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ABSTRACT Power line harmonic radiation (PLHR) and magnetospheric line radiation (MLR) are rec-
ognized as electromagnetic pollutants in the near-earth space, and their correlation has been a controversial
issue. An identification procedure based on short-time discrete Fourier transform andWelch power spectrum
estimation was applied to detect 114 PLHR events and 328MLR events that occurred as DEMETER satellite
flew over China from 2008 to 2010. PLHR events feature parallel horizontal lines with a frequency interval
of 50/100 Hz in spectrogram, whereas MLR events feature multi-parallel spectral lines with frequency drift
as a baseline for possible triggered emissions as well as triggered emissions with no baseline. We statistically
compared the temporal and geographical distribution, Kp and Dst indices, and propagation characteristics
between PLHR and MLR events. PLHR events showed more obvious variations annually than MLR events,
and the former had a close relationship with the development of Chinese power system. Both PLHR and
MLR presented similar diurnal and seasonal differences, owing likely to the ionospheric state; moreover, they
appeared to have no significant connection with geomagnetic activity level. The geographical distributions
of PLHR and MLR differed significantly. PLHR events occurred in the range of (20◦ N–45◦ N), whereas
MLR events were concentrated in southwestern low-latitude regions of (18◦ N–28◦N). Furthermore, PLHR
waves were right-hand circularly polarized, whereas MLR waves were approximately linearly polarized.
In summary, MLR is more likely caused by natural radiation that is not directly related to PLHR, whereas
PLHR is closely related to terrestrial power systems.

INDEX TERMS Comparison, magnetospheric line radiation, power line harmonic radiation, power system,
statistical analysis.

I. INTRODUCTION
China has developed an ultra-high-voltage (UHV) power
system characterized by an alternating current (AC) grid
of 1000 kV and a direct current (DC) grid of ±800 kV. Its
power consumption ranks first in the world [1]. Several new
environmental problems such as electromagnetic interference
caused by power systems of earthquake-monitoring stations,
navigation systems of unmanned aerial vehicles (UAVs,)
and near-Earth space has raised public concerns. Since the
1970s, events have been observed from two pairs of geo-
magnetically conjugate ground-based stations: Siple station
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in Antarctica and Roberval station in Quebec and Halley
station in Antarctica and St. Anthony station in Newfound-
land [2]–[4]. These events have shown that the time-
frequency spectrogram of the electric field strength has
several parallel horizontal spectral lines separated by
50 Hz/100 Hz or 60 Hz/120 Hz, corresponding to the
working frequency of the local terrestrial power system.
Similar events have also been observed from satellites includ-
ing ARIEL-3, OGO-3, AUREOL-3, DEMETER, C/NOFS,
and Chibis-M [5]–[10]. They are referred to as power
line harmonic radiation (PLHR) and are generally con-
sidered as pollutants to the near-Earth space resulting
from the power system [11]. PLHR penetration into the
lower ionosphere may cause enhanced electron precipitation
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and modification of the ionospheric and magnetospheric
currents; this radiation can even influence thunderstorm
activity [12]–[15].

Nearly coinciding with the discovery of PLHR, magneto-
spheric line radiation (MLR) was detected by Matthews and
Yearby [16]. MLR plays an important role in the space envi-
ronment because it triggers emissions and influences particles
in the radiation belts [17]. It has discrete linear radiations
similar to those of PLHR, in which spectral lines have a
certain bandwidth accompanied by frequency drift, and the
radiation it triggers can sometimes be clearly observed. The
interval between spectral lines does not always correspond
to the working frequency of the local power system. The
typical frequency interval of MLR ranges from 50 Hz to
90 Hz, with a central frequency of 3 kHz and a bandwidth
of 1 kHz. Early on, MLR of 3–4 kHz was detected at Halley
and St. Anthony stations and by satellites such as ISEE-1
and ISIS, although most cases were not directly related to
PLHR [18]–[21]. Manninen reported that MLR occurred
most frequently during periods of low geomagnetic activity
and in a broad space at low altitudes [22]. These occurrences
were believed to be initially triggered by PLHR, but ulti-
mately, their frequency drifted away from the PLHR fre-
quency. According to the DEMETER satellite data, MLR
occurs in some cases only when the level of geomagnetic
activity is high [23]. These occurrences may be triggered by
PLHR radiating from the Earth’s surface.When PLHR propa-
gates in the geomagnetic equatorial region, the wave–particle
interaction can enhance the wave intensity and change its
frequency. Other observations have shown that MLR can
be generated naturally, independent of the terrestrial power
systems. In addition, the occurrence of PLHR is unlikely
related to geomagnetic activities. Its frequency is mainly in
the range of 2–3 kHz, whereas MLR is more likely to occur
during high geomagnetic activity with a frequency usually
below 2 kHz. Further, MLR has a higher intensity than
PLHR [24]. Other results indicate that MLR occurs mainly
in the plasma layer with the magnetic shell parameter L > 2.
Its longitudinal span can extend over 100◦ with a duration
of several hours. A slight increase in daytime events has
been reported compared with those occurring at night, and
events are more common during periods of high geomagnetic
activity. In the Northern Hemisphere, more events occur in
winter than in summer, whereas MLR events occur mainly in
areas with high geomagnetic latitudes that are close to right-
hand circular polarization [25]–[29].

Both PLHR and MLR can affect the space environment.
However, it remains controversial whether MLR originates
from PLHR or whether MLR is irrelevant to PLHR. This
study presents a statistical analysis of PLHR andMLR events
over China detected by the DEMETER satellite from 2008 to
2010. Section II briefly introduces the DEMETER satellite
and the characteristics of its data. In Section III, short-time
Fourier transform and Welch power spectrum estimation are
used to detect PLHR and MLR events, and the occurrence
time, geographical location, and Kp/Dst indices of these

events are statistically analyzed and compared. Section IV
utilizes singular value decomposition on the magnetic field
to analyze the propagation characteristics of MLR in the
ionosphere. Section V concludes the study by summarizing
the relationship between the two phenomena.

II. DEMETER SATELLITE AND DATA SET
DEMETER, a microsatellite developed by the Centre
National d’Etudes Spatiales (French Space Agency), was
dedicated to monitoring seismic electromagnetic activi-
ties. The satellite’s operation time was from June 2004 to
December 2010. It traveled in the nearly sun-synchronous
polar orbit with an inclination of 98.3◦. Its initial orbit height
was 710 km, which decreased to 660 km in December 2005.
Each satellite orbit was divided into a downward and upward
orbit. In the downward orbit, the satellite traveled from north
to south and passed through some area at about 10:30 local
time. In the upward orbit, the satellite traveled from south
to north and passed through some area at about 22:30 local
time [30].

DEMETER had two scientific modes: survey and burst.
The survey mode was continuously active at geomagnetic
latitudes lower than 65◦ with lower time resolution. The
burst mode enabled more detailed data to be collected but
was active only above regions of interest, with 80% of the
burst-mode data collected over seismic belts. DEMETER
measured the electric and magnetic fields using Instrument
Champ Electrique (ICE) and Instrument Magnetic Search
Coil (IMSC), respectively [31], [32]. In the very low fre-
quency (VLF) range up to 20 kHz, a waveform of one electric
field component and one magnetic field component was mea-
sured in the burst mode, whereas in the survey mode, their
power spectrum was calculated onboard with a predefined
frequency resolution of 19.53 Hz. In the extremely low fre-
quency (ELF) range up to 1250 Hz, waveforms of three elec-
tric field components and three magnetic field components
were measured in the burst mode.

Because the frequency resolution of survey-mode data is
insufficient for PLHR and MLR detection, and disturbance
from ICE measurement is significantly lower than that from
IMSC measurement, we used the VLF- and ELF-range elec-
trical field data in the burst mode to detect PLHR or MLR
events in this study. These data cover mainly parts of China
with latitude from 75◦ E to 135◦ E and longitude from 12◦

N to 55◦ N during 2008 to 2010. Notably, DEMETER sent
only limited observation data from November 2010 and no
data from December 2010 to the ground receiver. Moreover,
three magnetic field components in the ELF range were used
for wave vector analysis of MLR events.

III. CORRELATION BETWEEN PLHR AND MLR
A. TIME-FREQUENCY ANALYSIS METHOD
This method combines short-time Fourier transform and
Welch power spectrum estimation. We obtained the time-
frequency power spectrogram of the electric field data in
the burst mode by using the following steps, and then we
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determined whether they possessed the characteristics of
PLHR or MLR.

(1) The electric field strength discrete signal with length N
can be expressed as

E = E(n) (n = 0, 1, · · · ,N − 1) (1)

Then, E(n) is divided into a total ofM intervals as

E(n) = E(m, i)

(m = 0, 1, · · · ,M − 1; i = p, p+ 1, p+2, · · · , p+L−1)

(2)

where L is the length of each interval signal, and each interval
has r overlapping points; thus p = m(L − r).
(2) E(m, i) is divided into Q sections as

E(m, i) = Eq(m, u)

(q = 0, 1, · · · ,Q− 1; u = h, h+ 1, · · · , h+ K − 1) (3)

where each section has K points and s overlapping points;
thus h = p+ q(K − s). Usually, we take s = K

/
2.

(3) A window function w(u−h) is applied to weight Eq(m,
u), and K -point Fourier transform is performed.

Ēq(m, n) =
1
K

h+K−1∑
u=h

w(u− h)Eq(m, u)e2π jn(u−h)/K

(n = 0, 1, · · · ,K/2) (4)

(4) The power spectrum of P(m, n) is calculated as

P(m, n) =
2K

fsWsQ

Q−1∑
q=0

∣∣Ēq(m, n)∣∣2 (5)

where fs is the sampling frequency,Ws is the square root of the
window function, P(m, n) is the power spectrum of E(m, i) at
frequency fn = nfs/K , and the corresponding time is tm =
t0 + (m+ 0.5)(L − r)/fs.
(5) All of the power spectra P(m, n)(m = 0, 1, · · · ,M −

1) are arrayed according to column sequences, resulting in
power spectrum matrix P with dimension of (K/2+ 1)×M .
The time corresponding to column n is (n− 1)× dt , and the
frequency of row m is (m-1)× df . Here the time resolution is
dt = L/fs, and the frequency resolution is df = fs/K .
According to the characteristics of the electrical field

waveform data, we took the parameters in the time-frequency
analysis as N = 8192, fs = 40 kHz, L = 8192 × 4, r = 0,
K = 8192, Q = 7, and s = 4096. The Hanning window
was chosen as the window function: df = 4.8828 Hz and
dt = 0.8192 s.

B. SPECTRUM OF TYPICAL PLHR AND MLR EVENTS
Figure 1 shows the time-frequency power density spec-
trograms of one typical PLHR event. Ten odd-harmonic
spectral lines are clearly visible with frequencies of 50/
150/250/1850/1950/2050/2150/2250/2350/2450 Hz, respec-
tively. This feature could be related with the odd harmonics

FIGURE 1. (a) 0–300 Hz and (b) 1.8–2.6 kHz time-frequency spectrograms
of a typical PLHR event that occurred from 02:30:05 UT to 02:30:27 UT on
February 16, 2008, when DEMETER flew over the Circum-Bohai Sea region
of China. (c) Large number of odd harmonic spectral lines spaced 100 Hz
apart existing in the spectrum (UT: Universal Time; Lat.: Latitude; Long.:
Longitude).

caused by wide application of nonlinear devices such as
reactors and power electronics in power systems.

The MLR events detected over China were classified
into two categories based on their spectral characteristics.
The time-frequency spectrograms of typical Class I and
Class II events are shown in Figures 2 and 3, respectively.
Figure 2(a) shows the time-frequency spectrogram detected
by DEMETER when it flew over the Hebei region in China
from 13:15:32 Universal Time (UT) to 13:17:00 UT on
September 22, 2010. This event shows multiple parallel-strip
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FIGURE 2. Time-frequency spectrograms of typical Class I-MLR event.
(a) Event occurring between 13:15:32 UT and 13:17:00 UT on
September 22, 2010, when the satellite flew over the Hebei region in
China. (b) Event occurring between 03:22:02 UT and 03:27:58 UT on
December 28, 2008, when the satellite flew over the Sichuan and Yunnan
regions in China.

FIGURE 3. Time-frequency spectrogram of typical Class II-MLR event
occurring between 02:03:02 UT and 02:04:59 UT on January 17, 2009,
when the satellite flew over the South China Sea and the surrounding
regions.

spectral lines with frequency drift between 300 Hz and
600 Hz with no triggered radiations. The line bandwidth
gradually decreases with increases in frequency. The fre-
quency interval between spectral lines was about 35 Hz;
the frequency drift was about 24 Hz; and the frequency
drifting speed is about 0.39 Hz/s. Figure 2(b) shows a time-
frequency spectrogram detected by DEMETER when it flew
over China’s Sichuan and Yunnan regions from 03:22:02 UT
to 03:27:58 UT on December 28, 2008. Two parallel-strip
spectral lines are clearly visible below 200 Hz. Their central
frequencies are about 74 Hz and 152 Hz, with a frequency

interval of about 78 Hz, frequency drift of about 22 Hz,
and frequency drifting speed of about 0.28 Hz/s. Unlike
that in Figure 2(a), the parallel spectral lines in Figure 2(b)
indicate that rising-tone radiation was triggered, which began
at 165 Hz and ended at 357 Hz. The period of these trig-
gered radiations was approximately 4 s, corresponding to
the whistle wave duration transmitting from one hemisphere
through the magnetosphere to the magnetic conjugate point
in the other hemisphere and then reflecting to the original
position [16]. A total of 135 events of Class I were detected,
94 of which included triggered radiation. The frequency drift-
ing speed of the parallel spectral lines was between 0Hz/s and
1 Hz/s, with 94% of events having a frequency drifting speed
between 0 Hz/s and 0.4 Hz/s.

The time-frequency spectrogram of the Class II event
showed only the triggered radiation with no parallel spectral
lines as the baseline. Figure 3 shows a time-frequency spec-
trogram detected by the satellite flying over the South China
Sea and the surrounding regions between 02:03:02 UT and
02:04:59 UT on January 17, 2009. A cluster of rising hook-
shaped radiation events can be distinguished between 100 Hz
and 500 Hz. Their triggered starting point was approximately
120 Hz, and the ending point was approximately 410 Hz.
Unlike that of Class I events, the triggered radiation of Class II
events does not have significant baseline support, i.e., parallel
spectral lines cannot be found. This is possibly because the
baseline radiation is attenuated during transmission and is
thus undetectable by the satellite, whereas the triggered radi-
ation is sufficiently strong for detection. A total of 193 events
of Class II have been detected.

C. STATISTICAL RESULTS AND DISCUSSIONS
Among the 4228 semi-orbit data files collected from 2008 to
2010, 114 PLHR events and 328 MLR events including
135 cases of Class I events and 193 cases of Class II events
were detected. The statistical analysis of time including the
year, season, and day or night status; geographical location;
and Kp/Dst index distribution for these events are presented
below.

1) TEMPORAL DISTRIBUTION
Table 1 shows the annual and monthly distributions of
the detected PLHR and MLR events over China during
2008 to 2010. Notably, one-third of the data in November
and all data in December 2010 were missing. Therefore,
fewer MLR and PLHR events appear to have occurred
in 2010 than in 2009. The table shows an annually increas-
ing trend in the number of PLHR and MLR events.
However, 57 and 42 PLHR events occurred in 2009 and
2010, respectively, which is significantly higher than the
12 events occurring in 2008. During the same years, 128 and
97 MLR events occurred, respectively, which is similar in
number to the 103 MLR events recorded in 2008. From
2008 to 2010, the electrical power generation and consump-
tion in China increased annually at 7.2% and 6.4%, respec-
tively, from 2008 to 2009 and 13.4% and 14.7%, respectively,
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TABLE 1. Annual and monthly distributions of PLHR and MLR events over china.

from 2009 to 2010 [33]–[35]. In particular, the Jindongnan–
Nanyang–Jingmen UHV 1000 kV AC transmission line
was put into operation in January 2009, followed by the
Xiangjiaba–Shanghai UHV ± 800 kV DC transmission line
in July 2009. Their operation marked a new era in China’s
UHV power system development. The rapid increase in
PLHR events in 2009 appears to be related to the development
of the Chinese power system, although no obvious connection
has been made between the power system and the number of
MLR events.

China is located in the Northern Hemisphere between 4◦ N
and 53◦ N. Because most of mainland China is a temperate
region, the seasons are divided by changes in solar radiation,
including spring from March to May, summer from June to
August, autumn from September to November, and winter
from December to February. 43.9% of MLR events occur
in spring and summer, whereas 56.1% occur in autumn and
winter. 19.3% of PLHR events occur in spring and summer,
whereas 81.7% occur in autumn and winter. The seasonal
variation for MLR is less than that for PLHR, with slightly
more events occurring in autumn and winter. The seasonal
difference in PLHR/MLR can be attributed to the seasonal
variation in electron density, which is an important iono-
spheric parameter. The electron density in summer tends to be
higher than that in winter, causing electromagnetic radiation
such as PLHR and MLR to be more seriously attenuated
and harder to detect. 86.0% of MLR events occur during the
daytime. The number of daytime PLHR events accounts for
93.7% of the total. Therefore, both MLR and PLHR show
significant diurnal differences.

2) GEOGRAPHICAL DISTRIBUTION
We compared the locations of PLHR and MLR event occur-
rences. Because the spectrogram of Class II MLR events
triggered only radiation and no baseline, the occurrence loca-
tions could not be determined. Therefore, we analyzed only

FIGURE 4. Geographical distribution of PLHR events (blue lines) and MLR
events (red triangles). The MLR and PLHR events in orbit 239680 (gray
line) occurred at different locations.

the locations of Class I MLR events. Figure 4 shows the
geographical distribution of 114 PLHR events and 135 MLR
events. The PLHR events are marked by blue lines in the
figure, whereas the center points of the baselines of MLR
events are marked by red triangles. The PLHR events were
distributed mostly in the range of 20◦ N–45◦ N; however,
the MLR events were distributed near the southwestern bor-
der, at 18◦ N–28◦ N. Few Class I MLR events occurred in the
middle- to high-latitude region at 35◦N and higher, which dif-
fers from the findings of Němec’s such thatMLR events occur
mainly in middle- and high-latitude regions [24]. On the basis
of their geographical distribution, the two phenomena appear
to be unrelated.

Additionally, among the 328 MLR events, only 24 MLR
events occurred in the same orbit as PLHR, e.g., orbit
239680 shown in Figure 4. However, PLHR and MLR events
were distributed at different locations and showed negligible
correlation.
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FIGURE 5. Comparison of (a) Kp and (b) Dst indices distribution of PLHR
and MLR events that occurred during the daytime. The blue (red) line
represents the indices at the occurrence time of PLHR (MLR) events. The
daily average Kp and Dst indices in the three years from 2008 to 2010 are
represented by black lines.

3) KP AND DST INDICES
We used the Kp and Dst indices from National Aero-
nautics and Space Administration (NASA) Goddard Space
Flight Center (https://cdaweb.sci.gsfc.nasa.gov/index.html/)
to characterize the geomagnetic disturbance. The Kp index
reflects the global geomagnetic activity level. When 0 ≤
Kp < 2, the geomagnetic field is calm; when Kp ≥ 5,
the geomagnetic activity level is considered to be a geomag-
netic storm. The Dst index is the geomagnetic index moni-
tored hourly at stations in middle and low latitudes. A lower
Dst value reflects a more intense geomagnetic activity level.
A value of −50 nT < Dst ≤ −30 nT indicates a small mag-
netic storm; −100 nT < Dst ≤ −50 nT indicates a medium-
sized magnetic storm, −200 nT < Dst ≤ −100 nT indicates
a large magnetic storm, and Dst ≤ −200 nT signifies a
very large magnetic storm. To avoid diurnal differences in the
ionospheric state and, in particular, the effects of changes in
electron density, we analyzed only 93.7% of PLHR events
and 86% of MLR events that occurred during daytime, for
totals of 106 and 282 events, respectively. Figure 5 shows
the distributions of the Kp and Dst indices and their daily
averages at the occurrence time of these events. The daily
average was calculated on the basis of the distribution of all
Kp and Dst indices from 2008 to 2010.

As shown in Figure 5a, among the daily average Kp dis-
tributions, the proportion of Kp < 2 was 67.5%, and that
of Kp > 5 was 3.3%. 77.5% of PLHR events occurred at
Kp < 2, and 0.9% of PLHR events occurred at Kp > 5.

However, 68.0% of MLR events occurred atKp < 2, and
0.9% of MLR events occurred at Kp > 5. It can be concluded
that Kp index distributions are consistent with the daily dis-
tribution trends at the times of PLHR and MLR event occur-
rences, and no obvious preference is indicated. Figure 5b
shows that Dst > −30 nT accounted for 96.7% among the
daily average distributions. 98.2% of PLHR events occurred
at Dst > −30 nT, whereas 97.9% of MLR events occurred at
Dst > −30 nT. It is therefore apparent that when PHR and
MLR events occurred, the Dst index distributions remained
consistent with their daily distribution trends and showed no
obvious preference. It can be concluded that neither PLHR
nor MLR are significantly correlated with the geomagnetic
activity level.

IV. PROPAGATION CHARACTERISTICS ANALYSIS
It is believed that PLHR propagates along the geomagnetic
field in a whistling mode in the ionosphere according to right-
handed circular polarization [36]–[38]. This study used the
Magnetic Singular Value DecompositionMethod [39] to ana-
lyze the propagation characteristic of MLR in the ionosphere.
The details are described below.

Three components of the magnetic field in the original
satellite coordinate system were transformed into a local
geomagnetic coordinate (LGM) system where the origin is
the center of the satellite; the Z-axis indicates the direction
of the geomagnetic field determined by the 12th genera-
tion of the International Geomagnetic Reference Field model
(IGRF-12); the Y-axis is perpendicular to the plane defined
by the Z-axis and the line connecting the Earth’s center to
the satellite; and the X axis is determined by the right-hand
rule based on the Y- and Z-axes. We assume that the three
components of the magnetic field in LGM are

B = B1x̄ + B2ȳ+ B3z̄ (6)

where Bi(i = 1, 2, 3) is the component of B along different
axis. It is assigned such that

Sij = BiB∗j (i, j = 1, 2, 3) (7)

where Sij is the spectrum matrix of the magnetic field, and ∗
represents the conjugate of Bj. The following real matrix A
with dimensions of 6 × 3 was constructed by using the real
and imaginary parts of Sij.

A =


Re(S11) Re(S12) Re(S13)
Re(S12) Re(S22) Re(S23)
Re(S13) Re(S23) Re(S33)

0 −Im(S12) −Im(S13)
Im(S12) 0 −Im(S23)
Im(S13) Im(S23) 0

 (8)

Singular value decomposition was performed on matrix A
to derive

A = UWVT (9)

where U is a 6× 3 dimensional matrix consisting of standard
orthogonal column vectors, W is a diagonal array of three

146862 VOLUME 7, 2019



Q. Guo et al.: Correlation Between PLHR and MLR Over China

FIGURE 6. Wave vector characteristics of typical Class I and Class II MLR events. (a) Time-frequency spectrum of magnetic field for Class I event.
(b) Time-frequency spectrum of magnetic field for Class II event. (c) Planarity for Class I event. (d) Planarity for Class II event. (e) Ellipticity for Class I
event. (f) Ellipticity for Class II event.

non-negative eigenvalues, and VT is a 3 × 3 dimensional
matrix consisting of standard orthogonal row vectors. By
arranging the three eigenvalues in W from small to large,
we get w1, w2, and w3. The least square estimator of the wave
vector is the eigenvector row vector k∗ of VT corresponding
to w1. The other two eigenvector row vectors of VT make up
the polarization plane of the magnetic field, where the row
vector corresponding to w2 is the direction of the polariza-
tion short axis and that corresponding to w3 is the direction
of the polarization long axis. We define the magnetic field
polarization planarity function F as

F = 1−
√
w1/w3 (10)

A value of F → 1 indicates high planarity of the wave.
That of F < 1, particularly when its value is very low,
indicates that the noise interference to the wave is high,
the planarity is low, or there is no wave of a certain frequency.
The polarization ellipticity and rotation direction function Lp

is defined as

Lp = sign[Im(S12)] · (w2/w3) (11)

where sign(·) is a symbolic function. If Lp→ 1, the wave fea-
tures right-handed circular polarization; if Lp→ -1, the wave
features left-handed circular polarization; if Lp→ 0, thewave
is linear polarized.

By using the wave vector analysis method, we analyzed the
three components of the magnetic field at the ELF-frequency
band to obtain the planarity and ellipticity of MLR waves.
Figure 6 shows results of wave vector analysis of typical Class
I-MLR (Figure 2(a)) and Class II-MLR events (Figure 3).
Figures 6(a) and (b) characterize the time-frequency spec-
trograms of the magnetic fields. Figure 6(a) shows the same
parallel-strip drifting spectral lines between 300 Hz and
600 Hz as those shown in Figure 2(a), and the cluster of
radiation events shown in Figure 3 occur between 100 Hz
and 500 Hz in Figure 6(b). Figures 6(c) and (d) characterize
the polarization planarity (F) of the waves. The values of F ,
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in which the MLR occurrences are close to 1, shows that
MLR has higher planarity. Figures 6(e) and (f) characterize
the ellipticity (Lp) of the wave. It is apparent that the values
of Lp, in which theMLR occurrences are approximately zero,
implies that MLR is close to linear polarization. On the basis
of the above analysis, MLR over China can be considered as
a wave propagating in linear polarization.

The propagation characteristics of MLR detected in the
areas of low to middle latitude are different from those
reported in previous research [29] owing possibly to differ-
ences in the geomagnetic latitude. The polarization mode of
MLR is different from that of PLHR. This does not exclude
the possibility of MLR being triggered by PLHR. However,
the triggered radiation of PLHR detected thus far occurred in
high-latitude areas [40], [41]. The MLR detected over China
could not have propagated from high to low latitudes because
of its wave vector characteristics. It is therefore impossible for
MLR over China to be triggered by PLHR.

V. CONCLUSION
In this study, we systematically analyzed PLHR and MLR
events observed by DEMETER as it flew over China from
2008 to 2010. By using short-time Fourier transform and
Welch power spectrum estimation, 114 PLHR events and
328 MLR events were identified from 4228 data files in the
burst mode. We studied the correlations between PLHR and
MLR based on the occurrence time, geographical distribu-
tion, Kp and Dst indices, and propagation characteristics. The
main findings are summarized in the following points.

(1) Regarding the occurrence time, the numbers of PLHR
and MLR events increased yearly, although the number of
PLHR events increased more rapidly. This result is closely
related to the development of a terrestrial power system.
In addition, PLHR was discovered to be influenced by the
structure of the power system. The MLR growth was rel-
atively stable and did not appear to be correlated with the
power system or other human activities. Both types of events
showed diurnal and seasonal differences. The events occurred
more often during the daytime and in autumn or winter.
The ionospheric state, i.e., the electron density, also showed
seasonal differences, indicating that PLHR and MLR events
have similar occurrence conditions and are related to the
ionospheric state.

(2) PLHR was distributed mostly in the region of 20◦

N–45◦ N over China with a high population density and
intensive social and economic activity. MLR was concen-
trated in southwestern low-latitude regions at 18◦N–28◦N.
No correlation was found concerning the distribution location
for the two types of events.

(3) Neither the PLHR nor MLR events showed preference
based on the Kp or the Dst indices. Moreover, their occur-
rences were not significantly correlated with the geomagnetic
activity level.

(4) PLHR wave is believed to propagate along the Earth’s
magnetic field in a right-handed circular polarization. The
propagation of MLR wave, however, is linearly polarized

over the mid-latitude regions, according to the singular value
decomposition-based method.

On the basis of these findings, we conclude that the MLR
phenomenon over China is not directly correlated with the
PLHR phenomenon. PLHR andMLR have some similarities:
They are both related to the ionospheric state and are weakly
influenced by geomagnetic activities. However, differences
are apparent in their occurrence time and location as well
as their propagation mode in the ionosphere, which indicates
that sources of these two radiation types are different. MLR
is more likely radiation generated by natural factors, whereas
PLHR is closely related to radiation from terrestrial power
systems. Because both phenomena can trigger other radiation
events in the ionosphere and have the potential to pollute the
near-earth space environment, their formation mechanisms
should be studied further.
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