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Abstract 

The effects of power line harmonic radiation (PLHR) on near-Earth space have been debated for many years. Since 
some ultrahigh voltage AC and DC power projects were added to the Chinese power grid, increasingly numerous 
radiations at 50 Hz and their harmonics have been caught by the microsatellite DEMETER in the geomagnetically 
conjugate topside ionosphere during the daytime of winter and spring. Distribution of SYM-H index has been stud-
ied, showing geomagnetic disturbances may be unnecessary for the occurrence of PLHR. The propagation of PLHR 
between hemispheres without much attenuation illustrates that PLHR can be amplified when crosses the equatorial 
zone. Eliminating seasonal and diurnal factors, dependence of PLHR propagation on the change in plasma density is 
disclosed. The abrupt variation of electron density gradient may create a favored condition for PLHR waves propagat-
ing between hemispheres.
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Introduction
During the research of whistlers and their related iono-
spheric phenomena via observations at geomagnetically 
conjugate stations, a particular kind of harmonic radia-
tion with almost constant spacings at once or twice the 
working frequency of the local power grid (50/60 Hz or 
100/120  Hz) in the band of (1–8) kHz (Helliwell 1965), 
called power line harmonic radiation (PLHR), attracted 
wide attention. They were positively postulated to origi-
nate from the power grid in 1975 (Helliwell et al. 1975). 
Ground-based studies infer that PLHR can be guided 
by the geomagnetic field to penetrate the ionosphere 
and enter the inner magnetosphere and even propagate 
between the North and the South (Mattews and Yearby 
1981; Park and Chang 1978), during which it may be 
greatly amplified or trigger new and stronger emissions 
through wave‒particle interactions (Park and Helliwell 
1978, 1981; Park et al. 1983). The existence of PLHR over 
one hemisphere side has been demonstrated by extensive 
satellite-based observations, including OGO-4 (Luette 
1983), ISEE 1 (Bell et  al. 1982), ISIS 1 and 2 (Rodger 
et  al 1995), OHZORA (Tomizawa and Yoshino 1985), 
AUREOL-3 (Parrot 1994), DEMETER (Němec et  al. 
2007a; Parrot 2018; Wu et al. 2017), and Chibis-M (Dud-
kin et  al. 2015). However, there have been few distinct 
satellite-based observations to support its propagation 
path and interaction with charged particles.

There is no doubt that PLHR and its triggered emis-
sions increase the background VLF noise level in 
near-Earth space. This additional noise makes the experi-
mental design for magnetospheric studies more compli-
cated, degrades VLF communication links, and interferes 
with ground-based experiments (Manninen 2005). The 
emissions and chorus seemingly triggered and controlled 
by PLHR even led to a heated debate about the extent 
to which PLHR affects the radiation belt and the energy 
exchange between the magnetosphere and the iono-
sphere. One view is that PLHR can interact with ener-
getic electrons in the magnetosphere and trigger strong 
emissions (Helliwell et al. 1975; Park and Helliwell 1978; 
Nunn et  al. 1999; Parrot et  al. 2014), and global power 
grids will play an important role in the dynamics and 
wave activity in near-Earth space (Luette 1983). The other 
view is that the effects of PLHR are negligible (Thorne 
and Tsurutani 1979, 1981; Němec et al. 2010). There were 
several observations supporting both of them. However, 
in the last 15  years, with the aid of the solar synchro-
nous microsatellite DEMETER, an increasing number of 
PLHRs (Němec et al. 2007a, 2010; Parrot 2018; Wu et al. 
2017, 2022) rather than their triggered emissions have 
been detected at low, middle, and high latitudes (Parrot 
2018; Parrot and Němec 2009; Parrot et  al. 2014). For 
example, using an automatic identification procedure, 

only 2 triggered events among 148 PLHR events were 
identified from the burst-mode data during the period 
of June 2004 to November 2009 (Němec et  al. 2010). It 
is difficult to use a few triggered events to evaluate the 
effects of PLHR.

In this paper, we analyze the characteristics of PLHR 
events observed by DEMETER across zone N covering 
the geographical range of (21°N–35°N, 100°E–111°E) 
and its geomagnetically conjugate zone S: (10°S–29°S, 
104°E–114°E). The northern footprints of the geomag-
netic field lines across both zones are in Sichuan, China, 
whose power grid structure has changed greatly as 
the ± 500 kV Deyang-Baoji DC power project was added 
in the second half of 2009, and the southern footprints 
are above the Indian Ocean, where there has been no 
industrial power grid. Most importantly, the correlation 
between PLHR and local electron density variation is dis-
cussed, which has been rarely concerned.

Dataset and method
The microsatellite DEMETER adopted a quasi-synchro-
nous circular orbit with an orbital inclination of approxi-
mately 98.3° at an altitude of approximately 660  km 
(Lagoutte et  al. 2006), and its on-orbit flying time was 
from June 2004 to the end of 2010, during which the 
structure of the Chinese power grid changed consider-
ably. In this paper, the data of electric field intensity E in 
the range of 0–20  kHz acquired by Instrument Champ 
Electrique (ICE) in burst mode with a sampling fre-
quency of 40 kHz and electron density (Ne) acquired by 
Instrument Sonde de Langmuir (ISL) with a sampling 
frequency of 1 Hz are analyzed to identify PLHR events 
and their related plasma density changes. All the orbits 
mentioned hereafter are in burst mode.

Analysis of E data
We used the short-time Fourier transform and the Welch 
power spectra estimation method to analyze the E data 
(Guo et al. 2019). The frequency resolution is 1 Hz, and 
the feed-forward time interval is 0.8192  s for analyzing 
1 s of data. In the frequency-time spectrogram, a PLHR 
event is defined as a cluster of parallel spectral lines (at 
least 3 lines) spaced by 50 Hz or 100 Hz occurring syn-
chronously during at least 15 s along an orbit. It is worth 
putting out that an automatic identification procedure for 
the PLHR event was developed by Němec et  al. (2006), 
and using it, many events in the range of 500–4000  Hz 
were identified, but there were few events over China 
(Parrot et  al. 2014). Instead of automatic identification 
procedure, we manually checked the frequency–time 
spectrograms in 0–10 kHz. Using our procedure, all the 
events with a given orbit number in Němec et al. (2006, 
2007a, b, 2008, 2010) have been identified, and many 
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events over China have also been identified (Wu et  al. 
2017). Here, we use it to carefully detect the power line 
emission (PLE) event at 50 Hz (Dudkin et al. 2015; Guo 
et al. 2019; Pilipenko et al. 2021) and PLHR event in the 
range of 4–10 kHz over central and western China and its 
geomagnetically conjugate zone over the Indian Ocean.

Frequency–time spectrograms of two typical PLHR 
events (events A and B) detected in consecutive days 
at zones N and S and their amplitude comparison are 
shown in Fig.  1a. In event A, the PLE line is almost 
everywhere along the orbit with a maximum inten-
sity of 1.15 μV2m−2   Hz−1, and its frequency is the exact 
power grid working frequency of 50  Hz; there are 4 
PLHR lines at 4153/4253/4353/4453 Hz in the magnetic 

latitude range MLat = 16.8°N–22°N, the magnetic 
L-shell value range L = 1.14–1.24, and the universal time 
range UT = 03:00:40–03:02:00, and their maximum fre-
quency deviation from the exact harmonic frequencies 
of 50  Hz is ∆f = 3  Hz. The maximum peak power spec-
tral density (PSD) of the lines is at 4353 Hz, the value is 
(PSD)4353  Hz = 0.017 μV2m−2   Hz−1, and the total power 
spectral density (Total PSD) is 0.052 μV2m−2. The ratio 
of the maximum PSD to the average background noise 
wave density is defined as the signal-to-noise ratio (SNR), 
and the SNR of event A is 9.42  dB. In event B, there is 
no PLE line, although four PLHR lines can be seen in 
Fig.  1a (right) at 4150/4250/4350/4450  Hz in the con-
jugate ranges of MLat = 22°S–33°S, L = 1.20–1.75 and 

Fig. 1 Two typical PLHR events at the conjugate zones. a Frequency–time spectrograms of events A and B and their amplitude comparison. All 
PLHR lines are near 4150/4250/4350/4450 Hz and spaced by 100 Hz. The densities of the 4250 Hz and 4350 Hz lines in event B are stronger than 
those in event A. b Fluctuation of Ne. Dots are data measured by DEMETER, and they are fitted by a smoothing spline curve, where the red segment 
is the range of PLHR. The blue triangle represents the local peak of Ne. c Fluctuation of ∇Ne, where the blue triangle indicates ∇Ne = 0. d Variation in 
the SYM-H index during the occurrence of PLHR and three days before PLHR. The strongest value is only − 19 nT. Line in red represents event A and 
line in blue represents event B
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UT = 02:05:00–02:09:00, ∆f = 0, (PSD)4350  Hz = 0.022 
μV2m−2   Hz−1, Total PSD = 0.048 μV2m−2, and 
SNR = 11.38 dB. The PSD and SNR values of event B are 
both greater than those of event A, and the amplifica-
tion ratios are 129% and 120%, respectively. The detailed 
information is shown in Table 1.

Analysis of Ne data
DEMETER measured Ne every second, and its range was 
 102–5 ×  106  cm–3. Along the orbits of events A and B, the 
data of Ne are shown by dots in Fig. 1b. In order to obtain 
the variation of electron density (Ne) depending on the 
latitude (MLat), spline function is used to fit the function 
of Ne = g(MLat). For any point  (MLati) along the satellite 
orbit, the function g satisfies:

where p is called the smoothing factor. It is found that 
when p = 0.05, the curve of g(MLat) obtained by spline 
function fitting is more smooth and can retain the origi-
nal local fluctuations of Ne. Along the rising direction 
of MLat on the fitted curve, the gradient of Ne (∇Ne) is 
defined as the increment (or decrement) of spline lines 
Ne over increment of MLat degree. ∇Ne of the two events 
is shown in Fig.  1c. According to International Refer-
ence Ionosphere (IRI) model and summarized from mas-
sive observation data of DEMETER (Su et  al. 2015), Ne 
decreases with the increase of MLat so that ∇Ne keeps a 
minus sign. However, the variations of Ne in Fig. 1b are 
different from the trend.
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Geomagnetic activity
The SYM-H index is an index to measure the symmetrical 
disturbance of the horizontal geomagnetic field compo-
nent (Wanliss and Showalter 2006). Compared with Dst, 
SYM-H has a high temporal resolution of 1 min and can 
describe the effects of the solar wind dynamic pressure 
variation. Here, we use the SYM-H index to analyze the 
geomagnetic activity when PLHR occurred in middle- 
and low-latitude zones. Figure  1d shows the fluctuation 
of the SYM-H index three days before events A and B. Its 
maximum value SYM-H3d_max is only 19 nT, which means 
that both events occurred in the geomagnetically quiet 
period. To be clear, SYM-H3d_max indices used below are 
the maximum value of 24 × 3 h before the moment when 
PLHR occurred.

Conjugate observation of PLHR
We have manually checked the orbits crossing both zones 
N and S. 22 events in daytime and 5 events in nighttime 
at N and 10 events in daytime at S are detected. Detailed 
orbits data are shown in Table 2. The geographical distri-
bution of all PLHR events is shown in Fig. 2a, and many 
events occurred at revisit orbits every 13 days.

Due to the lower power consumption at night, for 
instance, the power consumption during daytime is 
about 1.5 times higher than during nighttime in China, 
the power of power line radiation decreases and may not 
reach the location of DEMETER. Moreover,  the disap-
pearance of the ionospheric D-layer at night will reduce 
the wave absorption, allowing lightning whistles, plasma 
hiss, and other natural and artificial waves in the same 
frequency band as PLHR penetrate the lower ionosphere 

Table 1 Data of two typical PLHR events

∆f is the maximum frequency deviation of spectral lines from the exact harmonic frequencies of 50 Hz; PSD is the maximum peak power spectral density; Total PSD is 
the total power spectral density of PLHR spectral lines; SNR is the signal-to-noise ratio; MLat is the geomagnetic latitude; L is L-shell value; and PLE represents the peak 
power spectral density of PLE which accompanies PLHR

Event Date ∆f [Hz] PSD [μV2m−2  Hz−1] Total PSD 
[μV2m−2]

SNR [dB] MLat L PLE 
[μV2m−2  Hz−1]

A 02/01/2010 + 3 0.017 0.052 9.42 16.8–22°N 1.14–1.24 1.15

B 02/02/2010 0 0.022 0.048 11.38 22–33°S 1.20–1.75 No

Table 2 The number of orbits at N and S 

Zone Months Daytime orbits (Number of PLE) Nighttime orbits (Number of PLE)

Total With PLHR Without PLHR Total With PLHR Without PLHR

N Apr–Sep 395 (149) 1 (1) 394 (148) 399 (36) 0 (0) 399 (36)

Jan–Mar and Oct–Dec 426 (257) 21 (21) 405 (236) 455 (117) 5 (4) 450 (113)

S Apr–Sep 56 (2) 0 (0) 56 (2) 53 (7) 0 (0) 53 (7)

Jan–Mar and Oct–Dec 58 (6) 10 (0) 48 (6) 60 (1) 0 (0) 60 (1)
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so that  the background noise at the location of DEME-
TER is enhanced and PLHR is more difficult to be iden-
tified. The above factors lead to the number of PLHR 
events during nighttime is much smaller than during 
daytime (Němec et  al. 2008; Wu et  al. 2017). Here only 
the daytime PLHR events are statistically analyzed.

Statistical results
The monthly distribution of the number of PLHR events 
and the monthly occurrence rate, defined as the ratio of 
the number of events to the total number of orbits in 
a month, are shown in Fig.  2b. At S there are few PLE 
events, and their monthly occurrence rate is no more 
than 50%, but at N the monthly occurrence rate remains 
at a high level and even reaches 100% in February 2009 
and in October and November 2010. Moreover, at N 
there were no PLHR events detected before June 2009, 
but approximately 45% of events were detected in win-
ter of 2009 and 50% of events were detected in spring 
and winter of 2010. The abrupt increase in the second 
half of 2009 is easily connected with the great change 

in the ground power grid near the north footprint of N 
that ± 500 kV Deyang-Baoji DC power project shown in 
Fig. 2a was put into operation. At S all PLHR events were 
detected in January, February, March, and November, 
2010, synchronized with those at N. In general, PLHR 
is closely related to the ground power grid and is more 
likely to occur in spring and winter. This result is simi-
lar to that reported in Němec et al. (2015) and Wu et al. 
(2017), which should be attributed to the ionospheric 
condition and large variation of atmospheric noise at 
middle latitudes.

Statistics on the spectrums are shown in Table  3. At 
N, in addition to one event containing the harmonic 
spectral lines in the band of (1100–1700) Hz, all oth-
ers contain only the spectral lines at approximately 
4150/4250/4350/4450  Hz with △ f ∈ (−4, 3) Hz . At 
S, all events contain only the spectral lines at approxi-
mately 4150/4250/4350/4450  Hz with △ f ∈ (−8, 0) Hz . 
There was no correlation between the intensity of PLHR 
and the MLat (Fig.  2c). The average power spectral 
density is ( PSD) = 0.033 μV2m−2   Hz−1 with a standard 

Fig. 2 PLHR events at conjugate zones. a Geographical projects of all PLHR events on the Earth’s surface. The daytime events at zones N and S are 
shown in red and blue, respectively. All nighttime events are shown in black. b Monthly distribution of PLE and PLHR events. Bars in light red and 
blue show the number of PLHR orbits at N and S, respectively, and the lines show their occurrence rate every month. c SNR of all PLHR events. The 
horizontal axis represents the central MLat of each event
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deviation 0.0246 and the average signal-to-noise is ( SNR

) = 10.83 dB with the standard deviation 3.26 at N. At S, 
( PSD) = 0.025 μV2m−2   Hz−1 with the standard deviation 
0.0249 and ( SNR) = 9.01 dB with the standard deviation 
3.86. It is worth mentioning that the power spectral den-
sities of events at N are not always stronger than those at 
S, such as the events shown in Fig. 1.

The correlation between PLHR events and geo-
magnetic activities from July 2009 to December 2010 
when PLHR events were detected is explored. The geo-
magnetic activity level is defined as follows (Loewe 
and Prlss 1997): quiet for SYM-H > −  30 nT, weak for 
−  30 nT > SYM-H > −  50 nT, and moderate for −  50 
nT > SYM-H > −  100 nT. Comparison of SYM-H indices 
at both zones is shown in Fig. 3. At each zone, two tags 
are used for comparison. ‘PLHR’ and ‘NORMAL’ repre-
sent orbits with and without PLHR; ‘exact’ represents the 
time when PLHR was detected and ‘pre3days’ represents 
the previous 3 days of PLHR (taking the maximum value 

of SYM-H). At N the ratios of quiet activity along PLHR 
orbits during ’exact’ and ’pre3days’ are 100% and 90.9% 
which are larger than 95.5% and 76.0% along NORMAL 
orbits. At S the ratio of quiet activity along PLHR orbits 
is 90%, a little lower than 93.3% along NORMAL orbits 
during ’exact’ time; the ratio of quiet activity along PLHR 
orbits is 80%, larger than 68.3% along NORMAL orbits 
during ’pre3days’ time. It seems that PLHR tends to 
occur during geomagnetic quiet times, and the potential 
energetic electrons occurred after disturbed geomagnetic 
activity declared in Park and Helliwell (1978) do not ben-
eficial for the occurrence of PLHR.

The numbers of orbits in different cases are shown in 
Table  4. Němec et  al. (2006) mentioned that the peak 
intensity of PLHR increases when the geomagnetic activ-
ity (Kp index) becomes strong. However, according to 
the statistics on the PSD and the SYM-H index of our 
detected events shown in Fig. 4, nothing special correla-
tion can be seen.

Table 3 Statistical values of all daytime events at N and S 

Zone MLat L Number ∆f [Hz] PSD[μV2m−2  Hz−1] SNR[dB]

N 11°N–24°N 1.07–1.30 22 (− 4, + 3) 0.033 10.83

S 20°S–40°S 1.18–1.82 10 (− 8, 0) 0.025 9.01

Fig. 3 Distribution of SYM-H



Page 7 of 11Wu et al. Earth, Planets and Space           (2023) 75:66  

Statistics of Ne
The fluctuations of Ne and ∇Ne along all PLHR orbits 
are shown in Fig. 5. More than 77% of daytime events at 
N with PSD = 0.0316 μV2m−2   Hz−1 ( SNR = 10.82  dB) 
and 80% at S with PSD = 0.0291 μV2m−2   Hz−1 ( SNR = 
9.99  dB) occurred near local troughs or crests of Ne 
where sign of ∇Ne changes, similar to the typical events 
described in Fig. 1.

Since most PLHR events occurred during the geo-
magnetic quiet period, numbers of the PLHR and NOR-
MAL orbits during the quiet period shown in Table  4 
are chosen to analyze the dependence of PLHR on ∇Ne. 
Figure  6 shows the variation of ∇Ne during daytime at 
the Northern and Southern Hemispheres from October 
to December and from January to March. ∇Ne along all 
orbits within per 1° MLat is shown by dots, and 15–85 
quantiles of the values of ∇Ne per 1° MLat are shown by 
bars. PLHR orbits are shown in red, NORMAL orbits 
are shown in green, and ∇Ne obtained from IRI model is 
shown in black. The IRI model is a general mathemati-
cal model based on a lot of observed data, while the data 
of DEMETER reflect the real state of the ionosphere at 
a given moment (Ignoring the impact of the payloads’ 
accuracy). By comparing the results from the IRI model 
and DEMETER, the difference between the actual and 
general state of the ionosphere can be more clearly illus-
trated during the occurrence of PLHR. According to 
IRI, ∇Ne keeps negative because Ne decreases with the 

increase of latitude, and the positive values in 5°N–8°N 
MLat are resulted from equatorial ionization anomaly. 
According to the data of DEMETER, ∇Ne maintains 
negative values along the daytime orbits without PLHR 
at 5°N–14°N MLat. However, when PLHR occurs at 
11°N–24°N MLat, ∇Ne abruptly changes from negative 
values to positive values. At S, there are only 10 PLHR 
orbits and the variation of ∇Ne is not obvious, which is 
similar as that along the orbits without PLHR.

Results and discussion
The number of PLHR events at N suddenly increased 
in the second half of 2009 which is the commission-
ing time of the ultrahigh power project. All events 
have spectral lines at frequencies approximately 
4150/4250/4350/4450  Hz and are accompanied by PLE. 
These facts effectively illustrate that the ultrahigh power 
project at N is a steady power harmonic source and 
events at N are originated from it. While at S, the number 
of PLHR events increased in 2010 and we have no way 
to determine whether PLHR existed before 2010 for lack 
of burst-mode data. PLHR events at S are all at approxi-
mately 4150/4250/4350/4450 Hz and in the same month 
of those at N. Besides that, no PLE was detected along 
PLHR orbits at S. We deduce that PLHR at S resulted 
from the propagation of PLHR at N.

According to Helliwell et al. (1975), VLF radiations can 
be observed simultaneously at conjugate regions, dur-
ing which process amplification occurred in the equato-
rial plane through a feedback process based on electron 
cyclotron resonance. Using the ray-tracing methodol-
ogy (Bortnik 2004), our calculations show 4  kHz-PLHR 
at 30° geomagnetic latitude with a vertical initial wave 
normal angle prefers to migrate to a higher L-shell and 
finally settle on a particular L-shell about 1.6 which is 
above the DEMETER orbit. PLHR at S with higher inten-
sity at higher L-shell should result from one hop of PLHR 
at N crossing the equator. If there were another satellite 
at higher altitude, more events could be observed since 
PLHR settled there.

It is notable that, from ground-based observations, 
Park and Helliwell (1978) indicated that PLHR tends to 
occur during quiet times immediately following distur-
bances (preceding 24 h), when good propagation condi-
tions are combined with the enhanced electron fluxes 
needed for strong wave‒particle interactions. However, 
our events were mainly detected during geomagnetic 
quiet time and disturbed geomagnetic activities did not 
show preference three days before PLHR. And no cor-
relation has been found between the intensity of PLHR 
and SYM-H index. The above results are in contradic-
tion with those declared in Park and Helliwell (1978) and 
Němec et al. (2006). Geomagnetic disturbances seem to 

Table 4 Detailed orbit data at N and S during daytime

Zone Months ‘Exact’ (number 
of quiet)

‘pre3days’ 
(number of quiet)

‘PLHR’ ‘Normal’ ‘PLHR’ ‘Normal’

N Apr–Sep 1 (1) 83 (77) 1 (1) 83 (53)

Jan–Mar and Oct–Dec 21 (19) 71 (70) 21 (19) 71 (64)

S Apr–Sep 0 (0) 56 (50) 0 (0) 56 (29)

Jan–Mar and Oct–Dec 10 (9) 48 (47) 10 (8) 48 (42)

Fig. 4 Correlation between PSD and SNR of PLHR and SYM-H. PSD 
on the left and SNR on the right of y-axis
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Fig. 5 Fluctuation of Ne along all identified PLHR orbits. Orbits at N and at S share the same horizontal coordinate. a At N. b At S. Texts on every 
panel show orbit number (left) and SYM-H3d_max (right)
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have no effect on the occurrence, propagation and ampli-
fication of PLHR.

As shown in Fig.  6a, when PLHR occurs in the range 
of 11°N–24°N MLat during the daytime, ∇Ne has obvious 
change, indicating that PLHR depends on not only the 
strong radiation from the power grid but also the varia-
tion of plasma density. According to propagation mecha-
nism of whistler mode wave given by Walker (1976), the 
abrupt variation of Ne creates a favored condition for 
PLHR wave propagating between hemispheres. Due to 
the constraints of satellite-based observations, it is cur-
rently difficult to confirm the interdependence between 
PLHR and plasma density, but this is a potential direction 
to continue to explore the mechanism of PLHR in the 
future.

The frequency drift of parallel PLHR spectral lines 
with time at each hemisphere and the frequency devia-
tion from the exact power harmonic frequencies have 
also attracted our attention. Within PLHR duration (no 
more than 10 min), 55% events have the frequency drift 
less than 1 Hz which are hard to be identified, and 18% 
events have the drift in range of 1–5 Hz like a V shape, 

similar to that discussed by Němec et al. (2021), and can 
be explained by the Doppler shift. The remainder may be 
due to whistler mode instability during a gyro-resonance 
interaction between PLHR waves and particles in an 
inhomogeneous medium (Parrot 1994). For those events 
with the frequency drifts less than 1 Hz, their frequency 
deviations from the exact harmonic frequencies of 50 Hz 
are in (− 4, + 3) Hz at N and in (− 8, 0) Hz at S. The fre-
quency deviation at N may be attributed to the frequency 
fluctuation in the practical power grid. According to the 
national standard GB/T15945 of China, when the funda-
mental frequency fluctuation of reaches level A, its allow-
able deviation is in (− 0.05, + 0.05) Hz, so the deviations 
of the 83rd, 85th, 87th, and 89th harmonics are within 
(−  4.45, + 4.45) Hz. If PLHR waves at S are thought to 
result from the hop across the equator, then the devia-
tion may be due to the nonlinear interaction of cyclotron 
resonant electrons with a narrow band whistler wave.

According to the theory presented by Helliwell (1967), 
Parrot (1994) and Sudan and Ott (1971), If wave-particle 
cyclotron resonance occurs at equatorial region, in order 
to maintain it, the wave frequency must be changed 

Fig. 6 Variation of ∇Ne. ∇Ne along the orbits with and without PLHR in Jan–Mar and Oct–Dec compared with IRI model at N (a) and at S (b). Orbits 
with PLHR are shown in red, orbits without PLHR are shown in green and ∇Ne obtained from IRI model is shown in black. ∇Ne along all orbits within 
per 1° MLat is shown by dots, and 15–85 quantiles of the values of ∇Ne per 1° MLat are shown by bars
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synchronously to match the change in the electron cyclo-
tron frequency. Considering the changes in the equato-
rial geomagnetic field and electron density, the frequency 
deviation (Δf) can be calculated by the formula as

where � = f /fce , f is the wave frequency, fce is the electron 
cyclotron frequency, α is the pitch angle of electron, �fce 
is the variation of electron cyclotron frequency, and �Ne 
is the variation of electron density. It is difficult to obtain 
the real values of magnetic flux density and electron den-
sity along a geomagnetic field line, here we use the local 
variations at equatorial region observed by DEMETER to 
approximate them. Taking events along orbits 298,890 at 
N and 306,670 at S as an example, through calculations 
the frequency deviations are shown in Table 5 which are 
in agreement with the observed values. The interaction 
between PLHR and energetic electrons still needs to be 
demonstrated in the future.

With the development of a large-scale ultrahigh volt-
age power grid, its significant value as a controllable and 
artificial large transmitter in understanding the iono-
spheric state and the magnetosphere–ionosphere cou-
pling mechanism, as well as controlling the motion of 
energetic electrons in the magnetosphere, deserves seri-
ous attention.
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