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Abstract: Solar flares have a severe impact on the near-earth space environment, during which
the VLF signals observed by the ground-based instrument exhibit abnormal changes. However,
the similarity and differences of VLF signal responses to solar flares over daytime and nighttime
propagation paths are still unclear. Previous magnetograph measurements suggest that solar flares can
also influence the dark hemisphere by the induction currents caused by the change in the ionospheric
electrical conductivity of the sunlit hemisphere. To examine these effects, we have analyzed the solar
flare effects on VLF propagation along two paths that are suited along the north–south direction, but
with a time difference of 12 h. From late March to late May in the year of 2022, a total of 32 flare events
with clear VLF responses are selected in order to analyze the similarity and differences between
daytime and nighttime propagation paths. Different from the previous magnetograph measurements,
it is found that the solar flare effects can only be observed from daytime VLF propagation paths.
Moreover, present results show that the amplitude and phase variation of the VLF signal increases
almost linearly with the magnitude of solar flares, and the stronger the solar flare, the more obvious
the influence on VLF signals. However, the two paths exhibit notably different sensitivity in terms of
amplitude and phase variation to solar flare class. Future studies that aim at nowcasting solar flare
events using ground-based VLF receivers need to take these effects into account. The goal is to better
understand the effects of solar flares on the lower ionosphere, with a view toward improving the
nowcasting capability of the VLF technique for solar flares.

Keywords: VLF transmitter signal; solar flare; daytime path; nighttime path; VLF signal responses

1. Introduction

The solar flare is one of the most energetic processes in the solar system, which
releases up to ~1025 J energy in tens of minutes, thereby causing instantaneous local
heating and intense emission of electromagnetic energy and X-ray fluxes [1,2]. Solar
flares can profoundly influence the spacecraft environment, radio communications, and
navigation since it dramatically changes the near-earth space environment, including
the D-region ionosphere at 60–90 km altitude [3,4]. Very-low-frequency (VLF, 3–30 kHz)
waves, originating from both natural and artificial sources, can propagate within the earth-
ionosphere waveguide (EIWG). In the classic waveguide mode theory, an infinite series of
discrete waveguide modes are usually used to describe the propagation of VLF waves in
a flat, infinitely wide waveguide with parallel, sharply defined boundaries, representing
EIWG. Each waveguide mode can be found by superposing two plane waves, which reflect
back and forth in this waveguide, propagating at a particular angle of incidence [5,6].
VLF signals are well bounded between the Earth’s surface and the D-region ionosphere,
and abnormal changes in VLF signals are mostly related to the disturbance of the lower
ionosphere. Therefore, VLF signals have been widely used for submarine communication,
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subionospheric remote sensing, geophysical exploration, and monitoring of space weather
events [7]. The X-ray fluxes emitted by solar flares can cause an increase in ionization and,
thus, enhancement of electron density in the D-region ionosphere. The lowering of the
upper boundary of the earth-ionosphere waveguide significantly affects the propagation of
VLF waves, manifested in amplitude and phase changes [8–15].

Solar flares have been long investigated using ground-based measurements of VLF
signals from navy transmitters [16–18]. The statistical analysis shows that the flare-induced
amplitude and phase change of VLF signals scales almost linearly with the logarithm of
the X-ray flux, and the time of the amplitude peak for most events is 1–6 min later than
that of the X-ray flux [19–21]. Based on this relation, the ground-based VLF detection
system has been suggested to be capable of nowcasting the eruption and magnitude of
solar flares [22,23]. Authors of Ref [24] analyzed the effects of solar flares on the amplitude
and phase of VLF signals using measurements of VLF signals from the NSC (Niscemi,
Sicily, Italy, 45.9 kHz) and ICV (Tavdara Island, Sardinia, Italy, 20.27 kHz) transmitters at
the Belgrade Station for 200 flare events between 2008 and 2014. For two transmitters with
different frequencies, the amplitude measurements of ICV signals were found to be more
sensitive to the flare than the phase due to the sudden ionospheric disturbances. Conversely,
the phase measurement was more sensitive than the amplitude for the NSC transmitter.
The temporal evolution of VLF amplitude disturbance is similar to that of X-ray fluxes
during solar flares. The simulation results using the long wave propagation capability
(LWPC) model [25] are in good agreement with the observation results [26], indicating
the close relationship between X-ray fluxes emitted by solar flares and the disturbance
of electron density in the D-region ionosphere. More recent simulations show that the
amplitude and phase of VLF signals during solar flares may increase or decrease depending
on the distance between the transmitter and receiver for the reason that this distance affects
the local modal composition of the VLF signals and then determine the sign of signal
perturbation parameters [27].

Various studies have been devoted to generalizing the VLF response to solar flares,
mainly using measurements of VLF transmitter signals collected along propagation paths
that are partially or entirely under daytime conditions. It is well-expected that solar flares
only affect the sunlit hemisphere. However, observational evidence from magnetograph
measurements suggests that geomagnetic effects associated with solar flares can also
influence the dark hemisphere, caused by a sudden increase in the electrical conductivity
of the sunlit hemisphere, forcing the induced current to flow in the ionosphere to the
dark side of the Earth [28,29]. Whether this process affects the propagation of VLF signals
during solar flares for propagation paths under nighttime conditions is the main focus of
this study.

More studies are needed to more precisely quantify the characteristics and differences
of VLF responses to solar flares along the daytime and nighttime propagation paths.
The sun has become more active during the first half of 2022, and numerous solar flare
events, including a total of 6 X-class events, have occurred from late March to early May,
providing an excellent opportunity to better understand the unsolved problems in solar
flare studies. It is from this perspective that, in the present study, we analyze the similarity
and difference in terms of VLF response between two propagation paths that are distributed
almost along the north–south direction and have a time difference of 12 h. The goal is to
better understand the effects of solar flares on the lower ionosphere, with a view toward
improving the nowcasting capability of the VLF technique for solar flares.

2. Instrument and Database

In this study, for the sake of direct comparison, we purposely choose two VLF propa-
gation paths to investigate the daytime and nighttime difference in VLF response to solar
flares. For both paths, the transmitter and receiver are located almost along the same
longitude line, and thus, the recorded VLF signal is less influenced by the effects of the solar
zenith angle. As shown in Figure 1, the NAA transmitter, as marked using a red triangle, is
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located in Cutler (44.64◦N, 67.28◦W) in the Maine state of the United States, operating at a
frequency of 24 kHz, and the propagation of its signal to the Chinese Great Wall Station
(GWS, 62.2◦S, 58.96◦W) in Antarctica is almost along the same longitudinal line. The NWC
transmitter located in the North West Cape (24.81◦S, 114.16◦E) in Australia operates at a
frequency of 19.8 kHz, and its transmitted signal can propagate along the same longitude
line to the Suizhou station (SZS, 31.5◦N, 113.32◦E) in China. The distance between two
neighboring pink dashed lines is 2000 km, and the green dashed lines show similar results,
but for the SZS. The NAA-GWS path is about 12,000 km, while the NWC-SZS path is
about 6000 km, which is about half of the NAA-GWS path. The Universal Time (UT) is
determined based on the prime meridian at 0◦ longitude, and the local time is UT-4 and
UT+8 for the NAA-GWS (60◦W) and NWC-SZS (120◦E) paths, respectively. Namely, the
time difference between the NAA-GWS path and the NWC-SZS path is about 12 h. The
local noon for the NAA-GWS path is almost the local midnight for the NWC-SZS path.
Therefore, these two paths are ideally suited to examine if solar flares can influence VLF
propagation in the dark hemisphere.

Figure 1. The propagation paths of the NAA signal to the GWS and the NWC signal to the SZS. The
red triangles mark the transmitters, and the pink and green circles mark the receiving stations. The
propagation path is illustrated using the blue line between the transmitter and receiving station. The
pink dashed lines are the auxiliary line centered at GWS and separated by 2000 km, and the green
dashed lines are the auxiliary line centered at SZS and separated by 2000 km.

2.1. The WHU ELF/VLF Instrument

The WHU ELF/VLF receiver, which is designed and developed by Wuhan University
(WHU) for the reception of broadband ELF and VLF radio waves [30–32], has been deployed
at the SZS and GWS stations. This instrument uses 16 bits analog to digital converter (ADC)
with a 250 kHz sampling rate and can detect both natural and artificial ELF/VLF signals
in the frequency range of 1–50 kHz. The VLF data recorded by this instrument have
been widely utilized in studies related to the tweek atmospherics, the lightning location,
and the sunrise effect of VLF transmitter signals [33–38]. The WHU ELF/VLF receiver
comprises two orthogonal magnetic loop antennas, set up in both north–south (NS) and
east–west (EW) directions, to record the broadband VLF data separately. The amplitude
and phase of VLF signals are extracted using the minimum-shift keying (MSK) modulation
method [21,39]. The two transmitter-receiver paths utilized in the present study are located
along the south–north direction, and thus, the VLF data collected by the NS channel of
our receivers have relatively lower background noise and better data quality. Only the
amplitudes and phases of NS channels are investigated in this study.
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2.2. The Criterion for Selecting Solar Flare Events and the Detrending Method

The magnitude of solar flares is determined based on the X-ray flux data provided by
XRS-B (1–8 Å channel) measurement on the Geostationary Operational Environment Satel-
lite (GOES) 16 and 17 satellites, as obtained from the National Oceanic and Atmospheric
Administration (NOAA) website (available at https://data.ngdc.noaa.gov/platforms/
solar-space-observing-satellites/goes/, accessed on 1 September 2022). An M-class solar
flare corresponds to a peak X-ray flux of 10−5 W/m−2, while an X-class corresponds to a
peak flux of 10−4 W/m−2. Because the WHU ELF/VLF receiver was deployed in Antarctica
in the first quarter of 2022 and the main goal of this study is to investigate the solar flare
events of the current solar cycle or within a relatively short time window, using the X-ray
flux data collected from 25 March to 25 May 2022, a total of 65 M- and X-class solar flares
are selected as candidate events in this study.

To unbiasedly analyze the VLF response to solar flares, the prerequisite conditions are
listed below:

(1) To minimize the sunrise and sunset effects [38,40], solar flares that occur half an hour
before and after the local sunrise or sunset time are not considered. The sunrise or
sunset time corresponding to the VLF propagation path is jointly determined by the
local sunrise or sunset time at the transmitter and the receiving station. The local
sunrise and sunset time are obtained from the NOAA Global Monitoring Laboratory
(https://gml.noaa.gov/grad/solcalc/, accessed on 1 September 2022).

(2) Moreover, for the sake of comparison, we only consider those flare events with high-
quality VLF measurements with a signal-to-noise ratio (SNR) higher than 3 dB. VLF
measurements with SNR lower than 3 dB in either NAA-GWS or NWC-SZS path are
considered as low-quality and not used in the present study.

To unbiasedly analyze the flare effect, we mainly focus on the net change of VLF
amplitude and phase in the present study. Typical VLF signals measured during quiet time
conditions exhibit diurnal variations due to the change in solar input. To calculate the net
effects of solar flares, a detrending method is first applied to remove the background trend
of VLF data. First, we find out the duration (∆t) of each solar flare event by subtracting the
start time (t1) from the peak time (t2) based on the X-ray flux data. Then, we fit the X-ray
flux data from t1-∆t to t1 (without the influence of solar flares) and find the flare-excluded
X-ray flux (F1) at t2. Finally, we calculated the flare-induced X-ray flux at t1 by subtracting F1
from the observed X-ray flux. With the same method, we can also find out the background
trend of amplitude and phase measurements, and further calculate the net effects of VLF
amplitude and phase driven by solar flare events, the amplitude change (∆Amp) and phase
change (∆Pha).

3. Observations

We use two typical events to showcase the VLF response to solar flares for the daytime
and nighttime propagation paths. Figure 2 shows the VLF measurements of NAA signals at
GWS during an X-class flare event, as well as the measurements of NWC signals at SZS. The
NAA-GWS path is under daytime conditions, while the NWC-SZS path is under nighttime
conditions. The red line in Figure 2a indicates the variation of X-ray fluxes for the solar flare
event that occurred on 30 March 2022. This solar flare event started at ~17:21 UT (t1), and
the X-ray flux increased rapidly from ~10−6 W/m−2 to ~10−4 W/m−2 at ~17:44 UT with
the peak at ~17:37 UT (t2), which was an X1.3 solar flare. The received amplitude and phase
of the NAA signal show slight variation until the X-ray flux begins to increase (Figure 2b,c).
The amplitude and phase change, compared to pre-flare conditions, as caused by this flare
event is ~7.36 dB and ~279.61◦, respectively. VLF signal responded almost simultaneously
to the increase of X-ray fluxes, and for this reason, VLF remote sensing technique has been
utilized to nowcast solar flare events [20,21,24]. However, during the same time period,
the NWC signals received at SZS were almost invariant during this flaring event. The
mean value and standard deviation from t1 to t2 (between the two red dotted lines) are
about −49.88 and 0.41 dB, respectively, for the amplitude data (Figure 2d). These values

https://data.ngdc.noaa.gov/platforms/solar-space-observing-satellites/goes/
https://data.ngdc.noaa.gov/platforms/solar-space-observing-satellites/goes/
https://gml.noaa.gov/grad/solcalc/
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are approximately 5.13 and 3.65 degrees for the phase data (Figure 2e). Due to the heavy
fluctuation of VLF measurements, it is impossible to find out the background trend of
amplitude and phase measurements, and to further calculate the net effects caused by solar
flares. However, it is evidenced in Figure 2d,e that both the amplitude and phase data
measured from the nighttime propagation path fluctuated around the mean value, and we
observe no clear effects, for example, the effects found for the daytime paths (Figure 2b,c).
It is from this perspective that the ∆Amp and ∆Pha of these propagation paths are marked
with “no response”. The possible reason is that the local time (LT) of the NAA and GWS
is ~13:30 LT, while this solar flare occurs at ~17:30 UT. The NAA signal propagates to the
receiver along the daytime path, while the NWC signal propagates to SZS at ~01:30 LT
along the nighttime path. The VLF responses to the same solar flare during the daytime and
nighttime are obviously different, and amplitude and phase changes can only be observed
in the daytime propagation path.

Figure 2. Responses of VLF signals to the X1.3 solar flare event on 30 March 2022, (a) the variation of
X-ray flux, (b,c) the amplitude and phase of NAA signals observed at the GWS station, and (d,e) the
amplitude and phase of NWC signals observed at the SZS station.

To further illustrate the difference between the daytime and nighttime propagation
paths, the X1.1 class solar flare event, occurring at ~03:30 UT on 17 April 2022, is also
investigated in this study. Different from the first case, the NWC-SZS propagation path
was under local daytime conditions when the solar flare occurred, while the NAA-GWS
propagation path was under local nighttime conditions. As shown in Figure 3a, the
X-ray flux gradually decreased until ~03:20 UT and then increased from ~10−6 W/m−2 to
~10−4 W/m−2 during ~03:20–03:35 UT. As shown in Figure 3, the amplitude and phase of
the NAA signal show little correlation with this solar flare, while those of the NWC signal
have increased by ~1.34 dB and ~127.06◦, respectively. This X-class solar flare occurred from
~11:20 to ~11:35 LT in the NWC-SZS path and from ~23:20 to 23:35 LT in the NAA-GWS
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path. We have only observed a clear change in VLF transmitter signals for the NWC-SZS
path. This proves that the solar flare only influences the daytime propagation path and has
little or no impact on the nighttime propagation path.

Figure 3. Same as Figure 2, except for the solar flare occurred on 17 April 2022.

Moreover, we use the VLF measurements from March to May in 2022 to reveal what
effects M- and X-class solar flares have on VLF signals over the daytime and nighttime
path as an attempt to give a general picture of the solar flare effects. According to the
selection criteria listed in Section 2.2, from 25 March to 25 May 2022, a total of 32 flare
events with high-quality VLF measurements are utilized in the present study. The detailed
information of each event is summarized in Table 1, which lists the number, start time,
peak time, end time, class, X-ray flux, and the ∆Amp and ∆Pha. Table 1 lists 5 X-class solar
flares and 27 M-class solar flares; “no response” refers to those cases in which no clear VLF
response is observed. The ∆Amp and ∆Pha are determined by the differences between the
peak amplitude/phase and the initial amplitude/phase during the solar flare period. To
only focus on the net effect driven by the solar flare event, the peak amplitude/phase is
calculated based on the detrending method, which is aimed to remove the regular variation
trend for the quiet time. Note that ∆Pha was mostly found to be positive during solar flare
events for propagation paths longer than 4000 km [27,41] and if the ∆Pha is positive is largely
dependent on the location of VLF measurements. The solar flares, inducing the response
of the NWC signals and having no significant effect on the NAA signals (represented by
the black records), tend to occur during 00:00–08:00 UT, which is 08:00–16:00 LT along the
NWC-SZS path. The rows highlighted in blue show those cases in that only the NAA signals



Remote Sens. 2023, 15, 1018 7 of 13

responded to the solar flare events. These events generally occurred during 12:00–20:00 UT,
which is 08:00–16:00 LT for the NAA-GWS path. It is worth noting that among all the
selected events, we found no event in which both the NWC-SZS and NAA-GWS paths
responded to the same solar flare event. The responses of the VLF signal to solar flares
along the NAA-GWS and NWC-SZS propagation paths show that solar flares only affect
the VLF signal in the daytime path, but have no obvious impact on the nighttime path.

Table 1. List of the solar flare events and the corresponding responses of NAA and NWC transmitter
signals during the period from 25 March 2022 to 25 May 2022.

#
Start Time

(UT)
Peak Time

(UT)
End Time

(UT) Class
X-ray Flux

(×10−5 W·m2)

NWC-SZS NAA-GWS

∆Amp
(dB) ∆Pha (◦) ∆Amp

(dB) ∆Pha (◦)

1 2022-03-29
00:59:34

2022-03-29
01:12:02

2022-03-29
01:24:53 M2.2 2.2 1.22 54.33 No

response
No

response

2 2022-03-29
01:52:17

2022-03-29
01:58:12

2022-03-29
02:02:13 M1.1 1.1 0.49 13.94 No

response
No

response

3 2022-03-30
17:21:28

2022-03-30
17:37:40

2022-03-30
17:45:19 X1.3 13 No

response
No

response 7.36 279.61

4 2022-03-31
18:21:15

2022-03-31
18:35:06

2022-03-31
18:44:11 M9.7 9.7 No

response
No

response 6.97 246.71

5 2022-04-02
02:42:05

2022-04-02
02:56:41

2022-04-02
03:05:30 M2.9 2.9 1.04 92.48 No

response
No

response

6 2022-04-02
13:21:42

2022-04-02
13:55:39

2022-04-02
14:39:21 M3.9 3.9 No

response
No

response 5.10 148.21

7 2022-04-02
17:37:58

2022-04-02
17:44:53

2022-04-02
17:49:59 M4.3 4.3 No

response
No

response 6.17 155.72

8 2022-04-15
13:50:07

2022-04-15
13:59:16

2022-04-15
14:09:52 M1.9 1.9 No

response
No

response 4.25 65.99

9 2022-04-16
14:48:48

2022-04-16
14:56:26

2022-04-16
15:08:21 M1.0 1.0 No

response
No

response 4.76 85.01

10 2022-04-17
01:29:07

2022-04-17
02:11:20

2022-04-17
02:25:26 M1.9 1.9 0.88 66.38 No

response
No

response

11 2022-04-17
03:20:08

2022-04-17
03:35:04

2022-04-17
03:50:11 X1.1 11 1.34 127.06 No

response
No

response

12 2022-04-17
19:55:37

2022-04-17
20:02:32

2022-04-17
20:05:08 M1.6 1.6 No

response
No

response 6.47 86.64

13 2022-04-18
07:41:05

2022-04-18
07:48:43

2022-04-18
07:52:27 M1.3 1.3 1.22 37.47 No

response
No

response

14 2022-04-19
04:43:14

2022-04-19
04:50:31

2022-04-19
04:58:17 M1.1 1.1 0.82 43.19 No

response
No

response

15 2022-04-20
12:28:01

2022-04-20
12:53:46

2022-04-20
13:00:38 M1.9 1.9 No

response
No

response 10.34 202.96

16 2022-04-21
01:49:38

2022-04-21
01:59:23

2022-04-21
02:03:55 M9.7 9.7 1.35 130.61 No

response
No

response

17 2022-04-22
04:55:21

2022-04-22
05:14:37

2022-04-22
05:27:10 M1.1 1.1 0.90 37.07 No

response
No

response

18 2022-04-25
01:23:57

2022-04-25
02:00:53

2022-04-25
02:35:37 M1.3 1.3 1.13 54.28 No

response
No

response

19 2022-04-25
03:56:17

2022-04-25
04:02:18

2022-04-25
04:05:52 M1.2 1.2 0.75 45.75 No

response
No

response



Remote Sens. 2023, 15, 1018 8 of 13

Table 1. Cont.

#
Start Time

(UT)
Peak Time

(UT)
End Time

(UT) Class
X-ray Flux

(×10−5 W·m2)

NWC-SZS NAA-GWS

∆Amp
(dB) ∆Pha (◦) ∆Amp

(dB) ∆Pha (◦)

20 2022-04-29
07:16:34

2022-04-29
07:30:19

2022-04-29
07:41:26 M1.2 1.2 0.75 19.69 No

response
No

response

21 2022-04-29
18:01:27

2022-04-29
18:09:56

2022-04-29
18:20:59 M1.2 1.2 No

response
No

response 3.84 116.12

22 2022-04-30
04:49:48

2022-04-30
05:01:11

2022-04-30
05:05:35 M2.6 2.6 1.04 82.14 No

response
No

response

23 2022-04-30
05:25:28

2022-04-30
05:35:01

2022-04-30
05:39:19 M1.4 1.4 1.17 18.52 No

response
No

response

24 2022-04-30
13:39:26

2022-04-30
13:47:44

2022-04-30
13:51:17 X1.1 11 No

response
No

response 9.15 314.62

25 2022-05-03
07:39:02

2022-05-03
07:53:57

2022-05-03
08:00:13 M1.3 1.3 1.33 35.31 No

response
No

response

26 2022-05-03
13:17:07

2022-05-03
13:25:36

2022-05-03
13:30:12 X1.1 11 No

response
No

response 10.47 276.12

27 2022-05-04
16:07:29

2022-05-04
16:32:41

2022-05-04
16:55:51 M1.2 1.2 No

response
No

response 6.19 104.36

28 2022-05-10
13:27:50

2022-05-10
13:55:51

2022-05-10
13:57:29 X1.8 18 No

response
No

response 10.17 293.30

29 2022-05-11
16:38:39

2022-05-11
16:49:43

2022-05-11
16:57:24 M1.6 1.6 No

response
No

response 4.97 138.22

30 2022-05-19
07:00:50

2022-05-19
07:19:12

2022-05-19
07:29:50 M5.6 5.6 1.89 71.75 No

response
No

response

31 2022-05-19
15:06:39

2022-05-19
15:16:06

2022-05-19
15:22:17 M1.1 1.1 No

response
No

response 4.63 133.39

32 2022-05-20
07:39:41

2022-05-20
07:45:07

2022-05-20
07:46:43 M3.4 3.4 1.73 74.55 No

response
No

response

This study further examines the relationship between the VLF response and the magni-
tude of solar flares at GWS and SZS, respectively. As shown in Figure 4, the x-axis represents
the log-10-based X-ray fluxes corresponding to the different solar flare classes listed in
Table 1 for all solar flare events. The red and black dots indicate the changes in amplitude
(Figure 4a) and phase (Figure 4b) of the NAA and NWC signals, respectively. For both
amplitude and phase variations, error bars show the uncertainty of each data point relative
to the best-fit line [42]. For the NAA signals, the amplitude change caused by the ~M1.0
solar flare is ~5 dB, while it is ~8.5 dB for an X1.0 flare event. On the other hand, the phase
change is ~80◦ and 250◦ for the M1.0 and X1.0 flare events, respectively. The amplitude
and phase perturbation of the VLF signal increase with the magnitude of solar flares, and a
more-intense solar flare has a more obvious influence on the propagation of VLF signals.
For solar flares with the same magnitude, the responses of the NAA transmitter signals are
stronger than the NWC signals. The relation between amplitude change and logarithm-
based X-ray fluxes can be best fitted using linear functions. We assume a simple function
∆Amp = A log10(flux) + B to approximate the amplitude and phase change produced by
solar flares, similar to that used in [22,23]. Based on the uncertainty of each point, the uncer-
tainties in the two parameters of the best-fit line can be evaluated. The best-fit functions that
we found for the amplitude variation are ∆Amp = (1.57 ± 0.65)log10(flux) + (6.72 ± 0.09)
and ∆Amp = (0.23 ± 0.10)log10(flux) + (1.12 ± 0.02) for the NAA-GWS and NWC-SZS path,
respectively. The slope of amplitude variation of the NAA signals is about seven times larger
than that of the NWC signals, which indicates that the NAA signal is more sensitive to solar
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flare than the NWC signals. As for the phase measurements, the best-fit linear functions are
∆pha = (77 ± 14)log10(flux) + (176.5 ± 1.8) and ∆pha = (31.4 ± 5.1)log10(flux) + (59.1 ± 1.2),
respectively. The fitted results indicate the increases in the NAA signals are more pro-
nounced than those of the NWC signals. The VLF signal disturbance is linearly correlated
with the solar flare magnitude, expressed as the logarithm of the X-ray flux, which is
consistent with previous studies [21,22].

Figure 4. The amplitude and phase variation versus the X-ray fluxes caused by the solar flare class,
as well as fitting functions for the VLF signals (black for NWC-SZS and red for NAA-GWS).

4. Discussions

Generally, the angle of incidence of the sunlight is closely related to local time (LT).
At sunrise, the angle of incidence is about ~90◦, corresponding to the horizontal sunlight,
gradually decreasing to 0◦ at noon, and then gradually increasing to 90◦ in the afternoon.
The intensity of solar radiation is described using the cosine of the incidence angle [43,44].
As the incidence angle decreases, the intensity increases, and the energy released by the
sun at noon, which reaches the Earth’s atmosphere, is the largest, due to the fact that
sunlight is almost perpendicular to the ground. Therefore, the local time dependence of
VLF signal responses at GWS and SZS to solar flares is also analyzed in detail. The local
time distribution of VLF signal amplitude and phase perturbations is shown in Figure 5.
For solar flare events of magnitude less than ~M3.0, the amplitude (Figure 5a) and phase
(Figure 5b) perturbations of the NAA signal along the NAA-GWS propagation path show
maximum values around 12:00 LT, except for individual data contaminated by more than
one solar flare events, which are marked using red boxes. These points correspond to
those solar flare events that occur within a short time window and overlap with each
other. For these events, the net effects of solar flares cannot be distinguished from each
other and cannot be extracted by the above-mentioned detrending method. We emphasize
that these events are not used in the present study only because we cannot determine
the net effects of each solar flare event. These trends (dashed red arrows) are roughly
consistent with the above-mentioned variation of solar radiation versus LT, indicating
that the solar incident angle may be a dominant parameter in the perturbation process of
VLF signal by flares. However, for stronger solar flares, the response of the VLF signal to
solar flares has no obvious correlation with LT, which may be involved in more complex
physical processes. The NWC signal propagating along the NWC-SZS path shows a weaker
regularity in response to solar flares than that for the NAA signal on the whole. However,
after removing some outliers (marked by red boxes), similar regularity can still be seen
in Figure 5c,d. In the future, more observations of solar flares are needed in order to
clarify further the dependence of the VLF signal on the response of solar flares on LT.
The development and application of a series of new physical models of energy transfer
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from the sun to the Earth are needed to explain the physical processes that these response
features undergo.

Figure 5. The VLF signal amplitude and phase perturbations to the solar flares as a function of local
time for NWC and NAA transmitter signals, respectively.

Although magnetometer observations suggest that the solar flare effects do occur
in the dark hemisphere [28,29], our observations show that clear VLF response to the
solar flares can only be observed for the daytime propagation path. This indicates that
Oshiro’s theory is not suitable to explain the effects of solar flares on VLF signals, and
the physical mechanism behind the geomagnetic disturbance and VLF signal disturbance,
although both caused by solar flares, is different. Solar flares occurring in the Earth’s
sunlit hemisphere can alter the ionospheric electron density, as well as the Earth’s magnetic
field [45]. Singh et al. [16] evaluated the reflection height (H’) and the sharpness factor (β)
of the D region ionosphere, and the result shows that the H’ decreases while the β increases
with the increase of the solar flare power due to the increased ionization caused by the
solar flare events. The H’ is higher and the β smaller at low latitudes than those at mid and
high latitudes. Selvakumaran’s work [17] shows that the local time dependence of solar
flare effects can change the VLF amplitude and time delay between VLF peak amplitude
and X-ray flux peak, and the local time of flare’s occurrence and their classes strongly affect
the H’ and β, which can be used to estimate the flare time electron density. The electron
density increases exponentially with an increase in the solar flux intensity, and the solar
flare effect can affect the horizontal component of the Earth’s magnetic field due to the
additional magnetic field produced by the ionospheric electrojet over the equatorial station.
Rathore et al. [18] found that during the solar flare period, the X-ray flux enhancement
can cause the sudden enhancement of D-region ionization and then the enhancement of
VLF signal amplitude. Oshiro’s work shows that solar flares can disrupt the electrical
current system around the Earth, which is transported into the nightside and therefore
affects the nightside magnetic field. The fact that no significant effect on the VLF signal has
been found for the nighttime propagation paths indicates that the change in ionospheric
current on the nightside caused by solar flares does not influence the propagation of the
VLF signals. In this paper, two VLF propagation paths along the same longitude line are
utilized, and these two paths are either under daytime or nighttime conditions. However,
the VLF signal also shows a certain degree of disturbance when part of the propagation
path is under daytime, that is, the mixed day-night path [22]. Present results show that
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solar flares influence the VLF signal propagation path partially or entirely located in the
daytime. In addition, the electron concentration in the D region can also be calculated using
the solar flare magnitude, but this is not the primary goal of the present work and will be
investigated in our next-step work.

5. Conclusions

Solar flares can severely influence the near-earth space environment, during which
the VLF signals observed by the ground-based instrument may have abnormal changes.
However, the characteristics and differences of VLF responses to solar flares over daytime
and nighttime propagation paths are still unclear. The enhanced solar activity between
March and May 2022, with numerous M- and X-class solar flare events, provides an excellent
opportunity for this study. Supported by the Chinese Meridian Project II, a WHU ELF/VLF
wave detection system was set up in March 2022 at the GWS station in Antarctica. Based on
the observations at GWS and SZS, the response characteristics of NAA and NWC signals to
solar flares are analyzed using two VLF propagation paths distributed roughly along the
north–south direction, NAA-GWS and NWC-SZS, with a time difference of about 12 h.

From 25 March 2022 to 25 May 2022, a total of 32 flare events with high-quality VLF
measurements are selected to investigate the response characteristics of VLF signals over
the daytime and nighttime propagation paths to solar flares. We find that the VLF responses
to the same solar flare during the daytime and nighttime are obviously different, and a
clear VLF response can only be observed in the daytime propagation path. As mentioned in
the Section 4, the solar flares occurring on the dayside can change the ionospheric electrical
conductivity. The corresponding induction currents are forced to travel to the far side of
the Earth, affecting the low ionosphere at night. However, our measurements demonstrate
that these effects are insignificant for the propagation of VLF signals in the EIWG. The
amplitude and phase perturbation of the VLF signal increase with the magnitude of solar
flares, roughly with a linear relation, and a stronger solar flare has a more obvious influence
on VLF signals. However, there are significant differences in the sensitivity of amplitude
and phase perturbations to solar flare class for different VLF propagation paths. It is
conceivable that the sensitivity of each propagation path is controlled not only by solar
flares but also by the ground conductivity and zenith angles. The previously reported
studies revealed that the amplitude perturbation of different VLF signals for solar flare
events depends on the frequency due to the effect of the second-order TM mode [14],
and for the same solar flare event, the higher the frequency, the greater the amplitude
perturbation would be [46]. Additionally, for the VLF propagation paths, the specific
solar zenith angles can also affect the level of amplitude perturbation [46]. Future studies
aiming at improving the nowcasting capability of the VLF technique for solar flares need to
consider this effect.
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