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Abstract. Comparative qualitative analysis of amplitude and phase
delay variations was carried out along the trajectory of GQD/22.1 kHz
and NAA/24.0 kHz VLF signal traces, propagating from Skelton (UK)
and Maine (USA) toward Belgrade, induced by four isolated solar X-ray
ﬂare events occurred during the period from September 2005 to December 2006. For monitoring, recording and for storage of VLF data at the
Institute of Physics in Belgrade, Serbia, the AbsPAL system was used.
For modeling purposes of propagating conditions along GQD and NAA
signal propagation paths, LWPCv21 program code was used. Occurred
solar ﬂare events induced lower ionosphere electron density height proﬁle changes, causing perturbations in VLF wave propagation within
Earth-ionosphere waveguides. As analyzed VLF signals characterize by
different propagation parameters along trajectories from their transmitters to the Belgrade receiver site, their propagation is affected in different
ways for different solar ﬂare events and also for the same solar ﬂare
events.
Key words. X-ray solar ﬂare event—VLF signal—Earth-ionosphere
waveguide.

1. Introduction
Photoionization triggered by UV Lyman-α spectral line 121.6 nm, EUV spectral
lines ranging from 102.7 nm to 118.8 nm and galactic cosmic rays are, in general, responsible for the ionospheric D-region electron production processes during
regular unperturbed ionospheric conditions. Deviations in time and space D-region
electron density distributions can be induced by different phenomena originating from space (like X-ray solar ﬂare events (Thomson et al. 2005), solar eclipse
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(Chakrabarti et al. 2012), CME (Balan et al. 2008), γ -ray bursts (Inan et al. 2007;
Chakrabarti et al. 2010), solar proton events (Žigman et al. 2014)) and by terrestrial phenomena (earthquakes (Sorokin & Pokhotelov 2014), lightning (Neubert
et al. 2008)).
Electromagnetic radiation from X-ray range emitted during solar X-ray ﬂare
events (0.1–0.8 nm) becomes a major source of the lower ionosphere constituents
ionization in the Earth’s D-region (altitude range between 50 and 90 km) (Whitten & Poppoff 1965). As a result of electron density increase induced by additional
ionization (since electron production rate coefﬁcient can be considered as directly
proportional to ionizing X-ray radiation intensity (Ratcliffe 1972)), lower ionosphere
electron density height proﬁle changes. Additional ionization affects the Earthionosphere waveguide characteristics (Mitra 1974). Direct results are perturbations
of the VLF signals propagation patterns, otherwise stable under unperturbed solar
conditions (Thomson 1993; McRae & Thomson 2000).
One of the widely used techniques for the Earth’s ionosphere properties monitoring and exploration is the technique that uses propagation of radio wave signal
(Belenkiy et al. 2006; McKinnell & Friedrich 2007; Žigman et al. 2007; Chakrabarti
et al. 2012) and in the case of the lower ionosphere, the technique that uses very
low frequency (VLF) radio wave signals (Thomson et al. 2011, 2005; McRae &
Thomson 2000, 2004; Pal & Chakrabarti 2010; Basak & Chakrabarti 2013). Same
technique based on the application of Wait theory (Wait & Spies 1964) and long wave
propaga tion capability (Ferguson 1998) numeric code routine (McRae & Thomson
2000; Thomson et al. 2011), has been used in this paper as well.
Amplitude and phase delay variations along the GCP monitored on GQD/22.1
kHz and NAA/24.0 kHz signal traces registered at Belgrade receiver site, as produced by C and M class X-ray solar ﬂare events occurred during the period from
September 2005 to December 2006, were comparatively analysed and are presented
in this paper.
Acquisition, recording, monitoring and storage of VLF data at the receiver site in
Belgrade (44.85 N, 20.38 E) have been carried out by means of the absolute phase
and amplitude logger (AbsPAL) receiving system, installed and located at the Institute of Physics in Belgrade. For the modeling purposes of propagating conditions
held along VLF signal propagation paths analyzed in this work, the LWPCv21 program code was used (Ferguson 1998). Modeling was carried out for NAA/24.0 kHz
(emitted from Maine, USA) and GQD/22.1 kHz (emitted from Skelton, UK) signal
traces during impact of C and M class X-ray solar ﬂare events.

2. Analysis and simulation of signal changes
The VLF signal code named GQD and broadcasted at a frequency of 22.1 kHz
from the transmitter located in Skelton, UK (54.72 N, 2.88 W) along its WNW-ESE
oriented propagation path toward Belgrade propagates along short and mostly an
overland great circle path that covers less than two time zones (DGCP = 1980 km).
The VLF signal code named NAA and broadcasted at a frequency of 24.0 kHz from
the transmitter located in Maine, USA (44.63 N, 67.28 W) along its W-E oriented
propagation path toward Belgrade propagates along long and mostly an oversea great
circle path that covers about six time zones (DGCP = 6540 km). Possible GCP paths
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Figure 1. Possible GCP paths for GQD/22.1 kHz and NAA/24.0 kHz signal traces transmitted toward Belgrade.

for VLF signals transmitted from Skelton, UK (GQD/22.1 kHz) and Maine, USA
(NAA/24.0 kHz) toward Belgrade are shown in Figure 1.
X-ray solar ﬂare events C9.7, M2.5, C9.6 and C4.8 (occurred on 2006 April 07,
2006 July 06, 2005 September 07 and 2006 December 06, respectively), caused
phase delay and amplitude perturbations on both analyzed VLF signal traces. However, the pattern of perturbations is not the same, as monitored simultaneously on
GQD and NAA signal traces, because they propagate through different waveguides
due to diurnal and seasonal changes of the lower ionosphere and due to characteristics of the X-ray solar flare events themselves. Still, as observed on each of the analyzed
VLF signal traces separately, some similar characteristics regarding signal behavior
during the impact of ﬂare events can also be noticed. For all four ﬂare events, time
delay t (Žigman et al. 2007) in reaching maximum value of the amplitude after the
peak of X-ray solar ﬂare event, for both analyzed VLF signals is t = 1–2 min.
The VLF signal perturbations induced by solar ﬂare events are shown in
Figures 2–5. Observed amplitude and phase delay perturbations on GQD/22.1 kHz
(left axes, solid lines) and on NAA/24.0 kHz (right axes, dotted lines) signal traces
are shown on the lower and middle panels, while causative solar X-ray irradiances,
according to NOAA GOES12 one-minute data listings, are shown on the upper
panels (dashed lines). Characteristic signal states related to four X-ray solar ﬂare
events are marked by arrows and denoted as preﬂare, ﬂare and postﬂare. Preﬂare
signal states correspond to the unperturbed conditions held in the Earth-ionosphere
waveguides before the occurrences of the solar ﬂare events. Flare signal states correspond to the perturbed ionospheric conditions related to the impact of the maximum
X-ray irradiances. Postﬂare signal states correspond to the recovered ionospheric
conditions, when ionosphere actually got back to its regular unperturbed conditions.
VLF signal amplitude and phase delay perturbations, in case of the NAA signal
trace are relatively simple compared to the quite complex VLF signal perturbations
in case of the GQD signal trace, especially in case of C9.7 and M2.5 X-ray solar
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Figure 2. GQD and NAA signal perturbations during C9.7 class X-ray solar ﬂare event.

Figure 3. GQD and NAA signal perturbations during M2.5 class X-ray solar ﬂare event.

ﬂare events (2006 April 07 and 2006 July 06, respectively). Morphology, patterns
and types of NAA and GQD signal’s amplitude and phase delay variations, with
results of accompanied electron density height proﬁle changes within ionospheric
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Figure 4. GQD and NAA signal perturbations during C9.6 class X-ray solar ﬂare event.

Figure 5. GQD and NAA signal perturbations during C4.8 class X-ray solar ﬂare event.

D-region can be found analyzed in more details in Kolarski et al. (2011) and Kolarski
& Grubor (2014) and are in line with results of other studies (Žigman et al. 2007;
Grubor et al. 2008; Nina et al. 2011, 2012; Bajčetić et al. 2015).
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Comparative exemplary analysis presented in this paper is based on the Wait
model of VLF signal propagation inside the Earth-ionosphere waveguide (Wait &
Spies 1964) and simulations of VLF signal behavior as obtained by means of the
LWPCv21 program code (Ferguson 1998). The LWPC code consists of a set of
programs which can be used separately for the purpose of calculations. The user
speciﬁes the transmitter location and frequency, the orientation of transmitting and
receiving antennae and the boundaries of the operating area. The default propagation model used by LWPC is the long wave propagation model (LWPM), which
predicts an exponential increase in electrical conductivity within the ionospheric Dregion. The height dependent conductivity parameter is given by ωr (z) = 2.5 · 105 ·
exp[β(z − H  )], where ωr (z) = ω0 2 /ν, ω0 is the electron plasma frequency and ν
is the effective electron-neutral collision frequency. Two parameters, β and H  , are
introduced by Wait & Spies (1964). The parameter β (km−1 ), the so-called ‘sharpness’ of the ionosphere lower boundary, gives the relative slope of the conductivity
proﬁle β = (1/ωr )(dωr /dz). The parameter H  (km) is the altitude at which the
reﬂection of the VLF waves takes place.
The basic equation regarding the density of electron population Ne (m−3 ) inside
the Earth-ionosphere waveguide at the altitude z (km) is given by sharpness (β
(km−1 )) and reﬂecting edge height (H  (km)):




Ne (z, H  , β) = 1.43 · 1013 e−0.15H e(β−0.15)(z−H ) .

(1)

Expression (1) (Thomson 1993; McRae & Thomson 2000, 2004; Thomson et al.
2005) can be applied in a reliable manner in the altitude domain around the signal
reﬂection heights, thus the results concerning ionospheric D-region at the bottom
(50 km) and top (90 km) should be taken with caution, due to possible failure of the
model at the D-region boundaries. This is even more noticeable during maximum
X-ray irradiance radiated during the impact of the considered ﬂare events.
This model has been used as an initial stage regarding simulation of VLF signal propagation conditions through the Earth-ionosphere waveguides, both at regular
unperturbed preﬂare and recovered postﬂare conditions and at perturbed ﬂare conditions. The goal was, by means of the LWPCv21 code, to estimate the best ﬁtting pairs
of parameters (β, H  ) that in the most closely manner reﬂect propagation conditions
held inside the Earth-ionosphere waveguides during considered ﬂare events. As the
result, the obtained simulated amplitude and phase delay of the analyzed GQD and
NAA signals stay closest to the real measured amplitude and phase delay values.
LWPM model included inside the LWPCv21 code imply β = 0.30 km−1 and
H  = 74 km as standard values for unperturbed daytime ionospheric conditions in the model of ionosphere where conductivity increases exponentially with
height. In order to simulate perturbed propagation conditions held in the Earthionosphere waveguide during the impact of the ﬂare event, it is necessary to modify
a propagation model, using LWPC subprogram REXP (Range Exponential Model).
Subprogram REXP calculates the phase delay and the amplitude of the given VLF
signal, depending on the selected pairs of (β, H  ) parameters and on a chosen GCP
path of the observed VLF signal. User deﬁne desired GCP path and select parameters
(β, H  ) as impute parameters required by subprogram REXP.
Properly deﬁned pairs of (β, H  ) parameters, provide well matching between the
real measured amplitude and phase delay values observed at the place of the receiver
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site for a given VLF signal trace and the values numerically computed by use of
LWPCv21 code. Consequently, all the numerically simulated amplitude and phase
delay values for every point along the GCP path for a given VLF signal can be
assumed as reliable.
For the purpose of the exemplary analysis presented in this paper, the constant
‘average value’ of parameters (β, H  ) was chosen and used along the whole trace for
each simulation of the characteristic signal states during each considered ﬂare event,
in case of both analyzed VLF signals. Parameters (β, H  ) that are otherwise variable
along the GCP for a given VLF signal, in this case depict an ‘average ionospheric
conditions’ of the Earth-ionosphere waveguide that held along the whole trace for
each simulation.
Calculated by means of LWPCv21 code, VLF signal amplitude and phase delay
values obtained at the receiver site are affected by several factors which can be
grouped as: geometrical characteristics of VLF signal path, technical characteristics of VLF transmitter and receiver, and changes in ionospheric conditions along
the VLF signal path. The most important geometrical characteristics of VLF signal
path are: (a) incidence angle of the given signal at the lower D-region boundary, (b)
length of the signal trajectory along CGP as a function of the distance from transmitter to the receiver site (interference mode patterns along the GCP and thus vicinity
of the modal extremes to the site of the receiver itself (Wait 1970)) and (c) orientation of the signal trajectory (in the sense of geomagnetic ﬁeld and geoelectrical
permittivity and conductivity along GCP). The most signiﬁcant technical characteristics of VLF transmitter are signal transmission strength and transmitting frequency.
Ionospheric characteristics inside the Earth-ionosphere waveguide, on the one hand,
can be referred to (a) regular unperturbed ionospheric conditions and (b) ionospheric
conditions perturbed by incidence X-ray radiation during solar ﬂare events. On the
other hand, ionospheric conditions depend on the diurnal, seasonal and the changes
during the solar activity cycle.
Performing the numerical simulations for the particular waveguide, it was supposed that behavior of the given VLF signal is determined only by the ionospheric
conditions (by the redistribution of the modal extremes locations along the GCP and
by the (β, H  ) parameter combination). All the other above mentioned inﬂuences are
held as ‘constant’ during numerical simulations of perturbed ionospheric conditions.
Simulated dependence of amplitude and phase delay variation along GCP for
GQD and NAA signal traces, induced by four X-ray solar ﬂare events, for three
characteristic signal states: preﬂare, moment of maximum X-ray irradiances and
postﬂare are shown in Figures 6–13 with dotted red, solid blue and dashed pink lines,
respectively.
The simulations of propagation conditions held along GQD and NAA signal trajectories, as functions of the distance between their transmitters and the receiver are
achieved by means of the LWPCv21 code. Observations referring main modal minimum of amplitude location changing and referring gradient of the electron densities
in ﬂare states, are presented in Table 1.
In Table 1, symbol ↑ denotes mitigation while symbol ↓ denotes deepening of the
main modal minimum of the amplitude in the ﬂare state compared to preﬂare state,
r is the ratio between the simulated values of the GQD and NAA signal amplitudes
at the main modal minimum in postﬂare and preﬂare states: r = Apostsim /Apresim ,
D (km) is the difference in the main modal minimum location between postﬂare
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Figure 6. GQD signal variations along GCP during C9.7 ﬂare event.

Figure 7. NAA signal variations along GCP during C9.7 ﬂare event.

and preﬂare states: D = Dpostﬂare − Dpreﬂare . Zenith angle at the midpoint of
the GQD and NAA signal traces’ trajectories (◦ ) denoted as ϑmed was considered
wide as it was from 60–80◦ , medium as it was from 40–60◦ and narrow as it was
from 20–40◦ . The displacement of the main modal minimum towards transmitter site
in ﬂare state is denoted by dispmin . Electron densities at 50 km and 90 km height
in ﬂare states for GQD and NAA VLF signals are denoted as Neﬂare (50 km) and
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Figure 8. GQD signal variations along GCP during M2.5 ﬂare event.

Figure 9. NAA signal variations along GCP during M2.5 ﬂare event.

Neﬂare (90 km)(m−3 ), respectively. Gradient of the electron densities in ﬂare states
(km−1 ) for both signals is given by
(log Ne )
log(Ne (90)) − log(Ne (50))
Ne (90)
=
= 0.025 · log
.
h
40
Ne (50)

(2)
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Figure 10. GQD signal variations along GCP during C9.6 ﬂare event.

Figure 11. NAA signal variations along GCP during C9.6 ﬂare event.

3. Discussion of results
The values of (log Ne )/h that have not been underlined in Table 1 are about the
same order of magnitude and differences among them can be expected due to the day
to day variability of the ionosphere. Interpretation of the extreme values that have
been underlined in Table 1 is as follows:
The value of (log Ne )/h = 0.130 corresponds to the strongest of the solar
ﬂare events considered. Solar ﬂare event of M2.5 class occurred at the time of
rapid changes in the waveguide conditions of NAA signal trace, characteristic for
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Figure 12. GQD signal variations along GCP during C4.8 ﬂare event.

Figure 13. NAA signal variations along GCP during C4.8 ﬂare event.

interval of time just after dawn. At that time, stable daytime ionospheric conditions
had already been established inside the GQD signal trace waveguide, so in this case,
the change of the electron density height proﬁle during M2.5 class X-ray solar ﬂare
event is expected, compared to regular unperturbed ionospheric conditions before
the occurrence of this ﬂare event (see paragraph after equation (1)).
The value of (log Ne )/h = 0.090 corresponds to the weakest of the solar ﬂare
events considered. Solar ﬂare event of C4.8 class occurred during the second half
of the day in December before dusk, at the time of characteristic change in the
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Table 1. Simulation results of GQD and NAA signal amplitude and phase delay variations along
their GCP trajectories for considered X-ray solar ﬂare events.
Date
Time UT
Class

2006 Apr. 07
08:03UT
C9.7

2006 July 06
08:36UT
M2.5

2005 Sep. 07
12:44UT
C9.6

2006 Dec. 06
12:58UT
C4.8

ϑmed
(◦ )

NAA
GQD

wide
medium

medium
narrow

medium
narrow

narrow
medium

Main mod.
Min. ﬂare

NAA
GQD

↓
↑

↓
↑

↓
↑

no change
no change

Main mod. min.
Pre/post ﬂare

NAA
GQD

Preﬂare
conditions

NAA
GQD

regular

regular

perturbed

perturbed

dispmin
(km)

NAA
GQD

240
40

200
160

140
100

200
20

Neﬂare (50 km)
(m−3 )

NAA
GQD

1.61 · 106
1.53 · 106

2.52 · 105
6.84 · 106

8.85 · 104
1.38 · 107

4.24 · 107
1.97 · 105

Neﬂare (90 km)
(m−3 )

NAA
GQD

1.93 · 1012
2.49 · 1011

1.83 · 1012
1.36 · 1012

1.75 · 1012
1.67 · 1011

3.12 · 1010
7.87 · 1011

log Ne /h
(km−1 )

NAA
GQD

0.012
0.026

0.130
0.037

0.052
0.008

0.043
0.090

Nepreﬂare (50 km)
(m−3 )

NAA
GQD

5.90 · 106
4.71 · 106

1.32 · 106
7.21 · 106

3.36 · 105
6.96 · 106

3.61 · 107
6.89 · 105

Nepreﬂare (90 km)
(m−3 )

NAA
GQD

2.38 · 109
6.32 · 109

6.10 · 109
1.31 · 109

2.66 · 1010
1.14 · 1010

2.22 · 109
4.12 · 1010

Nepostﬂare (50 km)
(m−3 )

NAA
GQD

2.07 · 106
5.28 · 106

9.61 · 105
6.93 · 106

3.79 · 105
6.21 · 106

3.85 · 107
2.41 · 106

Nepostﬂare (90 km)
(m−3 )

NAA
GQD

1.67 · 1010
5.79 · 109

1.54 · 1010
6.22 · 109

2.27 · 1010
6.81 · 109

6.34 · 108
8.79 · 109

Considered
ﬂare event

r > 1; D = 0 r ∼
= 1; D ∼
= 0 r = 0; D = 0 r ∼
= 1; D≤ 0
r∼
= 1; D ∼
= 0 r< 1; D < 0 r ∼
= 1; D > 0 r ∼
= 1∗; D ∼
= 0∗

ionospheric waveguide conditions of the GQD signal trace. Parallel with regular
decrease in the GQD signal amplitude, the inﬂuence of the strong M6 class X-ray
solar ﬂare event (that took place earlier that day at 08:22UT) that has lasted for several hours and by which a high level of electron density has been maintained inside
the D-region, ends as well, so that both effects contribute together to a relatively high
value of (log Ne )/h. In 2006 Deccember 06 at 08:22UT, NAA signal trace was
not entirely insolated, so solar ﬂare event of C4.8 class in this case occured in a stable diurnal condition, thus M6 class X-ray solar ﬂare event did not directly inﬂuence
the change of NAA signal amplitude during the ﬂare state of the C4.8 class X-ray
solar ﬂare event.
The value of (log Ne )/h = 0.008 corresponds to the solar ﬂare event of C9.6
class that occurred when the stable daytime ionospheric conditions had already been
established in the GQD signal trace waveguide. Due to the increased levels of Xradiation from the previous day, relatively high electron density level that had been
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established at the ionospheric lower boundary, gradually changed to the upper Dregion boundary. Ionospheric disturbance from the previous day did not affect ﬁrst
half of the NAA signal trace, so it can be assumed that changes of ionospheric
conditions along entire trace originated only from C9.6 class X-ray solar ﬂare event.
At the moment of ﬂare peak, the main modal minimum is usually displaced
towards transmitter site, few tens to few hundreds of kilometers, in respect to the preﬂare state. It can be mitigated or deepened, depending on the observed signal trace.
Other modal extremes are redistributed along GCP, due to the electron density height
proﬁle changes in the waveguide. The increase or decrease of the amplitude value at
the receiver site in the moment of ﬂare peak, in respect to the preﬂare state depends
on its distance from the new modal maximum or modal minimum established by
ﬂare, respectively.
After the impact of the C9.7, C9.6 and C4.8 class X-ray solar ﬂare events, propagation conditions in the GQD and NAA signal waveguides have been recovered to
unperturbed postﬂare ionospheric conditions, that are similar to regular unperturbed
preﬂare state (parameters r and D in Table 1). Data denoted with ‘∗’ in Table 1
refers to the secondary modal minimum of the GQD signal trace amplitude that was
formed in recovered postﬂare ionospheric conditions, after the impact of the C4.8
class X-ray solar ﬂare event. The more lasting and the strongest effects have been
produced by the M2.5 class X-ray solar ﬂare event and only on the GQD signal
waveguide.
NAA signal amplitude and phase delay that undergo perturbations due to the four
considered solar ﬂare events, occurred during the period September 2005–December
2006. Generally speaking, both characterize with one maximum (except for ﬂare
event that occurred on 2006 April 07 with a bit complex response (Figure 2)), which
corresponds to the peak of solar ﬂare event X-ray irradiance (Grubor et al. 2008;
Kolarski et al. 2011). Simple types of amplitude and phase delay perturbations,
where increase in amplitude and simultaneously increase in phase delay entirely
depict X-radiation during considered ﬂare events, is a characteristic behavior of the
NAA signal monitored at the Belgrade receiver site, regardless of the solar ﬂare event
class. This is in line with other studies of VLF signals with GCP distances of few
Mm and more, during the inﬂuence of the solar ﬂare events (McRae & Thomson
2004; Thomson et al. 2005).
GQD signal amplitude and phase delay that undergo perturbations due to four considered solar ﬂare events, occurred in the period September 2005–December 2006,
generally speaking, characterize with oscillatory type of perturbations that have more
or less complicated patterns and the type of oscillations is related to the class of the
observed solar ﬂare event (Grubor et al. 2008; Kolarski & Grubor 2014).
The analysis of Selvakumaran et al. (2015) approves too, that the effect of ﬂare
on the VLF signal strength depends not only on ﬂare class but also on the preﬂare
conditions: interval of the daytime (zenith angle) at which ﬂare event happened as
well as the change of the D-region electron density due to preceding ﬂare events.
4. Conclusions
The VLF signal amplitude and phase delay perturbations induced by X-ray solar
ﬂare events can always be clearly recognized and marked. Flare events with similar
characteristics (such as class, duration and zenith angle of incidence X-ray radiation)
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can cause different types of amplitude and phase delay perturbations, depending on
which VLF signal trace the effect is monitored. Also, the intensity of observed perturbations depends on the modal extremes distribution along the GCP for the given
VLF signal, i.e. on the location along the GCP where the effect is monitored at a
certain moment.
Amplitude and phase delay variations along the GCP monitored on GQD/22.1
kHz and NAA/24.0 kHz signal traces, caused by the considered C and M class Xray solar ﬂare events, were analyzed for unperturbed preﬂare, perturbed ﬂare and
recovered postﬂare ionospheric conditions. The focus was on the GQD and NAA
signal characteristics morphology especially at the site of the main modal minimum
and at the site of the receiver, related to the relocating of modal extremes along
propagation path during considered solar ﬂare events.
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