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SUMMARY: A simultaneous analysis of solar flare X-ray irradiance and VLF
signal amplitude on the GQD/22.1 kHz trace was carried out. Solar flare data were

taken from GOES 12 satellite listings.

The VLF amplitude data were recorded

by means of the AbsPAL (Absolute Phase and Amplitude Logger) at the Institute

of Physics, Belgrade, Serbia.

It was found that solar flare events from class C

to class X affect the VLF signal amplitude in various ways and can be classified
according to the type of effect produced in the Earth-ionosphere waveguide on the

VLF propagation.
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1. INTRODUCTION

It is well known that the X-ray flux emitted
from the Sun during flare events can cause addi-
tional photoionization of all neutral constituents in
the lower ionosphere, including dominant ones as ni-
trogen and oxygen (Whitten and Poppoff 1965). Fur-
thermore, this source of ionization becomes the ma-
jor one, exceeding the effects of ionization by all other
mechanisms acting in the lower ionosphere. The re-
sult of additional ionization is not only the increase
of the electron concentration, but also the change of
the electron concentration height profile in the iono-
spheric D region (Thomson and Clilverd 2001). The
electron concentration can increase up to two orders
of magnitude, from 10% m~3 to 10'° m~3. The lower
edge of the ionosphere, which is the upper edge of
the Earth-ionosphere waveguide, descends for several
kilometers, from about 74 km to 71-70 km (McRae

and Thomson 2004a). The change of waveguide char-
acteristics affects the propagation parameters of very
low frequency signals (VLF). Since the amplitude
and phase of the VLF signal are stable under undis-
turbed solar conditions the appearance of X-ray flare
can be detected by the perturbation of the signal
phase delay and amplitude (McRae and Thomson
2004b).

There are a number of transmitters all around
the world emitting VLF radio waves with very stable
phase delay, mainly for the navigation and position-
ing purposes, or as a time measuring standards. By
means of the receiving system situated in Belgrade
it is possible to receive, monitor and storage ampli-
tude and phase delay data for six signals on frequen-
cies below 30 kHz. The receiving system is AbsPAL
(Absolute Phase and Amplitude Logger) that has
been developed by Radio and Space Physics Group
of Otago University, New Zeeland.
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To detect flare effects on the VLF wave prop-
agation medium, we have chosen the signal emitted
from Anthorn, UK with code GQD and frequency
of 22.1 kHz. There are three reasons for this deci-
sion. First, the phase and amplitude of the emitted
signal are stable for periods that are long enough
to recognize regular diurnal and seasonal patterns
in records taken on unperturbed days. Second, the
perturbations of phase and amplitude are different as
they are due to flares of various characteristics. This
fact enables the more detailed classification of flares
than the one based only on the peak magnitude of
X-ray irradiance. Third, the ray path of the signal
crosses two time zones, so the flare affects the prop-
agation medium almost along the entire waveguide.
The records taken with time resolution of 60 s were
used in the analysis.

2. NOTE ON AERONOMY
OF THE D REGION

Lower ionosphere, namely the D region, is lo-
cated approximately between 60 and 95 km above
the Earth’s surface. The main collision processes in
the D region include production and loss of electrons.
The production of electrons is due to photoioniza-
tion processes: a) by UV Lyman-« line, 121.6 nm,
b) EUV spectrum between 102.7 nm and 118.8 nm,
¢) hard X-rays bellow 0.8 nm, and d) galactic cos-
mic rays. Each of these mechanisms is the most ef-
ficient in some height interval of the D region. In
the periods of quiet Sun, the ionization by X-rays
is the most efficient at 81-85 km, and also becomes
more significant then other mechanisms below 68 km.
However, when solar flares appear, the ionization by
X-rays becomes the predominant source of electrons
in the D region. The main electron loss mechanism
is the recombination with positive ions. The condi-
tion of quasineutrality in the weakly ionized medium
of the D region requires the equality of single ion-
ized particles concentration [N.] and electron con-
centration [N.]. Therefore the loss rate L is propor-
tional to the square of the electron concentration: L
= a [N¢] [N1] = . [N]?, where a. is recombination
coefficient. At equilibrium the electron production
rate q is equal to loss rate: q = a.[N¢]?. However,
electrons are not the only negative particles in the
D region the positive ions can be recombined with.
There are also negative ions present in the D region,
which can recombine with positive ions. If the con-
centration of negative ions is [N_], than equilibrium
is achieved with q = a.[N¢]? + a;[Ne] [N_], where
a; is the recombination coeflicient of negative ions
with positive ions. Both processes lead to ”effective
recombination” decreasing ionization level in the D
region (Hargreaves 1992). Nevertheless, only the loss
of electrons will be of our concern, because the prop-
agation of radio waves in ionized medium is carried
out by interaction with electrons.
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3. THE PROPAGATION OF
VLF RADIO WAVES

The characteristics of the lower boundary of
the Earth-ionosphere waveguide are determined by
electrical conductivity of soil and water surface along
the grand circle of the ray path. The upper bound-
ary of the Earth-ionosphere waveguide changes its
characteristics with diurnal and seasonal variations
of lower ionosphere. These changes are predictable,
so may be considered as regular. The unpredictable
changes occur when abrupt change of electron con-
centration in the D region takes place and therefore
the reflection coeflicient changes at locations contain-
ing the wave reflection points. One of the causes that
affect the waveguide upper boundary is the ioniza-
tion by a solar X-ray flare. In this paper we will deal
with unpredictable changes of waveguide character-
1stics.

The change of waveguide upper boundary,
caused by a solar flare X-ray burst, can be manifested
in two main ways: a) sharpness of the boundary of
the D region due to an increase of electron concentra-
tion simultaneously with a descent of the boundary
and b) increase of electron content in the entire D re-
gion, without sharpness of the boundary. In case a)
the reflection of "mirror” type occurs, and the prop-
agation calculations can be carried out in the same
way as if the boundary surface had metal character-
istics. The dissipation of wave energy is negligible,
even smaller than in the unperturbed propagation
conditions. The effect of such disturbance of the D
region is a rise of the received VLF signal amplitude
to the maximum, than decreasing to unperturbed
value, following the magnitude of the solar X-ray ir-
radiance. In case b) the wave penetrates into the
D region, up to the altitude at which the wave fre-
quency matches the plasma frequency of the medium
and where the reflection takes place. Along the ray
path inside the D region, so called ”deviative” ab-
sorption from point to point is present and wave en-
ergy is dissipated at each step (Budden 1961). The
result is a drop of the received VLF signal amplitude
to the minimum followed by a rise to unperturbed
value, corresponding to the end of the solar flare X-
ray burst. In both cases a) and b) the phase delay fol-
lows the variation of the amplitude, but the changes
are not necessarily of the same sign. However, an
intermediate regime of propagation is possible too.
Our goal is to find out the flare characteristics deter-
mining the conditions under which the propagation
mode changes from case a) to case b).

The amplitude and the phase delay along the
ray path from the transmitter to the receiver undergo
oscillations of magnitude in accordance with changes
of the reflection coeflicient at reflection points, both
on the lower and on the upper boundary of the
waveguide. The ”full wave” analysis was developed
(Ferguson 1995) to calculate propagation parameters
of the ray path in a general case. The complete
treatment of wave propagation parameters can
only be performed using appropriate computer pro-
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Table 1. Parameters of the lower ionosphere as propagation medium for 22.1 kHz waves; N, is the electron
concentration, v is the electron-neutral collision frequency, wy is the plasma frequency and w = 2m-22.1rads ™!

is the wave frequency.

height [km] | N.m=3] | v [s7!] [ wd 717 | Z=v/w wg /v

89.3 2.14-10° | 2.77-10° | 6.81E+12 | 1.99E+00 | 2.46E+07
74.1 2.18:10% | 2.72-10° | 6.92E+11 | 1.96E+01 | 2.55E+05
43.4 2.18-10° | 2.72-10% | 6.92E+09 | 1.96E+03 | 2.55E+01

Table 2. Propagation path parameters for the trace Anthorn-Belgrade.

P ) 0 dip

B [T]

o [S] | e/eo | B km?'] | h’ [km]

54.37° | 3.17° | 121.77 ° | 68.86°

4.705- 10° | 4

81.0 | 0.30 74.0

grams. Such program was produced by Space and
Naval Warfare System Center, San Diego (Ferguson
1998) and named Long-Wavelenght Propagation Ca-
pability (LWPCv21). We have used this program for
calculations of the ray path and propagation param-
eters of GQD/22.1 kHz. In Fig. 1, the variation of
the signal amplitude and phase delay along the great
circle path is shown.
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Fig. 1. The variation of the GQD/22.1 kHz signal

amplitude and phase delay along the range of 2000
km on the great circle path, from Anthorn (5/° 53
N, 8 17 W) to Belgrade (44° 51" N, 20° 23 E) on
the day without solar X-ray flares. Note the mini-
mum mode of the amplitude at reflection point 750
km away from transmitter.

To obtain amplitude and phase delay variation
as shown in Fig. 1, one has to use input parameters
shown in Table 1 and Table 2.

The meaning of symbols in Table 2, is as fol-
lows: at the location of Anthorn transmitter ¢ is the
latitude North, A is the longitude West, 6 is the az-
imuth, dip is the inclination angle of the magnetic
field, B is the strength of the magnetic field, o is
the ground conductivity, €/¢¢ is the relative dielec-
tric constant of the ground, the exponential increase
in conductivity with height is specified by the slope
0 and h’ is the reference height.

The calculated amplitude value of 65 dB, ob-
tained by LWPCv21 program, is in good agreement
with the measured value of 63 dB, at 13:30 UT on
10 July, 2004, at Belgrade station. The calculated
value for phase delay (359°) does not mach with the
measured value (337°) so well, but the difference is

still acceptable. Diurnal variation of amplitude and
phase for 22.1 kHz are plotted in Fig. 2.

4. THE SIMULTANEOUS
MONITORING OF VLF WAVE
AMPLITUDE AND X-RAY FLUX

The typical example of a signal amplitude and
phase delay diurnal change observed on a very quiet
summer day, 10 July, 2004 is shown in Fig. 2. From
data recorded by GOES 12 satellite it can be seen
that the X-ray irradiance Ix, did not exceed mag-
nitude of 10~¢ W/m?, namely, no significant flare
events occured.
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Fig. 2. Diurnal variation of the GQD signals

amplitude and phase, during day without significant
flares, 10 July, 2004. Universal Time is used. The
amplitude is measured in dB over 1 uV/m.
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Fig. 3. Diurnal variation of the X-ray irradiance,
on a very disturbed day, 12 July, 2005. Up to 15 sig-
nificant flares, with Ix peaks exceeding 1075 W/m?,
can be seen.
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Fig. 4. Diurnal variation of the GQD signal am-
glgiz%de and phase, on a very disturbed day, 12 July,

According to GOES 12 data listings, the series
of C-class (107° > Ix > 107% W/m?) and M-class
(107* > Ix > 107° W/m?) flares, appeared on 12
July, 2005, which can be considered as a very dis-
turbed day. The corresponding diurnal distribution
of the X-ray irradiance is shown in Fig. 3. Each of
these flares caused a disturbance of the signal ampli-
tude and phase delay as evident from plots given in
Fig. 4. However, the effects of flares that appeared
before the sunrise and after the sunset are not ap-
parent, because the day/night changes of propaga-
tion medium are more severe than influences of even
the strongest flares. The detailed inspection of Fig.
4 shows a presence of three main types of flare ef-
fects on signal amplitudes: a decrease, decrease with
oscillation, sudden drop followed by an increase up
to a peak value. These features can be better recog-
nized as time-isolated events, at series of transcen-
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dent events. Typical examples are given in Figs. 5 -
10. On each plot, the simultaneous change of signal
amplitude and X-ray irradiance during the time in-
terval enclosing the flare event are presented. Time
axes are given in the Universal Time. The local time
at the receiver is given by UT + 1h 22" and at the
Anthorn-Belgrade trace midpoint local time is UT
+ Oh 37, so the major part of the trace Anthorn-
Belgrade is sunlit around the UT noon. Therefore,
all flares occurring around the UT noon are expected
to disturb the wave amplitude and phase delay, (the
zenith angle for the trace midpoint is close to zero).
Flares appearing at dusk or down (zenith angle for
the trace midpoint is close to + 90°) are also efficient,
if strong enough.

5. OBSERVATIONS

Solar flares class C1 - C3 (with peaks Ix: 10~°
- 3.9-107% W/m?) cause predominately ”pure nega-
tive changes”, namely a rapid decrease of amplitude
to a minimum and much slower recovery to its value
preceding the flare. The minimum amplitude value
is time delayed with respect to the X-ray peak irra-
diance. The delay time (At) is few minutes, and it
is due to the "sluggishness” of the ionosphere (Ap-
pleton 1953) in reaching the peak electron concen-
tration. Sluggishness of the ionosphere is caused by
recombination processes, as mentioned in Section 2.
The difference between the extreme amplitude value
and the value of amplitude at the moment corre-
sponding to the extreme value, but on the nearest
undisturbed day (AA), is up to 2 dB. The typical
example of such flare effect is given in Fig. 5. Am-
plitude difference is AA ~ —1.2 dB and delay time
1s At = 4 min.

0.1- 0.8 nm GQD/22.1 kHz -63

amplitude [dB]

13 Aug, 2004

61

8:42:00.00 9:42:00.00 10:42:00.00

Fig. 5. Solar flare event (dashed line) with a peak
X-ray irradiance at 09:43 UT on 13 August, 200/
and the corresponding disturbance of VLF signal am-
plitude (solid line).

The X-ray irradiance with a peak greater than
Ix ~4-107% W/m?, causes a more complicated ef-
fect. As I'x increases, the amplitude value decreases,
but the decrease terminates before the X-ray irradi-
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ance reaches the peak value. After the moment of
the first minimum, the amplitude oscillates passing
through a small peak delayed a few minutes with re-
spect to the peak of X-ray irradiance and through the
second minimum. After that, the amplitude slowly
recovers to its value before the flare. The example
of this flare effect is given in Fig. 6. The solar flare
is class C8.4, (peak Ix = 8.44-107% W/m?). The
amplitude difference at the moment of the first max-
imum is AA ~ —3 dB and the delay time between
the X-ray peak and the amplitude peak is At = 3
min.

0.1-0.8 nm GQD/22.1 kHz [ 66
10° 4
64 o
o =,
£ 3
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X =
10° L 62 g
11 July, 05
: ‘ : 60
14:00:00.00  14:50:00.00  15:40:00.00  16:30:00.00
time UT
Fig. 6. Solar flare event (dashed line) with peak

X-ray irradiance at 15:07 UT on 11 July, 2005 and
corresponding disturbance of VLF signal amplitude
(solid line). The characteristic events took place at
time: 15:06 UT (first minimum), 15:10 UT (small
amplitude peak), and 15:26 UT (second minimum,).

10.1- 0.8 nm GQD/22.1kHz 1630

62.

n

%)
& 3,
g8 1 Y~ N O\ Tt o
= - 62.
---------------------------- &
[
L61.5
13 Aug, 04
107 - 61.0
11:22:00.00 12:02:00.00 12:42:00.00
time UT

Fig. 7. Solar flare event (dashed line) with peak X-
ray irradiance at 12:09 UT on 13 August, 2004 and
corresponding disturbance of VLF signal amplitude
(solid line). The characteristic events took place at
time: 12:08 UT (first minimum), 12:12 UT (ampli-
tude peak), and 12:35 UT (second minimum,).

If solar flares of M1 class (with peaks Ix
around 107° W/m?) occur, the amplitude peak be-

tween the first and the second minima arises above
the level of the undisturbed amplitude value, as
shown in Fig. 7. The amplitude difference at the
moment of the first maximum is AA; ~ —1.1 dB,
at the moment of the peak amplitude AA; =~ 0.6
dB and the delay time between X-ray peak and the
amplitude peak is At = 3 min.

Solar flares of class M2 or higher, increase am-
plitude peaks by several dB above the level of the
undisturbed amplitude. The effect is shown in Fig.
8, for two similar disturbances caused by two solar
flares of class M5.4 and M3.0. The amplitude peak
becomes the dominant feature in the amplitude vari-
ation during the solar flare. Nevertheless, the peak
is followed by the decrease, below the level of the
undisturbed amplitude. The M5.4 class flare causes
the amplitude difference at the moment of peak am-
plitude AA =~ 4.4 dB and delay time from X-ray
peak to the amplitude peak is At = 4 min. The
M3.0 class flare causes an amplitude difference AA
~ 3.2 dB and delay time At = 1 min.
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Fig. 8. Two solar flare events (dashed line) with

peak X-ray irradiance at 08:48 UT and 12:08 UT
respectively, on 13 July, 2004 and corresponding dis-
turbances of VLF signal amplitude (solid line).
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Fig. 9. Two successive solar flare events (dashed
line) with peak X-ray irradiance at 11:32 and 12:41
UT respectively, on 15 August, 2004 and correspond-
ing disturbances of VLF signal amplitude (solid line).
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For even greater flare events, M5 - M9, the
first amplitude minimum becomes less expressed un-
til it disappears, as it can be seen in Fig. 9, for
the second of two close disturbances. The M2.6 class
flare cause the amplitude difference at the moment of
peak amplitude AA ~ 4.2 dB and delay time from
X-ray peak to the amplitude peak is At = 4 min.
The M9.4 class flare causes an amplitude difference
AA =~ 6.6 dB and delay time At < 1 min.

The X class flare with peak irradiance Ix =
1.69 - 107* W/m?, at 18:24 UT on 15 July, 2004
caused pure negative effect on VLF signal amplitude.
The amplitude minimum appeared with delay time
At = 4 min and amplitude difference is about 3.5
dB. The slow recovery of the amplitude merges with
its regular enhancement at dusk hours.

0.1-0.8nm GQD/22.1 kHz | 66

=y
n

2
amplitude [dB]

60

15 July, 04

T T
18:27:00.00 19:27:00.00

time UT

17:27:00.00

Fig. 10. Solar flare event (dashed line) with peak
X-ray irradiance at 18:24 UT on 15 July, 2004 and
corresponding disturbance of VLF signal amplitude
(solid line).

6. DISCUSSION AND CONCLUSIONS

The qualitative explanation of the features
presented in Figs. 5-10 is given as follows. The
small decreases of the VLF signal amplitude, caused
by C class flares (as the one shown in Fig. 5) are
due to the deviative absorption of wave energy in
the D region. Namely, the VLF wave penetrates
into the D region in which the ionization by X-
ray burst slightly increases the electron concentra-
tion. The reflection points from the upper bound-
ary of the Earth-ionosphere waveguide are situated
deeper in the region, so the ray path through the ion-
ized medium with a greater electron concentration is
longer than during the undisturbed conditions.

As the X-ray irradiance increases, two phe-
nomena take place, one is the increase of the electron
concentration and the other is electron concentra-
tion redistribution with height. The upper bound-
ary of the Earth-ionosphere waveguide descends to
the lower altitude and a reflection of VLF waves oc-
curs at sharp boundary, without penetration into re-
gion, (the "mirror” type reflection). The transition
of the reflection based on deviative absorption to the
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mirror reflection, takes few minutes. Actually, it oc-
curs in the time necessary for X-ray irradiance to
reach a certain value, which is from 5-1076 to 10—
W/m?2. Therefore, the C5 to M1 class flares cause
the drop of VLF signal amplitude to the minimum
in first few minutes (due to deviative absorption),
followed by the rise of the amplitude to a small peak
(due to mirror reflection), delayed few minutes after
the peak X-ray irradiance. Decreasing of the X-ray
irradiance causes ascending and diminishing of the
sharp boundary, allowing the penetration of the wave
deeper in the D region. The deviative absorption oc-
curs again and the value of amplitude decreases to
the second minimum. This effect is presented in Fig.

The variation of amplitude during the flare as
described above, generally holds for greater M class
flares and for X class flares. The greater the X-ray
peak irradiance, the higher the amplitude peak above
the level of the regular diurnal value. The transient
case is shown in Fig. 7, and the case with two out-
standing peaks is shown in Fig. 8. Finally, if the
peak X-ray irradiance approaches 10™* W/m?, the
amplitude change is pure positive, as shown by sec-
ond disturbance in Fig. 9.

However, if the X class solar flare occurs at
the high solar zenith angle with respect to the mid-
point of the VLF wave trace (dusk or down hours),
the effect on the VLF signal amplitude will be neg-
ative, as shown in Fig. 10. Namely, the electron
concentration even if increased by X-ray ionization,
is still insufficient to form the sharp upper bound-
ary of the Earth-ionosphere waveguide, at low alti-
tude. Therefore, the deviative absorption of VLF
wave takes place, and the effect is similar as the one
shown in Fig. 5.
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AHanu3upaH je WHTEH3UTeT X-3pademna
TOKOM COJIADHOT ¢Jepa U AMIUNIUTYIE CUTHAJIA
Bpao muckux ¢pexsennuja (Very Low Frequency)
ma tpacu GQD/22.1 kHz, 3a ucte BpeMeHCKe WH-
tepBate. [lomamu o conapuum ¢aepoBuMa y3eTu
Cy W3 JIMCTa PETUCTPAIUja CATEIUTCKOD CUCTEMA,

OES 12. omanu o ammaurynama VLF cur-
Haja moOWjeHr Cy TyTeM CHUCTeMa 3a IPUjeM u
Gesieskeme AlCOJIyTHE BPETHOCTA (a3e U aMILIu-

tyne, (AbsPal), xoju je cmemren y WucruryTy
3a ¢usmky y DBeorpanmy. YcramoBsbeHO je ma
conapem ¢ueposu, on omHmx kmace C mo oHmX
kirace X, yruuy Ha ammauryny VLF curmamna ma
pasnumynTe HaYWHE U MOTY [nOa C€ KIACUPUKY]Y
y OmHOCY Ha THI e(eKTa KOjU M3a3UBajy NIpuU
npoctupamy VLF Tanaca, TamacoBomom 3emiba-
joHOCHepa.
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