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In this paper we present an analysis of parameters describing the effective recom-
bination processes in the upper ionospheric D-region in the period of its additional 
heating by the X-radiation emitted during a solar X-ray flare. We present a pro-
cedure for calculation of the effective recombination coefficient and electron loss 
rate in the period when the X-radiation flux detected by the GOES satellite in the 
wavelength domain between 0.1 and 0.8 nm increases. The developed procedure 
is based on observational data obtained in the low ionospheric monitoring by the 
very low/low frequency radio waves and it is related to the considered area and 
time period. The obtained expressions are applied to data for the very low frequen-
cy signal emitted in Germany and recorded in Serbia during the solar X-ray flare 
detected by the GOES-14 satellite on May 5, 2010.
Key words: effective recombination coefficient, electron loss rate,  

ionospheric D-region, solar X-ray flares

Introduction 

Due to influences of numerous geo and astrophysical phenomena, the thermal prop-
erties of the ionosphere can significantly vary in time. One of the most important phenomena 
which induce intensive low ionospheric disturbances is emission of high-energy electromag-
netic radiation from the Sun in the X-spectral domain called a solar X-ray flare. This radiation 
primarily disturbs the ionospheric plasma in the D-region (60-90 km) and research of these 
effects is a subject of many studies [1-4]. Earlier investigations show that changes in plasma 
parameters induced by these astrophysical phenomena depend on the radiation intensity as well 
as on the atmospheric properties (see for example [5]) and that relative changes of plasma pa-
rameters due to heating by high-energy photons can reach a few orders of magnitude.
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Because of complexity of radiation characteristics and processes in Earth’s atmo-
sphere, analysis of space and time distributions of a particular parameter require different ap-
proximations. Consequently, divisions in both space and time domains are necessary for many 
studies. In the case of the ionospheric D-region, which is in the focus of this research, the 
differences in modeling depending on the altitude are mainly consequences of variation of dom-
inant electron loss processes. Namely, in the upper part, the recombination processes can be 
considered as the most important in reduction of the electron density while electron attachment 
processes have dominant role in the lowest D-region altitudes [6]. On the other side, approxi-
mations which can be applied to different parameters depend on the flare phase. For this reason, 
many studies are related to quiet conditions or the relaxation period [7, 8], time of radiation flux 
maximum [6, 9], etc.

Although solar X-ray flares can provide significant variations in the D-region proper-
ties which are connected with thermal processes, research of temperature dependent parameters 
during disturbed conditions are not enough analyzed. In this paper we investigate the influence 
of the X-radiation increase on parameters describing recombination processes in the D-region 
part between 75 km and 80 km. First, we give a new procedure for calculation of time evolu-
tion of the effective recombination coefficient which describes the dominant processes in the 
electron density reduction within the considered altitude domain. This procedure is based on 
experimental very low frequency/low frequency (VLF/LF) data and long-wave propagation 
capability (LWPC) numerical model for simulation of the VLF/LF signal propagation [10] and 
it follows the research presented in [5] and [7] and references therein. In the second part we 
analyze properties of the electron loss rate in the considered altitude domain. We consider the 
time period when the X-radiation intensity increases to its maximum value. The obtained the-
oretical equations are applied to a particular case of the D-region perturbation induced by the 
solar X-ray flare of class C8.8 occurred on May 5, 2010. It is interesting that this flare was in 
the beginning of NASA Solar Dynamics Observatory (SDO) observations and that its charac-
teristics are very well analyzed [11].

Experimental set-up, observations and data processing

The presented study requires data obtained in observations of the solar X-ray radiation 
and in the D-region monitoring which can be obtained by a GOES satellite and ionospheric 
sounding by the VLF/LF radio signals, respectively. 

For general descriptions of the space-time dependencies of plasma parameters located 
in the considered area, it is practically sufficient to consider one particular flare event. Namely, 
the major characteristics of the D-region response to the solar X-ray flares are very similar (see 
for example comparison given in [7]) and statistical analyses give additional information re-
lated only to dependencies of the considered values on the ionospheric state and radiation prop-
erties. In this study the major goal is determination of expressions for time evolution of plasma 
parameters (the effective recombination coefficient αeff and electron loss rate L) which allow us 
to use one particular flare event as an example. Here we chose to study the perturbation induced 
by the solar X-flare occurred on May 5, 2010 with photon flux I registered by the GOES-14 sat-
ellite of National Oceanic and Atmospheric Administration (NOAA), USA (fig. 1, upper panel) 
at the wavelengths range 0.1-0.8 nm for two reasons: this is the best example of the dominant 
influence of a solar X-ray on the D-region (seen in fig. 1 as very flat amplitude and phase time 
evolutions, as recorded by the AWESOME VLF receiver [12], which correspond to time evolu-
tion of the X-radiation time evolution and this study is an extension of complementary research 
given in [7, 8] related to the unperturbed conditions and relaxation period, respectively. Due 
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to the first reason this flare has also been con-
sidered in several previous investigations (see 
[13] and references therein). One of the open 
questions of this study is related to research of 
the radiation and atmospheric properties on the 
electron reduction in the considered flare phase. 
This task exceeds the topic of this paper and 
should be a subject of the incoming research.

The time evolution of the solar X-ray 
radiation is important for determination of the 
time period within the ionospheric parame-
ters that should be analyzed. In fig. 1 it is seen 
that the flux increase is recorded from about 
10:48 UT to near 11:53 UT. However, the be-
ginning of the considered period is chosen to 
be about 11:49 UT because of the time delay 
of the ionospheric response (seen as the begin-
ning of variations in signal amplitude Arec and 
phase Prec) with respect to the start of the flare 
occurrence. 

Processing of the recorded amplitude and 
phase (using the LWPC numerical model for 
simulation of the VLF signal propagation [10]) is directed to determination of Wait’s parame-
ters sharpness β [km–1) and signal reflection height H’ [km] which are required for calculation 
of the electron density Ne(h,t) [m–3] at fixed altitude h [km] using Wait’s model [14] and expres-
sion given in [15]:

 13 ( ) '( ) [ ( ) 0.15], 1( 3 0 e e) .4 1 t H t t h
eN h t β β− −= ⋅  (1)

which is the standard procedure applied in numerous studies of the low ionospheric distur-
bances induced by different events [6, 16, 17].

The Wait’s parameters are modeled using criteria given in [16] and applied in many 
papers [6, 18, 19]. The obtained values and the relevant fitted curves (polynomial functions of 
the order 4) are shown in fig. 2 (upper panel). The surface plot of the electron density time and 
altitude dependences, shown in the bottom panel of this figure, are in agreement with relevant 
data presented in [6, 9, 16].

D-region modelling

In the upper horizontal uniform D-region, where the recombination processes domi-
nate in the free electron number reduction, the electron density dynamics can be described by 
expression [20]:

 2
0 eff

d ( , ) ( ) ( , ) ( ) ( , ) ( , )
d
e

e
N h t G h K h t I t h t N h t

t
α= + −  (2)

where G0(h) is the electron gain rate in the unperturbed D-region at altitude, h, whose determi-
nation is explained in details in [7], I(t) – the X-radiation flux detected by the GOES satellite in 
energy channel for wavelengths between 0.1 nm and 0.8 nm at time, t. The coefficient K(h, t) 
is a space and time dependent scaling coefficient described in [5] while αeff is the effective re-

Figure 1. Increase of the X-radiation flux 
recorded by the GOES-14 satellite at 
wavelengths domain 0.1-0.8 nm (upper panel) 
and reaction of the phase and amplitude 
(bottom panel) of the VLF signal emitted by 
the DHO transmitter located in Germany and 
received by the AWESOME receiver in Serbia. 
The shaded domain represents the considered 
period analyzed when the recorded X-radiation 
flux increases in time after beginning of the 
ionospheric response

t [UT]

A r
ec

 [d
B]

P r
ec

 [º
]

I [
W

m
–2

]



Nina, A. M., et al.: Variations in Ionospheric D-Region Recombination Properties during Increase ... 
4046 THERMAL SCIENCE: Year 2019, Vol. 23, No. 6B, pp. 4043-4053

combination coefficient that also vary in space 
and time.

Although we can neglect transport pro-
cesses (they become important at altitudes 
above 120-150 km [21]) and although the time 
and altitude dependencies of Ne(h,t) and G0(h) 
in the horizontal uniform ionosphere can be 
determined, eq. (2) is very complex because 
of lack of observational data needed for calcu-
lation of the coefficients K and αeff during the 
disturbance. For this reason, it is necessary 
to use some approximations for one of these 
parameters. 

In this study we use the previous research 
presented in [7] and [22] to model the effective 
recombination coefficient time evolutions at the 

upper D-region heights. The developed procedure and the obtained results open possibility for 
further modeling other plasma parameters in the upper part of the D-region disturbed by the 
solar X-ray flare and they enable study of the flare phase between its maximum flux and recom-
bination regime which will be in focus of our upcoming research.

Modelling the time evolution of the effective recombination coefficient

As we already said, determination of the time evolution of the effective recombination 
coefficient is a very complex task and, due to lack of real observations which are necessary for 
calculation of plasma parameters at the considered location and time period, it is necessary 
to use some approximations. In this study we present a model for calculation of the effective 
recombination coefficient at altitude domain between 75 km and 85 km during increase of the 
X-ray flux. Our procedure is divided in three steps:
 – Determination of an analytical expression for dependency of the effective recombination 

coefficient on the X-ray flux at a fixed altitude using data given in literature,
 – Correction of the obtained dependence on calculated effective recombination coefficient in 

quiet conditions obtained from a real low ionospheric observation relevant to the considered 
case and transformation of the flux dependency in time evolution of the effective recombi-
nation coefficient corrected to the initial condition for the considered case.

 – Correction of the obtained dependency on the calculated effective recombination coefficient 
in the maximum X-radiation flux obtained from a real low ionospheric observation relevant 
to the considered case.

In this way, we provide a model for calculation of the effective recombination coeffi-
cient based on real observations which means that the obtained values are related to the consid-
ered event and the observed area.

Dependence of effective recombination coefficient on X-ray flux

Research presented in [5] shows that dependence of the electron density and its time 
derivative on the X-ray flux detected by the GOES satellite has complex shapes. However, in 
the period between times of relatively small increase of the electron density and maximum of 
the considered X-radiation flux these dependences are very close to linear dependences in the 
exp-exp scale. Furthermore, the time evolution of radiation at wavelengths which dominate 

Figure 2. Time evolutions of Wait’s parameters 
(upper panel) and the electron density in the 
altitude domain between 75 km and 85 km 
(bottom panel) for the considered X-ray  
flare event
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in ionization in the upper ionosphere indicates that the expected variations in the parameter K 
near the radiation maximum (primarily induced by variation in the X-radiation spectrum) is not 
significant. Because of these properties and assuming that ionization without the X-radiation, 
G0(h), is stationary (e. g. that X-radiation is the dominant source of the ionization rate increase) 
we assumed that the fitted dependence of the effective recombination coefficient in maxima of 
the X-radiation fluxes detected by the GOES satellite at the wavelength domain 0.1-0.8 nm for 
different flare events can be used as the dependence of this plasma parameter on the X-radiation 
flux during its increase in one particular X-ray flare event. Here we consider the X-ray flux 
detected by the GOES energy channel for the wavelength domain 0.1-0.8 nm because it better 
describes the X-ray photoionization in the upper D-region than the other energy channel (0.05-
0.4 nm) [5].

Dependencies of the effective recom-
bination coefficient in the X-radiation flux 
maxima is given in several studies [6, 22, 23]. 
In our investigation we use the results pre-
sented in [22] which are related to the altitude 
of 80 km. As seen in fig. 3, the influence of 
the radiation characteristics and atmospheric 
conditions relevant for different flare events is 
important. For this reason, we fit these values 
to estimate the analytical expression for the 
ψeff (Ф) dependence at this altitude. Here we 
notice that the letters ψ and Ф are used for 
the effective recombination coefficient and 
X-radiation flux in the maximum X-radiation 
of events analyzed in [22] to indicate the dif-
ference of these parameters from those calcu-
lated by data obtained in real observations of 
the particular studied events which are desig-
nated as α and I, respectively. To choose the 
fitting function for fit data given in [22] we use 
the criterion that ψeff (Ф) should saturate going to lower fluxes e. g. going to quiet conditions. 
In fig. 3 we show the obtained fitted curves for log(ψ*)(log(Ф*)) by formula:

 
( )*

*
eff log( ) log 11.32906

11.2868 14.13109log( ) 14.13109
1 10 φ

ψ
− −

− +
= − +

+
 (3)

Here we fitted the logarithmic values of the considered physical parameters divided 
by relevant unique values, log( *

effψ ) = log( effψ /1 m3s–1) and log(Ф*) = log(Ф*/1 Wm–2), to 
obtain better determination of representative fits related to values which lies within more than 
one order of magnitude.

The fact that the considered altitude domain is characterized by very similar processes 
allows us to use eq. (3) as approximation in the entire considered altitude domain. This assump-
tion is in agreement with results obtained in [23]. 

The obtained values are relevant for the set of data given in [22] that describes specific 
conditions in the ionosphere relevant for the events analyzed in that study. To obtain the proce-
dure for determination the dependence of the effective recombination coefficient on the radia-
tion flux (or in other words, to reduce the influence of the considered geographical locations and 

Figure 3. Left axis: Dependences of ψeff 
normalized to its unit values 1 m3s–1 on the 
X-radiation flux normalized to its unit values  
1 Wm–2. Scatters represent values obtained in 
[22] while dashed line is obtained by fitting 
these values with eq. (3). Right axis: tick solid 
line represents normalized values of fitted curve 
on value of log(ψ *

eff
o ) related to quiet state. These 

calculations are made using eq. (4)

Φ *log( )
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other parameters), in our model we modified the fitted curve using observational data relevant 
to quiet conditions and values at the moment of the radiation flux maximum for the considered 
X-ray flare and observed D-region area.

Correction on the quiet condition

To fit the obtained curve to the values obtained by real observations we first normalize 
the dependence log(ψeff

o ) given by eq. (3) on its value relevant for the unperturbed conditions 
log(ψeff

o ):

 *

*
eff

*
eff

(log[ ]
log( )

)
o

rψ
ψ Φ
ψ

=  (4)

This expression gives us the final information from the data given in [22] and it is 
further used as an input set of data for calculation the time evolution of this plasma parameter 
for the considered flare event.

The next step in our procedure is applying eq. (4) (dependent on flux) in calculation 
of the first correction coefficient, ro, (describing the correction on the initial unperturbed con-
ditions) which is time dependent. To do that, we use the GOES satellite data set for the X-ray 
flux time evolution and find pairs of parameters t and Φ specific for the considered flare event. 
These parameters allow us to transform the energy dependence that is given in eq. (4) and 
shown in fig. 3 to ro: rψ*(Φ) → ro (t). Here we notice that transformation should first be made 
for the relevant form with logarithm expressions and after that, using the exponential function, 
the required corrected parameter should be calculated.

The product of coefficient, ro, and the initial effective recombination coefficient eff
oα  

gives the effective recombination coefficient corrected only to the unperturbed conditions. 
Here, eff

oα  can be determined from eq. (2) assuming dNe/dt ≈ 0 and G0 (h) >> K(h, t)I(t).

 0
eff 2

( )( )
( )

o
o
e

G hh
N h

α =  (5)

where o
eN  represents the electron density in the quiet ionospheric D-region. As we already said, 

o
eN  and G0(h) can be obtained by procedures explained in [7] and [15], respectively.

Correction on properties at time of the X-radiation flux maximum 

In the second correction we normalize the obtained dependence by function r:

 (Imax)
(Imax)

o

or rΦ Φ
Φ Φ

−
=

−
 (6)

which fits the modeled effective recombination coefficient corrected on quiet conditions in pro-
cedure explained in section Correction on the quiet condition to its value αeff obtained in the 
modeling based on real observation of the analyzed event at the time of the X-radiation in-
tensity maximum. Here, Φ(Imax) and r(Imax) are Φ and r at the time of the X-radiation intensity 
maximum, respectively.

Similarly like in the procedure given for the first correction, Imax
effα  can be obtained 

from eq. (2). As we here consider the maximum of the X-radiation, we can assume that the time 
derivative of KI is equal to 0. In addition, from the fact that the electron reduction rate still in-
creases in this period [24] we can conclude that Ne

2 (it increases in time) dominates αeff in time 
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variation of this term e. g. that dαeff/dt < dNe
2/dt. For this reason, we use d(αeffNe

2)/dt ≈ αeffdNe
2/

dt. By these assumptions, the time derivative of eq. (2) gives:

 

Imax

12 2
Imax
eff 2

d d( )
d

) (
d

( , , )e e

t t

N Nh
t

h h t
t

t
α

−

=

 
= −  

 
 (7)

Finally, the obtained expression for the effective recombination coefficient is:

 Imax
eff eff( ) ( ) ( )oh C h hα α=  (8)

where normalized coefficient C is given by:

 (Imax)
(Imax)

o
o

oC r rΦ Φ
Φ Φ

−
=

−
 (9)

Modeling of the electron loss rate

As one can see in eq. (2), knowledge of the electron density and effective recombina-
tion coefficient allows us to calculate the electron loss rate L(h, t) using the expression:

 2
eff( , ) ( , ) ( , )eL h t h t N h tα=  (10)

where the electron recombination coefficient αeff and the electron density Ne are given by 
eqs. (8) and (1), respectively.

Results and discussions

In this paper we apply the model presented in section D-region modelling to the X-ray 
flux data detected by the GOES-14 satellite and to data on the amplitude and phase of the 23.4 
kHz signal emitted by the VLF transmitter in Germany and received by the Belgrade receiver 
station in Serbia. These values, recorded during the period of influence of the solar X-ray flare 
of class C8.8 occurred on May 5, 2010, are given in section Experimental set-up, observations 
and data processing, fig. 1.

As we can see in section D-region modelling, to determine the time evolution of the 
effective recombination coefficient it is necessary to know its values in quiet conditions and at 
the moment of the solar X-radiation maximum. Calculations based on eqs. (5) and (7) give the 
lower values of αeff during a maximum of the radiation intensity than when the state is quasi sta-
tionary, and its variation within one order of magnitude at fixed altitude during the considered 
flare influence. In both cases αeff decreases with altitude.

Although research of the altitude dependence of the coefficient αeff is presented in sev-
eral studies the comparison of obtained results is not simple due to variations with geographical 
position and periodical changes in quiet Sun radiation and unperturbed atmospheric properties. 
During perturbed periods, additional differences in atmospheric dynamic can be consequences 
of various X-radiation spectral characteristics. These deviations are visualized in [24, 25] where 
one can see that the presented values at fixed altitude can lie within about three orders of mag-
nitude. However, it is important to point out that αeff decreases with altitude, as visible in fig. 4, 
is also obtained in 8 of 10 and in 9 of 10 analyses shown in [24, 25], respectively.

The obtained values in the case of quiet conditions are in a good agreement with 
those presented in earlier investigations. In fig. 4 we can see that our model, applied to the 
considered conditions, gives a very similar shape in comparison with those shown in [26] 
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(blue dotted lines). Comparison with one curve 
given in [24] (tick dashed blue line) is better for 
higher altitudes while the second curve given 
in [24] (thin dashed blue line) has larger values 
of αeff than in the cases of all presented depen-
dencies (this deviation is more pronounced at 
higher altitudes). 

Comparison of the obtained dependence 
αeff(h) at the moment of the X-radiation max-
imum is harder than for quiet condition be-
cause of the lack of relevant data for the X-ray 
flares of the considered class. In fig. 4 we show 
the relevant data for 74.1 km and 74 km ob-
tained by fitting of dependencies αeff in the 
maximum X-radiation flux presented in [6, 27] 
(fill and open scatters, respectively). In addi-
tion, in these studies we give calculated values 
for events of class very similar to the X-ray 
flare which we analyze. Here, one can see that 
all these values and the expected value in our 
calculation which can be seen as extrapolation 
of the red line to 74 km, differ within one order 
of magnitude. The lower values of αeff (h) are 
obtained by extrapolation of data presented in 
[23] (red line with scatters). In this case better 
comparison is obtained for lower altitude 
(within one order of magnitude below about 
80 km). At 85 km, these values are within two 
orders of magnitude.

Time evolutions of the effective recom-
bination coefficient, αeff, in altitude domain be-
tween 75 km and 85 km during the period of the 
X-ray flux increase are presented in fig. 5 for 
the considered flare. The upper panel shows that 
both time and altitude dependences are monot-
onous functions. Namely, the values of αeff at 
fixed altitude decrease during the entire consid-
ered period and, on the other side, they increase 
going to the Earth surface at a fixed time, t. 

Time evolutions of αeff at altitudes 75 km, 
80 km and 85 km are shown in the bottom panel 

of fig. 5. As one can see, the shapes of these dependences are the same for the logarithmic y 
scale and, for the considered X-ray flare event, their values differ within an order of magnitude 
at a fixed altitude.

Properties of the monotonous time and altitude dependences of the electron loss rate, 
calculated using eq. (10) for the known αeff and Ne are opposite of what was obtained in the pre-
vious analysis. Namely, it can be seen in the upper panel of fig. 6 that this parameter reaches a 

Figure 4. Altitude distribution of αeff in a quiet 
state and at time of the X-ray flux maximum 
obtained in our model and their comparison 
with curves presented in [24, 25] for quiet 
conditions (blue lines) and presented or derived 
from data given in [6, 23, 26] for the maximum 
radiation (red line or scatters). Detailed 
description is given in text (for color image see 
journal web site)
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Figure 5. Upper panel: Surface plot αeff 
normalized to its unit values 1 m3s–1 as a 
function of time, t, and altitude, h, during 
increase of the X-ray flux of the considered 
solar X-ray flare. Bottom panel: Time evolution 
of αeff at altitudes of 75 km, 80 km and 85 
km during increase of the X-ray flux of the 
considered solar X-ray flare (for color image see 
journal web site)
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maximum at the end of the considered time in-
terval and that its value increases with altitude 
during the entire time period. 

Contrary to the same shapes of the time 
evolution of the parameter αeff at different 
heights, the comparison of the electron loss rate 
during the considered time period at 75 km, 
80 km, and 85 km shows a larger increase of its 
values going to the upper D-region boundary. 
According eq. (10), this difference can be ex-
plained by a more pronounced increase of the 
electron density (L~Ne

2) relative to the decrease 
of the effective recombination coefficient 
(L~αeff) occurring with altitude.

Keeping in mind that the electron loss 
rate is approximatively equal to the electron 
gain rate induced by the Lyα radiation in the quiet period, we can say that the obtained values 
before the X-ray flare perturbation in this case are in agreement with values presented for the 
other two flares in [7] and those given in [24, 28, 29, 30]. Comparison of the noticed depen-
dences are shown in [7]. In addition, as we already said, the electron density at the maximum of 
the X-radiation is in the domain of values reported in other papers (see for example [6, 9, 16]). 
For this reason and owing to the indicated agreement of the effective recombination coefficient, 
we can conclude that eq. (10) for the electron loss rate at the maximum of the X-radiation flux 
yields acceptable values.

Conclusions

In this study we presented a procedure for determination of changes of plasma pa-
rameters in the upper D-region during the increase of ionospheric heating by solar radiation 
during an X-ray flare. We considered the effective recombination coefficient and electron loss 
rate and apply the developed procedure to determine their time evolutions at the altitude domain 
between 75 km and 85 km from data obtained from the low ionospheric monitoring by the VLF 
signal emitted in Germany and received in Serbia during the influence of the solar X-ray flare 
which occurred on May 5, 2010.

The obtained results show a decrease of the effective recombination coefficient with 
strengthening of the X-radiation at altitudes between 75 and 85 km with the same profiles in the 
lin-exp scale. Nevertheless, the electron loss rate increases in time and with altitude. Also, the 
variations of this rate in the considered height domain increase in time, e.g. with the radiation flux.

This procedure includes data obtained in real observations which indicates the rele-
vance of obtained results for research of the considered part of the D-region and the considered 
event that cause perturbations. It is an extension of research of plasma parameters to D-region 
during influence of a solar X-ray flare. Namely, the existing studies are primarily directed to 
the quiet conditions before the flare occurrence, at radiation flux maximum, or in the relaxation 
period after termination of the flare influence on the atmosphere. Our results, however, intro-
duce the effects of temporal transition between the first two quasi stationary states and can also 
be used for modeling the temporal transition to the third domain (between the radiation flux 
maximum and beginning of the relaxation period) which, to our knowledge, has not yet been 
done from real observation data.

Figure 6. The same as in fig. 5 but for the 
electron loss rate L (for color image see journal 
web site)
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Because this method is applicable to numerous data sets obtained by the VLF/LF 
receiver network (it observes a large part of the terrestrial low ionosphere), the presented pro-
cedure allows further studies of spatial variation of the considered ionospheric parameters and 
enables research of influence of different spectral properties of solar X-ray flare events. The 
obtained results also open a possibility for modeling parameters relevant to electron gain pro-
cesses using the equation for electron density dynamics. Here, we point out that this research 
requires a detailed analysis of the influence of the X-ray photon energies on the upper D-region 
altitude domain and that inclusion of time evolution of the X-radiation should be analyzed in 
more details for a better determination of these parameters.
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Nomenclature 
Arec – recorded signal amplitude
C – normalized coefficient
G0 – electron gain rate under unperturbed 

conditions, [m3s–1]
H’ – signal reflection height, [km]
h – altitude [km]
I – X-radiation flux, [Wm–2]
K – scaling coefficient, [W–1m–1s–1]
L – electron loss rate, [m3s–1]
Ne – electron density, [Wm–2]
Prec – recorded signal phase
r – correction coefficient, [–] 
t – time, [s]

Greek letters

αeff – effective recombination  
coefficient, [m3s–1]

β – sharpness, [km–1]
ψeff – fitted effective recombination  

coefficient, [m3s–1] 

Superscripts

* – normalized on unique values
o – unperturbed conditions

Acronyms

AWESOME – atmospheric weather  
electromagnetic system for  
observation modelling and  
education 

LWPC – long-wave propagation capability
VLF – very low frequency
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