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Chapter

The Influence of the Lower
Ionospheric Disturbances on the
Operating Conditions of
Navigation Satellite Systems
Boris Gavrilov, Yuriy Poklad and Iliya Ryakhovskiy

Abstract

The study of the impact of ionospheric disturbances on the conditions of func-
tioning of satellite communication and navigation systems and the development of
methods to reduce this effect requires the development of methods for evaluating
the parameters of ionospheric disturbances and their spatial and temporal distribu-
tion. Studies show that electron concentration disturbances, which can have a
significant impact on the functioning of transionospheric radio channels, can occur
both in the upper and lower ionosphere. At the same time, the methods of studying
the dynamics of ionospheric disturbances in the lower ionosphere are not enough
developed, and the interrelation of the lower and upper perturbations of the iono-
sphere is insufficiently studied. The aim of the work is an experimental study of
disturbances of the upper and lower ionosphere in order to clarify the mechanisms
of their relationship and study the spatiotemporal distribution of mid-latitude dis-
turbances. The results obtained show that the contribution of the electron density
disturbances in the D region to the total electron content of the ionosphere can be
significant and considerably depends on the type of heliogeophysical processes.

Keywords: upper and lower ionosphere, traveling ionospheric disturbances, TEC,
VLF signals, magnetic storms, solar X-ray flares

1. Introduction

The ionosphere is a region in the near-Earth space, where a number of technical
systems vital for the life and safety of mankind (telecommunication, navigation,
aircraft, surveillance systems, etc.) work continuously. These systems based on
radio signals are sensitive to the varying electron density in the ionosphere. Its
strong perturbations may cause failures and malfunction in these systems. So the
investigation of the state and dynamics of the ionosphere and a prediction of
irregularities and disturbances appearing are key questions.

Ionospheric disturbances are closely related to geomagnetic storms, solar flares,
and other natural and anthropogenic processes [1–6]. The effect that the lower and
upper ionospheres have on the propagation of a radio signal depends on their
frequency. The F region is critical for the propagation of high-frequency (HF)
waves. State and dynamics of the D and E regions define the conditions of
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propagation of low-frequency (LF) and very low-frequency (VLF) waves. Due to
these reasons, HF and LF-VLF waves can be used to study F and D–E regions,
respectively.

The impact of the processes of interaction in the lithosphere, atmosphere, iono-
sphere, and magnetosphere system on the upper and lower ionosphere and radio
wave propagation was studied for decades [7–10]. Total electron content (TEC)
values determined from data of dual-frequency measurements of global navigation
satellite system (GNSS) signals are widely used to study the state and dynamics of
the ionosphere [1, 3, 5, 6]. TEC is an integral of electron density in a tube with a
cross section of 1 m2 along the path of radio signal propagation from the navigation
satellite to the receiver. It is assumed that TEC value mainly characterizes the state
of the F region where (at least in quiet heliogeophysical conditions) the maximum
electron density is observed.

Obtaining direct data on the state and dynamics of the lower ionosphere is
a more complex experimental task, since at these altitudes the ionosondes,
radars, and spacecraft practically do not work. The state of the lower ionosphere
is often monitored by analyzing the characteristics of VLF (3–30 kHz) radio
signals that propagate in the waveguide formed by the Earth’s surface and the D
region of the ionosphere. Variations in the amplitude and phase of VLF signals
are mainly associated with changes in the state of the upper wall of the
waveguide [11–13].

Despite the fact that both methods of ionosphere studying are quite effective,
they are used separately as a rule, which does not allow investigating the relation-
ship between the disturbances of the upper and lower ionosphere.

The focus of this article is an experimental study of the relationship between the
perturbations of the upper and lower ionosphere.

The experiments were carried out during a strong geomagnetic storm and strong
solar X-ray flares. Total electron content (TEC) data obtained from measurements
of global navigation satellite system (GNSS) signals were used to study the F region.
Information about the disturbances of the lower ionosphere is obtained by analyz-
ing the amplitude and phase variations of VLF signals. Coordinated analysis of TEC
and VLF signals is a powerful tool for studying interrelated processes in the D and F
regions of the ionosphere. The results obtained strongly indicate their
interconnected perturbations.

2. Experimental setup

Disturbances of the electron density and radio wave propagation in the D, E, and
F regions of the ionosphere were investigated in the latitude range from 40° to 70°
N and in the longitude range from 0° to 40° E. The “Mikhnevo” geophysical
observatory (MIK, 54.9617° N, 37.7626° E) of the Institute of Geosphere Dynamics
of the Russian Academy of Sciences (http://idg.chph.ras.ru/ru/watch/mikhnevo)
continuously monitors the amplitudes and phases of signals in the frequency band
from 9 to 30 kHz received from VLF stations located in Europe, Asia, and North
America [14].

For the investigation of the upper ionosphere, we use the data of GPS receivers
in Mikhnevo observatory and the worldwide GPS vertical TEC data included in the
Madrigal database at MIT Haystack Observatory (http://www.openmadrigal.org/).

The Madrigal data contain TEC values with a time step of 5 min. These data were
averaged over a 15-min interval and distributed over the 180° � 360° grid with a
step of 1°.

The deviation of TEC from the median value is calculated by the formula
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∆TEC lat; long; tð Þ ¼ TEC lat; long; tð Þ �M, (1)

where lat and long are latitude and longitude, t is UT, and M is the median value
of TEC for the previous 27 days for the point with coordinates lat and long.

The equipment used to make the VLF signal measurements is the Metronix
Analog/Digital Signal Conditioning Unit ADU-07 data logger connected to
Metronix MFS-07 magnetic field sensor. MFS-07 is a high-frequency induction coil
magnetometer, and two are mounted along the geographic north-south (X) and
east-west (Y) axes. The magnetic field sensors cover a wide frequency range from
1 mHz up to 50 kHz and a dynamic range >130 dB and have excellent low noise
characteristics (5 � 10�7 nT/√Hz at 1000 Hz). ADU-07 unit and MFS-07 induction
coils have a very stable transfer function over temperature and time. A GPS clock
provides the timing signals.

Radio signals with a frequency below 30 kHz propagate in the Earth-ionosphere
waveguide at distances of thousands and tens of thousands of kilometers with low
attenuation. The relationship of the amplitude and phase of the VLF signal on the
state of the D layer makes it possible to detect disturbances of the lower ionosphere
in the path of the radio signal propagation. The transmitting stations were chosen so
that the radio paths were under different azimuths over the territory of Europe. In
our experiments the data of synchronous measurements and the signals from four
transmitters were used: JXN (Gildeskål, Norway, 66.98° N, 13.87° E), GQD
(Anthorn, UK, 54.91° N, 2.27° W), GBZ (Skelton, UK, 54.73° N, 2.88° W), and NAA
(Cutler, USA, 44.65° N, 67.28° W).

When analyzing the parameters of the VLF signal, it should be taken into
account that their variations are associated with changes in the parameters of the
upper wall of the waveguide along the entire path of signal propagation. In order to
localize disturbances in the lower ionosphere, data on the signal propagation along
the path were additionally used, crossing the paths JXN-MIK, GQD-MIK, and NAA-
MIK. We chose the data of Kiel Longwave Monitor (http://www.lf-radio.de/) where
signals were received from Norwegian transmitter JXN (66.96° N, 13.90° E).

Radio signals received at the MIK and Kiel (54.4° N, 10.1° E) observatories were
compared with data on variations in TEC of the ionosphere according to the Scripps
Orbit and Permanent Array Center (SOPAC) http://sopacold.ucsd.edu/dataBrowser.
shtml and Madrigal (http://www.openmadrigal.org) databases. Since we were

Figure 1.
The location of VLF transmitters (gray circles), GPS receivers (asterisks), and MIK observatory.
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interested in the interrelated perturbations of the upper and lower ionospheres, GPS
stations located near the used VLF signal traces were chosen. The location of the
transmitters and measuring stations is shown in Figure 1.

The possibility of detection of interconnected disturbances in the upper and
lower ionosphere by GPS and VLF receivers is shown by the example of the study of
the ionospheric effects of the magnetic storm on 17 March 2015 and the solar X-ray
flash on 6 September 2017. These events were chosen because they caused signifi-
cant changes in the ionosphere, but the mechanisms of generation and evolution of
ionospheric inhomogeneities during magnetic storms and solar X-ray flares are very
different, which should be manifested in the pattern of the reaction of the D and F
layers of the ionosphere to these phenomena.

3. St. Patrick’s Day geomagnetic storm

The storm began on 15 March 2015 as a series of mid-level solar flares culminat-
ing in a class C9 flare at 02:13 UT. At 04:05 UT on 17 March 2015, the Advanced
Composition Explorer (ACE) satellite recorded a sharp increase in the solar wind
speed up to 500 km/s. The lowest value of the disturbance storm time index Dst
exceeded 200 nT, the auroral activity index AE exceeded 2200, and the planetary
index of the geomagnetic activity Kp reached a value of 8. Such values of these
indices make it possible to define the event on 17 March 2015 as an extreme
magnetic storm, which caused a storm in the ionosphere.

Figure 2.
Variations of TEC according to observatories mar6 and vis0 (top panel), VLF signal amplitude on NAA and
GQD-MIK paths (bottom panel) on 17 March 2015.
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The strongest geomagnetic storm in the current solar cycle has been studied in
sufficient detail. Ground-based and space-born measurements demonstrate the
response of the ionosphere to the geomagnetic storm. Astafyeva et al. and Borries
et al. [15, 16] presented the results of investigation of the effects of the St. Patrick’s
Day ionospheric storm from the data of ground-based the GPS receivers,

Figure 3.
Variations of VLF signal amplitude on GQD, NAA-MIK paths and on JXN-Kiel path (http://www.lf-radio.
de/) from 17 to 18 UT on 17 March 2015.

Figure 4.
The ΔTEC value determined by Eq. (1) for 17.5 UT on 17 March 2015.
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ionosondes, and satellite missions. They reveal both a positive effect (TEC increase)
at low- and mid-latitudes and positive and negative phases throughout all the
latitudes. So, the results of these studies are mostly related to disturbances in the F
region of the ionosphere. The effect of the magnetic storms in the lower ionosphere
is less known due to the limited possibilities of ionosondes and incoherent scattering
radars for the investigation of this region. Our data should allow to compare the
results of the study of the F layer of the ionosphere with the effects observed in the
lower ionosphere.

The upper panel of Figure 2 shows the ionospheric variations of TEC calculated
from data of GPS receivers located at stations vis0 and mar6. The lower panel shows
the VLF signal amplitude variations on the NAA-MIK and GQD-MIK paths. TEC
disturbances and VLF signal variations correspond to the main phase of the
magnetic storm.

The Figure 3 shows the change in the VLF signal amplitude on the JXN-Kiel path
together with signals on the GQD-MIK and NAA-MIK paths. The maximum ampli-
tude of all signals also corresponds to the main phase of the storm.

Figure 4 shows the distribution of TEC deviation from the previous 27 days over
Europe at 17:30 UT according to data of the Madrigal network. The Madrigal data
contain TEC values with a time step of 5 min. These data were averaged over a 15-
min interval and distributed over the geographic grid with a step of 1°.

It can be seen that the strongest ionospheric perturbations are localized at this
time in the region of our measurements around the Kiel and along the GQD-
Mikhnevo path.

4. Ionospheric effects of the solar X-ray flares in September 2017

The solar X-ray flares were chosen as another high-energy event,
different from the magnetic storm by the mechanisms of influence on the iono-
sphere. The main perturbation agent of the ionosphere is X-ray and ultraviolet
radiation.

Monitoring of VLF signals is conducted in the Mikhnevo since 2014. The most
powerful solar X-ray flares for this period occurred in early September 2017. Two
solar X-ray flares X2.2 at 09 UT and X9.3 at 12 UT were observed on 6 September
2017. 10 September 2017 was observed X8.3 flare. But at this time, our receivers in
Mikhnevo and part of VLF paths were in the region of evening terminator. So its
flare was not used in our analysis.

To analyze flare effects in the upper and lower ionosphere, we used the same
GPS stations and the same VLF signal paths that were used at observing the effects
of the magnetic storm on 17 March 2015. Note that all measuring points and radio
paths were located in the territory illuminated by the flashes.

Graphs of vertical TEC variations at flare 6 September 2017 at 12 UT according
to GPS receiver located at mar6 and vis0 stations are shown in Figure 5a. Variations
in the amplitude and phase of the radio signal received in the Mikhnevo from two
VLF radio transmitters (GQD and NAA) are shown in Figure 5b and c. The maxi-
mum response to the flare was observed at 12 UT as a simultaneous jump in the
∆TEC and in phase and amplitude of VLF signals.

Comparing Figures 2 and 5, we can conclude that the growth of TEC during the
X-ray flash was about 10 times less and the increase in the amplitude of the VLF
signal was about 5 times greater than during the magnetic storm. To evaluate the
effect of the X-ray flash on the additional ionization of the D layer, it is necessary to
use theoretical models that allow to relate the parameters of the VLF signals to the
change in the parameters of the lower ionosphere.
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One of the most common ways to describe the D region is the Ferguson-White
model [17, 18]. According to this model, the altitude profile of the electron concen-
tration in the lower ionosphere is described by the equation:

Ne zð Þ ¼ 1:49 � 107 � exp β � 0:15ð Þ z� h0
� �� �

� exp �0:15h0
� �

cm�3
� �

(2)

where h' is the referenced altitude of the ionosphere, β is the slope factor or
sharpness of the electron concentration profile, and h is the current height.

The approach proposed in [19] can be used to estimate variations of these
ionospheric parameters during solar flares. In this work, the effects of solar ener-
getic phenomena on the lower ionosphere using parameters of subionospherically

Figure 5.
(a) Variations of TEC according to GPS receiver mar6, (b) amplitude, and (c) phase of VLF signals on the
paths JXN-MIK, GQD-MIK, and NAA-MIK on 6 September 2017.
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propagating VLF signals were studied. This is done in two steps. At the first stage,
initial values of h' and β are selected for this VLF signal propagation path from
empirical models [20–22] that take into account the impact on the value of h' and β

zenith angle of the sun, latitude, day of the year, and solar activity in the form of the
Wolf number. In the second stage, the standard for estimation of the VLF signals
propagation Long Wavelength Propagation Capability (LWPC) code is used to
estimate the amplitude change in the exponential ionosphere. As a result, the values
of h' and β as a function of the X-ray flux were obtained.

The disadvantage of this approach is that the actual state of the ionosphere
before a flash may differ from the model due to disturbances from such effects as
magnetic storms and an increased X-ray flux.

Figure 6.
Variations of the amplitude A* (a) and phase P* (b) of the signals from GQD and GBZ transmitters and X-ray
flux (c) from GOES 15 satellite data (https://www.polarlicht-vorhersage.de/goes/2017-09-06_110000_
2017-09-06_130000.png) on 6 September 2017.
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In this paper, a different approach is used to evaluate changes in the lower
ionosphere caused by X-ray flashes. The key difference between our method and
[19] is the approach to determining the parameters of the ionosphere. We obtain
initial conditions by processing experimental data on the amplitude and phase of
VLF signals under the action of X-rays. We have developed a method for restoring
the altitude profile of electron concentration in the D region of the ionosphere by
using the amplitude and phase characteristics of signals from VLF transmitters on a
two-frequency path. To implement this technique, the signals of two VLF trans-
mitters located at a distance of 32 km from each other were used. GQD and GBZ
transmitters operate at frequencies of 22.1 and 19.58 kHz, respectively. Taking into
account the length of the path of about 2600 km, we can assume that the signals
from these two stations are distributed along one two-frequency path.

The key difference between our method and [19] is the approach to determine
the parameters of the undisturbed ionosphere. Statistical data do not take into
account the impact on the ionosphere of factors not described by empirical models.
We obtain initial conditions by processing experimental data on the amplitude and
phase of VLF signals under the action of X-rays.

Let us consider in detail this technique on the example of ionosphere parameter
recovery during X-ray flash of class X9.3 on 6 September 2017.

Figure 7 shows the experimental data on the variations of the amplitude and
phase of the signals from GQD and GBZ stations. The bottom panel shows the X

Figure 7.
The calculated values of the amplitude (top panel) and phase (bottom panel) signals of the stations of
GQD и GBZ.
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flux in two spectral bands according to the Geostationary Operational Environ-
mental Satellite (GOES) data.

Denote the X9.3 flash start time as t0 = 11:52:20 UT and the time of maximum
radiation as tmax = 12:02:14 UT. Let variations of the amplitude and phase dAi(t) and
dPi(t) be determined as

dAi tð Þ ¼ A ∗
i tð Þ � A ∗

i t0ð Þ

dPi tð Þ ¼ P ∗
i tð Þ � P ∗

i t0ð Þ
(3)

where Ai
* and Pi

* are the measured amplitudes and phases of the signals of the
GQD (i = 1) and GBZ (i = 2) transmitters shown in Figure 6.

On the other hand, the amplitude and phase of the signals of the GQD and GBZ
transmitters depend on the parameters of the ionosphere h0 and β on the signal
propagation path. Suppose that for the whole GQD-/GBZ-Mikhnevo path, the
parameters h0 and β are the same. Then, the amplitude and phase values of the
signals from the transmitters for all possible pairs of h0 and β values were calculated
using LWPC code. This code allows to calculate amplitude and phase of the VLF
signal for the given path and the values of h' and β parameters. The calculations
were carried out in the range of 50–90 km with 0.035 km increments for h' and 0.2–
0.95 km�1 with 0.001 km�1 increments for β. The ranges of values of h0 and β were
selected according to [20–22]. Thus, four matrices with the size of 1143 � 751
elements with values of amplitudes and phases of VLF signals versus h0 and β

parameters were obtained. Let us denote the calculated values of the amplitude and
phase as Ai(h

0, β) and Pi(h
0, β), where i = 1 for GQD and i = 2 for GBZ transmitters.

The graphical representation of these data is shown in Figure 7.
Let us denote the parameters of the ionosphere at a time t0 as h

0
0 and β0 and at a

time tmax as h
0
max and βmax. In the matrices Ai(h

0, β) и Pi(h
0, β), we can find all pairs

of points (h0
0, β0) and (h'max, βmax) for which the difference between the values of

amplitudes and phases for t0 and tmax coincides with that measured with given
precision:

Ai h
0

max; βmax

� �

� Aiðh
0

0; β0Þ � dAi tmaxð Þ
�

�

�

�

�

�< δA

Pi h
0

max; βmax

� �

� Piðh
0

0; β0Þ � dPi tmaxð Þ
�

�

�

�

�

�< δP
: (4)

where δ A = 0.12 dB and δP = 0.06 rad are the accuracy of estimation of the
parameters of the ionosphere.

Based on the data [20–22], we assume that the parameters of the ionosphere at t0
lie in the range of 68 < h0

0
< 77 km and 0.22 < β0 < 0.35 and the parameters of the

ionosphere at the tmax lie in the range of 54 < hmax' < 68 and 0.31 < βmax < 0.95.
The regions of existence of pairs of points (h0', β0) and (hmax', βmax) that satisfy

condition Eq. (4) are shown in Figure 8 by extended gray areas. They show the
entire possible range of ionospheric parameters before the flash Eq. (1) and at
maximum X-ray radiation Eq. (2).

The range of the obtained parameter values is quite wide. Let us try to narrow
down the ranges of values of h0

0 and β0. To do this, according to Eq. (3), we
calculate the variations of the amplitude and phase of the signals for a time step of
15 seconds. So, for time from t0 to tmax, we obtained 39 intermediate values of the
variations of amplitudes and phases of the signals from the transmitters. Among the
family of points (h0

0, β0), we find those for which there are such points (ht
0, βt)

and for which the variation of amplitude and phase corresponds to that measured
for all registered intermediate values:
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Ai h
0

t; βt

� �

� Aiðh
0

0; β0Þ � dAi tð Þ
�

�

�

�

�

�< δA

Pi h
0

t; βt

� �

� Piðh
0

0; β0Þ � dPi tð Þ
�

�

�

�

�

�< δP
, (5)

where t0 < t < tmax. This family of values is shown in Figure 8 as black points.
From Figure 8 it is seen that the initial parameters of the ionosphere lie in a very

narrow range. It is approximately 0.6 km in h0 and 0.015 km�1 in β. The dispersion
of the ionospheric parameters at the time of maximum flare is approximately the
same in h0 and 10 times larger in β (about 0.15). This is due to the fact that the flash
was sufficiently powerful and at the time of the maximum X-ray flux, the “rigidity”
of the upper wall of the waveguide became so large that its further increase had
virtually ceased to influence the amplitude-phase characteristics of the received
signals.

Further, for the initial parameters of the ionosphere that we calculated (i.e.,
h0 = 70.7 and β = 0.33 km�1), we can use Eq. (5) to continue the calculation of the
parameters of the ionosphere for another time: during the decay phase of the X-ray
flux, i.e., for time t > tmax, and for the time before flash, i.e., t < t0. Thus, we can
restore the time history of the parameters h0 and β for the X-ray flash. These results
are shown in Figure 9b. This figure clearly shows the advantage of our method. It
can be seen how the parameters of the ionosphere changed before the flash from
11:30 to 11:55 UT. The parameter h’ changed from 69.5 to 71 km and the β parameter
from 0.36 to 0.33 km�1. This is due to the relaxation of the ionosphere after the
previous flare of class X2.2 that occurred at 9:00 UT. The same method was used for

Figure 8.
The regions of ionospheric parameters h0 and β before the flash Eq. (1) and at maximum X-ray radiation
Eq. (2). The regions of existence of pairs of points (h0

0, β0) and (hmax
0, βmax) that satisfy the condition Eq. (4)

are extended gray areas.

11

The Influence of the Lower Ionospheric Disturbances on the Operating Conditions of Navigation…
DOI: http://dx.doi.org/10.5772/intechopen.88552



X2.2 flash at 9:00 UT on 6 September 2017. The results of these calculations are
shown in the Figure 9a.

Knowing the parameters h0 and β of the altitude profile of the electron concen-
tration in the D region, it is possible to calculate the electronic content in it. Let us
call this parameter DEC. To do this, the value of the electron concentration, that is,
defined by Eq. (2), must be integrated in height in according to

DEC ¼

ð

h0þδh

50

1:49 � 107 � e β�0:15ð Þ z�h0ð Þe�0:15h0dz (6)

The lower limit of integration is not very important, since according to Eq. (2)
for small z, the electron concentration of Ne is minimal. But there is a problem of
choosing the upper limit of integration. This is due to the fact that the according to
Eq. (2), the ionosphere shows the exponential growth of the electron concentration
with height. At the same time, the electromagnetic wave cannot penetrate into the
region of high concentrations and, therefore, does not carry any information about
the state of the ionosphere at these heights. So, the VLF radio waves should be
reflected in a layer of thickness of the order of wavelength. Therefore, it would be
reasonable to carry out the integration up to the height h0 + δh, where δh is a value
comparable to the wavelength.

Now consider the effect of solar X-ray flares in the upper and lower ionosphere
comparing the change in TEC of the ionosphere according to GNSS receiver data to
electronic content in the D region (let us call this parameter DEC), according to the
parameters of VLF radio signals.

Figure 10 shows DEC and TEC variations caused by flashes X2.2 (a) and X9.3
(b) on 6 September 2017. Here, to calculate DEC the integration of the electron
density Ne was carried out up to a height of h0 + 12 km. TEC was calculated from the
GPS receiver data installed in the Mikhnevo observatory.

You can see that at the solar flash X2.2, (a) the amplitude of the increase in
TEC and DEC was about four times less than during the flash X9.3. So, the change
of the amplitude of the perturbations of both the upper and lower ionosphere was
directly proportional to the change in the X-ray flux. But the most interesting result
of these measurements is the proximity of the electron density perturbations in the

Figure 9.
The time history of the lower ionosphere parameters h0 and β for the X2.2 flash (a) and for the X9.3 flash (b)
on 6 September 2017.
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upper and lower ionosphere. This result shows that the increase in TEC in both
cases was provided by an increase in the electron concentration in the lower
ionosphere.

Figure 11 shows the deviations of TEC from the median value over the
preceding month of 6 September 2017. This map was constructed from the Madrigal
navigation network by using algorithm Eq. (1) as in the previous section.
Comparison of Figures 4 and 11 shows that the maximum deviation of TEC
during a solar flare is about four times less than in the main phase of a strong
magnetic storm.

Figure 10.
Variations of DEC and TEC during solar flashes X2.2 (a) and X9.3 (b) on 6 September 2017.

Figure 11.
The ΔTEC value determined by Eq. (1) for 6 September 2017.
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5. Conclusion

The study of the influence of heliogeophysical phenomena on the conditions of
GNSS functioning was carried out under strong magnetic storms and powerful solar
X-ray flares. Experiments on these types of events were carried out in one latitudi-
nal zone using one set of data sources. This allows not only to study the disturbances
of the upper and lower ionospheres for different geophysical processes but also to
compare their nature and magnitude.

The combined analysis of data from GPS receivers, data from the Madrigal
network, and data from measurements of VLF radio signals provides a fairly com-
plete picture of the effects caused by X-ray flashes and magnetic super storm in the
upper and lower ionospheres.

Both during the solar X-ray flares on 6 September 2017 and during the magnetic
storm on 17 March 2015, the significant changes in the electron concentration of the
ionosphere were observed. But the amplitude of these changes and most impor-
tantly the ratio of the growth of the electron concentration in the D and F regions of
the ionosphere differed significantly in these two events.

During the geomagnetic storm on 17 March 2015, TEC disturbances and VLF
signal variations correspond to its main phase. TEC increase was about 15–20 TECU
(Figure 2a). The perturbation of the F layer at solar X-ray flares was much lower
and did not exceed 2.5 TECU (Figure 5a), so it was approximately eight times less
than during the magnetic storm.

Comparison of TEC estimated from theMadrigal GPS network (Figures 4 and 10)
with the data obtained for individual stations is not correct. However, it can be seen
that according to Madrigal, TEC increase during the magnetic storm was significantly
stronger. It is also obvious that during the solar flashes, there is a much more uniform
distribution of TEC, as it should be in the conditions of illumination by the radiation
of the flash throughout Europe.

The analysis of the results of VLF radio signal amplitude variations on the paths
from several European and American VLF transmitters to the receiver at Mikhnevo
observatory during St. Patrick’s Day magnetic storm on 17 March 2015 and solar X-
ray flares on 6 September 2017 shows the effects of the both events to the lower
ionosphere as well.

To estimate the lower ionospheric contribution to the TEC value, we have
developed a method for restoring the high-altitude profile of electron concentration
in the D region of the ionosphere by using the amplitude and phase characteristics
of signals from VLF transmitters on a two-frequency path.

This method is based on known approaches to solving this problem [17–19]. But
if in these works the determination of the parameters of the lower ionosphere was
carried out by analyzing the contribution to the ionization of X-ray radiation and as
the initial (before the flash) parameters of the ionosphere were used parameters
determined by models, our technique allows to calculate parameters of the lower
ionosphere, in which it was before the disturbance using only the measurement
data.

A comparison of TEC value calculated from GPS receiver data with the calcula-
tion of the electron content in the D region from the data of the VLF radio signal
parameters indicates the possibility of a significant contribution of the lower iono-
sphere, at least during the powerful X-ray flashes.

We have not been able to calculate DEC for magnetic storm conditions. Chang-
ing the parameters of VLF signals was complex and ambiguous. However, the fact
that the increase in the amplitudes of VLF signals during the storm was close to the
growth of this value during solar X-ray flares and the growth of TEC in a storm
significantly exceeded the growth of TEC during solar X-ray flares clearly indicates
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a substantially smaller contribution of DEC to TEC in a magnetic storm than in solar
X-ray flares.

So, the combined analysis of variations of GNSS signals and signals from VLF
radio stations is an effective method for studying the interrelated processes in the
upper and lower ionosphere [23, 24].

We believe that an important result of our research is to demonstrate that the
interpretation of data on the total electronic content of the ionosphere obtained
from the data of GNSS receivers should take into account the contribution that can
make to the TEC value by the change of electron concentration in the lower iono-
sphere. On the other hand, the occurrence of significant electron density perturba-
tions in the lower ionosphere should be taken into account in the analysis of factors
affecting the accuracy and reliability of GNSS operation.
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