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Modulation of magnetic components of ULF Alfvén wave (f= 0.02–2 Hz), which is incident from the
magnetosphere to the Earth’s surface, is considered. This modulation is due to variations of electron
and ion concentrations within the ionosphere F-layer caused by acoustic-gravity waves or internal
gravity waves of ULF (0.0005–0.02 Hz) range. The maximum modulation of the magnetic ﬁeld at
the Earth’s surface takes place when maximum variations of the electron concentration are observed at
altitudes 225–275 km. The modulation is more essential when the inclination angle of the geomagnetic
ﬁeld is Z501. The 20% modulation of the electron concentration results in the magnetic ﬁeld
modulation at the Earth’s surface of 30–40%. At the frequencies f  1 Hz there exists the resonant
modulation when in the narrow ( 0.1 Hz) frequency range the modulation increases sharply. The
results can explain the ground-based observations of generation of the seismo-related ULF magnetic
perturbations.
& 2009 Published by Elsevier Ltd.
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1. Introduction
Recently, generation of the seismo-related Ultra Low Frequency
(ULF, 0.1–10 Hz) magnetic perturbations, locally generated geomagnetic pulsations, changes in regular resonant structures were
conﬁrmed experimentally by different ground-based observations
(Kotsarenko et al., 2004, 2005, 2007). In order to give a possible
explanation we link mentioned phenomena with a modiﬁcation of
the parameters of the ionosphere (such as electron density and
the temperature), which is regularly detected during satellite
observations over earthquake preparation areas (Gousheva et al.,
2008; Sarkar et al., 2007). Namely, both fundamental mechanisms
of the lithosphere–atmosphere–ionosphere coupling, i.e. coupling
through the changes in the atmospheric electricity produced as
result of integrated ionization from the increased radon emanation (Pulinets and Boyarchuk, 2004) and the conversion of
atmospheric acoustic-gravity waves (AGW) and internal gravity
waves (IGW) in the lower ionosphere (Hayakawa and Molchanov,
2002; Molchanov, 2004) can lead to the modulation of the
ionosphere parameters, creating transparency of the ionosphere
for a passage of the Alfvén waves, which go from the magneto Corresponding author. Tel./fax: + 52 777 3297084.
 Corresponding author.
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sphere down to the Earth’s surface (Guglielmi and Pokhotelov,
1996; Guglielmi et al., 2006). We mention that IGW may reach the
altitudes of 300–500 km, whereas AGW at frequencies 0.005–
0.02 Hz may reach the altitudes of 200–300 km (Hayakawa, 1999;
Koshevaya et al., 2005).
In this paper, we consider the explanation of observed
magnetic perturbations by modulation of electrodynamic properties of the atmosphere F-layer. In literature there are alternative
explanations of this phenomenon, due to strong electric ﬁeld
formation in the lower ionosphere (Chmyrev et al., 2008; Sorokin
et al., 2001, 2003, 2005a, 2005b). Such an alternative explanation
is as follows. Seismic activity is accompanied by emanation of soil
gases into the atmosphere. These gases transfer positive and
negative charged aerosols. Atmospheric convection of charged
aerosols forms external electric current, which works as a source
of perturbation in the atmosphere–ionosphere electric circuit. DC
electric ﬁeld can be generated by this current. In turn, DC electric
ﬁeld leads to electrodynamic instabilities. Interaction of the
background electromagnetic ULF waves with such structure leads
to an excitation of polarization currents and generation of narrow
band gyrotropic waves at the 0.1–10 Hz frequency range in the
ionosphere. The magnetic ﬁeld of these waves can be observed on
the ground (Sorokin et al., 2003).
We mention that our explanation does not need any additional
instability in the ionosphere and it seems more direct that one
proposed in cited above papers.
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2. Observations
An analysis of geomagnetic and telluric data, measured at the
station PRK (Parkﬁeld, ULF ﬂuxgate 3-axial magnetometer) one
week before (including) the day of major EQ (EarthQuake, Ms= 6.0,

28-SEP-2004, 17:15:24) near Parkﬁeld, California, USA, is presented. The spectral analysis reveals the ULF geomagnetic
disturbances observed on the day before the event, September,
27, at 15:00–20:00 by UT, and on the day of the EQ, September, 28,
at 11:00–19:00, see Fig. 1. The ﬁltering in the corresponding

Fig. 1. Geomagnetic signals, 3 magnetic components and their spectra observed during September 24–28, 2004. Reference panels (4 and 8): Dst index of the geomagnetic
activity. EQ moment is indicated by black dashed line. Short-time precursors are observed at the day before the EQ, September 27 (area indicated by the ﬁrst ellipse). Neartime, co-seismic and post-seismic signals are observed at the EQ day (the second ellipse).
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Fig. 2. First 3 panels: magnetic components. 4th panel: Dst index. Panels 4–7: electric components (2 X- and 2 Y- dipoles). Lower panel: results obtained by Quake Finder
research group. EQ moment is indicated by black dashed line.

frequency band f= 0.25–0.5 Hz gives the following estimations of
the amplitudes of the signals: up to 20 pT for the magnetic
channels and 1.5 mV/km for the telluric ones.
Observed phenomena occur under quiet geomagnetic conditions (|Dst|o20 nT); a revision of the referent stations data situated
far away from the EQ epicenter (330 km) does not reveal any
similar effect. Moreover, the Quake Finder research group received
very similar results (ELF range instrumentation, placed about
50 km from the EQ epicenter) for the day of the EQ (Bleier, 2005).
A comparative analysis of the mentioned two stations (Fig. 2)
shows that the lower-frequency part of the ULF burst was
observed, which was localized in the eigenfrequencies of the
Alfvén resonances in the frequency range 0.25–1 Hz, generated 9 h
before the earthquake.
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Propagation of EMW of ULF and ELF ranges in the magnetosphere, ionosphere, and atmosphere is considered, see Fig. 3. A
general case of oblique incidence of the Alfvén wave from the
magnetosphere is investigated. The system is assumed as uniform
in (XY) plane. The curvature of the Earth’s surface is neglected,
because the condition Lz 5RE = 6400 km is valid. Basic volume
equations are:
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Fig. 3. Passage of the Alfvén wave through the magnetosphere and ionosphere to
the Earth’s surface. The coordinate frame (X, Y, Z) is associated with the Earth’s
surface, (X0 , Y, Z0 ) is associated with the geomagnetic ﬁeld H0.

From (1), one can derive the equations for Ex, Ey components:
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Here kx =k0(e0 1)1/2sinY is the horizontal component of the
wave vector of the EM wave (ky =0); Y is the incidence angle,
which coincides with the inclination angle of the geomagnetic
ﬁeld H0.
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Fig. 4. Dependencies of electron concentration (a) and collision frequencies for electrons and ions (b), used in simulations, on the height z.
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The boundary conditions at z =Lz have been obtained from the
condition that only the incident Alfvén wave (at z 4Lz) exists:
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Here Eix, Eiy are amplitudes of incident waves of different
polarizations. Under the propagation in the high magnetosphere
(z4800 km), the Alfvén wave possesses small diffraction whereas
the fast magnetosonic wave is subject to strong diffraction, so it is
possible to approximate that in (3) Eix, Eiy are the amplitudes of
the Alfvén wave. The Alfvén wave can be excited by external
sources within the magnetosphere over the region z 4800 km.
Here we consider the simplest case when the wave vector of the
incident wave is directed along the geomagnetic ﬁeld H0 (kx0  0).
The amplitudes Eix, Eiy are independent in this case. Therefore,
propagation of ULF-ELF electromagnetic wave within the magnetosphere, ionosphere, atmosphere, and lithosphere has been
simulated within the full-wave method, where reﬂections at the
boundaries of the horizontal layers have been taken into account
automatically.
Generally (for magnetosphere and ionosphere), the expression
for the effective dielectric tensor is (Guglielmi and Pokhotelov,
1996):
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Here all0 are the elements of the matrix of rotation from (X0 YZ0 )
frame to (XYZ) one.
In the magnetosphere (z4 600 km), gyrotropy is absent: g =0
(Guglielmi and Pokhotelov, 1996). In our simulations, it has been
assumed that the geomagnetic ﬁeld varies from H0 = 0.4 Oe (z= 0)
to H0 = 0.3 Oe (z =800 km). The results are tolerant to small
variations of the geomagnetic ﬁeld. The parameters of the
ionosphere and the magnetosphere used in simulations are given
in Fig. 4.
4. Simulations
We have calculated the efﬁciency of the modulation of the
Alfvén wave at the frequencies f=0.02–1.6 Hz (o = 2pf = 0.1–
10 s  1), which passes from the magnetosphere (z 4600 km) down
to the ionosphere and, the to the Earth’s surface and the
lithosphere. The set of equations for the electric ﬁeld components
Ex,y has been solved numerically. The boundary conditions are as
follows. At z =800 km the amplitude of the downgoing Alfvén
wave is assumed as constant (speciﬁcally, the ﬁeld of the Alfvén
resonator (Fedorov et al., 2006); at z= 30 km (in the deep
lithosphere) there is Ex,y = 0. The conductivity of the lithosphere is
s =103–105 s  1 (Guglielmi and Pokhotelov, 1996).
We assume that under preparation of strong earthquakes the
acoustic-gravity waves (AGW) and internal gravity waves (IGW) of
ULF frequency range (0.0005–0.02 Hz) can be excited, which
propagate from the Earth’s surface upwards and penetrate into E
and F-layers of the ionosphere (Guglielmi et al., 2006). At the
Earth’s surface, the magnitude of AGW and IGW are small.
Nevertheless, these waves possess relatively weak dissipation
and their amplitudes increase with the height z (Guglielmi and
Pokhotelov, 1996). Within the F-layer, AGW and IGW lead to a
variation (modulation) of the concentration of electrons and ions
(Hayakawa, 1999). Namely, the penetration of AGW and IGW on
the altitudes 200–300 km results in the vertical displacement of
the ionosphere layers of 10–50 km. This variation results in
changes of a transparency of ULF EM waves, passing through the
ionosphere from the magnetosphere, at frequencies higher that
the frequencies of AGW and IGW. Note also that the authors
(Sorokin et al., 2001) mentioned that an elevation of the F-layer
maximum, a decrease of electron density in the maximum of this
layer and a growth of light-ion density in the upper ionosphere
can be also due to the modiﬁcation of DC electric ﬁeld in the
ionosphere. This modiﬁcation is connected with increase of
atmospheric radioactivity and injection of charged aerosols into
the atmosphere.
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Fig. 5. Dependence of modulation of hx component of the magnetic ﬁeld at the Earth’s surface on frequency. Part a) is for the incidence angle Y = 01, (b) Y =301, (c) Y = 601,
(d) Y = 751. The parameter of modulation is m=  0.2. Curve 1 is for z1 = 200 km, 2 is for z1 =225 km, 3 is for z1 = 250 km, 4 is for z1 = 275 km, 5 is for z1 =300 km, 6 is for
z1 = 325 km. The Ex polarization of the incident wave, z0 =30 km for all cases.

A modulation of electron (and ion) concentration of the
ionosphere plasma has been considered as: n(z) =n0(z)
 (1+m  exp(  ((z  z1)/z0)2)), where the modulation degree is
|m|5 1; n0(z) is the unperturbed concentration. It is assumed that
the region of variation of electron concentration is uniform in the
(X, Y) plane. A possible difference from this model is discussed
brieﬂy below.
The modulation of the magnetic ﬁeld at the Earth’s surface is
estimated as M= (H H0)/H0, where H0 is the amplitude of the
magnetic ﬁeld at the Earth’s surface in the absence of the
variations within the F-layer, H is the amplitude of the magnetic
ﬁeld calculated with the variations. The biggest component of the
magnetic ﬁeld has been taken into consideration. Both in the case
of Ex polarization and of Ey one of the incident EM wave, it is Hx.
The results of simulations are given in Figs. 5–7. A high
(uniform) modulation exists in a wide range of frequencies. It is
expressed when the incidence angle is great: Y = 50–801. It has
been obtained that the 5–20% modulation of the concentration of
the ion and electron concentrations at the heights zE250 km can
lead to the 20–50% modulation of the amplitude of the variable
magnetic ﬁeld at the Earth’s surface (z =0) at the frequencies
f= 0.02–1.6 Hz. The effect depends weakly on the conductivity s of
the lithosphere.
At the angles of incidence Y 460o the resonant modulation
can occur. Namely, in some narrow frequency band near the
frequency f 1 Hz, a sharp increase of the modulation degree M
takes place in the case of Ex polarization of the incident wave. The
modulation M can be 3–5 times higher there. A possible
explanation of such a resonant behavior is as follows. At great
angles of incidence of the Alfvén wave from the magnetosphere to
the ionosphere, the EM wave is subject to the internal wave
reﬂection in the regions of higher effective dielectric permittivity
(F-layer). A decrease of the electron concentration in F-layer leads
to a sharp (exponential) increase of the transparency. When
comparing with the observation results, it is possible to conclude
that in our case a non-resonant modulation at lower frequencies
was detected.

Fig. 6. Dependence of modulation of hx component of the magnetic ﬁeld at the
Earth’s surface on frequency, the incidence angle is Y = 751: curve 1 is for
m=  0.05, z0 =30 km, 2 is for m=  0.1, z0 = 30 km, 3 is for m =  0.15, z0 =30 km, 4 is
for m=  0.2, z0 = 15 km, 5 is for m=  0.2, z0 = 30 km, 6 is for m =0.2, z0 = 30 km; For
all cases, z1 = 275 km, Ex polarization of the incident wave.

The results of effective modulation of ULF-ELF waves have been
conﬁrmed also when the beam of Alfvén waves of ﬁnite transverse
sizes has been considered. Under the oblique incidence Y 460o
and the ﬁnite transverse size of the incident beam of about
600 km, the transverse size of the ‘spot’ of the electromagnetic
wave along X-axis is of about 1500 km. This can explain the
localization of modulation effect of ULF magnetic ﬁeld at the
Earth’s surface, namely, the fact that the modulation of ULF
magnetic ﬁeld was not observed at the distances 400 km from
the observation point.
Therefore, an inﬂuence of the lithosphere–ionosphere coupling
mechanisms on the concentration of carriers in F-layer of the
ionosphere could lead to observable effects at the Earth’s surface.
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Fig. 7. Dependence of modulation of the hx magnetic ﬁeld component at the Earth’s surface on frequency, Y = 751, m =  0.2, z0 = 30 km. Part (a) is the modulation for Ey
polarization of the incident wave (curve 1 is for z1 =200 km, 2 is for z1 = 225 km, 3 is for z1 =250 km, 4 is for z1 = 275 km, 5 is for z1 = 300 km, 6 is for z1 = 325 km). Part (b) is a
comparison of modulation degree of hx component for Ey polarization of the incident wave (curve 1) and modulation of hx component for Ex polarization of the incident
wave (curve 2), z1 = 250 km, z0 = 30 km.

5. Conclusions
The change of the electron concentration in F-layer of the
ionosphere due to passage of acoustic-gravity waves and internal
gravity waves, which go upwards in the preparation period before
earthquakes and can lead to essential modulation of the ULF
magnetic ﬁelds at the Earth’s surface. These magnetic ﬁelds are
produced by Alfvén waves, which penetrate from the magnetosphere to the Earth’s surface. In the frequency range 0.2–2 Hz this
modulation is 2 times higher than the variation of the electron
concentration at the heights 225–275 km, in the case when the
incidence angle of the Alfven wave is 50o and more. In the narrow
frequency range of the width 0.1 Hz in the vicinity of the frequency
f 1 Hz the resonant modulation can occur, where the modulation
of the magnetic ﬁeld is 3–5 times higher than out of this region.
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