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Abstract. A penetration of electric and magnetic fields of the resonances (about 5) and to investigate an excitation of
the first global electromagnetic ELF resonance into the ionothe Schumann resonator by external current sources (atmo-
sphere in the cavity Earth-ionosphere is investigated numerispheric electricity). An excitation of Schumann resonances
cally. Itis shown that a penetration height for magnetic com-due to thunderstorm activity has been investigated in the pa-
ponents is 2—3 times greater than for electric components anders (Rillekrug and Constable, 2000;ukekrug and Reis-

it depends essentially on the value of the geomagnetic fieldng, 1998; Mushtak and Williams, 2002). Also, there are
and its orientation with respect to the normal to the Earth’ssome papers devoted to a penetration of electric and mag-
surface. A penetration height for the electric field is about 50netic fields of the Schumann resonances into the lower iono-
-70km, and for the magnetic field it is 12@40km. Anin-  sphere, where an exponential (or more complicated) approx-
fluence of variations of the conductivity of the ionosphere atimation of the isotropic conductivity (and, therefore, effec-
the daytime and nighttime and under different solar activity tive permittivity) of the ionosphere plasma was used (Nick-
on a penetration of the fields of the first Schumann resonancelaenko and Hayakawa, 2002; Sentman, 1995). When ne-
has been investigated. glecting an influence of the geomagnetic field, a penetration
height for the electric field was estimated as-50 km, and

for the magnetic field it was about 800 km. The mod-
ification of the properties of resonance modes due to solar
activity has been observed and investigated within an ap-
proximation of the isotropic conductivity of the ionosphere
(Roldugin, 2003). Also, the dissipation of Schumann modes

. . h n estimated from th roximation of isotropic iono-
Schumann (global) electromagnetic (EM) resonances in the as been estimated fro € approximation oTISOIropic Iono

. ) . . . Sphere (Sentman, 1983). Note that an essential influence
cavity Earth — ionosphere play an important role in the litho- - :
. of the geomagnetic field on a penetration of extremely low
sphere — atmosphere — ionosphere — magnetosphere co

pling (Hayakawa, 1999: Bliokh et al., 1980: Nickolaenko Prequency (ELF) electromagnetic fields into the ionosphere

and Hayakawa, 2002: Nickolaenko, 1997). A very rough was mentioned in the early survey (Madden and Thompson,

AU . : 1965). Moreover, some authors, who used an isotropic ap-
approximation to describe the properties of the Schumann__ 7" . : . i
roximation, mentioned an importance of the anisotropy of

resonancsas is an assumption of the ideal conductivity of bot he conductivity of the ionosphere (Sentman, 1983; Mushtak
the Earth’s surface and of the ionosphere E-layer. Such an -

T ; - . and Williams, 2002).
approximation gives a possibility to estimate the values of

the resonant frequencies (8 Hz, 14Hz, 20Hz, and 26 Hz). The _verﬂcal profll.e .Of the condu_ctl_vlty of the |ono_sp_her_e
. is not ideally sharp; its characteristic scale of variation is
Some specifications were put forward by means of the res-

onator perturbation theory (Bliokh et al., 1980; Nickolaenko about 16-30 km. A strong anisotropy of conductivity of the

and Hayakawa, 2002; Nickolaenko, 1997; Vainshtein, 1988;|onosphere, dl.Je tothe presence of the geomagnetic field, be

; comes essential at the heights of=8D km and more (Mad-
Sentman, 1995), where a formalism of the tensor surface g A
; : . den and Thompson, 1965; Rich and Basu, 1985; Al'pert,
impedance of the ionosphere plasma was applied. Such

theory gives a possibility to estimate the quality factor of 972). Thus, a modification of the vertical profile of the
y 9 P y q y anisotropic conductivity of the lower ionosphere, due to

Correspondence toV. Grimalsky various processes, may lead to a change in properties of
(vgrim@inaoep.mx) the global resonance modes. It is clear that electric and
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tion depends on the profile of the ionosphere and it is about
10=--30km. Thus, these scales differ from each other very
essentially. This gives a possibility to consider the problem
of the penetration of the EM components of the resonance
mode into the ionosphere, approximately within the assump-
tions that the Earth’s surface is locally plane and a horizontal
dependence of EM components is the same with a change in
the vertical coordinate.

Let us estimate an applicability of the plane approximation
of the Earth’s surface. A deviation of the tangential line from
the curved Earth’s surface @:Lﬁ/(ZRE) at the horizon-
tal distanceL,. The parameteL, describes the horizontal
scale where the ionosphere can be assumed as vertically non-
uniform only. Let us choose the valug, =400 km, which
is twice as large as the possible height of a penetration of
magnetic fields of the global resonances into the ionosphere.
Here,z,~12 km. Thereforez, is smaller than a characteris-
tic vertical scale of the ionosphere (280 km), and a cur-
vature of the Earth’s surface may be considered as a per-
turbation. A dependence of the distributions of horizontal
components of the magnetic field of the global Schumann
Fig. 1. Geometry of the problem. (XYZ) are local coordinates. resonances on the local height of the ionosphere D-layer was
confirmed experimentally (Sentman and Fraser, 1991).

. .. Letus denote the local vertical axis@«, horizontal axes
magnetic components of the Schumann modes possess d'&reox and O (see Fig. 1), and assume that the horizon-

ferent vertical d|str|put|ons. But it is important to knovv_ MOre - axes are chosen so that the local dependence of the mode
exactly about the difference between the corresponding pen-

tration heiahts in th f1h tic field components in the horizontal planeiexp(ik,x). A tempo-
etration heignts in the presence ot the geomagnetic field. 5| dependence isexp(iwt), wherew is an angular resonant

Ir_1 th_is paper, the _vertical profiles of the electric and _mag'frequency, which is generally complex, due to the damping
netic fields of the first global Schumann resonance in they ihe resonant mode. But, to consider the vertical profile of
cavity Earth —ionosphere are investigated numerically in they,e mqge. it is necessary to use only the real part of the res-
cases of various vertical proﬁle; of the electron cgncentrabnant frequency in the expressions of the tensor of dielectric
tion of the ionosphere. The anisotropy of conductivity due e mitivity (Vainshtein, 1988). Note that simulations with

to the presence of the geomagnetic field is taken into aCy,q resonant frequency including the image part (within 20%
count. It is shown that the horizontal magnetic componentsys e real part) do not change the results essentially.
of the resonance mode can penetrate highly into the E-layer

of the ionosphere and even into the F-layer. The penerratiop, % CHERREIE L A S CERiE BT B e oo e
height depends on the value and orientation of the local geo&:lke a form: 9 9
magnetic field; it is about 5870 km for electric components :

and 126-240 km for magnetic components. For that reason,

variations of the conductivity of the ionosphere D-layer may er & O
lead to essential changes in vertical profiles of both electricé’(w,2) = |—en &1 0 |;
and magnetic components of the modes. Correspondingly, 0 0 e3

variations in the conductivity of the ionosphere E-layer may W2 (0—iv,) W2, (—ivi)
lead to changes in the vertical profiles of the magnetic com-é1 =1 — o(@-1v)2—a2,)  ol@—in)2—ol)’
ponents.

ga=1— w%e _ wlzﬂ' .
3= w(w—ive) w(w—iv;)’
. . 2 02w
2 Basic equations =i DpeHe - pi :
q En =1 (w((w—iue)Z—mge) o(@—iv)2—w3,) );
. . . 2 2
The global resonances in the cavity Earth — ionosphere posg,2 — 471’;;6"0, wfﬂ, = % OHe = % o = %

sess the resonant frequencies in the ELF range. The lowest”
(fundamental) frequency is about 8 Hz (Bliokh et al., 1980;
Nickolaenko and Hayakawa, 2002; Nickolaenko, 1997). DueHereng is the electron concentratiom, ; are collision fre-
to a global character, a distribution along the Earth’s sur-quencies for electrons and ions, respectively;; are their
face is smooth, and a characteristic scale is the Earth’s ramassesw,.; andwg,,; are corresponding plasma and cy-
dius R;=6400km. The vertical scale of the field distribu- clotron frequencies (Nickolaenko and Hayakawa, 2002).
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The set of Maxwell's equations for the electri&,(y )

and magnetic K, , ;) components of the mode takes the

form:
a2 . IE
aazE; - ’kxda_% +k§Dy =0;
92E,
7 — k2Ey +k5Dy =0
. QEy 2 2 (1)
ik %= + K2E, — k3D, = O;

D; =c¢j(w,2)Ej; ko= w/c; E ~ eXplikyx).

Here ¢j; (w,z) are the components of the tensor of the
dielectric permittivity, ¢"(w,z), of the atmosphere and the
ionosphere in the coordinate fram€X Z);, D; are the com-
ponents of the electric induction vector. The componepts
depend essentially on the vertical coordinatend weakly

on the horizontal coordinates, y. An absolute system
of units is used here, where the units for the electric and
magnetic fields are the same. It is possible to express all the  1¢°4
components of the mode throudh, and E, and to obtain

the coupled equations for them:

d €33dD. | 1 d /€ ., €3,dD,
7z (R + ike Z (RFD2) + ik 377

—ike 4 (e, Ey) + (k§ — k222)D, — kZe3E, = 0;

dzE)' ikg dDz 2 2
T2 T meE koeDet @

+(kgE22 — kD Ey = 0;

— i %3dD; _ f13 _ _ i dEy,
Ex=1;x @ — aD:teky; Hy ko dz

— _ifxdD; | fn . (3)
E; = L A dz + x D: +e3Ey;

_kop . ke
Hy=2D:; Hy = R Ey;

The following notations are used:
1 . 1 .
€)= 7 (81383 — €15633)5 € = 5 (651615 — €11653);
1 . _ 1 .
ey = 7 (63161, — €1183)5 €4 = 5 (65385 — €1633);

A = 811855 = €13831:8p) = €y T €516 F Ep3€5.
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Fig. 2. Part(a). Vertical dependence of the concentration of elec-

trons used in the simulations. Curve 1 is at the daytime (normal
solar activity), curve 2 is at the daytime (maximum solar activity),

curve 3 is at the daytime (minimal solar activity), curve 4 is at the
nighttime. Par(b). Vertical dependencies of electron (curve 1) and

ion (curve 2) collision frequencies used in the simulations.

3 Numerical simulations
Numerical simulations have been provided by means of a fi-

nite difference approximation of EqR), The obtained three-
diagonal matrix linear equations have been solved by the

The Earth’s surface is assumed to be ideally conductivematrix factorization method. The steps of the calculations

therefore, the boundary conditions aré,(z=0)=0, D,

(z=0)=D.0=1; E,(z=L»)=0, D.(z=L,»)=0in the highly

are 50m-3m. The vertical profiles of the concentration of
electrons used in the simulations are given in Fig. 2. The

conductive F-layer of the ionosphere. The results do notdata on the concentrations of electrons, collision frequencies,

depend on the choice of the upper boundéry,, when

and average molar masses have been taken from Rich and

L.,>250km. The problem is to investigate the vertical pro- Basu (1985); Al'pert (1972). One can see that there exists
files of all the components of the first Schumann resonancean essential difference between the values at the daytime un-

mode.

der different solar activity and at the nighttime. The vertical

The value of the resonant frequency of the lowest EM profiles of the absolute values of the components of the com-

Schumann mode has been chosenfas8 Hz (®=50s1),

plex dielectric permittivity|e1 3 5| in the coordinate frame,

known from experimental data (Bliokh et al., 1980; Nick- connected with the geomagnetic fielfl, are presented in
olaenko, 1997). A horizontal distribution of the mode is de- Fig. 3 (daytime, normal solar activity). In the simulations,

termined by the paramete;%Rgl, and it is approximately

the value of the electron cyclotron frequency has been taken

equal tokg=w/c. Small deviations (up to 30%) from the val- aswp.=6-10° s~ (Hp=0.35 Oe). Note that the minimal ver-
ues ofw andk, above do not change the main qualitative tical scale of change in the components of the dielectric per-

results of the paper.

mittivity tensor is 1 km.
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Fig. 5. A dependence of componer, y ; | and|Hy,y| on the
vertical coordinatez in the absence of geomagnetic fiekiy=0
(daytime, normal solar activity).

Vertical distributions of electric and magnetic field com-
ponents of the mode have been calculated under various ori-
entations of the geomagnetic fieldy, with respect to the
vertical axisO Z (angle®) and of the plane® Z, Hp) with
respect to the X axis (angled), see Fig. 1. A penetration of
the magnetic componentg, , into the ionosphere depends
essentially on the inclination angte. A dependence of the
penetration of the magnetic components on the adgie
unessential. In Fig. 4, dependencie$kf , .|, |H, | on the
vertical coordinate are given for the value of the inclination

Fig. 3. Vertical dependencies of the absolute values of componentangle®=30° and for®=30. The normal daytime conditions

of complex tensor of dielectric permittivity of atmosphere and iono- gre assumed here (Rich and Basu, 1985). The vertical mag-
sphere at»=50s"1 used in the simulations (daytime, normal solar netic component, is quite small;| H. |~|E,|.

activity) (a). The detailed dependence for the heights-Z00 km
(b).

10 T T T T 1
150 250 300

200
z, km

Fig. 4. The dependencies of componenk y ; | and|Hy,y | on
the vertical coordinate under the inclination of the geomagnetic
field ®=30° (daytime, normal solar activity).

At the Earth’s surface the componerfis and H, pos-
sess the greatest values, as well-known earlier (Bliokh et al.,
1980; Nickolaenko and Hayakawa, 2002). But the vertical
distributions of the electric and magnetic components differ
from each other. Moreover, the presence of the geomagnetic
field changes essentially the vertical distributions of the hori-
zontal magnetic field components, as shown in Fig. 5, where
the vertical distributions of the field components are given
in the absence of the geomagnetic field, to compare with
Fig. 4. The data of Fig. 5 coincide with the results of the
survey (Sentman, 1995) and the papers cited there. Indepen-
dent of the presence or absence of the geomagnetic field, at
the heightg>50km, E, decreases quickly and it becomes of
the same order as thg, and E, components. The electric
field of the mode does not penetrate highly into the iono-
sphere, as was known earlier (Sentman, 1995). Moreover,
the dependence @&, (z) coincides with the dependence ob-
tained in the paper by Sentman (1990), where a two-scale
exponential approximation of isotropic conductivity of the
ionosphere was used. But the magnetic field components
H, , can penetrate into the E-layer of the ionosphere up to
the heights 2150 km, (compare Figs. 4 and 5). Under the
oblique direction of the geomagnetic field, a penetration of
magnetic components becomes weaker, but it also exceeds
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Fig. 6. A dependence of components, , . | and|Hy y | on the vertical coordinate z unde~30o (nighttime)(a). The detailed dependence

for the heights 6890 km (b).
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Fig. 7. Dependencies of the penetration heights of the comporfépts of the Schumann resonance on the inclination aylef the
geomagnetic field. Pafg) is for the daytime (normal solar activityfb) is for daytime (maximum solar activity)c) is for the daytime
(minimum solar activity){d) is for the nighttime. Curve 1 is the penetration height&ircomponent; curve 2 is the penetration height for
Hy. For the daytime, the penetration height for #fiecomponent is 56 km. For the nighttime, itis 71 km.

the values obtained in the absence of the geomagnetic field. In Fig. 6, the vertical distributions of the field components
are presented at the nighttime (normal solar activity). The
inclination angle is als®=30°. The use of more smooth
perturbations of the conductivity of the ionosphere D-layer profiles of the electron concentratiorn(z) at the heights
may change the vertical profiles of both electric and magneti®60+-110 km does not change the vertical dependencies of the
components of the Schumann resonances; the variations ehagnetic componen#d,, H, but only leads to smoother de-
the conductivity of the ionosphere E-layer may lead to thependencies of; andE, components of the electric field.

At the heightg>50 km the component, , are of the same
order asE., alsoH, is of the same order a§,. Therefore,

changes in the vertical profiles of magnetic components.
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In Fig. 7 the dependencies of the penetration heights orthe excitation of the resonant mode by thunderstorm activ-
the inclination angle® are given for the normal solar ac- ity. The strong anisotropy of the effective dielectric permit-
tivity, maximal and minimum solar activity (daytime), and tivity at the heightsz>70km is also important for estima-
the normal solar activity (nighttime). The penetration heighttions of quality factors of Schumann resonance modes and
is estimated as the value of the vertical coordinatehere  for determining the regions of maximal dissipation of ELF
|Hy| or |Hy|is 0.1 H,(z=0)|. One can see some dependenceelectromagnetic waves under the propagation in the Earth-
of a penetration height of horizontal magnetic field compo-ionosphere cavity.
nents on the variations of the profiles of the electron concen-
tration at the daytime (Figs. 7a,b,c). An essential differenCeAcknovaedggmentsTopical Editor M. Lester thanks two referees
is between the dependencies of the horizontal magnetic field®" their help in evaluating this paper.
components on the coordinatat the daytime and the night-
f[ime. The last fact may be gxplgined b_y the absence of thg;aterences
ionosphere D-layer at the nighttime (Rich and Basu, 1985;

Alpert, 1972). Thus, the horizontal magnetic componentsAl'pert, I. L.: Radio Wave Propagation and the lonosphere. Nauka,
of the Schumann resonance possess, at the same time, dif- Moscow, 1972.
ferent penetration heights at different places on the EarthBliokh, P. V., Nickolaenko, A. P., and Filippov, Yu. F.: Schu-

For the daytime, the penetration height #or component is mann Resonances in the Earth-lonosheric Cavity. Peter Peregri-
55 km, independent of the solar activity; for the nighttime, it _nus, London, 1980. _ _ _
is 70 km. Fullekrug, M. and Constable, S.: Global triangulation of intense

. . lightning discharges, Geophys. Res. Lett., 27, 333-336, 2000.
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The maximal penetration takes place@t0°, namely, Fullekrug, M. and Reising, S. C.: Excitation of Earth-lonosphere
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Schumann resonances. Madden, T. and Thompson, W.: Low frequency electromagnetic os-
To estimate the influence of the curvature of the Earth’s cillations of the Earth-ionosphere cavity, Reviews of Geophysics,

surface on the penetration of the magnetic field components 3, 211-256, 1965. .

into the ionosphere, the spherical geometry has also been ifdushtak, V. C. and Williams, E. R.: ELF propagation parameters

vestigated. A simple model situation has been considered for uniform models of the Earth — lonosphere waveguide, J. At-

when the geomagnetic field is directed vertically upwards, M0S: S--P., 64, 1989-2001, 2002.

and is constant. The results of the simulations have Con!\Iickolaenko, A. P.: Modern aspects of Schumann resonance stud-
’ ies, J. Atmos. S.-P., 59, 805-817, 1997.

firmed the pOSSIbIIItY of.the penetration pf horizontal compo- Nickolaenko, A. P. and Hayakawa, M.: Resonances in the Earth —
nents of the magnetic field up to the heights of £200 km. lonosphere Cavity. Kluwer, Dordrecht, 2002.

Rich, F. J. and Basu, Su.: lonospheric Physics, Handbook of Geo-

physics and Space Environment, Chapter 9. Air Force Geo-

4 Conclusions physics Lab., US Air Force, 1985.

Roldugin, V. C., Maltsey, Y. P., Vasiljev, A. N., et al.: Changes
The simulations of the penetration of the electric and mag- of Schumann resonance parameters during the solar proton
netic components of the first Schumann resonance mode into event of 14 July 2000: J. of Geophys. Res., A108(1103),
the ionosphere in the cavity Earth — ionosphere have been doi:1029/2002JA009495, 2003. _
made in the case of possible daytime and nighttime variations€ntman, D. D.: Schumann resonance effects of electrical conduc-
of the conductivity in the ionosphere D- and E-layers. The t|V|ty perturbations in an exponent_lal atmospheric/ionospheric
magnetic components can penetrate into the E-layer of th% profile, J. Atmospherlg and Terrestrial Phys., 45, 1, 55-65, 1983.
. . ) . entman, D. D.: Approximate Schumann resonance parameters for
ionosphere up to the .helgm&1507240 km, with 6,‘ d(.a'pen-. a two-scale-height ionosphere, J. Atmospheric and Terrestrial
dence on the Ioca! orlent_atlon of the geomagne'uc field with Phys., 52, 1, 3543, 1990.
respect to the vertical axis. Therefore, variations of the con-sentman, D. D. and Fraser, B. J.: Simultaneous observations of
centration of electrons in the D-layer¢60 km) may change Schumann resonances in California and Australia: evidence for
the profiles of electric components of the global Schumann intensity modulation by the local height of the D region, J. Geo-
resonances; perturbations of the E-layer100+-150 km), phys. Res., A96(9), 15973-15982, 1991.
due to magnetosphere-ionosphere coupling, may change tHgentman, D. D.: Schumann Resonances, Handbook of Atmospheric

profiles of the magnetic components of the global Schumann Electrodynamics, 1, CRC Press, Boca Raton, CA, 1995.
resonances. Vainshtein, L. A.: Electromagnetic Waves. Moscow, Radio i Svyaz,

The total energy of the EM resonant mode includes both 1988.

electric and magnetic parts. Because the magnetic field
of the Schumann resonance penetrates up to the heights
150+-240km in the presence of the geomagnetic field, it

is necessary to take into account this fact when calculating



