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Abstract. In this work, the many-fluid magnetohydrody- tic and acoustic-gravity waves interact in particular with spo-
namic theory is applied to describe the modification of theradic layers and cause nonlinear current systems and diffu-
electromagnetic field of the ionospheric E-layer by acoustic-sion processes.

type waves. There, altitudinal profiles of the electromag- Liperovskaya et al. (1994) found that acoustic-gravity
netic field and the plasma parameters of the atmosphere andaves with periods of 2—3 h can apparently cause the diffu-
ionosphere are taken into account. It is concluded that at Esion of sporadic E-layers at distances of about 1000 km from
region altitudes above seismo-active regions, magnetohydrahe wave generation region. Further, upon investigating the
dynamic waves as Alen and magnetoacoustic ones might interaction of infrasound waves of seismic origin with spo-
change their amplitude and direction of propagation. Wavegadic layers, it was found that waves observable by ground-
of the Farley-Buneman type might also be excited a few daysdased radar stations of the Farley-Buneman type, may be ex-
before very strong earthquakes. The collisions between theited (Liperovsky et al., 1997; Meister, 1995).

neutral and charged particles of the E-layer also cause diffu- Besides this, in (Koshevaya et al., 2002) it was concluded
sion and heating processes. Thus, changes of the charactehat at E-region altitudes, the conversion of sound waves into
istic foE-frequency might be obtained. Alfv én waves is possible.

The theoretical description of the wave conversion in a
stratified magnetized plasma has yet to be further devel-
oped. Solutions for acoustic waves are well-described for
non-magnetic systems using one-fluid magnetohydrodynam-

Acoustic and acoustic-gravity waves were indeed observed dfS; When studying electromagnetic waves one usually ne-
subionospheric altitudes during earthquake preparation timeglects the s’Frz_;\tlflcanon of the medium and the finite electri-
(Cook, 1971; Koshevaya et al., 2002; Rozhnoi et al., 2007;cal conductlwty_vfalues (Koshevaya et al., 2002; Sturrqck,
Pulinets and Boyarchuk, 2004; Hayakawa, 2011). Thus, inL994) or the collisions between pgutral_ and charged particles
some of the models of Iithosphere—atmosphere-ionospheréqxeﬁslsor_" 1998). Nonethelegs it is of interest to analyse the
coupling before earthquakes, it is assumed that atmospheri'E‘O‘_j'f'C?t'on of electromagnetic waves that have been locally
acoustic and acoustic-gravity waves are generated sever&xCited in the atmosphere by acoustic-type ones. In the work
days before earthquakes in earthquake preparation zon&¥ (Meister etal., 2010), some first steps were made to con-
and that they propagate from the Earth’s surface througi$ider within the frame of multi-fluid magnetohydrodynamics,
the atmosphere up to ionospheric altitudes (Shalimov an&ltltud!nal proflles of particle velocmes.and electromagnenc.
Gokhberg, 1998; Pulinets and Boyarchuk, 2004; Liperovskyf'elds in an |sotherm§ll system. Thus,_ in the present paper it
etal., 2008). There, due to collisions between the neutral andf attempted to consider the modulation of magnetoacoustic
charged particles, disturbances of the charged particle densaves by acoustic-type ones within the frame of multi-fluid
ties are possible. In ionospheric E-layers, atmospheric acough'@gnetohydrodynamics, taking into account altitudinal pro-

files of the non-isothermal, isotropic ionospheric E-layer.
Correspondence taC.-V. Meister
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2 \Variation of electromagnetic waves by acoustic ones 3000 140
In the proposed multi-fluid magnetohydrodynamic model, T ) s
the variation and excitation of electromagnetic waves by 2000[- T 7 ]
acoustic-type ones is studied starting with the continuity _ i N B 13sE
equations of the charged £ e — electrong =i — ion), and X : T ] %
neutral ¢ =n) particles, - i N BEYom)
1000+ S ]
an r ~ 4
5 TV (ava) =0, 1 132
the momentum balances ot ‘ ; ; ; =30
80 90 100 110 120 130
av ra n h [km]
a - Z_M‘FME‘H’M[IM X @q] 2
ot mgy mg
ng Fig. 1. Temperature according to the Mikhailov-model Eq. (12)
Trag — m, Zm“bvab(v“ — ), (dashed line -« = 0.1, dotted line -« = 0.3), experimental MSIS-
b E-90 Atmosphere Model temperature data (VITMO) (full line), and
and the equation of state present electric field modekt,; = E,(1+ az) (dash-dot-dot-dot

line) in dependence on the altitude.

0 _
I:E+vVi| (7)=0 p=3p  ©
vertical electric field is approximated by a linear expression
P= Mala, PV=Y Manavq. (4  Eo:(2) = E,(z=0)(1+az), a=—-5x10"2km, E,(z =0)
a a = 40mVnr ! is found fitting E,.(z) to data presented in
Vg, Mg, g, ®g, andpa describe the velocities, masses, num- (Pfaff et al., 2005)2 =0 Correspor\dsl toan alt"}ude of 80 km.
ber densities, cyclotron frequencies, and the partial pressur¥lues of the background electric field at altitudes between
of the particles of type a, respectivelyy, =mamy/(m,+ 80 kmand 130km are presented in Fig. 1. It has to be noted,
mb), y is the po'ytropic Coefﬁcient, an%b are the frequen_ that the direction ofE considered in (Pfaﬁ: et a.l., 2005) IS
cies of the collisions between particles of kindandb. b unclear. Here it is assumed that the presented data are those
designates charged and neutral particles too. Besides, tHf the vertical electric field.

Maxwell equations are taken into account (replacement cur- Further, taking into account that the height scale of the
rents are neglected), density of the oxygen molecules,@vith massm, may be

described by, (z) = H, + oz, « =0.1-0.3,H, = kT (z, =
rotB(r,t) = o j(r,t) = toqe(nev, —n;v;), (5) 0)/(mng) (Michailov et al., 2007), one finds for the temper-
atureT of the E-layer, which is equal for all particles

(otE(r.1) = — B0 6)
T - mag(Hy+az)?  0T(z) 20T () 12
divB(r,1)=0, 7 =TT gH, 9z Hytaz
divE(r,t) = 2(;1@ —n;). (8) Then for the altitudinal scale height of the pressure of neutral
€o and ionized particles of mean masg ~ m; and chargey,

Under equilibrium conditions (index “0”), when all par- fgjlows

ticle velocities equal zero, one obtains for the momentum
Z

balance gradbe  duta oy /mng—ano(1+az) =%
————+——E;,+n4,8=0 9 H,(2) mng(H,+az)? H,+az
mg mg
the solution e . . (13
T,(z0) T <1_ 0a>+ a1l
Ma0(2) =ao(Zo) - S @XA—2/ (). (10) mng(Ho+a2) o Mngt 0
ol% Temperature profiles of the E-layer according to Eq. (12)
z . are presented in Fig. 1 fer equal to 0.1 and 0.3. The tem-
H,(z)=z/ /MEOZ(Z)(J * (1D perature values are compared with experimental data taken
kpTo(z*) from the MSIS-E-90 Atmospheric Model of the Virtual lono-

2o

sphere, Thermosphere, Mesosphere Observatory (VITMO)

is the altitudinal-dependent scale height of the pressure of thﬂwttp://omniweb.gsfc.nasa.gov/vitmo/msn'is;mo.htmb.
Earth’s atmosphere and ionosphere. Further, the background
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Next, it is supposed that the plasma system is perturbed

by an acoustic-gravity or infrasound wave, expressed by th
velocity of the neutral particles,. In such a case, also the
partial pressures and densities of the plasma particles as wi
as the electromagnetic field show deviations from the equ
librium values,

Ve =08Vq, Ng=ngo+0ng, Pa= Pao+pa, 14

E=E,+SE, B=B,+B.

The index " designates the unperturbed values of the pa-

rameters. In the following it is assumed that the unperturbed

electric and magnetic fields are directed along tkexis.
The mean electric field&, is altitudinal dependent, and the
mean magnetic fiel®,, is constant. Viscosity effects are ne-
glected.

Substituting Eq. (14) into Eq. (8) and averaging over the
deviations, one finds

goaE,

Neo(2) =nip(2)+n, n= (19

e

Then the altitudinal profile of the background electron pres-
sure may be presented by

Peo(2) =kpneo(2)To(2) (16)

=kphio(2)T,(2) +nkpT5(2) = pio(z) +nkpT,(2)
= pio(z=0)exp—z/H;(2)]+nkpTo(2).

Further, putting Eq. (14) into Eqgs. (1-3), subtracting the
equilibrium values, and retaining only terms of first order

€
i-
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divé B =0. (23

%sually, to obtain the relations for the waves excited in the

rl‘ulon—stratified plasma, one introduces the Fourier transfor-
mation of the plasma parameters and of the electromagnetic
field. But, since the background plasma pressure and parti-
cle densities show an exponential decrease with the altitude,
solving the system of Egs. (17-23), for the plasma and elec-
tromagnetic field parameters here the following expressions
are assumed:

BZ=BZOexp{—21Z_Ia tikr —ia)t}, (24
Z={n6hpa’EZ’BZ}a az{ian}a
8Z=820exp{—2i1'{i+ikr—iwt , (25)
Z=\E;,B;}, i={x,y},
8va=6va0exp{ 2; tikr—iwt), (26)

It is of importance that, omitting horizontal profiles of the
electromagnetic field, the altitudinal scales of this fiett} (
and Hy) have to be chosen differently in the x- and y-
directions. Otherwise, no magnetic field disturbances will
occur. Thus, the model presented here is valid only locally,
and there have to be experimental data used for the horizontal
scales.

Substituting Eq. (24) in the continuity Eq. (17), one gets
(a=i,n)

in the perturbations, one arrives at the following equations

(wca =qaB/my):

aén
7+ V(12080 =0, %)
08 1
naoj =——gradip, + q_a8na E, + q_anaOSE (18
Jat my my mg

Nao
+n40604 X Wy +0ng8 — —
mg

> Mabvap (80— 8vp),
b

asp asp
=L ypo = =0,

19
ot ot 19

8”51 [,OVPo - ypovloo] +p0

From the Maxwell equations follows for the electromagnetic
field of the plasma disturbances

3B
rotsE = ———, (20
at
, qe
divé E = = (8n, —8n;), (21)
Eo
Mo B = 148 ] = toqe(NepdVe —NindV;), (22
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. Pao . 2pao o
) = k— 1) — 8 ,
Lwongo ks T, (i unz)8vy, kT, (u+ H0+OlZ) Vaoz
N ) (20

. PioT1 . Pio (o4
iwdne, = ik—uny)dve, — u-+ SVepz,
e T, ( 2)8Vey kBTo( H0+O!Z) oz
(28

1 Zz 8Hi

W= = 2 29
2H; 2H? 0z @

The indexi in Eq. (29) describes the ions. For the linearized
equation of state Eq. (19) follows

—iw6p0+iypow8po+8vozs(z):0, (30
o
3P0 = _8Pao: 800= Madnao. (3
a a
80 =) MaNaodVao/po,
a
5(z2) = —2u(pno +2pio) + ZkpeTo(2) (32

(Hy o)
)
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Expressing the plasma pressyréy the equation of state of

the ideal plasmap, = kg Tn,, one obtains with ik —1uny)Spuo

—iwdVpg=———"""—+g0nuo/Nno (39
0pa =kpTyéng +naokpsST 33 Mmuhnpno
. . m;Vni MeVpe
from Eq. (30) for the temperature fluctuations in the E-layer - (8vpo — Vi) — (6vno —8vey),
m; +my my

YPow/pobp —wkpT Y Sny —is(z)8v;
a

ST = . (34
wkp Znao
a

(ik —unz)dpe, i qeEoznz
MeNep Meheo

Sne (39

—lw8veo = —

Further, the Iinegrized Maxw_ell equations Egs. (20-22) may +ﬂe—z/2H[ (z)—ikr+ia)t5E+wce$veaynx — WeeBVeoty
be transformed into the relations me
iotoq +g8neo/neo_vei(aveo_svio)_ven(aveo_8vn0)v
SE. o/ @H)—z/@@H _ __'®Hode 3
ox k)%kg(ux—uy)z ( 5)
(ik— unz)dpio + qiEon;

{(ne"(gve‘”‘ — iV KSIKT + (ky +itty) (ky +iux)] Tiwovio=— mini, minig o 40
+ (e SVeny — NioSVioy ) k2 + (ky 4 itty)Tkxky L di 2l )ik tiorg g
i
. N .
+(neodveo; _nIOSUwZ)I:kX(k” +luy) (kH +iux) +wci8vi0ynx _a)ci8vi0xny+g8ni0/nio
m m
+k§kx(k||+iux)+k§(k”-‘rl'uy)i“, _Vie#(avio_svw)_vin L .(Svio_avno)-
L n l

iwog Thus, expressing in the equations Eqgs. (38-844) by the
SEye/ GH)=</@Hy) — 0% (36)  formulae Egs. (33, 345.E, by Egs. (35-7), as well abi,,
ke (ux —ty) and dne, by Egs. (27-29), one finds a dispersion relation
of magnetohydrodynamic waves in the ionospheric E-layer
caused by the motion of neutral and ionized particles. The
expression for the dispersion relation is rather large. Thus
it will not be given here. It has to be solved numerically.
Here, only a first discussions of the special solution of Atfv
waves modified by the acoustic ones is presented.
If one forms the sum of Eqs. (39, 40) describing the mo-
mentum balance of the plasma components of the system,
one obtainsig,ve; = nipVie, m; X my)

{(ne,,sveox — Nio8Vio ) [K3 + (ky + i) 2Ty
+(neo8Veny — NioBVioy ko [k? + (ky +iux) (ky +iny)]
+(nerd Ve —niOSUwZ)[ky(k” Fiu) 2k +itny)
HhZky Ky +itty) + kS + ) | .

[W[o]e

SEp; = —5——— 3 . .
%= B — uy)? <7 ~iwp,301, = —(ik—unz)3p, (4
{ Gren8ve = ig8vi0 x| KECKy +i100) —¢E:n;(8ne, —Snig) —ene@i TS E
2 2 1 ors —ikr+iot 5B x B s Sni
+ky(k”+iuy)+(k“+iux) (k”+iuy)i| +Ee “ [ro X Bo]+ g(medne,+midnio)
2 minio
+(MenBVeoy — MioBVioy )y [ky (ky +iuy) —Vexente (Ve —8no) = Vin— " (80io = 8po).
+k§(k” +iuy) + (ky +iux) (k| +iuy)2] dvy, = Z‘ma”aoavao/(meneo +minio).
a=e,i
+(1epdVens —ni05vmz)[ki(k|| +iuy) (ky +iuy) The y-component of this relation reads
: . s —ikr+i
+(k|,+iux)2(k”+my)2]}, —iPoBV1y = —ikySpy+eneZi T TYSE, (42
1 =ik
T L S S T . +—B,, (ikySBgz—i—[uy—ikH]eZH,- lkr+lwtaBy)
2Hy 2HZ 9z 7 2Hy 2H] iz o
m;nj
From the linearized momentum equation Eq. (18) follows —VenMeNeo(8Veoy — 8Unoy) — Vin%(avioy — 8Unoy)-
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If one neglects particle collisions, the electric back- , . ‘
ground field (considering infinite electrical conductivity — w} | ' g L N €
values) and the stratification of the atmosphere, the [kHz] e [kHz] [Hz]
component of Eq. (42) coincides with the dispersion rela-
tion of Alfvén waves usually considered (see, e.g. Sturrock,
1994, Eqgs. 14.1.25, 14.1.29). For wave vectors in the x-z-
plane (this assumption does not restrict the general solution),

8v,y is proportional taS B,,. One finds a dispersion relation

= 400

BZ
w? = v%kﬁ, v% = e ) (43
mity(NepMe +niom;)

- 100

for the waves which are transverse to the background mag- o
‘0 km]

netic field.

Collisions of charged particles with the neutral ones _ ) _ _
change the growth rate of the Aim waves, as follows from Fig. 2. Three solutions of the d|§per3|on relftlon of Farley-
Eq. (42). In case of fluctuations of the velocities of the neu-BUneman waves. The wave frequencies equak ; +ky Veyo, vi
tral particles larger than the fluctuations of the speeds of théllescr.Ibes th.e. growth rategy, _t.h e amplitude of the glectron Hall
charged particlesi{,,0y > veoy, 8viqy), fOr instance by infra- V&';Z'tt:re)l(g'gg)g the waves, andis the wave numbeyj = {1,2.3}
sound or acoustic-gravity waves, the wave amplitudes shoulcg ' '
grow. Further, taking into account a finite electrical conduc-
tivity of the atmospherejv,, is also correlated to magnetic {he Hall velocity of the electrons, which is proportional to
field fluctuationss B, parallel to the background fielfl, as  the neutral gas velocitye, ~ 3-6v,. The waves are excited
under the condition that

iw
SEy= k—[kXSBX +kySBy + (ky +iux)dB;]. (44)
x(ity —tx) vey > Verit & c5(1+ R), (45
Thus, we have found that in the ionospheric E-layer, nor- vp —VerVin
mal Alfvén waves may be generated. The amplitudes and csz= , R=———.
ReoMe +NioMi +Npohip We Wi

propagation directions of the waves are modified by up-
streaming acoustic waves. This phenomenon is possibldhe Hall currents cause fluctuations of the magnetic field in
when the frequency of the acoustic waves is larger than théhe directions of the neutral gas motion and along the mean
cut-off frequencyS2 = ¢, /2H;, so that the waves penetrate magnetic field.

into the E-layer (Liperovsky et al., 1997; Meister, 1995; Ko- The electron velocities parallel to the earth’s magnetic
shevaya et al., 2002). Via collisions of the neutral particlesfield are of the order of 0.025¢.a ~ 2.5-5ve,, Wherea

with the charged ones, the momentum of the neutral partiiS the horizontal dimension of the sporadic E-layer amount-
cles is transferred to the plasma components. Then the varind to a few hundreds of meters. Thug may reach 720
ations of the velocities of the charged particles generate a900 ms™* at neutral gas velocities larger than 50thsand
electromagnetic wave field. The waves may be Aifwones, it may generate rather strong variations of the magnetic field.
but magnetoacoustic waves or the so-called Farley-Bunemal addition, the plasma will be heated (Liperovsky and Meis-
waves may also occur. The wave generation is influenced byer: 1996).

the background electromagnetic field and by the altitudinal
profiles of the plasma parameters.

In Liperovsky et al. (1997), considering acoustic waves
with frequencies of % 10~°—20 Hz and neglecting viscosity 1. First steps have been performed to investigate the mod-
effects, the Farley-Buneman waves were found to be caused jfication of the electromagnetic field of the ionospheric
by the y-components of the electron velocities. Neglecting E-layer by acoustic-type waves, which might be gen-

altitudinal profiles of the plasma and magnetic wave fields erated by earthquake precursors or for meteorological
3B in the E-layer, it was already found by (Meister, 1995) reasons.

that always three electrostatic waves of the Farley-Buneman
type (described by Egs. 39, 40) exist. One wave possesses2. Using many-fluid magnetohydrodynamics, a full sys-
a growing amplitude, and the other two waves are damped. tem of equations describing electromagnetic waves in

3 Discussion of the results and conclusions

The non-damped wave has in the E-layBr=£ 250 K, vgn = the E-layer has been derived analytically. Influences
4% 10* Hz, ven= 1.4 x 10° Hz, w.e = 5.3 x 10° Hz) wave of the background electromagnetic field as well as the
numbers of the order of 1-70Th and phase velocities of stratification of the atmosphere have been taken into ac-
about 500 ms!. The Farley-Buneman waves are driven by count.
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3. Concerning electromagnetic waves in the E-layer, oneLiperovskaya, E. V., Hristakis, N., Liperovsky, V. A., and Oleinik,
may conclude that usual (according to the work of Stur- M. A.: Effects of seismic and anthropogenic activity in the night-
rock, 1994) magnetohydrodynamic waves like A&lfv time sporadic ionospheric E layer, Geomagn. Aeronomy, 34 (3),
and magnetoacoustic ones are generated in the E-layer, 96-59, 1994. N . _

These waves are modified with respect to amplitude and-Perovskaya, E. V., Silina, A. S., Saidshoev, A, Liperovsky, V. A.,

the direction of motion by acoustic-type waves prop- r'\]/i'e;]stt_fi:’n(e:;V'(’)rzré?c\gsifsvaégénfg 2” ;\rﬁ; r?grrsad‘l%ﬁ(el(;t 01f20—
agating into the E-layer from lower altitudes. Such g P Yers, an- v ‘

- . L . 122, 2000.
acoustic-type waves might be. of seismic origin. But Liperovsky, V. A. and Meister, C.-V.: Influence of collisional heat-
they also occur for meteorological reasons. ing on the current generation in moving mid-latitude sporadic

. E-layers, Adv. Space Res., 18 (3), 93-97, 1996.
4. Almost electrostatic waves of the Farley-Buneman typeLiperovsky, V. A, Meister, C.-V., Senchenkov, S. A., Popov, K. V.,

might al_so be generated in seismo-active regions qt E- Oleynik, M. A., and Liperovskaya, E. V.: Consequences of cur-
layer a'“'FUdeS a few days before egrth_quakes. _S_0|Ut'0n5 rent generation in the ionosphere caused by neutral wind action
for the dispersion relation and excitation conditions of  on £,-clouds, J. Radiophysics, 39 (2), 241-249, 1996.

the waves are discussed. Liperovsky, V. A., Meister, C.-V., Schlegel, K., and Haldoupis, C.:

. . . Currents and turbulence in and near mid-latitude sporadic E-
5. Wave turbulence in the ionospheric E-layer, and espe- |ayers caused by strong acoustic impulses, Ann. Geophys., 15,

cially in sporadic E-layers, should influence the iono-  767-773d0i:10.1007/s00585-997-0767-k997.
grams observed by ionospheric vertical radar stationsLiperovsky, V. A., Popov, K. V., Pokhotelov, O. A., Meister, C.-
And indeed, some tendencies of variations of Es-spread V., Liperovskaya, E. V., and Alimov, O. A.: lonospherjg Es
effects have been observed (Liperovsky et al., 1999a, b, frequency variations with time in a seismically active region,
2000, 2005). Izvestiya, Phys. Solid Earth, 35 (12), 1043-1048, 1999a.
Liperovsky, V. A., Senchenkov, S. A., Liperovskaya, E. V., Meis-
6. Additional Joule heating caused by acoustic waves — ter, C.-V., Roubtzov, L. N., and Alimov, O. A.: fbEs-frequency
and the corresponding increased intensities of the verti- variations with scales of minutes in mid-latitude sporadic layers,
cal atmospheric currents —result also in modifications of Geomagn. Aeronomy, 39 (1), 131-134, 1999b.
the charged particle densities of the ionosphere (MeisiPerovsky, V. A., Meister, C.-V., Liperovskaya, E. V., Vasileva,
ter, 1995; Liperovsky and Meister, 1996; Liperovsky et N. E., and Alimov, O.: On spread-Es effects in the_lonosphere
al., 1996; Meister et al., 1998). Thus, changes in the before earthquakes, Nat. Hazards Earth Syst. Sci., 5, 59-62,

characteristic frequencies foE might be obtained doi:10.5194/nhess-5-59-20Z00S.
q 9 ) Liperovsky, V. A., Pokhotelov, O. A., Meister, C.-V., and Liper-

ovskaya, E. V.: Physical models of coupling in the lithosphere-
atmosphere-ionosphere system before earthquakes, Geomagn.
Aeronomy, 48 (6), 795-806, 2008.
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