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ABSTRACT

Taking into account the existence of charged particles in the Earth’s ionosphere the
propagation of acoustic-gravity waves is investigated. The influence of the Coriolis force
is also taken into account. The weakly ionized ionospheric D, E, and F-layers are
considered. The existence of a cut-off frequency at 2Qq (Qp is the value of the angular
velocity of the Earth’s rotation) is noted. It is shown that the linear waves are damped
because of the Pedersen conductivity. When the acoustic-gravity waves are excited by
external events (volcanic eruptions, earthquakes, lightning strikes, etc.) their amplitudes
grow until self-organization of these waves into nonlinear vortex solitary structures is
admitted. Taking into account the interaction of the induced ionospheric current with
the geomagnetic field the governing nonlinear equations are deduced. The formation of
dipole vortex solitary structures of low-frequency internal gravity waves is shown for
the stable stratified ionosphere. The dynamic energy equation for such nonlinear
structures is obtained. It is shown that nonlinear solitary vortical structures damp due

to Joule losses.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Acoustic-gravity waves (AGWs) play an important role
for the interpretation of a large number of physical
phenomena in the troposphere, and for the dynamics of
the ionospheric plasma (Hines, 1960; Hooke, 1968).
Traditional methods for observing the ionospheric state
have been improved, the models used for theoretical
calculations of wave characteristics have become more
complicated, better algorithms and programs for numer-
ical calculations have been worked out, and new nonlinear
effects for AGW radiation and propagation have been
found. Another reason for the importance of AGW studies,
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related to their practical applications, is that energy and
momentum fluxes transported by AGWs from the lower to
the upper ionosphere are comparable or even larger than
those coming from the solar wind or other sources
(Francis, 1975; Ebel, 1984; Fritts et al., 1990; Kim and
Mahrt, 1992; Alexander and Pfister, 1995). Theoretical and
experimental studies have showed that AGW sources in
the ionosphere can be earthquakes, volcanic eruptions,
tornadoes, thunderstorms, solar eclipses, terminators, jet
flows, polar and equatorial electrojets, meteors, strong
explosions, and powerful rocket launches (Cole and
Greifinger, 1969; Tolstoy and Lau, 1971; Gossard and
Hooke, 1975; Richmond, 1978; Kato, 1980; Rottger, 1981;
Fovell et al., 1992; Igarashi et al., 1994; Grigor'ev, 1999;
Kanamori, 2004).

AGW:s consist of relatively high-frequency acoustic and
low-frequency internal gravity (IG) branches. AGWs have
typical periods of 10°s<7t<1 day and are strongly
affected by the Earth’s gravitational field. Such waves
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have typical wavelengths A~ 10km and propagation
velocities v, ~30m/s. Various methods of measuring
the parameters of the atmosphere indicate the presence of
AGWs in a large range of heights extending from the
troposphere to z<500 km. A most complete survey of the
observations of these waves in the troposphere has been
provided by Gossard and Hooke (1975). The modern
theory of small-amplitude AGWs in the Earth’s atmo-
sphere has been presented recently by Grigor'ev (1999).

The Earth’s ionosphere consists of electrons, ions and
neutral particles and is weakly ionized. Its behavior is
determined on the whole by its massive neutral particles
due to strong collisional coupling between the ionized and
neutral components. The basis for such a statement is the
condition n/N<1, where n and N are the equilibrium
number densities of the electrons and neutrals, respec-
tively. The presence of charged particles causes however
the medium to be electrically conducting. In addition the
ionospheric plasma is immersed in the geomagnetic field
By and under influence of the Coriolis force due to the
rotation of the Earth with the angular velocity €.
Therefore, the interaction of the inductive current with
the geomagnetic field has also to be taken into account.
For typical ionization fractions, the Ampere force will be
comparable to the Coriolis force.

The propagation of AGWs under such conditions for
the conductive ionosphere has not yet been studied
properly. Hence in our investigation we must take into
account the effects of the interaction of the induced
ionospheric current with the geomagnetic field and the
Earth’s rotation, which are inherent to the ionosphere. A
systematic investigation of the influence of the charged
particles in the ionosphere was first made by Kaladze and
Tsamalashvili (1997), Kaladze (1998, 1999) and Kaladze
et al. (2004) to study nonlinear solitary vortical motions
caused by planetary Rossby waves.

In the present paper we will focus our attention on the
influence of the charged particles on the linear and
nonlinear propagation peculiarities of AGWs in the weakly
ionized conductive ionospheric D-, E-, and F-layers taking
into account the effects of the Coriolis force as well.

Our paper is organized in the following fashion: In
Section 2 the basic equations are formulated. The linear
propagation of AGWs in the weakly ionized conductive
ionosphere is investigated in Section 3. In Section 4 the
reduced nonlinear equations for the IG waves accounting
for the conductivity of the Earth’s ionosphere are
obtained. The evolution of nonlinear solitary vortex
structures in the conductive ionosphere is investigated
in Section 5. Our discussions and conclusions can be found
in Section 6.

2. Basic equations

Let us introduce a local Cartesian system of coordinates
(x,y,z) with the x-axis directed from the west to the east,
the y-axis from the south to the north, and the z-axis
along the local vertical. We are primarily interested in the
dynamics at high latitudes in the northern hemisphere.
Thus we assume that the geomagnetic field By = —Bge; is

vertical and downward. Analogously we assume that the
Earth’s angular velocity at these latitudes has only a
vertical component, i.e. Qy = (0,0, 2g). Furthermore, for
the AGWs we consider Q¢ and By to be uniform.

The dynamics of the electrically conducting iono-
spheric plasma can be described with the help of the
momentum equation

du Ou
a= §+u-Vu
:—%+JXBO—ZQoxu+g, 1)

where j is the electric current, u is the bulk (neutral)
velocity, p and ¢ are the pressure and mass density
of the medium, and g =(0,0,—g) is the gravitational
acceleration.

The main purpose of the present study is to find the
Ampere force j x By, since it significantly determines the
specific character of the ionospheric motions (especially at
high altitudes). The most important impact of this force is
on the inductive damping of the conductive medium
(Cowling, 1976). For sufficiently large-scale motions we
can in Eq. (1) neglect the viscous force relative to the
Ampere force (Dokuchaev, 1959).

We consider the ionospheric plasma as quasi-neutral
and neglect the inner electrostatic electric fields
(E = —V¢ = 0). Using the so-called noninductive approx-
imation (Dokuchaev, 1959), it is sufficient to consider the
currents arising in the gas whereas the vortex part of the
self-generated electromagnetic field can be ignored.
Assuming the ion and electron pressures to be small as
compared with that of the neutrals one finds that the
effective electric field in the generalized Ohm’s law is
equal to the dynamo field, i.e.,

. o
J=0Eqy +0.Eq +FgBoxEdy (2)
where

ne?
%= ove’ (3)

1n€2Viy(VeVin + Weeei)

Gy =0, = (4)
p € 2 2 212 2 )2
mE(wcevin + vevin + wcewci)
and
- ne?vZ we 5)
H = .
2 12 212 2 2
me(wcevin + Ve vin + wcewci)

In Egs. (2)-(5) 0}, 0.1, and oy are the parallel, perpendi-
cular (Pedersen), and Hall conductivities, respectively. The
subscripts | and L denote in Eq. (2) the components
parallel and perpendicular to the external magnetic field.
The quantities v, and v;, are the effective collisional
frequencies of the neutral particles with the electrons and
ions, e is the electron charge, Ve = Vei + Ven, Wce = €By/Me
and w = ZeBy/m; are the cyclotron frequencies of
electrons and ions, m, and m; are the electron and ion
masses, and Z is the ion charge state. The electric field
E4 = u x By stands for the so-called dynamo-field.
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Eq. (1) should be supplemented by the continuity
equation and the equation of state, i.e.

2—§+ u-V)o+9oV-u=0, (6)

op 0
a+(u-V)p—c5<at+uV>g 0, (7)

where c; is the sound speed.

Eqgs. (1)-(7) constitute a full set of equations for
describing the dynamics of AGWs in the weakly ionized
ionosphere. The background pressure and mass density
are stratified by the gravitational field. In an isother-
mal ionosphere they vary as [py(2),00(2)]= [po(0),
0(0)] exp(—z/H), where H = c2/yg stands for the reduced
atmospheric height, and y is the ratio of specific heats.

3. Linear propagation

Linearizing Egs. (1)-(7) one obtains

du

QOat+Vp JxBo+20,920 xu-—90g=0, (8)
o0

at+uV00+Q0Vu 0, (9)
P wv u-Vo,) =0 (10)
ot T VP~ at+ Q) =5

which can be used to consider AGWs in different iono-
spheric layers.

The D-layer: The ionospheric D-layer is in the region
between 50 and 80 km from the Earth’s surface. One can
there assume the frequency hierarchy (e.g., Kaladze and
Tsamalashvili, 1997) Ven > Vei, VinVen > Wee@yi, Vin > @ and
Wee > Ven. Then, using Eqgs. (3)-(5), we have the reduced
conductivities

ne? vZ,
O)=———— Op=0L=—-50|
MeVen (EVA
and
v
OH ZﬂO'H (11)
e

For numerical estimates we use the typical values
Qy=73x107s"1, By=05x107*T, n/N~10"12-1078,
Vei~r10% 571, ven~10%s71, v;;~10°5~1, we~10"s"1 and
®ci~3 x 10? s~1. One then finds that the terms containing
oy and o, in Eq. (8) (see Eq. (2)) are negligibly small
relative to the term with Q. Thus, in the momentum
equation (8) at the D-layer heights one can neglect the
contribution of the Ampere force j x By, i.e.

Qoaat+Vp+20090><u—og 0. (12)
Combining Egs. (9), (10) and (12) we find
u \Y% 2V(V - Q ou
az+g u,—c;V(V.-u)+2 0 X Ap

+(1-7gV.-u=0, (13)
where u = (uy,uy,u,), i.e. all velocity components have

been taken into account.

Standard calculations for AGWs in a stratified atmo-
sphere (cf. Gershman, 1974) then lead to the dispersion
equation

2
ot — 0?2 (kP +L2+4Q
4H'

1
+8%(y — DK® +4Q3c? (kﬁ + ﬁ) =0, (14)

where k* = k2 + k)z, +IE =12 + k2.

Eq. (14) includes the influence of the Coriolis force and
all the three components of the wave vector k. In this
sense it is a general equation for a neutral rotating fluid.
As is seen from Eq. (8), when the equilibrium density
profile ¢, is exponential, amplitudes of the velocity
components increase with height, but that the pressure
and density decrease, i.e.

(Ux, Uy, Uz) o< exp (ZH)
and
(@.p) x exp(—5). (15)

Our solutions for the Fourier components are not uniform
with regard to the variable z. For a fixed w and fixed
propagation direction defined by the ratio k, /k, Eq. (14)
has a unique solution. But we have two frequency
branches, as the solution of Eq. (14) is

1 1 Q2
2 ! 2,
[0} =56 (k 4H2 +4 )

2
1o) (12, 1 Q?
+5 s{(k +4H2+4c2)

1/2
g2 -k 9 1
4{C§+4 K+ : (16)

One sees that the incorporation of the Coriolis force
leads to the coupling of the AGWs and the inertial waves
which results in the appearance of so-called inertio-
acoustic-gravity (IAG) waves (cf. Kaladze et al., 2007).

Let us now consider the special cases of waves
propagating along the vertical and horizontal directions.

When k; = 0 (vertical propagation) the acoustic waves
and the inertial waves are decoupled, i.e. Eq. (16) reduces
to the two independent dispersion relations

1
w? =¢c? (kf +W> = w? + ki (17)

and

=40}, (18)

where wq = ¢s/2H stands for the acoustic cut-off fre-
quency.

The acoustic waves described by the dispersion
relation (17) are always supersonic, i.e. their phase
velocity v, = w/k, exceeds c;.
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In the other limiting case k, = 0 (horizontal propaga-
tion) one obtains from Eq. (14)

2 (0? — w2)(@? — w?) (19)
+ @ —-wj)

where wy is Brunt-Vdisdld frequency given by
2_(-Dg*> _(-1g

W = a =H (20)

and w; = 29 stands for the inertial cut-off frequency. One
sees that wg > wg > Q.

The curves, that bound the shaded regions in Fig. 1,
characterize the dependence w(k,) for the horizontal
propagation directions, when k; =0 (see Eq. (19)). The
mode w > w, corresponds to acoustic type waves and the
mode for which w; <w<w, corresponds to gravitational
type waves. When wg <@ <, and @ < w; the propagation
of traveling waves becomes impossible. The shaded
regions I and II in Fig. 1 define the zones where the
propagation of gravitational and acoustic atmospheric
waves is possible. There the conditions k* >0 and k?>0
are satisfied.

Eq. (14) may be re-written similar to Eq. (19), i.e.

2 2 2 2\(cp2 2
(0* — wg — kyc5)(w?* — wf)

k2
1
cH(w? — w3)

(21)

If wg<w<w, or w<w; then the condition k*> >0 is
satisfied only when k? <0. Thus, we come to the conclu-
sion on the presence of forbidden zones for wave
propagation. When k; — 0 these zones occupy the
frequency intervals (0,w;) and (wg, @q). For k§>0
the lower interval remains the same as for kX =0.
However, the upper limit is defined by a frequency wj
larger than wq. It is given by

of =/ w2 + k2. (22)

Propagation of supersonic (acoustic) waves is possible if
w>w};. Such waves have sufficiently short periods. For
subsonic (gravitational) waves, according to the condition

I /

kg

Fig. 1. A plot of the possible propagation regions for AGWs.

w;<w<wg, we obtain the following limitation on the
period 7 of the gravitational waves

- vH )1 /2
— =Ti>T>Tg = 2T , 23
Q & ((V -Dg (23)
where © = 27/w.

The relations (14) and (21) can be substantially
simplified if kg >ki. For the gravitational type waves this
is equivalent to the limitation

? <0} (24)

Using the condition (24), we obtain from Eq. (14) the
dispersion relation (cf. Stenflo, 1991)

2 2
2 k' cog

W =4 ws:, 25
K2 +1/4H (25)

that describes so-called inertio-gravity waves.

From Eq. (14) we can obtain the phase velocity v, =
wk/k2 and group velocity vy = 0w/0k. The x-component
of the phase velocity v, characterizes the motion of the
phase front in the azimuthal direction. Such formulae are
in general quite complex. Thus, we limit our study to low
frequencies. Taking derivatives of expression (25) we thus
find the group velocity components

ow wékx,y
vV, ==, 26
# T Okey (k2 + 1/4H?) 20
ow w2k k; @7

Vg =ap = ——,
B0k (k2 + 1/4H%)?

We note that for the region of applicability of these
equations (k2> k) we have [Vgy|> |Vg|. In addition owing
to the existence of Qy we have vgy — 0, when kyy, — 0
and vg; — 0, when k;, — O or k; — 0.

For the phase velocities we have

wk 0]
vpx,y=k—2x’y, Vpzr =7 (28)
Z

k.
L.e., when ki <k§ we have |Vpxy| <|Vp|.

The group velocities (26) and (27) are smaller than the
corresponding values without Q. But the phase velocities
(28) are larger in the same comparison. Thus, incorpora-
tion of the Earth’s rotation provides a noticeable change in
the propagation dynamics of low-frequency AGWs.

The E-layer: Let us now consider the ionospheric
E-layer that is situated at heights 100-150 km above the
Earth’s surface. The plasma conditions in this region
(Ve & Ven, VinVen < Wce@¢i and vy, > ;) allow us to simplify
the expression for the inductive electric current. First,
since w¢ <V, the ions can be considered as unmagne-
tized. It is well-known that the ion velocity across
the magnetic field coincides with the wind velocity
(Kaladze et al., 2003, 2004), i.e. v; = v and thus the ions
are completely dragged by the ionospheric winds. In
this limiting case the Hall conductivity is oy =~ en/B,
whereas the Pedersen conductivity is small, i.e., o, ~
OHW¢i/Vin<oy (see Eqs. (4) and (5)). This allows us
to neglect the ion friction caused by the Pedersen
conductivity in the E-layer. However, the electrons are
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magnetized, ¢ >Ven, and thus they are frozen in the
external magnetic field. For a numerical estimate we
use the typical values n/N~10"%-1075, v ~10%s1,
Ven~10%s1, Vin~103 571, ee~107 s71,w4~3 x 10?571,
and oy ~3x 107*S/m. Thus, according to Egs. (2) and
(8) for the E-region the appropriate momentum equation is

0
Qoa—l:—i- Vp + 2020 x u+ BBy x u — 0g = 0. (29)

Analogously to Eq. (13) we have

*u du
¥+gVuz — CEV(V -u) + 290 x at
en Ou

Eq. (30) shows that the effect of the geomagnetic field
corresponds to a replacement of the planetary angular
rotation vector according to

20, — 20, +Z_"Bo. (31)
0

The ratio of the magnetic term to the Coriolis term
depends on the degree of ionization n/N = mn/g,. For the
E-layer the value enBy/g, ~ (n/N)w ~ 10751 is com-
parable to 2Qo~10"*rad/s. In addition we consider the
ratio n/g, to be independent on height z (Gershman,
1974).

Thus, we conclude that all results in the previous
section remain the same if
Wi—> ;i — enBO . (32)

()

The F-layer: Let us finally consider the ionospheric
F-layer (150-400km above the Earth’s surface). In this
region mee¢> VeV, and wg>vy,. From Egs. (3)-(5) we
then have, respectively,

2
ne VeVin

o)~ » 0L =0p~ o
MeVe WciWce

and
Vin

OH A —~Op. 33
e (33)

cl

With typical numerical values we have n/N~107>—1073,
VerVei~103 571 vep~102 571, v, < 10571, we~10" 7! and
®ci~3 x 10?s~1. Thus, in this region the contribution of
Hall conductivity in Eq. (2) can be neglected. As a result
we have

jx By =—0,Bu,. (34)

Thus, similar to Eq. (8) we have the equation
ou 2
QO§+Vp+apBouL+ZQOQO xu—0g=0. (35)

For the ratio of the magnetic term to the Coriolis term we
have o*pBﬁ/Qo = v;n(n/N)~10~> and we can thus neglect
the influence of the Coriolis force in Eq. (35). At these
heights the geostrophic character of the motions is finally
lost and the motion remains the same as in a viscous
medium, where the viscosity appears in the inductive
(magnetic) inhibition (Cowling, 1976). Thus, in the F-layer,

analogously to Egs. (13) and (30), we have

az
aT;l +gVu, - ZV(V-u) +

UpBrz)a& . u—
0, Ot +(1-7ygV.-u=0.

(36)

As in previous sections we can then obtain the dispersion
equation

2, 1 2
F(w) = {w‘* — w?c? (k + W) + ki — 1)g2}

o,B2 a8\’
X w+iﬂ +w Zp~0
0 )
x {cf (kﬁ + L) - wz} =0. (37)
4H?

When obtaining this dispersion equation we have
supposed that the ratio apBé/go = vjp(n/N) is conserved
and that it does not depend on height, i.e. on the
z-coordinate (Gershman, 1974). Decomposing the fre-
quency into its real and imaginary parts w = wq +il’
(with |I'| <|wgl), we obtain from Eq. (37)

OF

irs— = —F(wo), (38)

w=wmg

where g is the AGW eigenfrequency when 2y = 0 (see
Eq. (14)) and satisfies the equation

of — 32(K* +1/4H) + 12 (y — 1)g? = 0. (39)
The corresponding zones for possible propagation are
shown in Fig. 1 for w; = 0. From Eq. (38) we then find
_10,B} w} — cA(k2 +1/4H?)
4 00 w3 —c2(k +1/4H%)

r= (40)
With eigenfrequencies wq given by Eq. (39), this expres-
sion is always negative and defines the damping rate
of AGWs in the ionospheric F-layer. The magnitude of
Eq. (40) is

2

irj~ 250, (41)
Qo

4. Nonlinear propagation. Basic equations for IG waves

The nonlinear properties of small amplitude AGWs
have been considered by many authors (e.g., Yeh and Liu,
1981; Miropol’sky, 1981; Weinstock, 1984). Reduced non-
linear equations describing the dynamics of propagation
of AGW solitary structures have also been obtained by
Stenflo (1987, 1990, 1996). Although such nonlinear
equations with vector nonlinearities are useful in the
theory of neutral atmospheric motion, they have to be
improved for the conductive ionospheric motion because
they do not take into account the influence of electro-
magnetic forces. Investigations of the charged particle
influence that makes the atmosphere electrically con-
ducting have therefore been carried out to study solitary
vortical motions caused by Rossby waves (e.g., Kaladze
and Tsamalashvili, 1997; Kaladze, 1998, 1999; Kaladze
et al., 2004).
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In what follows we will obtain reduced nonlinear
equations for the IG waves taking into account the
conductivity of the Earth’s ionosphere.

It is common knowledge that the density variations
due to the IG waves do not exceed 3-4% (Miropol’sky,
1981). In this case the ratio of the density perturbations to
the unperturbed density is 0/0q ~ (1—4) x 1072, In the
momentum equation (1) we can therefore neglect ¢ as
compared with gy(z) for the inertial and Coriolis force
terms and use the equation

oo(z)( +2Q x u)
= —Vp + 08 + ouBou x By — 6,B3u,.. (42)

This is known as the Boussinesq approximation. The other
equation concerns the total density (¢ = ¢, + 0), i.e

do
a@ =0, (43)
where d/dt =0/0t +u - V.

To exclude the high-frequency acoustic mode we make
use of the incompressibility condition

V.u=0. (44)

Eqgs. (42)-(44) constitute a full set of equations necessary
for studies of vortex motions for low-frequency incom-
pressible IG waves. We next consider two-dimensional
motion in the (x—2z) plane, assuming 0/0y =0,
u=(u0,w), Qy=(0,02) and By = (0,0, —Bp). The co-
ordinate system is the same as in previous sections. From
Eq. (42) one then obtains the equations

0 0 0
002 (at + ua—z +w ag) ai — opB3u, (45)
ow ow ow\  Op
\O(Z)( —i-ua +waz>7—§—gg. (46)

One sees that for the latitudes under consideration the
IG waves are not influenced by the Coriolis force and
Hall conductivity. After differentiating Eq. (45) with
respect to z and Eq. (46) with respect to X, and using
Eq. (44) one obtains

o 1% )

ot ox 0z
09, (Ou ‘u ou w ou
0z \ot ax 0z
_ a‘_ 2 2 ou
= g& — u§(o—pBo) opBy = %' (47)

where the y-component of the vorticity ( is

ou_aw
0z Ox’
Condition (44) allows us to introduce the stream function
Y from
Oy oY

U=—75" W=7 (49)
The vorticity (48) can then be written as
{=—(0*/ox® + 0% /322y = —V*). Thus, our basic

(= (48)

equations (43) and (47) in terms of y are
0
2 [& VA I, Vzn//)]

- g%’i—%[m (&) +1(522))

o2
T3z (Uthz)) l// (UPB%))%, (50)
00 Oydo, o
a-f-aa"‘](l//,@—o, (51)

where J(a,b) = (0a/0x)(0b/0z) — (0a/0z)(0b/0x) denotes
the Jacobian. As in the previous section we look for the
solutions of Egs. (50) and (51) in the form
lp — Z/zHl/_/, @ — e‘Z/ZHg'. (52)
From Egs. (50) and (51) one obtains
oV 1 oy o2/2H
ot 4H?2 Ot
1 - oY aAzp

+JaJ. Vzl!f)}

_e#2H & g 00 GpBo
%o ox %o

v 10y %y
) <m+ﬁ§+w

10, (¢ alﬁ

00 . zpom 1.0) 1 .09
ae TR0 50T — ol

For the nonlinear terms it is reasonable to assume that
exp(z/2H) ~ 1, i.e. k;>1/2H (the sufficiently short wave-
length limit). That means that the Jacobian is more

essential than the other terms. Thus, we obtain instead
of Egs. (53) and (54)

_ 2 221 8 00
ot (V0 = gy ) 10 V) = e £

B (W 10y %Y

" 0o (W+n§+@

10 b oy

oo pBo)<2H az> (55)
and
00 Toa z/HQO&p
&‘F]('//’Q)—e Hox' (56)

Furthermore we use here the @y(z) = 0,(0)exp(—z/H)
distribution and introduce the new variable y =gg/
00(0). Assuming that o,B3 /0, is constant along the z-axis
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(Gershman, 1974), we obtain

0
ot (V0 = ) +1G. V)

oy apBg Y 1 -

ST g \o2 aw’) &7
Of 7 0%
a"‘](lﬁ,l)—wg&- (58)
Here wg = (g/H)!/? is the Brunt-Viisili frequency for the

incompressible fluid (cf. with Eq. (20)).

The system of Eqs. (57) and (58) describes the
dynamics of nonlinear solitary vortices for low-frequency
IG waves in our stable stratified (w§>0) ionosphere for
sufficiently high latitudes. For the neutral D-layer (¢, = 0)
in the linear regime we obtain the dispersion relation for
the IG waves

22
- #‘”gz (59)

k, + k; +1/4H
propagating along the x-axis (the parallels).

For the upper E- and F-layers of the ionosphere we find
from Egs. (57) and (58) that these waves decay with the
damping rate
po_lopBy k+1/4H (60)

2 Q0 ki + K +1/4H?

which by the order of magnitude is the same as (40).

5. Evolution of solitary vortex structures

The nonlinear behavior of the low-frequency acoustic-
gravity perturbations is dominated by the presence of the
convective derivative, and the corresponding vector-
product nonlinearity can thus produce various coherent
localized vortex structures for a broad range of back-
ground configurations. The forms of such vortices are
strongly dependent on the spatial profile of the unper-
turbed medium. In a quiescent atmosphere with expo-
nential density and pressure profiles, the standard
traveling dipolar vortices (also called acoustic-gravity
modons) have been found with the transverse dimensions
either much smaller (Stenflo, 1987), or comparable with
the density scale length (Stenflo and Stepanyants, 1995).
We note that Stenflo and Stepanyants (1995) have
considered IG waves in a stable stratified atmosphere.
Stenflo (1987) and Stepanyants (1989, 1991) have con-
structed solutions in the form of acoustic-gravity modons
in an unstable stratified atmosphere (where IG waves do
not exist). Alternatively to the dipolar vortices (with
similar exponential density and pressure profiles) an
acoustic vortex chain analogous to the Kelvin-Stewart
cat’s eyes was found under conditions that exist in the
Earth’s atmosphere at 4-6 km altitude (Stenflo, 1994). The
nonlinear equations presented in Section 4 have been
derived under the assumption of an exponential density
profile. Analogous equations are however applicable for
other density profiles also. Dipolar vortices will thus in
general be formed. If the density gradient is small, tripolar
vortices may also be formed. Such fundamental vortex

structures described by the Euler equation may appear in
two-dimensional incompressible flows (Van Heijst et al.,
1991; Carton and Legras, 1994). Jovanovic et al. (2001)
have generalized the equations for strongly nonlinear low-
frequency acoustic-gravity phenomena to allow for com-
plicated profiles of the density, the pressure and the flow
velocity, as well as for the presence of horizontal shear
flows. For a class of parabolic profiles of the pressure and
density a fully nonlinear solution in the form of a tripolar
vortex was constructed. Apart from the known Kelvin-
Stewart cat’s eyes, dipolar and tripolar structures, new
solutions having the form of a row of counter-rotating
vortices, and several weakly two-dimensional vortex
chains were also investigated (Jovanovic et al., 2002).

From Eq. (59) we conclude that the phase velocity
Vph = @/ky is bounded by the interval

—Vmax < Vph < Vmax, (61)

where in the case of an incompressible atmosphere
Vmax = 2Hwg = 2(gH)'/2. Thus when a source is moving
in the x-direction with a velocity larger than vpax, there is
no resonance with IG waves. This means that such waves
will not be generated by the source, i.e. there are no
energy losses (Stepanyants and Fabrikant, 1992). Therefore
one can obtain a stationary solution for the localized
nonlinear formation of a pulse propagating horizontally
with a velocity |V|>vnax. Such solutions of the nonlinear
Egs. (57) and (58) in the form of spatially localized dipole-
vortex solutions (modons) propagating in the neutral
(gp = 0) D-layer have been found by Stenflo and Stepany-
ants (1995). We note that if we take H~ 6km as an
estimate we get Vmax &~ 500m/s. Thus the formed non-
linear solitary vortex structure should be supersonic and
do not decay due to the generation of linear waves in the
region |V|<Vmax.

By multiplying Eq. (57) by — and integrating over x
and z, we get

zat / dx dz[(V))? + 2 J4H?)

oy 7pB3
—/,(a dxdz ——=

()

-\ 2
« / [(%) +&2/4H2} dxdz. (62)

If we multiply Eq. (58) by y, we obtain
oy 1 [10y2
Yow=an |2 2+, (63)

Integration of this equation over x and z gives

oy 1
/X&dxdz 275/4 dxdz. (64)

The combination of Eqgs. (62) and (64) gives the energy
dynamic law

OE o,B oy v
A= 200/[<62> + 2P } dxdz, (65)
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where

1 vz
— p— 7, 2 R —
E— / dxdz[z(w) At (66)
is the energy of the nonlinear solitary vortical dipole
structure of the IG waves.

Thus, we conclude that the energy of the solitary
vortex dipole structure of IG waves is decreasing owing to
Ohm losses. The damping rate of such solitary vortex
structures remains typically the same as for linear waves
(see Eq. (41)).

6. Discussion

The purpose of the present paper is to consider the
propagation peculiarities of AGWs in the Earth’s weakly
ionized conductive ionosphere. According to observations
AGWs exist in a large range of heights extending from the
troposphere to z<500km. At such heights the Earth’s
ionosphere is conductive due to presence of charged
particles. The basic equations that incorporate both
electromagnetic and Coriolis forces are discussed in
Section 2. Using the so-called noninductive approximation
we consider the current arising in the gas but neglect the
vortex parts of the self-generated electromagnetic field.
Thus, only the dynamo electric field is taken into account.
In addition we are primarily interested in the wave
dynamics at high latitudes in the northern hemisphere,
i.e. we assume that the geomagnetic field By = —Bge; is
vertical and directed downward. Analogously we define
the Earth’s rotation angular velocity as €y = Qqe,. The
ionospheric gas is vertically stratified, and we consider an
isothermal atmosphere for the adiabatically propagating
AGW perturbations.

In Section 3 with the help of generalized Ohm’s law the
linear propagation of AGWs in different ionospheric layers
is investigated. It is shown that in the D-layer (50-80 km)
the influence of the electromagnetic (ponderomotive)
force is negligibly small. A general dispersion equation is
obtained and analyzed (see Egs. (14) and (16)). It is shown
that all perturbed velocity components are increasing
with height, while the pressure and density are decreas-
ing. Incorporation of the Coriolis force leads to the
coupling of AGWs with the inertial waves. This results in
the appearance of inertio-acoustic-gravity (IAG) waves.
When k; =0 the acoustic and inertial waves propagate
differently (see Eqs. (17) and (18)). In the other limiting
case of horizontal propagation (k,; = 0) we have found (in
addition to the known acoustic cut-off frequency w,) the
inertial cut-off frequency at w; = 2Qq. Possible propaga-
tion regions for AGWs when the influence of the Coriolis
force is taken into account are depicted in Fig. 1. It is found
that the acoustic waves are supersonic.

In conclusion we note that the propagation of acoustic
waves is not influenced by the Coriolis force. Relating to
subsonic (gravitational) waves they represent the low-
frequency branch of the AGWs (we call them IG waves,
see Fig. 1) having the frequency range w;<w <wyg. For
numerical estimations we wuse y=14, H=10km
to obtain 10*s'<w<1.7 x 1072s~1.  Considering

intermediate values of the IG wavelengths (k~1/H,
w~wg) we find that the group and phase velocities are of
the same order ve~vy~wH~1072 s~ x 10*m~10? m/s.
This estimation agrees with existing observations. We
note that the values of the obtained group velocity are
smaller than the corresponding values without accounting
for Qy. However, the phase velocities are increasing in
the same way. Thus, the incorporation of the Earth’s
rotation provides a substantial change in the propagation
dynamics of low-frequency IG waves.

An analogous investigation for the ionospheric E-layer
(100-150km) is also carried out in Section 3. It is shown
that in this layer the influence of the electromagnetic
force is essential (the Hall conductivity predominates)
along with the Coriolis force and that the effect of the
geomagnetic field is to replace the planetary angular
rotation vector as shown by Eq. (31). We note that the
angular velocity vector ¢ and the geomagnetic force By
provide opposite effects.

Linear propagation of AGW perturbations in the F-layer
(150-400km) is also considered in Section 3. It is shown
that at such heights the influence of the Coriolis force can
be neglected and that the action of the electromagnetic
forces is defined by the Pedersen conductivity (see
Egs. (35) and (36)). In this case the dispersion equation
is obtained (see Eq. (37)) and solved with respect to the
frequency. It is shown that AGWs are damped and that the
corresponding damping rate can be found (see Eq. (40)). It
is easy to see that this damping rate is of the same order
for both the high-frequency and low-frequency branches
of AGWs (see Eq. (41)). For typical F-layer values
op =3 x107°S/m, g, =10"""kg/m3, By =0.5 x 107*T,
we get for the damping rate I'~10~3s-!, Thus linear
AGWs freely propagating through the atmospheric D and
E layers undergo strong damping due to Joule losses in the
F-layer.

In Section 4 we have investigated the nonlinear
propagation of AGWs in the conductive Earth’s iono-
sphere. The main purpose of that investigation is to find
the influence of the conductivity of the Earth’s ionosphere
on the solitary vortical formations induced by external
generation (e.g., earthquakes, volcanic eruptions, etc.). In
particular, nonlinear solitary vortical structures formed by
the IG waves (the low-frequency branch of AGWs) are
considered. Vortical structures deserve attention because
they carry trapped particles and contribute essentially to
transport phenomena. Basic nonlinear equations for the
two-dimensional (in the x—z plane) IG wave motions
taking into account the Pedersen conductivity of the
ionosphere is obtained. We note that for the compara-
tively high latitudes under consideration nonlinear IG
waves are not influenced by the Coriolis force and Hall
conductivity. In the absence of the Ohm’s conductivity the
obtained nonlinear equations describe the propagation of
solitary dipole vortex structures. It is shown that the
necessary condition to obtain such stationary solution is
|V|>Vmax, Where V is the propagation velocity of the
solitary structure and vpax is the maximum phase velocity
of linear IG waves. We note that such two-dimensional
solitary dipole vortex structures are significantly diffe-
rent from those related to atmospheric Rossby modons
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(e.g., Larichev and Reznik, 1976; Petviashvili and
Pokhotelov, 1992). A main difference is that the restriction
on the velocity in our case is completely symmetrical, i.e.
the modons can propagate faster than the maximum
phase velocity vpax of the linear perturbations in any
horizontal direction. According to estimates for a model
atmosphere with constant equilibrium temperature we
have Vmax = 2Hwg. For the numerical values given above
(H=10km and w;=1.7x1072s"!) we have Vi~
3.4 x10°m/s ~ c; (where ¢ is the sound speed). For
smaller velocities (|V|<Vmax), it is obvious that our vortex
solution will decay due to the generation of linear waves.
The vortex lifetime can, however, be relatively large,
and the vortex solution above can thus be of interest also
in that case. In addition, we should note that the
temperature is not constant in the Earth’s atmosphere,
and that the factor y — 1 in Eq. (20) therefore must be
replaced by y — 1 + HT~'d,T, where T is the equilibrium
temperature. With temperature gradients close to the
instability threshold (Stenflo, 1994) one can therefore have
very suitable conditions, namely vmax <|V|<cs &~ 330m/s,
for the occurrence of stationary modons. In Section 5 the
evolution (dynamic) equation for the energy of solitary
vortical structures on IG waves is obtained (see Eq. (65)).
It is shown that the energy of the solitary vortical
dipole structure of IG waves is decreasing owing to Joule
losses. The damping rate of such solitary vortical struc-
tures remains essentially the same as for linear waves
(see Eq. (41)).

Acknowledgments

The research described in this publication was made
possible in part by Award no. GEP2-3340-TB-06 of the
Georgian Research and Development Foundation (GRDF)
and the U.S. Civilian Research and Development Founda-
tion for the Independent States of the Former Soviet Union
(CRDF), by the ISTC project no. 2990, the Russian Fund for
Basic Research (Grant nos. 07-05-00774 and 08-05-00617)
and by the Program of the Russian Academy of Sciences
No 16 “Solar activity and physical processes in the Solar-
Earth system”.

References

Alexander, MJ., Pfister, L., 1995. Gravity wave momentum flux in
the stratosphere over convection. Geophysical Research Letters 22,
2029.

Carton, X.J., Legras, B., 1994. The life-cycle of tripoles in two-dimensional
incompressible flows. Journal of Fluid Mechanics 267, 53.

Cole, ].D., Greifinger, C., 1969. Acoustic-gravity waves from an energy
source at the ground in an isothermal atmosphere. Journal of
Geophysical Research 74, 3693.

Cowling, T.G., 1976. Magnetohydrodynamics. Hilger, London.

Dokuchaev, V.P,, 1959. Influence of the Earth’s magnetic field on the
ionospheric winds, Izvestiya of Akademii Nauk SSSR. Seriya Geophy-
sica 5, 783.

Ebel, A., 1984. Contributions of gravity waves to the momentum,
heat and turbulent energy budget of the upper mesosphere
and lower thermosphere. Journal of Atmospheric and Terrestrial
Physics 46, 727.

Fovell, R., Durran, D., Holton, J.R., 1992. Numerical simulations of
convectively generated stratospheric gravity waves. Journal of
Atmospheric Science 49, 1427.

Francis, S.H., 1975. Global propagation of atmospheric gravity waves:
a review. Journal of Atmospheric and Terrestrial Physics 37,
1011.

Fritts, D.C., Tsuda, T., Van Zandt, T.E., Smith, S.A., Sato, T., Fukao, S., Kato,
S.,1990. Study of velocity fluctuations in the lower atmosphere using
the MU radar, Part II: momentum fluxes and energy densities.
Journal of Atmospheric Science 47, 51.

Gershman, B.N., 1974. Dynamics of lonospheric Plasma. Nauka, Moscow
(in Russian).

Gossard, E., Hooke, W., 1975. Waves in the Atmosphere. Elsevier, New
York.

Grigor'ev, G.I., 1999. Acoustic-gravity waves in the Earth’s atmosphere
(review). Radiophysics and Quantum Electronics 42.

Hines, C.0., 1960. Internal atmospheric gravity waves at ionospheric
heights. Canadian Journal of Physics 38, 1441.

Hooke, W.H., 1968. Ionospheric irregularities produced by internal
atmospheric gravity waves. Journal of Atmospheric and Solar-
Terrestrial Physics 30, 795.

Igarashi, K., Kainuma, S., Nishmuta, 1., Okamoto, S., Kuroiwa, H., Tanaka,
T., Ogawa, T., 1994. lonospheric and atmospheric disturbances
around Japan caused by the eruption of Mount Pinatubo on June
15, 1991. Journal of Atmospheric and Terrestrial Physics 56, 1227.

Jovanovi¢, D., Stenflo, L., Shukla, P.K., 2001. Acoustic gravity tripolar
vortices. Physics Letters A 279, 70.

Jovanovic¢, D., Stenflo, L., Shukla, P.K., 2002. Acoustic-gravity nonlinear
structures. Nonlinear Processes in Geophysics 9, 333.

Kaladze, T.D., 1998. Nonlinear vortical structures in the Earth’s iono-
sphere. Physica Scripta T75, 153.

Kaladze, T.D., 1999. Magnetized Rossby waves in the Earth’s ionosphere.
Plasma Physics Reports 25, 284.

Kaladze, T.D., Tsamalashvili, L.V., 1997. Solitary dipole vortices in the
Earth’s ionosphere. Physics Letters A 232, 269.

Kaladze, T.D., Pokhotelov, O.A., Sagdeev, R.Z., Stenflo, L., Shukla, PK.,,
2003. Planetary electromagnetic waves in the ionospheric E-layer.
Journal of Atmospheric and Solar-Terrestrial Physics 65, 757.

Kaladze, T.D., Aburjania, G.D., Kharshiladze, O.A., Horton, W., Kim, Y.-H.,
2004. Theory of magnetized Rossby waves in the ionospheric E-layer.
Journal of Geophysical Research 109, A05302.

Kaladze, T.D., Pokhotelov, O.A., Stenflo, L., Shah, H.A., Jandieri, G.V., 2007.
Electromagnetic inertio-gravity waves in the ionospheric E-layer.
Physica Scripta 76, 343.

Kanamori, H., 2004. Some fluid-mechanical problems in geophysics—
waves in the atmosphere and fault lubrication. Fluid Dynamics
Research 34, 1.

Kato, S., 1980. Dynamics of the upper atmosphere. Tokyo.

Kim, J., Mahrt, L., 1992. Momentum transport by gravity waves. Journal of
Atmospheric Science 49, 735.

Larichev, V.D., Reznik, G.M., 1976. Two-dimensional solitary Rossby
waves. Doklady Akademii Nauk SSSR 231, 1077.

Miropol’'sky, Yu.Z., 1981. Dynamics of Internal Gravity Waves in the
Ocean. Gidrometeoizdat, Leningrad (in Russian).

Petviashvili, V.1., Pokhotelov, 0.A., 1992. Solitary Waves in Plasmas and in
the Atmosphere. Gordon and Breach, Reading.

Richmond, A.D., 1978. Gravity-wave generation, propagation, and
dissipation in thermosphere. Journal of Geophysical Research 83,
4131.

Rottger, J., 1981. Equatorial spread-F by electric fields and atmospheric
gravity waves generated by thunderstorms. Journal of Atmosperic
and Terrestrial Physics 43, 453.

Stenflo, L., 1987. Acoustic solitary vortices. Physics of Fluids 30, 3297.

Stenflo, L., 1990. Acoustic gravity vortices. Physica Scripta 41, 641.

Stenflo, L., 1991. Equations describing solitary atmospheric waves.
Physica Scripta 43, 599.

Stenflo, L., 1994. Acoustic gravity vortex chains. Physics Letters A 186,
133.

Stenflo, L., 1996. Nonlinear equations for acoustic gravity waves. Physics
Letters A 222, 378.

Stenflo, L., Stepanyants, Yu.A., 1995. Acoustic-gravity modons in the
atmosphere. Annales of Geophysicae 13, 973.

Stepanyants, Yu.A., 1989. Cylindrical eddies with a horizontal axis in the
equatorial atmosphere. [zvestiya of Atmospheric and Oceanic Physics
25, 729.

Stepanyants, Yu.A., 1991. Cylindrical vortices in an unstably stratified
fluid, Soviet Physics. Doklady 36, 127.

Stepanyants, Yu.A., Fabrikant, A.L, 1992. Features of the Cherenkov
emission of drift waves in hydrodynamics and in a plasma.
Soviet Physics Journal of Experimental and Theoretical Physics
75, 818.



1616 T.D. Kaladze et al. / Journal of Atmospheric and Solar-Terrestrial Physics 70 (2008) 1607-1616

Tolstoy, 1., Lau, J., 1971. Generation of long internal gravity waves in
waveguides by rising buoyant air masses and other sources.
Geophysical Journal of Royal Astronomical Society 26, 295.

Van Heijst, GJ.E,, Kloosterziel, R.C., Williams, C.W.M., 1991. Laboratory
experiments on the tripolar vortex in a rotating fluid. Journal of Fluid
Mechanics 225, 301.

Weinstock, J., 1984. Gravity wave saturation and eddy diffusion in the
middle atmosphere. Journal of Atmosperic and Terrestrial Physics 46,
1069.

Yeh, K.C., Liu, C.H., 1981. The instability of atmospheric gravity waves
through wave-wave interaction. Journal of Geophysical Research 86,
9722.



	Acoustic-gravity waves in the Earth’s ionosphere
	Introduction
	Basic equations
	Linear propagation
	Nonlinear propagation. Basic equations for IG waves
	Evolution of solitary vortex structures
	Discussion
	Acknowledgments
	References


