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A mechanism is presented for the vertical propagation of magnetosonic waves in an equilibrium
atmosphere with allowance for viscosity and magnetic viscosity. Limitations on the frequencies of
acoustic waves that can penetrate into the lower layers of the atmosphere are obtained and the

amplitudes of the waves are calculated.
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The theory of the propagation of acoustic and magneto-
sonic waves in a nonuniform dissipative medium in a gravi-
tational field is of general physical interest."? In particular,
this theory finds practical application in the problem of the
action on the lower atmosphere of magneto-hydrodynamic
waves excited in the magnetosphere.>*

In this paper we examine the propagation of acoustic
modes in a nonuniform dissipative atmosphere in a gravita-
tional field and establish the properties of the atmosphere as
a spatial frequency filter.

1. INITIAL EQUATIONS

We shall consider the propagation of magnetohydro-
dynamic waves with frequencies w €wy; (@p; is the ion cyclo-
tron frequency) in a nonuniform, equilibrium, partially ion-
ized atmosphere under the assumption that the waves come
from the edge of the magnetosphere. We shall start from the
linearized equations of magnetohydrodynamics (the atmo-
sphere is assumed to be sufficiently dense):

)
%+div(pov)=0, (1)
9 _ _rad p+ - [rot bX B,]+ pg-+nAv
Pogy — —BradpT IO ol PETN
+_(-1-+ C) grad divv, (2)
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F) 7}
?f_ + (v grad po) = vs’[ a‘: + (v grad p,) ] , (4)

where p, p, v, and b are the deviations of the pressure, den-
sity, velocity, and magnetic field strength from their respec-
tive equilibrium values p,, po, 0, and B,, while v is the adia-
batic speed of sound, g is the strength of the external
gravitational field (the acceleration due to gravity), and 7, &,
and v,, are the first viscosity, second viscosity, and magnetic
viscosity coefficients. We shall assume that the characteris-
tic scale h, = |grad In p,| ~! of the variation of p, and p, is
considerably smaller than the characteristic scale for the
variations of the magnetic field strength B, (this is valid at
altitudes above about 1000 km) so that we may treat B, as a
constant and assume that grad In p, is parallel to g.
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Now let us go over to Fourier components in Egs. (1)-
(4), writing

{p, p, v, b}~ {p, p, u, b} exp {—iwt+ik,r, +i0}, (5)

where o is the wave frequency,

©=kd
is the eikonal (the z axis is parallel to g), and k, is the compo-
nents of the wave vector perpendicular to g. After eliminat-
ing p, p, and b with the aid of the equilibrium condition

grad p,=gp, (6)
we obtain the following equation for the velocity amplitude:
mzu=vgzﬁ(ﬁu) +vt(1+ik*vm/w) !

{E(lfu) + (hif?u—: (nk) [n (ku) +K(nu) 1}

—imr—]-lvczu—imA(;/é—f;i;r)ﬂl(_(i(Al;)-—i{[ (y—i?g:grad vs?] (ku)

+ (gk)u+[gX[kXu]]}, (7)

wherev, = By/(4mp,)!'? is the Alfven velocity, n = By/B,, k
denotes the operator {k,, k, — id/3dz}, and y is the adiabatic
exponent; it is assumed that the waves are so weakly atten-
uated that we may write k = k in the dissipative terms.

Assuming that the parameter (k, ko)~ is small, we may
use the geometric-optics approximation, i.e., we may expand
Eq. (7) in 8/dz<k,. We obtain the zeroth approximation
from Eq. (7) by making the substitution k—Xk; it defines
waves of four possible types; Alfven waves, fast and slow
magnetosonic waves, and intrinsic gravitational waves. To
analyze Eq. (7) for the general case of oblique waves is a
rather cumbersome task (for example, the Alfven waves split
off only when k lies in the plane defined by g and B,) so in
what follows we shall consider only two simple cases of verti-
cal propagation (k||g) in which the propagation direction is
either perpendicular to the magnetic field (gLB,) or parallel
to it (g||B,). In the first case, which is important at low lati-
tudes, when dissipation is neglected the equation for u equi-
valent to (7) takes the form

9%u, 0%u, 1 d du,

—(p 2 2 it 2y % 8
—p = (@ Hus')— “l"po 7 (PoVs")—— (8)

and describes the only possible longitudinal fast magneto-
sonic (FMS) wave. In the second case (which is significant at
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polar latitudes) there are waves of two types: transverse Alf-
ven waves, for which

0%, [0t*=v,20%u, /07", 9)

and longitudinal slow magnetosonic (SMS) waves. When
v, > vs the equation for the slow waves turns out to be the
same as that for ordinary acoustic waves in a gravitational
field, which has been discussed in Refs. 5 and 6:

d*u, , 0%u, 1 d ou,
2 0t 2 T (0wt
T o (povs®) T (10)

When v, <vg there is only one possible longitudinal mode,
the equation for which is the same as that for isotropic
sound.’

2. PROPAGATION OF MAGNETOSONIC WAVES
Let us consider the propagation of FMS waves (Eq. (8))

in the geometric-optic approximation."? In the zeroth ap-
proximation, Eq. (7) or (8) yields the dispersion relation

o =k (vi+vs) =k, 2, (11)

which determines the z dependence of k. In the first approxi-
mation we obtain

v (z) ' 1 £ Usz
= i )\l —_ = 20 3,7
u(z)=u(z,) [vph(zo) ] exp{ 2 )0 |grad In povs®|dz }
' (12)

for the velocity amplitude, where v,,, = (2 + v%)"/? is the
phase velocity of the wave and u(z,) is the velocity amplitude
at the initial level z = z,,. In view of the fact that when B, is
constant we have

vs® grad In povs®=upf grad In povpﬁ, (13)
and we obtain
u(z) =u(20) [po(2) Vph(zo)/Po(z) Um{Z)]V’ (14)

from (12). It is easy to see that Eq. (14) corresponds to a
constant energy flux:

S=pou’vpnh=const. (15)

From Eqgs. (12)—(15) we find that the velocity amplitude var-
ies with altitude as follows:

u~ po_ll. at va>>v87
6)
u ~ Po at v, <vs.
From the relations
P/Po=3/'5P/Po=b/Bo=u/Vph (17)

we find that the density, pressure, and magnetic field

strength amplitudes behave as follows:
b~po'" at v, >vg,

b~const at

p k) P ~ Po/‘ )
p,p~ Polh,

It should be noted that the nonuniformity of the phase veloc-

ity will also cause oblique waves to propagate in a more near-

ly vertical direction as they penetrate more deeply into the
atmosphere.

18
UK Vs, ( )
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We obtain results analogous to (11)—(18) for SMS waves
when g||B, by setting v, = 0 (v, = vs). Equation (10) admits
an exact solution in the special case of an isothermal atmo-
sphere®®:

i=m1tks?% (19)
u~pe™",  Pp~po”, (20)
@o="8/2Vs. (21)

This solution will also be valid for FMS waves in the region
vs >, provided vg is constant.

Thus, the density and pressure amplitudes of magneto-
sonic waves increase exponentially as the wave penetrates
into the atmosphere; the relative amplitudes p/p, and p/p,
increase for FMS waves in the high-latitude region where
v, »vg and decrease for FMS waves when vs>v, and for the
SMS waves for all values of z.

3. DISSIPATIVE PROCESSES

The frequency range for waves that can reach the
Earth’s surface will be determined by the dissipation of the
waves and the frequency w, (21). Let us first consider the
attenuation of the waves associated with the viscosities 77 and
¢ and the magnetic viscosity v,,. In view of (15), the energy
flux of the waves at z = 0 will be

S(0)=S.e", (22)
where the total optical thickness 7 is given by the sum
0 0
T= j' p dz’ + j Y (23)

Z Zo

while x, and x,, are the attenuation factors due to viscosity
and magnetic viscosity, and can be obtained from Eq. (7).
The attenuation factor for FMS waves due to viscosity turns
out to be

%s="12(*/sn+E) po~" (vs*+va?) ~ 0> (24)

Assuming that the plasma is weakly ionized and that
£<€n = Avppo/3 (vr = (3 kT /M )"/?)is the thermal velocity,
A =vr/Vpe is the mean free path, and v, is the collision
frequency of the molecules) and taking the exponential be-
havior of the atmosphere p,~exp( — z/h,) into account, we
obtain
2 ovth, d
e - 3 - (25)
VinotVs’ 3 (1+%)

To

in which the values of vy, A, vs, and v, are taken at the
level z =z, where vs = v,. Then we find the upper limit of

the pass band from the condition 7, < 1:
W= (5//.'\’m°lvs/ho) ll’.

(26)

In accordance with (7), the magnetic viscosity coeffi-
cient for FMS waves can be written in the form

1 .2 o* (1+ o’ )“
Hom = —— -
m 2 (Uaz+vsz) 7 (sz O)mz ?
Z . (27)
[ ct .
O =—————, Vp=——v
Ve wpr
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where v¢; if the effective electron collision frequency, @, is
the plasma frequency, and c is the velocity of light. When
0 <0,,, the attenuation (27) leads to no substantial change in
the structure of the wave. In the opposite case, when w>w,, ,
there is strong diffusion of the magnetic field, as a result of
which only acoustic waves can propagate, i.e., propagation
can take place only when vg»v,. The attenuation will be
greatest at the level where w ~w,, . Estimates show that for
the Earth’s atmosphere this level is approximately the same
as the level z = z, where vg = v, . In analogy with (25), we
find

— (l)z’tho jw gdg
207 4 (D) e (FE) Farva/ve ] |

(28)

where the values of all the parameters are taken at the level
z = z,. The corresponding etimate for the upper limit of the
frequency band will be

Ox=2" (Vs [vmho) ™, (29)
while the highest possible frequency for FMS waves will be
ﬁ)ma:=min{ﬁ),\1, (DV}. (30)

We emphasize that it follows from Eq. (25) and (28) that
there is a special interval of altitudes z = z, + h(z,) for the
fast waves in which they are mainly attenuated. The dissipa-
tion will be small when z<z, because of the high values of the
collision frequency v,,,, and vi;, and when z>»z, because of
the high Alfven velocity v, .

For SMS waves (Eq. (10)), which do not involve magnet-
ic field variations, the attenuation is due to viscosity alone
and, as follows from Eq. (24) with v, = 0O, the attenuation
coefficient increases monotonically with altitude. In this
case we have the following estimate for 7:

2 hy(22) 5 vs(22)

T=T,% —0 Omoz = Q= — ——— (31)

5 Vs (22) ’ Vo2 ho(z,) '

where z, is the altitude at which the hydrodynamic approxi-
mation is no longer valid, i.e., where v, (z,) = @. On com-
paring (31) with (26), we conclude that the viscous attenu-
ation of SMS waves exceeds that of FMS waves; for an
isothermal atmosphere, ©5S/0¥™S = (w/w,)"/%.

The lower limit of the frequency range for magneto-
sonic waves is associated with the fact that waves with o < w,
(Eq. (21)) are reflected, and as a result their amplitude falls
off exponentially as they penetrate more deeply into the at-
mosphere.! The equivalent atmospheric height A, is minimal
near a certain level z = z{,” so at this level o, will be maxi-
mal, being smaller when z < z| and when z > z{. According-
ly, the condition for the field to penetrate to the Earth’s sur-
face is (w3 — w?)'/? < vg/z]; hence

A(x)=(1)0-—(1):rn.'nz"l/z(l)o(ho/zJ_l)2 (32)

and 4w <o, when z| »h,,

Thus, the transmission factor for magnetosonic waves
is exponentially small when o < @,,;, (Eq. (32)), increases
sharply when w,,;, <® <@, is close to unity in the frequency
range Wy < @ < W, = Min{wy, ,, }, and decreases with in-
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creasing w as exp( — w*/ ®Z,,.) when @ > w,p,, . The transpar-
ency window is found at the level z~z, where vg = v, for
FMS waves and at altitudes z > z, for SMS waves.

4. DISCUSSION

Let us make a few estimates, using known data on the
Earth’s atmosphere.” We shall first consider the region of
low latitudes where FMS waves propagating vertically
downward across the magnetic field are important. Let us
first estimate the boundaries of the frequency pass band. The
minimal equivalent atmospheric height A, is reached at
z~z] ~80 km corresponding to the frequency w,;, =,
which amounts to w,~3X 1072 sec™'. The upper edge of
the pass band is associated with magnetic viscosity and
amounts t0 @,,, = @, ~2X 107! sec™! (z, =120 km). The
pass band is evidently fairly narrow and corresponds to os-
cillation periods ranging from 0.5 to 3 min, i.e., to infra-
sound.

Let us calculate the expected intensity of fluctuations at
the Earth’s surface. The condition for equilibrium at the
shock-wave front is®

0o°v2=B2[8x, (33)

where pg and v, are the density and velocity of the solar
wind, and B, is the magnetic field strength beyond the front.
The density variations 4pg in the solar wind lead to magnet-
ic field-strength variations 4B,:

AB=B,Ap.*/p.", (34)

which will propagate to the Earth as FMS waves. The contri-
bution from the velocity variations 4v, to the magnetic-field -
variations beyond the front will be considerably smaller than
(34) since v, €V, in the polar wind. The energy density of the
waves is

AB?

So= an. =
47

w | 2
va\=2 ( Ap’: ) povozvm=W(z=O) Us, (35)
Po

where v, is the Alfven velocity beyond the front. Adopting
the values® v,=5X10" cm/sec, p,=~10~%* g/cm?® v,
~2X 107 cm/sec, and (4pf/ps)=~10"" for the frequency
Tange @y < @ < @y, We obtain Sy~ 107" erg/cm? sec. If we
assume that the flux density in the magnetosphere does not
change we obtain the energy density W, at the Earth’s sur-
face as W, = S,/vg ~3X 107 ° erg/cm? in accordance with
Eqgs. (15) and (35); the corresponding amplitude of the pres-
sure variations is

plpo=(Wolpovs®) "=~2-10°, (36)

i.e., the amplitude of the pressure variations will be of the
order of 2 ubar. We note that this estimate is evidently too
low because of the possible effect of focusing of the wave
energy associated with the positive curvature of the bound-
ary of the magnetosphere and the fact that the waves cannot
escape into the solar wind. The gain for the energy flux den-
sity may be of the order of 107, so the amplitude of the pres-
sure variations may reach p ~ 10-20 ubar and may be even
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higher on disturbed days. We also note that the upper limit
of the frequency range @,,,, = @, (Eq. (29)) depends on the
electron concentration in the E layer of the ionosphere and
may be several times higher in strongly disturbed periods.
The situation turns out to be more complicated for po-
lar latitudes, where SMS waves are possible. Since the equi-
valent altitude A, at z>z, increases with increasing z,’ it
turns out that @, (2,) <@o(z,) when z, >z, [w,.., (2,) is the
upper frequency of SMS waves associated with viscous dissi-
pation—see Eqgs. (31)], from which it follows that SMS waves
cannot penetrate to the Earth’s surface directly from the so-
lar wind. Nevertheless, nonlinear generation of acoustic-
type waves by Alfven waves near z = z, seems possible, as
the relative amplitude of Alfven waves may increase to a
level of the order of unity during propagation toz =z, as a
" result of the nonuniformity of v, (the Alfven waves cannot
penetrate into the region z < z, because of the strong magnet-
ic viscosity). Linear conversion of FMS waves into sound,
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associated with the nonuniformity of the medium, may also
take place near the level z = z,.
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