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Traveling ionospheric disturbances (TID's) repre~
sent one form of large-scale irregularities in electron
density. They were discovered in the 'forties [1-3].
Attention was first given to their horizontal movement,
which was usually in the form of a wave which traveled
large distances without much change of shape. Later
{4, 5], with more frequent sounding of the ¥ layer,
vertical motions were also observed. We shall dis-
cuss both types of movement in this review. It is
possible that in both cases we are really considering
the same process, and that the difference lies only in
the method of observation.

Section 1 gives a short review of the methods of
recording TID's and discusses the morphology of these
disturbances and their connection with other geophys-
ical phenomena. The theoretical interpretation is de~
veloped in sections 2 and 3, mainly in terms of the
ionospheric propagation of internal gravity waves.
This approach was first suggested by Martin [6], and
has since been developed in detail by Hines [7]. Fi-
nally, in section 4, we deal with a number of unsolved
problems and formulate some of the questions which
still need to be answered for a more complete under-
standing of the nature of TID's.
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Fig. 1. Height versus frequency, h'(f),

curves in the presence of a TID. The

time of sounding is indicated on the

ionograms. The first three diagrams

show the state of the ionospherebefore
the disturbance appeared.

1. METHODS GF OBSERVATION AND PRINCIPAL
CHARACTERISTICS OF TRAVELING DISTURBANCES

There is a variety of methods of investigating TID's
and we shall only mention the most important ones.

The most common approach is to study ionograms
taken at close time intervals (1 or 2 minutes at most).
Typical results indicating the presence of a TID are

shown in Fig. 1 [8]. The first appearance of the dis-

turbance is accompanied by a cusp-like distortion
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Fig. 2. Variation in height of reflection h\(t)
for 5.8 Mc signals at three separated stations
during the passage of a TID.

nearthe F layer criticalfrequency fjF (seethe ionograms
taken at 12 hours 24 minutes and later}, Usually, (Fig. 1)
the changes in the ordinary and extraordinary wave
traces occur at different times. Ananomalous peak then
appears (ionogram at 12 hours 43 minutes) and moves
down towards the lower frequencies. Sometimes thear-
rival of the disturbance inthe E regionis accompanied
by the appearance of an Eg layer orby an increasein its
reflection coefficient [9].

Although this picture is the typical one, it should
be noted that exceptions do occur. There is evidence
[10] that the anomalies on the ionogram sometimes
start in the E-region and move towards higher fre-
quencies. Other types of distortion are also found—
for example, the presence of double reflectionheights
(satellite traces) which occurs on night-time iono~-
grams [8,11-13].

The analysis of results from a single station gives
information mainly on vertical movements. * The
term "vertically traveling disturbances” is often used.
However, this nomenclature must not be taken to
imply that there is no horizontal component of motion.

The horizontal movement of irregularities can be
studied from ionograms taken at suitably separated
stations [14]. Forthis purpose, fixed-frequency sound-
ing, in which the change of reflection height h' with
time t is measured, is a very convenient method [15].

*Horizontal movements can be found from the time
difference in the occurrence of disturbances on the
ordinary and extraordinary traces.



Figure 2 shows h'(t) vertical sounding curves from
three stations. Similar variations in h' occur at all
three places, but there is an obvious time-shift in
their appearance. From the values of these time-
shifts and the known distance between the stations,
the horizontal velocity of the disturbances can be
found. We shall not give diagrams illustrating other
types of h'(t) curves here since a claggification of
TID's from h'(t) variations can be found in [16].
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Fig. 3. Typical picture of the changes

in apparent height h'(t) of reflection at

fixed requencies during the passage of

TID's. The numbers on the curves in-

dicate the sounding frequencies in Mc.

The upper diagram is for Boulder and
the lower one for White Sands.

We note in passing that some authors connect the
magnitude of the deviations in the reflection height Ah'
with the vertical size of the corresponding TID [17].

It should be remembered, however, that Ah!character-
izes the amplitude and not the size of the disturbance.
Measurements of h' in the presence of TID's can

be made simultaneously on a number of frequencies.
An example of such recordings obtained at Boulder
(40°N, 105°W) and White Sands (32°N, 106°W) is shown
in Fig. 3 [18]. In these measurements, both normal
and oblique incidence can be used. The frequencies

Jf can be either above or below fF. Ifthetransmitters
have a high frequency stability (Af/F € 1071 in 24
hours), the Doppler method can be used to determine
the motion of the irregularities [18,19]. Additional
evidence on TID's from fixed-frequency sounding can
be obtained by correlation analysis of signals received
at separated points. This method can give an estimate
of the vertical size and degree of anisotropy of the ir~
regularities [20—23].

An important addition to the methods described is
the use of radio-astronomy observations [24—27].
From changes in the angle of arrival and intensity of
waves, from discrete sources, and from the move-
ment of the diffraction pattern on the ground, it is
possible to estimate the horizontal dimensions, the
relative magnitude AN/N, and the speed of motion of
the irregularities. Certain assumptions have to be
made about the height of the irregular layer [28].
Some observations are described in [29].
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TID's have also been detected from topside sound-
ing observations made by the Allouette satellite [30].
Characteristic slanting traces have been found on
ionograms taken above the F, peak at times when
typical TID's have been seen on the bottomside re-
sults.

Naturally, the most useful and effective approach
is to employ a variety of different observing methods
at the same time. This has recently become fairly
popular [18,381].

From the use of multiple techniques and the estab-
lishment of systematic observations, a great deal of
experimental material has now been accumulated and
a number of the principal features of TID's may be
taken as being reliably established.

The magnitude of the relative deviation in electron
density AN/N varies from a few tenths of one per
cent to a few per cent for weak disturbances and
reaches 10-20% for severe TID's [18]. In exceptional
cases it is possible to find AN/N ~ 85%. Figure 4
shows AN/N in per cent as a function of height and
time [32]. The left-hand diagram represents the N(h)
profile for the undisturbed ionosphere. The contours
of constant N were derived from high—frequency
(430 Mc) signals back-scattered from the moving ir=-
regularities.

The real height distribution N(h) in the ionosphere
can be derived from ionograms. Thus the distortion
in the contours of constant N throughout the ionosphere
during the passage of a TID can be obtained. Figure 5
shows the results of one such analysis [33]. The ab-
scissa represents horizontal distance D rather than
time t (D = vut, where vy is the horizontal velocity
of the disturbance).
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Fig. 4. Contours of equal relative deviation in
electron density AN/N for a TID (right-hand
diagram) plotted against height and time. Con-
structed from 430 Mc back-scatter data taken
at Puerto Rico. The numbers indicate the value
of AN/N in per cent. The left-hand diagram
shows the normal electron density profile.

The quasi-periods T for TID's lie between 10
minutes and several hours. The most frequently oc~
curring values are 20—30 minutes [34]. The duration
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T for small T corresponds to a few periods: for T of
the order of one hour or more, 7 =~ T [18,29].

The scale size A, which defines the periodicity
in a horizontal direction, varies from several hundred
kilometers to 1000 km and more. It is more difficult
to derive the vertical structure size. We might take
Ay = v¢T, where vy is the vertical component of
velocity. From ionograms, the apparent velocity
¥y is of the order of 40-100 m - sec™ {14,35—-37].
QOccagionally higher values occur, and in individual
cases it is possible to find ¥y = 300 m - sec™!{5].
The virtual height on ionograms is always greater
than the true height, so that the real vertical velocity
is less than ¥y (by a factor of about 1.5-2). If we
agssume that both the horizontal and vertical displace-
ments are the result of the same process, we can
take T ~ 20~30 min. Thus if vy ~ 20-50 m - sec™?,
we obtain a rough estimate of Ay ~ 50-100 km. Thus
as a rule the vertical size of TID's must be smaller
than the horizontal size,

Ay <Ay - (1.1)
However, this inequality may be only marginally sat-
isfied. In some cases it is probable that A, < Ay,.

It was pointed out above that the vertical dimension
is sometimes taken to be the value of Ah, which de~
termines the amplitude of the deformation of a plane
of constant N corresponding to the reflection of a
given radio frequency [38]. This definition of vertical
scale gives values of Ah < 5-15 km—smaller than the
previous estimates of Ay.

References [23,39] contain information on the
form of large~scale ionospheric disturbances con-
nected with TID's. The most important and well-
founded conclusion is that the orientation is in the
direction of the geomagnetic field H;. Further evidence
for this anisotropy is to be found in {29, 30, 32].

There is a considerable spread in the values of the
horizontal velocities of TID's—from 50 m - sec™!
to 300—400 m - sec~! [40—43]. Most commonly, v}, ~
~ 150 m - sec—i, The prevailing direction is towards
the part of the ionosphere illuminated by the sun:
from north to south in the northern hemisphere and in
the opposite direction in the southern [8]. In some
cases an east-west component is observed, whose
direction reverses in the course of 24 hours [42~—
46]. The vertical velocity has already been dis-
cussed: in the majority of cases it is directed down~
wards.

TID's are most often observed in the winter months
during the day time [8, 47]. The frequency of occur-
rence decreases sharply from day to night (winter to
summer) [48-~50].

TID observations from widely spaced stations show
that single disturbances can often travel distances of
several thousand kilometers without significant change
of amplitude [51}. The width of the wave-front can be
of a similar order of magnitude.

It has already been mentioned, in the discussion of
TID effects on ionograms, that when the disturbance
reaches the E region, a sporadic Eg layer is formed.

If the layer already exists, the TID can produce an
increase in the ionization density and a corresponding
rise in the reflectivity. However, it has not been pos-
sible to discover a one-to-one connection between TID's
and Eg [9].
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Fig. 5. Distortion of constant electron density

contours caused by a TID. The lines of equal

electron numberdensity N (cm™% are constructed

from a series of real height distributions N(h)
obtained from ionograms.

Traveling disturbances are not recorded at high
latitudes [52], possibly because of the strong turbu-
lence in the polar ionogphere which makes it difficult
to detect them. There are indications that the distur-
bances do not occur inside the narrow equatorial belt
covered by the electrojet. This idea needs further
confirmation since TID's are not infrequently recorded
at sub-equatorial stations [33].

An analysis of data from systematic observations
shows that there is practically no connection between
the appearance of TID's and magnetic activity. There
is an indication [50] that the occurrence increases
with solar activity. Some TID's are thought to be con-
nected with the onset of photo-ionization in the F
region [13].

Finally, in this section, we must emphasize the
value of comparing TID processes with certain
phenomena which appear when artificial irregularities
are created by the deposition of chemical substances
into the ionosphere during explosions, etc. [53-56].
Ionization clouds with certain controlled properties
are produced in these experiments and the ionograms
taken on the ground are found to have much in common
with those observed during TID's.

2, THE NATURE OF THE WAVE PROCESSES IN-
VOLVED

The discovery of TID's presented the theoreticians
with the problem of explaining the possibility of large-
scale wavelike ionospheric irregularities in electron
density. In a weakly ionized gas where Ny, > N (N,
is the molecular concentration), two types of distur-
bance can, sometimes somewhat arbitrarily, be
distinguished. The first is connected with motion of
the plasma and depends mainly on the parameters of
the ionized constituent. The neutral component is
only slightly disturbed and its principal effect is to
deform the plasma oscillations. The second type of
disturbance is connected mainly with the neutral com-
ponent, and the plasma part of the gas does not to a
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first approximation affect the bodily motion of the
medium.

We begin by considering the plasma type. We are
interested here only in low~frequency waves (with

= 21f < 10-3 gec™), in a plasma which is situated

in an external geomagnetic field Hy. We limit ourselves

to the case in which the waves are infrasonic and
weakly attenuated.

For the frequency values indicated above the follow-
ing conditions will always be well satisfied:

o LRy, o Luyy, (2.1)

where Qp = eH;/Mc is the gyrofrequency and wg; =
= (47me®N/M)!/? is the ion Langmuir frequency (M is
the mass of the ions, which are taken to be of one
kind and singly ionized, e is the absolute value of the
charge on the electron, and c is the velocity of light
in a vacuum). Conditions (2.1) severely restrict the
possible choice of waves. Both electromagnetic and
plasma waves are automatically excluded since for
these the motion of ions is unimportant.

Magnetohydrodynamic waves fall in the range de-
fined by (2.1). For w ~ 1073 sec™! and in the F region,
we have

19 (2'2)

where vy, is the effective collision frequency of ions
with molecules, and N, is the molecular density.

Thus for a wave propagated along the direction of the
field Hy, the complex refractive index is given by [57]

~ 4nc?MN 4= MN v,
n2 = — Ao

. z . (2.3)
HE H0 ®

Here we are dealing with plasma-type disturbances
{the density of the ionic component occurs in (2.3) as
pi = NM). In the ionosphere where vj, > w,* it
follows from (2.3) that the waves will be strongly
attenuated. Similar results are obtained in practice
whatever the direction of the wave vector k in rela-
tion to H;. It can easily be shown from the dispersion
equation for waves in a magnetoactive plasma, and
from expressions for the components of the dielectric
constant tensor ([57], p. 121), that for one type of
magnetohydrodynamic wave Eq. (2.3) is true for any
direction of k. For the other type (Alfven waves) it
is only necessaryto replace Hy by Hycos o, where o
is the angle between the vectors k and Hy. This is
not strictly true if @ = 71/2, when certain singularities
occur, but this does not concern us here.

We therefore conclude that it is impossible to
connect TID's with magnetohydrodynamic waves.

There is another type of wave which can exist in
the F region. In the presence of a drift arising under
the action of the electric fields and of the field Hy,

* In the F region, the collision frequency vj,, varies
with height from roughly 50 sec™ to 1 sec™ . We re~
call that w < 1079 gec™.
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the motion of irregularities can be related to certain
waves for which [59]

W o (kum),

where uj, is the ordered velocity of the ions. The
phase velocities of these waves can be similar to

the propagation speeds of TID's. However, these
waves are strongly attenuated in the ionosphere unless
the direction of motion is strictly perpendicular to

the magnetic field Hy. Thus the prevailing direction

of motion would be @ = 7/2. But it is clear from sec-
tion 1 that this is not what is observed. This argu-
ment and others lead to the conclusion that the drift
mechanigm is not applicable.

It should be noted that in [60, 61] yet another type
of wave is invoked to explain TID's. If the Alfven
velocity v = Hy/(47NM)!/% is so great that vp > Cy,
where Cyj is the ion sonic velocity, when collisions
are neglected w/k = Cijcos o [61]. For fairly small
values of cos @, the phase velocity of these waves
may be much less than Cy; and corresponds to the
speeds of traveling disturbances. However, it is well
known that in an isothermal plasma these waves are
strongly attenuated due o the Cerenkov mechanism
[62]. The inclusion of collision effects can lead to an
even greater attenuation.

It follows from the above analysis that plasma-
type waves are not applicable to the present problem.
Greater success can be achieved by studying wave
processes in the neutral gas. The disturbances in the
ionospheric plasma can then be considered as caused
by the interaction of the charged particles with the
neutral background.

One of the most convincing mechanisms is that
based on a relationship between the appearance of
TID's and the excitation of internal gravity waves [T].
There are a number of papers devoted to the proper—~
ties of this type of wave [T, 63—66]. We shall now
consider the principal characteristics of internal
waves, assuming that they are propagated through a
conducting medium in the presence of the geomag-
netic field Hy,. We start from the linearized equations
of magnetohydrodynamics for a weakly ionized gas*
[57,67],

on
o |98

ol + (uvla + (“V)“‘o] = — VP +og+

< ondu = (13 + Qgraddiva = jH];  (2.9)
[

5}’7 + div (ot =+ pi,) = 0; (2.5)

Ty { %—“; + (n\,v)SJ = div (&¢T). {2.6)

*It is assumed that Ny, > N. Thus to a first approxi-
mation no distinction is made between the values of p,
0, and other parameters for the neutral component
and for the entire medium.
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In these equations and elsewhere, undisturbed
values of parameters are denoted by the subscript
'07; disturbed values bear no subscript. The nota-
tion is as follows: p is the density of the gas, p is
the pressure, S is the entropy, T is the temperature,
u is the velocity, 1 and ¢ are the first and second co-
efficients of viscosity, and ¢ is the thermal conduc-
tivity. The velocity uy = 0 in the presence of drift. To
this system of equations must be added the relation-
ship for the current density j; this is written in the
form of a generalization of Ohm's law to the case of
anisotropic media;

w[jﬁoj .o
eN H, T T

where E is the electric field, m is the mass of the
electron, wy = eH;/mc is the electron gyrofrequency,
% = :— + 61— , and oy and o, are the longitudinal and

i ER
transverse conductivities.

In studying the propagation of internal waves in the
ionosphere, we must remember that these waves are
only weakly absorbed. We can then to a first approxi-
mation ignore dissipative processes. We can also, as
a rule, put u; = 0 and neglect the effect of the geomag-
netic field. If there is no heat conduction, Eq.
{2.6) corresponds to adiabatic conditions. When =0

and u, = 0, we can use in place of (2.6) the equivalent
equation g’; + (uy)p, =C2 [g—? -+ (uv)po] , where C, is
L

the adiabatic speed of sound.

For an isothermal atmosphere, when the pressure
p, and the density pg vary as py, py ~ exp(—z/H) (H =
= wT /Mg is the scale height, » is Boltzmann's con-
stant, and M is the molecular mass), the solution of
(2.4)—(2.6) can be found by assuming that all the
variables vary as exp{iwt — iKyx — iK;z}. We then
obtain the following dispersion equation [68]:

ol — CRKL + K+
+ 18K, + Kighy — 1) = . (2.8)

We note that the speed of sound C, = (ygH)!/? (v is
the ratio of the specific heats). If we take w and Ky
to be real (Kx = ky), we can represent K, as

K, = k, + i/2H, 2.9)

where k, is a real quantity. By using complex K,
we can formally reduce the problem of the propaga-
tion of waves in a nonhomogeneous isothermal atmo-
sphere to the case of a homogeneous medium. The
imaginary part of (2.9) corresponds to an increase
in the amplitude of waves with decreasing density pg.
The energy density pou2 remains constant with height.
From (2.8) and {2.9) we obtain a relationship which
involves only real quantities,

of — w'C (kY + A2+ L4H?) +

+(1 — Dgkl =0. (2.10)

5
Solving this for w?, we obtain
CZ
2. 0 [p2 H
of = {k, + B2+
+ VAH? + [ (R + B 4 1/4HP? —
— 4y — 1) gk2/Ci] R @.11)

In accordance with the terminology of [69], the
plus sign in (2.11) corresponds to acoustic (sound)
waves, and the minus sign to gravitational waves.

©

k

Fig. 6. Regions of possible prop-
agation of internal gravity (I) and
acoustic (II) waves in an isother-
mal atmosphere. Thedashed lines
indicate the shift in the boundaries
(k2Z = 0) caused by the presence of
a homogeneous horizontal shift
{kug} > 0.

When ky; = 0 the dispersion equation describes sound
waves propagated in a nonuniform atmosphere o? =
=C¢kZ| 1 + 1/4k2H?| [70]. In the outer limiting case,
when the vector k is horizontal (k; = 0), we obtain

o O

X ?
Cl o — wzg

(2.12)

where

w? = y°g%A4CE, o = (v — 1) &*/CG

Figure 6 shows the w(ky) relationship. The solid
lines represent the curves for k, = 0 (2.12). The
shaded areas correspond to %% >0, where verti-
cal propagation of gravitational (region I) or sound
(region II) waves takes place. In the nonshaded area
k2 < 0. In region II the phase velocities are super-
sonic, and in region I subsonic. For TID's, only
gravitational waves are of interest.

It should be noted that these results can easily be
generalized to include a drift velocity which is con-
stant in time and space. It is only necessary in (2.10)
to replace w by w — kuy (for a horizontal wind, by w —
— kylgy). The dashed line in Fig. 6 shows the change
in the boundaries of the regions for 22> 0 when
kyUugx > 0

An important property of internal gravity waves
is the existence of a limiting frequency wes such that



6

w < wg- This can be seen from the diagram. The fre-
quency o, = /' 1 — 1g/C, has already figured in (2.12).
Since w < wg, it follows that the period T = 27/w is
restrictedto T > Tg, where Tg =2n(yH/(y - 1)g)1/2.

In the F region where H ~ 30 km, g = 10°
cm * sec~?and y = 1.4, we can estimate Tg = 10 min.
It follows from the results of §1 that the periods of
TID's satisfy the requirement T > Tg.

Equations (2.10) or (2.11) can be used to determine
the phase velocity vp = wk/k? and the group velocity
Vgp = 8w/8k. We can also find the velocity Vi)h, which
characterizes the motion of the wave front in a hori-
zontal direction: it is equal to V'ph = w/ky [7]. In the
general case, the equations for v, and Vg are rather
cumbersome, and we will not give them in full. Con-
siderable simplifications are possible when

B> k2 (2.13)
Ry HS 1 (2.14)

These conditions imply that the vertical wavelength
Ay is much smaller than Ay (with Ay < 27H) or 2rH
(with A¢ > 27H). Under these conditions, we have

© = wk/k, (2.15)

where
Ugp ¢ = /R, Ty, = — 0,k jRY (2.16)
Up o = mgki,'kg, Ty, = ok, k. 2.17)

From these and (2.13) it follows that the phase veloc-
ity is almost vertical and the group velocity almost
horizontal.

The calculation of vp and vgy in the presence of a
homogeneous wind is given in [71,72]. The general
equations are rather cumbersome. In the approxima-
tion of (2.15), the velocity u, affects only the compon-
ent Vgp.y, and

“g
Vg = ==+ Uy
z

(k,1y , > 0). 2.18)

The components of the phase velocity vpx and vy, are
increased by a factor (1 + kzug/wg).
When Eq. (2.10) holds, the polarization of internal
waves can be determined from the relationship
, Cik K, — ik,g
Ui, = ————.
0 — C2R2

2.19)

whereas for low-frequency waves (w « wg), when (2.15)
is true,

e Ko R AIP2H e 2.20)

z kX kx

From (2.19) it can be seen that in general the waves
are elliptically polarized and have a component of
velocity transverse to k. In the rough approximation
of (2.20) kxux =~ —k,u,, thepolarizationbecomes linear
and the transverse component of velocity is fairly
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-small. The elliptical nature of the polarization and

existence of a preferred direction (along the vector g)
suggest an analogy between internal waves and electro-
magnetic waves in anisotropic media [72].

We will now discuss the effect of dissipative pro-
cesses in order to establish the applicability of the
adiabatic approximation, and to estimate the absorp-
tion of gravitational waves.

The assumption of adiabatic conditions is found in
many papers. At the same time it is clear that rapid
heat conduction would cause the processes to become
isothermal and if y = 1 gravitational waves would de~
generate (only sound propagation would be possible).
In this connection, it is of interest to discuss how far
the adiabatic approach is justified. An analysis of this
problem has shown that when 6 = 0, the quantity v in
(2.10) must be replaced by Yepr [73], and

Yeff =14+ —1) e (2.21)

where T = pcv/chS (cy is the specific heat at constant
volume). From (2.21) we obtain the condition for the
processes to be adiabatic wr > 1: hence

°P v
PR 2.22)

where v is the kinematic viscosity. In going from
(2.21) to (2.22) we have used the fact that vo,c/6 is
of the order of unity [69]. Let us consider the F layer.
Our estimates will necessarily be only qualitative
since they are based on calculations [73] which ignore
changes in v or 6/p,cv with height [74]. With y= 1.4,
H =30 km, and k H = 3, we have for the phase veloc-
ity (2.17), vp = 10’ em - sec™, At a height of h = 200
km, » = 10°cm * sec™!, and at h = 300 km, » =9 - 10°
em? * sec™!; we thus conclude that in the first case
inequality (2.22) is satisfied (v ¢ = 1.32), but that in
the second, it is not.

Thermal conductivity is also important in that it
leads to attenuation of internal waves. The absorption
is of the same order as that produced by viscous ef-
fects. A detailed calculation is given in [69] of the
attenuation for a viscosity v and thermal conductivity
x = 8/cphy (cp is the specific heat at constant pressure)
which do not vary with height.

The following relationship has been derived for the
decrement I" of gravitational waves

T = {H-1gk (Y —5/8)v + %] -
— CK* 6 + %2 — 2= 1)2/21] } X
x { 2 [Cike — ax —1) g]m ) Ty

B (L)

2.23
, (2.23)

where
K?=Fk2 - B2 1/AH?, kP = RL 4+ RY,

v=0/pp, Y3 ="1/po.
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The spatial attenuation is determined along the
group path. The coefficient of energy abgorption q for
small attenuation is equal to

9=QvgL, (2.24)
where Q is the energy dissipated in 1 sec in unit
volume, and E is the energy density associated with
the wave. An expression for g is given in {69], where
the most important special cases are considered.
Numerical estimates of g show that gravitational waves
with A > 4%H are not sensibly attenuated at heights of
h=~100km (=5 10712 cm™), However, smaller
scale waves are more effectively absorbed. Calcula~-
tions [75] show that the dissipation of internal waves
can make an imnortant contribution to the thermal
balance of the upper atmosphere, especially during
magnetic storms.

It would undoubtedly be interesting to generalize
the calculations of T (2.23) or q (2.24) [69] to include
the height dependence of » and x. This would lead to
more reliable estimates of the absorption. Two fur-
ther points must also be borne in mind. For an un-
bounded isothermal atmosphere with no dissipation
where the density py(z) decreases with height, the
amplitude of internal waves would increase as A ~
~ p01/2. The linearization of the hydrodynamic equa-
tions might then not be legitimate. If v and y are
constant, it is scarcely possible to compensate for
the increase in A. However, if they increase with
height (as exp(z/H), say), then probably compensation
would be adequate. The allowance for viscosity and
thermal conductivity is also very important in connec-
tion with the rapid increase above the F, peak of the
mean free path l,,¢, which becomes comparable with
the wavelength A. Detailed calculations of the absorp~
tion with v = p(z) and x = x(z) do not yet exist. The
problem is complicated by the fact that the solution of
{2.4)—(2.6) cannot be found in the form of plane waves.
Some results obtained by numerical analysis are given
in [76].

Magnetohydrodynamic absorption (ohmic losses) can
be important for large-scale disturbances. The prob-
lem has been considered in [77,78] for internal waves
in the ionosphere; system (2.4)—(2.7) withp =¢ = & =
= ( is taken as the starting point. Under the usual F-
region conditions, the expression for the transverse
current (2.7) takes the form j,; = o [uHy}/c [77]. The
initial equations can be reduced to

0%
ar

= Clgraddiva — gyu, + (1 — 1) ge,dive +

a, d
+ 5}‘““”0]”0]: (2.25)

PoC*
where Z, is a unit vector along the z-axis. Use is made
of the fact that the term with ¢, in (2.25) can be con-
sidered as approximately independent of the height
(over distances of the order of H). Variations with
height would occur if o, /p, depended on the molecular
concentration N, Since g = NV (M3 ~ N (v, ~
~N_}and p, = Ny M, (My, is the molecular mass),
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we conclude that the ratio o /p; is independent of Ny
The variation of o with electron density N is of little
importance since it is gmall even for distances con-
siderably greater than H.

Using (2.25) and the group velocity equation (2.16),
we can calculate the absorption coefficient q, re-
membering that Q = ¢ [uHy]/c? and E = pju? We
finally obtain {78] from (2.24) that

A k2 A\®
- NMvy, Eofl4 == —{cosa — L cosP) |, (2.26)
N, M K k.

m m

where o and B are the angles between H; and the x~
and z-axes. *

Estimates of the magnitude of ¢ from character-
istic T1D data from middle latitudes lead to values
ofg ~5- 107% em~1, This corresponds to distances
D = 1/q, over which the disturbances travel without
great attenuation, of D = 2000 km. In {77}, Eg.
{(2.26) is used to analyze the dependence of absorption
on time of day and the direction of motion. We merely
note here that absorption is minimal when the distur-
bance travels in a north-south direction.

Restrictions on the distance of propagation can also
be obtained from the observational requirement that
the packets of internal waves should not change very
much in shape (see the experimental results in sec-
tion 1). This means that the diffusion time of the
quasi-monochromatic signal (gravity wave) r must
be much smaller than the life time T,. For a homo-
geneous** anisotropic dispersive medium [57]

=1/ (2 2.217
T(dwz Jo=a, ( )

where w, is the carrier frequency of a signal for
which it is assumed that Aw « w;,. We determine the
distance D over which significant distortion will ap-
pear by putting r = T;. Evaluating 7 from (2.27), we
obtain [79]

NS
D~ <—TA) . (2.28)

1y

where Ty = 27/wy I T,/T;=2-3 and A, = 150 km we
find that D ~ 600—1500 km. We thus obtain distances
of the same order as before (from considerations of

magnetohydrodynamic absorption).

We will now discuss some characteristics of the
propagation of gravitational waves in a nonisothermal
atmosphere where T = T(z) [80]. Even in the ab-
sence of dissipative processes system (2.4)—{2.6) no

*A similar relationship, differing only by a factor
of 2, was obtained in [77] by another method. The
calculation based on (2.24) is the more correct.

**We have already noted that the problem of internal
waves in an isothermal atmosphere can in practice be
reduced to the case of a homogeneous medium.



longer has plane-wave solutions. We therefore write
the solution in the form F(w, ky, z)explilwt — kyx)]

and thus reduce the system to two first order differen-
tial equations for the variables div u and uy [80].

Fig. 7. Regions of possible

propagation of internal gravity

(I) and acoustic (II) waves in

a nonisothermal atmosphere

with a horizontal wind which
varies with height.

These can be written in the dimensioniess form

dy , oy v -

——= (-3 Y G- 13Xy (2.29)
ds

ax = (1 —o/B)Y+ X7 2.30)
ds

where
V=diveQ X =1tu,Q s==8&,z2
7y = A{Hk,\w 31 = gl kgl Q=a-— l‘ o t(z)

When T and uy are independent of height, and Y,

X = exp(Qs), we obtain the dispersion equation

Q=B+ (v — DB — o — 724y, (2.31)
which reduces to (2.28) (where w is replaced by Q =
= w — kyugy). If the variations of T and ugy with z
are slow (o, and B; depend only weakly on s), the
geometrical optics approximation can be used. This
breaks down if Q = 0, when we obtain

A (1= Dff = 2y + 74 (2.32)

This relationship is illustrated in Fig. 7. The shaded
regions I and II correspond to vertical propagation of
acoustic and gravitational waves, respectively. Inthe
unshaded part vertical propagation is impossible. It
can easily be seen from Fig. 7 that even in the case
in which the temperature increases linearly with
height, waveguide propagation is possible.

In [80] quoted above, solutions are obtained de~
scribing the propagation of internal waves in the WKB
approximation. The calculation is performed for both
linear and exponential temperature profiles. The
velocity u, is taken to be horizontal and independent
of z. 1t is shown (for both T(z) distributions) that
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waveguide propagation of gravitational waves is pos-
sible withv, rx € w /Ky

When horizontal gradients of density oy and pres-
sure p, occur, the theory of internal waves must be
generalized to two dimensions. Suppose that p, and p,
can be represented in the form

Do Po ~ exP (—z[H1) f{x), (2.33)

where the scale height H is taken as constant. Neglect~
ing dissipative processes, we seek the solution of
(2.4)—(2.6) in the form ®(x)exp(iwt — iK,z) and arrive
at the differential equation

d”(D 1 (if 4o
bja
ge T Fa LTt
e _[Z_.L‘_i_q-t]q) = 2
‘[ap0+afdx2 0 (2-34)

where
1ot — g (1 — )'H
Wt — (1g/4H) (| + 4827

ol 4 g(y — 1) (ik, — 1/2H)
0 — (ygAH) (1 + 4k2HY)

a =

b =

We recall that Ky = k, + 1/2H, wherek, is a real quan-
tity. Making the changeofvariables ® = 4 fl~(z + b)2a]
we obtain the equation

of py b LE
{a a f dx*

AL D0t va-

f
_ L Ldry N
3 (f dx>(1+b_a) L= ().

( (2.35)

We can write the solution of this in the WKB ap-
proximation and investigate the possibility of wave-
guide propagation for particular forms of f(x). A full
analysis has not yet been carried out. The significance
of the results would be enhanced if it could be shown
that TID's exist which do not undergo large horizontal
displacements. There is at present no experimental
or theoretical evidence for this.

3. IRREGULARITIES IN ELECTRON DENSITY CAUSED
BY INTERNAL WAVES. COMPARISON WITH OBSER-
VATION

In this section we shall discuss the nature of the
ionospheric irregularities caused by internal waves.
We shall then be able to some extent to compare the
theoretical predictions with the experimental results.

The problem of the formation of irregularities in-
volves a consideration of the collisions of electrons
and ions with neutral particles. In addition, the effect
of the earth's magnetic field H, and of the electric
field E (arising from charge separation) must be taken
into account.
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We can start from the set of quasi-hydrodynamic
equations of motion for electrons and ions

[
3 6; + &(%V)“e + Pe vem(“e—" #) =
— —vpe+ v —eNE—Le(uwhl;  (31)
du,
pi“b? + (X, + o vi(e; — 8) =
ey,
=-—Vpt+ o€ +eNE + - fu.H,] 3.2)
and the continuity equation
9 do,
M+ divem) =0, ZE 4 i) =0, @.3)

where u, and uj are the ordered velocities of electrons
and ions, pg = mNg and pj = MNj are the densities,
and Ng and Nj the particle densities, and vep is the

effective collision frequency of electrons and molecules,

the velocity of which is denoted by u. For the partial
pressures pg and pj we have pgy = NgwT and p; = NynT,
where T, and T; are the electron and ion temper-
atures. Collisions between charged particles are
neglected and no account is taken of the electron
and ion viscosities which are of little importance in
large-scale disturbances.

A considerable simplification is possible in the
present case. The terms pedue/dt and pidu;/dt can be
omitted as they are small compared with pgveUe and
0iYimui- The plasma will be assumed to be isothermal
(Te = Tj = T) and quasi-neutral (Ng = Nj = N). Devia-
tions from quasi-neutrality (Ng — Nj)/N ~ (I'D/L)2
(rp is the Debye radius and L is the characteristic
length) must be very small for the disturbances we
are considering. We therefore introduce the electric
field E = -~V ¢ which is necessary to prevent the ap-
pearance of space charges.

Under these conditions we can apply the usual F-re-
gion inequality Qg > vim and obtain the following equa-

tion [81] from (3.1)—(3.3) for the excess electron density

N' arising from neutral particle motion, *

aN’ a8 ( a_y:)+ 3

ot 74 at

9t N’ o1,

2 = — N, 22, (3.4)
9z’ ( Y ) ® oz

where D = 2xT/Myyy, is the ambipolar diffusion coef-

ficient along Hy (the 7' -axis is taken in this direction).
Assuming an exponential variation of v;,, and vem,

with z, vim = vipexp (—z/H) and vem = vegexp (—z/H},

*The condition Qg > vim means that transverse
diffusion, which is much smaller than the longitudinal,
can be neglected. The relatively slow variations of
the background N with height are not taken into ac-
count.
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and taking u to be caused by the passage of an internal
wave ((2.10) and (2.19)), we obtain for N'

aN’ 9N’ D
oxup{—2/H) — — Dj——— — | =2
exp(—2/H) T — D= (T +

+ g/vio)% — (g )HN' = iNk, cosa +

+K,cos1)u, [cosy — cosa (K /k)] %

x exp {iot — ikx — iK,z}. (3.5)
In the coordinate system x, y, z, the field H, has
components Hy(cos «, cos f,cos v). The level z = 0,
corresponding to vy, veqand Dy = 2nT/Mpj,, can be
taken as being in the F region where the wave is
propagated.

A full investigation of the solutions of (3.5) is
rather difficult. Let us consider the simplified case
in which the field H; is almost vertical. The axes z
and z' can then be taken as being almost coincident
and we are left with the coordinate system used in
section 2.

We shall represent N'(z,t) in the form of the sum
N' = Ny(z, t) + Ny(z,t). The term Ni(z, t) will corre-
spond to the steady-state distribution of N' set up by
afairly long-acting "source"—Ngdu,/8,—and it will
vary like a wave with period T and horizontal scale
equal to that of the internal wave itself. The term
Nj(z,t) describes the setting up of the steady state
after the source has been "switched on.” An approxi-
mate estimate of the amplitude of N, gives [81]

wﬁz—[—&w—]. (3.6)
N, Dy,
Taking |N, |/Ny = 0.1 (in accordance with observa-
tions), for Dy ~ 10® cm® - sec™! and kg = 3 - 107 6cm”
we find that |uz,] =8 m - sec™!. This value of velocity
is very reasonable. A more detailed solution of the
problem demands a knowledge of the incomplete gam-
ma-function for complex arguments {78] and is com-
plicated by the fact that tables of these do not ex-
ist.

In order to analyze the nature of N, it is necessary
to know the characteristic solution of Eq. (3.5) with-
out the right-hand side. We assume that the TID is
localized in a layer of thickness L and that at the
boundaries z = 0 and z = L, N' = 0. The solution of
the homogeneous part of (3.5) can then be represented
in the form [78]

i

N, = exp(—z/2f)x

- KDyt ;
X 2 exp (— -———HO ) [AQ,)sin () —
n=1"
- tg (2%,) cos (h,m) |, 3.7
where
A, = nw[2(1 —3),

8 = exp(—Lj2H), 7 = exp(—2/2f),
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The constants A(A,) are determined from the initial
condition Ny(z, 0) + Ny(z,0) = 0. The terms in (3.7)
decay exponentially with time and the rate of decay
increases with n. The maximum time for the estab-
lishment of the steady state corresponds ton = 1. Thus
the time for the forced solution to predominate can be
found from the relationship [78]

4H3(1 — 8)?

Ty TS e (3.8
: — 3.8)

At heights of z = 250 km, we can take Dy ~ 7 - 10°
cm?gsec™ and H = 30 km. With 6= 0.1 or & = 0.5, we
obtain values of 7, equal to 7.5 or 2.5 min. For layers
of greater thickness (6 — 0) 7, = 10 min. Thus in the
ionosphere internal waves can cause irregularities
with periods T, greater than 7;. We have T > 10 min.
We note that periods T; for TID's (see section 1)
are of the order of Ty ~ 20~30 min. For these values
T, > Tg s required (in the ¥ region 7, ~ Tg). These
estimates and the other considerations given above
favor the interpretation of TID's in terms of gravity
waves.

We shall now give a few further estimates which
are based on this interpretation. The distance of
propagation of TID's is determined by the smaller of
two distances Ly and L, Here L, is the distance over
which absorption (for example, magnetohydrodynamic)
leads to a noticeable reduction in amplitude. L, cor-
responds to the path length for which diffusion of the
wave pulses occurs. Estimates of Ly and L, from
(2.26) and (2.28) lead to values of a few thousand kilo-
meters. This is in agreement with experiment. We
note that for magnetohydrodynamic absorption, I, is
smallest, when k, > k,, for propagation along a
meridian [77]. In practice this is found to be the pre-
vailing direction of TID's. However, itis possiblethat
this is due not to absorption but to other effects (for
example, under wave excitation conditions),

One further estimate for D can be given. If a TID
is in the form of a pulse, we can define D as

D:‘:@grx"m (3.9)
where T4 is the time taken for the pulse to pass right
through the ionosphere,

= AL Vg (3.10)
It follows from (3.9) and (3.10) that D = ALVgrx/Vng'
Since k, » ky andvgrx > Vgry, D> AL; this is in
accordance with previous estimates.

A convenient fact in the interpretation of TID's in
terms of internal waves is that the group velocity of
these waves (ky > ky) is almost horizontal (see (2.16),
(2.17)). Moreover, when ky > kg the ratio vg][./vp ~
~ k, /kx >1. It would seem that the various experi-~
ments measure not vp= wk/k2 but V'px = w/kx, which
is of the order of the group velocity (Vpx ~ Vgr)'
Numerical estimates from (2.16), (2.17) show that
the velocity of internal waves vgr € 10¢cm - sec™
wheny=1.4, g=10%cm - sec %, Cy=6- 10*cm -

- sec”!. We recall that the actual speed of TID's
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variesbetween 30 and 300 m - sec™!, and that thereare
measurements corresponding to vgr/vp ~ 2 [51].

In this connection, Hines [7] has suggested that
the high velocity TID's are associated with internal
waves for which k, ~ kyx- In this case the dispersion
equation differs from (2.15) and has the form
b2
e — 3.11)
TR R ( }
This corresponds to waves for which vg,. < vp. Thus
the mechanism does not agree with experimental re-
sults on the relation between phase and group veloc-
ity.

We shall finally consider the connection between
TID's and the formation of sporadic E. Wind shears
[82—84] are nowadays accepted as the cause of Eg at
middle latitudes. This point of view was first put
forward by Whitehead [82] and has since received
further development and confirmation.

It was noted as early as 1960 [7] that the appear-
ance of wind shears could be connected with TID's.
Mention was made in section 1 of the correlation be~
tween TID's and Eg. This correlation can quite easily
be explained by the nature of the changes in the gas
velocity u in internal waves. This has in fact been
done in [88] where the formation of Eg is connected
with turbulent motion of neutral particles during the
passage of gravity waves.

4. CONCLUSIONS

Internal gravity waves can explain the principle
features of TID's. However, two slightly different
mechanisms have recently been discussed in the liter-
ature. One of these was suggested by Wickersham
[89—-91] and consists in the identification of TID's with
certain modes of gravitational-acoustic waves in an
atmospheric waveguide. Such waves were first sug-
gested as an explanation of pressure oscillations ob~-
served at the earth's surface after nuclear explosions
and volcanic eruptions [92-94].

The same name was given to pressure waves prop-
agated in an atmospheric waveguide [95, 96]. The
lower boundary of the waveguide is taken to be
the earth's surface, and at some height z = L the
isothermal semi~infinite space begins. In essence,
gravitational acoustic waves are the same nature as
those described in section 2 (see also [97]). The dif-
ference is that vertical propagation is restricted.
This leads to a discrete spectrum. The atmospheric
model adopted in this work has a realistic variation
with height for temperature (one or two minima),
molecular mass, gravity, and velocity of gsound. A
numerical golution is used to give the dispersion
characteristics (variation of phase and group veloc-
ities with frequency) and also the distribution of
energy with height. Wickersham identifies large-scale
irregularities having translational speeds of 350500
m - sec”! and above with particular waveguide modes
[89—91]. The basic criterion of this approach is the
possibility of explaining theoretically the frequency
of occurrence of TID's as a function of velocity.
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A serious drawback in this mechanism is the
presence of an upper limit for the period of gravita-
tional~acoustic waves equal to about 15 minutes. This
is in contradiction to the experimental observations on
TID's. A more detailed criticigm will be found in
198].

Thig difficulty has been overcome by Friedman
£99] who has modified the conditions for the propaga-
tion of the gravitational-acoustic waves. The wave-
guide is not taken to be perfect but to have a certain
leakage allowing a vertical transport of energy. As
a result of this, the horizontal wave number becomes
complex (even without absorption) Ky = kx + ikg. The
solution is sought in the range of values of ki, w,
w/kg, observed with TID's, i.e., 107 km™ <kl <
<107%km™, 4 1074sec<cw <7 10 % sec™, and
60 m - sec™! < w/kg <800 m - sec”!. Numerical
integration gives the group velocity vgy = de /dky,
phase velocity vl, = w/kx, the vertical wave number
(which varies with height), and other characteristics
of the normal waves. An important fact is that as in
all cases previously considered, the group velocity
is less than v1, = w/kyx. The waveguide model has
not yet been completely developed.

1t follows from alil this that TID's can certainly be
connected with the propagation of internal gravity
waves in the ionosphere. All their principal features
can be explained by this mechanism. The discrepancy
between theory and experiment which exists in the
question of group and phase (v'p) velocities can partly
be explained by the difficulties in measuring these
velocities.

At the same time it must be pointed out that a
more detailed comparison of theory with experiment
requires additional data and the solution of a number
of problems. In particular, the question of the excita-
tion of these waves is important [100,101] and also
their effect on the electron distribution in the iono-
sphere. It is of interest to investigate the properties
of gravitational waves in two-dimensional inhomo-~-
geneous media and also to take into proper account
the influence of viscosity and nonlinear effects in con-
nection with the fact that in individual cases TID's with
an almost two-to-one change in electron density are
observed.

As regards experimental work, it is desirable to
obtain data on the shape of large-scale irregularities,
especially of their vertical structure and spatial local-
ization. The latter is important in the choice of a
model for the numerical method of analyzing internal
waves. It is of no less interest to make direct mea-
surements of the electron density N and neutral parti-
cle density Ny, (or pressure ppy) in TID's with satel-
lite or rocket sounders. There is little information on
TID's at high latitudes or in the equatorial electrojet
region: results need to be obtained on the variation of
the distance of propagation with time of day and direc-
tion of motion.

Note added in proof, A number of papers connected with traveling
disturbances appeared while the proofs for this review were being pre-
pared. Some of them [103, 104] consider the problem of dissipation
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when the kinematic viscosity varies with height, References (105-107]
are devoted to the generation of internal waves, In [108] the question
of the connection of TID' with magnetic activity is again discussed.
The resulis of observations of TID's at Tbilisi are published in [109].
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