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Trave l ing  ionospher ic  d i s turbances  (TID's) r e p r e -  
sent  one form of l a r g e - s c a l e  i r r e g u l a r i t i e s  in e lec t ron  
density.  They were  d iscovered  in the ' for t ies  [1-3] .  
Attention was f i r s t  given to their  hor izontal  movement ,  
which was usual ly  in the form of a wave which t rave led  
la rge  d is tances  without much change of shape. Later  
I4, 5], with more  frequent  sounding of the F layer ,  
ve r t i ca l  motions were also observed. We shall  d i s -  
cuss  both types of movement  in this  review. It is  
possible  that  in both cases  we are  r e a l l y  cons ider ing  
the same process ,  and that the difference l ies  only in 
the method of observat ion.  

Section 1 gives a shor t  review of the methods of 
record ing  TID' s and d i scusses  the morphology of these  
d i s turbances  and the i r  connect ion with other geophys-  
ical  phenomena.  The theore t ica l  in te rp re ta t ion  is de -  
veloped in  sect ions  2 and 3, main ly  in t e r m s  of the 
ionospher ic  propagat ion of in te rna l  gravi ty  waves. 
This approach was f i r s t  suggested by Mar t in  [6], and 
has s ince been developed in  detai l  by Hines [7]. F i -  
nal ly,  in sect ion 4, we deal  with a number  of unsolved 
p rob lems  and formula te  some of the quest ions  which 
s t i l l  need to be answered  for a more  complete  u n d e r -  
standing of the na ture  of TID' s. 
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Fig.  1. He igh tve r sus  frequency,  h ' ( f ) ,  
curves  in the p re sence  of a TID. The 
t ime of sounding is indicated on the 
ionograms.  The f i r s t  three  d i ag rams  
show the s tate  of the ionosphere  before 

the d i s tu rbance  appeared.  

1.. METHODS OF OBSERVATION AND PRINCIPAL 
CHARACTERISTICS OF TRAVELING DISTURBANCES 

There  is a var ie ty  of methods of invest igat ing TID's  
and we shall only ment ion  the most  impor tant  ones. 

The most  common approach is to study ionograrns 
taken at c lose  t ime  in t e rva l s  (1 or 2 minutes  at most). 
Typical  r e su l t s  indicat ing the p resence  of a TID are  

shown in Fig. i [8]. The f i rs t  appearance of the d i s -  
tu rbance  is accompanied by a cusp- l ike  dis tor t ion 
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Fig. 2. Var ia t ion in height of ref lect ion h'(t) 
for 5.8 Mc s ignals  at th ree  separa ted  stat ions 

during the passage of a TID. 

nea r  the F layer  c r i t i ca l  f requency)~F (seethe  ionograms 
t akena t  12 hours  24 minutes  and la te r ) .  Usually,  (Fig. 1) 
the changes in the o rd inary  and ex t raord inary  wave 
t r aces  occur  at different  t imes .  An anomalous  peak then 
appears  ( ionogram at 12 hours  43 minutes)  and moves 
down towards the lower f requencies .  Sometimes the a r -  
r ival  of the d is turbance  in the E region  is  accompanied 
by the appearance  of an E s l ayer  o r b y  an i n c r e a s e  in its 
ref lec t ion  coefficient  [9]. 

Although this p ic ture  is  the typical  one, it should 
be noted that exceptions do occur.  There  is  evidence 
[10] that the anomal ies  on the ionogram somet imes  
s ta r t  in the E- reg ion  and move towards higher  f r e -  
quencies .  Other types of d is tor t ion  a re  also found-- 
for example,  the p resence  of double ref lect ion heights 
(satell i te t r aces )  which occurs  on n ight - t ime  iono-  
g rams  [8, 11-13].  

The analys is  of r e su l t s  f rom a single stat ion gives 
informat ion  mainly  on ver t ica l  movements .  * The 
t e r m  "ver t i ca l ly  t rave l ing  dis turbances"  is often used. 
However, this  nomenc la tu re  mus t  not be taken to 
imply that there  is no hor izontal  component of motion. 

The hor izonta l  movement  of i r r e g u l a r i t i e s  can be 
studied from ionograms taken at sui tably separa ted  
stat ions [14]. For  this  purpose,  f ixed-f requency sound-  
ing, in which the change of ref lect ion height h' with 
t ime  t is measured ,  is  a very  convenient  method [15]. 

*HorizontM movements  can be found from the t ime 
difference in the occur rence  of d i s tu rbances  on the 
ord inary  and ex t raord ina ry  t races .  
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Figure  2 shows h'(t) ver t ica l  sounding curves  from 
three  stat ions.  Similar  var ia t ions  in h' occur at al l  
three  places ,  but there  is an obvious t ime-sh i f t  in 
the i r  appearance.  F rom the values of these t i m e -  
shifts and the known dis tance between the stat ions,  
the horizontal  velocity of the d i s turbances  can be 
found. We shall not give d iagrams i l lus t ra t ing  other 
types of h'(t) curves  here  s ince a c lass i f ica t ion  of 
TID's  f rom h'(t) var ia t ions  can be found in [16]. 
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Fig.  3. Typieal p ic ture  of the changes 
in apparent  height h'(t) of ref lect ion at 
fixed requencies  during the passage of 
TID's.  The number s  on the curves  in -  
dicate the sounding f requencies  in Me. 
The upper d iagram 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 ref lec t ion  height zXh' 
with the ver t i ea l  size of the corresponding TID [17]. 
It should be r emembered ,  however,  that Z~h' e h a r a c t e r -  
izes the amplitude and not the size of the dis turbance.  

Measurements  of h' in the p resence  of TID' s can 
be made s imul taneous ly  on a number  of f requencies .  
An example of such record ings  obtained at Boulder 
(40~ 105~ and White Sands (32~ 106~ is shown 
in Fig. 3 [181. In these m e a s u r e m e n t s ,  both no rma l  
and oblique incidence can be used. The f requencies  
f can be ei ther  above or  below f0 F.  I f t h e t r a n s m i t t e r s  
have a high frequency s tabi l i ty  (A f / f  <~ 10 -1~ in 24 
hours) ,  the Doppler method can be used to de termine  
the motion of the i r r e g u l a r i t i e s  [18, 19]. Additional 
evidence on TID's f rom f ixed-f requency sounding can 
be obtained by cor re la t ion  analys is  of signals rece ived 
at separa ted  points. This  method can give an es t imate  
of the ver t ica l  s ize and degree of anisotropy of the i r -  
r egu la r i t i e s  [20-23]. 

An impor tant  addition to the methods descr ibed  is  
the use of r ad io - a s t ronomy  observat ions  [24-27].  
F rom changes in the angle of a r r i va l  and in tens i ty  of 
waves, f rom discre te  sources ,  and from the move-  
ment  of the diffraction pa t te rn  on the ground, it  is 
possible  to es t imate  the horizontal  d imens ions ,  the 
re la t ive  magnitude AN/N, and the speed of motion of 
the i r r egu la r i t i e s .  Cer ta in  assumptions  have to be 
made about the height of the i r r e g u l a r  layer  [28]. 
Some observat ions  are  descr ibed  in [29]. 

TID's have also been detected from topside sound- 
ing observat ions  made by the Allouette satel l i te  [30]. 
Charac te r i s t ic  s lant ing t r aces  have been found on 
ionograms taken above the F 2 peak at t imes  when 
typical  TID' s have been seen on the bottomside r e -  
sults .  

Natural ly,  the most  useful and effective approach 
is to employ a var ie ty  of different observing methods 
at the same t ime. This has recent ly  become fa i r ly  
popular [18, 31]. 

F rom the use of mult iple  techniques and the e s t ab -  
l i shment  of sys temat ic  observat ions ,  a great  deal of 
exper imenta l  ma te r i a l  has now been accumulated and 
a number  of the pr incipal  fea tures  of TID's  may be 
taken as being re l iab ly  establ ished.  

The magnitude of the re la t ive  deviation in e lec t ron 
densi ty AN/N var ies  from a few tenths of one per 
cent to a few per  cent for weak d is turbances  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 Me) 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 = vht, where v h is the horizontal velocity 
of the disturbance). 
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Fig. 4. Contours of equal re la t ive  deviation in 
e lec t ron density AN/N for a TID (r ight-hand 
diagram) plotted against  height and t ime.  Con-  
s t ructed  f rom 430 Me b a c k - s c a t t e r  data taken 
at Puer to  Rico. The numbers  indicate  the value 
of/~N/N in per  cent. The lef t -hand d iagram 

shows the no rma l  e lec t ron  densi ty profi le .  

The quas i -per iods  T for TID's  lie between 10 
minutes  and severa l  hours.  The most  f requently oc-  
c u r r i ng  values are 20-30  minutes  [34]. The durat ion 
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r for sma l l  T co r re sponds  to a few per iods :  for T of 
the o rder  of one hour or  more ,  r -~ T [18, 29]. 

The scale  s ize  Xh, which defines the per iod ic i ty  
in a hor izonta l  d i rec t ion ,  v a r i e s  f rom s e v e r a l  hundred 
k i l o m e t e r s  to 1000 km and more .  It is m o r e  difficult  
to d e r i v e  the ve r t i ca I  s t ruc tu re  s ize .  We might  take 
k v = vvT,  where  Vv is the v e r t i c a l  component  of 
veloci ty .  F r o m  ionograms ,  the apparent  ve loc i ty  
~'v is  of the o rde r  of 40-100  m �9 sec - i  [14,35-37] .  
Occas iona l ly  h igher  va lues  occur ,  and in individual 
c a se s  it is  poss ib le  to f i n d ~  v = 300 m �9 sec -1 [5]. 
The v i r tua l  height  on ionograms  is always g r e a t e r  
than the t rue  height,  so that  the r e a l  ve r t i c a l  ve loc i ty  

is l e ss  than ~v (by a factor  of about 1 .5-2) .  If we 
as sume  that  both the hor izonta l  and ve r t i c a l  d i sp l ace -  
ments  are  the r e su l t  of the same p rocess ,  we can 
take T ~ 20-30  rain. Thus if v v ~ 2 0 - 5 0 m .  sec -1, 
we obtain a rough es t ima te  of Xv ~- 50-100 km. Thus 
as a ru le  the ve r t i c a l  s ize  of TID ' s  must  be s m a l l e r  
than the hor izonta l  s ize ,  

<< x h . (l.L) 

However ,  this  inequali ty may be only marg ina l l y  sa t -  
isf ied.  In some  eases  it is probable  that X v .< X h. 

It was pointed out above that the v e r t i c a l  d imension 
is s o m e t i m e s  taken to be the value of zXh, which de -  
t e r m i n e s  the ampli tude of the deformat ion  of a plane 
of constant  N cor respond ing  to the re f l ec t ion  of a 
given radio f requency [38]. This  definition of v e r t i e a l  
sca le  g ives  values  of zXh ~< 5-15  k i n - - s m a l l e r  than the 
prev ious  e s t i m a t e s  of k v. 

Re fe r ences  [23, 39] contain informat ion  on the 
fo rm of l a r g e - s c a l e  ionospher ic  d is turbances  con-  
neeted with TID's .  The most  impor tan t  and weI l -  
founded coneIusion is  that the or ien ta t ion  is in the 
d i rec t ion  of the geomagnet ic  f ield H 0. Fu r the r  evidence 
for this anisot ropy is to be found in [29,30, 32]. 

The re  is a cons iderab le  spread  in the values  of the 
horizontal velocities of TID's--from 50 m �9 see -~ 
to 300-400 m �9 sec-i [40--43]. Most commonly, v h 

150 m �9 sec-l. 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 E s 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 E s [9]. 
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Fig. 5. Dis tor t ion of constant e l ec t ron  density 
contours  caused by a TID. The l ines of equal 
e lec t ron  number  densi ty  N (ran -3) a r e  cons t ruc ted  
f rom a s e r i e s  of rea l  height d is t r ibut ions  N(h) 

obtained f rom ionograms .  

Traveling disturbances are not recorded at high 
latitudes [52], possibly because of the strong turbu- 
lence in the polar ionosphere 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 N m >> N (N m 
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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f i r s t  approximat ion affect the bodily motion of the 
medium. 

We begin by cons ider ing  the p la sma  type. We a re  
in t e re s t ed  here  only in low-f requency  waves (with 
co = 27rf ~< 10 -3 sec-1),  in a p l a sma  which is s i tuated 
in an ex te rna l  geomagnet ic  field H 0. We l imi t  ou r se lves  
to the case  in which the waves  a r e  inf rasonic  and 
weakly at tenuated.  

For  the f requency values indicated above the fol low- 
ing conditions will  always be well  sat isf ied:  

4< 9n, ~ << %~, (2.1) 

where ~2 H = eH0/Me is the gyrofrequency and co0i = 
= (4T;e2N/M) I/2 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. 

Magnetohydrodynamie waves fall in the range de- 
fined by (2.1). For  co - 10 -3 see -1 and in t h e F  region,  
we have 

r >> "}m ,~ '  (2.2) 

where  Uim is the effect ive col l i s ion  f requency of ions 
with molecu les ,  and N m is the molecu la r  density. 
Thus for a wave propagated along the d i rec t ion  of the 
field H0, the complex r e f r a c t i v e  index is given by [57] 

n~ = 4r~c2MN t 4~c~MN vim (2.3) 

Here  we are  dealing with p l a sma- type  d i s tu rbances  
(the densi ty of the ionic component occurs  in {2.3) as 
Pi = Nlil). In the ionosphere  where  Vim >> w, * it 
follows f rom (2.3) that the waves will  be s t rongly 
attenuated. S imi la r  r e su l t s  a re  obtained in p rac t i ce  

whatever  the d i rec t ion  of the wave vec tor  k in r e l a -  
tion to H o. It can eas i ly  be shown f rom the d i spers ion  
equation for waves in a magnetoae t ive  p lasma,  and 
f rom express ions  for the components  of the d ie lec t r i c  
constant t ensor  ([57], p. 121), that for one type of 
magnetohydrodynamic wave Eq, (2.3) is  t rue  for any 
di rec t ion  of k. For  the other  type (Alfven waves) it 
is  only n e c e s s a r y t o  rep lace  H 0 by H 0 cos ~, where  a 
is the angle between the vec to r s  k and H 0. This is 
not s t r i c t ly  t rue  if  a -~ 7r/2, when ce r ta in  s ingula r i t i es  
occur ,  but this does not concern  us here .  

We the re fo re  conclude that it is  imposs ib le  to 
connect  TID's  with magnetohydrodynamic  waves .  

The re  is another  type of wave which can exis t  in 
the F region.  In the p re sence  of a drift  a r i s ing  under 
the action of the e l ec t r i c  f ields and of the field H0, 

* In the F region,  the col l i s ion  f requency Vim v a r i e s  
with height f rom roughly 50 sec -1 to 1 sec -1. We r e -  
call  that co ~< 10 -3 sec -1. 

the motion of i r r e g u l a r i t i e s  can be r e l a t ed  to ce r t a in  
waves  for which [59] 

~0 ~ (kui0), 

where  ui0 is the o r d e r e d  ve loc i ty  of the ions. The 
phase ve loc i t i e s  of these  waves can be s im i l a r  to 

the propagat ion speeds of TID's .  However ,  these  
waves are  s t rongly at tenuated in the ionosphere  unless  
the d i rec t ion  of motion is s t r i c t ly  perpendicu lar  to 
the magnet ic  field H 0. Thus the prevai l ing  d i rec t ion  
of motion would be a ~ v/2.  But it is c l ea r  f rom s e c -  
t ion 1 that this is not what is observed.  This a r g u -  
ment  and others  lead to the conclusion that the dr i f t  
mechan i sm 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 
ve loc i ty  v A = H0/(47rNM) 1/2 is so g rea t  that v A >> C0i , 
where  C0i is the ion sonic veloci ty ,  when col l i s ions  
are  neglec ted  w/k = C0icos c~ [61]. For  fa i r ly  sma l l  
values of cos G, the phase veloci ty  of these  waves 
may be much less  than C0i and co r re sponds  to the 
speeds of t r ave l ing  dis turbances .  However ,  it is well  
known that in an i so the rma l  p la sma  these  waves are  
s t rongly at tenuated due to the Cerenkov mechan i sm 
[62]. The inclusion of co l l i s ion  effects  can lead to an 
even g r e a t e r  attenuation. 

It follows f rom the above analysis  that p l a s m a -  
type waves a re  not applicable to the p resen t  problem.  
Grea te r  success  can be achieved by studying wave 
p r o c e s s e s  in the neut ra l  gas. The d is turbances  in the 
ionospher ic  p l a sma  can then be cons ide red  as caused 
by the in te rac t ion  of the charged  pa r t i c l e s  with the 
neut ra l  background. 

One of the mos t  convincing mechan i sms  is that 
based on a re la t ionsh ip  between the appearance  of 
TID's  and the exci ta t ion of in ternal  g rav i ty  waves [7]. 
The re  a re  a number  of papers  devoted to the p r o p e r -  
t ies  of this type of wave [7, 63-66].  We shall  now 
cons ider  the pr incipal  c h a r a c t e r i s t i c s  of in te rna l  
waves ,  assuming  that they are  propagated through a 
conducting medium in the p re sence  of the geomag-  
net ic  f ield H 0. We s ta r t  f rom the l i nea r i z ed  equations 
of magnetohydrodynamics  for  a weakly ionized gas* 
[57, 67], 

%[0,, ] 
L cgt + (u~'V)U § (#V)Uo = - VP + Pg + 

+ ~Au + (a/3 + 5) graddivu-F t---IjH,,I; 
C 

(2.4) 

- : -  + div fp0u + pu,,) = o; (2.5) 
dt  

0S  
T~o[ ~-  + (a,,v)S ] = div GFT). (2.6) 

*It is  a s sumed  that N m >> N. Thus to a f i r s t  approx i -  
mation no dis t inct ion is made between the values  of p, 
p, and other  p a r a m e t e r s  for the neut ra l  component 
and for the en t i re  medium. 
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In these  equations and e l s ewhere ,  undis turbed 
values  of p a r a m e t e r s  a r e  denoted by the subscr ip t  

'0 ' ;  d is turbed va lues  b e a r  no subscr ip t .  The nota-  
t ion is as follows: p is the densi ty of the gas,  p is 
the p r e s s u r e ,  S is the entropy,  T is  the t e m p e r a t u r e ,  
u is the veloci ty ,  ~? and ~ a r e  the f i r s t  and second c o -  
eff ic ients  of v i scos i ty ,  and 6 is the t h e r m a l  conduc-  
t i v i t y .  The ve loc i ty  u 0 ~ 0 in the p re sence  of drift.  To 
this sys tem of equations must  be added the r e l a t i o n -  
ship for the cu r r en t  densi ty j; this  is wr i t ten  in the 
fo rm of a genera l i za t ion  of Ohm' s law to the case  of 
an iso t r  opic media:  

m,,,,~ [j/C0] I ( j t to) l to  t 
- -  + ] ' :  E + - - [ u H 0 ] ,  (2.7) 

e"-N tqo ~• fq~ C 

where  E is the e l ec t r i c  field, m is the mass  of the 

e lec t ron ,  C0H = e H J m c  is  the e Iec t ron  gyrof requency ,  

1 = 1__ + l ,  and Crll and a• a r e  the longitudinal and 

~ il ~• 
t r a n s v e r s e  "conductivities. 

In studying the propagat ion of in te rna l  waves  in the 
ionosphere ,  we must  r e m e m b e r  that these  waves  a re  
only weakly absorbed.  We can then to a f i r s t  approx i -  
mat ion ignore  d iss ipa t ive  p r o c e s s e s .  We can also,  as 
a rule ,  put u 0 = 0 and neglect  the effect  of the g e o m a g -  
net ic  field. If t he r e  is no heat  conduction, Eq. 
(2.6) co r r e sponds  to adiabatic conditions.  When 6 = 0 
and u 0 = 0, we can use in place of (2.6) the equivalent  

equation Op + (llV)p0 =C~ [0P + (uV)Po ] ,  where  C o is 
Ot LOt 

the adiabatic speed of sound. 
For  an i s o t h e r m a l  a tmosphere ,  when the p r e s s u r e  

P0 and the densi ty P0 v a r y  as P0, P0 ~ e x p ( - z / H )  (H = 
= n T / M g  is the scale  height,  x is  Boltzmann'  s con -  
stant, and M is  the m o l e c u l a r  mass ) ,  the solution of 
(2.4)-(2.6) can be found by assuming  that al l  the 
va r i ab l e s  v a r y  as exp(icot - iKxX - iKzZ). We then 
obtain the following d i spe r s ion  equation [68]: 

~ ~ , K~) + 

+ i'(gK,_J + K~xg2(7 --  t) = 0, (2.8) 

We note that the speed of sound C O = (TgH) 1/2 (T is 
the ra t io  of the specif ic  heats).  If we take CO and K x 
to be r e a l  (K x = kx), we can r e p r e s e n t  K z as 

Kz = k~ + i~2H, (2.9) 

where  k z is a r e a l  quantity. By using complex  K z, 
we can fo rma l ly  reduce  the p rob lem of the p ropaga -  
tion of waves  in a nonhomogeneous i s o t h e r m a l  a t m o -  
sphere  to the case  of a homogeneous medium.  The 
imag ina ry  par t  of (2.9) co r r e sponds  to an i n c r e a s e  
in the ampli tude of waves  with dec reas ing  densi ty  P0. 
The energy  densi ty  p0 u2 r ema ins  constant  with height.  
F r o m  (2.8) and (2.9) we obtain a re la t ionsh ip  which 
involves  only r ea l  quant i t ies ,  

~ ' - -  ~:C~(k~ + k : +  L4N ~) + 

+(~ - 1 ) g ~ g  = 0 .  ( 2 . 1 0 )  

Solving this  for CO2, we obtain 

~2 Co2 ~ 

+ 1/4I-1"- +_ [(k~ + k~ + 1/4H~) ~ -- 

2 4 112 - , , (~  - 1 ) ~  k~/Co]  }. (2.11) 

In accordance  with the t e rmino logy  of [69], the 
plus sign in (2.11) co r responds  to acoust ic  (sound) 
waves ,  and the minus sign to grav i ta t iona l  waves.  

/ , J  

_ _  / / - -  

= 

k 

Fig.  6. Regions of poss ible  p rop -  
agation of in terna l  g rav i ty  (I) and 
acoust ic  (II) waves in an i s o t h e r -  
real a tmosphere .  The dashed l ines 
indicate  the shift  in the boundar ies  
(k~ = 0) caused by the p r e sence  of 
a homogeneous hor izonta l  shift  

(ku0) > 0. 

When k x = 0 the d i spe r s ion  equation d e s c r i b e s  sound 
waves  propagated in a nonuniform a tmosphere  ~o 2 = 
=Cokz~ 2 [ 1 + l/4k2zH~ l [70]. tn the outer  l imi t ing case ,  
when the vec tor  k is hor izonta l  (k z = 0), we obtain 

~ 2  ( 0 2  - -  0 j ~  
a 

k ~ = ~, (2.12) 

where  

.,~ = ~ g 2 / 4 c ~ ,  .,~ = (~ - 1 )g~ /c~ .  a g 

Figure  6 shows the o)(kx) re la t ionship .  The solid 
l ines r e p r e s e n t  the cu rves  for  k z = 0 (2.12). The 
shaded a r e a s  co r respond  to k ~ , > 0 ,  where  v e r t i -  
cal propagat ion of grav i ta t iona l  (region I) o r  sound 
(region ID waves  takes place.  In the nonshaded a r e a  
k~ < 0 .  In region II the phase  ve loc i t i e s  a r e  s u p e r -  

sonic, and in region I subsonic.  F o r  TID's ,  only 
grav i ta t iona l  waves  a re  of in te res t .  

It should be noted that these  r e su l t s  can eas i ly  be 
gene ra l i zed  to include a drift  ve loci ty  which is con-  
stant in t ime  and space. It is only n e c e s s a r y  in (2.10) 
to r ep lace  w by w - ku 0 (for a hor izonta l  wind, by co - 
- kxU0x ). The dashed l ine in Fig. 6 shows the chm~ge 
in the boundar ies  of the regions  for  k~ > 0 when 

kxu0x > 0; 
An impor tant  p roper ty  of in terna l  g rav i ty  waves 

i s  the exis tence  of a l imi t ing f requency COg, such that 
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w < Wg. This  can be seen f rom the d iagram.  The f r e -  
quency u,g = ~ / ~  - -  l g /Co  has a l ready  f igured in (2.12). 
Since w < Wg, it  follows that the per iod T = 2~/o~ is 
r e s t r i c t e d  to T > Tg, where  Tg = 2v(TH/(~/ - 1)g) ~/2. 

In the F region where  H ~ 30 km, g = 10 s 
cm �9 sec -~ and T = 1.4, we can es t ima te  Tg = 10 min. 
It follows f rom the r e su l t s  of w that the per iods  of 
TID ~s sa t is fy  the r e q u i r e m e n t  T > Tg. 

Equations (2.10) or  (2.11) can be used to de te rmine  
the phase veloci ty  Vp = wk/k 2 and the group ve loc i ty  
Vg r = Ow/~k. We can also find the ve loc i ty  V~h, which 
c h a r a c t e r i z e s  the motion of the wave front  in a h o r i -  
zontal  di rect ion:  i t  is  equal to V~h = ~o/k x [7]. In the 
genera l  case ,  the equations for Vp and Vg r a re  r a the r  
cumber some ,  and we will  not give them in full. Con-  
s iderab le  s impl i f ica t ions  a r e  poss ible  when 

k~ ~ k ~. (2 .13)  x~ 

k z H .'.~ 1. (2.14) 

These  conditions imply that the ve r t i ca l  wavelength 

X z is much s m a l l e r  than X x (with X x < 2rH) or  2~H 
{with X x > 2~H). Under  these condit ions,  we have  

where  

Io = (o k.v:k z (2.15) 

'Vgr x = "Skz, ~,g~, = - -  togkx/k2z; (2.16) 

" = , o  f,2 ,k3 ~ ~ , ~ k ~ / k ~ .  ( 2 . 1 7 )  ' tiP x g ~ /  z~ ~tp 

F r o m  these  and (2.13) it follows that  the phase v e l o c -  
ity is a lmos t  ve r t i ca l  and the group ve loc i ty  a lmos t  
hor izontal .  

The calculat ion of Vp and Vg r in the p r e sence  of a 
homogeneous wind is given in [71, 72]. The genera l  
equations a re  r a the r  cumber some .  In the app rox im a-  
tion of (2.15), the ve loc i ty  u 0 affects  only the compon-  

ent Vgrx , and 

tOg 
vg~ ~ : 7 -  + uo (k.~uo ~ > 0). (2.18) 

The components  of the phase ve loc i ty  Vpx and Vpz a re  
inc reased  by a factor  (1 + kzu0/~Og ). 

When Eq. (2.10) holds,  the polar iza t ion  of in terna l  
waves can be de te rmined  f r o m  the re la t ionship  

uz,/u~ , (2.19) 
~ - C ~  

whereas  for  low-f requency  waves (w << Wg), when (2.15) 
is t rue ,  

ux ~ K~ k~ + i /2i- /  ~ - -  - -  ~ -~ k.,Jkx. (2.20) 
uz kx  kx  

F r o m  (2.19) it can be seen that in genera l  the waves 
~re e l l ip t ica l ly  po la r ized  and have a component of 
ve loc i ty  t r a n s v e r s e  to k. In the rough approximat ion 

of (2.20) kxu x ~ - k z u z ,  the p o l a r i z a t i o n b e c o m e s  l inear  
and the t r a n s v e r s e  component of ve loc i ty  is f a i r ly  

smal l .  The e l l ip t ica l  nature  of the po la r iza t ion  and 
exis tence  of a p r e f e r r e d  d i rec t ion  (along the vec tor  g) 
suggest  an analogy between in terna l  waves and e l e c t r o -  
magnet ic  waves in anisotropic  media  [72]. 

We will  now discuss  the effect  of d iss ipa t ive  p r o -  
c e s s e s  in o rder  to es tab l i sh  the appl icabi l i ty  of the 
adiabatic approximat ion,  and to e s t ima te  the a b s o r p -  
tion of gravi ta t ional  waves.  

The assumption of adiabatic conditions is found in 
many papers .  At the same t ime  it is c l ea r  that rapid  
heat  conduction would cause the p r o c e s s e s  to become 
i so the rma l  and if ~/= 1 gravi ta t ional  waves would de -  
genera te  (only sound propagat ion would be possible) .  
In this  connection, it is of i n t e r e s t  to d iscuss  how far 
the adiabatic approach is just i f ied.  An analys is  of this 
p roblem has shown that when 5 ; 0, the quantity y in 
(2.10) must  be rep laced  by Teff [73], and 

(o2Z 2 
7eft = l + (-: -- 1) - -  (2.21) 

where  ~- = OC v/k26  (c v is the specif ic  heat  at constant  
volume).  F r o m  (2.21) we obtain the condition for the 
p r o c e s s e s  to be adiabatic w ,  >> 1: hence 

VP )) 1, 
",'k'J (2.22) 

where  v is the kinemat ic  v iscos i ty .  In going f rom 

(2.21) to (2.22) we have used the fact  that v P o e v / 5  is  
of the o rde r  of unity [69]. Let  us cons ider  the F layer .  
Our e s t ima tes  will  n e c e s s a r i l y  be only qual i ta t ive  
s ince they a re  based  on ca lcula t ions  [73] which ignore  
changes in v or 5/p0c v with height  [74]. With T = 1.4, 
H = 30 km, and kzH = 3, we have for  the phase v e l o c -  
ity (2.17), Vp - 10 s cm �9 sec -1. At a height of h = 200 
km, v - 109 cm �9 sec -1, and at h = 300 km, v -~ 9 �9 10 ~ 
cm 2 �9 sec-1;  we thus conclude that in the f i r s t  ca se  

inequali ty (2.22) is sa t i s f ied  (Veff ~ 1.32), but that in 
the second, it is not. 

T h e r m a l  conductivity is also impor tant  in that it 
leads to attenuation of in terna l  waves.  The absorpt ion 
is  of the same o rde r  as that produced by v iscous  e f -  
fects.  A detai led ca lcula t ion is given in [69l of the 
attenuation for  a v i scos i ty  v and t he rm a l  conductivi ty 

= 6 / C p p  o (Cp is  the specif ic  heat  at constant p r e s s u r e )  
which do not va ry  with height.  

The following re la t ionship  has been der ived for the 
dec remen t  F of gravi ta t ional  waves  

F = { H - l g k ~ [ ( T - - 5 / 3 )  v + ~21 - 

- c~K ~ [,,/6 + ,,~/2 - (2 - .;) z/2"~] } x 

• { 2 [ g K , -  }-'+ 
K 2 7 

-~ - -  ('-~- + '~o + 7.), (2.23) 
' 4 

where  

K ~ = k~ + k~ + l/4H~, k-" = k~ + k~, 

" = ~ / ~ o ,  '~.., = ~/~o.  
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The spat ia l  at tenuation is  de te rmined  along the 
group path. The coeff ic ient  of energy  absorpt ion q for 
smal l  at tenuation is equal to 

q ~ Q/v  gr E, (2.24) 

where  Q is the energy  diss ipated  in 1 see in unit 
volume,  and E is the energy  densi ty  assoc ia ted  with 
the wave. An exp re s s ion  for q is given in [691, where  
the mos t  impor tant  specia l  c a se s  are  cons idered .  
Numer ica l  e s t i m a t e s  of q show that g rav i ta t iona l  waves  
with X >> 4~rI-I a re  not sensibly at tenuated at heights  of 
h -~ 100 km (q ~- 5 �9 10 -12 cm-1). However ,  s m a l l e r  

sca le  waves are  more  e f fec t ive ly  absorbed.  Ca lcu la -  
t ions [75] show that the diss ipat ion of in terna l  waves 
can make an impor tant  contr ibut ion to the t he rm a l  
balance of the upper a tmosphere ,  e spec ia l ly  during 
magnet ic  s to rms .  

It would undoubtedly be in te res t ing  to gene ra l i ze  
the calcula t ions  of F (2.23) or q (2.24) [69] to include 
the height  dependence of v and • This  would Iead to 
m o r e  r e l i ab le  e s t i m a t e s  of the absorpt ion.  Two f u r -  
ther  points must  also be borne in mind. For  an un- 
bounded i s o t h e r m a l  a tmosphere  with no d iss ipa t ion  
where  the densi ty p0(z) d e c r e a s e s  with height,  the 
ampli tude of in terna l  waves would i n c r e a s e  as A ~ 

po ~/2. The l inea r i za t ion  of the hydrodynamic equa -  
t ions might  then not be leg i t imate .  If ~ and X are  
constant,  it is s c a r c e l y  poss ible  to compensa te  for 
the i nc r ea se  in A. However ,  if  they i n c r e a s e  with 
height (as exp(z/H),  say), then probably compensat ion  
would be adequate. The al lowance for  v i scos i ty  and 
t he rma l  conduct ivi ty  is a lso v e r y  impor tant  in eonnec -  
tion with the rapid  i n c r e a s e  above the F 2 peak of the 
mean f ree  path ~mf, which becomes  comparab le  with 
the wavelength X. Detai led calcula t ions  of the a b s o r p -  
tion with , = u(z) and ~ = X(z) do not yet  exist.  The 
problem is  compl ica ted  by the fact  that the solution of 
(2.4)-(2.6) cannot be found in the fo rm of plane waves.  
Some r e s u l t s  obtained by numer i ca l  analys is  a re  g iven 
in [761. 

Magnetohydrodynamic absorpt ion (ohmic losses )  can 
be impor tan t  for l a r g e - s c a l e  d is turbances .  The p rob -  

l em has been cons ide red  in [77,781 fo r  in terna l  waves 
in the ionosphere ;  sys tem (2.4)-(2~ with ~ = ~ = 5 = 
= 0 is  taken as the s tar t ing point. Under the usual F -  
region condit ions,  the exp re s s ion  for  the t r a n s v e r s e  
cu r r en t  (2.7) takes the fo rm j •  = e k[uH0]/c [771- The 
ini t ial  equations can be reduced  to 

c?t---~. = C~ grad div u --  g v u z  + (1 - -  "f) gzo div u + 

poC ~ o-/ [ I'~M~176 (2.25) 

where z 0 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 (r• o depended on the molecular 

concent ra t ion  N m. Since ~1 = esIV'qm/~'if~2 H ~ Nm('~im 
N~) and P0 = NmMm (Mm is  the moIecuIar  mass) ,  

we conclude that the ra t io  o-_l_/P0 is independent of N m. 
The var ia t ion  of a• with e l ec t ron  density N is of l i t t le  
impor tance  since it  is smal l  even for dis tances  con-  

s ide rab ly  g r e a t e r  than H. 
Using (2.25) and the group ve loc i ty  equation (2.16), 

we can ca lcula te  the absorpt ion coeff ic ient  q, r e -  
member ing  that Q ~ cr• 2 and E = p0 u2. We 
f inal ly obtain [781 f rom (2.24) that 

NM'qr" k 1 + - -  k~ cos ~ (2.26) q = N,,M,,, '~ ~ cos ~.---k~ ' 

where c~ and fl a re  the angles between H 0 and the x -  
and z -axes .  * 

Es t ima tes  of the magnitude of q f rom c h a r a c t e r -  
i s t ic  TID data f rom middle  la t i tudes lead to values  
of q ~ 5 �9 10-~ cm -1. This  co r responds  to d is tances  
D = l / q ,  over  which the d is turbances  t r a v e l  without 
g rea t  attenuation, of D = 2000 kin. hi [77], Eq. 
(2.26) is  used to analyze the dependence of absorpt ion 
on t ime  of day and the d i rec t ion  of motion. We m e r e l y  
note here  that  absorpt ion is min imal  when the d i s t u r -  
bance t r ave l s  in a nor th-south  direct ion.  

Res t r i c t ions  on the dis tance of propagat ion can also 
be obtained f rom the observa t iona l  r e q u i r e m e n t  that 
the packets of in terna l  waves should not change v e r y  
much in shape (see the expe r imen ta l  r e su l t s  ira s e c -  
t ion 1). This means  that  the diffusion t ime  of the 
quas i -monochromat i c  signal (gravity wave) r must  
be much s m a l l e r  than the life t ime  T 1. For  a homo-  
geneous** anisot ropic  d i spe r s ive  medium [57] 

\ 0 c o  ~ : . . . . .  

where  co o is the c a r r i e r  f requency of a signal  for 
which it is a s sumed  that Aco << w 0. We de te rmine  the 
dis tance D over  which signif icant  d is tor t ion  will  ap-  
pear  by putting ~- = T 1. Evaluat ing ~- f rom (2.27), we 
obtain [79] 

)" , (2.28) D ~  1-7"~ - ~, 

where  T o = 27r/co 0. If T1/T 0 = 2 - 3  and X x = 150 km we 
find that D ~ 600-1500 km. We thus obtain d is tances  
of the same order  as before  (from cons idera t ions  of 

magnetohydrodynamic absorption).  

We will now discuss  some c h a r a c t e r i s t i c s  of the 
propagation of grav i ta t iona l  waves in a non iso thermal  
a tmosphere  where T = T(z) [80]. Even in the ab-  
sence  of d iss ipa t ive  p r o c e s s e s  sys tem (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. 



8 IZVESTIYA VUZ. RADIOFIZIKA 

longer has p lane-wave  solutions.  We t h e r e f o r e  wr i t e  
the solution in the form F(co, k x, z)exp[i(cot - kxx) ] 
and thus reduce  the sys tem to two f i r s t  o rder  d i f fe ren-  
t ia l  equations for the va r i ab les  div u and u z [80]. 

1 2 3 ~, 

Fig. 7. Regions of possible  
propagation of in terna l  g rav i ty  
(I) and acoust ic  (II) waves in 
a noniso thermal  a tmosphere  
with a hor izonta l  wind which 

v a r i e s  with height. 

These  can be wri t ten  in the d imens ion less  fo rm 

d Y  
- - - -=  (';,'~ -- li}t) Y (~, - 1,},).~k;~.~; (2.29) 
ds 

d X  
�9 - ----- (I -- ~ !~)  Y +  X.},, (2.30) 
ds 

where  

K = div ufl2, X = k,xl~/.Q, s -= k~z, 

~t = ";Hk~. ~1 = Qo-,gk., ., .o. . . . . . .  k # o  dZ). 

When T and U0x are  independent of height,  and Y, 
X - exp(Qs), we obtain the d i spers ion  equation 

~-IQ 2 = ~1 + (Y - 1)i~l - al - 72/4ai, (2.31) 

which reduces  to (2.28) (where co is r ep laced  by ~2 = 

= w - kxu0x ). If the var ia t ions  of T and U0x with z 
are  slow (~1 and/7~ depend only weakly on s), the 
geome t r i ca l  optics approximat ion can be used. This  
breaks  down if Q = 0, when we obtain 

^z2 I 7, 4- ('; - -  i),,'7~ = ~., + ,  ~4::. (2.32) 

This re la t ionship  is i l lus t r a t ed  in Fig. 7. The shaded 
regions  I and II co r re spond  to ve r t i ca l  propagat ion of 
acoust ic  and grav i ta t iona l  waves ,  r e spec t ive ly .  In the  
unshaded par t  ve r t i ca I  propagat ion is  imposs ib le .  ~t 
can eas i ly  be seen f rom Fig. 7 that even in the case  
in which the t e m p e r a t u r e  i n c r e a s e s  l inear ly  with 
height, waveguide propagation is  poss ib le .  

In [801 quoted above, soIutions are  obtained de-  
scr ib ing  the propagat ion of in ternal  waves in the WKB 
approximation.  The calcula t ion is p e r f o r m e d  for both 
l inear  and exponential  t e m p e r a t u r e  prof i les .  The 
veIoci ty  u 0 is  taken to be hor izonta l  and independent 
of z. It is shown (for both T(z) dis tr ibut ions)  that 

waveguide propagat ion of gravi ta t ional  waves is pos -  

sible w i t h v g r x  ~< co/k x. 

When hor izonta l  gradients  of density P0 and p r e s -  

sure  P0 occur ,  the theory  of in ternal  waves must  be 
gene ra l i zed  to two dimensions .  Suppose that P0 and P0 
can be r e p r e s e n t e d  in the fo rm 

P0, ~0 ~ exp ( - - z / i -O f (x ) ,  (2.33) 

where the scale  height H is taken as constant.  Neg lec t ,  
ing d iss ipa t ive  p r o c e s s e s ,  we seek the solution of 
(2.4)-(2.6) in the fo rm r - iKzz ) and a r r i v e  
at the di f ferent ia l  equation 

d(I) d"q) 1 d f  (1 + b/a) + 

+ [ a  P~  b- 1 d ' i ] " = O ,  (2.34) 
Po a f dx 2 

whe r e 

<,,= - ( r g / 4 s 9  (~ + @~ts-~) ' 

<~2 + g ( :  _ 1) (ikz - -  1/2//) 
b =  

~,,~" - -  (',,g/4H) (1 + 4k~*S ~) 

We reca l l  that Kz = kz + i /2H,  where  k z i s  a r ea l  quan- 
ti ty.  Makingthe c h a n g e o f v a r i a b l e s  �9 -~ r fi -(~ + b)i2a 
we obtain the equation 

d ~'~ { ~  P o +  b 1 dZf 

dx--~' , + * . . . . . .  ' Po a f dx ~ 

1 d ( f  d r ) (1  + b / a ) _  

4 ax  ] 
(2.35) 

We can wri te  the solution of this in the WKB ap-  
proximat ion  and inves t iga te  the poss ib i l i ty  of wave -  
guide propagat ion for pa r t i cu la r  f o rms  of f (x) .  A full 
analys is  has not yet been c a r r i e d  out. The s ignif icance 
of the r e su l t s  would be enhanced if i t  could be shown 
that TID's  exis t  which do not undergo la rge  hor izonta l  
d i sp lacements .  The re  is at p resen t  no exper imenta l  
or  t heo re t i ca l  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 

t heo re t i ca l  predic t ions  with the exper imenta l  r e su l t s .  
The p rob lem of the format ion of i r r e g u l a r i t i e s  i n -  

volves  a cons idera t ion  of the col l i s ions  of e l ec t rons  
and ions with neut ra l  pa r t i c les .  In addition, the effect  

of the earth '  s magnet ic  f ield H 0 and of the e l ec t r i c  
f ield E (ar is ing f rom charge  separat ion)  must  be taken 

into account. 



RADIOPHYSICS AND Q U A N T U M  E L E C T R O N I C S  9 

We can s t a r t  f r o m  the  se t  of q u a s i - h y d r o d y n a m i c  

equa t ions  of m o t i o n  fo r  e l e c t r o n s  and ions  

= - -  V P ,  + ~ ,g  - -  e N ~ e  --  ~ [ u,Hol; (3.1) 
C 

~-~- + :,~(u~V)uz + ,o~ ~ ( u ~ -  u ) =  

= - -  VP~ + Pig + eN~E + eN---A [u~Ho] (3.2) 
c 

and the  con t inu i ty  equa t ion  

0"~ + div(0eu*) = 0, ~ -  + dlv(ptu 0 = 0, (3.3) 

w h e r e  u e and u i a r e  the  o r d e r e d  v e l o c i t i e s  of e l e c t r o n s  
and ions ,  Pe - ruNe and Pi = MNi a r e  the  d e n s i t i e s ,  
and N e and Ni the  p a r t i c l e  d e n s i t i e s ,  and g e m  is  the  
e f f e c t i v e  c o l l i s i o n  f r e q u e n c y  of e l e c t r o n s  and m o l e c u l e s ,  
the  v e l o c i t y  of which is  deno ted  by u. F o r  the  p a r t i a l  

p r e s s u r e s  Pe and Pi we h a v e  Pe = Ne~T and Pi = N i u T '  
w h e r e  T e and T i a r e  the e l e c t r o n  and ion  t e m p e r -  
a t u r e s .  C o l l i s i o n s  b e t w e e n  c h a r g e d  p a r t i c l e s  a r e  
n e g l e c t e d  and no accoun t  i s  t aken  of  the  e l e c t r o n  
and ion v i s c o s i t i e s  which  a r e  of l i t t l e  i m p o r t a n c e  in 
l a r g e - s c a l e  d i s t u r b a n c e s .  

A c o n s i d e r a b l e  s i m p l i f i c a t i o n  is  p o s s i b l e  in t he  
p r e s e n t  c a s e .  The  t e r m s  p e d u e / d t  and p i d u i / d t  can  be  
o m i t t e d  as  t h e y  a r e  s m a l l  c o m p a r e d  wi th  Pe~emUe and 
PiUimUi . The  p l a s m a  wi l l  be  a s s u m e d  to be  i s o t h e r m a l  
(T e = T i = T) and q u a s i - n e u t r a l  (N e = N i = N). D e v i a -  
t ions  f r o m  q u a s i - n e u t r a l i t y  (N e - N i ) / N  ~ ( r D / L )  2 
(r D is  the  Debye  r a d i u s  and L is  the  c h a r a c t e r i s t i c  
length)  m u s t  be  v e r y  s m a l l  fo r  t he  d i s t u r b a n c e s  we 
a r e  c o n s i d e r i n g .  We t h e r e f o r e  i n t r o d u c e  the  e l e c t r i c  
f i e l d  E = - V r  which  i s  n e c e s s a r y  to  p r e v e n t  the  a p -  
p e a r a n c e  of space  c h a r g e s .  

U n d e r  t h e s e  cond i t i ons  we can  apply  the  usua l  F - r e -  
g ion  i n e q u a l i t y  ~H >> Vim and obta in  t he  fo l lowing  e q u a -  
t ion  [81] f r o m  (3 .1) - (3 .3)  fo r  the  e x c e s s  e l e c t r o n  dens i t y  
N' a r i s i n g  f r o m  n e u t r a l  p a r t i c l e  mot ion ,  * 

aN, o 

Ot Oz' k Ot ] + gz' 

Oz' k ~,~ ] o O z ' '  
(3.4) 

w h e r e  D = 2 ~ T / M v i m  i s  the  a m b i p o l a r  d i f fus ion  c o e f -  
f i c i e n t  a long  H0 (the z ' - a x i s  is  t aken  in th is  d i r ec t i on ) .  

A s s u m i n g  an exponen t i a l  v a r i a t i o n  of vim and Vem 
wi th  z, Uim = vi0 exp ( - z / H )  and ve to  = Ue0exp ( - z / H ) ,  

*The cond i t ion  ~H >> Vim m e a n s  tha t  t r a n s v e r s e  
d i f fus ion ,  which  is  m u c h  s m a l l e r  than  the  long i tud ina l ,  
c an  be  n e g l e c t e d .  The  r e l a t i v e l y  s low v a r i a t i o n s  of 
the  b a c k g r o u n d  N with he igh t  a r e  not  t aken  into  a c -  
count .  

and tak ing  u to  be c a u s e d  by the  p a s s a g e  of an i n t e r n a l  
w a v e  ((2.10) and (2.19)), we ob ta in  fo r  N' 

e x p ( - - z / H )  O--~t'-- D 02N' Do 
o Oz,---~-(~ + 

g/V,o ~ ON + . ] dz--- 7 --  (g[vlo)HN' ~- iNo(k x cos �9 + 

+ K~ cos 7) ~zo [ cos 7 - -  cos a (Kz/kx) ] x 

x exp { i~t  - -  ik~x --  iKzz }. (3.5) 

In the  c o o r d i n a t e  s y s t e m  x, y, z ,  the  f i e ld  H 0 has  
c o m p o n e n t s  H0(cos a ,  cos  /3, cos  3'). T h e  l e v e l  z = 0, 

c o r r e s p o n d i n g  to vi0, re0 and D o = 2 z T / M v i 0  , can  be  
t a k e n  as  be ing  in  t he  F r e g i o n  w h e r e  t he  w a v e  i s  
p ropaga t ed .  

A ful l  i n v e s t i g a t i o n  of the  so lu t ions  of (3.5) i s  
r a t h e r  d i f f i cu l t .  Let  us  c o n s i d e r  the  s i m p l i f i e d  c a s e  
in wh ich  the  f i e ld  H 0 i s  a l m o s t  v e r t i c a l .  The  a x e s  z 
and z '  can  then  be  t aken  as  be ing  a l m o s t  co inc iden t  
and we a r e  l e f t  wi th  t he  c o o r d i n a t e  s y s t e m  u s e d  in 
s e c t i o n  2. 

We sha l l  r e p r e s e n t  N " {z, t) in the  f o r m  of the  s u m  
I~ = Nl(z,  t) + Nz(z, t). The  t e r m  N2(z, t) wi l l  c o r r e -  
spond to the  s t e a d y - s t a t e  d i s t r i b u t i o n  of N' se t  up by 
a f a i r l y  l o n g - a c t i n g  " s o u r c e " - - N 0 8 u z / a z - - a n d  i t  w i l l  
v a r y  l ike  a wave  with  p e r i o d  T o and h o r i z o n t a l  s c a l e  
equa l  to tha t  of the  i n t e r n a l  w a v e  i t s e l f .  The  t e r m  
Nl(z, t) d e s c r i b e s  the  s e t t i ng  up of  t he  s t e a d y  s t a t e  
a f t e r  t he  s o u r c e  has  b e e n  " swi t ched  o n . "  An a p p r o x i -  
m a t e  e s t i m a t e  of  the  a m p l i t u d e  of  N 2 g i v e s  [81] 

1N~____[ ~ I U,o I (3.6) 
No Dok~" 

Taking  IN2 ]/N o ~- 0.1 ( in a c c o r d a n c e  wi th  o b s e r v a -  
t ions) ,  f o r  D o ~ 10 s c m  2 �9 s e c  - t  and k z = 3 �9 10-Gcm -1 
we  f ind that  [Uz0I -~ 8 m �9 s e c  - t .  Th is  v a l u e  of  v e l o c i t y  
i s  v e r y  r e a s o n a b l e .  A m o r e  d e t a i l e d  so lu t ion  of t he  
p r o b l e m  d e m a n d s  a knowledge  of the  i n c o m p l e t e  g a m -  
m a - f u n c t i o n  f o r  c o m p l e x  a r g u m e n t s  [78] and is  c o m -  
p l i c a t e d  by the fac t  that  t a b l e s  of t h e s e  do not  e x -  

i s t .  
In o r d e r  to a n a l y z e  the  n a t u r e  of N1, i t  i s  n e c e s s a r y  

to know the  c h a r a c t e r i s t i c  so lu t ion  of  Eq.  (3.5) w i t h -  
out  the  r i g h t - h a n d  s ide .  We a s s u m e  that  t he  TID i s  
l o c a l i z e d  in a l a y e r  of  t h i c k n e s s  L and that  at  t he  

b o u n d a r i e s z  = 0 a n d z =  L.  N ' - -  0. The  so lu t ion  of 
the  h o m o g e n e o u s  p a r t  of (3.5) can  t h e n  be  r e p r e s e n t e d  
in the  f o r m  [78] 

N1 = exp ( - -z /2H) x 

w h e r e  

oo  

xZoxp(--- 
Z l ~ l '  

~,2.Dot \ 
t4  ) [ A(~..) st~ (~-.',l) - -  

- -  tg (2),.) cos (),.~) ], 

g = exp (--L/2H),  ~ = exp (--  z/2H), 

(3.7) 



10 IZVESTIYA VUZ. RADIOFIZIKA 

The  c o n s t a n t s  A(Xn) a r e  d e t e r m i n e d  f r o m  t he  i n i t i a l  

c o n d i t i o n  Nl(z ,  0) �9 N2(z, 0) = 0. T h e  t e r m s  in (3.7) 
d e c a y  e x p o n e n t i a l l y  w i t h  t i m e  and  t h e  r a t e  of d e c a y  

i n c r e a s e s  wi th  n.  T he  m a x i m u m  t i m e  f o r  t h e  e s t a b -  

l i s h m e n t  of t he  s t e a d y  s t a t e  c o r r e s p o n d s  to  n = 1. T h u s  
t he  t i m e  f o r  t he  f o r c e d  s o l u t i o n  to  p r e d o m i n a t e  c a n  be  
found  f r o m  t h e  r e l a t i o n s h i p  [78] 

4He(l _ ~)3 ~3.8) 
z~ = r3Do 

At  h e i g h t s  of z = 250 km ,  we c a n  t a k e  D O ~ 7 - 10 ~ 
c m  2 s e e  -1 and  H = 30 kin.  Wi th  6 = 0.1 o r  5 = 0.5,  we 

o b t a i n  v a l u e s  of ~'1 equa l  to  7.5 o r  2.5 ra in .  F o r  l a y e r s  
of g r e a t e r  t h i c k n e s s  (5 ~ 0) T 1 = 10 ra in .  T h u s  i n  t he  
i o n o s p h e r e  i n t e r n a l  w a v e s  c a n  c a u s e  i r r e g u l a r i t i e s  
w i t h  p e r i o d s  T o g r e a t e r  t h a n  r l .  We h a v e  T ~ 10 ra in .  
We n o t e  t h a t  p e r i o d s  T o f o r  T I D ' s  ( s ee  s e c t i o n  1) 

a r e  of t he  o r d e r  of T o ~ 2 0 - 3 0  m i n .  F o r  t h e s e  v a l u e s  
T O > Tg as  r e q u i r e d  (in t h e  F r e g i o n  T 1 ~ ~g). T h e s e  
e s t i m a t e s  a n d  t h e  o t h e r  c o n s i d e r a t i o n s  g i v e n  above  
f a v o r  t h e  i n t e r p r e t a t i o n  of TID'  s in  t e r m s  of g r a v i t y  

w a v e s .  
We s h a l l  now g ive  a few f u r t h e r  e s t i m a t e s  w h i c h  

a r e  b a s e d  on t h i s  i n t e r p r e t a t i o n .  T h e  d i s t a n c e  of 
p r o p a g a t i o n  of T I D ' s  i s  d e t e r m i n e d  by  t h e  s m a l l e r  of 
two d i s t a n c e s  L 1 and  L 2. H e r e  L 1 i s  t h e  d i s t a n c e  o v e r  
w h i c h  a b s o r p t i o n  (for  e x a m p l e ,  m a g n e t o h y d r o d y n a m i c )  

l e a d s  to  a n o t i c e a b l e  r e d u c t i o n  in  a m p l i t u d e .  L 2 c o r -  
r e s p o n d s  to  the  p a t h  l e n g t h  for  w h i c h  d i f f u s i o n  of t he  
w a v e  p u l s e s  o c c u r s .  E s t i m a t e s  of L 1 a n d  L 2 f r o m  
(2.26) and  (2.28) l e a d  to  v a l u e s  of a few t h o u s a n d  k i l o -  

m e t e r s .  T h i s  i s  in  a g r e e m e n t  w i th  e x p e r i m e n t .  We 
no te  t h a t  fo r  m a g n e t o h y d r o d y n a m i c  a b s o r p t i o n ,  L 1 i s  

s m a l l e s t ,  w h e n  k z >> k x,  f o r  p r o p a g a t i o n  a long  a 
m e r i d i a n  [77]. In p r a c t i c e  t h i s  i s  found  to  be  t he  p r e -  
v a i l i n g  d i r e c t i o n  of TID'So H o w e v e r ,  i t  i s  p o s s i b l e  t h a t  
t h i s  i s  due no t  to  a b s o r p t i o n  but  to  o t h e r  e f f e c t s  (for  
e x a m p l e ,  u n d e r  w a v e  e x c i t a t i o n  c o n d i t i o n s ) .  

One f u r t h e r  e s t i m a t e  f o r  D c a n  b e  g i v e n .  If  a TID 
i s  in  t he  f o r m  of a p u l s e ,  we c a n  de f ine  D as  

D = Vg~ x~2, (3.9) 

w h e r e  T 2 i s  t he  t i m e  t a k e n  fo r  t he  p u l s e  to  p a s s  r i g h t  
t h r o u g h  t h e  i o n o s p h e r e ,  

% = A L v g  r ~. (3.10) 

It  f o l lows  f r o m  (3.9) and  (3.10) t h a t  D = A L V g r x / V g r z -  

S ince  k z >> k x a n d v g r x  >> V g r z ,  D >> AL; t h i s  i s  in  
a c c o r d a n c e  w i th  p r e v i o u s  e s t i m a t e s .  

A c o n v e n i e n t  f ac t  in  t h e  i n t e r p r e t a t i o n  of TID '  s in  
t e r m s  of i n t e r n a l  w a v e s  i s  t h a t  t h e  g r o u p  v e l o c i t y  of 
t h e s e  w a v e s  (k z >> kx) i s  a l m o s t  h o r i z o n t a l  ( see  (2.16),  

(2.17)).  M o r e o v e r ,  w h e n  kz >> kx t he  r a t i o  Vgr /V p 
k z / k  x > 1. It  would  s e e m  t h a t  t h e  v a r i o u s  e x p e r i -  

m e n t s  m e a s u r e  no t  Vp = w k / k  2 bu t  V~x = w / k  x,  w h i c h  
i s  of  t h e  o r d e r  of t h e  g r o u p  v e l o c i t y  (V~x ~ Vgr).  
N u m e r i c a l  e s t i m a t e s  f r o m  (2.16),  (2.17) show t h a t  
t h e  v e l o c i t y  of i n t e r n a l  w a v e s  Vg r ~< 104 c m  �9 s ec  -1 
w h e n  T = 1.4,  g = 103 c m  �9 s e e  -2, C O -- 6 �9 104 c m  �9 
�9 s e c  -1. We r e c a l l  t h a t  t h e  a c t u a l  s p e e d  of TID'  s 

v a r i e s  b e t w e e n  30 and  300 m �9 s e c -  1, and  t h a t  t h e r e  a r e  
m e a s u r e m e n t s  c o r r e s p o n d i n g  to  Vgr /V p ~ 2 [51l.  

In  t h i s  c o n n e c t i o n ,  H i n e s  [7] h a s  s u g g e s t e d  t h a t  
t h e  h i g h  v e l o c i t y  T I D ' s  a r e  a s s o c i a t e d  w i t h  i n t e r n a l  
w a v e s  fo r  w h i c h  k z ~ k x.  In t h i s  c a s e  t h e  d i s p e r s i o n  
e q u a t i o n  d i f f e r s  f r o m  (2.15) and  h a s  the  f o r m  

k2 
(0 2 ::= (0 2 ~.v (3.11) 

This corresponds to waves for which Vg r < 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 

[ 8 2 - 8 4 ]  a r e  n o w a d a y s  a c c e p t e d  a s  t he  c a u s e  of E s a t  
m i d d l e  l a t i t u d e s .  T h i s  po in t  of v i ew  was  f i r s t  pu t  
f o r w a r d  by  W h i t e h e a d  [82] and  h a s  s i n c e  r e c e i v e d  
f u r t h e r  d e v e l o p m e n t  and  c o n f i r m a t i o n .  

It  w a s  n o t e d  as  e a r l y  as  1960 [7] t h a t  t he  a p p e a r -  
a n c e  of wind  s h e a r s  c o u l d  b e  c o n n e c t e d  w i t h  TID'  s.  
M e n t i o n  w a s  m a d e  in  s e c t i o n  1 of t h e  c o r r e l a t i o n  b e -  
t w e e n  T I D ' s  and  E s.  T h i s  c o r r e l a t i o n  c a n  q u i t e  e a s i l y  
b e  e x p l a i n e d  by  t he  n a t u r e  of t he  c h a n g e s  in  t h e  g a s  
v e l o c i t y  u in  i n t e r n a l  w a v e s .  T h i s  h a s  in  f a c t  b e e n  
done  in  [88] w h e r e  t h e  f o r m a t i o n  of E s i s  c o n n e c t e d  
w i t h  t u r b u l e n t  m o t i o n  of n e u t r a l  p a r t i c l e s  d u r i n g  t h e  
p a s s a g e  of g r a v i t y  w a v e s .  

4. CONCLUSIONS 

Internal gravity waves can explain the principle 
features of TID's. However, two slightly different 
mechanisms have recently been discussed in the l i ter-  
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 sound. A 
numerical solution 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 350-500 
m �9 sec -I 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 ser ious  drawback in  this  mechan i sm is the 
p resence  of an upper l imi t  for the per iod of g r a v i t a -  
t iona l -acous t ic  waves equal to about 15 minutes .  This  
is  in contradic t ion to the exper imenta l  observat ions  on 
TID' s. A more  detai led c r i t i c i sm  will  be found in 

[981. 
This difficulty has been overcome by F r i e d m a n  

[99] who has modified the condit ions for the propaga-  
t ion of the g rav i ta t iona l -acous t ic  waves. The wave-  
guide is not taken to be perfect  but to have a ce r t a in  
teakage allowing a ver t ica l  t r anspo r t  of energy. As 
a resu l t  of th is ,  the hor izonta l  wave number  becomes 
complex (even without absorption) K x = kx + ikx. The 
solution is sought in the range of values  of k~, w, 
co/kx, observed with TID's ,  i . e . ,  10-Gkm -1 < k~ < 
< 10 - 3 k m  -1, 4 �9 10 - 4 s e e  -I < co < 7" 10 - 3 s e e  -1, and 
6 0 m "  sec -1 < c0/k x < 8 0 0 m "  sec -1. Numer ica l  
in tegra t ion  gives the group velocity Vg r = dco/dkx, 
phash veloci ty vb = cO/kx, the ve r t i ca l  wave number  
(which va r i e s  with height), and other cha rac t e r i s t i c s  
of the n o r m a l  waves. An impor tant  fact is  that as in  
all  cases  previous ly  considered,  the group veloci ty 
is l e s s  than v )  = co/k x. The waveguide model has 
not yet been completely  developed. 

It follows f rom all this that TID's  can ce r t a in ly  be 
connected with the propagat ion of in te rna l  gravi ty  
waves in the ionosphere.  All the i r  pr inc ipa l  fea tures  
can be explained by this mechanism.  The d isc repancy  
between theory  and exper iment  which exis ts  in  the 
quest ion of group and phase (v)) veloci t ies  can par tIy 
be explained by the difficult ies in m e a s u r i n g  these 
velocities. 

At the same time it must be pointed out that a 
more detailed comparison of theory with experiment 

r equ i r e s  addit ional data and the solut ion of a nmnber  
of p roblems.  In par t i cu la r ,  the quest ion of the exe i t a -  
t ion of these waves is impor tant  [100,101] and also 
the i r  effect on the e lec t ron  dis t r ibut ion in the iono-  
sphere.  It is of in te res t  to invest igate  the p roper t i es  
of gravi ta t ionaI  waves in two-dimens iona/  inhomo-  
geneous media  and Mso to take into proper  account 
the influence of v iscos i ty  and nonl inear  effects in  con-  
neetion 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 numer i ca l  method of analyzing in te rna l  
waves. It is of no less  i n t e re s t  to make d i rec t  m e n -  
su remen t s  of the e lec t ron  densi ty N and neu t ra l  p a r t i -  
ele densi ty N m (or p r e s s u r e  Pro) in TID's  with s a t e l -  
lite or rocket sounders .  There  is l i t t le  informat ion  on 
TID's  at high lat i tudes or in  the equator ia l  e lec t ro je t  
region:  r e su l t s  need to be obtained on the var ia t ion  of 
the distance of propagation with t ime  of day and d i r e c -  
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 

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's with magnetic activity is again discussed. 
The results of observations of TID's at Tbilisi are published in [I09]. 
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