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‘—~ﬁ)gravity wave problem can be reduced into a multi-channel scattering problem
with effective potentials for each channel. The “Yotentials* for the gravity
channel corresponding to different exospheric temperatures were obtained from

the 1972 Cospar models., The results show (1) above periods of 1/2 an hour the
‘;ggzzﬂfigl§i_gg_lggg§t;zhange in shape. (2) There are no strictly fully ducte&
/e <~ The S; and S, modes exist only as partially ducted modes. The hori-

zontal phase velocities, however, are identical with those found by Francis
(1973b). (3) There is no ducted mode for the Fz—region.

b /

[———2 The third part is an investigation of the non-linear effects of gravity
wave on natural oscillations. Airglow (mostly 5577 ® 0I) oscillations often

\ show a small period (8-14 min.) oscillation superimposed on a long period

! (v hour) oscillation. The short period oscillation is sometimes "excited™ by
- the long period oscillation as the latter increases in amplitude.qsﬂg\have
2pprox, found that for Richardson's number much greater than 1/2 when instability does
not occur "self excitation" of natural oscillations can be induced by gravity
waves with sufficiently large amplitude.
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FINAL REPORT

Summary and Analysis

The research reported here may be divided into three sections. The first
deals with the effect of atmospheric gravity wave on airglow. The work results
in a paper entitled "On The Behaviour of Airglow Under The Influence of Gravity
Waves". (Porter, Silverman and Tuan (1974)). The second section deals with
"potential” model for gravity waves (Yu, Tai and Tuan (1975)). Most of the work

for this is finished. Upon completion we intend to write a long paper on this new

approach to gravity wave problems. Thé third section deals with the non-linear
effects of gravity waves, in particular their effects on natural atmospheric
oscillations and airglow, (Tuan, Hedinger, Tai and Silverman (1975)). A preprint
is enclosed with this Final Report. We intend to continue working on this problem
which shows promise for handling a much more general variety of non-linear gravity

wave problems.

I. On the Behaviour of Airglow under the Influence of Atmospheric Gravity Waves

The development of the technique for treating the effect of gravity waves on
ionosphere has been given in some detail in the final report in (1973), (see also
Porter and Tuan (1974)). We have since applied the Green's function technique

developed in that paper to the 6300 8 OI and the 5200 ® NI emissions in mid-latitudes.

Our procedure is based on the assumption that these two highly forbidden emis-
sion lines can only occur in the F-region and the upper F-region where our theoretical
calculations for the behaviour of electron density profiles under the influence of
a fully ducted long period gravity wave (Porter and Tuan (1974)) is most valid.

For long period gravity waves the continuity equation for oxygen concentration in
the 1D states reduces to the quasi-equilibrium equations of Petersen, Van Zandt

and Norton (1966). Together with the time-dependent electron density profiles
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the emission rate for 6300 X OI may be calculated. A rather stringent test of our
theoretical calculations has been provided by the experimental observation of
Dachs (1968) who has obtained not only the 6300 ® observations as a function of
time but also the simultaneous foFZ and ﬁ'Fz variations with time. With a suitable
choice of only two parameters, (the scale height H = 65 Km, the scale height
factor p = 1.5), the theoretical results for simultaneous variations in 6300 X oI,
foFZ and h'F2 appear to agree very well with the corresponding experimental obser-
vations. Considering how few free parameters are used in comparison with the
diversity of the experimental observations (both airglow and ionospheric parameters),
the agreement must give us confidence in our basic theory.

| For the 5200 & NI we can no longer use the quasi-equilibrium theories of
Peterson, Van Zandt and Norton (1966), since the half life of the 205/2 state is
very much larger than the period of the gravity-wave oscillation. This is especially
so at high altitudes where quenching can no longer compensate for the very slow
radiative loss. By making use of the theories of Hernandez and Turtle (1969) which
neglects the diffusion terms in the continuity equation for atomic nitrogen concen-
tration in the 2D state but includes the time dependence, we can calculate the 2D
nitrogen state concentration. The effect of electrons on the nitrogen concentra-
tion is to quench the optically forbidden state through superelastic collisions.
Thus, a sinusoidally varying electron density concentration produced by the gravity
waves would also produce a sinusoidally varying 5200 R nitrogen emission line.

Several interesting results have come out of this calculation. (I) The impor-

tance of electron quenching for this highly metastable nitrogen state has effec-
tively képt the peak of the 5200 8 luminosity profile relatively low even though
the very long half life may at first seem to imply a high luminosity peak. In fact
the calculated peak is comparable to the 6300 X OI luminosity peak. This is consis-

tent with the observations of Weill and Christophe-Glaume (1967) who argued from

geometric considerations that the 5200 o peak should only be about 12 km above the
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6300 8 peak if the speed of the travelling ionospheric disturbance is assumed to

be the same for both emissions. (2) Because of the effect of quenching and the

+

2 and NO+ molecules at high altitudes to produce airglow, the vertical

lack of O
movements of the luminosity profiles is considerably more restricted than the
movements of the peak electron density profile. (3) The rate of change of total
columnar electron content is always negative in the absence of incident electron
flux. This means that in the presence of a gravity wave, the oscillation of the
columnar electron content decreases monotonically with height.

The result is significant in that any non-monotonic oscillations in the total
electron content cannot be caused by gravity waves. Thus, a measurement of the
columnar electron content variation with time can determine whether a gravity wave
or some incident electron flux is causing the oscillations. (4) There is always
a phase advance in the airglow fluctuations with respect to the change in the total

electron content. The reason for this is discussed in detail in the enclosed pre-

print.

II. On "Potential Model" for Gravity Waves

Introduction

Most theoretical studies on the propagation of gravity waves through the
atmosphere are classified into the following categories; the ray theory, the
WKB method and the multi-layer model. Of these methods the multi-layer full
wave approach (Francis, S.H., (1973), Klostermeyer, J., (1972a,b) Volland, M.
(1969) , Midgeley, J.E. and Liemohn, H.B. (1966), Friedman, J.P. (1966)) is perhaps
the most complete in that the formalism allows the waves to be scattered into dif-
ferent channels. For instance, a gravity wave may be scattered or transmitted as
a heat conduction wave and vice versa. The basic assumption used for these full
wave model calculations is that the atmosphere is horizontally stratified and may

be divided into thin isothermal layers in which we may assume the various atmos-

pheric parameters to be constant. The waves are then joined together at the

i
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interface by appropriate boundary conditions. There are a number of difficulties
associated with such an otherwise excellent approach.

(1) The sharp step function change in the parameters such as temperature etc.
across different layers would produce §-functions in their height derivatives
(Hines (1973)). Although justification for some special use of the multi-layer
model have been given by a number of authors (e.g. Pierce, (1966)), it may be de-
sirable to verify these justifications by a totally different approach.

(2) There has been some uncertainty about the boundary conditions to be used
at the interface between adjacent layers, owing to the perturbation of the wave
on the ambient atmosphere, (Francis, 1973, Volland, 1969, Friedman, 1966).

(3) A good deal of uncertainty seems to exist for the so-called upper bound-
dary conditions. The spectrum for the guided modes is dependent on whether this
upper boundary condition is assumed to be a free surface boundary, a rigid sur-
face boundary or the radiation condition, (Friedman (1966), Tolstoy and Pan (1970)).

Basically, there is very little one can do about the upper boundary condition
as long as one sticks to the usual formalism of multi-layer method as applied to
the system of coupled first order differential equations. The reason is that the
solution is invariably a plane progressive wave and in a numerical solution one
must follow such a wave up the atmosphere until an "upper" boundary is reached.

In reducing the problem to a second order Sturm-Liouville equation we may obtain
"standing wave" solutions for the discrete eigenstates. Outside the range of

the "potential" we may just simply use the "outgoing" boundary conditions common<
ly used in atomic and nuclear physics.

(4) pDifferent nomenclature has been used for waves considered not to have
the same guiding mechanism. A surface wave, for instance, is a wave which is
vertically evanescent and is considered to be guided by say a temperature dis-

continuity, (e.g. the sharp temperature change at the base of the thermosphere) .




Such a ducting mechanism has been originally suggested by Thome (1968) to account
for large scale TID's in the F-region. The mechanism has been developed later

by Francis for a more realistic temperature profile (Francis 1973). Such a sur-
face wave is not considered to have the same guiding mechanism as for instance,
the S2 mode at lower altitude. This mode is supposed to be guided by two boun-
daries instead of one, the mesopause and the ground which form the upper and
lower boundaries of a wave guide. Our present approach should settle the problem
whether these apparently different waves with different names are in fact guided
by fundamentally different mechanisms.

(5) Some considerable controversy exists for the ducting mechanisms for
medium scale TID's. Friedman (1966) maintained that medium-scale TID's are
caused by strongly ducted gravity waves which have rather low horizontal phase
velocity (less than 250 m/sec). Francis‘(l973) has maintained that gravity waves
with so low a horizontal phase velocity cannot be ducted in the usual way. It
is in fact refracted around the earth by the changing direction of the earth's
radius of curvature.

(6) So far as we know there are no direct measurements of the presence of
gravity waves at F-region heights. Usually, the waves are detected indirectly
through its effect on the electron density concentration which can then be mea-
sured by means such as the incoherent backscatter. A knowledge of the phase front
of such waves can help us determine the degree of ducting. 1In general, it is not
easy to deduce the direction of the phase front from the phase of the TID. Porter
and Tuan (1974) have shown that if a purely vertical phase front is assumed for
the gravity wave, the TID would have a nearly horizontal phase front in‘the F-
region peak. In fact phase variation with height is almoét identical to Fig. 14
in Francis' paper (Francis 1973) (see also Figure 7, Porter and Tuan 1974). Thus,

just because the phase front of TID may be nearly horizontal at the F-region peak,
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does not imply that the gravity wave has a horinzontal phase front. Thome (1968)

has used a step function temperature profile to obtain a single fully ducted mode.
Francis (1973) has used the 1965 Cospar Model and obtained three partially ducted
modes (for long period gravity waves).

In view of all these difficulties some of which apparently arise from the

multi-layer model itself, we will investigate the behaviour of atmospheric gravity
waves by a totally different approach. We will treat the gravity wave propagation ]
through the atmosphere as a multi-channel scattering problem with effective
"potentials" for each channel. For this report we will restrict ourselves to >L
altitudes below 500 Km where we may neglect viscosity. The gravity waves may then

be scattered into the heat conduction wave channel and vice versa. The problem be-
comes very similar to scattering in atomic or nuclear physics. In first approxi-
mation we will decouple the heat conduction wave channel from the gravity wave :
channel by assuming a lossless atmosphere. For the gravity wave channel, we obtained L
the "potentials" for Summer and Winter Sea;gns as well as different exospheric
temperature from the 1972 Cospar Models. The problem may then be treated as a
scattering process (free modes), a resonance process (partially guided modes) or a
bound-state problem (fully ducted modes).

We will investigate the behaviour of this potential for different gravity wave
frequencies as well as for different seasons and different exospheric temperatures.
We will also determine the number of bound (fully guided) and resonance (partially
guided) states together with the behaviour of the pressure variation as a function
of height for those states. We will also show that for long period waves the
boundary conditions together with the potential imply the existence of a lowest
ground state belonging to the lowest eigenvalue. Since the eigenvalue is in units
of inverse horizontal phase velocity, there exists an upper limit to the horizontal
phase velocity for guided modes. The free modes also have an upper limit (somewhat

higher) which depends on the exospheric temperature. We will also develop an i
.
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approximate semi-empirical dispersion relation for a lossless atmosphere for alti-
tudes higher than 130 Km where the "potential" becomes very flat and structureless.
With this dispérsion relation we hope to show that an F-region gravity wave can to
some extent be ducted by the curvature of the earth and that, in fact, the sharp
temperature change at the base of the thermosphere as given by the Cospar models
cannot produce a sufficiently deep "Potential well" at the F-region to guide a
gravity wave.

We will consider just how sharp the temperature change will have to be in

order to produce a well deep enough to guide the F-region gravity wave.

Theory

As a first step, we shall consider only two channels, the gravity wave and
the heat conduction channel. This is not a bad approximation (Volland, (1969)) for
altitudes below 500 Km. It can be shown that for horizontally stratified atmosphere
the coupled hydrodynamic equations can be reduced to the following coupled second

order eigenvalue equations:

2
) (gp) + a 3 (Ap) + B(Ap) - Kx2 (ip) = AGAT) + B 3 (AT)

9z 3z 9z

(1)

B [ am” V. 2 5 3(&p)
o &:—3;——J + DIAEY - k K (AT) = ylap) + 8 32

where ao,8,Y,8,A,B,D are known functions of temperature, mean molecular mass, ratio
of specific heats and thermal conductivity. Kx is the horizontai wave number and

K is the thermal conductivity. Equation (1) contains both the gravity wave solution
and the heat conduction wave solution. Each type of wave would have two linearly
independent solutions corresponding to upward and downward propagation. In the

case when K = 0 we no longer have heat conduction. AT may then be immediately

eliminated and we would obtain a single second order eigenvalue equation whose

solutions are just the gravity waves. [
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Since the boundary conditions for the dependent field variables (Ap,AT,ecc.)
are just the continuity of the field variable together with their hydrodynawic
derivatives, (Thome, (1968)), they are essentially the same as the guantum mechani-
cal boundary condition. Thus, the eigenvalues k;Z which are just the horizontal
wave numwbers may form a discrete set corresponding tc "ducted" modes or a contiruum
corresponding to "free" modes.

(1) Discrete (bound or resonance) States

When the thermal conductivity Kk is set equal to zero, equation (1) will immedi-

ately reduce to the following eguation

d d 2
[:EE Q(z) 7 - v(z) + A 1¢ =0 (2)

il

F
where m/<:L> expl- %—ff'/f dz]Ap
o
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Immediately from equation(2), we learn that (1) for ducted or partially ducted
modes, since { obeys the usual boundary conditions, the eigenvalue lx =(;l~—)2 will
phx

be discrete which means that the horizontal phase velocity will also be discrete.

i a ——— sl aa b A e
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Furthermore, there is clearly a "ground" state corresponding to maximum horizontal
phase velocity.
(2) For long period gravity waves, uﬁf>> wz, the "potential" becomes indepen-
dent of the frequency of the gravity wave. 1In practice if the period of the gravity
wave is greater than 30 minutes, the "potential" is, for all practical purposes,
independent of w. This means that for such waves there is no longer significant
dispersion. It is easy to show that for an isothermal atmosphere, and constant
sound speed profile equation (2) would reduce to the Hines' dispersion relation if
we substitute in a plane wave solution. The profiles of temperature, mean molecular
weight, ratio of specific heats and gravitational constant are taken from the 1972
Cospar models, and the U.S. st;nd and atmosphere (1965). Fig. 1 shows the tempera-
ture profiles for the Summer Season with exospheric temperature ranging from 600°K
to 2200°x_ Fig. 2, 3 and 4 show the "potentials" for long period gravity waves
(> 30 min.) when they are no longer dependent on gravity wave frequency. They
correspond to exospheric temperatures of 600°K, 1800°k and 2200°K respectively.
The dashed curve is the Summer "potential" while the solid line is the Winter
"potential".

These poténtial curves above can already provide us with a lot of information.
One at once sees that there are no strictly fully ducted modes since clearly only
"resonance" states can exist for such potentials. For long period gravity waves,
there is clearly an upper limit to the horizontal phase velocity as well as an
upper limit to the horizontal phase velocity of the guided modes. We should
emphasize here that in neglecting viscosity and heat conduction, our "potential"
models are éood approximations only below 150 Km. Above 150 Km, the dissipative
losses become important. It is possible to show that such losses form an imaginary
part in addition to our real "potential" given by equation (3). We may then in

general use the optical model treatment for the entire problem.
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We will for the moment consider only the real "potential” given by equation
(3). If we use a Winter temperature profile with an exospheric temperature of
1500°K, the potential for a gravity wave with a two-hour period is given by Fig. 5.
The discontinuity at the ground surface provides a §-function "potential" which

may be replaced by the boundary condition,
_3_¢_| ={l(u>+s'__9_}wl (4)
9z G 212 g et i

The important feature of our "potential" is that it becomes quite flat and
constant above 200 Km. The solution above this height can be approximated very
well by plane waves. The problem of determining ducted or partially ducted modes
thus reduces to determining the bound or resonance states for atomic and nuclear
physics. We may hence use phase shift analysis to determine the resonance states.

The phase shift may be computed from the usual equation

K, cot (KR + SOCK) = %' : (5)

where R is any altitude in the region where the potential is effectively flat. A
resonance occurs whenever § goes through % . Fig. 6 shows a plot of the phase

shift computed from equation (5). The curve shows that the phase goes through a
very sharp change of m radians at Az = 10.43 and Az = 14.33 corresponding to horizon-
tal phase velocities of 309.7 and 264.2 meters per second respectively. This agrees
very closely with the Sl and 52 modes of Francis (1973). A rather faint suggestion
of a resonance occurs for Xz v 26 but the resonance is too broad to be considered

as anything much more than background. Something similar has been discussed by
Francis with the multi-layer method. The very sharp resonance at Az = 10.43 is the
well known Lamb mode. As can be seen from the location of the two resonances in
Fig. 5 the Lamb mode is not really fully ducted. In fact, there are no fully ducted

modes as already mentioned not even the Lamb mode which has the lowest eigenvalue.

Considering the fact that we have not used similar temperature profiles as Francis
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and that we are only considering the real part of the potential the agreement would
be another confirmation that the imaginary part of the potential (the dissipation)
is relatively unimportant below 150 Km. We will hence identify our resonance as

the S, and S, modes. The eigenfunction wl for the S

1 5 mode is given in Fig. 7 which

1
shows the very high amplitude near the ground level. Above 150 Km when the poten-
tial is very flat with no structure whatsoever, the amplitude of the eigenfunction
becomes exceedingly small. However, there is clearly a small finite possibility
for leakage and the eigenfunction is definitely that of a resonance state. Fig. 8
shows a plot of the 32 mode eigenfunction wz. Once again, the'amplitude becomes
smaller above 150 Km and is quite large below that height level. However, there is
clearly considerably more leakage. wz has large amplitudes at about 50 Km where
there is a deep well (Fig. 5) forﬁed by the hump at the stratopause. However the
most important guiding mechanism for this wave still comes from the §-function po-

tential at the ground level. For this reason, the partially guided gravity waves

for both the Sl and 52 modes should be readily observable at the ground level.

(4) The Guided Mode at the F-Region.

At F-region altitudes dissipative losses due to heat conduction, viscosity and
ions drag become very important. Perhaps the most important of these losses is
heat conduction (Volland (1969), Francis (1973a)).

Since at the moment we are only concerned with the real part of the potential,
we will consider the effect of the temperature structure as well as the variation
in the mean molecular mass on long period gravity waves with high horizontal phase
velocity.

There is a general belief that the sharp temperature drop at the base of the
thermosphere can be considered as some form of discontinuity which can guide a
surface wave. Thome (1969) has used a step function temperature profile to obtain

a single fully guided mode. Later Francis (1973) by using the 1965 Cospar model
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? together with assumptions on losses due to heat conduction and viscosity succeeded
3 in obtaining three partially ducted modes. Both Thome and Francis used the multi-
= layer method, although in the case of Thome there were only two layers, since a
step function temperature profile was used.

Within the physical framework of a potential model, a step function temperature

profile is just a §-function potential. It is well known that a d-function poten-

tial can have a single bound state with finite eigenvalue. Thus, the single mode

of Thome is not surprising. Furthermore, a well behaved solution for a 6-function
3 : potential must consist of decaying exponentials which implies that the wave numbers
are purely imaginary.

{ Since this is just the definition of a surface wave ducted by a single discon-

tinuity, we see that within the present physical framework, there is no need to
consider a surface wave as something separate from other guided waves.
' A glance at Fig. 2, 3 and 4 immediately reveals the fact that the F-region well
é j if it exists is very shallow indeed. Part of the reason why it is so shallow is
1 that the "potential" as given by equation (3) really depends on derivatives of the
4 speed of sound ¢ rather then the temperature profile. The variation of the mean
molecular mass with altitude is such that the sound speed profile has a much more
gradual slope than the temperature profile.
E However, for high exospheric temperatures, it is possible to show that an ex-

ceptionally shallow but broad well does exist at the F-region which corresponds to

the temperature rise above the mesopause. Such a potential well can be very accurately
approximated by the Morse Potential given by:

—2a(z-zo) -a(z-zo)

- 2e ] ()

vV = vo + ale
where zo = height at which the minimum of the well occurs

Vo = some scaling constant.
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The quantities a and a are the two Morse potential parameters.

that the criteria for the existence of bound states in terms of the Brunt frequency

wy 1s given by:

/a(wb?- m2) 1
N=s —— > =
a 2

15

where w is the frequency of the gravity wave.

long period (> & hour) gravity waves and exospheric temperatures of 2000°K and

2
2200°K respectively.

Table I shows the values for N for

One can then show

TABLE I
o (o] (o]

Exospheric Temp. 2000 2200 E
z, 272 Km 278 Km '
a 1/70 Km 1/74 Ka"}
A 7.396 % 10 2km 2sec™? 8.39x 10 2Km 2sec 2
v, 6.86 x 10.-1K.m-'zsec2 5.957 x 10-]‘Km.'zsec2 :
N 0.133 0.146

It is clear that both values of N are less than 0.5 the minimum required
for a bound state. For lower exospheric temperatures N becomes smaller still.

In order to determine just how sharp the temperature drop will have to be at |
the base of the thermosphere in order to produce a well sufficiently deep to guide
a gravity wave we used an analytic temperature profile given by Fig. 9a. Fig. 9
shows the corresponding well with a minimum at about 140 Km. It is clear that
such a well can only produce fully ducted modes with horizontal phase velocities
greater than 1000 meters/sec (Az < 1). We are not aware of observations which
support this.

To explain Thome's (1969) observations which gave pretty convincing evidence

that at least a partially ducted wave at the F-region altitudes exist with horizontal

-
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phase velocities of the order of 700 m/sec and a period of about 2 hours, we must
point out that the real part of the "potential" only becomes predominant below

150 Xm. Above 200 Km the imaginary part of the potential becomes much more impor-
tant than the real part. If we confine our attention for the time being to below
150 Km, we see immediately from the potential that, for Az < 8 which corresponds
to vphx > 350 m/sec, there is little gravity wave below 120 Km. Fig. 10 shows a
diagram of a gravity wave with a 2 hour period and a horizontal phase velocity of
707 m/sec. which is rather similar to Thome's (1968) observed gravity waves. We *
see that there is relatively 1it£1e wave amplitude below 130 Km. This is in good
agreement with Thome's experimental observation of the gravity wave on May 13-14
and on June 9-10, 1964. The May 13-14 wave has horizontal phase velocity of 700uVsJ
and induces imperceptible oscillation at 134 Km where the electron density is stillj
relatively significant. The June 9-10 wave has a horizontal phase velocity of
600 m/sec during the day and again induces no oscillation at 131 Km. From Fig. lo,h

we see that waves with such horizontal phase velocities do not have very much ampli-

tude below 130 Km. In fact, the gravity wave becomes evanescent below 120 Km.

1
, and G2

These results are also in good qualitative agreement with the Go" Gl
pseudomodes of Francis (1973).
Above 150 Km we can no longer ignore the imaginary part of the potential. To

a first approximation, we may use the WKB approximations which can immediately show

that the imaginary part produces severe amplitude’damping with height as well as a
change of phase in the eigenfunction . The eigenvalues Az of the eigenstates
will also change. However, since imaginary part W of our potential is so large
at higher altitudes that we can no longer ignore second order terms in the scatter-
ing amplitude A. We may write

A=<t v - VG v + ..o

where
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Ve =V + iw,
and G° is the Green's function obeying the same boundary condition as ¢ at the

origin and an outgoing boundary condition at z » « . G° satisfies the equation

2

é% Q(z) é% + A G(z,z',Az) = =§(z-2"') .

The second order term contains four terms, one of which is the real term
WGOW which can be very important and may produce resonance states. Since W+ O
as k > 0, we know that such resonance states corresponding to partially guided
modes are strictly produced by dissipation.

In summary for the F-region long period gravity wave, we are in agreement

with both the experimental observations of Thome as well as the theoretical treat-

ment of Francis below 140 Km. Above this height level we are not in any real dis-
agreement with Thome since we would have obtained a single fully ducted mode if
we had used a step function temperature profile. However, we are in sharp dis-
agreement with Francis (1973) who has obtained three partially ducted modes which

he has labelled Go', G G,' and has furthermore maintained that they are essen-

1
tially produced by the temperature discontinuity at the base of the thermosphere.

Since we have both used realistic temperatures as well as speed of sound profiles,

it is difficult to see how such differences may be easily reconciled. As already
mentioned, the only way we can obtain ducted modes is through the second order

effect of the imaginary part of our potential. Since W, the imaginary part of

the potential, is large, it is certainly possible that some kind of ducting cor-
responding to a resonance state may be feasible. However such resonance states E

are not caused by the temperature change at the base of the thermosphere.

(5) The effect of the earth's curvature on F-region gravity waves.

Although the temperature gradient appears to be insufficient for ducting

longer period atmospheric gravity waves in the F-region, there are means other
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than afmospheric structure which may be able to produce sufficient ducting to ex-
plain the observed behaviour. Practically all observed F-region gravity waves
are ducted only about 1/4 of the way around the earth. The distance is of the
order of 10,000 Km. Fortunately, for the F-region, the "potential" is very nearly
flat and Wy also becomes a very slowly varying function of height. Thus, we may
to a first approximation assume that Q(z) and v(z,w) are both constant. From
equation (2) we may immediately derive the following semi-empirical dispersion

relation for the F-region

2
o S 2.3
kz = kg > ~1) =~ (wb wo)Vv (6)
w
where V is a constant and may be taken from the flat part of the "potential" curves.

We may now adopt a similar procedure as Francis (1972). It is possible to show thatl

the group velocities are given by:

2
PR L T L
o oK k * w. 2
* Kz - wv - k -
xm3
(7)
IR il A0 N
9% 9K w, 2
z Kx BN =% 2 b
X 3
w

If we introduce x as a variable defined by

x = REe

where RE is the radius of earth and 6 is the angle with respect to say the axis

of rotation, and z as the vertical height normal to the earth's surface, then

dz v k
= 92 2
= - - wj (8)
dx v b
X i -
g kx( 2 1) ‘

Since V is a constant in equation (6), we may immediately obtain the follow-

ing equations for Kx and Kz

it & 4 e upme J




i
i
I
|

T e,

(9)

(]
J

The above equations are identical to those of Francis (1972).

Solving for Kx and Kz' we obtain

[___.L___] x = [_._“’_____] X
(wa_ w2) 1/2 RE (“’;' w2) 1/2 Rg
Kx =Ae +De (10)
[_‘*’__.,.] X = [__“’__]_’_‘.
ﬂﬁjsz (w;- wz)l/2 Rg (ms- w2)1/2 Ry
Kz A (A e - De )

Since D > A and the exponent is much less than one for x < 10,000 Km, Kz is negative.
There is hence always a strong forward tilt as shown in Fig. 11. If we assume
that the ray path begins at 160 Km, it will reach a height of only about 310 Km
after travelling 10,000 Km i.e. 1/4 of the way around the earth.

The gravity wave here is assumed to have a two hour period and a horizontal
phase velocity of 723 m/sec. Since these numbers are similar to the waves observed
by Thome (1968), it would seem not beyond the realm of possibility that the earth's

curvature can be an important contributing factor to F-region gravity wave ducting.

(6) "Potential” Model and the Hines Dispersion Relation.

In regions where the Brunt-Vaisala frequency is a slowly varying function of

height, the "potential" model reduces to the Hine's theory for small horizontal

phase velocity; (large sz). From equation (2) we see that if Ax? >> |v|, (2)
reduces to
2 W -
av b __ 2, _
2 + ( w2 1) Kx ¥ 0 . (12)

dz
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Af
Substitution of plane wave solution e‘lez

in (12) will immediately yield the Hines
dispersion relation.

Generally speaking, the "potential" is of the order of 25 Km-zsecz which
corresponds to a horizontal phase velocity of 200 m/sec. This means that for
is a

v << 200 m/sec, the Hines model would be rather gocod in regions where w

phx B

slowly varying function of height.

To compare the various solutions we have shown a plot of the S1 and 52 modes
together with the "free" gravity wave solution for horizontal phase velocities of
707.1 m/sec and 213.2 m/sec in Fig. 12. As can be seen, it is difficult to plot
them all on the same scale. The "free" gravity wave corresponding to 213.2 m/sec
is already approaching a simple sine wave. It is interesting to note that in the
"potential" picture one sees immediately that all gravity waves with horizontal
phase velocity higher than 310 m/sec must necessarily be F-region waves. They must
all become evanescent below about 120 Km. The 707.1 m/sec gravity wave clearly
illustrates this.

We have so far confined ourselves to investigating gravity waves with periods
larger than 30 min. when the "potentials" do not vary significantly with frequency.
For gravity waves with shorter periods than 30 min. the "potential" curves are
drastically altered. Fig. 13 provides an example for a gravity wave with only

a 7.5 min. period. The investigation of such types of waves is beyond the scope

of the present report.

JII. On Non-Linear Effects of Gravity Waves

There are many airglow oscillations showing a small period (8-14 minutes)

oscillation superimposed over a long period oscillation of the order of hours.
Most of the data available are given by the 5577 R o1 airglow emission and to a
lesser extent the 6300 & red line emission. Sample examples of such data will be

given in the next section (Summary of preliminary work). Our aim here is merely
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to state the principal objectives of our propcsal. The airglow data may be summar-
ized as follows.

(1) Most of the data are not tied to any known impulsive energy sources
such as an explosion.

(2) Some of the data shows that the small period oscillation follows
the long period oscillation in time sequence and is in fact slowly excited as the
long period oscillation increases in intensity.

(3) There appears to be some variation in the period of the small period
oscillation with the undulation of the long period oscillations.

There are theoretical analyses which may possibly be invoked to explain these
results (although the original authors may not quite have had such a situation in
mind when they proposed their theory), for instance the treatments of Row (1967)
and Liu and Yeh (1971). Row's analysis deals with point impulsive sources. Liu
and Yeh's treatment deals with a generalization of the point source to include spa-
tial and temporal extensions. They were also able to show that at far distances
(v 1000 Km) away from the source we can obtain a short period Accoustic frequency
oscillation superimposed over the long~-period gravity-wave oscillation. While we
have no doubt that their treatment is sound we do have some reservations over whether
it can be used for explaining the observed results for the following reasons:

(1) These theoretical treatments do require some kind of impulsive energy
sources.

(2) The results of Liu and Yeh (1971) show that at far distances from the
source (Vv 1000 Km) the short-period (accoustic frequency) wave arrives first fol-
lowed by the long period gravity wave.

(3) 1In both these treatments an inviscid lossless atmosphere is assumed. If
we were to use such a theory to explain the airglow oscillation we must hence assume
that both the gravity wave and the accoustic frequency wave originate from far dis-

tances.
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(4) The observed short period oscillation occurs only when the long period
oscillation has a large amplitude. Liu and Yeh's (1971) treatment is essentially
a linear treatment and does not allow a sharp cut-off of the short period oscilla-
tion at certain amplitudes in the long period oscillation.

We believe that the observed airglow oscillations just mentioned are typical
examples of non-linear coupling between a gravity wave and the local atmosphere.
We propose the foliowing simple model which we intend to later develop into a full
scale theory based on hydrodynamic equations.

Generally speaking,-the hydrodynamic equations are coupled non-linear partial
differential equations for dependent field variables such as pressure p(;,t) '
density p(; ,t) and velocity-;(;,t) . From a mathematical point of view it‘is
very difficult to handle non-linear partial differential equations and from a
physical point of view it is also a lot easier to visualize a lump of fluid in
oscillation rather than dealing with field variables. Our first step is therefore
to go from a field picture into a particle (lumped mass) picture.

In general, if £ = f(z,t) is any field observable (f may be the pressure,
density or temperature), f(z(t,zo),t) is the same observable of a particular element
of fluid (a particle) identified by its initial position zg5 at t = 0. Here z =

z(t,z,) is of course the trajectory of the fluid element. It is possible to show

af (z,t) If (z,t)
ot UL T8

that may also go into their corresponding particle picture if

3f (z,t) If (z,t)
3 = o

we substitute z = z(t,zg) in . Furthermore, it makes no differ-~

ence whether we substitute in z(t,zo) first and then differentiate or differentiate

af (z(t,z ), t)

is 5 :
3z just the change

first and then substitute. In the former case
in £ witﬁ respect to a change in the particle trajectory while keeping the time
fixed. The same applies to higher order derivatives.

We shall for the present report neglect heat conduction and only use phenomeno=~

logy for viscosity. We shall also assume that variations along the horizontal
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directions may be neglected. It is then easy to show that the hydrodynamic

derivative

DE A |
Df ot 9z
z=z(t,zo)

We will use the above procedure to convert Euler's field eguation into a
particle equation. As a first step, we will derive the equation for the natural
oscillation of the atmosphere in an unperturbed hydrostatic background. The
usual method used for such a derivation has always been within the framework of
a particle picture in which the "particle" is an element of fluid contained in a
weightless invisible plastic bag. In order to later incorporate tﬁe gravity wave
field as a background in addition to the hydrostatic background and consider the
coupling between the gravity wave and the Brunt oscillation, it is much more natural
to derive the Brunt oscillation from a field picture.

The field equations can then be converted into "particle" equation which is
just the equation for simple harmonic motion. We can then use very similar pro-
cedure to derive the Brunt oscillation with the gravity wave field as background.
After conversion into a "particle" equation we would have a Hill's type of equation.

We will show that the time dependent parameter will have a fundamental fre-
quaency equal to the gravity wave frequency and that parametric excitation of the
natural frequencies can occur. Since the velocity gradient term in the hydro-
dynamic equation is generally considered the most important non-linear term we
will incorporate this into our original Euler's field equation. The term becomes

a driving term for the "particle" equation (10) in the enclosed preprint.

Theory

We begin by considering the displacement of a fluid element from its equili-
brium position z in a hydrostatic background atmosphere. We will neglect all
variations along the horizontal plane. If we assume that the displaced fluid element

is adiabatically compressed by the surrounding background atmosphere, we may write:
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po(z) . PO(ZO) Gp
p(z) = po(zo) + c? = polzy) + E‘Z‘
p(2) = py(2)

We may now substitute (1) into the Euler equation

bw _ _ 13 _
Dt p 3z 9

when w is the vertical velocity field of the fluid.

(1)

(2)

If we expand po(z) in (1) about z, in Taylor Series, we obtain:

Bpo

z z o
9 o)

8p = Po(2) - p (z,)

In first order (z - zo) , we may hence write,

Sp|-1 op ap
Polze) + | "3 o -1 L —o°
% 2:’ 9z Po & 2 oz

' c’ p c
2
9
g il B TS S Tl
po 9z & 2 2 z po az2
o] pO - o
2p 2 ap
ST T - e R gy = =2
p 9z 2 9z
o] ZO e o
3 3 2
= l _f_o_ - g. po + .g_ (z -2z )
Po 9z 2 o 9z c2 (e}
o —
ap 2
b
Hence, ~ ——a‘s -g = —g— -3—2—9- + 9-5' (z - z)
P o c
We may write
Dw 2
— + - =
ey wg (zo) (z zo) 0

(z = z) = - gp,(z - 25)

(3)

Sl

e i
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where

2 fa o Ly
mb = - e s —5
& po az c -

is the usual definition for the Brunt frequency.
We may now transform equation (3) into a "particle" equation by substituting
the trajectory z = z(t) into equation (3).

Dw(z(t),t)
Dt

The final "particle" equation becomes:

- 2
;—5 (z-25) +wy (z)(z-2)) =0 . (4)

This is just the equation for the Brunt oscillation of a small fluid element
about z,- Normally equation (4) is derived with the assumption that the fluid is
contained in a weightless, flaccid, thermal insulating bag. Such a derivation essen-
tially assume a "particle" picture right from the beginning. We have formulated the
problem and derived equation(4) from a field picture. This will allow us to generalize
much more easily to the case when the background is no longer a simple hydrostatic
atmosphere.

We shall now consider the case when the background consists of a linearized
Hine's type of gravity wave propagating in an isothermal atmosphere. A fluid element

in equilibrium with the background will no longer be stationary but will describe a

simple harmonic trajectory given by:
Uz
o .
zo(t,zo) = 5 sinut (5)

where Uz is the amplitude of the gravity wave velocity field at z,
o
Once again we assume that if a fluid element is displaced from its equilibrium,

it will be adiabatically compressed by the surrounding background which now consists

of both the hydrostatic atmosphere and the gravity wave. Thus, we may write in place

of equation (1)
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PB(Z) —PB(zo) §p
p(zlt) OB(Zo(t)) + 2 = pB + —

I c c

(6)

P(z,t) = pylzgit))

where

pglz,t) = po(z) o+ AOG(Z,t) =

p_(2) + bp(z,t)

b pB(z.t)

and ApG and ApG are the gravity wave density and pressure.
Since long period gravity waves generally have very long horizontal wave length,
we shall again assume horizontal stratification and write the Euler equation as:

Dw

Dt

13p
5 0 2ok (8)

Substituting equation (6) into (7) we obtain:

op
1 op 1 B
s = ——
p 9z g GpB dz 2 (9
f pB+ 2
c
=[_1._L5"B . ]i"_s+g :
Py DB c2 ( +(SPB ; dz i
! Pgt—5~
c &

Neglecting quadratic terms in SPB, we obtain

p §p_ 9P :
1l 3p 1 B _ 1 B B e
pog " 9" [DB 8z g_l 2 ) :

By making Taylor's series expansion about Zgr neglecting second order terms

a in ApG, APG ,(z-zG) and using the following hydrostatic and gravity wave equations,
9P
S L -gp
- 0 (11 |
L o e Tl S ]
| Po 9z Po ot '
we obtain 3

£

-
A
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1 %Pp g g

2

2 B b e - - _ 3 o

p 2z R p 9z (z zo) ot l 2 (z-zG) g (12)
B z c

] G G

Substituting equation (11) in equation (7) and transform the resulting field

equations into a particle equation by letting z = z(t), we obtain:

ap
1l 9p - AL B Jg:] U
2 e =2 = gt — e + (2=z ) = =— =0 . (13)
p 9z Py 92 zg o2 G ot zg
we may write (13) as:
o - 2
7 = B (z-zG) =0 (14)
U
where 25 = 5t '
G
| 5 3p
‘ 2 1 B 9 2 -
\ mH = g[:p 3z + z-l’\a Wy {1+KZX° 51n[w(t-to)-Kz(zG-zo)]} (15)
i B c -
Uz
where X = —2
o w
1]
Wy = Brunt frequency at zg -

Equation (14) is similar to equation(4) except z_ replaces z and w, replaces

G H

w.

| B* Equation 914) is a Hills type of equation with w the gravity wave frequency as

the fundamental frequency for parametric excitation.

In deriving equation (14), we have assumed the Hines' linearized approximation,

! 3(Apg) au
= Yegr -
ot
where Uz is the Hines gravity wave velocity. According to Hines (1960), the most

A - >
py important non-linear effects arise from the velocity gradient terms (U - 3)U which

is neglected in the above approximation. A more accurate equation would then be

given by:
3 (AP ) u DU
G 2 > Z
i WMEgEtm W Q)Uz = 7 Dt




28

where APG and ApG are no longer the Hines' solution but each must now contain
some correction terms.
Equation (14) would now be replaced by:
2
d (z—zG)

ae*

2 R N I 2
+owg (zG) (z zg) = cz (zG) . (16)

The solutions to equation (16) and other discussions are given in the enclosed
preprint (Tuan et al (1976)).

With the time dependent frequency Wy given by equation (15), it can be shown
(Hodges (1967)) that so long as szo < 1 instability will not occur and Richardson's
number Ri will always be greater than %-. Actually, we are in fact quite safe since
Hines (1974) has shown that even the usual lower limit for stability given by Ri«,%
is somewhat conservative.

As shown in Fig. 3 and 4 in the enclosed preprint (Tuan et al (1976)), "self-
excitation" can occur even in the presence of considerable viscous damping. The

energy for the excitation of the natural oscillations is actually fed in from the

gravity waves.

e i ' e

|
|
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Fig. 1.

Fig. 2.

Fig. 3.
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Fig. 4.

% j Fig. 5.
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Fig. 6.

Fig. 7.

Fig. 8.

FIGURE LEGENDS

Temperature profiles for the Summer Season with exospheric temperature

ranging from 600°K to 2200°K.

"Potentials" for long period gravity wave and an exospheric temperature
of 600°K. The dashed curve is for the Summer while the solid curve is

for Winter.

"Potentials" for long period gravity wave and an exospheric temperature
of 1800°K. The dashed and solid curves are for the Summer and Winter

Seasons respectively.

"Potentials" for long period gravity wave and an exospheric temperature
of 2200°K. The dashed and solid curves are for Summer and Winter Seasons

respectively.

"Potential" for a gravity wave with a 2-hour period and an exospheric
temperature of 1500°K. The figure also shows the two resonance states

corresponding to Az = 10.43 secz/km2 (v = 309.7 m/sec) and

phx
2

AT = 14.33 secz/km2 (vphx = 264.2 m/sec). These two states are the only

guided or partially guided modes this "potential" will permit.

Plot of phase shift as a function of the eigenvalue Az. The phase shift
goes through a very sharp change of m ratians at Az = 10.43 secz/km2 and

14.33 secz/kmz.

Plot of the eigenfunction ), for the Lamb (S,) mode.
1 1

Plot of the eigenfunction wz for the 52 mode.
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Analytic temperature profile with a very sharp temperature drop at

the base of the thermosphere.

The "potential" for the temperature profile of Fig. 9a showing a

potential well with a minimum at about 140 Km.

Gravity wave with a two-hour period and a horizontal phase velocity

of 707 m/sec.

F-region gravity wave being ducted by the earth's curvature. The

strong forward tilt of the phase front is also shown in the figure.

Comparison of different gravity wave states showing the S, and Sz partially

1
guided modes as well as the "free" gravity wave modes. (1) is the F-
region mode with a horizontal phase velocity of 707.1 m/sec while (2)

is a lower altitude "free" mode with a horizontal phase velocity of

213.2 m/sec.

"Potential" for a gravity wave with only a 7.5 min. period.
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"ON GRAVITY-WAVE INDUCED NATURAL OSCILLATIONS"

Abstract:

Airglow oscillations (mostly 5577 : oxygen emission) which show a
small period (8-14 min.) oscillation superimposed on a long period cscil-
lation (several hours) have frequently been observed. Some data shows that
the short period oscillation is "excited" by the long period oscillation as
the latter increases in amplitude. The cffects often occur in the absence
of impulsive energy sources. We prcpose a model in which the short period
oscillation is relatively localized and is associated with the natural
(Brunt-Vaisala) oscillation of the atmosphere. This oscillation is trigger-

ed off by a long period gravity wave through non-linear coupling.
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Introduction:

There exists a considerable body of airglow data showing a small (6-14 min.)
period oscillation superimposed over a long period oscillation of the order of hours.

Based on assuming an inviscid, lossless and isothermal atmosphere, theoretical
calculations have shown that an impulsive energy source such as, for instance, a
bomb explosion can produce at far distances (say of the order of thousands of kilo-
meters) a long period gravity wave togethner with a short-period acoustic frequenc?
wave (Row, 1967, Liu and Yeh, 1971). However, the result requires the short period
acoustic frequency wave to arrive first followed by the long periéd wave.

Much of the airglow data mentioned in the first paragraph are not related to
any known impulsive energy sources. Furthermore, some of the data appears to shcw
that the short-period oscillation actually follows rather than procedes the arrival
of the long-period oscillatiocn and is slowly excited as the long period oscillation
increases in amplitude.

We propose to examine a model (Tuan et al., 1975) in which we consider the
short-period oscillation to be local and to be associated with the natural Brunt-
Vaisala oscillation of the atmosphere. The long period oscillation will be assumed
to be a gravity wave which may be generated a long distance away. The non-linear
part of the gravity wave serves as a forcing term which couples the B-V oscillation
with the gravity wave. In the limit of small oscillation amplitudes, the gravity
wave becomes linear and we have essentially damped simple harmonic motion. As the
amplitude of the gravity wave increases, departure from linear behaviour occurs.

If the amplitude of the gravity wave increases just slightly beyond a certain value,
the non-linear term becomes strong enough to excite natural oscillation and we have

a superposition of both the natural oscillation and the gravity wave oscillation.

Summary of Observed Results:

A typical superposition of a small period (v 8-10 min.) oscillation superim-

sed over a long period oscillation for the 5577 R OI is shown in Fig. 1 (Okuda,
9 B
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1975). The data is taken at Sendai in January 1966.
Fig. 2(a) (Okuda, (1962), Silverman (1962)) shows the interesting case where
the long period oscillation increases in intensity producing the "self excitation"
in the short period oscillation. To a much lesser extent, the Oct. 28-29 (1961)

result of Fig. 2(b) also shows this effect. By contrast, on a relatively calm

day (Oct. 21-22) there is relatively much less oscillation. The very gradual nature
of the introduction of the short period oscillation which essentially follows rather
than precedes the long period one seems to suggest that the excitation is local and

most certainly not impulsive.

Theory:
In the absence of gravity waves, a vertical displacement of a fluid element will

immediately bring about a restoring buoyancy force. For small displacements, neglec-

ting viscosity, simple harmonic motion is produced. It is given by:
dz(z— zo) >
S wB(zo)(z-zo) =0 (1)
dt
l a g . ( 2 ?I
P Y -1 2
where “; = ~-g | — —:9 L __*_TLEA g
Po oz c“ Cz c

By po(z) is the background density
s = the position at which the fluid element is in equilibrium with
the background. i
Equation (1) may be obtained directly from the Euler equation if we assume
P (z)-Po(z ) *
p(z) = Do(zo) S e ST (2) i
c
P(z) = Po(z) = background pressure (3)

Equation (2) gives the density of the fluid element when it is displaced slightly
from Zg to z and adiabatically compressed by the background pressure change.

In the presence of a gravity wave, we may assume that the background now con-

sists of both an isothermal hydrostatic atmosphere and the gravity wave. Thus,
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we may write

I

PB(z,t) Po(z) + APG(z,t) (4)

pplz,t) = po(2z) + ApG(Z.t) (5)

where APG and ApG are the gravity wave pressure and density. If a fluid element 1

is displaced from zG(t) to z, its density becomes:

PB(z)-PB(zG)

plz,t) = pB(zG(t)) 4 = (6) ]
c
P(z,t) = PB(ZG(t))
where 2, = zG(t,zo) is the trajectory of the fluid element if it remains in equili- %

brium with the background. Substituting equation (4),(5),(6) and (7) into the Euler
equation, we obtain, after suitable expansion, the following:

dz(z - zG)

2
+ w, (z)(z=-z.) =0 (8)
dt2 H G G 4
where
PRt L T
W Yer T 52 3 4
DB c ,
N 2{1+k X sinfw(t-t ) -k (z.-2z)]1} (9) r
B z 0 o z G o
1
In equation (9), kz is the vertical wave number, z, = Xo sin wt and Xo is the ampli-

: - : -~ A ;
tude of the gravity wave oscillation. It is easy to show that wy 9given by equation
2k, uTq
(9) is identical to the expression given by Hodges (13967) for ~—E;———>> l. We will

consider for the rest of this paper the special case where kzx0 < 1. This means
that the Richardson's number will always be greater than 1/2 so that instability
will not occur, (Hodges, 1967).

In derivinrg equation (8) we have assumed the Hines' linearized approximation,

B(APG) BUZ

9zt Wt

where Uz is the Hines gravity wave velocity.

According to Hines (1960), the most important non-linear effects arise from
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A more accurate equation would thus be given by:

B(APG) U DU,

F—3 - —_-z - +l _> - — —
. Toapg e momp RN Dt

where APG and ApG are no longer the Hines' solution but each must now contain

some correction terms.
Equation (8) would now be replaced by:

dz(z—ZG) 2 e g = 2
dtz + Wy (zG)(z-zG) = (U 'V)Uz = - ;} (zG) (10)

Equation (10) reduces to equation (8) for small gravity wave amplitudes. We would
like to emphasize that while we have not specifically included viscosity effects
in our discussion, we did include them phenomenologically in our calculations.

They are not important and serve merely to damp out natural oscillations arising
from transients. We shall leave them together with a more complete derivation of |

equation (10) for later.

Results:

Figures (3) and (4) are the theoretical results. We have assumed a Brunt
Period of 4.9 minutes and an isothermal background atmosphere. Figure (3) shows
what happens after the transients have been damped out by viscosity. The amplitu-:
Xo of the gravity wave is 1.58 Km. Even with this much amplitude, the Richardson'
number is still greater than 1/2 so instability will not occur. However, some
significant "self-excitation" of the natural oscillation due to the non-linear fo
ing term occur. The period of such oscillations is of the order of 5 minutes
close enough to the B-V oscillation.

Figure (4) shows what happens when we use heavy viscous damping. In general
viscous damping depends on the size of the displaced fluid element. The smaller

the fluid element, the greater the damping effect becomes. In Fig. (4) we see tha




the transient effects are damped out in about one cycle and the "self excitation"

begins after about 3 cycles of the gravity wave.

Discussion

While we do not claim that the superposition of a small period oscillation of
the order of B-V frequency and a longer period gravity wave oscillation is always
caused by non-linear coupling, the general shape of the oscillation curves and the
manner in which the natural oscillation is excited do suggest that this may well
be a plausible mechanism. We wish to emphasize that it is not surprising that
"self excitation" can occur since equation (8) which is rigorously derived is
essentially a Hills type of equation whose solution can be unstable. In fact, any
disturbance introduced into equation (8) would produce natural oscillations which
amplify with time and is only prevented from rapid increase by viscous damping.
The energy is fed into the natural oscillation from the gravity wave. Unlike
equation (8), the derivation of equation (10) involves a number of assumptions and
must hence be considered as semi-phenomenological. All we wish to show here is
that a (J-° g)g.type of non-linearity is sufficient to generate natural oscilla-

tions even when Richardson's number is still relatively large.
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure Captions

The 5577 8 OI emission is plotted against local time. The data

is taken at Sendai by Okuda.

(a) This plot of 5577 R OI emission provides a good example showing
how a small period oscillation may be slowly excited by the long
period gravity wave. (b) This shows a similar but less obvious
self excitation at Sacremento Peak. A comparison is also made with

a quiet day.

A small amplitude gravity wave with a one hour period is shown oscil-
lating about 95 km. The wave approaches a sinusoidal shape for small
enough amplitudes. The natural oscillation is damped out since for

small amplitudes equation (10) reduces to equation (8).

Gravity wave with a period of one hour but with 10 times the damping
(a much smaller fluid element) is shown in Fig. 4. The transient
natural oscillation is damped out after one hour. Self excitation
of natural oscillation began after 3 hours with much less oscillation
amplitude than shown in Fig. 3. The present example is an extreme

case.
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Ebstract
¥hile the experimental cbservations of airglow intensity fluctuaticns

and its possible connecticns with TID have Leen made by many investigators,

very little attention has been given to a theoretical anely

ospheric disturbances on airglow. In this paper we spec

effect of an atmospheric gravity wave on the 6200
emission in mid-latitudes. We will also show tha
assume reascnable values for the ionospheric
wave with a period of approximately 3 hours,

airglow is consistent with Dach's observed data as well as

ecusly measured variations in the ionos
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Introduction

. -

An association of airglow intensity variations with traveling ionospheric
. PR n . o~ - - ~ (o]
disturbances has been establishad by Barbier (196%, 1965) for the 6300 A OI
enmicsion, and by Weill and Christophe-Glaume (1967) for both the 6300 R 0I ana

(o 00 et - :
5200 A NI emissions by a direct comparison of the two types of measuraments.

0

In addition, some publishad data (Silvermen, 1962; Okuda,

)

1962; Dachs, 1868)
can, in retrospect, be sesen as having been probably due to similar causes.
The data of Dachs include observations on both 5577 & OI and 6300 2 OI as well

as of the ionospheric parameters foF2 and h'F2, and are thus particularly
valuable for analysis from the point of view of a possible wave origin of the
variations. Disturbances in airglow can, of course, arise from a variety of
causes, and simultancous measurements of other parameters are needed to establish
the cause of a disturbance.

Over the past few years considerable theoretical and evperimental work
fects of atmospheric gravity waves on ionespheric

parameters. The effects of these waves on optical emissions, howzver, has

received no attention from a theoretical viewpoint. A suitable analytic model

()

for such a treatment has been presented recently by Porter and Tuan (1972).
This model for the response of the F-layer to gravity waves differs fundamentally
from the usual theoretical treatment in several respects. Of these the nost

pertinent for airglow applications are: (1) The analytic model is fully time-

wave, tiue response of the slectron density oscillation is no longer in ganeral

0
e

nusoidal and the time behavior varies with height. This makes it more suitable

B rr—
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for studying both the general decay of the F-layer and airglow at night as well
as such detailed behavior as differences in phase between the oscillations of

electron density and the airglow. (2) The analytic model remains valid even if

=

the percentage oscillations in the electron density or airglow is large compared

o) SR
OI emission
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with ambient values. This is esp
whose luminosity profile peaks at a position (about one scale height below F2
peak) where the electron density and airglow oscillations are rather large.

In this paper we first outline the computation for the 6300 8 0I emission
intensity during the passage of a gravity wave. For long period gravity waves
the continuity equation from which the emission intensity of the 6300 € 0T can
be calculated reduces to the quasi equilibrium theories of Pasterson, Van Zandt
and Norton (1966), in which the production of the excited O(lD) states is assumad
to equal the loss through optical emissicn and quenching. Comparison of the

theoretically calculated changes in both electron density and luminosity pro-

files will serve to bring out the essential features of the theory.

Vie shall next consider the time behavior of the total electron content as

[

compared with the airglow oscillations. It will be shown that the total electron

content shows less oscillatory behavior, and that only by plotting the time
derivative of the total electron content can the oscillations be more significant.
However, such fluctuations ars detectable (Davis and daRosa, 1969). ne reduced

<

oscillation in the total electron content, coupled with the large otical emissien

oscillations, provides us with a possible criteria for distinguishing beatween
iong periocd gravity wave effects and those prcduced by such other sources such

as particle participation.




We will then consider the effect of a gravity wave on the 5200 £ NI emission
intensity. Here we can no longer use the equilibrium theory that we have been
using for the 6300 8 line, since, at least at higher altitudes, the production
of N(2D) states can no longer be balanced by either the radiative loss or the
quenching. We will also consider the importance of electron quenching, which is
not significant for the 6300 R or line, but, as we shall see, is much more
important for the nitrogen lina.

The theory derived here will then be used for the interpretation of the experi-

TE T

mental results of Dachs (1968) at Tsumeb, South VWest Africa,.

3

i<

he nclude simul-

W
e

(

taneous measurements of foF2, h'F2, and the airglow intensity variations with tinme,
thus allowing for a test of both aspects of the theory.

Finally, we shall also study the effect of varying the quenching rates on thes
phase of the oscillations. We will coasider this phase difference in relation to

the effect of other mechanism which can
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Time behavior of electron density and 6300 A OI luminosity profiles

Theoretical treatments of the 6300 R OI emission taki ng account of different
factors and calculating various paremeters are available from a nusber of
authors (see, for example, Chamberlain, 1958; Lagos, Bellew and Silverman, 1963:
Lagos, 1964; Peterson, Van Zandt and Norton, 1866; and Tuan, 156%). The
following treatment leans most heavily on the work of Peterson, Van Zandt and
lorton.

We make the follcwing assumptions: (for their justification see Peterson
o 2

Van Zandt and Norton 1966); (1) the time derivative term in the centinuity

equation for the density of oxygen atoms

(2) the diffusion term is neglected; and (3) we assumes chemical equilibrium Ffor the

+

> + s ) . 5 e
production and loss of O2 molecules as well as neglecting the 02 and N0 molecules

in the equation for charge neutrality. Ve then obtain the following well known

for the 6300

expression for the volume emission rate €300
ColUd

{AseoO\' v[o]¥

€g300 (Zot) = n\fl / 1 ‘
D 3 —A’;""""-(Sl [I.‘

D

1+ oK) (1)

where n is the efficiency for recombination, y is the rate coefficient for charg

¥ " s s
transfer between 0 and O? 3 Sl and §, are the nitrogen and electron quenching

coefficients respectively. 0 rofiles obtained by Schunk and Walker (preorint)
2 P r b~

could later be used in equation (1l). However, since the same chemical equilibriunm

and chargz naut:

(Porter and Tuan, 1974), we have decided to maintain consistency and use ecquatica
b s C.t

(1) for the emission rate. Since our primary interest is in the basic




dynamic response of the airglow to gravity waves rather than any detailed
- : behavior, we have also neglected the contribution from dissociative recombination

T e 4L 5 ;
of NO (Silverran, 1970) as well as cascading from the ~S states in the procduction

&}

e of 1D states (Rishbeth and Cavriott, 1969). We will also neglect the time vari

tion in O2 and N2 caused by the gravity waves. In reality the equations for such

pheric constituents are really coupled to the equation for the ion-

neutral atmos

11 these processes we have used stationary models

electron plasma.

1tions should be good since, as alrezdy

. for O2 and Nz

K mentioned, the percentage veriation in the neutral gas caused by the gravity wave
i
is usually very much less than the percentage variation for the ion-electron
plasma, especially in important regions such as the peak of the luminosity profile.
] - " . ' 5 . Tine b . . - a . ey . o
By far the most important contribution to the oscillation in the airglow arises
from changes in the electron density Ng in equation (1).
Most recent theoretical treatments for the time-dependent behavior of
]
F-layer electron density (e.g. Testud and Francois, 1971; Klostermeyer, 1972 a,b)
-
under the influence of gravity waves are essentially based on perturbation
theory in which thlie unperturbed ionosphere is assumed to be a stationary Chapman
.

function independent of time. Also, in perturbation treatments the time depen-

dence for the plasma is assumed to be sinusoidal if the gravity wave is sinusoidal,
.
and a simple product form for the time and spatial dependence is usually assumed.

. . e

The luminosity peak for the night-time 6300 .4 line occurs about one scale

height below the F2 peak (Tuan, 1959) where the elzctron density oscillation can
be lavrger, (Porter and Tuan, 1974%). As an example, for the gravity wave that Thome

(1968) analysed, the oscillation in electron density at this height would be betwzen




ambient value.

20% to 25% of the If we g

o down by. another say 3/4 of a scale

height where the luminosity is still very considerable, the oscillatien in
] electron density rises to about 45% to 50% of its ambient value, thus invalidating
E, any perturbation approach.
An analytic model for the electron demsity N (z,t) under the influence of
a gravity wave has been developed (Porter and Tuan, loc. cit.) which seems
3 appropriate for analyzing airglcow, and is valid for large disturbances. The
results are fully time depsndent and may be used to study the general decay
\ (including changes in shepe) of both the F-layer and airglow in the absence of
4 - n e P .
prcduction of electrons. Finally, we can use this model to study the time vari-
ation of the height of the F2 and luminosity peaks which would be difficult to
t do in a partially time depsndent theory that does not allow for amy changes in
shape in the ambient ionosphere. In this model we have neglected tiwme variatior
in the temperature, diffusion, and recombination coefficients, (all of which can
1
be incorporated without too much difficulty) since i be shown that at least
.‘ N -
for long period gravity waves (Klostermeyer, 1972b, Porter and Tuan, 1974) the
& o 2 s b
percentage veriation of these pa: s with time are small over most parts of
‘ . 5 . - ¥
) the F-layer. For the casc of long period horizontally ducted gravity waves, the
expression for the electron densi squation (7), Porter and Tuan, loc.
.
cit,) which fully includes effects due to diffusion and recombination is given by
N, = c exp “Pog tme H P \ A (1 t, ) + B (q) sinw{t-t )
=L i { o4
S Aa“sinbcosé
- & n(p,w,t) T (p) + —=5— (pyw,t) Gn(q)
\ n=1
::- Z
=4 =1/2 H
x L (ae ) (2)

n
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vhere z = h—ho is the difference between the actual height h and some arbitrary

reference height R 5 H is the seale height; p is the scale height facter;
Xo= (p) is a decay coanstant (see Appendix); « is the enguler frequency of the
gravity wave; q is a perameter (0 < q <1/2) which controls the damping of the

gravity wave (when q = 1/2 we obtain the undamped Hines Mcdel (Hines, 1960);

.

B(q) is a coefficient depending on gravity wave and icnospheric parameters

(sce Appendix); t_is :

nitial time giving us the phase of the gravity wave
o

&

¢
=
(0]
}_v-

:0) 7]

at t = to; o = 2H \ Cfusion

U!O

where 80 and DO are the recombinaticn and d:
coefficients at ho; 0 is the angle between the magnetic field and the zenithg
A is the amplitucde of the gravity wave at h s Pn(p,w,t) and Rn(p,u?t) are
oscillating functicns of time defined in the appendix Fn(p) and G_(q) are

factors which control the dependence on the scale-height factor and the

of the gravity wave respectively and asre given in the appendix; Ln 3 is a
Laguerre Polynomial of half integral order.

We see at once from equation (2) that if we ignore the contribution from
the infinite sum on the right hand side, we would have a Chapman function
multiplied by an exponential damping together with oscillations. This is as
would be expected since for the night-time situation considercd here production
can be excluled. (We may easily include production if required).

The infinite sum on the right hand side of equation (2) reduces to a few
terms for a gas either perfectly mized or in diffusive equilibrium and for a

constant velocity amplitude (independent of height) for the gravity wave (q = 0),

(see Appendix).




In the case when there is no gravity wave (A = 0) or when we are at the
geomagnetic pole (0 = 0) or equator (€ ), B(a) = 0 (see Apperdix) and equation
(1) reduces to the expression for an undisturbed icnosphere (Moschandreas and
Tuan, 1973). The decay ccnstent lo(p) describes the general F-layer decay in
the absence of disturbance and was originally derived through perturbation theory
(Tuan, 1968). In general A (p) increa when the gases are in diffusive equi-
Tibriwm (p = 2).

The expression given by equation (2) provides the correct phace behavior

as well as the F2 peak motion, as is seen from a comparison with Thome's (1868%)

observations (Porter and Tuvan, 1973). By inserting the ebove expression for

>

Nc(z,t) in equation (1) we obtain the luminosity profiles for the 6300 A O
shown in Fig. 1. Here we have adopted similar icnospheric and gravity wave
paremeters as those used to fit Thome's (1968) cbservations except for the scale-
height factor for which we have now used p = 1.75 in order to bring the gases

closer to diffusive cﬁuilikrium as ornc

sume that AJ = 1/110 sec (Ch‘r
D

: 3
(Peterson and Van Zandt, 1S69) and 82 = 1.7 x 10 ¢t sec (Seaton, 1956).

In Fig. 1, a comparison of the electron density profile during the passage of
a gravity wave with the movements of the luminosity prcfile seems to show thet
(1) in general the luminosity profile peaks about one scale height belcw the F2
'peak as in the undisturbed time-dependent theory (Tuan, 1€69), (2) one hour leter,
as the F2 peak moves down by 20 Km lcsing all the time in electron density magni-
tude, the luminosity peak remains relatively unchanged in positicn, but greatly

enhanced in intensity (Fig. 1 (b)), (3) another hour later, as the F2 peakx moves

up again, the intensity of peak luminosity egain drops with little rise in
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position (Fig. 1(c)). If we had plotted the lumincsity profiles without
quenching, the peck luminosity would have moved a considersble distance (about

15 Km) downward when the I2 peek comes down. This implies that the luminosity
peak is essentially kept up by the rapid increase in quenching at lower altitudes.
The reascen that it would only move 15 km rather than the 20 km for the F2 peak

is due tc the repid drop in available 02+ for the producticn of 1p states at
higher altitudes which tends to keep the luminosity peak down. Thus, the com-
bined effect of both is to keep the lumincsity peak from having larger oscilla-

tions in the vertical direction.
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Oscillations in total electron content and 6300 2 O

S . . y i , . o - om ol
Tc cbtein the tctel zenith airglow intensity for the BE0C £ O we integrete

curvaes decay with time, a2n expecied result since no ion-pairs production mechanisn

content shows relatively little fluctuation. Thz lack of fluctuation in the

Ve are

3
and

N

further inhibited

ions cdepends almost entirely on ths

phase of the ion motion sbove the vicinity of the F2 peek is in gereral oprosite

3 A 3 . A
to that below the pesak. We have here an

‘en when tha gravity wave does not pessess phase variation z




The columnar airglow intensity, on the other hand, is proportional to the

ion-pair recombinaticn if we neglect quenching. By integrating the continuity

. 2 3 Sy e DR o S » ey . T ) m o
eguccTicon IOY €ieCTrons OoNVer Z 2nNd aropping the proauctlon Term we obtalin tie

result that the columnar reccmbination rate equal. to the negative of the rate
of change of columnar electr centent since the divergence term in the continuity
equation drops out from Gauss rem. Thus, if the quenching were neglected,

we would expect the airglow intensity to be directly proportional to the negative

-

of the rate of change of total electren density. This is shown very clearly in

Fig. 2 in which the airglow fluctustions follow the negative of the rate of change

of total electron content clesely. Both curves are oppesite in phase to t
electron content as expected. If the quenching terms are very large, then a phase
difference will be introduced between the airglow fluctuations and the rate of
change of total electron content. In general, there are two pessible ways to
introduce this phase fe is to intreoduce quenching as we have just

mentioned. The other is to intrcduce some production process. This point will

be further discussed later.




B-14

The 5200 & Nitroren Line

3 The 5200 £ NI is produced in the F-region by dissociative recombination in a
i +o the 6200k line. #nalysis of the effects of & gravity wave on

this line is of special interest because of the very long lifetime of the nitrogen

f) .
D. ,,states., Ve cen nc leonger use the quesi-equilibrium theories, especially &t
5/2 £ 1 1 s
higher altitudes where cuenching can no longer compensate for the very slew
radiative loss. If ve neglect diffusion (Hernandez and Turtle, 19€9), the
Sl s X L0 2 5 . 0 2 5
4 continuity equation for N(°D), the atomic nitrogen density in the “D state is
E | given Ly:
2
‘\ aN (D) . 2
—_— = P - (A + K (0] + KN ) N(°D) (3
ot (4 14 z2) 2'e )
D
In equation (3) P is the producticn rate for N("D), Kl and hz zre the quenching
E
coefficients for O? end electrons respectively, A2 is the EBEinstein ccefficient for
{ o ) D
N("D). If we go dowvm to low encugh altitudes where the quenching is sufficiently
& . & 4 (<3 2
strong to balance the preduction rate, we may neglect the time derivative term and
) 5 5 &
the theory reduces to a quasi-equilibrium theory exactly analegous to that of
B 4
b Feterson, et.al. (1966). For the production rate we again assume that the pro-
N N B T Y IR " =
duction of N("D) through dissociative recombination of NO' is balanced by charge
‘.

1 + y % » srf &
; transfer between 0 and N In this way the production rate of N("D) states

5°

varies with height as the product of neutral l,y concentration and N

The loss rate of N(?D) is represented by the three terms on the right-hand

side of equatien (3), corresponding to radiative loss, O2 quenching and quenching

f due to superelastic ccllisicns with the electrons. We have assumed that A, = 1/26

: -10 ~
: (Chamberlain, 1961) and K, = 8 x 10 10 on® sect Seaton, 1956). For the rate
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coefficient Kl with respect to 02 quenching we have tried both Kl = 1.4 x 10~
3

3 - " -1
en® sec (Sianger, et. al., 1971) and K 1.8 x 102 cn® see™® (Hernandez

~ O NS can o - 5 A Bl nn e Ay s L S g A3 g
and Thotle, 186 ,), ine two values Ziffer by &n orcder of ReeEnstuce £nc thers

pon}

is reascon to believe that the value given by Hernandez and Turtle may be on the

small side (Hermandecz, private cesmunication). Eaquation (3) nay be simpiy

- I - 4

integrated subject to the initial boundary conditions. From the H( D) con-

4]

centration we may readily calculate the columnar zenith airglow intensity for
the (S ,.. = D ~ 1) forbidden cptical transition as a function of tims,

3/2 5/2.5/2° =9 : ‘ .

The results are shown by the solid curve in Fig. 3 for t

of Slenger, et. al. (1971) and the dotted curve for the coefficient used by

S

Bernandez and Turtie (196%). For both curves we have used 2 scale-height factor

of = 1.75. All other gravity wave parameters are =gain the sarme as thote used
g Yy g

to fit Thome's results, (Porter and Tuan, loc, cit.).
features are (1) the oscillaticns for the higher 0

quenching rate of Slanger, et. al. (1971) is less pronounced than those pro-
duced by the lecwer guenching ccefficient of Hernandez and Turtle (1962), (2
there is a phase advance with the higher gquenching coefficient of between 10
to 20 minutes. The reasons for this will be given in a later section, (3)

the luminosity peak

or the higher quenching cocfficient is in general about

20 km higher than the peak for the lower coefficient.

; : i R
In compaxring these results with the behavior of the 6300 A line, there are
the follewing importaent differences: The electron quenching for the nitrogen

line is relatively speaking much more im

r‘-

cortant than for the oxygen line., If

vie use the coefficient of Slanger, et.al. (1971), the quenching duve to molecules
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for the nitrogen line is down by more than an order of magnitude from the

quenching for oxygen due to the combined effect of a smaller guenching cocfficient

és well as g smzller sbundznce of 0. mol ju n with N, molecules. {
“ 3 !
The difference in electron quenching is only ebout a factor of 2.
The relatively more impertant electron quenching has the effect of holding
o) : : - :
down the 5200 A luminosity peek, since the available electrons for quenching
. Fe 5 . = ann D
increase until the F2 peak, well above the luminosity pecks of both the 63C0 A
- =} ha E90N o T 4SS ‘
énd the 5200 A lines.
The net result is that althcough one may at first expect the 5200 A luminosity
peak to be well above the oxygen peak, owing to a much longer half-1 the
reduced molecular quenching at lower altitudes coupled with a relative increase
> 1 o - L . ¥ AN s i £ s puy \Q 4 XY =i B Ahew oo T rslines
in electron grenching (unimportant for the 6300 A line) at higher aliitudes
2% NG P ) = 1 LT i 250 Q 2 - ~T ) Mo 4
would bring down the peck position for the 5200 A line to comparaeble height
. ooy Y < - 3 v - . L
levels as that for the 6300 A line. This is not incecnsistent with the obser- :
vations of Weill and Christophe-Glaume (1¢67) who argued from geonmetric con- i
" : ’ S s e : !
siderations that the 5200 8 peak is about 12 km above the 6300 A peak if the )
i

speed of the assumed TID is assured to

at nearly the same height, the osc

[

fe may also at the same time conclude that since beth pecks cccur
llation amplit

his is borne out by comparing Fig. 3 w

rth Fig. 2.
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Comparison with simultceneous observations of foF2, h'F2 and 6200 R 0T emission
We have mentioned earlier that some published data seems likely to have
exhibited the effects of gravity waves. In this section we use soue cf Dach's

(1968) simultaneous measurements of ionospheric paramcters and the 6300 £ o1

emission to illustrate the theory by-fitting the observations to an assumed
gravity wave.

Dachs (1968) has made intensity measurements of the 6300 2 and the 5577 A
emission lines as a function of time. These measurements together with simul-
taneous measurements of foF2 and h'F2 seem to show considerable correlation,
especially between the 6300 @ line and the ionospheric parameters. In Fig. 4
we have shown a comparison between our theoretical results and the experimentzl

alues for foF2, h'F2 and the 6300 R airglow. For the theoretical parameters

have chosen p = 1.5, H = 65 Km, the recombination coe

=] S . o " & 1
0.34 hp L and the diffusion ccefficient D(200 Km) = 6.1 x } Y hese

ere somewhat differcnt from the parameters chosen to fit Thome's observation but

considering the fact that we have completely ignored procducticn processes (the

observations are made between 1800 and 2400 L.T.) they are the right order of

magnitude. For the gravity wave, we assume the velocity emplitude A(200 Kn)

-1 s — ‘ s
35.2 m sec -~ and the damping factor q = 0.49 which is rather close to the Hines

(1950) undamped model. The quenching at 200 Km is assumed to be 0.24 scc_l and ]

the electron quenching is neglected. The quantum efficiency for emn:

the lD is assumed to be 0.5.

ssion from

In view of the rather gocd agreement between thecry and experiment for both
the airglow and the icnospheric parameters, one cuan readily conclucde that even

without a total electron content measurement we have a gravity wave passing
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fhrough with a period of between 2 to 2 hours. The comperison between the

p}

airglow intensity and the h'F2 show a1l the expected rhase correlations, i.e.

when the airglow intensity is at & minimum the ¥2 peek 1is approximately at a

maximum.




Effect of quenching and the criteria for different disturbances

As already mentioned in a previous section, quenching can cause a phase

difference in the oscillation of the zirglow intensity. Fig. & shows the 6309
£ 0I for tvo N2 quenching coefficients. The solid curve uses a quenching
- e - -11 3 =T s o 5 T
coefficient €. = a0 =% 10 cm sec ~ while the dashed curve uses Sy F 2.7 X
~J1 = 3 -1
10 cm” sec ~. All other parameters are the same as those used to fit Dach's
(1969) experimental observations. The higher quenching coefficient seems to

produce less oscillations as well as a phase advance by abecut half an hour.

It is easy to understand why the oscillation amplitude should decvease when

the quenching is increased since a higher quenching rate would move the lumin-

osity peak up to where the electren density oscillation is less. This is true

so long as the peak luminosity remains below the F2 peak, (Porter and Tuzn, 1873)

To understand why we should have a phase advance we must consider the vari-
ation in the phase of the electron density oscillation with respect to the
neutral gravity wave as a function of height. The solid curve in Fig. 6 shcws
a plot of the theoretical phase variation with altitude while the dashed curve

hows Thome's (1968) observed results, (Fig. 6 is taken from Porter and Tuan,
1973). We see that the phase of the electron density occillations advances
monotonically with height. There is a region, however, below 260 Xm where an
increase in the height of the luninosity will bring little phase change. Above
260 Km, any increace in the height of the luminosity curve would bring a rapid
advance in the phase of the electren density oscillation. Even though Fig. S
deals with an integrated intensity, since the phase advence is menotonic, a

upward chift of the entire luminosity profile must always produce a phase
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caused by gravity waves from those caused by incident particle flux, if a

0

imultanecus measurement of total electron content and airglcw intensity can

$ in the total electron content or in any experimental parameter that depends

only on the totel number of cclumnar electrons rather than, say, how the electrons

al electron centent shculd remain

o
t
o}

are distributed; (2) the rate of change of t
means that for night-time conditions end a gravity wave length
-) long compared with the thickness of the F-layer

‘ so that we may neglect horizontal transport arising from concentration gradients
i

-

in the horizontzl cdirection, the total columnar electron ccntent should decrease

i

monotonically with timc erstarndable s

Q
=3
rog
=
%3]
e
w
(]
M
¢
-
-
ik
c
(a¥]

nce the cnly reascn

|
E 3 : . . o
| for the little fluciuations that we do get in the total electron content is
i due to the variation in the recernbination as the icnosphere moves
up and down; (3) there is always a phase advance in the airglew fluctuatiocns
'
with respect to the rate of change of total electrcn content. The magnitude
s
t of the advance is in general determined by the quenching. We should ramark
here that if a horizontal time varying electrostatic field e:xists in the F-
.
p . & = s . S . -
. region causing an E x B drift in the ambient electrons only without any hori-

zontal transport then all three of the above properties in the Lehavior of
the airglow and columnar electron density should aiso hold.
longer ke true, however, if somehow additional electrons are introduced either

“hanism. For instance, if the

througn transport or some sort of preoduction me

disturbance is caused by an incident particle flux which produces additional




ion-electron pairs, then the rate of change of total electron content can

go positive since the total columnar electron ccntent can no longer vary

nonetonically with time. In general, the fluctvation can alsc be far more
drastic (Moschandreas and Tuan, 1873).

As an czeample, we consider the data cf Brown end Steiger (1972) who have
simultanecusly measured the 6300 ] airglow and the total electron content as
a function of time at Hawaii. They found an oscillation in the airglow which
correlates with oscillaticis in the teotal electron content. The negative time

derivative of columnar electron content trails the airglow oscilletion by a

time delay of about 25 minutes. We would have at first some reason to feel
that this particulsr disturbance could be caused by a wave since (1) the

ith a pericd of about 3 1/2 hours; (2)

the airglow fluctuvaticn shows a phase advence of about 20 to 20 minutes with
respect to the rate of change of total electron content. However, it is

rather unlikely that the disturbance is a wave since the period is of the order
of 3 1/2 hours and the disturbance teakes place around the middle of the night

when we can forget albout photoicnization. The disturbance also does not vary

monotonically with time and shows large oscillation amplitudes. We may add
that condition (1) mentioned above can be produced by any pericdic disturbance

end (2) can e produced by either a gravity wave or a vertical drift without
any intrcduction of additicnel charged particles. There is, of course, a
possibility that we may simultaneously have an electrcmagnetic drift together

with an introducticn of additionzl electrons. 1 fact, such an event would ke

quite consistent with both the experimental observations as well as our criteria.
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Ve have examninred the effect of a gravity wave in the F-region on the electron

the ¢ ity of two forbidden trensitions vhose mechani 1
involve reccmbination with electrons. Because of such effects as quenching and
the lack of available 02+ and 10" molecules et high altitudes, the verticle move-
ment of the luminosity proiiles in response to the passage of the gravity wave
&

is much smaller than that of the elcctron density profile. The amplitude of 1

oscillation of the airglow, on the other hend, is greater than that of the total

4
t with the height differentiating effect of cuenching precduces phase differences r
also between airglow and ionospheric parsmeters. A combination of airglow and
ioncepheric measurenents can be used to differentiate between gravity waves and
] - o . .
the effects of incident particle flux.
5 . e = ;
3 The thecry has been tested by assuming a graviiy wave effect for some pub-
lished data on simultaneous measurements of airglew and ionospheric parameters.
.

This study represents the first theoretical treatment, as far as we are aware,

‘ i
1 . .
- cf the effects of gravity waves on airglow. We have tried here to establish the
basic charccteristics to be expected for the luminosity and electren density pro-
i

to chow how these could be used

files under the influence of a gravity

in some cases to provide information on processes. Expansion of the

ct
(]
0
5]
e
Na
[
(2]
o

should be useful as a tcol for the study of both gravity waves and uprer atmos-

e phere parameters and processes.




Appendix

A good analytical approximation for the decay constant Ao expressed as

( AL )

A derivation for this is given by Tuan (1668). Another totally different

derivation has b

(]

en given by Porter and Tuan (1874). In this expression Ay

decreases mcnotonically with incressing p, where 1< P< 2. Thus, the decay of

the F-layer is in general faster when the gases are perfectly mixed (P = 1).
The expression B(q) in equation (2) is given by:
£a? 8ind cosd T (— - q)

B(q) =

27~ wH (A 2)
As already menticned, q varies between 0 and 1/2. If q is set to zero the

velocity amplitude does not vary with height. Otherwise, it increases exponent-

2

ially. We sece that B(gq) vanishes at the magnetic pole and equator where we do

not expect a horizontally ducted gravity wave to procduce oscillations

The functions Pj(p,w,t) and Rp(p,w,t) are cdefined (Porier and Tuen, 1974
i b3

(1. -t") = P‘o(tv_to)..ﬁ(o‘) sinw(t —{OJ

Pn = c(q, t, 1 e gt!

~
tr

L
o

_t')

rH
)

- [ttt )-Bla) sinutt
R, = c(q,v yE e cos w(t' - Eo) dt!

)] W
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- | where w = ={n+ 1/4)

Vhile both P_ and R are cscillating functions of tims with frequency

)

positive. It is easy to s=a=

1

e
(==

o =0 Both Pn and R become monotonic functions of time and all osc

-
yvanis

vanish from the expression given by equation (2).

The functions F _(p) and G_(a) are given by:

¢ oflo-p) vin + %) vn-1) ¢(1 + %)

v(-p) v(-1) (a

- =
: € (g) = -- (¢
3 | 5 S \NTL
: i) 2
T‘F\\ Cenivatior of +thes functions are JEY Y o 1€3 s
fe cerivation of these functions are given in Tuza (1S58) and Perp
'
- | ' . = Lo T S t . .
and Tean (1974). They have the following important property:
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Although the experimental observations of airglow intensity fluctuations and their possible connections
with traveling ionospheric disturbances have been made by many investigators, very little attention has
been given to a theoretical analysis of such ionospheric disturbances on airglow. In this paper we
specifically examine the effect of an atmospheric gravity wave on the 6300-A O I and the 5200-A N I emis-
sion in mid-latitudes. We will also show that for the 6300-A O I if we assume reasonable values for the
ionospheric parameters as well as a gravity wave with a period of approximately 3 h, the resultant fluc-
tuations in airglow are consistent with Dachs’s observed data as well as with the simultaneously measured

variations ir the ionospheric parameters.

An association of airglow intensity variations with traveling
ionospheric disturbances has been established by Barbier
[1964, 1965] for the 6300-A O | emission and by Weill and
Christophe-Glaume [1967] for both the 6300-A O I and the
5200-A N I emission by a direct comparison of the two types
of measurements. In addition, some published data [Silver-
man, 1962; Okuda, 1962; Dachs, 1968] can in retrospect be seen
as having been probably due to similar causes. The data of
Dachs include observations on both 5577-A O I and 6300-A O
I as well as observations of the ionospheric parameters foF,
and A'F, and are thus particularly valuable for analysis from
the point of view of a possible wave origin of the variations.
Disturbances in airglow can of course arise from a variety of
causes, and simultaneous measurements of other parameters
are needed to establish the cause of a disturbance.

Over the past few years considerable theoretical and ex-
perimental work has been carried out on the effects of at-
mospheric gravity waves on ionospheric parameters. The
effects of these waves on optical emissions, however, have
received no attention from a theoretical viewpoint. A suitable
analytic model for such a treatment has been presented
recently by Porter and Tuan [1974). This model for the
response of the F layer to gravity waves differs fundamentally
from the usual theoretical treatment in several respects. Of
these the most pertinent for airglow applications are the
following:

1. The analytic model is fully time dependent. One result
of such a model is that given a sinusoidal neutral gravity wave,
the response of the electron density oscillation is no longer in
general sinusoidal and the time behavior varies with height.
This makes it more suitable for studying both the general
decay of the F layer and the airglow at night as well as such

"Now at the Physics Department, Umversity of Flonda,
Gainesville, Florida 32601
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detailed behavior as differences in phase between the os-
cillations of electron density and the airglow.

2. The analytic inodel remains valid even if the percentage
oscillations in the electron density or airglow are large in com-
parison with ambient values. This condition is especially 1im-
portant for the 6300-A O I emission, whose luminosity profile
peaks at a position (about one scale height below the F, peak)
where the electron density and airglow oscillations are rather
large.

In this paper we first outline the computation for the 6300-A
O I emission intensity during the passage of a gravity wave.
For long-period gravity waves the continuity equation from
which the emission intensity of the 6300-A O 1 can be
calculated reduces to the quasi-equilibrium theories of Peter-
son et al. [1966], in which the production of the excited O('D)
states 1s assumed to equal the loss through optical emission
and quenching. Comparison of the theoretically calculated
changes in both electron density and luminosity profiles will
serve to bring out the essential features of the theory.

We shall next consider the time behavior of the total elec-
tron content as compared with the airglow oscillations. It will
be shown that the total electron content shows less oscillatory
behavior and that only by plotting the time derivative of the
total electron content can the oscillations be more significant.
However, such fluctuations are detectable [Davis and daRosa.
1969]. The reduced oscillation in the total electron content,
coupled with the large optical emission oscillations, provides
us with a possible criterion for distinguishing between long-
period gravity wave effects and effects produced by other
sources such as particle participation.

We will then consider the effect of a gravity wave on the
5200-A N I emission intensity. Here we can no longer use the
equilibrium theory that we have been using for the 6300-A
line, since at least at hugher altitudes the production of N(*D)
states can no longer be balanced by either the radiative loss or
the quenching. We will also consider the importance of elec-
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tron quenching, which is not significant for the 6300-A O |
line, but, as we shall see. is much more important for the
nitrogen line.

The theory derived here will then be used for the interpreta-
tion of the experimental results of Dachs [1968] at Tsumeb,
South-West Africa. These include simultaneous measurements
of f.F,, h'F, and the airglow intensity variations with time,
which allow for a test of both aspects of the theory.

Finally, we shall also study the effect of varying the
quenching rates on the phase of the oscillations. We will con-
sider this phase difference in relation to the effect of other
mechanisms that can also cause a phase difference.

TiME BEHAVIOR OF ELECTRON DENSITY AND
6200-A O 1 LUMINOSITY PROFILES

Theoretical treatments of the 6300-A O I emission taking ac-
count of different factors and calculating various parameters
are available from a number of authors [e.g., Chamberlain,
1958; Lagos et al., 1963; Lagos, 1964; Peterson et al., 1966,
Tuan, 1969]. The following treatment leans most heavily on
the work of Peterson et al.

We make the following assumptions (for their justification
see Peterson et al. [1966]): (1) the time derivative term in the
continuity equation for the density of oxygen atoms in their
O('D) states may be neglected, (2) the diffusion term is
neglected, and (3) we assume chemical equilibrium for the
production and loss of O," molecules and neglect the O,* and
NO* molecules in the equation for charge neutrality. We then
obtain the following well-known expression for the volume
emission rate g, for the 6300-A line:

A
66300(2, 1) = ’7( Aﬂ.um)
'D

Y[O.1N.
1+ (1/4:p)(S:[N] + S.N,)

(1)

where 7 is the efficiency for recombination, y is the rate
coefficient for charge transfer between O and O,, and S, and
S, are the nitrogen and electron quenching coefficients, respec-
tively. The O," profiles abtained by Schunk and Walker [1973]
could later be used in (1). However, since the same chemical
equilibrium and charge neutrality approximations have been
used in the expression for N, [Porter and Tuan, 1974], we have
decided to maintain consistency and use (1) for the emission
rate. Since our primary interest is in the basic dynamic
response of the airglow to gravity waves rather than any
detailed behavior, we have also neglected the contribution
from dissociative recombination of NO* [Silverman, 1970] as
well as the cascading from the 'S states in the production of 'D
states [Rishbeth and Garriott, 1969]. We will also neglect the
time variation in O, and N, caused by the gravity waves. In
reality, the equations for such neutral atmospheric con-
stituents are really coupled to the equation for the ion-electron
plasma. To simplify all these processes, we have used
stationary models for O, and N,. In practice the ap-
proximations should be good, since, as was already men-
tioned, the percentage variation in the neutral gas caused by
the gravity wave is usually very much less than the percentage
variation for the ion-electron plasma, especially in important
regions such as the peak of the luminosity profile. By far the
most important contribution to the oscillation in the airglow
arises from changes in the electron density N, in (1)

Most recent theoretical treatments for the time-dependent
behavior of F layer electron density [e.g.. Testud and Francots,
1971; Klostermever, 1972a, b] under the influence of gravity
waves are essentially based on perturbation theory in which
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the unperturbed 1onosphere is assumed to be @ stationary
Chapmar. tunction independent of time. Also. in perturbation
treatments the time dependence for the plasma is assumed to
be sinusoidal if the gravity wave is sinusoidal. and a simple
product form for the time and spatial dependence is usually
assumed.

The luminosity peak for the nighttime 6300-A line occurs
about one scale height below the F, peak [Tuan. 1969], where
the electron density oscillation can be larger [Parter and Tuan,
1974]. As an example, for the gravity wave that Thome [1968]
analyzed the oscillation in electron density at this height would
be between 20 and 25% of the ambient value. If we go down by
another, say, three quarters of a scale height, where the
luminosity is still very considerable, the oscillation in electron
density rises to about 45-50% of its ambient value: thus any
perturbation approach is invalidated.

An analytic model for the electron density N,(z, 1) under the
influence of a gravity wave has been developed [Porter and
Tuan. 1974] that seems appropriate for analyzing airglow and
is valid for large disturbances. The results are fully time depen-
dent and may be used to study the general decay (including
changes in shape) of both the F layer and the airglow in the
absence of production of electrons. Finally, we can use this
model to study the time variation of the height of the F, and
luminosity peaks, a study that would be difficult in a partially
time-dependent theory that does not allow for any changes in
shape in the ambient ionosphere. In this model we have
neglected time variations in the temperature, diffusion, and
recombination coeflicients (all of which can be incorporated
without too much difficulty). since it can be shown that at least
for long-period gravity waves [Klostermever. 1972b; Porter and
Tuan, 1974] the percentage variation of these parameters with
time is small over most parts of the F layer. For the case of
long-period horizontally ducted gravity waves, the expression
for the elctron density N(z. 1), [Porter and Tuan, 1974, equa-
tion (7)], which fully includes effects due to diffusion and
recombination, is given by

vmcon{[3+gow (5]}

-{cxp [—No(t — 1) + B(q) sin w(r — 7,)]

S [P,xp.w. NF.(p)
n=1
Aa" sin 6 cos 6
4 £ s R.(p, w. I)G-.(q)]
H
X L, Ql:a exp (—;,):l} (2)
where = = & — hy is the difference between the actual height A

and some arbitrary reference height b, H i1s the scale height: p
is the scale height factor; N\, = Ay(p) is a decay constant (see
appendix); w is the angular frequency of the gravity wave; g 1s a
parameter (0 < ¢ '2) that controls the damping of the
gravity wave (when ¢ Y2, we obtain the undamped Hines
[1960] model): B(g) is a coeflicient depending on gravity wave
and ionospheric parameters (see appendix); 7, is some initial
time giving us the phase of the gravity wave at « fo O

ZH(Bo/ D), and D,

where d, are the recombination and

diffusion coeflicients at A, 8 is the angle between the magnetic
field and the zenith: A is the amplitude of the gravity wave at




PORTER FT AL,

hoe Pop. w. 1) and R, (p. w. 1) are oscillating functions of time
defined in the appendix: F,(p) and G, (¢) are factors that con-
trol the dependence on the scale height factor and the damping
of the gravity wave, respectively, and are given in the appen-
dix: L, "*is a Laguerre polynomial of half-integral order.

We see at once from (2) that if we ignore the contribution
from the infinite sum on the right-hand side, we have a Chap-
man function multiplied by an exponential damping together
with oscillations. This is as would be expected, since for the
nighttime situation considered here, production can be ex-
cluded. (We may casily include production if it is required.)

The infinite sum on the right-hand side of (2) reduces to a
few terms for a gas that is either perfectly mixed or is in
diffusive equilibrium and for a constant velocity amplitude
(independent of height) for the gravity wave (¢ = 0) (see
appendix).

In the case when there is no gravity wave (4 = 0) or when we
are at the geomagnetic pole (# = 0) or equator (6 = 7/2), B(q)

0 (see appendix), and (1) reduces to the expression for an un-
disturbed ionosphere [Moschandreas and Tuan, 1974]. The
decay constant A(p) describes the general F layer decay in the
absence of disturbance and was originally derived through per-
turbation theory [7Tuan. 1968]. In general, A (p) increases when
the gases are in diffusive equilibrium (p = 2).

The expression given by (2) provides the correct phase
behavior as well as the £, peak motion, as is seen from a com-
parison with Thome's [1968] observations [Porter and Tuan,
1974]. By nserting the above expression for N(z. 1) in (1) we
obtain the luminosity profiles {or the 6300-A Q | shown in
Figure 1. Here we have adopted ionospheric and gravity wave
parameters similar to those used to fit Thome's [1968] obser-

vations except for the scale height factor for which we have

now used p 1.75 in order to bring the gases closer to diffusive
equilibrium as one might expect for the F region. We shall
assume that 4, i/110 |Chamberlain, 1961], S, o
10 " em®s ' [Peterson and Van Zandt, 1969], and S, 1.7 >
10 *em® s ' [Seaton, 1956]

In Figure 1 a comparison of the electron density profile dur-
ing the passage of a gravity wave with the movements of the
luminosity profile stems to show that (1) in general, the
luminosity profile peaks about one scale height below the F,
peak as it does in the undisturbed time-dependent theory
[Twan. 19691, (2) 1 hour later, as the £, peak moves down by 20
km losing all the time in electron density magnitude, the
luminosity peak remains relatively unchanged in position but
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greatly enhanced in intensity (Figure 1, center), and (3)
another hour later, as the F, peak moves up again, the inten-
sity of peak luminosity again drops, there being little rise in
position (Figure |, right). If we had plotted the luminosity
profiles without quenching, the peak luminosity would have
moved a consiaerable distance (about 15 km) downward when
the F, peak came down. This conclusion implies that the
luminosity peak is essentially kept up by the rapid increase in
quenching at lower altitudes. The reason that it would only
move |5 km ratter than the 20 km for the F, peak is the rapid
drop in available O, for the production of D states at higher
altitudes, which tends to keep the luminosity peak down. Thus
the combined eficet of both is to keep the luminosity peak
from having larger oscillations in the vertical direction.

OsCiLATIONS IN ToTtAl ELECTRON
CONTENT AND 6300-A O |

To obtain the total zenith airglow intensity for the 6300-A O
I. we integrate (1) over height. The results are plotted against
local time in Fipure 2. We have also plotted the total columnar
electron content as well as the negative time derivative of this
total electron content. The parameters used here are the same
as those adopted for Figure 1. One general feature is that all
three curves decay with time, an expected result, since no ion
pair production mechanisms have been included. The most
significant feature is that although there is considerable oscilla-
tion with time in the airglow intensity, the total electron con-
tent shows refatively little fluctuation. The lack of fluctuatian

in the tot n content is readily understandable. We are

first of all with a nighttime situation, when we may
neglect pl iction. The fluctuations arise when the ions
are W ly into rarified at here. where
recombinat less, and dense tmosphere, where
recombir reater. The fluctuation is further inhibi
by phase cllation between the motion of ions above and

below the F, peak. Since we are dealing with a horizontally

ducted neutral wave with no vertical pl progression, the

phase variation of ions depends almost entirely on the shape of

the F layer. FFigure 6 shows how the phase of the ion motion
above the vicinity of the F, peak is in general opposite to that
below the peak. We have here an example of possible phase
cancellation even when the gravity wave does not possess
phase variation along the line of sight. Georges and H

[1970] have shown how phase cancellation may
phase vari

The columnar
proportional (o the ijon pair recombi

1 the gravity wave itsell
irglow intensity, on
quenching
trons over

By integrating the

ind dropping the p
result that the columnar recombinat
negative of the rate of change of ¢
since the divergence term in il

Thus if the

would expect the mirglow inte

from Gauss theorem

to the negative of the ral
This result 1s shown very
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Fig. 2. Time variation of the 6300-A zenith airglow compared with

the total columnar electron content and the time derivative of the total
electron content.

quenching as we have just mentioned or to introduce some
production process. This point will be discussed further later.

5200-A NITROGEN LINE

The 5200-A N I is produced in the F region by dissociative
recombination in a manner similar to the production of the
6300-A line. Analysis of the effects of a gravity wave on this
line is of special interest because of the very long lifetime of the
nitrogen 2D, states. We can no longer use the quasi-
equilibrium theories, especially at higher altitudes, where
quenching can no longer compensate for the very slow
radiative loss. If we neglect diffusion [Hernandez and Turtle,
1969], the continuity equation for the atomic nitrogen density
in the 2D state N(*D), is given by

dNC D)
at

In (3), P is the production rate for N(2D), K, and K, are the
quenching coefficients for O, and electrons, respectively, 4, is
the Einstein coefficient for N(2D). If we go down to low
enough altitudes, where the quenching is sufficiently strong to
balance the production rate, we may neglect the time
derivative term, and the theory reduces to a quasi-equilibrium
theory exactly analogous to that of Peterson et al. (1966]. For
the production rate we again assume that the production of
N(2D) through dissociative recombination of NO* is balanced
by charge transfer between O* and N,. In this way, the
production rate of N(2D) states varies with height as the
product of neutral N, concentration and N,.

The loss rate of N(?D) is represented by the three terms on
the right-hand side of (3), corresponding to radiative loss, O,
quenching, and quenching due to superelastic collisions with
the electrons. We have assumed that 4, = 1/26 h!
[Chamberlain, 1961) and K, = 8 X 107" cm® s~' [Seaton,
1956]. For the rate coefficient K, with respect to O, quenching
we have tried both K, = 1.4 X 10" cm® s ' [Slanger et al.,
1971] and K, = 1.4 X 10 " cm?® s ' [Hernandez and Turtle,
1969]. The two values differ by an order of magnitude, and
there is reason to believe that the value given by Hernandez
and Turtle may be on the small side (G. Hernandez, private
communication, 1973). Equation (3) may be simply in-
tegrated, subject to the initial boundary conditions. From the
N(?D) concentration we may readily calculate the columnar
zenith airgiow intensity for the (‘Sy,-2Dy.2.5,2) forbidden op-
tical transition as a function of time. The results are shown by

= P — (A + K[O;) + K,N)NCD)  (3)

. . s

the solid curve in Figure 3 for the quenching coefficient of
Slanger et ui. [1971] and by the dotted curve for the coefficient
used by Hernandez and Turtle [1969). For both curves we have
used a scale height factor of p = 1.75. All other gravity wave
parameters are the same as those used to fit Thome's results
[Porter and Tuan, 1974).

The three important features are that (1) the oscillations for
the higher O, quenching rate of Slanger et al. [1971] are less
pronounced than those produced by the lower quenching
coefficient of Hernandez and Turtle [1969], (2) there is a phase
advance with the higher quenching coefficient of between 10
and 20 min (the reasons for this will be given in a later section),
and (3) the luminosity peak for the higher quenching
coefficient is in general about 20 km higher than the peak for
the lower coefficient.

In comparing these results with the behavior of the 6300-A
line, there are the following important differences: The elec-
tron quenching for the nitrogen line is, relatively speaking,
much more important than that for the oxygen line. If we use
the coefficient of Slanger et al. [1971], the quenching due to
molecules for the nitrogen line is down by more than an order
of magnitude from the quenching for oxygen, owing to the
combined effect of a smaller quenching coefficient and a
smaller abundance of O, molecules than of N, molecules. The
difference in electron quenching is only about a factor of 2.

The relatively more important electron quenching has the
effect of holding down the 5200-A luminosity peak, since the
available electrons for quenching increase until the F, peak,
well above the luminosity peaks of both the 6300-A and the
5200-A line.

The net result is that although one may at first expect the
5200-A luminosity peak to be well above the oxygen peak, ow-
ing to a much longer half life, the reduced molecular
quenching at lower altitudes coupled with a relative increase in
electron quenching (unimportant for the 6300-A line) at higher
altitudes would bring down the peak position for the 5200-A
line to height levels comparable to those for the 6300-A line.
This is not inconsistent with the observations of Weill and
Christophe-Glaume [1967], who argued from geometric con-
siderations that the 5200-A peak is about 12 km above the
6300-A peak if the speed of the traveling ionospheric distur-
bance is assumed to be the same at the peaks of both
emissions. We may conclude thai since both peaks occur at
nearly the same height, the oscillation amplitudes should be
comparable. This conclusion is borne out by comparing
Figure 3 with Figure 2.

—— K= 14x10" cm® sec”

N\ -
N - K= 14x16 T em sec
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Fig. 3. Time variation of the 5200-A nitrogen emission in a gravity
wave for the O, quenching coefficient of Hernande: and Turtle [1969]
(dashed curve) and Slanger et al. [1971] (solid curve).




b

o

PORTER ET AL.: GRAVITY WAVES AND AIRGIOW 3831

COMPARISON WITH SIMULTANEOUS OBSERVATIONS OF
foFa, h'F,, AND 6300-A O 1 EMISSION

We have mentioned earlier that some published data seem
likely to have exhibited the effects of gravity waves. In this sec-
tion we use some of Dachs’s [1968] simultaneous measurement
of ionospheric parameters and the 6300-A O I emission to il-
lustrate the theory by fitting the observations to an assumed
gravity wave.

Dachs [1968] has made intensity measurements of the 6300-
and 5577-A emission lines as a function of time. These
measurements together with simultaneous measurements of

/.F, and h'F, seem to show considerable correlation, especially

between the 6300-A line and the ionospheric parameters. In
Figure 4 we have shown a comparison between our theoretical
results and the experimental values for f,F;, h'F,, and the 6300-
A airglow. For the theoretical parameters we have chosen p =
1.5, H = 65 km, the recombination coefficients 4(200 km) =
0.34 h ', and the diffusion coefficient D(200 km) = 6.1 X 10°
km? h'. These are somewhat different from the parameters
chosen to fit Thome's observation, but considering the fact
that we have completely ignored production processes (the
observations are made between 1800 and 2400 LT), they are
the right order of magnitude. For the gravity wave we assume
the velocity amplitude 4(200 km) = 35.2 m s~' and the damp-
ing factor ¢ = 0.49, which is rather close to Hines’s [1960] un-

h' F2(km)

.
™
x
k3
N
o~
'S
-
—— THEORY
300 © OBSERVED RESULTS

6300A (R

()

Fig. 4 Experimental observations (open circles) of Dachs showing

simultaneous variations in f,F, h'Fy, and the 6300-A airglow com-
pared with theoretical calculations (solid curves) based on the assump-
tion of a gravity wave with a period of approximately 3 h.

10l —— 5,=1.0x16" cm’® sec'

---= 5, =27x 18" em’ sec'

RELATIVE UNITS

B

Fig. 5. Oscillations of the 6300-A line for two nitrogen quenching
coefficients, showing how the larger quenching coefficient (dashed
curve) reduces oscillation and introduces a phase advance.

damped model. The quenching at 200 km is assumed to be
0.24 s ', and the electron quenching is neglected. The quantum
efficiency for emission from the 'D is assumed to be 0.5.

In view of the rather good agreement between theory and
experiment for both the airglow and the ionospheric
parameters one can readily conclude that even without a total
electron content measurement, we have a gravity wave passing
through with a period of between 2 and 3 h. The comparison
between the airglow intensity and the 4'F, shows all the ex-
pected phase correlations; i.e., when the airglow intensity is at
a minimum, the F, peak is approximately at a maximum.

EFFECT OF QUENCHING AND THE CRITERIA FOR
DIFFERENT DISTURBANCES

As was already mentioned in a previous section, quenching
can cause a phase difference in the oscillation of the airglow in-
tensity. Figure 5 shows the 6300-A O I for two N, quenching
coefficients. The solid curve uses a quenching coefficient S, =
1.0 X 10~ " cm?®s~!, whereas the dashed curve uses S, = 2.7 X
107" cm®s ', All other parameters are the same as those used
to fit Dachs’s [1968] experimental observations. The highe:
quenching coefficient seems to produce fewer oscillations as
well as a phase advance by about half an hour. It is easy to un-
derstand why the oscillation should decrease when the
quenching is increased, since a higher quenching rate would
move the luminosity peak up to a point where the electron
density oscillation is less. This is true so long as the peak
luminosity remains below the F, peak [Porter and Tuan. 1974).

To understand why we should have a phase advance, we must
consider the variation in the phase of the electron density os-
cillation with respect to the neutral gravity wave as a function
of height. The solid curve in Figure 6 shows a plot of the
theoretical phase variation with altitude, and the dashed curve
shows Thome's [1968] observed results. (Figure 6 is taken from
Porter and Tuan [1974].) We see that the phase of the electron
density oscillations advances monotonically with height. There
is a region, however, below 260 km where an increase in the
height of the luminosity will bring little phase change. Above
260 km any increase in the height of the luminosity curve
would bring a rapid advance in the phase of the electron den-
sity oscillation. Even though Figure § deals with an integrated
intensity, since the phase advance is monotonic, an upward
shift of the entire luminosity profile must always produce a
phase advance.

The analysis seems to suggest a means for distinguishing air-
glow fluctuations caused by gravity waves from those caused
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Fig. 6. Theoretical calculations of the variation with altitude in the
phase of the ionospheric oscillations compared with Thome's [1968)
observed values.

by incident particle flux, if a simultaneous measurement of
total electron content and airglow intensity can be made. If no
production mechanism is present and the disturbance is caused
entirely by a gravity wave, then the following observations are
true:

1. There is relatively little fluctuation in the total electron
content or in any experimental parameter that depends only
on the total number of columnar electrons rather than, say, on
how the electrons are distributed.

2. The rate of change of total electron content should re-
main negative. Thus for nighttime conditions and a gravity
wavelength that is sufficiently long (of the order of 1500 km,
say) in comparison with the thickness of the F layer that we
may neglect horizontal transport arising from concentration
gradients in the horizontal direction, the total columnar elec-
tron content should decrease monotonically with time. This
result is easily understandable, since the only reason for the lit-
tle fluctuations that we do get in the total electron content is
the variation in the recombination coefficients as the
ionosphere moves up and down.

3. There is always a phase advance in the airglow fluc-
tuations with respect to the rate of change of total electron
content. The magnitude of the advance is in general deter-
mined by the quenching.

We should remark here that if a horizontal time-varying
electrostatic field exists in the F region causing an E X B drift
in the ambient electrons only, without any horizontal
transport, then all three of the above properties in the behavior
of the airglow and columnar electron density should also hold.
They would no longer be true, however, if somehow additional
electrons were introduced either through transport or some
sort of production mechanism. For instance, if the disturbance
is caused by an incident particle flux that produces additional
ion-electron pairs, then the rate of change of total electron
content can go positive, since the total columnar electron con-
tent can no longer vary monotonically with time. In general,
the fluctuation can also be far more drastic [Moschandreas and
Tuan, 1974).

As an example we consider the data of Brown and Steiger
[1972], who have simultaneously measured the 6300-A airglow
and the total electron content as a function of time at Hawaii.
They found an oscillation in the airglow that correlates with
oscillations in the total electron content. The negative time
derivative of columnar electron content trails the airglow os-

cillation by a time delay of about 25 min. We have at first some
reason to ‘eel that this particular disturbance could be caused
by a wave, since (1) the disturbance appears to be periodic with
a period of about 3'2 h, and (2) the airglow fluctuation shows a
phase advance of about 20-30 min with respect to the rate of
change of total electron content. However, it is rather unlikely
that the disturbance is a wave, since the period is of the order
of 3'2 h and the disturbance takes place around the middle of
the night, when we can forget about photoionization. The dis-
turbance also does not vary monotonically with time, and it
shows large oscillation amplitudes. We may add that the first
condition mentioned above can be produced by any periodic
disturbance, and the second condition can be produced by
either a gravity wave or a vertical drift without any introduc-
tion of additional charged particles. There is of course a
possibility that we may simultaneously have an elec-
tromagnetic drift together with an introduction of additional
electrons. In fact, such an event would be quite consistent with
both the experimental observations and our criteria.

CONCLUSION

We have examined the effect of a gravity wave in the F
region on the electron density and on the emission intensity of
two forbidden transitions whose mechanisms involve recom-
bination with electrons. Because of such effects as quenching
and the lack of available O,* and NO* molecules at high
altitudes, the vertical movement of the luminosity profiles in
response to the passage of the gravity wave is much smaller
than that of the electron density profile. The amplitude of os-
cillation of the airglow, on the other hand, is greater than that
of the total electron density, which varies monotonically with
time. Owing to the presence of @ magnetic field as well as the
shape of the electron density profile, phase differences in
behavior occur between different heiphts. This effect. com
bined with the height-differentiating effect of quenching,
produces phase differences also between airglow and
ionospheric parameters. A combination of airglow and
ionospheric measurments can be used to differentiate between
gravity waves and the effects of incident particle flux.

The theory has been tested by assuming a gravity wave effect
for some published data on simultaneous measurements of air-
glow and ionospheric parameters. The fit was satisfactory.

This study represents the first theoretical treatment, as far as
we are aware, of the effects of gravity waves on airglow. We
have tried here to establish the basic characteristics to be ex-
pected for the luminosity and electron density profiles under
the influence of a gravity wave and to show how these could be
used in some cases to provide information on processes. Ex-
pansion of the techniques should be useful as a tool for the
study of both gravity waves and upper-atmosphere parameters
and processes.

APPENDIX

A good analytical approximation for the decay constant A,
expressed as a function of the scale height factor p is given by

_ (B,Dy)""”
No(p) = 2H

~{| + 7;.'” T+ H — IO + 5)1} (A1)

A derivation for this is given by Twan [1968]. Another
totally different derivation has been given by Porter and Tuan
[1974]. In this expression, A, decreases monotonically with in-
creasing p, where | < P < 2. Thus the decay of the F layer is in

i i < i - . i
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general faster when the gases are perfectly mixed (P = 1).
The expression B(g) in (2) is given by

Aa’ sin 0 cos OT'[(3/2) — q]
2r'"wH

B(q) = (A2)

As was already mentioned, ¢ varies between 0 and Y. If g is
set to zero, the velocity amplitude does not vary with height.
Otherwise, it increases exponentially. We see that B(q)
vanishes at the magnetic pole and equator, where we do not
expect a horizontally ducted gravity wave to produce os-
cillations in airglow.

The functions P,(p. w. t) and R,(p, w, ) are defined [Porter
and Tuan, 1974] by

P, = c(q, to, 1) f exp [gét—k_—’—’)]

rexp —[o(t" — 1) — B(@)sinw(t’ — i)]dr’  (A3)
R, = c(q, to, Ip) f exp [g’if___ﬂ]

k
-exp —[No(t! — 1)) — B(q) sin w(t’ — ;)]
-cos w(t' — &) dt’ (Ad)
where
we=—(n+}
k = H/2(B,D,)""*

Although both P, and R, are oscillating functions of time with
frequency w, R, may change sign, but P, remains always
positive. It is easy to see that as w — 0, both P, and R, become
monotonic functions of time, and all oscillations vanish from
the expression given by (2).

The functions F,(p) and G,(¢q) are given by

o« ’T(n = p)T(n+3) T(n — DI + 3)

il T(=p) T(—1)
(A9)
_ g+ n— DI3/2) — q) [(1 -9 _ ]
Gule) = N s n

(A6)

The derivation of these functions is given by Tuan [1968]
and Porter and Tuan [1974]. They have the following impor-
tant properties:

F(p=1)=0 Vn
F(p=2=0 Vn2>3
Glg=0=0 Vn22

Hence the infinite sum on the right-hand side of (2) will
reduce to only a few terms for a gas that is either perfectly
mixed or in diffusive equilibrium and for a constant velocity
amplitude (g = 0).
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