INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While
the most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the original
submitted.

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1. The sign or “target” for pages apparently lacking from the document
photographed is “Missing Page(s)”. If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting thru an image and duplicating adjacent
pages to insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it
is an indication that the photographer suspected that the copy may have
moved during exposure and thus cause a blurred image. You will find a
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being
photographed the photographer followed a definite method in
“sectioning” the material. It is customary to begin photoing at the upper
left hand corner of a large sheet and to continue photoing from left to
right in equal sections with a small overlap. If necessary, sectioning is
continued again — beginning below the first row and continuing on until
complete.

4. The majority of users indicate that the textual content is of greatest value,
however, a somewhat higher quality reproduction could be made from
“photographs” if essential to the understanding of the dissertation. Silver
prints of “photographs” may be ordered at additional charge by writing
the Order Department, giving the catalog number, title, author and
specific pages you wish reproduced.

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as
received.

Xerox University Microfilms

300 North Zeeb Road
Ann Arbor, Michigan 48106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73-24,841

PORTER, Jr., Hayden Samuel, 1945-
THE RESPONSE OF THE IONOSPHERIC F-LAYER TO
ATMOSPHERIC GRAVITY WAVES AND ASSOCIATED
AIRGLOW PHENOMENA.

University of Cincinnati, Ph.D., 1973
Geophysics

University Microfilms, A XEROX Company, Ann Arbor, Michigan

© HAYDEN SAMUEL PORTER, JR. 1973

THIS DISSERTATION HAS BEEN‘ MICROFILMED EXACTLY AS RECEIVED.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



THE RESPONSE OF THE IONOSPHERIC F-LAYER TO
ATMOSPHERIC GRAVITY WAVES AND ASSOCIATED AIRGLOW PHENOMENA

A dissertation submitted to the

Division of Graduate Studies
of the University of Cincinnati

in partial fulfillment of the
requirements for the degree of

DOCTOR OF PHILOSOPHY

in the Department of Physics
of the Graduate School of Arts and Sciences

1973 '
BY |
Hayden Samuel Porter, Jr.

B.S. University of Cincinnati, 1967

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UNIVERSITY OF CINCINNATI

May 16 19 73

I bereby recommend that the thesis prepared under my

mpmn @1 Hayden S. Porter, Jr.

mtitled The Response of the Ionospheric F-Layer To Atmospheric

Gravity Waves and Associated Airglow Phenomena

be accepted as fulfilling this part of the requirements for the
degreg of Doctor of Philosophy

Approved by:

A e A
'MQ\ JJNV"W?\ % C«_&J_LB\NV—Q/\/"
\ {, ‘\ ":m+w\/\/

Y - ) — /7
Civiry L preeclRy

Form 668—Grad. School—1M—3-62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

We develop a fully time dependent analytical treatment
of F-layer response to disturbances arrising either through
momentum transfer from the neutral constituents or through
ion pair production or loss mechanisms. The ion equation of
motion, including an ion drag term, and the ion continuity
equation, including a linear loss term and an arbitrary ion
pair production term, are solved simultaneously using Green's
function and integral equation methods. It is assumed that
typical horizontal scales for variations in the disturbance
are large in comparison to the vertical half width of the
F-layer, so that a description using only one spatial dimen-
sion is applicable. It is also assumed that the disturbance
is sufficiently slowly varying in time that quasfstatic equi-
librium holds in the ion equation of motion.v The treatment
includes diffusion, and the linear loss term contains an ar-—
bitrary scale height factor p which allows the atmospheric
state to vary from perfect mixing (p=1) to diffusive equilib-
rium (p=2).

The treatment is applied to calculating the response of
the F-layer to passage of atmospheric gravity waves. In this
approach, unlike other approaches where perturbation methods
are applied, the undisturbed PF-layer is itseif time dependent.
This treatment can be uscd for disturbances sufficiently large

that a strict perturbation approach can no longer apply.
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A simple gravity wave model is chosen which allows the
velocity amplitude to be varied from constant with altitude to
various degrees of exponential increase. The time dependence
is assumed to be sinusoidal. Analytical solutions obtained
using this model are compared with Thome's detailed experi-
mental study of the ionospheric response to gravity waves.

The theoretical results agree well with the following observed
experimental features: 1) Normalized time dependent electron
density fluctuations at constant altitude, 2) root mean square
oscillation amplitude as a function of altitude, 3) changes

in phase of the oscillation as a funétion of altitude, and

4) time variations of hmF2,

“ | Several interesting features of the ionospheric response
are found. The F-layer response to sinusoidal gravity waves
is not in general sinusoidal or even periodic. The F-layer
response to gravity waves dies away as the F-layer decays even
though the gravity wave itself continues unattenuated. Fluc-
tuations in the electron density at about two scale heights
below the F-layer peak are typically 6 to 8 times larger than
fluctuations at the peak. The amplitude of the normalized
electron density fluctuation goes asymptotically to a constant
value for high altitudes and this value depends upon the de-
gree of the exponential growth exhibited by the wave.

The effect of gravity waves on the 6300& OI and 52008 NI
airglow emissions excited via dissociative recombination is

also studiéd. 1t is found that relatively large percentage
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fluctuations mey occur both in the the magnitude of the peak
of the luminosity profiles and in the zenith airglow inten-
sity. The amplitude of fluctuation depends upon the gravity
wave velocity amplitude as well as the altitude at which the
peak of the luminosity profile occurs. Since variations in
the quenching rates may appreciably change the altitude of the
peak gf the luminosity profiles, the fluctuation amplitude of
the zenith airglow intensity is sensitive to variations in
the quenching rate. Zenith airglow intensity fluctuations

in the 6300% OI line of the order of 15% are found for the
parameters used .n the £it to Thome's experiment. A compari-
son of our theoretical fit to the 6300X% airglow measurements
obtained by Dachs shows good agreement in the h'F2, foFZ and
zenith airglow intensity. The fluctuation amplitude of the
52008 NI line is found to be sensitive to the quenching rate
with 02 relative to that with electrons. An increase in the
electron quenching rate, for example, effectively translates
the 52008 NI luminosity profile lower in altitude and conse-
quently increases the fluctuation amplitude of the zenith

airglow intensity.
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Chapter 1

Introduction

The phenomena of traveling ionospheric disturbance (T1ID)
has received a rather large amount of attention over the
last several years., Observations of the ionosphere have
demonstrated that TID is a relatively common occurrence.
Generation mechanisms for TID advanced have included nuclear
blasts, magnetic substorms, and the breakdown of large scale
tidal motions in the atmosphere. Evidence of TID can often
be observed on critical frequency piots. TID appears as
quasi-periodic ripples which are superimposed on the normal
diurnal behavior. In certain cases characteristic peaks or
troughs noted in the critical frequency plots obtained at
one ionospheric observatory can be identified in the critical
frequency plots obtained for other observatories which are
widely spaced in both latitude and longitude. This occur=-
rence suggests that TID is propagated over large distances.
Analysis by Bowman (1965) even suggests that some waves are
capable of propagating entirely around the earth, Perhaps
the most salient feature of TID is that vertical variations
invariably show a downward component of motion. This appar-
ent motion can be interpv~ted as a downward phase progres-—
sion; however, it is recognized that this motion can also be
attributed to an inclined front moving horizontally.

The principal mechanisms advanced to explain TID are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



hydromagnetic waves propagating through the ionized gas and
compressional waves propagating through the neutral atmos-
phere. The first author to attempt theoretical explanation
of TID was Martyn (1950). Martyﬁ solved the linearized fluid
equations of the neutral atmosphere under the influence of
gravity. Assuming the existence of two well defined hori-
zontal boundary layers, he obtained solutions corresponding
to horizontally traveling convection cells in the neutral
atmosphere. Martyn reasoned that these motions of the
neutral constituents could produce, via collisions, oscil-
lations in the ionized species similar to those observed in
TID, The success of this model was limited, however, large-
ly because it required the existence of a horizontal boundary
layer at, or near the altitude of the F-layer peak.

Interpretation of TID in terms of hydromagnetic waves
was suggested by Dungey (1955) and Akasofu (1956). In this
interpretation hydromagnetic waves were generated. either by
processes occurring in the outer regions of the atmosphere
or in the solar corona, and were propagated down into the
lower regions of the atmosphere through the ionized gas.
The attractiveness of this model was its ability to explain
the downward progression of the disturbance; however, typi-
cal Alfven velocities for the F-layer were much larger (20007%)
than the observed TID velocities (x50 -=700™/s).

The currently acbepted interpretation of TID was ad-

vanced by Hines (1960). Hines obtained internal wave
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solutions for the neutral atmosphere under the influence of
gravity. These solutions were found to form two branches,
termed the acoustic and gravity wave branches. The acoustic
wvave branch corresponds to a genéralization of normal sound
waves to include gravitational effects. The gravity wave
branch was distinguished by its long period of oscillations
which must be greater than the local Brunt-Vdisdld period
(about 14 minutes in the F-layer). Certain properties of
the gravity wave branch solutions, such as the long period,
correct range of permitted phase velocities, and exponential
growth with altitude, strongly suggested a connection with
TID. Hines (1960) suggested as did Martyn (1950) that these
motions of the neutral constituents could produce, via col-
lision, oscillations in the ionized constituents similar to
those observed in TID.

It is the effect of these internal gravity waves on the
ionosphere and on associated airglow phenomona which we in-
vestigate in this dissertation. Specifically, we develop an
analytical time dependent treatment of F-layer response,
including effects of momentum transfer from the neutral
species and arbitrary ion pair production or loss mechanisms.
This treatment is limited to disturbances for which approxi-
mate quasistatic equilibrium holds in the ion equation of
motion. Horizontal variations in the disturbance are assumed
to be slowly %arying over distances large compared to the

vertical thickrness of the F-layer, so that a model requiring
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only one spatial dimension may be used. A neutral wave
model is chosen which allows full use of the analytical
features of this treatment. We develop solutions for long
period, long wavelength, ducted internal waves. A solution
obtained using this model is compared with the detailed
experimental observation of TID at Arecibo by Thome (1968).
Ve also consider gravity wave induced behavior in the volume
emissivity and integrated airglow intensity for both 6300% 01
and 5200% NI, Comparisons between our theoretical results
and Dachs (1968) 6300% airglow intensity measurements are
made.

Analytic solutions to P-layer problems have been devel-
oped by many workers. Ferraro (1945, 1946) discussed the
importance of the diffusion of ions in the F-layer and set
forth the mathematical apparatus for plasma diffusion.
Ferraro and Ozdogen (1958) obtained solutions to the diffu-
sion equation of the ionized constituents for a periodic
production function representiné the production of ion pairs
by extreme ultraviolet solar radiations. The recombination
of ion pairs was approximated by a loss term which was linear
in the electron density. The recombination coefficient was
altitude independent,

Glidden (1959b) solved the problem posed by Ferraro
and Ozdogan (loc. cit.) for a recombination coefficient
which varied with altitude according to the scale height

of the major neutral constituent. This choice of
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recombination coefficient is equivalent to the assumption of
perfect mixing of the atmospheric constituents. Using per-
furbation methods, Tuan (1968) treated the problem of the
night-time behavior of the F-layer when the altitude depen-
dence of the recombination coefficient is governed by an
arbitrary scale-height factor . In this model p=l corres-
ponds to perfect mixing of the atmospheric constituents,
while p=2 corresponds to diffusive equilibrium. Moschandreas
and Tuan (1973), using Green's function and integral equation
methods, treated the problem of an arbitrary production or
loss mechanism and arbitrary scale-height factor.

Within the framework of F-layer theory there have been
many attempts addressed to the development of a description
of F-layer response to internal gravity waves. The nature of
these attempts has been to demonstrate that the behavior of
the F~layer when perturbed by internal gravity waves exhibits
essentially the same characteristics as exhibiﬁed by TID,
Perhaps somewhat surprisingly, however, the general trend of
these treatments has been te use a perturbation approach
similar to that used in a discussion of the neutral waves,
rather than follow the established line of F-layer theory.

In the perturbation approach it is assumed that the ionized
parameters can be written as a time independent part plus
some small time dependent correction due to the gravity wave.
While this assumption is certainly reasonable for the peutral

constituent where production and recombination processes are
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not important, it is not clear that it is a reasonable as-
sumption for the ionized species. For example, it is often
found that the period of a TID is approximately the same as
the mean decay time of the F—lay;r. Thus, if the ion pair
production rate is small the assumption that the unperturbed
ionosphere is time independent is certainly not valid.

Vhile a fully consistent solution to this problem re-
quires simultaneous solution of the coupled neutral and ion
equations, most authors are primarily concerned with the
ionospheric response and solve the ion equations independent-
ly, assuming some model for the neufral vave. The first
quantitative treatments of the response of the F-layer to
gravity waves appeared in 1968, Hooke (1968) used perturba-
tion methods as discussed above. Although developing the
response calculations fully, he eventually neglected effects
of diffusion, as well as production and loss of ion pairs.
To obtain his final solution he makes the additional assump-
tion that the ionospheric response at a given altitude to
a sinusiodal gravity wave is sinusoidal. Results of this
calculation show the existence of a phase change in the
oscillation. The altitude of this phase change is time in-
dependent but does depend on the degree of expomential growth
of the neutral wave.

Using the method of characteristics, Nelson, (1968)
obtained analytic solﬁtions of the ion continuity equation

for certain choices of the neutral wave model. These
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solutions are obtained under the assumptions that diffusion
can be neglected and that production and loss processes are
exactly balanced. The essential feature of this approach

is that the time dependent behavior of the F-layer is ob-
tained from solution and not assumed.- Results of this
treatment show the existence of a phase change in the oscil-
lation. The altitude at which this phase change occurs is
time dependent and also depends on the degree of exponential
growth of the neutral wave. Unfortunately, the assumptions
are such that the results can not be directly applied to
existing TID observations.

Pestud and Francois (1971), using perturbation methods
have obtained solution to the ion equations keeping a per-
turbed term representing diffusion; however, they again as-—
sume that the F-layer response to a sinusoidal gravity wave
is sinusoidal. Numerical methods are employed by these au-
thors to obtain solution of the resulting equations.

Comparison of their results in which diffusion is alter-
nately included and neglected demonstrates that diffusion
is an important process in the F-layer. This result is not
surprising, however, since the importance of diffusion in
F-layer processes has been recognized from the early begin-~
nings of F-layer theory (Ferraro, 1945,1946).

Klostermeyer (1972 a,b) has assumed the same form of the
ionospheric response as obtained by Hooke (1968). In these

pumerical calculations Klostermeyer obtains simultaneous
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solution of the neutral equations and ionospheric response.,
Again in this approach the ionospheric response to a sinu-
soidal gravity wave is assumed to be sinusoidal.

The treatment of F-layer reéponse which we develop in
the next two chapters does not suffer from the shortcomings
mentioned above. The time dependent behavior of the F-layer
is obtained directly by solution; not by assumption as in
the perturbation approaches. Unlike Nelson (1968), we re-
tain diffusion and loss processes when obtaining solution
so that reasonable comparisons with experiment can be made.

An additional feature of this treatment is that we may
also investigate effects of gravity wave on the behavior of
63008 OI and 52008 NI emissions. While there have been many
theoretical treatments of the response of the F-layer to
gravity waves, there have been no published theoretical
investigations of the effects of gravity waves on airglow
emissions, This has occurred in part because of the various
assumptions made by most authors in obtaining solution for
the ionospheric response.

The theory of the atomic oxygen emission excited via
dissociative recombination has been developed most completely
by Peterson, Van Zandt, and Norton (1966). Analytic time
dependent solution of 6300% oI nightglow emission was ob-
tained by Tuan (1969). Hernandez and Turtle (1969) have

. discussed 5200X N1 emission excited through dissociative

recombination.
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Chapter 2

Theoretical Formulation

2.1 General Statement of the Problem

A fully consistent treatment of F-layer response which
includes effects due to momentum transfer from the neutral
constituents in the atmosphere, requires simultaneous solu-
tion of the coupled partial differential equations governing
the behavior of the neutral and ionized constituents. How-
ever, since we are primarily concerned with the response of
the P-layer, we will consider only the equations governing
the ionized species, and use phenomenology when required.
The variables necessary to charactérize the behavior of the
ionized constituents are their respective number densities,
pressures, temperatures, and velocities. These variables
are related through the continuity equation, the dynamical
equation and the equation of state,

In the absence of disturbance, we consider the atmos-~
phere to be planar, isothermal, and horizontally stratified.
Ve limit our treatment to disturbances for which the F-layer
response can be treated using a model requiring only one
spatial dimension. This is essentially a statement that
horizontal variations of the disturbance have typical scale
lengths that are large compared to the vertical half width
of the F-layer. For gravity waves we require the horizontal

wavelength to be large compared to the half width of the
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F-layer.

We will assume ambipolar diffusion for the major ionized
constituents. In this assumption the ions and electrons
diffuse through the major neutral constituent with the same
-velocity. Since the ion and electron equations are nearly
identical in this approximation, we will work with the ion
equations noting that the electron equations are similar.

The ion continuity equation can be written

%’E}. +x.<\ﬁ[\|é) :F_LL (2-1)

where Ni is the ion concentration,/xi is the ionic velocity,

F is the ion production rate, and Li is the ion loss rate.

The dynamical equation for the ion motion can be written

(2-2)

NimiD¥ = e[E+ v xB]

O———————

Dt

VAAN

PN = 7R - mal (4 -4
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vhere E, B are the ambient electric and magnetic fields, g
a7 g -
is the gravitational acceleration, Pi is the ion pressure,
Whh is the ion neutral collision frequency, and u is the
M\
neutral velocity. We have negleéted momentum transfer
between the ion and electron species since they are assumed
to diffuse through the.major neutral constituent with the

same velocity.

The ions are assumed to obey an ideal gas law

P =NKT (2-3)

This set of equations (2-1), (2-2), (2-3) and the
corresponding electron equations determine the behavior of
the ionized constituents, once we have specified information .

concerning the neutral constituent behavior.

2,2 Ion Drift Velocity Calculation

Considerable simplification of the ion dynamical equa-
tion can be made using approximations which are valid at
F-layer altitudes, We are primarily interested in developing
an analytic treatment of F-layer response which can be used
to treat long period, long wavelength disturbance caused by
gravity waves or thermospheric winds. PFor these disturbances
we may safely neglect the inertial terms of the dynamical
equation, This neglect is legitimate since typical gravity

wave periods (of the order of hours) are large compared to
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the ion gyromagnetic period (~ ,06 sec.) and the time inter-
val between collisions suffered by an ion with molecules of
the neutral gas (~ 3 sec. near tpe F-layer peak). (Rishbeth
and Garriott,1969). The convective derivative is negligible
for motions with spatial scales of the order of a neutral
scale height or greater, which we are considering here, un-
less the ion velocity is of the order of local speed of
sound (Hooke, 1968). Under these approximations the ion

dynamical equation can be written:

v (ExL xgg
'V Ty (2-4)

-‘}L
$m.) EL +v n:’wz(u xib) +vm+w

Fml o+ Zemts (90t ) +

th

e [P0KT) + T [v<~ ) MQ

1) +w
o e}

1)‘+w
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where'd&is the ion gyromagnetic frequency and 1b is a unit
vector along the magnetic field line. -

At P-layer altitudes the ion gyromagnetié frequency is
known to be nuch larger than the ion neutral collision fre-
_quency (-\_‘)‘)'E‘_N \53 near the F-layer peak), thus we may drop

[

terms ¢f the order of jé? . The electric field existing at
t

F-layer altitudes is small owing to the F-layer's high con-

ductivity, and will be neglected. VWith these approximations

the ion drift velocity may be written

SR .
Xe= v, 3 NiMivin (4-t0 )1,

(2-5)

+ Nimi(&'i,«h)%\g [T (vxT)- J‘b%

The corresponding electron drift equation can be written,

using the previous assumption that Ve = xi.
AN

[
L™ NeMelen

+Neme (9-4,)4, = [V(NKT)- 1]1

Ass

NeMe Ven (%’Aj:.b) 1,

(2-6)

In the ionospheric plasma it is always assumed that

each unit volume is electrically neutral, at. least for
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dimensions larger than the Debye radius (about 1 cm. in
the F-layer). Since the concentration of the minor ionized
constituents is small over most of the altitude range of
the P-layer, we may write N.~s N . Adding equations (2-5)
and (2-6) together and neglecting terms of the order of

me/mi’ m, Ven/ m, vih ’ we obtain the following result

91, — UNed, ]

%= D“[ H N

2
' (2-7)
+ et §

Ly

vhere D_ = ambipolar diffusion coefficient = 2Kf/mixén
and H = ionic scale height = KT/mig.

Thus, we obtain the well known result that in the P-layer

the ions and electrons are constrained to move along the

magnetic field lines.,

2.3 Linear Loss Term

Dissociative recombination is the principal loas
mechanism over most of the altitude range of the P-layer.

The important reaction schemes may be written
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15

(2-8)

(2-9)

(2-10)

(2-11)

The rate coefficients are given in Table I. While

C s . . +
radiative recombination 0° + e —= 0 occurs, the rate

-2 . .
coefficient (~v 10 "em’s') is small and it is not important

at the altitudes we are considering (Rishbeth and Garriot,

1969).
TABLE I
REACTION RATE COEFFICIENTS
Coefficient Magnitude at 700" K Reference
cmBsec"'1
m 2 x 10711 Donahue (1968)
Y, 1 x 10712 Donahue (1968)
o, 1 x 10~7 (700/T) Biondi (1968)
&, 2 x 10”7 (700/T) Biondi (1968)
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¥e note that equations (2-9) and (2-11) are exothermic and
may produce O and/or N in excited states. These states are
de-excited through collision or radiative transition, The
latter is responsible for airglow emission,

From the set of reactions (2-8) - (2-11) it is clear

that the loss rate of the major ion ot may be written

L= (00N + NN (2-12)

while the loss rate of the electrons is given by

l--'e=3 =< [OZ]Ne + E\loﬂ N (2-13)

Using equations (2-8) and (2-9) we may write the con-

tinuity equation for [02+] as

| .
ool - -] +xai

where we have neglected the divergence term. This approxi-
mation has been justified by Peterson et. al., (1966) who

have shown that O * will diffuse only a small distance

2
during its lifetime. We may neglect the time derivative of
[;02+J provided that the production of 02+ does not vary

strongly in a characteristic time of '/o(lNe . This

characteristic time is generally smaller than 100 sec. for

the altitude range we consider here. Typical time scales
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for variations in the production of 02+ are of the order of

+
hours, hence, we may set CD[OLJ/&{;: O. . Using charge
neutrality N~ Ng (Section 2.2), we obtain from equation

(2-14)

[O;] = X‘ [Oz] /011 (2-15)

Using an argument similar to that used for the concen-
tration of 02+, we may obtain the following result for the

concentration of NO'

[NO+] - XZ[.N?.] / oL, (2-16)

Substitution of (2-15) and (2-16) into (2-13) reveals that

the loss rates for the ions and electrons are identical in

this approximation.

Ve may rewrite equation (2-12) as

L','_: b (l + b’z[Nz]/X,[OZD [OZ].N;_ (2-17)

Since the ratio ZZENZ]/KIEOZ] varies only slowly with
altitude (due to the near equality of scale héights for

N, and 02) we may define an effective rate coefficient 3}

2
which is independent of altitude such thav

L. = ©N¢ . (2-18)
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wvhere
B ="7%1[0]
In this approximation the loss term is found to be
linear and the recombination coefficient e; varies with

-altitude according to the distribution of 0,.

2.4 Continuity Equation

As we have mentioned previously, we consider only those
disturbances for which the F-layer response can be treated
using a model requiring only one spatial dimension. Sub-~
stitution of the drift velocity expression into the continu-
ity equation results in the following equation,

N [ oNe , Ne 2
ate -D ( + b >COS e

(2-19)

+[\1er Sthecose + NeU.z_Cosze] = F - %Ne

Vhere © is the angle between the magnetic field and the
zenith, z = h - ho is the difference between the actual
height h and some initial position ho' The y axis of the
coordinate system is chosen along the direction of the hori-
zontal component of the magnetic field line; We have assumed
for simplicity that the neutral velocity lies in the plane
containing the magnetic field line and the zenith,

In general, owiﬁg to the perturbations on the atmos-

phere from the gravity wave, both the diffusion and
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recombination coefficients are time dependent. To first

Dlzt) =D + Dz v)
Bz,t) = Q@)+ B(z;t)

We shall neglect SIQL(Z)t) in comparison with .I%JZ)
and 8@(2)1:) in comparison Q)(Z) although it is rela-

(2-20)

tively easy to include both variations phenomenologically.
That this approximation should be good down to about 3 scale
heights below the F-~layer peak is shown in Appendix A, VWe
will assume the usual forms for %.and Do) @:‘-@o%f)(-PZ/H)
and absorbing the COSZG factor into the diffusion coeffi-
cient D086 = Dy 22P(Z/H). Ve will show later that
this approximation is consistent with the model for the

diffusion coefficient obtained by Shunk and Walker (1970).

2.5 Mathematical Formulation

Introducing a change of variable X = X —OJ)KP("Z-/H)
where 0( ZH(@)O/])O and the transformation N x 4..2-(7('\:)

We may convert equation (2-19) into the following equation

X I
e R R T ST
where
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KZUz oo ______\: é(Xu XUy | sine cose
“QHx 4

K= H/2(8,D,)"

In equation (2-21) we have put all of the perturbing

and

influences such as the neutral velocity and the ion produc-
tion terms into the function g (x,t). In the absence of such
influences and when the gases are perfectly mixed (P=1), we
are left with the homogeneous equation giving Chapman-type
solutions for a quiet night-time ionosphere.

The homogeneous part of equation (2-21) is identical to
the homogeneous equation used in a study of the polar iomno-
sphere under the influence of electron precipitation
(Moschandreas and Tuan, 1973). Since this equation is not
self adjoint in the time variable, it is necessary that we
use the adjoint equation for the Green's function in terms
of the dashed variables to obtain formal solution of this

equation. Formal solution of equation (2-21) can then be

written
X(xt) = K//G(xx) t)F(xt) dx'dt!
0 4 i
K=CO
4K cx(x,x';t,to)Xo«;de, ( 6F - X 8% )| o
o X ' K=0
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ﬂ(xxjtt)qg_ |]X( ) dy'dt

(2-22)
. +KSmecoSe [/G a(Xu‘!) dxdt -f//‘GX Uy dx'dt]
+Kcose [//G C)(Xul dy'dt’ +//qu1 dxdi]

The Green's function in equation (2-22) may be expressed

in closed form as follows:

V V
oy W t)(xx) (—2—) (xx)% 'J
G(X/X)'t)t) ZKESth('t 't ):] [ Sthh<%’%

e Cosh< - ) L by (2-23)
XP\: smh( ) ( )]

| (e>t)
0 (t<«t)

vhere u(t -t’) -

The Green's function given by equation (2-23) satisfies
L,
homogeneous boundary conditions in the half 1nterva1(€3‘7< °°)

AW
corresponding to the full interval for the altitude h (o< h<e),
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Since the F-layer is basically a Chapman-like function,
one of our aims is to use the Laguerre Polynomials whose
weighting function is just the Chapman function to analyti-
cally approximate the F-layer., A useful advantage of the
Green's function as given by equation'(2—23) is that it may
be expanded into Laguerre Polynomials. The spectral expan-

sion of this Green's function is given by

+—'f l/q (+x)

e
- — u(t—t') (xx)
G KZ‘ Min+t) Ntnt'2)

L( L(x) (2-24)

where wn - - (h-{— '/L{.)

[2( - P(nH)f"(na-'/a)(—X)m
N &z Mh-men) Mimtliz) Cime+)

The third integral on the right-hand side of equation
(2-22) vanishes at x' = o0 and cancels out at x' = 0. The

fifth integral may be written:

-

/Q O (BU) gt / @Xug]dx'di +/28 Ty didt

(2-25)
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The first integral on the right-hand side of equation
(2-26) vanishes at the upper limit for x and would vanish
at the lower limit provided the amplitude of U.‘J ) ujo is

given by

Ugo ~ (‘?:(Z)*OU (02 ¢=05).

The seventh integral may be treated in similar manner.
Since we will not consider any value of q greater than 0.49,

we may drop these terms.

The first term on the right-hand side of equation (2-22)
corresponds to the production of ion pairs. VWe may rewrite

this term as follows:

X
= btt) € 2 X [‘VZ’( Ehie-t,)

'Y 0 | ( eK
SEE6 dide= | T

where

~Wn/ ~x |
bha:) to) perd /e’?('t ‘to) e 2 L/f‘&:) FCXI) ¢/ ) d x' d{;'
X .

The second term on the right-hand side of equation

(2-22) is the initial electron denéity distribution at
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(2-27)

o) Wy ~t4
z Q.Y\('{:o) e ( ) ></2 L.l C’()
) [l"(hm P(m'lz)] 2

where we have assumed that

X(x),-l—.) = X'/ZZ Qn(E) Vin(x)
N

since . ﬁ’ \ ' form
- - -
ey = £ K hn
[P(Y\H) Mn +‘I?.)] f2

a complete set.

We may write the following integral equation for the

electron density

00

Neosp)= 4] Qo) _y _ bittyta)
[F(hﬂ) f‘(h+'/zﬂ 2 M) M(nt2)

Wnle-t) ), % Y
—% )X'/?_e/z Lz(

-

o

(2-28)

/ﬁ(x x5k, ) No() ') dx dE
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00
Kee, )= %;oKh SASAAD

and

R —_g)s L cx)

Mh+1) P<h+'/z)

Rn& %y, ¥) =

l (x')P", [:/?- 1+ Uy 6yt) Sinecose §__|_1‘{.2<%’) [:,Z<
ik | &) L0 H a5

- _
+ uz(x)t)COS e l—d Ll/z(x) L/Z(x/
H Ld x' g

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

25

2

X

L~ 1



26 .

Chapter 3
Analytical Solutions for Fully Ducted Mode

3.1 Neutral Wave Model

To obtain solution of the integral equation (2-28) it
is nesesgsary to specify sohe functional form for the neutral
velocity. This choice will be dictated both by the experi-
mental observations with which we choose to compare our
theoretical results and the desire to obtain analytic solu-
tions.

We shall consider various forms for the neutral wave
velocity distribution ‘if(z.ft) for a fully ducted mode
as a function of Z ranging from a constant, to various de-
grees of exponential increase with altitude. For simplicity
we will also consider a sinusoidal time dependeﬂce for the
incident wave. For the long wavelength and long period
waves we wish to investigate, we may neglect the vertical
component of the neutral velocity relative to the horizontal

component (Hines, 1960)., Thus, we may write

\loj(X,i:)= Ad%i%Cosw(Jc -E,) (3-1)

where A is the amplitude at h = ho’ £o is some initial time
which gives the phase of Uﬂ at t =t , end q is a variable
in the range (Of%d/z). When q = }, equation (3-1) reduces

to the classical undamped Hines model (Hines, 1960) which
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omits ion drag, thcrmal conduction, and viscosity. In
general, q is a function of height. For simplicity in ob-
taining analyticel solution, however, we assume q to be a
constant independent of height. .Thus, in this model if ion
drag, etc. does occur, the value of q-would be somewhat less
than 4. PFig. 1 shows a plot of the variations of the expo-
nent of the velocitiy amplitude as a function of altitude when
the various frictional effects are taken into account. The
models of Volland (1969, a,b) and Testud and Francois (1971)
for unducted gravity waves are also shown as a basis of com-
parison. Obviously our model for q = .3 is in good agree-
ment with Volland's model up to 450 km. The results begin
to differ sharply above 500 km. However, the rapid drop

in the electron density will make even a large difference
unimportant after the necessary integrations in ‘the integral
equation are carried out. We shall take up this point again
in Chapter 4. The choice of a fully ducted model is also
consistent with the experimental observations of TID 6btained
by Thome (1968) with which we will compare our results.
Thome points out that the initial phase velocity measure-
ments of the disturbance ~~ 700ﬁzcsuggests the neutral wave

is propagating in a fully ducted mode.

3.2 The Single Exponential Solution

For the femaindér of this dissertation we shall assume

that there are no ion pair production processes and set
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Fig. 1. Variation of the exponent of the velocity amplitude
as a function of altitude for (1) q = constant
50.3) (full line), (2) Volland's gravity wave model
——e====), (3) Testud and Francois' gravity wave
mOdel ("o"'o"")o ‘
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bn(t, to) = 0., The formalism can be trivially altered to
include this effect but since the experimental observations
vere taken during late afternoon and evening conditions
we shall neglect the production for simplicity. The inte-
gral equation (2-28) has a solution in closed form if we
take the long time limit ( t>> -t:o) for the inhomogene-
ous term and approximate the kernel by the n = O term.
Since, as will be seen, a fair amount of physics is already
contained in this special solution, we shall consider this
problem in some detail.

¥With the above mentioned approximations, the integral

equation (2-28) becomes

22(t-to) 4 x/z % % Wo(+- t)

(}t) = Qo e )( e

(3-2)

I 1 P-1 T 4 , ; : VN b
ARG - g o e Nttt

Integrating over the x', t' coordinates for each term in the
iteration of (3-2) we obtain an infinite series which can

be summed into closed form,

+-——€H (£-to)+ B(q) Sinwlt-t
N= ot e(?‘H )ENcc%to,E)% i)

€
Tr/q | (3-3)
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wvhere

>\o_—_—4'—£ 1+-#-r7/?_ [oL'—P_P(m'/Z)" f"<'+'/2)]

Y . .
_ A&’ sinecose M(3/2-q)
Blg)= 2172 w H

- TB@)sinwcte T
C(q’)'to)’to)z e [ % -:]

Thus, in this approximation, we have a simple Chapman func-
tion multiplied by an oscillatory exponential time decay.

In the limit when there is no TID, the expression given
by equation (3-3) will reduce to the corresponding expres-
sion for a quiet ionosphere (Tuan, 1968; Moschandreas and
Tuan, 1973). The disturbance due to the sinusoidally varying
neutral atmospheric gravity wave is given by the last term
in the exponent on the right-hand side of equation (3-3).

One interesting feature of this expression is that even
though the incident wave continues without attenuation, the
response of the P-layer dies away exponentially as the
F-layer decays. This decay occurs in such a way that the
percentage oscillation obtained in comparison with the decay
in the absence of the wave is constant. Since the time de-
pendence comes from a single exponential, we shall henceforth

refer to it as the "single exponential solution" and denote
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it by No’ A plot of this solution against an experimental
result of Thome (1968) is made in Fig., 2 for an altitude of
350 km. We have assumed that the gravity wave has a period
of about 3 hours, as well as reasonable values for the
various other parameters. From Fig. 2 we see that the ex-
perimental oscillations decrease in proportion to the average
electron density, suggesting just the type of exponential
time behavior given by the theory. In fact, on a log plot
of the experimental electron density, Thome (1968) has shown
that the oscillations continue without any attenuation until
wvell past 2400 hours local time which seems to suggest a
continuous wave generation throughout this period without
any significant damping with time.

The result also shows that the neutral wave which is
assumed to be completely ducted would have no effect on the
ionosphere at the magnetic pole and equator vhen the sin®
cose factor in the oscillating term vanishes,

The behavior of the decay of the F-layer for different
scale~height factor P (14P%£2) has already been discussed in
some detail (Tuan, 1968). In general, the decay time in-
creases as p approaches 2 when we have the gases closer to
diffusive equilibrium. In equation (3-3) this would decrease
the first term in the exponent at any given time relative to
the sinusoidal oscillation. Thus, the effect of the oscil-
lation is enhanced when the gases are in diffusive equilib-

rium, while the overall decay rate is slower.
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Fig. 2. A comparison of observed normalized electron
density (~—=—- ) and the "single exponential"
theoretical solution, (full line) against time.
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We have chosen to vary the vertical distribution of
the neutral wave velocity amplitude in such a way that it
is fixed at h . it h, is below h , the peak position, (X
is greater than unity. An increase in q would increase the
.oscillation of the electron density. However, should we
choose to fix the velocity amplitude at say ho’ such that
ho>hm then an increase in q would decrease the oscillation
since the major portion of the electrons would be below ho
where the velocity amplitude has been decreased following
an increase in q.

Equation (3-3) gives an immediate and simple picture of
the decay of the F-layer under the influence of a TID. Ve
note that even in this approximation the response of the
P-layer to a sinusoidal gravity wave is neither sinusoidal
nor periodic. However, equation (3-3) is too naive to ex-
plain some of the more intricate features of the disturbance.
For instance, it does not show the vertical oscillation of
the hmFZ. The failure. to show this is due to the approxi-
mation made in the kernel of the integral equation. Even
in the long time limit (% >>t°) we cannot neglect the n £ O
terms, since the time variable t' is integrated all the way
to t' = t when the time exponential e*P%?@V¥f) goes to

unity for all n.

3.3 The More General Solution

To obtain a more general analytic approximation which
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will include the N # O terms in the kernel of our integral
equation (2-28) we use the simple exponential solution which
is the exact solution for the kerneljgg%*3§4) as the zeroth

order approximation and iterate our integral equation. Thus,
~we rewrite equation (2-28) in terms of the single exponential

solution No

N, = ( No—-KONo) + (K, + R)l\lo (3-4)

where
00

R= ZKn(X)"'S t,t)

Iterating equation (3-4) and neglecting all quadratic and

higher order terms in the kernel, we obtain

NeN No + R No (3-3)

The analytic approximation given by the right-hand side
of equation (3-5) is based on the assumption that N is al-
ready a good zeroth order approximation to Ne and that R is
not a big correction to Ko’ Putting in the expressions for

No and R and integrating over the coordinates we obtain
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N l/ “’5’ c(q,,to ) exp[: No(E-to) + B(q,)smw(t t‘}l

— Qo i % ?-L,,,cx) L R(q, p.wst) Sn,P)
A=l [(n+1) Minaie) |4K N3 Py )

+ Aoﬂ“si}:eoose R (q,pw;t) Q(h’%):l (3-6)

where

£
WpE-£) —‘}\ (t-t,) - B(C{;)Smw(t t]
R=/e% e ctyk)

WnlE-t) —-[}\0(4:~'t,,) B( ) sin Wt - toﬂ /
l:?h:: e X € cosw(t -to) C(G)%o,To dt

to

I-P |
n- -1) [0+
Sinypy= XD [Pelle) [th-1) Q)

[¢-p) M)
(h.o)= P(%*’h—\)r‘('b/g—qr)ﬂ o)t
Qg M) (AAY ]
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The functions S(n,p) and Q(n,q) have been put in closed form

and have the property

S(n, p=1) = 0. For all n
S(n, p=2) = 0. For all n 2 3
g(n, q=0) = 0. For all n =2

The corrections to the single exponential solution are
given by the infinite sum on the right-hand side of equation
(3-6) which reduces to only a few terms for a gas either per-
fectly mixed or in diffusive equilibrium and for a constant
velocity amplitude independent of height (q = 0).

It is clear from the analytic expression given by the
right-hand side of equation (3-6) that the oscillation of
the electron density varies with height in such a way that
the phase of the oscillation also varies.

The first term on the right-hand side of equation (3-6)
is the single exponential approximation and shows oscillation
in the magnitude of the electron density without any peak
motion. The second term is a sum of Laguerre Polynomials
and provides the vertical oscillation of the profile. The
functions Pn and Rn both oscillate with frequency W with
the difference that Rn may change sign as time varies but
P remains positive for all times. As W — 0, both P and
Rn become monotonic functions of time and all oscillations
vanish from the expression given by equation (3-6).

We should point out that the only parameters associated

with the F-layer are the scale height and the scale-height
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factor. The latter is restricted to values between P=1 and
P=2, while values for the former have been given which can
vary by as much as a factor of 6. Since almost any electron
density profile can be fit with some scale height which
essentially controls the thickness of the F-layer, we need
'to have either an independent means of measuring the scale
height or sufficient experimental data available to restrict
its freedom of choice. ¥For this reason we have chosen to
compare our theory with the experimental results of Thome
(1968) where a large amount of detailed experimental data
has been simultaneously measured. As will be shown later the
range of the scale height will be sharply restricted and can
not exceed 60 km.

The variation of the neutral wave velocity amplitude as
a function of height is controlled by the parameter q. Fig.
3 shows the comparison of Ne for q = 0, 0.27 and 0.49 at
four different altitudes. Here we have used a scale height
of 60 km., a scale height factor of 1.22 and a gravity wave
amplitude at h_ = 309 km. of 106 km/hr. It is easy to see
that the constant amplitude gravity wave (g = 0) may produce
at lower altitudes, say 210 km., greater oscillation; but at
higher altitudes, the constant amplitude wave produces sig-
nificantly less than either of the amplitudes which increase
exponentially with height. The wave with the largest ex-
ponential increase (@ = 0,49) produces the greatest cscil-

lation at say, 510 km.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 3. Normalized electron density is plotted against

time for (1) q = 0 (.=.=), (2) q = 0.27 (=memmmm )

(3) ¢ = 0.49 (full line).
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A more interesting phenomenon is the occurrence of a
phase change in the electron density oscillation at about
310 km., where the oscillations are considerably less in
amplitude than elsewhere. Below.this altitude at 1730 hours
a trough occurs for all three q values while above this al-
titude a crest occurs. Since at q = 0,27 the curve shows
the least structure, we may conclude that the phase change
position varies with the q value and that 310 km. is closest
to the position of phase change for q = 0.27. The q = 0
curve obviously has already gone through the position of
phase change while the q = 0.49 curve has not yet reached
its position of phase change and must occur somewhat higher.
In general, as we will show later, the position of phase
change is time dependent for each value of q.

The physical reason for the phase change can be readily
seen as follows. At any altitude owing to collision with
neutral particles there will be some ions flowing out of a
given volume while others would flow in. The net increase
or decrease of ions would depend on the shape of the electron
density distribution at that particular altitude as well as
the ionic velocity. Thus, for a constant amplitude neutral
wave, the position of phase change would occur at the alti-
tude of the peak electron density. For an amplitude which
increases with height the position for phase change would
generally be slightly above the peak position. This is born

out by the analysis on g variaﬂion where the ¢ = O curve
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appears to have the lowest phase change position and the
q = 0.49 curve seems to have the highest. Since the alti-
fude of the peak electron density is time dependent, the

position of the phase change is also time dependent.
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Chapter 4

Detailed Comparison Between Theoretical
Results and Experiment

4,1 Electron Density Variation at Different Altitudes

A comparison of the theoretical electron density given
by equation ( 3-6 ) is made with the experimental results of
Thome (1968) for six different altitudes (Fig.4) from 206 km.
to 567 km. Ve have taken h = 223 km.,@(ko)=3.\XI5qseE.') P=1.14
Dm(ko\=3.\)<|0q<‘mase:!) ®=4.1] and a scale height of 50 km. For
the neutral gravity wave we choose A(ho) = 14.4 m sec™! and
g = 0.3. The choice of these parameters is not arbitrary and
will be discussed in more detail in Section 4.4, The com-
parison can only be approximate since we are assuming that
the incident neutral wave is sinusoidal with coqstant fre-
quency. Considerable physical insight can be gained through
the theoretical analysis, however, even if the theory does
not fit the experiment exactly. This insight is gained
through the manifestation of certain general features common
to both theory and experiment. The first common feature is
that the oscillation amplitude seems to decrease with time
in proportion to the magnitude of the average electron den-
sity at all altitudes. In this respect the more general
result given by equation ( 3-6 ) is no improvement over the
single exponential solution. Perhaps wve should add that
neither solution can be obtgined using perturbation methods

where the undisturbed clectron density is assumed to be time
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Fig. 4. Comparison of the variarion of observed (------)
and theoretical (full line) electron density as
a function of local time (A.S.T.) for six different
altitudes.
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independent (Thome, 1968; Testud and Francois, 1971; Hooke,
1968).

The second interesting feature common to both is that
the amplitude of the oscillation is very large at low alti-
~tudes and gradually decreases to a minimum at 350 km. and
increases again above this height. The physical reason for
this behavior is that below 300 km. the electron density
begins to drop off sharply as an exponential of an exponen-
tial. Consequently, a relatively small motion along the
magnetic field line would result in large fluctuations of
the electron density. The effect is similar to Hooke's large
fluctuations for the solar flux (Hooke, 1968). At about 300
km, the electron density reaches a.maximum and the variation
of the electron density with altitude in this region is
relatively small. Hence, the fluctuation is also small.
Above 300 km. we have another drop. This time however the
drop is much less steep, being just a simple exponential.
This drop produces another increase in fluctuation. 1f we
were to use Hine's (1960) original undamped gravity wave
model and set q = 0.5, we would obtain much greater oscilla-
tion (Fig. 3) above 500 km. However, the best fit for the
experimental result of Thome requires a q value of about 0.3.
We should perhaps mention that with this q value the ampli-
tude of our gravity wave would increase with altitude as
exp R, 2 where ![k, = 16TRem. This is very close to Thome's

undamped two layer model wliere ‘/bz=-l7ObM. Thome has
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taken measurements which extend above 700 km., howvever, at
these altitudes the signal to noise ratio is such that it
becomes relatively difficult to distinguish the oscillations
from the noise. Even at these high altitudes damping effects
appear to be relatively unimportant.

In Fig. 5, the root mean square deviatioﬁ from the mean
electron density is plotted as a function of altitude. The
theoretical curve shows a minimum at about 325 km. which is
a little higher than the time averaged peak position (about
300 km.). This difference occurs because the position of
minimum deviation should approximatély coincide with the
position of phase change. The phase change position, as
already mentioned in Section 3.3, would occur above the peak
electron density due to the exponentially increasing velocity
amplitude.

The maximum of the luminosity profile generally occurs
below the altitude of the peak electron density (Tuan, 1969).
Because the electron density drops sharply in this region
the percentage fluctuations of the electron density are large
and we would expect to see large fluctuations occur in the
magnitude of the peak lumimosity value. Fluctuations ob-
served in the airglow intensity'would not be expected to be
this large, however, because of the integration over the
entire column of atmosphere. W¥We will discuss this further
in Chapter 5.

Above 500 km. both experimental and theoretical curves
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Fig. 5. Log of r.m.s, deviation from mean electron den-
sity for both observed (circles joined by dashed
line) and the theoretical (full line) results
against altitude. '
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tend to a constant value in root mean square fluctuation.
Damping of the neutral wave should eventually bring this
down. However, since we are dealing with wavelengths of the
order of 1500 km., we should not expect to see a significant
effect within the range of altitude under consideration.
This feature is demonstrated by Thome's (1968) experimental
observations which seem to indicate unattenuated fluctuation

up to at least 700 km,

4,2 Change of Phase in Electron Density Oscillation

In this section the word changé of phase has to be used
in a rather approximate sense since we are not dealing with
sinusoidal waves, in fact we are not even dealing with peri-
odic waves. However, if we look at the experimental results’
of Thome given in Fig. 4, it is clear that a trough in the
oscillation at about 1730 hours L.T. at 206 km. disappears at
an altitude of gbout 350 km. and becoﬁes a crest which in-
creases in magnitude as we move up in altitude. A similar
phenomenon occurs at 2030 hours. At 1830 a much less pro-
nounced phenomenon occurs for a crest which disappears at
about 350 km. Ve can thus assume that somewhere between
350 km, and 278 km. a "node" occurs in the oscillation. The
terminology is not precise and the change in the phase of
the oscillation actually takes place continuously as we move
up in altitude. Howéver, if we simply plot the deviation

from mean electron density at éay 1730 hours L.T., we obtain
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from Fig. 6 a point of zero oscillation at about 325 km.

At this point the theoretical and the experimental curves
coincide. The "node" occurs when the number-of electrons
swept out of a given volume by the neutral wave is equal

. to the number of electrons swept in and is itself a function
of time since the electron density profile is oscillating.
Due to the general night-time decay of the F-layer, it is
not a periodic function of time.

To further analyse the phase change as a function of
height we have plotted in Fig. 7 the time variation of the
crest against altitude beginning at 567 km. when the theo-
retical crest is at 1715 hours, The zero of the time scale
indicates when the oscillation is in phase with the neutral
wave., For the theoretical curve the electron density oscil-
lates in phase with the neutral wave at about 305 km. GSince
we have no means of determining the actual phase of the
neutral gravity wave, we have also plotted the experimental
results on the same curve showing a comparison of theory and
experiment when normalized to the same time scale. For in-
stance, at 250 km. the crest of the electron density is
about 0.45 hours ahead of the crest of the neutral wave
while at 400 km., the crest is 0.73 hours behind the neutral
wave., A crest in the neutral wave is defined as maximum
neutral particle velocity in a direction which would drag
the ions up the magnétic field lines,

The physical reason for the difference in phase is easy
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Fig. 6. The log of amplitude deviation from mean electron
density at 1740 hours (A.S.T.) for observed
circles joined by dashed line) and theoretical
full line) results.
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Fig. 7. The phase of the crest of the electron density
(expressed in hours ahead of, or behind the
crest of the neutral wave) is plotted against
height for observed (circles joined by a dashed
line) and theoretical (full line) results. At
zero hours the electron density oscillates in
phase with the neutral wave and this occurs at
about 320 km,
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to see. I1f the electron density was independent of altitude
and the neutral wave amplitude was also indepgndent of alti-
tude (q = 0), then the electrons would move up and down the
field lines in phase with the neutral wave. The change in
-phase is due to variations in diffusion and recombination
rates with height as well as the shape of the electron den-
sity profile. Below the F2 peak an upward motion of the ions
may cause a net depletion of ions at some altitude, while
above the F2 peak an upward motion would cause a net increase
of ions.

From Fig. 6, one sees that above 500 km., both the ob-
served and the theoretical deviation from mean electron
density tend toward constant values. Theoretically, this
can be seen from the right-hand side of equation ( 3-¢ ) in
which, if we factor out the Chapman function x 2 e—x/l, the
infinite sum would tend to a fixed value for any given time
as X—70(2—>%), This is in agreement with the experimental
results of Thome (1964). Our results show that the limiting
value at great height is time dependent in agreement with
Thome (1964).

Thome (1968) has pointed out that a change of phase in
the oscillation of the electron density exists and can be
understood physically but has not made a detailed theoreti-
cal study. Hooke (1968), Testud and Francois (1971), and
Klostermeyer (1972 a;b) have used similar perturbation ap-

proaches to obtain phase variation in their theoretical
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treatments. Unlike these methods, our approach is fully
time~dependent and the phase change at a particular time as
shown in Fig. 6 has a node whose height is itself time de-
pendent. In fact the whole curve, both theoretical and
_experimental, will vary with time. We are also able to in-
vestigate the actual relative phase between the electron
density oscillation and the neutral gravity wave as a func-
tion of altitude (Fig. 7). Once again we like to mention
that the word "phase" is used in two senses in Fig. 6 and
Fig. 7. The "phase" used with reference to Fig. 6 describes
the instantaneous deviation from mean decay of the electiron
density as a function of height. Klostermeyer has used the
word "phase delay" to describe thié. Our Fig. 7 actually

describes the phase variation in its usual sense.

4.3 Peak Electron Density Oscillation

The experimental and theoretical variations in peak
position of the electron density as a function of time are
plotted in Fig. 8. The experimental curve shows a sharp
rise after 2300 local time which the theory does not show.
This is due to our approximation of the initial electron
density distribution by a single Chapman function rather
than a linear combination (i.e. O, = C,N21 ). The rise
in peak electron density at night is a well understood phe-
nomenon and has already been discussed in some detail for the

quiet ionosphere (e.g. Tuan, 1968). For simplicity, we have
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Fig; 8. Variation of the height of peak electron density
with time for observed (dashed line) and theoret-
ical (full line) values,
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considered only one Chapman term in the inhomogeneous part
of the integral equation.

There is also a steady rise in the oscillation of the
peak electron density between 1500 and 2200 hours local time.
-The slope of this rise is determined by the scale-height
factor p. In general the greater the value of p, the steeper
the slope. This can be seen very clearly from equation ( 3.
6). The rise in the average peak position is independent of
the gravity wave. Let us set A = W = O, and factor out
the exponential time decay factor e*PE‘N(*-"'I‘—o)] from the
entire right-hand side of equation ( 3-6 ). Now instead of
F%(owp)w,'\:) ve have exp[}&("”*o)] a(%,ﬂw,f> vhich is zero at
t = to and approaches a constant at large t (the term con-
taining Rn now vanishes). This means that at t = to the peak
position is given by the simple Chapman term but at ¢ >'t°,
the peak rises until it eventually reaches a steady value
as t—ooo ,

The steady state peak position is determined by the
values of @u) Dy , and p. However, for p = 1 the term
containing F% vanishes and the steady state peak position
remains the same as that at t = to. It is easy to see
that the rate of increase of peak altitude depends on p.

If we look at the results of Thome in Pig. 8, we find
a gentle rise in peak height from 1600 to 2200 followed by
a sharp rise about 2300. By matching the slope of the gentle

rise in the peak height of the experimental results we have
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an independent means of determining p. The wvalue obtained

in this manner is p = 1.14,

4,4 Inter-~-Relations between Ionospheric Parameters

In choosing the parameters for the theoretical results
just mentioned, we tried to keep to measured or computed
values whenever such values are obtainable. Since so many
measurements are made simultaneously, all of the parameters
are rigidly tied down. Throughout much of the analysis we
did not have the experimental electron density profile.
Consequently, the scale height H which is a direct measure
of the thickness of the F-layer is not known. The rate of
increase of fluctuation on either side of peak electron
density is so large, however, that H cannot gfceed 50 km.,
We can always increase the fluctuation at all altitudes by
increasing the amplitude of the traveling wave but there is
no other consistent way to adjust the rate of increase on
both sides of the peak except by changing the scale height.

The parameters for the F-layer are not arbitrary and
must at least approximately satisfy the following simultane-

ous equations:

K= H /Z [(b(hoj ‘D&(ho)j

K= 2H[B(h)/Dk)

I/Z_
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hon—h,= H Loge ol

(4-1)

L ol ept) - l"(|+'/zJ]
>\o: "IK[, + : T)T'/z

hm is the time averaged peak position for electron density
and is fixed by experiment to a value of about 295 km.
is fixed to about 0.25 per hour from the experimental decay
time. With the requirement that thé diffusion coefficient
be compatible with the results of Schunk and Walker (1970)
and a choice of 223 km. for ho dictated by convenience as
already mentioned in Section 3.2, (i.e. h,<m), we obtain
the value of 3. K\;LSccT‘ for B(h,) and a value of

3 x10 ewtsec'  for  Dalk,),

These values are obtained from equation (4-1). The
value for the ambipolar diffusion coefficient is in fact
only 20% below the Schunk and Walker (1970) value at the
same altitude. The recombination coefficient at h,=4ookm

5 -1

gives a value of 0.56 X 1077 sec which compares well

with a value of /.5 K107° sec” given by Rees (pri-
vate communication).
In Fig. 9 we have a plot of our theoretical diffusion

coefficient as compared with that of Schunk and Walker

(1970). The agreement is never worse than a factor of 2
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Fig. 9. A comparison of the computed diffusion coefficient
(full line) with those of Schunk and VWalker
(dashed line) as a function of altitude.
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from 200 km. up to 600 km. In view of the very large range
of diffusion coefficients commonly in use, the agreement
must be considered as close. The slope for tﬁe diffusion
coefficient curve, plotted on a log scale, is controlled
-by the scale height. If a different value of scale height
is used, the disagreement would have been quite significant.
It is interesting to note that a choice of scale height
based entirely on consideration of the rate of increase of
fluctuation also produces a curve for the diffusion coeffi-
cient in good agreement with the computed values of Schunk
and Walker (1970).

In Fig. 10, we show the thebrgtical and the experi-
mental electron density profiles. The theoretical profile
has been obtained from considerations of the rafe of increase
of fluctuations as one moves away from the peak position,
The experimental profile which is not published has sub-

sequently been made available to us.
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Fig. 10, A plot of the deduced electron density profile
2fu11 line) against the observed profile
dashed line) as a function of altitude at
1500 hours A.S.T.
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Chapter 5

Gravity Wave Induced Behavior in the
63008 OI and 5200 NI Airglow Emission

5.1 Theory of 63003 Airglow Excited Via Dissociative
. Recombination

As has been pointed out in Chapter 2., dissociative

recombination
02+ +e —» 0+ 0 + 6.96 ev. o, (5-1)
" NOT + e — N+ 0+ 2.76 ev, d, (5-2)

may result in the excitation of atomic oxygen or atomic
nitrogen levels., We will restrict the development to night-
time conditions when reactions (5-1) and (5-2) are the major
source of airglow emissions for the 6300& 0I and 5200& NI
lines. The relevant part of fhe energy level diagrams for
both atomic oxygen and atomic nitrogen is shown in Fig., 1l1.
It can be seen that reaction (5-1) is energetically capable
of exciting atomic oxygen to the following pairs of terms:
(3P, 3P), (3P, lS), (lD, 1I)), or (lD, 1S). 1In the same way
reaction (5-2) can produce either the N(4S) and O(ID) terms,
or the N(°D) and S(°P) term.

While we see that reaction (5-1) is capable of exciting
the 1S term of atomic oxygen, other mechanisms of comparable

importance not related to F-layer processes also produce
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this excitation. For this reason the 557748 oxygen green line
is a special case and will not be considered further.
The volume emission rate E% of a line of wavelength A

from level j is given by

vhere /\)‘ is the Einstein transition coefficient for the
line of wavelength )\ , and EJ] is the concentration of
atoms in the level j. (The airglow layer is optically very
thin, so we may ignore induced tranéitions.)

The continuity equation for the concentration of atoms
in the jth level can be written

[ :) ] | ’
oLl P. -l (5-
3 LJJ | 5-4)

where Pj is the production rate of atoms in the level j and
Li their loss rate. We have neglected the divergence term
since an excited oxygen atom will diffuse only a small dis-
tance during its lifetime., (Peterson et. al., 1966)
Production of atoms in the 1D level can arrise by two
processess Cascade from the g level, and excitation through
dissociative recombination from reactions (5-1) and (5-2).
However, reaction (5-1) is favored as the primary mechanism
(S8ilverman, 1970). Actual excitation of the ls term by

reaction (5-1) has been observéd to be small (Rishbeth and
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Garriott, 1969); hence, we may write the production of O(ID)
N ,
Pp= k% L6 INe (5-5)

where hﬁb is the number of excitations of the 1D level
produced per recombination. It is clear from reaction (5-1)

that O ..é k‘Dé 20

The loss of atoms in the 1

D level occurs both by radia-
tive transition and quenching. The quenching of o(!p) occurs
principally through resonance collisions with 02 and Nz. N2
is currently felt to be the dominan£ quenching agent
(Peterson and Van Zandt, 1969). Quenching by super elastic
collisions between electons and 0(1D) may also be important
in a limited region near the F-layer peak (Brown and Steiger,

1972). The principal reactions may be written

0¥ —» 0 + hv Ay (5-6)
D

* + N N ¥ s (5-7)

O + e —»0 + e S, (5-8)

Table II gives the magnitude of the rate coefficients.
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TABLE II
RATE COEFFICIENTS

Coefficient Magnitude ’ Reference
Yo 1/110 sec™! Chamberlain (1961)
5 5.0 x 107 1cm> sec™!  Peterson and
Van Zandt (1969)
S, 1.7 x 10~ cn? sec™!  Seaton (1955)

With these considerations the loss of O(ID) may be

written

LJ'D: (A\D+S|[N2]+SZN6)@CDﬂ (5-9)

vhere AlD is the total Einstein transition coefficient from
the 1D level, and S; and 82 are the rate coefficients for
quenching with N2 and Ne respectively.

Using an argument similar to that used in section 2.3
we may neglect the time derivative in equation (5-4) provided
the production of O(ID) does not vary appreciably in the
characteristic time ‘/ (A'D + 5 INI+ S, Ne ) .

It can be seen that this characteristic time is never greater

than 1/A, = 110 sec. This time is smell compared to gravity

1
D
wave associated changes occuring in the production term which

are of the order of an hour or more.
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Setting 5@5"%-\: = (O we obtain,

Az Rip % L0;] Ne (5-10)

Ay ([+ SN, ] + S:Ne )

p“b
where A63 is the Einstein transition coefficient for the
6300% line, and we have replaced b(‘[()::l by X‘ [Q;J , by

using results of section 2.3.

In the absence of quenching (S1 =8, = 0) we see that
equation (5-10) is just proportional to the loss term for the
elvectron density. We recall that [Oz—‘] behaves like
e ~Pz/H; thus, the altitude of the peak volume emission
occurs below the altitude of the peak electron density.
Since large percentage fluctuations of the electron density
occur in this region we expect to see large fluctuations in
the peak volume emission. If we now add the quenching term
we find that its effect is to increase the altitude at which
the peak volume emission occurs since the term S\[bu] in-
creases with decreasing altitude. (The electron quenching
rate for the 6300% OI line is always rather small in com=-
parison with the N2 quenching rate and the radiative tran-
sition rate.) Thus, the larger the quenchiﬁg rate, the
higher in altitude the peak volume emission would occur
relative to the peak electron density. Since the electron
density fluctuations decrease with increasing altitude

(provided we remain below the phase change point), a higher
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altitude in the peak of the volume emission profile implies
a decrease in the fluctuation of the magnitude of the peak
value.

This situation is not quite this simple, however, since
we know from €hapter 3, that the primary effect of the gravi-
ty wave is to translate the electrons up and down the magnet-
je field lines rather than cause an increase or decrease in
the total electron content. The combined effect of the ex-
ponential behavior of [:02] and the quenching denominator
is to sever2ly restrict the altitude variations of the peak
in the volume emission profile. If.the peak were to be held
fixed at a given altitude its time behavior would be identi-
cal to the behavior of the electron density at that same
altitude (Fig. 3 and Fig. 4). Thus, if the peak volume
emission occurs at an altitude below the electron density
peak, we would expect to see rather large fluctuations in
the magnitude of the peak volume emission, We will return
to this point in section 5.2.

To obtain the zenith airglow intensity from equation

(5-10) wve integrate over the entire column of atmosphere.

163: € d2 = %é.hbb’l laINe dz (5-11)
D ([4—5ﬁﬁ%i]*‘525k:>
Rip
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We see from equation (5~11) that although the peak vol-
ume emission may have large percentage fluctuations in mag-
nitude, the 63008 OI zenith intensity is an integrated effect
and need not necessarily show large fluctuation. This can

.occur both because of the variation of the phase (Fig. 7)
and the amplitude of oscillation (Fig. 6) with altitude.

For completeness, we point out that the concentration
of 02+ is not experimentally observed to increase monotoni-
cally with decreasing altitude as would be expected if it
were proportional to the concentration of 02. This incon-
sistency results from neglecting the concentration of 02+
in the equation of charge neutrality. The concentration of
02+ becomes comparable to the concentration of ot at approxi-
mately 170 km, At about 150 km. the concentration of 02+
peaks and then begins to decrease with decreasing altitude.
Thus it is seen that the approximation of [O:] by ..gl [.02]
overestimates the recombination rate below about lsolkm.

This has relatively little effect on the behavior of the
electron density because we are primarily concerned with
altitudes above 200 km. However, since the altitude of the
peak volume emission occurs approximately one scale height
below the F-layer peak, there is a non—vaniéhing, although
relatively small, contribution to the volume emission profile
and, hence to the integrated zenith intensity from altitudes

below 170 km,
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5.2 Results of Gravity Wave Induced Behavior in 63004
Airglow Emission

In this section we present results obtained using equa-
tions (5-10) and (5-11). For consistency we have assumed
that [szh:' [N;] ho e%PE'PCh"h")/H] where ICMZJ he is
obtained from Jacchia's (1964) model atmosphere, and P and H
are obtained from the gravity wave results.

¥e show in Fig. 12 a comparison of the electron density
and 63008 OI volume emission profiles at three different
times., The initial values of the peak electron density and
the peak luminosity have been normalized to unity at t =
15 00, The gravity wave parameters used here in computing
the electron density are the same as those used to fit
Thome's results. We have used the values of the quenching
coefficients given in Table II.

There are several interesting features here. Ve note
that there is considerable variation in the altitude of the
pesk electron density, about 50 km., while the variation in
the altitude of the peak volume emission is only about 15 km.
This small variation of altitude has been explained in sec-
tion 5.1, Comparing the results at t = 1730 and t = 1845,
we note that the magnitude of the peak electron density has
decreased due to the general decay of the F-layer. At the
same time, however, there is an actual increase of the peak
volume emission. This occurrence is a consequence of the
entire P-layer moving down in altitude causing an increase

in the recombination rate and, hence, in the 63008 0I volume
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Fig. 12. Electron density profiles (upper broader curves)
and 63008 0I volume emission profiles (lower
more narrow curves) at three different times.
The parameters are the same as used in the fit
to Thome's results. '
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emission. At t = 1920 the altitude of the electron density
peak is moving up. Ve note that both the peak electron den-
sity and the peak volume emissioq are decaying. The peak
volume emission has decreased markedly. Thus we see, as
expected, that the peak value of the volume emission does
fluctuate strongly. We should mention that the peak volume
emission for the unquenched case occurs at an altitude some-
wvhat below that for the case including quenching and shows

a corresponding increase in fluctuation, This is also in
agreement with the statements made in section 5.1,

In Fig. 13 we have a comparisoﬁ of the total columnar
electron content, the time rate of change of the total colum-
nar electron content, and the total zenith airglow intensity.
We observe that the total columnar electron content shows
only weak fluctuation while its time rate of chahge shows
considerable fluctuation. We should point out that if we
integrate equation (2-6) over all Z (the flux vanishes at
both ends of the atmosphere), we obtain the result that the
negative of the time rate of change of total columnar elec~-
tron content is proportional to the airglow intensity in the
absence of quenching. We have seen that the result of an
increase in the quenching rate is to translate the entire
volume emission profile to higher altitudes and, hence, de-
crease the fluctuation amplitude of the integrated airglow
intensity. (For reasonable values of the parameters ap-

pearing in equation (5-10) the altitude of the peak volume
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Fig. 13. Time variations of the electron content

- - ), the negative of the time
rate of change of the electron content
(0 == === == ), and the 63008 OI zenith

airglow intensity (full line) using the same
parameters as in Fig. 12.
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emission must remain below the altitude of the peak electron
density and in a region where a translation upward in alti-
tude results in a decrease of fluctuation.) Thus, the time
rate of change of the total columnar electron content, in
"general, sets an upper limit for the maximum observable
fluctuation in the airglow intensity. We note that, using
the quenching coefficients appearing in Table 1I, the 63008
0I airglow intensity fluctuations are somewhat reduced rela-
tive to the unquenched case but still of the order of 15%.

An interesting result we obtain from this analysis is
that the effect of the gravity wave is to essentially move
the electrons up and down the magnetic field lines., In
which case, the total columnar electron content must always
monotonically decrease in the absence of ion pair production
mechanisms. If ion pair production occurs, the total colum-
nar electron content would be expected to increase substan-
tially as evidenced by the measurements of Brown and Stieger
(1972). Thus, measurements of the total columnar electron
content made simultaneously with airglow intensity measure-
ments can be used to distinguish airglow'fluctu&tions pro-
duced by waves from those produced by a quasi-periodic ion
pair production mechanisms.

Ve show in Fig. 14 a comparison between experimental
measurements of h Fa ) £,F2 and the zenith airglow in-
tensity measurementé made by Dachs (1968) together with our

theoretical fit to his data., We have used tﬁe values P=L5}
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Fig. 14, Comparison of Dachs' (1968) experimental results
(circles) and our theoretical fit (full line),
for time variations in h'F, (upper diagram),
foF2 (middle diagram), and 6300&% OI airglow
intensity (lower diagram).
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he = 200km, k=115, Blhe) = .34 He 'y Dlho) = 6.1 X 1Pk and o

scale height of 65 km. For the neutral wave we chose
A(ho) = 352 m sec™! and q = 0,49, "Based on Jacchia's
model atmosphere the quenching rate at ho is equal to

0.24 sec™! and quantum efficienty is equal to 0.5.

This experiment is particularly useful because the
measurements for the separate quantities are taken simul-
taneously. Since the theoretical solution is only approxi-
mate, we may only compare the general features., We see that
the over all phase relationships between the various experi-
mental and theoretical curves are in reasonably good agree-
ment., For example, we see in Dachs' results that when the
P-layer peak reaches its maximum altitude the airglow in-
tensity reaches a minimum. The theory shows the same behav-
ior.

In Fig. 15 we show a comparison of the airglow inten-
sities for two different N2 quenching rates. We are using
the same gravity wave parameters as in the comparison with
Dachs' results. It can be seen that the large quenching
coefficient produces, as expected, smaller oscillation. How-
ever, it can also be seen that in addition to the smeller
oscillation, a phase advance also arrises, This phase ad-
vance is interésting in its own right and occurs principally

because, as the quenching coefficient is increased the entire
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Fig. 15. Compﬁrison of the time behavior of the
6300% 0I airglow intensity fluctuations for two
different quenching coefficients using same

parameters as_yged %o fit Dachs' (1968) results.

S1 = 1.0 x 10 cm3 sec—l (full line),
§) = 2.7 x 10710 ¢n? sec™! (- - - - - :
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volume emission profile is shifted upward. From our F-layer
theory, the electron density oscillations show a monotonic
phase advance (Fig. 7) with incrgasing altitude. Thus if
the entire volume emission profile is shifted'upward the
integrated airglow intensity fluctuations should also show

a phase advance. The degree of the phase advance is deter-
mined by the shape of the phese variation where the altitude
changes occur. For example, we note that in Fig. 13 there
is little phase advance observed when comparing the quehched
and the unquenched result. This is consistent with the phase
diagram in Pig. 7 since the altitude of the peak volume
emission is never higher than 250 km. even when quenching

is included.

5.3 52008 NI Theoretical Development

Since the lifetime of 5200% NI is relatively long,
26 hours (Garstang, 1956), we are forced to use a slightly
different development than that used for 63008 OI. Actually,
however, due to collisional de-excitation, the effective
lifetime is greatly reduced from 26 hours to, of the order
of 25 minutes (llernandez and Turtle, 1969).

As we have seen in section 5.1, reaction (5-2) may
excite the N(ZD) term and it is felt to be the domiirant
production mechanism, Dissociative recombination of

+

N + e —>N + N may also excite the N(2D) term, however,

2

N2+ concentrations are extremely small at night (Holmes et.
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al., 1965). With these considerations the production term

may be written

FQ_D: Repol, [N Q":].Ne (5-12)

where KzD is the number of excitations of the 2D level pro-
duced per recombination, clearly 0% ‘21D.é.|.

The loss of atoms in the 2D level occurs via the three
processes: radiative transition, resonance collisions with
02, and super elastic collisions with electrons. Super
elastic quenching is felt to be impértant for the N(ZD) term
principally because of its long lifetime (Wallace and
McElroy, 1966). However, the quenching by 02 is currently
felt to be dominant below about 250 km. (Slanger et. al.,

1971). The important reactions are

N*¥* —» N + hV A, (5-13)
D

* —0. " N S ( )

N¥* + 02 02 + 3 5-14

%*

N +e —»N+ e S, (5-15)

Table III gives the magnitudes of the rate coefficients.
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TABLE III
RATE COEFFICIENTS

Coefficient Rate Reference
Ay 1/26 hr~l Garstang (1956)
D

S3 1.4 x 10-120m3sed'1 Hernandez and
11 3 -1 Turtle (1969)

1.6 x 10 "“em”sec Slanger et.al.
. (1971)
s, 8 x 10710 cm3sec ! Seaton  (1956)

With these considerations, we may write the loss of N(zD) as

Lo = (Rep + Sslodesyne) N 6210

where A2 is the total Einstein radiative transition coeffi-
D
cient from the 2D term, and 83 and S4 are the rate coeffi-

cients for quenching with 02 and Ne respectively. Letting

Q:- SES‘:NQ.—.] + SyNe
l\lp

L\zD: A=y <| + Q)[NCZD)]

The continuity equation for [&(2Dz]may be written

(5-17)

a 2
_\._-%_g'i}l: F%D— A%(HQ)Y_‘\\( D)] (5-18)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

where we have neglected the divergence term on the basis

that an excited N(2D) atom will diffuse only a short distance
during its effective lifetime (Hernandez and.Turtle, 1969).
It is clear that we can not assume quasistatic equilibrium,
.in general, for equation (5-18), since the characteristic
time over which the production term must be slowly varying

is as large as l/A2D = 26 hours. Exact time dependent solu-

tion for this equation is given by ,

[NFDﬂ = [N(D) exp[ f " Agy(1+Q) olt] (5-19)

+€XP[P\2/I+Q) ' f[P(t) exp(AzJ(HQ)dt]dt'

The volume emission is
(5-20)
€ = Aﬂﬁ\l(zbﬂt

We see that in the long time limit (t >>t0) and when P,
D

and L2 are constent in time, then equation (5-20) reduces
D
to the same form as equation (5-10).

The zenith intensity for 52008 NI can be written

I52= gy, d | (5-21)

where the integration is taken over the entire column of

atmosphere.
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5.4 Results of the 52008 NI Airglow

Numerical methods are used to integrate expression
(5-19) and (5-21). Results of these integrations are shown
in Fig. 16, The gravity wave parameters are the same as
those used to fit Thome's results. We observe that there
is a decrease in the fluctuation amplitude and a phase
advance associated with the higher quenching rate. Both of
these features may be explained in the same mann;r as before,

An interesting property of the 52008 line is that the
fluctuation amplitude of the airglow intensity is very sen-
sitive to the quenching rate of 02 ;nd relative to the elec-
tron quenching rate. This is a consequence of several fac-
tors. The O2 quenching rate of the N(2D) term is reduced
considerably relative to N2 quenching of the O(ID) term.
This occurs both because the rate coefficient ig smaller
and because the abundance of O2 at a given altitude is small
relative to N2. At the same time the electron quenching
rate of the N(ZD) term is large over an éxtended altitude
range both because of the lower 02 quenching rate and the
long radiative lifetime of the N(°D) term.

It is interesting to note that increasing the electron
quenching rate relative to the 02 quenching rate produces
an increase in the fluctuation amplitude of the airglow in-
tensity. This occurs because the electron density increases
with altitude below the F-layer peak and therefore has the

effect of pushing the altitude of the peak volume emission
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Fig. 16. Comparison of the time behavior of the
52008 NI airglow intensity fluctuations for
quenching coefficients used by Hernandez and
Turtle (1969) (- - = - - ), and those used for
the 6300% line in Fig. 12 (full line).
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lower as the electron quenching rate is increased. (This
effect would also occur in the 63008 line except that the
radiative transition rate is always large compared.to the
electron quenching.) Since the amplitude of the oscillation
of the airglo; intensity depends strongly on the altitude at
which the peak volume emission occurs, experimental measure-
ments of the 5200% airglow intensity fluctuations would give
an indication of the quenching rate for O2 relative to that
for electrons. We note that there is still some uncertainty
in the magnitude of the 02 quenching rate coefficient

(Slanger et. al., 1971).
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P

Chapter ~

Conclusion

Using our theoretical formulation we have made a de-
tailed comparison with a careful and &etailed experiment.
The over all agreement obtained indicates that TID observed
at Arecibo by Thome (1968) can be satisfactorally explained
in terms of ionospheric response to gravity waves. Our
theoretical analysis shows that even for simple sinusoidal
ducted gravity wave models the detailed behavior of the F-
layer response can be quite complex. This analysis suggests
that long period, long wavelength waves are not appreciably
damped with altitude, as evidenced by the unattenuated fluc-
tuations observed by Thome (1968) even for altitudes well
above 500 km. It is found that the fluctuation; in the
electron density at about two scale heights below the peak
are typically 6 to 8 times the fluctuations at the peak,
and are comparable to the average unperturbed electron den-
sity. Consequently, our method has definite advantage over
a strict perturbation approach used in most theoretical
freatments, since the latter can no longer apply at these
altitudes. 1t is of interest to note that the downward phase
progression observed in the vertical structure of TID can be
explained in terms of the shape of the electron density pro-
file without requiring a vertical downward phase progression

in the neutral wave. This is demonstrated clearly by our
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theoretical results where the F-layer response shows a
monotonic phase advance with increasing altitude even though
the gravity wave is assumed to be fully ducted with no ver-
tical phase progression.

In comparison to “‘he large altitude variations found
for the peak electro. density during the passage of a gravity
wave, the altitude of the peak volume emission is found to
be greatly restricted in its oscillations. For this reason,
the time dependent behavior of the peak volume emission is
similar to that of the electron density oscillation at con-
stapt altitude. As a consequence, the amplitude and phase
of the airglow intensity fluctuation depend strongly on the
quenchirg rate. The fluctuation amplitude for the 52008 NI
airglow intensity is found to be sensitive to the relative

quenching of N(2D) by electrons as compared to 0,.
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APPENDIX A

Since all of our solutions are expressed in terms of
linear combinations of Chapman's function, ve need only to
show that the variations in a simple Chapman solution caused
by small variations in @ and ,DQ, are unimportant except
at altitudes well below the electron density peak. Our
argument is similar to Hooke's (1968) argument concerning
variations in the photoionization rate during passage of a
gravity wave.

For a simple Chapman solution we may write

-z '
Ne(B+58) ~ Ne® _ [ @y 258 e ]
Ne®) (rigleie ™" -

—y $6 ,
= [(I-!—z?%)e 6 -1 ] (A-1)

pa o

where we have replaced K€ H by the dimensionless variable
X. Por variations of 5@/@ = - 8% corresponding
variations of the electron density remain less than {09,
provided the altitude is not extended lower than approximate-
ly three scale heights below the F-layer peak. (Por the
parameters used in fitting Thome's results this condition
requires that we restrict the altitude to be above about

150 km.) 4 siﬁilar argument can be used fo~ neglecting small

variations in Da'
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