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Introduction

This is a final report for the AE Guest Investigator Program, NASA
Grant No. NSG5284, which started July 1, 1978 and ended December 3!,
1982. The research has been under the guidance of Dr. Stanley H. Gross of
the Electrical Engineering and Computer Science Department of the Poly-
technic Institute of New York as Principal Investigator and Dr. Carl A.
Reber of the Goddard Space Flight Center as Co-investigator.

During the course of the program, Atmosphere Explorer (AE) data
(AE-C and AE-E) were studied to determine whether coherent wave
structures were present and to establish their characteristics. These
data included density, temperature and wind measurements of neutrals,
and density and temperature measurements of plasma. Power and cross
spectra have been calculated from the fluctuation data for these various
geophysical parameters. Both UA and GU data files have been employed.
Computations were made both at the Goddard Space Flight Center and the
Polytechnic Institute of New York. It was established that coherent wave-
like fluctuations are present in all the neutral and ionization parameters
observed by the satellites, that broad spectra are just about always pre-
sent extending from 10's km to 1000's km in wavelength in about six years
of observations. The broad spectra follow power law types of distributions
with spectral indices differentfor each parameter. They show that individual
neutral species are coupled and that plasma is coupled to neutrals. There
is also a suggestion of flattening of the spectra at the longest wavelengths.
A statistical study was started to relate these properties to geophysical
aspects of importance, such as magnetic activity, 1ime of day, season,

latitude band, etc. This study was not completed.

Efforts to find correlative ground based measurements for the
flight paths of the orbits have been limited and mostly unsuccessful.
Some ground measurements have been obtained from France of total
electron content and from the Chatanika radar., These have been partially

studied and remain to be completed.

Theoretical models with localized line sources have been developed.

Numerical calculations have been made for various species in two fluid
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models, Theoretical cross spectra have been computed for comparison
with the spectra of measured data. More work is required to improve
the calculation of cross spectra of the measured data and to model the
data to obtain possible wave characteristics. However, successful com-
putation of cross correlation functions have enable the determination of
transfer functions between geophysical parameter responses. The theo-
retical models provide insight into the nature of wave properties, re-
lationships to sources and guidance for interpreting numerical studies
and measured data. They also serve as test problems for elaborate
computer programs that are used in models too complex for theoretical
analysis.

It was also found that there may be interesting fluctuations of
neutral parameters where there are "bubbles" in the measured equatorial
electron density, Furthermore, localized heating at low latitudes over
restricted longitude bands was found for a number of cases during magnetic

storms. These findings need further investigation.

Some of the data imply the presence of quasi-stationary wave
structures on a global scale. This is concluded from attempts to analyze
the data with conventional gravity wave theory and from comparison of
AE-E and AE-C fluctuations and spectra.

Further work is desirable in terms of (1) completion ot the statis~
tical study of AE-C and AE-E data for levels of fluctuations, spectral
properties in relation to latitude ranges, time of day, season, magnetic
activity and other geophysical aspects; (2) the programming of cross
spectral computations and modeling to interpret the results and to deter-
mine wave characteristics; (3) the study of French total electron content
measurements in relation to data from AE-C overflights; (4) the further
search for corroborative ground based data for comparison with AE
measurements; (5) the extension of theoretical modeling and numerical
modeling to guide the interpretation of the data and to relate data to
source characteristics; (6) the study of the special low latitude heating
events to relate to the mechanisms whereby energy is transported in the
thermosphere; (7) the study of "bubbles" and their possible relationship

to fluctuations in densities, temperature and winds of neutral species;
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(8) the further study of waves to determine whether a major component

is quasi~stationary, as implied by some of the data.

1. The Program

The program was arranged mainly in three phases: These were:

1. The analysis of Atmosphere Explorer (AE) data (AE-C
and AE-E) to determine whether coherent wave structures

are present and their characteristics.

2. Theoretical studies of waves emitted by sources in media
of two or more species with particular emphasis on the
spectral region of gravity waves for comparison with

measured data.

3. A search for corrokorative measurements by ground

facilities near the tracks of the AE satellites.

The ground facilities provide temporal data, whereas the satellite pro-
vides spatial data. Direction of arrival information may also be provided

by the former,

The first two tasks were carried out essentially in parallel. The
third task was carried out as opportunity permitted. These tasks were
carried out in the main, but, as typical in research, more work is sug-
gested to accomplish more fully the original goals. The work, however,
led to the presentation of material at various meetings of the American
Geophysical Union, URSI, and at Atmosphere Explorer team meetings.
Results were presented by Dr. Gross at the NATO/AGARD meeting in
Naples, Italy, in October 1980. These results were published in the
proceedings of that meeting. A copy of the paper is attached. Material
has been prepared for publication in the Journal of Geophysical Research,
a copy of which is attached as Report No. POLY-MPI-1427-83 entitled,
"Large Scale Waves in the Thermosphere Observed by the AE-C Satellite,"
and another report, POLY-MRI~-1426~83, has been written covering a
major portion of the data analysis. This latter report is also attached and
is entitled, "Gravity Waves in the Thermosphere Observed by the AE
Satellites." A number of papers will he forthcoming from this report.

A number of other efforts will result in additional material to be submitted

for publication when manuscripts are completed.
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A great deal of effort was expended on the second task. Both
analytical and numerical techniques were used. They represent new
contribution: to the field, consisting of two fluid models with energy
sources. Two approaches were used, a theoretical analysis and a
numerical analysis. The theoretical analysis was to provide insight
into the nature of the wave solutions and to provide a simpler problem
to check the computer methods which are intended for more complex
problems. Further work is required for both. The theoretical analy-
sis requires a statement of final equations in terms of known functions
that can be numerically computed., The main features of these formulas
can be computed and studied to gain physical insight. This work will

be submitted for publication once completed.

The numerical analysis of the first version that has been treated
is nearly complete. It differs from the theoretical analysis by incor-
porating physical temperature profiles, mean mass variation with altitude
and more exact formulation, features too difficult to treat analytically.
Nevertheless, socme further calculations are needed for other models
and for checking with known solutions from the analytical work. Itis

hoped that this work may be completed on receiving additional support.

The third task has been mainly one of frustration. It was found
that incoherent backscatter facilities were not operating during particu-
lar times of good satellite observations. These stations included Arecibo,
Jicamarca, Millstone Hill, and St. Santin. Ionosonde stations provide
data that are more difficult to use in a comparison with satellite data,
though a trio of stations were recently setup by Dr. Millet Morgan of
Dartmouth College to detect gravity waves. Ui fortunately, these were
not functioning during most of the period for the AE data. Itis possible
that later AE data (1980, for example) may be used with the Dartmouth
data. This is an area for consideration in a new program. Ground mea-
surement data were found as a result of contacts with Dr. Francois
Bertin of CNET in Paris, France. Measurements were made in France
of total electron content a2long a line to a synchronous satellite. These
were made for several months on the ground in Brittany in 1976 by

Dr. H. Sizun of CNET. There were overflights of AE-C during this
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period. The French data were obtained early in 1981 and analyzed, but
the comparison remains to be accomplished. The unavailability of the
Sigma 9 has held up some of this analysis. It can be dc ie on another
computer if a new program is funded. Contacts were also made early

in 1981 with Drs. R. Vondrak and O. dela Beaujardiere of SRI with re-
spect to the Chatanika radar data. Some Chatanika daw were nrovided
at times of overpasses. These data are near the auroral source region,
and it is important to identify wave disturbances, their nature and charac-
teristics in this region. Time did not permit further effort here as well,
and work remains for the future. Other efforts might be fruitful; for
example, Kwajalein radar data may be useful for comparisons with
AE-E data. A search for coordinated ground and space measurements

may bear other fruit.

There were other discoveries as a result of this work. For ex-
ample, there is a suggestion that at times of so-called "bubbles" in the
equatorial region, neutral densities and temperatures fluctuate. This
requires more investigation. Further, the popular belief that gravity
waves seed "bubble" phenomena needs clearer demonstration. Studies
of AE data may provide such evidence. This area is again one for future
work., Localized heating events at restricted longitude bands at low
latitudes auring magnetically active times were also noted in AE~E data.
This discovery led to the realization that comparisons for the same
time of AE-C and AE-E data and with ground based measurements,
measurements by other satellites may lead to clearer demonstrations
of the nature of energy transport from high to low latitudes, much more
than the observation of TID's. This too is an area for continued work.
Examples of the "bubble connection" and the heating event are given in
Section 2. The work done on fluctuations, spectra and cross correlations,
as well as comparisons of AE-E and AE-C data, suggests that much of
the large scale wave structure seen by the satellites are what can be
called "quasi-stationary"; that is, waves excited by auroral sources
which propagate at about 250 km reflect on themselves at the anti-
podal point. In essence, they are natural spherical modes. There are

implications here as to loss mechanisms. Further, it is likely that they
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are generated at F region heights, though this is not certain, from
particles associated with diffuse aurora, and so may relate to magneto-
spheric processes, though, again, this is not certain. Section 2 is a
summary of papers presented at meetings of scientific societies and

papers prepared for publication.

2. Bubble Phenomena and Localized Heating

Figure 1 is an example of AE-E data for April 28, 1977, It shows
the variations of densities in the upper graph against time in seconds (UT)
of oxygen, nitrogen, helium, argon and the electrons. The middle graph
shows the variations of the neutral temperature and a small portion of
the ion temperature. The temperature of the MSIS model (Hedin et al.
1977) is also shown. The Lowest graph is for neutral winds of nitrogen
in the cross~track direction which is mostly in the north-south direction.
The data are based on 15 second samples and the time span shown is for
one orbit. Other scales along the abscissa are for magnetic latitude
(MLAT), dip angle, local solar time (LST), longitude (LONG), latitude
(LAT), and altitude (ALT). This day was a relatively quiet day mag-
netically. The mean A_ index and sum of kp indices are shown along with
the 10.7 flux. Six vertical, dashed lines are shown in the figure. Four
of these, those to the left, are at the times of sudden drops in the electron
density, at the so-called "bubble" features. One sees at these times
suggestions of corresponding changes in the neutral temperature and the
wind. Corresponding fluctuations in the neutral densities are too small

in the figure to be useful.

One may gain a better sense of the fluctuations of the neutral den-
sities from Figure 2. These are graphs of the fluctuations of all the
data of Figure 3, except for the ion temperature which are too sparse.
All are computed by the filtering technigies described in the attached
papers. All, except the wind, are normalized to their background
trends. The bubbles may be observed in the electron density fluctuations
where there are large negative excursions. Five of eight vertical, dashed
lines shown in the figure are at the bubbles. Ccunting from the left, these
are the third to the seventh line. All except one correspond to the lines

in Figure 1. The extra line was missed there, but became clearer from
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the fluctuations. There seem to be perturbations in the neutral densities,
as well as the temperature and wind, at these times, not necessarily in

phase, but associated.

The evidence in Figures 1 and 2 are not conclusive. Much further

study is needed, particularly of higher resolution data.

An example of an unusual heating event at equatorial latitudes in a

restricted longitude range is shown in Figure 3. The day is May 3, 1977,
It is quite active magnetically. The three hour k_indices are shown.
The previous day was even more active and corresponding graphs appeared
like those in Figure 3, This figure contains information on density and
temperature variations as in Figure 1, but there are no wind data and
there are much more ion temperature data. The event is seen to occur
centered at the dashed, vertical line on the left in the figure. Note the
decrease in densities of O, He ana wne electrons, and the increase in NZ
and A. Note the significant increases in both the ion temperature and
the neutral (Nz) temperature. The spread of the event is from about a
longitude of 136° west to about 60° west. The corresponding magnetic
latitude spread is from about 16° through 28° to about 25° north. These
changes are only explainable as due to localized heating, as borne out by
the temperature variations. Ordirarily, at equatorial latitudes during
magnetic storms, no particular feature is observed as a function of
longitude. Only a general warming is apparent (Mayr and Hedin, 1977).
However, Trinks et al. (1975) from ESRO04 data and Trinks et al. (1976)
from ESR04 and AER(OS-A data have suggested similar events though
these sateilites were in highly inclined, elliptical orbits. Other such
events have been found in the AE-E data. An investigation was starced
of AE-C data for these days, data from other satellites and some
ground stations. It is not clear whether the heating is due to a low

% latitude heating phenomena s has been suggested by some, or by a

"tongue" of precipitation, waves or winds in a restricted longitude

range extending well down in latitude from the northern auroral

region, These matters deserve further study.
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ABSTRACT

We raport here on efforts utilizi-, Acsospheric Explorer (AE) satellite data to astablish whether coherent
waves in the gravity wvave range are prasent in doth neutral and ionized sedia {n the thermosphers. AL-C
data in particular are shown (altitude 250%m, circular orbit inclined 68°). Data consists of in situ argon,
helium, nitrogen and oxyzen densities, plassa density and for and elactron temparatures. Filteriag
provides the fluctuation signals for each which are spectrum analyzed for powsr and cross spectra. The
obsetrved frequancies ire essentially preoportional to the spatial wavenumbers along the satellite track.
Scale sizes range from thousands to tens of kilomaters.

Modeling efforts t~ determine the temporal characteristics, d'rection of propagation and other vave
parsseters from the spectrs were made with l{ctle success. Unfortunately, afforts to find near simul-
tansous ground measurements IO corroborate wave chsrt:teristics have been fruitless so far. On revieving
the data it was found that turbulence-like structure over the full range of wivelengths is prasant with
different spectral indices for esch seasured density ~ad temperature, These appesr to be consistent in
all data studied to date. Wave packets are present superimposed on top of this turbulence structure ia
all data channels, (densitics and temperatures), many of which exhibit excellent correlation with each
other.

1. INTRODUCTION

Since the hypothesis of Martyn (1959) 30 years ago, it has been generaliy accapted that many, 1f not all
traveling lonospheric disturbances (TID's) originate from gravity vaves in the neutral stmosphere. Ions

are presumed to be dragged by the neutrals, and in this way exhibit the wave characteriitics of thc neutrals,
but with concraints dus to the earth's magnetic fie¢ld. In spite of many messurements of aeteor trails,
rocket experiments and radar neutral scactering experiments, there has been almoat no direct evidence to
confirm this postulate f{rom ground messurements, becsuss of the difficulty of reamccely measuring the

neutral sedium ia the upper stmosphere. The wide acceptance resulted from indirect evidence, .'uch as the
measured velocity, scale lengths, periods and the direction of phase pzopagation (Mines, 1960).

Direct evidence is mci'e likely in space, since spacecraft provide a suitable platfora for making observa-
tions of both neutrals and ion{zacion. Yet the simultaneous observations of both media has only decome
available in more recent years. so that published results sre few. Two examples are Dyson et al (1970)
vho use Explorer 32 data and Reder et al (1973) using Atmosphere Explorer C (AE-C) data. In the firsc
refersnce the fluctustion in the total neutral density is compared with the fluctuation in the electron
dersity. In the second, two exa®ples are given; one compares the fluctuacions in the densities of argon,
nitrogen and helium, and the other compares the fluctuacions in the densities of argon, nitrogen and the
ions and thea fluctuation in the electron temperature. Both examples were for sllipric orhics for which
the altitude changes rapidly. These limiced cases depend on visual examination of the records to ronvince
oneself that correlated aotion exist:.

Nevertheless, it is ap.avent in the examples of the latter paper that the fluctuations of helium sre quite
different from those of nitrogen or argsa in that helium appears a:u times to be about 180° out of phase
with the other two gases. Also, the aevlitudes are differeac with the ampiitude of argon sbout twice that
of N2 and that of helium about half chat of N3. This behavior has been found to be consistent with the
theory of gravity vaves involving more than one species for thermospheric conditions (Cross and Eun, 1976
and 1978a; Dudis and Reber, 1977; Del Genio et al, 1979),

A more recent example involving just neucrals (Hoegy et al, 1979) ucilized AE~E darta. The lucerpretdtion
and analysis was more sophioticated than a visual treatment. In that work s wave is identified and all
vave characteristics are derived. However, the theory of their modeling {s not fully explained. Further
examples for nautrals wers given by the authors of cthis paper at various meetinzs of the American
Geophysical Unica and URSI (Gross and Reber, 1979; Gross et al, 1979; Huang et al, 1980) based on AE-C
data. Some of thess resulrs will be presented in this paper along with newer material.

We have been studying cats from many orbits of the AZ-C satellites, those that are near circular and at an
altitude of about 250 ka. Circular orbits vers chosen to eliminate the effects of altitude variagions on
the observed fluctuations. Thers is evidence of correlation in the fluctustions of all neucral species
and ionizaciun {n every case exsminaed. Since che satellite moves very rapidly (- 7.3 ka/sac) through the
sediua, the maasurement? essentially provide tha spatial distribucion of the sessured quancities. The
variations exh:bit scale lengths typical of gravity vaves and sre presumed to be such wvaves. Both large
scale (thoussnds of kilometers) and smaller scale (hundreds of kilometers) vaves are observed. The scales
of the vaves are determined by spectral analysis using pover spectrs and cross spectrs derived by the
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saxioum entropy sethod (Ulryck and Bishop, 1975). Generally, the stronger spectra ars for the larger
scale vaves.

The AE satellites provide in situ seasurements of the density and drift velocity of argon, heliua, nitrogen
and oxygen as seasured by cthe Neutral Atmospheric Composition Expariment (NACE); neutral temperature for
these species from the Neutral Atmospheric Temperaturs Experiment (NATE); plasma density and ion temper=~
ature by mesns of the Retarding Potential Analyzer (RPA) experiment; plasms demsicy and alec:iron temper-
aturs by means of the Cylindrical Electron Probe, as well as othev experimencs (Dalgarmo er al, 19%73),

Many of these measurements are essentially sisultaneous, makiang direct comparison of the msasured
properties and their fluctuations meaningful. Data utilized are availabl: in two differeat ssmple
intervals: 15 second averaged data from the so-called "UA" files and approximarely 1.5 second samples

from the so-called "GU" files.

Our goal was to deteraine vhether observed wave structures are auroral in origin, so we emphasized AE-C
ecircular orbit data because that satellite is in a high inclination (-~ 68°) orbit. Though AE-E has yileld-
ed much dats, its lowv inclination orbit is more suitable for non-auroral-connected events, which are of
incerest as well.

2. EXAMPLES OF DATA AND SPRCTRA

Exasples shown in this paper are illustrative. They are taken from data messured during two orbits of
AE=C, orbit 5133 on Janusry 20, 1975, and orbit 5359 on February 3, 1975. In both cases the altitude was
approximately 250 ka. Data for cowplete orbits are shown based upon 15 second averaged data samples, as
well as the higher data rate 1.5 second samples for the study of regions in each of che hemispheres.

Complate orbit data sre shown {n Figure 1. This figure is a composite mada up of the time variation in
orbit of a number of data channels for orbit 5133, cousisting of nitrogen particle density, electron
dansgity and {on and electron temperatures. Universal time ir seconds is along the abscisss and ranges
from 28000 to 34000. The ordinates for all the channels are logarithmic. Fluctuarions are evident in all
cases, but correlations betueen these fluctuations is noc clear from this record. (Vertical lines in the
N2 and Ny (CEP) graphs are due to spurious computer effects.)

One obtains the fluctuations by extracting the low frequency or background content from the data shown in
Figure 1. This is done by passing the data through a lowpass filter and subcraccing its output from the
original data. Such filtering {s readily done digitally. We utilize the relative fluctuation rather than
the fluctuation. The relacive fluctuation is obtained by dividing the fluctuation by the background, the
output of the lowpass filter as a function of the time in orbit. Figure 2 shows the relative densicy
fluctuations for the cosplete orbir 5359 for anitrogen, argon, helium and the ionization. The figure also
provides the fluctuation in the electron and ion temperatures. In concrast with the variation in total
quacticties in Figure 1, the fluctuations in Figure 2 exhibdbit, on visual examination, some degree of
correlatioan.

Stronger evidence of correlatisn may be observed in the power spectra for these same data channels, not
shown hers. These are plots against the Dopplar frequency in Yz along the abscissa. Since the satellite
moves so much faster than the phase velocity of a wave, this Doppler spectrum is essentially kvcosd,
vhere k is the wave number, v is the sacellice velocity and 9 {s the angle between the wave normal and the
setellite path., Therefore, for fixed v it reprrsents the component of the spatial discribution zs given
by «cosd. Such spectra are calculated at evenly spaced frequencies by the computer and shown as lines.
The.2 are many common lines in the spectra of the various data channels, parzicularly for the stronger
lines. Strong lines are found for the Doppler range from about 0.003 Hz to about 0.008 Hz., For a
satellite velocity of 7.8 k=o/sec this frequency range corresponds to a horizontal wavelength range of
about 2600 km to 975 km., assuming the sacellite track and wavenormsl are coincident. Since 9 may not te
zearo, the actual wavelength range may be smaller. Appareatly such long wavelength waves are present on a
worldwide (full orbiz) scale. There are also common spectra in the hundreds of kilometer range, though of
much smaller intensicy.

The shorter wavelengths (hundreds of km) ae much more apparent in the spectra of 1.5 second data samples.
An example of pover spectra for orbit 5133 for the northern latitude zange 55° to 0° {3 showm in

Figure 3. The Nyquist fraqueacy is 1/3 Hz, and the strongest lines are evident from about .025Hz to about
.040 Hz, corresponding to horizontal wavelengths of about 300 km down to about 200 km. Smaller scale
scructure are also evident.

Further evidence for correlaticn of the various data channels for orbit 5133 in the same latitude region
(55° to 0°) is shown in Figure 4., Here the co- and quadrature spectra are shown for each data channel
relative to nitrogen. (The powar spectrum of a data channel x(t) of cotal sample time T is

Cox(£) = L/T|X(£)[2, where X(f) is che Fourier transform and f is the fraquency. The cross spegtrum
between two data channels x(t) and y(t) for total data samples of time T Ls given by Cy,(f)= X (£)Y(£)/T,
where 'X(f) and Y(f) are che Fourier transforms of x and y and the asterisk means complex conjugate. The
real part of C,, is the co-spectra, and the imaginary part is the quadrature spectra (Jenkins and Wacts,
1961).7' It is evident from the strong lines of these spectra that the various channels are not in phase,
phaseshift being given by the arctangent of the ratio of the quadrature spectrum to the co-spectrum for
the sare Dogpler frequency.

The amplitude and phase spectra are derivable from the co- and quadrature spectra, the first by taking.the
square root of the sum of the squares of the two spastra and the second is explained above to obtain the
phaseshift, Thess spectra are of use in modeiing the wave perturbations and their characteristics. 3By
dividing the amplitudc tosctrum by the powar spectrum of nitrog:n at each of the major cross-spectral
frequancies, the azpl ‘.ue of the relative response of :he particular gesphysical parameter analyzed
(density of ane..rals or plasma,or cemperature) to that of nitrogen is obtained; thac is,|Y(f)/X(£)!,if x
is the nitrogen fluctuation and y is the particular parameter of iaterest. Of course, thi: division oniy
makes sense if we are dealing with a cohereant wave, The phase spectrum of a channel provides the phase
response relative to that of nitroger. For the most significant [requencies, one may deduce the missiag
charziteristics of the wave by appropriacte modeling using the relative phase and amplitude responsas of



the various channels. The Doppler frequency oaly provides the spacisl vavelength along the orbital track.
It is oot necessarily the horiszontal wavelength of the wvave. Thus, by modeling one, in principle, is able
to deduce the vave's tesporal Irequency, horizontal wavelength, direction of travel ralative to the
orbital path, the velocity of propagation and the vertical wavelength. A knowledge of these parameters
together with the wave smplitudes {s of grear importance, eince it would permit some deductions of the
snergy and somentum transported by the waves.

Bands of strong frequencies are common, Modeling of such adjacent lines should provide redundant informa-
tion as though all are from a common source. Howaver, it is a characteristic of the maximum entropy
sethod (Ulry and Bishop, 1975) to cause spreading of these bands and to introduce uncertainty as to
cheir scruc' a. As a consequence one should not take each line as exsct. Instead, the average over
several lines may be praferable. More work in spectral daca analysis in this tegard is needed.

Data wvere analyzed using the modeling techniques as described below. The techniques were only applied to
neutrals, because the theory of modeling the ionizstion requires fu.ther study incorporating the

magnetic field.
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A full scheme of modeling vave solutions should include localized sources, rultiple constituents and ac
least an altitude varying background atmosphere. In addition, wiads and horizontal non-uniformity may
play important roles. A problem of this complexity has not as yet been solved. However, parts of it
have been treated. In the literature solutions have been given for two constituent atmospheres with
vertical non—-uniformity in density (Del Cenio et al, 1979), and for vertical non-uniform density and
temperature and mean mass and height dependent collision frequencies (Gross and Eun, 1976, 1978a and b).
Solutions have also been given for two coanstituents with all these non-uniformities and localized sources
(Cross, 1980). None of thess solutions exhibit the degree of variation present in the measured daca.
Gross (197 ') has shown that the spectra derived in the theoretical problem for two speciss is quite
smooth an. slowly varying with wavelength and temporal frequency. It is not clear then whether the degree
of variation ex!ibited in spectra as in Figure 4 is due to the stochastic nature of the source or to
propagation effects caused by variations in the medium.

3. FIXED LAYER MODELING ANALYSIS

Modeling was attemptad using a locally homogeneous medium about the satellite's altitude to avoid these
difficulties. We call this method the fixed layer analysis. In this analysis one assumes a gravity

wave moving through an atmosphere with given background characteristics at an altitude of 250 km:
temperature, temperature vertical gradient, mesn mass, density for each constituent and collision fre-
quencies betveen species. These values are obtained either from the measured dats or else from models of
the atmosohere for the particular time of year, location, solar cycle year, etc. The MSIS models (Hedin
et al, 1977a and b) were ucad for this purpose. Densities wers obtained by averaging over the measured
data for the portion of orbit being modeled. Mean mass was also obtained from the averages densities or
alse from the MSIS models. An atmosphere of more than two species is treated with two fluid theory by
taking one (atomic oxygen), or a combination (atomic oxygen and molecular njtrogen), as a major species
and each of the others (helium, argon), in turn, as minor., The gravity wave's characteristics are deter-
mined by the major constituent, and the response of helium or argon is relatable to that of the main
species from the two fluid theory (Gross and Eun, 1976; Dudis and Reber, 1977; or Gross, 1980, for example).
When the main conscituent is a mixzture of acomic oxygen and nitrogen, the same two fluid theory provides
the eigenvalues appropriate to the gravity wave-like solutions for this mixfure as well.

Thus, for orbit 5359 at southern mid-latitudes one obtains the complex relative responses of argon to
nitrogen and of helium to nitrogen, as explained in the discussion on the :ross spectra, for each Doppler
frequency. These relative responses consist of amplitude and phase information as shown i{n Figures §

and 6, respectively. Here the Doppler frequency is plotted as a harmonic number rather than freauency,
since the lacter is discrece. The fundamental ic 1.3021 mMz, The lines io these figures are for the most
significant responses, all ochers being weaker, noisy or uncertain due to possible noise.

With these relative responses for each Doppler Frequency, one has sufficient information for a model,
neglecting wind effects and assuming horizontal uniformity, to find the corresponding wave period,
horizontal wavalength, direction relative to the orbital path and the vertical wavelength. The method of
defining the wave consists of scanning an appropriate range of wave periods and horizontal wavelengths to
find that wvave vhich comes closest to matzhing the argon and nelium relative responses. A ainimum mean
square error based on the in phase and quadrature components of the responses was used as the criteria;
that is, the differences between the calculated and the measured in phase and quadraturs components were
squared and summed for both argon and helium, and the sum was minimized. There are two solutions for sach
frequency, one for an upgoing wave, the second for a downgoing wave. Table I exhibits the wave solutions
for the data of Figures 5 and 6 for phase-wise downgoing saves. Wave solutions for 15 Doppler frequencies,
shown as harmonic numbers, are given, These fraquencies ave adjacent to each other, and une would expect
waves of similar characteristics. Instead, the table shows a complete scatter in the periods and
horizontal wavelengths, (shown as A ), Furthermore, one cannot determine the wave direction relactive to
the satellite path, 3, for most cases, since the best solutions give cos 8 > 1. The measured and calcu-
lated amplitudes for cthe argon/nitrogen and helium/nitrogen responses, shown as A/N, and He/N, in the
table, are considerably iifferent. The fit is poor; the errors are comparable to che measured values.
Similar results are obtained for phase-wise upgoing waves, for the other parts of the same orbit and for
other orbits, if one averages adjacent lines to compensate for the peculiarities of the maximum entropy
method and models the resulting values, similar results are obtained averaging three at a time, four at a
time, etc. Varying the temperature or the collision frequencies by + 107 yields no improvement.

Thus, the modeling attempts were unsuccessful. The medium may be far too complex for the assumptions.
Data for thousards of kilometers must be used to analyze waves of sevaral hundred kilometers wavelength.
Undoubtedly, winds, wind shears and horizontal non-uniformity are not inconsequential over such distances,
Further, the greater the distance from the source, the more is the change in wave characteristics
(Chimonas and Hines, 1970)., To model all these effects requires i{nformation not readily available, and,
even if available, difficult to incorporate. We cannot rule out noise in the data, as well.
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When we started this progras we were optimistic thac ve could determine the characteristics of the vaves
from the satellite measurements because of the number of simultanecusly measured quantities. These negative
rasults, howaver, lead us to believe that it is essential to correlate spacecraft and ground measursments

to find all the charscteristics of cthe waves, temporal and spatial. Unfortunately, to date we have not

been able to find suitable ground experisencs functioning during a satellite pass over the station when
events occurred,

Another approach has been to Teview the data in a different fashion. This has led to the discovery of
new, possibly important, characteristics that had not originally been appreciated, nor possidbly kaown at
all before, as far as these aucthors can determine. Though thesa nevw results are prelimizary, they may
hopefully laad to a much better understanding of the mechanisms st work and their relationships to
isportant geophysical aspects, such as magnetic storms, solar cycle variations, season, etc. These find-
iags vill now be explained. ORIGINAL PACT IS

4. LARGE SCALE WAVE DISTRIBUTIONS AND TURBULENCE OF POOR QUALITY

By a very simple process, that is, by replotting the spectral data shown in Figures 3 or 4 on a log-log

graph, an unappreciated feature became evident. In this paper we show this only for the power spectra.

All are for cthe northern lacitude range 55° to 0° of orbit 5133, We see similar features in other parcs
of the same orbit and far other orbits.

The power spectra of Ny, O and electron density o, are plotted versus the harmonic frequency nuaber in
Figure 7 through 9. They are shoun as dots on the graphs. Those bdelow about haramonic number 20 are in
the lowpass filter range and should be ignored; the fluctuations of interest are those from harmonic
number 20 and up. Harmonic numbar 20 corrvesponds to a wavelength of 300 km along the orbi:aé‘pl:h. Also
shown on each graph is a best logarithmic straight line fit. Such a fit is expressible as An", where A
{s an amplitude constant, n is the harmonic number and a is the spectral index characterizing the wave
nusber decay vate. The fits for Figures 7 - 9 are based on the speccrum from n = 25 to n = 100, The
deviation of the spectra in these figures is, except for some discrete values of o, relatively small.

The values of a for these three fits are ~5.3719 for nitrogen, =3.14128 for atomic oxygen and -2,1401 for
che electron demsity. Curiously, the ratio of the value of a for nitrogen to that for oxygea is very close
to the ratio of their molecular weights. Not enough daca have been analyzed to establish whether this ia
real or a coincidences.

Do the fits in Figures 7 - 9 imply a turbulence-like speczrum for these large scale waves? The graphs
are really wave number plots, and as such they are reminiscent of eddy distributions (Monin and Yaglom,
1971), but for much larger scale lengths. It is also possible that such spectra are representative of a
stochastic source and therefore not turbulence. It may originate froa non-linear interactions in the
region in and about the source. In any event, it is believed that strong non-linear interactions musc be
involved, whether turbulence or source derived.

Plots similar to those of Figures 7 through 9 were made for helium and the electron temperature. These are
not shown here. The fit for helium for the spectrum between n = 25 and n = 100, as in Figures 7 - 9, has
the exponant a = -0.1645. This line yields s power spectral demnsity almost iadependent of wavenumber,
like white noise, and corrcborates s noise-like distribution evident in data, particularly beyond a = 50.
If a fit is nade between n = 25 and 0o = 50, one obtains a second line with an exponent a = -1.45. A close
examination of the data shows that there is a decreasing spectrum in this range of n. Apparently at
shorter wvavelengths noisa dominates over the decreasing spectrum suggested by the second fit. This latter
fiz is probably not very accurace due to the influence of noise. Though not shown here as well, the
fluctuation vs. time data for heiium in this portion of the orbit, unlike that in Figurve 2 for helium,
appears quite noisy, implying that the NACE instrument was limited by cthe noise level in this measurement
of helium. Nitrogea and oxygen are more abundant, so that noise does not appear to be a problem. The
electron density measurements are from another instrument, the cylindrical electron probe.

The spectrum for the electron temperature is even noisier than that of helium. Two fits are also suggested.
One is for n = 25 to n = 50 for which the exponent is positive and small (a = 0,242), as is expected for
white noige. The other fit is for n = 25 to n = 40. This fit was computed because there seems to be a
decreasing spectrum in the range. Its exponent is a = -2.31. What is iateresting is that the eliminacion
of just 10 frequencies from n = 41 to n = 50 produces this change. In contrast, the computation of fits

for ranges other than n = 25 to 100 for nitrogen, oxygen and the electron density causes minor modificacion
of their exponents. As for helium, the correct fit for the electron temperature spectrum is uncertain,

At best, one can only conclude there is some hint of a decrsasing spectrum that becomes overvheloed by
noise as the scale size decraases. As far as these authors know, such an electron temperature spectrum is
the fi{rst of its kind ever deduced in nacural plasma, Unfortunately, room does not permitc its inclusiocn.

Over the range n = 25 to n = 50 there appear to be significaat departures in the various spectra from their
straight line fit at or near particular values of n. These departurss or deviations may imply a wave
system sitting om a turbulence-like spectrum. The fsatures are aade evident by plotting the difference,

or residuals, vs. n on linear plots. Figure 10 shows these differences for nitrogen, oxygen and the
electron density. The match of the peaks in these differences, betwaen those of nitrogen and oxygen, is
excellent, and that for the electron density is quite good. We find this match even though the maximum
entropy oethod tends to broaden any peaks. The first large peak in all three of the residuals is ac a
wavelength along thr. Jrbit of about 272 km. The second peak (missing in the electron density spectrum)

is at about 240 km. The third, fourth and fifth peaks are at atout 190im, 150km, and 133 km, respectively.
Though speculacive, this group could be indicative of a wave packet zoving through the medium,

The deviations for helium and the electron temperature ars shown in Figure 11, based upon the n = 25 to S0
fit for helium and the n = 25 20 40 fit for the e¢lectron temperacure. Though there is some degree of
overlap with the spectra in Figure 10, the wide excursions are not surprising in view of the noisiness of
the data for these two channels. These spectra are not considered too reliable.



29-5

3. CONCLUSIONS

The negative results that wers obtained in actampting to model the fluctuations in the neutrals as gravity
vaves is not surprising in viewv of the complexity of the wvave structure seen {n Figures 7 to ll.
Apparently, non-linear processes, probably associated with strong stochastic sources in the auroral regiom,
and possibly from meteorological sources, are at sork producing a turbulence-like spectrum in the gravity
wvave range stretching from wavelengths of many hundreds of kilometers down to the smallest scales
obsarvable bafore noise dominactes, on the order of tens of kilometers. Work with complete orbit data also
suggasts that the turbulence-like structure extends to vaves of thousand of kilometers in wavelength. The
exponents of the spectra for each of the neutral constituents, the plasma and electron temperazure are of
different valuses in the limited examples given here and the few others that have been investigated. Why
this is the case {s not clear, buc might arise from non-linear cascading processes and loss mechanisms
associated with diffusion. There is much theory to be investigaced here. It is not clear how or if these
waves are propagating. Are the waves stationary, are they propagating in all directions or from the
sources outwards? The deviations of Figures 10 and 11 suggest that wave packets are propagating on top

© of turbulence. It is conceivable that such wave packets would be observed as a traveling ionospheric
disturbance on the grouand.

A most interesting future investigation will consist of the stacistical study of these characteristics and
how they may relate to geophysical aspects, such as the year in the solar cycle, seasonal effects,
magnetic scoras, solar sector boundary crossings, etc. There is also a need to study similar character-
istics in the equatorial region, as i{s possible with AE-E data, for velationships to the equatorial
slectrojet and mateorological events.
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TABLE I
. Measured Calculated
m PA“ ” Harmonic | Period A 8
b.4
OF POOR wm Nunmber win 1= [ar,| | [He/N,] [a/%;] | |He/Ng|
16 106 2600 | x 6.0 12.0 2.9 5.7
17 625 1200 | x 1.6 2.3 3.8 1.0
2 4 . . . 4
FIXPD LAYER ANALYSIS 18 86 5400 | x 3.8 3.0 10.9 10
19 10 120 67° 1.1 18.2 8.7 25.7
250 km Southerm Mid-lLatitudes
AE-C Orbit 5359 20 628 13000 | = 2.1 5.8 5.9 7.2
Downgoing Phasewise Wave 21 86 1100 | x 1.2 12.4 4.8 8.8
22 18 170 | so* 9.1 2.3 18.8 8.6
23 11 88 | 70° 6.7 13.5 14.2 7.8
24 11 60 | 76° 5.0 P 2.1 3.3
25 200 1660 | x 8.6 12.5 7.8 10.5
26 10 315 | x 3.5 16.9 2.1 26.5
27 57 1190 | x 2.6 18.8 7.9 25.3
28 70 1570 | x 2.8 15.1 7.1 21.7
29 188 5400 x 3.0 8.6 6.4 12.7
30 10 38| n2°| 131 12.3 1.3 5.2
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Abstract ) OF PO .

Atmosphere Explorer (AE) satellite data were used to investigate the
spectral characteristics of wave-like structure observed in the neutral and
ionized components of the thermosphere. Power spectral analysis derived by
the maxioum entropy method indicate the exiscence of a broad spectrum of scale
sizes for the fluctuations ranging from tens to thousands of kilometers. A
new discovery is a power law decrease of power with decreasin; wavelength,
much like a turbulence structure, though not necessarily turbulence, which is
generally covserved in all data examined. Waves that may be gravity waves are
cbserved in the species and other parameters studied. These appear superposed
on top of the turbulence-l’ke structure. Correlation of many waves in the
spectra of the various parameters, inciuding neutral and plasma parameters, is
quite evident, demonstrating strong céupling between the coanstituents of the

medium. A typical example is shown which iliusgctrates these features.
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Introduction

The direct observation of large scale waves both in neutral and ionized
media in the thermosphere has been made possible by the measurements of the
Atmosphere Explorer (AE) satellites. These satellites provide i{n situ
meagsurements of the density of argon, helium, nitrogen, and oxygen, the
temperature and drift velocities of nitrogen or oxygen, plasma deasity, lon
and electron temperatures, as well as other measurements (Dalgarno et al.,
1973; Pelz, et al., 1973; Nier et al., 1973; Spencer, et al., 1973; Brace et
al., 1973; Haason et al., 1973). Many of these measurements are essentially
simultaneous, making direct comparison possible. Data from a number of orbits
of the AE-C satellite have been studied, iocusing on those that are unear
circular at an altitude of about 250 km. Circular orbits eliminate the
effects of altitude variations on observed fluctuatioms. The AE-C orbit {is
fnclined =68° .

There is evidence of correlation in the fluctuations of all neutral
speci s and ionization in every case examined, implying the existence of wave
like structures, and supporting previous, more limited examples based Jjust oa
visual examination of the measured data (Reber et al (1975) using AE-C data:
Dyson et al (1970) using éxplorer 32), and analytically treated examples
(Hoegy et al 1979). Since the satellite moves very rapidly (~ 7.8 km/sec) ,
the measurements essentially provide the spatial distribution of the measured
quantities. The scales of the waves are determined from spectral analysis

using power spectra derived by the maximum entropy method, MEM (Ulryck and

Bishop, 1975). Scale lengths are observed from 10's to 1000's of kilometers.

-1-
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One typical example of AE-C data is shown in Figure l. These data are
approximately 1.5 second samples, plotted vs time over a time interval of 750
seconds. They are from orbit 5133 on January 20, 1975 for a portion of the
orbit in *the northern hemisphere from about 10° to 54° latitude. Altitude
varies from about 244 km to 252 km, and the local time ranges from 1100 to
1300 hours. Magnetic and solar activities at the time were relatively
quiet. The indices were Ap -7, Kp = 2, AE = 114, and the 10.7 cm solar flux
Fio.7 = 77. Shown are the densities of oxygen, nitrogen, he.iim and the
electrons and the electron temperature plotted against time im seconds (UT).
The ordinate scales for the @ensities are logarithmic,

Some fluctvations are evident in the geopnysical parameters in Figure
1. With the exception of nitrogen and oxygen, and possibly the electron
density, 3any relationship beciween these fluctuations is not clear from the
figure. Relationships become more evident on separating the fluctuations from
the data, This is done by extractiang their background, or low frequency
content using a low pass digital filter. Its output 1s subtracted from the
data to obtal: the fluctuations. Since the scale of the fluctuations varies
with the parrameters, comparisons between parameters are best made by
-normalizing tbz fluctuations. This is done by dividing the fluctuations by
the output of tne low pass filter. The norxalized fluctuations (designated
An/n for densities, or AT/T for temperature) for each of the parameters in

Figure 1 are shown in Figure 2.

-2-
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. The filter used is a Hamming non-recursive filter including Lanczos sigma
factors (Hamming, 1977). 1Its order is 60. It passes all frequencies below
0.01 Hz, equivalent to 780 km wavelength. The attenuation of the filter at
0.01 Hz is 0.5. Less than 1Z of the power is passed at 0.02 Hz and far less
for higher frequencies. Finer details of its transfer function are not given
here.

The power spectra for each of the fluctuations in Figure 2 are shown in
Figure 3. These are plots of power spectral density as a function of
frequency as observed by a mcving satellite (analogous to a Doppler
frequency). About 380 fluctuation samples for each parameter are used after'
filtering to obtain the spectra by means of the MEM with an order equal to 100
and using the Burg algorithm. This order was selected after study of the
effects of the MEM order on spectra and by comparing with FFT spectra and
spectra derived by other means. The detalls are not given here. The spectra’
are shown at evenly spaced frequencies in the figure, making them have the
artificial appearance of line spectra. The frequency range shown extends o.t
to the Nyquist frequency, 1/3 Hz. A wavelength scale is shown below the
frequency scale. This scale corresponds to the equivalent wavelength of a
wave standing along the satellite track and 1s obtained by dividing the
satellite velocity, 7.8 km/sec, by the corresponding frequency. A wave of
given wavelength traveling at an angle to the satellite track would appear to
have a longer wavelength along the track.

More features of the spectra are brought out by plotting on log-log
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graphé. Figure 4 shows the power spectra ofyoxygen, nitrogen and elzctron
density replotted in this fashion. The crosses are at frequencles that are
multiples of 1.302 mAz, which corresponds to the time period, 768 seconds, of
512 samples spaced 1.5 seconds apart. The frequencies shown are mostly above
the filter range, s0 that these spectra represent the high frequency content
of the fluctuations. The corresponding wavelengths of the spectra shown there
are from about 545 km to about-AO km. Shown on each graph are straight lines
which represent least squares power law fits. These fits are based on the
spectra above the filter range (for wavelengths below 374 km). The exponents,
or spactral indices, differ for all three species shown: =5.38 for nitrogen,
-3.51 for oxygen, and -2.25 for the electron density.

The spectra of helium and the electron temperature were not included in
Figure 4 because of thelr noisy appearance. They exhibit many of the features
of white noise, particularly at higher frequencies. Nevertheless, their lower
frequency spectra have some features in common with those of oxygen, nitrogen
and the electron density, in spite of the noise, as may be seen in figure 3,

but the details are not given here.
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Discussion

One observes in Figure 1 relatively smooth variation in the densities of
N, and O and rather irregular, or noisy, variations in the density of He. The
noisiness of the He data i{s well brought out by the appearance of its
fluctuations, in contrast with those of Ny and 0, as shown in Figure 2. It is
also seen in the broad, white-noise-like spectrum of He, in contrast with the
narrower band spectra of N, and O, as seen in Figure 3. Nevertheless, the
lowest frequency peaks in the He spectrum are about the same as those of N,
and O and one can associate some of the fluctuations of He in Figure 2 with
those of N, and 0. They appear out of phase.

The variation of the electron density in Figure 1 also exhibits
fluctuations along with large scale changes, of which the largest, at about
30250sec (UT), is apparently associated with the equatorial anomaly. There
are also sections of the data that.exhibit fluctuations much like those of Ni
and 0. The relative fluctuations of the plasma density in Figure 2 appear to
be a bit noisy, yet somewhat like those of N, and 0, as may be seen in that
figur . Figure 3 shows that the power spectrum of the electron density is
also limited in width, similar to N, and 0.

Considerable variagion in the electron temperature is also apparent‘in
Figure 1. Rapid, noise-like fluctuations are evident, as well as a large
scale change at about 30250 sec (UT) that is associated with the anomaly. Its
fluctuations, as seen in Figure 2, also appear noisy, though perhaps not as

much as that of He. One can associate some of the fluctuations with those of
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Nz andAO. Its power spetrum in Figure 3 1s aiso broad, like white noise,
though somewhat reduced at higher frequencies. The lower frequency peaks are
about the sawe as those of N, and 0.

The fluctuations of 0, Ny, and the electron density exhibit wave-like
structures, as seen in Figure 2. N; and O fluctuatioos are quite similar,
though of different magnitude. Oue observes structure with a number of
periodé, but there is an outstanding periodicity roughly of the order of 35
seconds, or about 270 kilometers on converting to the corresponding path
length along the satellite track. The level of the N, fluctvations averages
about 3% with some fluctuations reaching peaks of as much as 7 to 8Z. The O
fluctuations average about 1% with some peaks equal to about 3Z. These
fluctuations are not particularly intense, though, the example is typical and
adequate for illustvation here. The electron density fluctuations are larger
than those of N, and 0, averaging about 8% with some peaks reaching 13Z. The
noise~like fluctuations of He and the electron temperature both average on the
order of 5Z. A close examination of the fluctuations of N;, 0 and the
electron density shows very small phase shifts between their various wavelets
with the electron density leading by about 20 seconds.

The power spectra in Figure 3 of N,, O and the electron density exhibit
peaks at about the same frequencies, cr wavelengths, corroboraging the
similarities in the structure of their fluctuations. The first spectral peaks
are at frequencies on the order of 0.01 Bz, within the low pass filter band

and therefore attenuated. Their wavelengths are on the order of 800km. A
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larger second peak, a still larger third peak and a much smaller fourth peak
are evident in all three spectra. These are at wavelengths of roughly 430,
270 and 195 km respectively. The 270 km wavelength correspouds to the 35
second periodicity seen in the fluctuation data. It is believed that all
these peaks are due to gravity waves, though it is not clear 1f they are
propagating, and, if so, with what velocity, direction and temporal
frequency. Such wave characteristics are more easily determined in
conjunction with ground measurements which, unfortunately, were not available
during passes of the satellite over such facilities. It may be possible to
obtain this information from cross spectra (Hoegy et al., 1979), but
difficulties with the MEM algorithm for obtaining such spectra has precluded
their use for the purposes of this paper (Gross et al., 1980).

The log-log presentations of the power spectra of N,, O and the electron
density in Figure 4 indicates that these fluctuations consist of broad
spectra. The power law fits illustrate that the power in each specie
decreases with increasing frequency, or decreasing wavelength. The decrease
of power with frequency 1s greatest for nitrogen, less for oxygen and least
for the electron density. We believe that part of the power law - like
variation ;s due to the QOurces. Why the rates for each are different is
unknown. If these spectra arise from the same sources, as seems likely, 1t is
conceivable that the differences arise from the propagation characteristics of

the medium. Such power law distributions are also reminiscent of eddies or

turbulence (Monin and Yaglom, 1971), though of much larger scale lengths,
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leading to the description "turbulence-like".  However, not enough information
is available to e3stablish whether or not turbulence is lnvolved. It is
possible, for example, to obtain similar spectra from simple perturbations.
Since coherence tends to narrow spectra, the breadth of the spectra may merely
be indicative of non-coherent sources.

Peaks are evident in the discrete spectra in Figure 4. Tpose
corresponding to wavelengths gréater titan 100 km are listed in the table

belew. All figures are in kilometers.

Nitrogen Oxygen Electron Density
428 400-428 428
272 272 260
193 193 193
162 162 150 .
136 133 ——
111 111 111

Though the values are to three figures, these peaks approximate the
wavelengths of the waves along the satellite track. This is due to the use of
discrete frequencies and because of offsets arising from the MEM. The longest
wavelength is in the filtered range and therefore somewhat attenuated. All
others are unattenuated. The first three correspond to peaks clearly seen in

Pigure 3. The match between these various wavelengths for the three species
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is excellent, particularly for nitrogn and oxygen. (Though not given,the
corresponding peaks of He and the electron temperature also match well,)
Those of the electron density are either the same or close, with the exception
of a missing (or possibly indistinct) peak at about 130 km. These spectra
provide evidence that common wave systems are affecting all three specles, and
probably the other parameters as well. Also, this example clearly
demonstrates the coupled behavior of the ionosphere and neutral atmosphere.
Though expected, such evidence is generally sparse. It is likely that the
waves in the ionization result from wave motion of the neutrals. All these
waves may be medium scale gravity waves, as described by Georges (1968). They
appear to be superposed on the turbulence-like spectra of each of the species.

More than one source may be needed to produce the medium scale waves; for
example, ome source for each wave. Each source would excite its own wave
characterized by its own structural size. Multiple sources may occur
typically during intense meteorological activity. On the other hand, if the
waves emanate from one source they might represent different structural
features of the source. Regardless of the nature of the sourrer, waves of
these scales are likely to be local, since waves of wavelengths of only
several hundred kilometers or less would be well attenuated, if they
propagated from distant sources.

The spectra shown here are just for oue example from AE-C. We find

similar spectra for other parts of the same orbit and for other orbits in all
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the data we have analyzed. The length of the data samples in Figure 1 ias 750
seconds. This 1is about the time interval (representing about 6000 kilometers)
required to study waves for specific latitude belts of geophysical
significance, such as mid-, high and equatorifal. Scale lengths on the order
of tens to hundreds of kilometers are found. When longer time samples are
analyzed, the scale sizes are larger. Full orbit data provide similar
spectra, but sizes to thousands of kilometers are obtained stil]l characterized
by power law fits and peaking at individual frequencies as in Figure 4. Such
spectra, however, represent a mix of "local"” phenomena as well as worldwide
.large scale phenomena. A broad, power law-type spectrum with waves
superposed, a new discovery for waves of these scales, 1is apparently
omalpresent as far as we can tell from the data analyzed.

The nature of the spectra described here are also corroborated by another
experiment. Total electron coantent was measured between two spacecrafts
during the ipollo-Soyuz Test Program by the differeantial doppler technique
(Estes and Grossi, 1980; Weiffenmbach et al., 1977). These Qeasurements
exhibit power spectra with similar features with the measured data processed
directly by the MEM without filtering (Gross et al., 1981). It is also
interesting that Dyson et al (1974) found similar structures in AE-C electrorn
density measurements.

Tre complexity of wave structures is further exhibited by the broad
frequency spectrum found by Titheridge (1971) from ground temporal

measurements of total electron content.

=]10~
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The material shown here provides further insight into the nature of waves
in the upper atmosphere as observed by satellites. The data of the AE
satellites, both AE~C and AE~E, are rich with such evidence., Much more work
is needed in aaalyzing these data to establish the characreristics of these
waves, particularly gravity waves, their functiom in tramsporting and
distributing energy and momentum, and their properties in terms of geophysical

parameters, such as solar and magnetic activity, season and time of day.
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Figure Captions

Densities of nitrogen, oxygen, helium and the electrons
and the electron temperature vs time in seconds, altitude
and latitude from-January 20, 1975 A:irosphere Explorer

C Orbit 5133. VNeutral density measurements are from
Neutral Atmosphere Temperature Experiment (NATE), and
electron density and temperature from Cylindrical Electro-
static Probe (CEP).

Relative fluctuztions in the densities, An/n, of nitrogen,
oxygen, helium and electrons, in electron temperature,
AT/T, vs time in seconds for data in Figure 1.

Discrete power spectra of relative fluctuations in
Figure 2 vs frequency in Y. for the entire range to
333 mHz, the Nygulst frequency, and vs wavelength in
kilometers.

Discrete power spectra of Figure 3 from 14.3 mHz to
195 mHz replotted with leogarithmic axes for nitrogen,
oxygen and electron densities vs frequency and wave-
length, spaced 1ogaggthmically. Power law fits are
shown in the form f =, where f is the frequency,
tased on spectra between 20.8 mHz and 130.2 miz.
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ABSTRACT

Atmospheric Explorer C (AE-C) data are
analyzed to study wavelike perturbations. in the
thermosphere at an altitude of about 240 km. The
data are from a large portion of an orbit on Janu-
ary 20, 1975, The examples shown are typical of
many other orbits of satellites AE-C and RE-E,.
Four geophysical parameters are analyzed. These
are nitrogen and oxygen densities, electron den~
sity and ion temperature as measured by three dif-
ferent instruments on board AE-C.

The data are processed by normalizing them to
their average values and their fluctuations are
obtained by passing the normalized data through a
high pass filter. These fluctuations exhibit
strong periodicities that persict throughout the
records, regardless of the filter cutoff fre-
quency. The fluctuations are cross correlated by
direct comparison, by comparison of their spectral
content as obtained by the MEM and +ft, and by
computing cross correlation functions.

.. The ratio of the fluctuations and their rela-
tive phase shifts are treated as the magnitude and
phase shift of a transfer function between the
responses of all parametars relative 'to the
response of the oxygen density, These trancfer
functions are used in a _plane wave modeling study
. $o0_deduce all wave characteristics. It_ was not
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possible to account for the wave characteristics,
suggesting that the fluctuations may be a mixture
of standing and traveling waves, :

It is found that there are large scale struc-
tures in all four parameters with horizontal scale
sizes ranging from about 4000 km to about 400 Kkm.
Both ionization and neutrals are driven by these
waves. lonization, including even the ion tem-
perature, is coupled to the neutrals for most
waves. The coupling and wave system persists over
large global distances and in both hemispheres.

The spectra for all parameters contain peaks
at wavelengths that are confirmed by the periods
of the fluctuations and decrease with decreasing
wavelength with a power law type of variation.
The ‘spectral index’, or exponent of the power
law, for the four parameters differ, though those
of oxygen and nitrogen are close in value. Com=-
parison of the spectral peaks show that many waves
are common to all parameters.

L. Introduction

Wave-1ike perturbations of constituents in the thermo-
sphere are detected by measurement- of the ionosphere by
ground facilities and by instrumentation on board satellites
measuring both neutral and ionospheric parameters. Pertur-
bations of ionization are Known as traveling ionospheric
disturbances (TID’s) (Hines,1974; Georges,1948; Yeh and
Liu,1974). A number of reports of large scale TID’s (from
hundreds to thousands of Km) have shown that they propagate
from high latitude regions during auroral substorms (Thome,
1968; Davis and da Rosa,1969; Testud et al1,1975), These
wavees are believed to be caused by heat and momentum input
into the atmosphere in the auroral zones from particle pre-
cipition and Joule heating (Vickrey et al,1982; Wickwar et
al, 1975). Their origins have been reviewed by Hunsucker
(1982). Studies have also been made of these waves in asso-
ciation with magnetic storms by Richmond and Matsushita
(1975), Mayr and Volland (1973 and 1974), Testud et al
(1975), Roble et al (1978), Richmond (1979) and Prolss
{1982).

Medium scale TID’s (from tens to hundredes of Km) are
also observed, but their sources have not been well identi-
fied, though it is believed that meteorological phenomena
may produce most of them. Larsen et al (1782) have ascoci-
ated thunderstorms with these waves. Mastrantonio et al
(§1974) have also associated these waves with jet streams in
the atmosphere, and Bertin et al (1977) have detected waves



related to the jet stream. : S ey

The characteristics of all these TID’s are found to be
generaily in accordance wi th gravity wave theory
(Hines,1974), It is believed that the neutrals are per-
turbed by gravity waves as a result of localized esources of
heating and momentum, and the neutrals, in turn, drive the
ionization by collisions to produce these TID’s. Gravity
waves are believed to be associated with Spread F in the
ionosphere and ionospheric bubbles in the equatorial region,
affecting communications with synchronous sattelites (Ander-
son et al, 1982; Kelley et al, 1981). Anderson et al "(1982)
also pose another mechanism for generation of gravity waves
in the thermosphere in the equatorial zone.

Gravity wave theory is concerned with two types of
waves called gravity waves and acoustic-gravity waves.
Acoustic-gravity waves make up the upper frequency branch
and gravity waves the lower frequency branch of the hydro-
dynamical system in which both gravity (buorancy) and
compressibility act as restoring forces. The upper branch
becomes identical to ordinary sound waves in the audio fre-
quency range, but at its lowest frequencies such waves are
called ‘“infrasonic waves’, This branch has a lower cutoff
frequency called the “acoustic cutoff frequency’, and there
is a cutoff region below this frequency, which separates the
two branches. The lower end of the cutoff band, which is
the upper limit of the gravity wave branch, is called the
‘Buoyancy frequency’. The cutoff band is determined by the
temperature and its vertical gradient and by the mean molec-
ular mass of the medium, so that it varies somewhat with
altitude. The cutoff band is relatively narrow, and periods
within it range from about several minutes at low altitudes
to from 10 to 1S5S minutes at higher altitudes, depending on
temperature. The periods of gravity waves then range from
the period of the buoyancy frequency to many hours, whereas
those of acoustic-gravity waves range from the acoustic cut-
off period to periods of seconds and less. In the gqgravity
wave branch, long period waves usually have large horizontal
wavelengths and shorter periods smaller wavelengths (Hun-
sucker, 1982).

Though fluctuations in ionization in the thermosphere
have been measured both on the ground and by catellite borne
instrumentation, the detection of wave-like perturbations of
neutral constituents in the thermoephere depends mostly on
access by rockets and csatellites. Radar isc used only up to
an altitude of about 100 Km. Satellite borne experiments
have detected wave-like perturbations, both in total neutral
density and temperature: for example, ESRO 4 (Proles and Von
Zahn, 1974 a and b; TrinkKs and Mayr, 1978), 0GO & (Reber and
Hedin, 1974; Taeusch et al, 1971), AERUS-A (Chandra and
Spencer, 1975 and 197é; Trinks et al, 1974), AE-C (Reber et
al, 1975; Potter et al, 1974). The density variation of
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individual epecies, namely nitrogen, . oxygen, helium and
argon, have also been measured on board ESRO 4, AEROS-A and
AE-C. Vertical velocity variations of these species have
also been measured by AE-E.

Until the advent of satellites there has been little
confirmation that wavelike perturbations in both the neu-
trals and ionization are correlated. Visual examination of
data measured on board Explorer 32 (Dyson et al, 1970 and
1974) and AE-C (Reber et al, 1975) provided some support for
such correlation. Some additional evidence were provided by
Hoegy et al (1979) emplorying some analytical modeling.
Gross et al (1980 and 1981), found sti)l! more evidence on
the basis of visual comparisons of spectra and fluctuations.

Here we report on a study of some AE-C data to examine
these wavelike perturbations in greater detail using varicus
data preocessing techniques. Since instrumentation on board
AE-C make in situ measurements of many parameters nearly
simul taneously, it is possible to cross correlate their
fluctuations to seek their common properties and to show the
degree to which they are truly correlated. AE-C measure-
ments are made of neutral densities, electron density and
temperature, and ion temperature, as well as many other
parameters. Here we wuse nitrogen and oxygen densities as
determined by the Neutral Atmosphere Temperature Instrument
(Spencer et al, 1973), electron density from the Crlindrical
Electrostatic Probe experiment (Brace et al, 1973) and ion
temperature from the Retarding Potential Analyzer experiment
(Hanson et al, 1973). The satellite was in a near circular
orbit at an altitude of about 260 Km while measuring the
data treated here. The orbit was inclined 489,

The satellite’s velocity in orbit is about 7.8 Kkm/sec.
The waves of interest have group velocities of the order of
the acoustic velocity or less, about 800 m/sec in the the, -~
mosphere., Since the satellite velocity iec so much greater
than the wave velocity, the in situ measurements are essen-—
tially a snapshot of the distribution of the measured param=-
eters at the altitude of the satellite at a particular time.
Thus, wavelike wvariations in the measured time series are
really spatial wvariations. One observes the horizontal
wavelength for a circular orbit and not the wave period,
though the termns frequency and periodicity will be wused
often interchangeably with horizontal wavelength., Frequency
in this case relates to the time series of the in situ data.
The true periocd or true frequency of a wave will be dis-
tinguished from the period or frequency of the in situ data
by calling the <former the ‘temporal’ period or ‘temporal’
frequency.

The best method to obtain temporal characteristics of
the disturbances is to wutilize data measured by a ground
facility, such as an incoherent scatter radar or Doppler
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ionospheric sounder, during a pass of the satellite. Then,
from the catellite and ground measured data one <can deter-
mine both spatial and temporal characteristice, check the
dispersion relationship and determine the amount of energy
and momentum that they transport.

Unfortunately, very few satellite passes over ground
facilities have been reported where data are available from
both for the same time, suitable for wave analysis. Even
when ground statione are operating, they may not be in the
proper mode for determining the desirc. narameters. Prear-
ranged measurements may not be successful too because of a
lack of interesting events,

In the absence of such corroborative experiments, one
may try to take advantage of the simul taneocus measurements
of many parameters by AE-C instrumentation to extract the
temporal characteristics. This would be possible if the
measured phase and amplitude relationships between the
responses of individual parameterse couid he modeled. The
simplest models are plane wave models. However, more com-
plex modeling may be necessary; for example, a spherical
mode!l incorporating a dipole magnetic field., Here, we have
attempted the simplest, just plane wave modeling, and the
results are reported.

Satellite data for a full orbit were used. The data
are typical of many orbits, and the results of the study are
typical of results in analyzing other orbits of AE-C and
also AE-E. The particular data set shown here was chosen to
exemplify the results. The orbit is 5S133 on Januar,s 20,
197S. The magnetic field index K during the day w*s no
greater than 3+. Since the in ritu data were only for one
altitude, wvertical profiles can only be surmised by using
modeling techniques. The data were available as 15 second
samples. They come from the so-called AE-C “Unified
Abstract’ (UA) files.,

The remainder of the body of this paper is ags follows.
Section 2. describes the data that were analyzed, the satel-
lite orbit and geophysical conditions, Section 3. describes
the techniques of data processing that were used to study
the data. Section 4. contains results ¢rom studies of <ome
statistical properties, such as auto- and cross correlation.
Section 5. presents an attempt to model the recponses of the
geophysical parameters that were measured. Finally, the
results of the study are discussed in Section 6.
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Figure | is a graph of the densities of atomic oxrgen,
molecular nitrogen, helium and the electrons vs time in
seconds UT for AE-C orbit 5133. The ordinate scale is Jloga-
rithmic. Density is in particles per cm®, The highest curve
is for oxygen, followed in decreasing density by nitrogen,
helium and the electrons, Abscissa scales also include
altitude, latitude, lonqitude, local time, and the magnetic
field L shell parameter (Mcllwain,1941). The altitude of
the orbit is in the range 240 km * 13 kin., 13 second sam-
ples are plotted in the figure. They are so close that a
continuous line appears in .almost all cases; parts of the
electron density curve show individual points where changes
are large. The nitrogen and helium curves are coded with
smal! crosses, $0 that they are heavy in appearance. Each
curve contains 340 sampies. One may note small intervals
where there are data drop-outs in the individual curves,.
These occur simul taneocously for the neutral gas densities,
since these paramcters are measured by the same instrument.
Fluctuations are apparent in all these densities, though
some of the wvariations. in the electron density are quite
large and not necessarily connected with wave phenomena.
For example, cn clrse examination one can see the so-calied
equatorial anomaly (Hanson and Moffett, 1944; Baxter and
Kendall,1948), as well as rapid variations in the auroral
regions.

Figure 2 is a graph of the electron and ion tempera-
tures for the same period of time as in Figure 1. Altitude,
longi tude, L shell radius and geomagnetic inclination angle,
in addition to time, are shown as abscissa scales. Fluctua-
tions irn both temperatures are quite evident, though those
of the electron temperature are considerably greater. The
electron temperature is more than twice the ion temperature
over most of the time span. The:re is a small interval of
time at about 32298,.8 seconds UT where the ion temperature
appears double valued. A fluctuation between two values is
actually occuring heire, but the back and forth variation is
obliterated by the + symbeol used to code the trace. The ion
temperature is higher in the southern hemisphere, which is
for the interval from 30%952.35 seconds UT to 32298.8 seconds
UTt, than it is in the northern hemisphere for the interval
from 28240.0 seconds UT to about 30700.0 seconds UT. The
large rise in the electron temperature within the first time
interval is associated with the southern auroral zone and
appears broader and more intense than for the corresponding
parts of the trajectory in the northern hemisphere.

A Mercator plot of the orbit is shown in Figure 3. The
times in seconds UT qQiven on the abscissa scale of Figure !
ire shown in the plot at about the position of the satellite
in its orbit at these t.mes. The direction of the satellite
in its orpit is shown by the arrcws. The data starts at
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28240.0 seconds UT in the center with the satellite heaced
north over the eastern coast of the United States on the
right side of the map, The orbit crosses over the northern
auroral region to Europe and Asia reaching the right sdge of
the map at 40° gqagt longitude and about 40° north latitude.
The trajectory transfers over to the extreme left edge of
the map where it is shown heading south. In the southern
hemisphere it is over the Indian and Pacific Oceans and
passes close to Antartica in the southern auroral zone. The
path turns north and the data stream and orbit both end in
the center of the map just west of Mexico at 33445 seconds
ut. .

A polar plot of the orbit in geomagnetic coordinates is
shown in Figure 4, The path is shown as a thin line in the
northern hemisphere and heavy in the southern hemisphere.
The pole is the magnetic pole of the equivalent dipole
field. The path shown is whit would be observed 1looking
down over this pole if the e¢arth were transparent, The
position at selected times in seconds UT in the orbit are
shown and may be related to various features evident in Fig-
ures | and 2. Local times may be obtained from Figure 1,

Magnetic and solar activity at the time were rela-
tively quiet. The 3 hour planetary indices (AKkasofu and
Chapman, 1972) were a =7 k =2, and the AE index (Davis and
Suguira, 1966) was 314, The solar 10.7 cm flux, F10 > was
77 . '

3. Data Processing

Only the densities of oxygen, nitrogen, and the elec-
trons and the ion temperature were processed to study their
fiuctuations, spectra and statistical correlations. This
group o©f geophysical quantities will be referred to in
places as the ‘parameters’. Much of the data for helium and
the electron temperature w2re considered too noisy for
further study; some of these data are useful; but for much
smaller time intervals., Though fluctuations of the parame-
ters studied are evident in Figures 1 and ?, any relation-
ship between these fluctuations is not clear, They becom-
clearer, however, on separating the fluctuations from the
data. This separation was done by filtering the data, as
will be explained below.

Prior to filtering, it was necessary to close up any
data g os; they are barely evident in Figure 1. This was
done by fitting with a cubic spline interpolation scheme
(Forsythe et al., 1977). Data samplez are then available
for every interval throughout the entire time record.

3.1 Data Normalization

It was also rnecessary to normalize all data to be able
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to compare different geophysical parameters. This had to be
done prior to filtering. Normalizing could be done in two
wWays. In the first, the data are normalized to the aver:age
value of the entire run of data. In the second, the data
are normalized to the slowly wvarying zomponant obtained by
passing the data through a suitable Ilowpass filter, This
latter process introduces some contamination at lower <re-
quencies and spreads any spectral feature at higher frequen-
cies. Otherwise, there does not appear to be any difference
Detween the spectra of data when processed in these two
ways. The first methoc 5f normalizing was chosen to avoid
any complications, and is presented here.

Plots of normalized densities of oxrgen, ni:trogen and
electrons and of the normalized ion temperature are shown in
Figures 5 through 8, respectively., These are linear plots
vs time in seconds UT. The entire group of data for each
parameter are shown. Since each instrument wae turned on at
slightly different times, there are small differences in the
initial times in Figures ? and 8 from those of Figures S and
é, All the records shown end at the same time. The fluc-
tuations are far more evident in these figures than in Fig-
ures ! and 2. One can even see some similar features in the
curves of oxygen and nitrogen, which become more apparent on
superposing their graphs., Similar asscciations gseem
unlikely for the graphe of the electron censity and ion tem-
perature.

2.2 Filtering

The fluctuations are extracted from the normalizecd data
by passing the latter through a highpass cvigital filter.
The filters emplored are based on a design given by Hamming
C19727) . It is & norrecurcsive ‘ilter which includes a Lanc-
z08 window to reduce ripplezx and minimize the Gibb’s
phenomenon. The filter is descrited by its order and cutoff
frequency. Figure ? is the transfer function nf a typical
filter., Its order and cutoff frequency are 40 and 0.003 Hz,
respectively. The +requency scale in the <figure is loga-
rithmic and normalized to the sampling time, |5 seconds, so
that 0,003Hz corresponds to 0.045 on that s: ale. The wvalue
of the Nyquist freguency on the same scale is 0.5, the last
point on the abscissa axis. The value of the transfer func-
tion at the cutoff frequency is 0.5. Since the order is the
number of weighted in-sequence samples *hat are summed to
obtain the filter output, this many data are lost at the
beginning and end of the record. Therefore, it is desirable
to use the lowest order concsistent with a reasconable steep-
ness at the cutoff xransition. The selection of a Ffilter
order is a compromise bLetweerr the number of data points
available at the filter output and the suppression of Ffre~-
gquency components i3 the cutoff ~egion., Thus, an order of
40 was found satisfactory based <¢n trial and error and
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Judgment of the quality of the power spectra of the output
of the filter. All tilters referred to, hereafter, are of
this order. The original 360 data samples are reduced to
282 samples at the filter output, which is adequate to pro-
vide 256 data samples, a power of two, as needed by the Fast
Fourier Transform.

The choice of cutoff frequency is bas:d on the emphasis
given to the various <frequency components in the signal.
For too low a cutoff frequency (0.001Hz and less), the tran-
sition at cutoff is inadequate to keep out strong low fre-
quency components without significant increases in the
order. Furthermore, the filter cutoff must be selected so
as to eliminate the fundamental frequency which has a period
equal to the entire time interval of the data record, and,
for safety, at least those frequencies up to the fifth har-
monic of this fundamental. This part of the spectrum con-
tains much power, but is ocf questionable validity because of
the <finite size of the data record. If not filtered, it
would impair processing of the higher frequencies components
of the spectrum. Because all data were found to decrease in
almost a power law fashion with frequency, the Jlowest fre-
quencies in the pass band are emphasized. Several different
cutoff frequencies were used to take advantage of this
feature, as will be explained.

There was concern that spurious frequencies may be
introduced by the Gibb’s phenomenon as a result of the
filter cutoff., Figure 10 demonstrates that such effects are
insignificant. Three curves are shown in the figure plotted
against time. The upper curve is the same as the nitrogen
density curve in Figure 1. The middle curve is the output
of a highpass filter with a cutoff frequency of 0.001Hz.
The bottcm curve is the same, but for a cutoff frequency of
0.003 Hz. The curves have been lined up so that their
abscissase in seconds UT match. Note the vei'y excellent
alignment of perturbations in the original data with the
fluctuations in the outputs of the two filters. No spurious
frequency componerts are detectable in the outpute of the
filters,

3.3 Fluctuations

The fluctuations may be clearly observed at the output
of a high pass filter., Figures 11 through 13 are plots of
fluctuations vs time for a high pass filter of 0.003 Hz
cutoff frequency. 0.003 Hz corresponds to a perind of 333.3
seconds, or a horizontal wavelength of 2400 Kkm. The fluc-
tuation data used to plot Figures 11 to 13 are normalized to
their maximim values, so they that may be qraphed between
ordinates of -1.0 to 1.0. Each of the figqures contains
plots of the fluctuations of two parameters to study their
correlation and relative phase. The fluctuation of oxygen,
the major conetituent, is wused as the standard for
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comp2~ison in all three figures. Figure i1 compares oxygen
and nitrogen density fluctuations. Figure 12 compares oxy-
gen density and ion temperature fluctuations, and Figure 13
those of oxygen and electron densities. In all three fig-
ures the fluctuation of oxygen is shown as a solid line, and
the other parameter as a dotted line. In Figqure {3 the dots
are 80 <iose in many places as to makKe the line solid.
Nevertheless, the trace can be discerned. Oscillations are
quite clear in all three figures. Dominant periods are evi-
dent, adding constructively in some places and destructively
elsewheres, It is also quite clear in all three figures
that there are correlations between the fluctuations. That
between nitrogen and oxygen densities is most outstanding.
Oxygen density and the ion temperature in Figure 12 appear
anticorrelated. The electron density and oxygen fluctua-
tions in Figure 13 are certainly correlated with respect to
the time duratione of the individual oscillations.

However, the electron density fluctuations are at first
close to being in phase with those of oxygen, but from about
30585.0 seconds UT to about 32235.0 <econds UT .they are
nearly out of phase. The electron density fluctuations
appear relatively small in most places in this time inter-—
val, when normalized to the scale -1,1. The region of the
equatorial anomaly is centered just about 30585.0, so that
the satellite is passing from the northern to the southern
hemisphere here. It seems that the electron density fluc-
tuations from this filter, 0.003 Hz, do not relate to oxygen
in the same way in both hemispheres.

It is clear from the fiqures that the periods of the
oscillations are about the same for all the parameters, even
the electron density, and that more than one periodicity may
be present. Measuring the spacing between several peaks for
all parameters, one finds periods of the corder of 140
seconds and 250 seconds, corr~ecsponcing to about 1090 Km and
{950 km, respectively, for a sat2llite wvelocity of 7.8
Km/sec., Ti> shorter period wave is outstanding at time
297460 seconds UT, whereas the 1longer period is readily
observable in the fluctuations at about 30585 seconds UT and
later., One may still observe the shorter period in features
throughout,

Maximum and root mean square values of the fluctua-
tions are listed in Table I for oxygen, nitrogen, ion tem-
perature and electron density for the 0.003 Hz filter. The
rms fluctuations of nitrogen is about twice that of oxygen,
whereas the rms fluctuations of the ion temperature is
slightly greater than that of oxygen. The rms and peak fluc-
tuations of the electron density are more than ten times
that of oxrgen, even though they appear small in Figure |3
due to their being normalized to a scale of -1 to |.
Whereas the rms electron density fluctuations rela*ive to
the background density is about 20%, that of the neutral




TABLE [

Peak and Root Mean Square Fluctuations

Filter Order = 40, Filter Cutoff Frequency = 0.003 Hz
Ratio

Parameter Peak Value RMS Value Peak/RMS
Oxygen Density .0525 .0159 3.3
Nitrogen Density . 107 .0338 3.2
Ion Temperature ..0728 .0182 4.0
Electron Density 1.255 .203 6.2

TABLE 11

Peak and Root Mean Square Fluctuations

Filter Order = 40, Filter Cutoff Frequency = 0.006 Hz
Ratio
Parameter Peak Value RMS Value Peak/RMS
Oxygen Density .0428 .00926 4.6
Nitrogen Density .0756 .0194 3.9
Ion Temperature . 0809 .0150 5.4
Electron Density .468 .0867 5.4
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densities and ion temperature are only a few percent at
most. Such large relative deviations of the electron der-
sity are well Kkncwn from observations of TID’s (Thome,
1948)., The ratio of peak to rms values range trom 3 to 6
for the four parameters.

The location of the satellite in geomagnetic coordi=-
nates is also of interest relative to the graphs of Figures
11 to 13. The Key times in the plots are shown in the tra-
Jectory in Figure 4. [t can be seen that the large oscilla-
tions of nitrogen and oxygen in Figure 11 start when the
satellite is close to the probable position of the auroral
oval and continue tu and past the geomagnetic equator at
30585 seconds UT into the southern hemisphere. Oscillations
are smaller in the southern mid-latitude zone, but pick wup
again as the satellite enters the region of the southern
auroral zone between 31410 seconds UT and 32235 seconds UT.
The ion temperature in Figure 12 behaves about the same way,
but appears to have the strongest <fluctuations in the
auroral zone. The electron density fluctuations in Figure
13 appear fairly uniform starting from 29740 seconds UT
across the northern and southern regions. There are some
strong peaks on the northern side of the geomagnetic equa-
tor, which ics associated with the equatorial anomaly that
may be clearly seen as the first of the two outstanding

"peaKs near the middle of Figure 7. The southern part of the

equatorial anomaly, the second and smaller peakK in Figure 7,
does not produce as large an excursion in Figure 13. It
apriears that the occscillations of the <fluctuations obtained
with the 0.003 Hz filter are associated more with northern
hemispheric activity than is the case in the southern hemi-
sphere, except for the hotter southern auroral zone (see
Figure 2.

Figures 14 to 16 are the same as Figures (i to 13,
except that the <filter cutoff frequency is increased to
0.006 Hz (147 seconds pericd or 1300 km horizontal
wavelength). Correlation in the fluctuations in all three
figures is quite apparent. Even the electron density +fluc-
tuations in Figure 16 correlate better throughout, in con-
trast with Figure 13; much more of the record is cloese to
being in phase with the oxygen fluctuations, though phase
shifts are 2 little larger in the equatorial region and the
southern hemicsphere. Nitrogen and oxygen appear to be in
phase in Figure 14, and the icn temperature in Figure 15 is
shifted somewhat away from anti-correlation. In all figures
there is a dominant fluctuation. In contrast with Figures
11 to 13, the dominant oscillation in Figures 14 to 16 per-
sists more clearly throughout much of the time span and
appears to be on the order of the 140 seconds oscillation
noted for Figures {1 to 13. This persistence is quite
remarkable. Variations in amplitude also appear which imply
the presence of waves of other periods, cr horizontal
wavelengths, that are beating against each other.
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Peak and rms values for the fluctuations of Figures 14
to 16 are given in Table 1Il. Note that the values are
smaller than those of Table 1. The rms values for nitrogen
and oxygen are semaller by about the same amount. The ion
temperature fluctuztions have not changed very much. The
rms electron density fluctuations have decreased more than
any of the other parameters. These changes result from the
nature of the spectra which is found to decrease with
wavelength; that is, there is more energy in the longer
wavelengths, as will be shown in the next section.
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Figure 14 to 16 may also be analyzed with regard 'to the
position of the satellite. Much the same can be stated with
respect to nitrogen and oxygen in Figure {4 as was stated
for Figure 1. The comments relative to ion temperaature
fluctuations in Figure 12 still pertain with regard to Fig-
ure 15, and the same is true for the electron density fluc-
tuations in Figures 13 and 16. Activity in the two hemi-
spheres for scale sizes as indicated in Figures 14 to 16
appear to be the same as for the larger scale sizes of Fig-
ures 11 to 13.

2.4 Spectral Analysis

Power spectra of the fluctuations are estimated using
the Maximum Entropy Method (MEM) (Ulryck and Bishop, 1975
becauce of the finite size of the data sample and because of
the lack of Knowledge of data outside the time interval.
The Fast Fourier Transform (fft) is also employved to help in
selecting the order of the MEM and to judge its spectrum.
Comparison with the periods of the fluctuations is neces-
sary, as well, to insure that the MEM order and spectrum are
consistent. :

Attempts were made to use the Akaike, or final predic-
tion error (fpe), criterion to select the MEM order (Ulryck
and Bishop, 1975). Figure 17 is a plot of the fpe wvs., the
MEM order for nitrogen fluctuatione for a 0.0015 Hz filter.
One chooses as the order the value that minimizee the +fpe.
Unfortunately, the minimum is tooc broad and shallow to be
useful for this purpose. The fpe is found to be similar for
all other cases, so that the selection of MEM order is based
on comparison with the periods of the fluctuations and with
fft spectra,.

All spectra and fluctuations shown in this section are
for nitrogen, and they are obtained with varicus filters.
The spectra for oxygen density, ion temperature and electron
density fluctuations are similar and need not be shown. In
all cases a set of 256 fluctuation data are processed, all
for the same time interval.

An example of fluctuations is shown in Figure 18 which
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is for a high pass filter with a cutoff of 0.001S Hz. The
ordinate is scaled for the actual magni tude of the fluctua-
tions in contrast with the plots of Figure 11 through 14.
The periods, though not exactly constant, are quite evident
and are found to be about S00 seconds for one set of fluc-
tuations and 250 seconds for another. These times
correspond to horizontal wavelengths of about 3900 km and
1950 km, respectively., Figure 19 is a plot of the fft spec-
trum of the fluctuations in Figure 18. The abscissa scales
are the frequency in millihertz (mHz) and the wavelength in
Km. The +frequency scale extends from 0 to the Nyquist fre-—
quency for |5 seconds data samples, 0.0333 Hz. Spectral
peaks are labeled by numbere that represent harmonics of the
fundamental frequency which has a period equal to the total
time span of the 256 <camples in Figure 18, namely, 3825
seconds. These peaks are at harmonic numbers 4, 8, 10 and
14, The peak at harmonic number 4 is ignored as %00 low,
since it may be affected by the +finite data sample. The
peakKs at harmonics 8 and 14 correspond to periods of 478 and
239 seconds, or wavelengths of 3729 and 1845 Kkm, respec-
tively. These waves confirm the periods evident in Figure
18. The peak at harmonic 10 may be real, or it may be the
result of the variations in the 500 second period in Figure
18. Since the computed spectrum is at discrete frequencies,
the broadening associated with this variation may appear as
a nearby additional, but false peak.

One must select an order for the MEM. If too low, sig-
i+ cant spectral <features may be submerged. If too great,
spurious features may arise. It is difficult to judge what
order to use. The fpe in Figure 17 is not very helpful. A
value anywhere from 4 to 14 appears to produce a shallow fpe
minimum. For an order of 15 (not shown here) the MEM spec-
trum misses the waves of harmonic number 8 and 16 entirely.
Only one peak arises at harmonic 11. Increasing the order to
20 results in a spectrum with the desired peaks. This <spec-
trum is shown in Figure 20. The two largest are for harmon-
ics & and 18. Another much smaller peak appears at harmonic
numbers 30, and <ctil]l smaller peaks are suggested at har-
monic numbers 42 and 0. A logarithmic plot of the spectrum
is shown in Figure 21 which ies for frequencies from the 3th
harmonic to the Nyquist frequency. The third abscissa scale
in the figure gives the harmonic numbers. The peaks at the
higher frequencies, or shorter wavelengths, can be seen in
this plot. Note the power law fall off with frequency.
The straight line is a least square fit to the spectrum.
The slope of the line on a log-log plot is -3.1, which means
a power law with frequency varying as f73:1 gyer at least a
16,5 :1 frequency range.

By passing the normalized data through high pass
filters of higher cutoff frequenciec which filter out the
lower, more powerful parts of the spectrum, one can get a
better sense of the higher frequencies or shorter wavelength
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components in the data. Figure 22 is a plot of the MEM spec~
trum of order equal to 20 for nitrogen using a filter with a
cutoff of 0.003 Hz. There is one dominant peak at about har-
monics 13 to 1&6. The cutoff is sufficient to eliminate the
peak at harmonic 8 observed in Figure 20, since 0.003 Hz
corresponds to a non-integral harmonic of 11.5. This cutoff
is too low to highlight waves of wavelength shorter than
that of harmonic 1é6. A filter with a cutoff of 0.0086 Hz will
do thie by eliminating the peak at harmonic 14. Figure 23
is a plot of the fluctuations at the output of this filter.
Careful measurements of the periods between peaks there give
periods of about 170 seconds, 127 seconds and 108 seconds
with about a = 54 error., These correspond to harmonic
numbers 23, 30, and 36 with harmonic number errors of *1 at
23 to *2 at 36. Only one of these components are evident in
Figure 21, that for harmonic 30. This component is the more
persistent periodicity in Figure 23, The corresponding MEM
spectrum of order 20 of the fluctuations in Figure 23 is
shown in Figure 24, where we observe a strong peak at har-
monic 31 and a weaker peak at harmonic 25. The latter con-
firms the longer period in Figure 23, The period for har-
monic number 38 is not seen in this spectrum. On increasing
the order of the MEM to 35 with a filter cutoff of 0.0015,
one obtains the logarithmic spectrum shown in Figure 2S.
"Here we find peaks close to all expected periocds based on
analysis of Figures 18 and 23. The corresponding fft spec-
trum (not shown here) has peaks at the desired values as
well,

On increasing the cutoff frequency further, we obtain
fluctuatione for nitrogen shown in Figure 28 which is for a
filter cutoff of 0.009S Hz. Careful scaling, with account
taken of measurement accuracy, suggests periods for harmonic
numbers 34 to 38, 3% to 43, and 57 to &43. Peaks at, within,
or close to thece values are exhibited in the spectrum of
Figure 25. The fft spectrum (not shown here) has many more
peaks for this case, some of which may be extraneous. Fluc-
tuations for & filter with a cutoff of 0.013 is shown in
Figure 27, The periodic wave there, with error accounted
for, is in the harmonic range 60 to &é&. This wave may
account for the peak at harmonic number 43 in Figure 25. The
fft spectrum for this case, not shown here, exhibits many
peaks that must be extraneous.

Since most of the waves suggested by the nitrogen den-
sity fluctuations appear to be exhibited in the MEM spectrum
for the order 35, this order and spectrum are taken as ade-
quate <for the purpose here. Similar tests with different
filters, as used with nitrogen density data, were employred
with the other parameters. These tests confirmed the use of
an MEM order of 35 for these parameters. Thus, this order
is used to obtain the MEM power cspectra for the fluctuations
of all of the parameters after passing their data through a
high pass filter with a cutcff frequency of 0.0015 Hz. A
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comparison against harmonic numbers of peak frequencies for
these parameters is gqiven in Table Illa. The horizontal
wavelengths corresponding %o the oxygen spectral peaks are
also given in the table., The power law exponents for the
least square straight line fits to the logarithmic spectra
are given in Table II1b,

The MEM tends to broaden spectral peaks. Nevertheless,
Table [lla indicates epectral agreement for as many as three
or four parameters for a number of wavelengths, 1845 Km,
1193 Km, 9462 km, 523-333 Km and 446 Km. In addition, oxygen
and nitrogen epectra correspond for 3729 km. The ion tem-
perature may also have the same feature at this wavelength,
though its value is somewhat off. The ion temperature and
oxygen have features at 728 km, but nitrogen and the elec-
tron density spectra both peak at a smaller wavelength in
the range &478-493 Km. Similar features also appear possible
for shorter wavelengths at 409 km and less,. Still shorter
wavelength spectra may be limited by noise.

From the numbers in Table IIla, it appears that the
spectra of neutral densities correspond for many wavelengths
from the order of 4000 Kkm to hundreds of Kilometers.
Correspondence of ionization with neutral spectral features
over many thousands of KkKilometers may not really occur,
since plasma is subject to many other physical processes,
particular those involving electric fields that do not
affect neutrals. Nevertheless, the spectral feature at 1845
Km is present in the electron density spectrum as well as
those of the neutral densities and the ion temperature.
Since the ion temperature is coupled to the neutral tempera-
ture at an altitude of 2480 km, it would not be surprising to
find that the ion temperature spectrum has features at very
long wavelengths like those of the neutral gases.

The power law type of decrease with spatial frequency,
or with decreasing wavelenqgth, is present in all parameters.
The exponents are different, as shown in Table II1lb, though
those of oxrygen and nitrogen are close in value. The ion
temperature spectral decay rate is smallest, whereas that
for the electron density is faster than oxygen and nitrogen.
Such power law decreases may arise from the sources as well
as the medium, but may also be related to turbulence gen-
-erating processes. The reason for the different exponents
is far from clear and requires further study. These charac-
teristics are in agreement with ideas of Van 2andt (1%82).

4. Statistical Aspects

Statistical investigations here include only computa-
tion of autocerreiation and cross correlation functions and
an aytoregressive (AR) analysis (JenKins and Watts, 1948).
These quantities and functiones require stationary statis-—
tics., Furthermore, the MEM technique requires at least
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TABLE III :

Possible Spectral Harmonics for 256 Data Samples

Oxygen Nitrogen Ion Electron Horizontal
Density _Density Temperature - Density Wavelength (km)
6
8 8 7 3729
16 16 16 16 1865
25 24-25 26-27 24 1193
31 31 31 32-33 962
- 37 - - -
41 43-44 41 43-44 728
56-57 56 56 55 523-533
64 63 64 63-64 466
73 73 71 71 409
82 83 81 364
90 90 92 88 - 332

Power Law Exponents

-339 -3.09 -2.15 -3.85

-15a-
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quasi-stationarity to be meaningful. . _

Since the number of data samples are !imited, tests for
stationarity were not attempted. A qualitative evaluation
was used instead. For one, fluctuation signals, as in Figure
11, were visualiy examined to determine whether the nature
of the signal ‘was maintained throughout the record. The per-
gistent character of the records in Figures 11 to 1& suggest
some degree of stationarity.

Typical ensemble samples were computed using an autore~
gressive analysis to check further for statiocnarity. If a
sample has characteristics similar to those of the actual
fluctuation signal, the autoregressive process was Jjudged to
be satisfactory and an indication of stationarity. This
indeed was found to be the case for the four parameters that
were studied. Other data not shown here for helium, a
parameter that was not analyzed, were deemed quite noisy and
poor for analysis. AR models for these data were vastly dif-
ferent from the actual fluctuations, so that the helium data
were judged unsuitable for a stationary process.

Figure 11 exhibits both the nitrogen and oxygen flucta-
tion signals, Figures 28 and 29 are AR models of order 20
for oxygen and nitrogen, respectively. Autocorrelation coef-
ficients needed to compute the model are hased on data
passed through a 0.003 Hz filter. NMNote the similarity in
the oscillatory character of the models to the actual fluc-
tuations in Figure 11. The spacing between peaks in tnat
figure appear narrower than those of Figures 28 and 2%, but
this is due to the smaller time interval in the abscissa
scale in those figures. Fiqure |l is 300 seconds longer in
time than Figures 28 and 29. The AR model for each neutral
gas is but one ensemble camp'e. Since the process is zon-
trolled by a noise source, a whaole ensemble class may be
generated. It s found that the characteristics persist,
from which we conclude that the data are at least quasi-
stationary. The same is found for the ion temperature and
the electron density.

Figures 30 and 31 are the autocorrelation functions of
the oxygen and nitrogen fluctuations shown in Figure {1,
respectively. The oscillatory nature of these graphs are
quite evident. The plots are against time lag intervals,
where one lag represents 15 seconds, The oscillations per-
sist out to at least 80 lags in both cases. Further, the
oscillations in these two graphs are quite similar., The
periodicity is almost the same. Also, other frequencies
must be present to account for the nature of the variation
with the time 'aqg. The separation between the peak at zero
lag and the next peak ic scaled to be 247 seconds and 247
seconds for oxygen and nitrogen, recpectively. These times
agree with the periods in Figure 11 and the spectral peak in
Figure 22. Small differences may arise from beats due to
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other wave components.

The cross correlation function (CCF) between the fluc-
tuations of two parameters is useful to obtain a sense of
the degree of correlation and the phase shift Dbetween the
parameters; that is, the phase angle of the transfer func-
tion between the responsgses for the latter. Oxygen density
fluctuations are used for this purpose to compare with the
fluctuations of the other three parameters obtained wusing
the same filter. Oxyqen is chosen for comparison, since it
is the main neutral constituent. Figures 32 and 33 are crose
correlation functions plotted vs. 15 gsecond lags for-oxygen
and nitrogen density fluctuations obtained with filters of
cutoff frequencies of 0.003 Hz and 0.004 Hz, respectively,
Note the oscillatory behavior in both figures. Note too that
the peak values of the CCF is quite adequate for correlation
in both cases, being just more than 0.7 for the 0.003Hz
filter and about 0.49 for the 0.006 Hz filter. The phase
shift is nearly zero; there appears to be a slight phase
angle with nitrogen leading (to the left of zero lag) for
both filters. The best that can be determined is that the
lead is about 1/72 a lag interval, about 7.5 seconds. The
oscillatory behavior persists on both sides of zero to
longer lags than shown. The spacing between peaks in Figure
32 on either side of the large peak near zero lag is 16 1/2
lags. Thus, the dominant period is 247.5 seconds which
correcsponds to an on-track horizontal wavelength of 1931 Kkm
for the fluctuations from the 0.003 Hz filter. This period
agrees with the corresponding values from the autocorrelz-
tion functions in Figures 30 and 31, the spectrum in Figure
22 and the estimated period in Figure 11, The dominant
period for the 0.008 Hz filter in Figure 33 is 8 1/2 lags,
or 127.5 seconds, which corresponds to a horizontal
wavelength of 995 Km. Thie period and wavelength are
roughly in accord with the spectrum in Figure 24 for nitro-
Qen, the harmonic 31 listed in Table IIlla and the periods of
thne fluctuations in Figure 14. The 1/2 lag interval phase
lead corresponds to a leading phase angle of 119 $or the
0.003 Hz filter and 219 for the 0.008 HZ2 filter. The peak
CCF becomes even larger for fluctuations of nitrogen and
oxygen from filters of cutoff frequencies as high as 0.013
Hz. Oscillatory behavior of the CCF persists with periods
that are shorter than for filters of lower cutoff <requen-
cies.

The CCF for oxygen density and ion temperature fluctua-
tions show some correlation but noct as stirong as that
be tween nitrogen and oxygen. That for a 0.003 Hz filter is
shown in Figure 34. This CCF is quite irregular in contrast
with that for Figures 32 and 33. Note that the peak is nega-
tive with a value of ~-0.38, implying anti-correlation. The
period cannot be determined from Figure 34, Figure 35 is a
plot of the CCF for oxygen and ion temperature fluctuations
from a 0.004 Hz filter. There are more oscillations than in
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Figure 34; particularly nn the leading side, and the peak is
nearly anti-correlated with a value of -0.41. The negative
peak leads by somewhat less than | lag interval. The plot
suggests the presence of more than one wave with resultant
interference. Such interference would produce an error in
scaling the dominant period, as well as the phase <chift.
The spacing of peaks on the lead side is 10 lag intervals,
whereas that on the other side is 7 lag intervals. The mear
of 8 1/2, if meaningful, agrees with that for oxrgen and
nitrogen in Figure 33, The maximum negative peak at -1 lag
on the leading side in Figure 35 corresponds to a lagging
phase angle of -138° for a period of 8 1/2 lags, wheréas the
phase angle would be -1599 for a maximum negative peak at a
-1/2 Yag interval. Thus, the phase shift appears to lie
between the two values, =-1382 and ~-159°, The CCF peak
reaches ~0.49 for a filter cutoff of 0.008 Hz (not shown
here), where anti-correlation persists. The cutoff for this
last filter corresponds to what wouid be a non-integral har-
monic wvalue of 30.46, or a horizontal wavelength of 975 km.,
Thereafter, at still higher filter cutoffes the CCF between
oxygen and ion tempe ature becomes smaller, but the correla-
tion to nitrogen remaine - stronger, reaching <=0.46 at a
filter cutoff of 0.010 Hz. This suggests the possibiocity
that, for the shorter wavelengths, the ion temperature is
coupled to the nitrogen density more than the oxygen den-
sity.

Though the degree of cross correlation of ion tempera-
ture and oxygen is noe! large, anti-correlation stands out,
and for wavelengths of 1000 Km and less a periodicity is
evident in the cross correlation function. This periodicity
relates to that between nitrogen and oxygen and suggests
that the cross correlation of the ion temperature is signi-
ficant though the peak values are less than 0.5.

Figure 38 is a plot of the CCF of oxygen and electron
density fluctuations for a 0.003 Hz filter. Though the peaks
are not large, an oscillatory variation is quite evident., In
adcdition, there appears to be interference which may be from
another wave that makes it difficult to determine the true
peak near 2z2ero lag. The lag seperation between peaks for
negative lag intervals is about 17 whicn is close to the 16
1/2 found for nitrogen and oxygen fcr the same filter. The
separation between the other peaks is much emaller, The
changes in the phase shift of the fluctuations, as described
in Section 3.3 relative to Figure 13, may be the reacon for
thece difficuities and the poor magnitudes of the neak CCF.

Figure 37 is the CCF of the eleciron dersity and oxygen
for a filter with a cutoff of 0.006 Hz. iMuch more oscilla-
tory behavior is evident. The largest peak is well to the
right of the peak near zero lag. This suggests interferance
between wave components. The peak at zero lag is 0.39,
whereas the peak to ite right is 0.45. The interval between
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the peaks about zero lag is 9 1/72 lags which is one lag
larger than that found in Figure 33 for nitrogen and oxygen,
The discrepancy may arise from interference., Nevertheless,
the <cyclic variation suggests better cross correlation than
indicated by the magni tudes of the peaks.

Since neither the ion temperature nor the electron den-
sity CCF has peak magnitudes of 0.5 or more, they would not
be expected to correlate well with gacn other, as their own
CCF does indicate, though not shown here,

There is a small phase lead for the CCF of Figure 37 of
about 172 lag. This would correspond to a phase lead of the
electron density fluctuations relative to the oxrgen fluc-
tuations of 210, No reliable phase shift may be obtainec
from Figure 34 for the 0.003 Hz filter. As the filter fre-
quency becomes larger, the cross correlation of electron
density and oxygen density is found to become poorer,
undoubtedly because of greater noise at the higher frequen-
cies. Figure 37 suggests correlation between electron den-
sity and oxrgen for waves of the order of 1000 km. Correla-
tion at still smaller wavelengths may be obscured by noise,
though indicated in Table I[Ila.

One may use the crude phate shifts from the CCF calcu-
lations and the mean square fluctuations of the parameters
to describe transfer functions between the recsponses of the
parameters for further use in modeling. This is described
next.
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S. Theoretical Modeling _

The presence of waves is clearly shown in Figures 11 to
16. More than one wave is present as shown by the 3spectra
of Figures 20,21,22,24 and 26, The waves that dominate
depend on the filter, since the spectrum decreases with
decreasing wavelengt', as shown in Figures 21 and 25 and as
required by the various spectral exponents listed in Table
I1Ib. The lowest frequency components passed by the filter
dominate. Two dominant peaks may be observed in Figure 24
for the 0,008 Hz cutoff filter. The <first peak is at a
wavelength of 1193 km, whereas the second is at $é2 Km.
These two peaks would beat against each other to produce a
beat pattern, One may interpret the envelope variation in
Figure 23 as arising from such a beat pattern. Of courese,
we must be careful in interpreting these fluctuations and
spectra, since we are dealing with a finite data sample %that
is just a snapshot of the nitrogen cistribution at one alti-
tude in this case. This distribution is the result of sto-
chastic sources and a number of geophvysical processes that
are at work and may not actually result from the beating of
two waves.

It is important to Know whether the waves are traveling
or stationary, or both. If traveling, they are transporting
energry and momentum from their sources. If standing waves,
they may be stationary spherical modes due to cne sour. e
(Mayr et al, 1982), or they may originate from interfe e, .2
of waves from near duplicate stochastic sources in unth
auroral zones, such as could arise <from diffuse aurs-a.
This 4type of auroral activity may produce the same effects
in both hemisphervs (Lui et al, 1982; #&kasofu, 1974,
Standing waves would die out by dissipation simul taneocusely
over a large region, much like plucking a violin string. It
has been noted in Section 3.3, for example, that there is
more activity in the level of the fluctuations in the entire
northern hemisphere portion of the trajectory than the
southern hemisphere, with the exception of the southern
auroral 2zone. It mar be that these waves are primarily due
to one source and both statiocnary and traveling waves are
present, Anaiysis of simultaneocus ground measurements of
ionization and satellite measurements of in situ neutral and
ionization data may aid in understanding better these wave
systems. :

In the absence of such ground measurements, and with
the limitations of in situ measurements, we can only test
for traveling waves., To determine whether the waves are
pure traveling waves we assume a plane paralle! model and a
plane wave of =ome horizontal wavelength and temporal! fre-
quency. The assumption of a piane parallel model ie a crude
approximation for propagation over a sphe~e. It still may
be uceeful, since, as shown by Francis (1972), the waves tend
to ¥follow the curvature due to rotation of the direction of
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gravitational acceleration a3 the wave propagates. One
seeks the values of wave parameters that provide the closest
duplication of the ratios of the responses.of nitrogen den-
sity, electron density and ion temperature fluctuations to
that of oxygen; that is, the transfer functions between
these various qeophysical parameters. In thie war we can
obtain the wave properties not directly observable from the
spatial distribution, such as the temporal frequency and
direction -~ propagation. The experimental transfer func-
tions a2re civen by a magnitude and phase angle. The magni-
tude is obtained +from the ratio of the root mean square
fluctuations of the gqeophysical parameters (Figures 11
through 14), and the phase -angle is estimated from the cross
correlation func*ion (Figures 32 throuah 37). Such transfer
functions are2 determined for each filter. We give here two
examples, that for 0.003 Hz filter and for the 0.0086 Hz
filter, to be concistent with the previous material. Taktle
IV lists these trancsfer functions,

TABLE 1V

TRANSFER FUNCTIONS RELATIVE TO OXYGEMN DENSITY FLUCTUATIONS
FILTER DOMINANT  ~—  NITROGEN ION™ TEMP "ELEC DENS

CUTOFF WAVELNTH

FREQ AMPL PHASE AMPL PHASE AMPL PHASE
Hz Km
0.003 1930% 2.13  119% 1,14 -169° 2.8 ?
0.006 995 2.10 21° 1.62 -138° 9.4 21°
- to
-159°

*# positive angles represent leading phase angles, whereas
negative anqles are laqgaing phase angles.

+ based on periodicity in cross correlation function in
Figures 32 and 33.

There is, of course, a question of the meaning of these
transfer functions, since the amplitudes of the fluctuations
vary over the time span of the data. One can see in Figures
11 through 16 that, although the amplitude of the fluctua-
tions vary and there are differences in their variation, the
fluctuations of all the parameters behave somewhat in the
same way. Therefore, the ratio of the rms fluctuations may
be useful within some limits for the purpose here. Simi-
larly, the cross correlation function may be an acceptable
indicator of the phase shift, since ther» is some confirma-
tion with phase relationships observable in Figures 11 to
14, though perhaps only partly so for the electron density.
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In any event, adoption of these magni tudes and phase shifts
may be the best one can do with the data.

The model emplored assumes two species, one major in
density, the other minor,. Then all minor species do not
seriously affect the major species, and one may have any
number of minor species. Each is treated in turn as the
second species together with the major constituent, It is
assumed that a gravity wave is moving through the main atmo-
sphere and drags each of the minor species by collisions.
This is a reasonable model for ionization and oxygen. The
nitrogen density is smaller than the oxyqgen density (Fiqure
1) throughout the entire data span. Though nitrogen is not
necessarily truly minor throughout, the approximation |is
still wuseful <considering the coarseness of the transfer
functions in Table IV,

The model must also incorporate the earth’s magnetic
field to determine the responce of the ionization. It is
assumed that charged particles are constrained to move only
along the magnetic +field. Figure 4 shows the plot of the
orbit in gqeomagnetic coordinates. The times along the
absciscas in Figures 11 to 14, 18,223,246 and 27 are shown
there. A major portion of the orbit for the times in the
above figures (not the full time span shown in Figure 4) ic
at gecmagnetic latitudes of magnitude greater than 30°, s0
that the magnitude of the dip angle exceeds 49° for most of
the orbit. The average of the magni tude of the dip angle is
40° over the entire time span. Since the nodel empioys a
plane stratified geometry, it is not possibl to wvary the
dip angle very readily as could be done 1th a spherical
model . Therefore, constant dip angles are used. The
transfer functions for a value of &0° were compared with
those for smaller dip angles. Since it was found that vari-
ations due to the dip angle over a range of values were
mostly secondary, the choice of a single angle for a given
set of calculations is usetful. However, it makes a differ-
ence whether propagaticn is towards the equator or away <rom
the equator. The calculations for zero dip angle yields
results that are like propagation away from the equator with
non-zero dip angles. The c¢losest approximation to the
values in Table IV were found for propagation towards the
equator. Results for electron density are presented for dip
angles of 20° and 40°.

Since collisions between species is of importance, one
must have adequate esti- ates f the collision frequencies.
The value of the collision frequIncy between nitrogen and
oxygen, 0.372 sec ', had been obtained from the hard sphere
mode! (Chapman and Cowling, i? ) for a mean temperature of
830°K (as determined frog the ion temperature), a total den-
sity of 107 particles/cm™, and collision diameters of 0.18
nm and 0.19 nm for oxygen and nitrogen, respectively, Then,
computations were made with this <collision frequency and
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values differing by factors of two above and below to com-
pensate for differences in temperature and inadequacies of
the hard sphere model. lIon-neutral collision frequencies
are based on an expression given by Stubbe (1948) for 0%,
the principal ion, and atomic oxygen. The average ion tem-
perature, 8309K, and a neutral density of 10’7 particles per
cm were emplored and gqave a nominal value of 1.75sec” !,
Acain values differing by factors of two were employed to
compensate for inexact temperatures and inadequacies in the
collision frequency estimates.

S.1 Formulation

The theory of coupling of species in the atmosphere to
gravity waves moving through the entire atmosphere has been
developed for two species (Gross and Eun,197é and 1978; Del
Genio et al,1978 and 1979), though Maryr et al (1978) has
modeled the problem for a number of conctituents on the com-
puter, In Gross and Eun, the second species is takKen as
minor relative to the first, with the advantages as
explained above for multiple minor species. The theory of
Del Genio et al is more general; it is also for two consti-
tuents, but they may be of equal importance.. The formula-
tion for nitrogen and oxygen dencitiec used here are based
on the theory of Gross and Eun. Neither of the above refer-
ences treat ionization in an oxygen dominated atmosphere.
There have been treatments of ionization density baced on
the continuity and momentum equations <(Hooke, 1948), but
none incorporate the ion and electron temperatures as fluc-
tuating parameters. A formulation for ionization driven by
a gravity wave in the neutral medium, with a superpocsed mag-
netic field and incorporating the ion and electron tempera-
ture fluctuations, has been developed and used here. The
details will not be given here for brevity. Only the
expression for the transfer function will be given. Though
the theory is not restricted to isothermal conditions, this
assumption was made for simplicity. The vertical tempera-
ture gradient is not Known, and probably not important here.
It would represent a refinement in the calculations. The
formulation also neqglects viscosity, but this may be impor-
tant. It also ignores possible reflections from below
(Francis, 1974,

The ratio, T,,, of the nitrogen density r- ponse to that
of the oxygen density, for a plane wave exp(~-,ut+ik x+.k z),
may be shown to be given by equation (1):

2, _Lan_, k2 ;
wKz+|Kz(M- w _iw)*Kx*KZM(wan-:w)

T (M=1)Y¥ an
N=1 ok 1P wa (1)
TWESIER, K2+iK_ (M~ ——-—-—>+K2-awK-lM<w an =W
-iw

an
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Here, M=ratio of the particle masses of nf?%&bén “*b‘ oxygen

(=228/148>; w is the temporal frequency, W, relative to the
buorancy frequency N, that is, w=w/N; K  ang K, are the wave
numbers K _ and k, in the horizontal and vertlcal directions,
respectively, nofmalized to the scale height of the main
neutral constituent, H_ ., <o that K =K, ,H, and K ,=k_H ;Y is
the ratio of specific heats of atomic™ oxygen (= 5/3)- Won 1%
the colision <frequency between oxygen and nitrogen, Vn’
relative to the buoyancy frequency. The model assumes an
isothermal atmosphere, so that the buoyancy frequency is

given by

* N=\F-To/a_ €2)

- where g is the acceleration of gravity (?2.0Sm/sec at 240 Km

altitude) and a  js the velocity of sound. If @ and K., or
w and K , are real, k,, or K,, will be complex in general.
Kz is related to w and K, by the dispersion relationcship
for an isothermal atmosphere’

%
K ==i‘1/m[}1-'-‘1««{'*-(K2+1/4>u~12+l<2 -i/2 (3)
z 72 x x

The plus sign is for upward phase propagation and the minus
sign for downward propagation for time harmonic variation
exp(-iwt), It is assumed in these <calculations that the
source is below the observation point, so that phase pro-
pagates downwards, or enerqQy propagates upwards,

The ratio of the electfon density fluctuations, Ri' and

the ion temperature fluctuations, T, to that of oxygen is
given by solving the matrix equation &4)

a1 a2 0 R; 0

a2y az> azj3 Vi = \82 (4)
0 333 333 | T S3

where
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a12-<'K2+1/HI)Sb-'Kxcb’ .

sy =i (140K Cp# [1=C1+a)CiK +1/H{ ]Sy,
dpp=\F=Tuy
a 3= 1+a) [iK,Cp=CiK +1/H ST,

332K, Cy=iK, Sy,

N
A33=/ 27"V,

and
Yw;
S = D [k /w (1-w2)C~iw( ik, ~-E2l)s ] (S)
2 Y-w2-irk = X b z Y “Tbdy
2(r-1>+irK
=1 -w
Sg=a/2 = z, (&)
Y~w -iYKz
In (4> V. is the ratioc of ion velocity along the field line

to the acoustic wvelocity of the principal neutral consti-
tuent; w, K , K, and ¥ have been defined; C, and S are
short hand for“cosd_ and sind, , where ©_ is the dip angle,
positive in the nortRern hemi<sphere and negative in the
southern hemisphere; w, is the ion-neutral collision fre-
quency, V. , relative to %he buoyancy frequency, N. The
ratio of electron to ion temperatures is o . It is assumed
that the relative electron and ion cemperature <fluctuations
are also in the same ratio. Electron temperature enters
effectively only through the electron pressure, since colli-
sions between electrons and ions are neqglible at 240 km
altitude. Since coupling of neutrals to the electrone is
primarily by means of the ione at this altitude, the assump-
tion appears reasonable. The value of o tnat was chosen is
based on the mean electron and ion temperatures (Figures 2).
A value of 2 was adopted bacsed on their averages. The quan-
tity Hi in equation (4> is the ratio of the ion density
scale height to the scale height of oxygen. Assuming a beta
Chapman layer at 240 km altitude, one can show that H.=4,/3.
(In this regard it should be noted that the satellite was in
sunshine for over 704 of the data.) Other valuee of H. zre
also possible, though it not expected that significéntly
different results would be obtained,
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The coordinate system assumes that x is positive

northward, so that K g positive for northward propagation
and negative for soutﬁward propagation. .

5.2 Results of Model Calculations

The ratio of the response of nitrogen to that for oxy-
gen using equation (1), and the ratios of the response of
the electron densiiy R. and ion temperature T. to that of
oxygen, on inverting the matrix equation (h), were calcu-
lated as a function of frequency for a given temperature T_,
nitrogen-oxygen <collision <frequency Vn’ ion-neutral colli-
sion frequency V. , dip angle 6, and horizonta! wavelength
A,. These ratios will be referred to as transfer functions,
The purpose of the calculations was to find those parameters
which come closest to matching the values in Table IV. The
normal ized vertical wavenumber for each value of frequency
is obtained from (3), Several wvalues of both nitrogen-
oxyqgen and ion-neutral collision frequencies were used.
Values 4?r the nitrogen-oxygen, collision frequency were
0.093sec™ ', 0.186sec™}, 0.372sec ! and 0.7Ssec™?. Values
for the ion-neutral collision frequency were 0.44sec'1,
0.87sec™!,1.75sec™! and 3.5sec™!. Dip angles from 0° ‘o
+80° were employed.

It was quickly found that waves traveling towards the
poles did not provide suitabie phase shifts or amplitudes as
given in Table IV. Waves traveling towards the -equator,
however, did provide the phase shifte over certain ranges
of the parameters. Emphasis in the calculations was there-
fore placed on waves of this type, particularly for a dip
angle of 60°, the mean magnitude. Temperatures other than
830°K were also used; namely, 400°K and 1200°K.

An example of the calculated nitrogen to oxygen
transfer function amplitude and phase shift, as given by
equation (1>, is shown in Figure 28 for a horizontal
wavelength of 2000 km, collision frequency V¥ =.?Ssec_1 and
T°=e3a°K. This plot is against the actual Qemporal fre-
quency in mHz. The left scale is the phace shift as given
by the dotted curve. The right scale is for the amplitude
a8 given by the solid line. The pointes of the phase curve
matching the phase shifts of the fourth column of Table [V
are indicated by the 3‘s for the 0.003 Hz filter (119+10)
and by the &’s for the 0.008 Hz filter (219%19), The ampli-
tudes for this case exceed somewhat the values given in the
third column of Table V. Similar examples for the electron
density and ion temperature transfer functione are shown in
Figures 3% and 40 for a horizontal waveiength of 1000 Km,
ion-neutral collision frequency Vin=.8?sec-1 and dip angle
0. =460°. The 3’s and &é’s shown there are at the points of
the spectra where the phase angles in columns & and 8 of
Table U are obtained. Since the phase shift for the elec-
tron density fluctuations after passing through the 0.003 Hz
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filter is uncertain, no 3‘’s are shown in Figure 39. A small
phase shift is expected which would be smaller than the
value indicated by the &’s in the figure,so _that the fre-
quency would be scwe value less than the frequency at the
é’¢, The amplitudes of the ion temperature transfer func-
tion in Figure 40 are nearly unity in all cases, different
from the values in cclumn S of Table V. The magni tudes of
the electron density trancsfer function significantly exceeds
unity., That shown 'n Figure 39 near the 4‘s is about 17, a
value greater than the values in column 7 of table IV.

The resonance like peak in the electron densi ty
transfer function is due to a complex pole in the trancfer
function arising from coupling between gravity waves and a
sort of ion diffusion wave. This type of resonance was
described by Gross and Eun (1978) for helium,.

Figures 41 and 42 contain summaries of the calculations
for a temperature of 830°K. These are typical of results
for the other temperatures used in the calculations. Fre-
quency in millihertz ic plotted vs horizontal wavelength in
each figure. The hLorizontal wavelength here is assumed to
be the true wavelength, so that it takes values less than or
equal to the maximum on-track wavelength in Table IV, where
"we have rounded off the 1930 Km and 995 Km there to 2000 Km
and 1000 km, respectively, If the true wavelerngth is less
than these wvalues, the satellite track must be at an angle
to the wave normal. The ratio of the true toc the observed
wavelength is then the cosine of the angle between the track
and the wave normal. Horizontal wavelengths <+from S00 to
2000 Km were considered adequate for the purposes, and the
plot only extends over this range.

Figures 41 and 42 contain contours of frequency ves hor-
izontal wavelength for the phase angles in Table IV, Thus,
Figure 41 shows four contours with different nitrogen-oxygen
collision frequencies V_, as indicated, to obtain a nitrogen
to oxygen transfer function phase <hift of 11 as required
in Table IV for fluctuations from the 0.003 Hz filter. Fig-
ure 42 stows a similar set of contours for a nitrogen to
oxygen transfer function phase shift of 21°, as required in
Table IV for the 0.008 Hz filter. The dashed line in Fiqure
4f is for the ion temperature transfer function phase angle
of -169° given in Table IV for the 0.003 Hz +Filter. The
frequency for this parameter is almost independent of dip
angle and ion-noutral collision frequency. It is 1labelled
‘all Ti’ for this reason. If the dominant wave system in
the output of the 0.003 Hz filter were a plane traveling
wave driven by the neutrals, in which the observed on-track
wavelength were about 2000 km, as required by the 0.003
fluctuations,spectra and correlation functions, the ion tem-
perature contour would intersect the nitrogen-oxygen con-
tours at some point. Since there is no intercection, it
would appear from the figure that a simple plane wave cannot
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explain the data. An intersection would require more than a
tenfold increase in VvV . which is unreasonable. Further
decrease of wauoleng?h would not help as well. Reasconable
tolerances for the phase shift values of Table IV do not
help either,

Figure 42 also containe an ion temperature contour as
in Figure 41, It also contains some electron density con-
tours or ion—-neutral collision frequencies of
0.44sec™!,0.87sec™! and 1.75sec”! for dip angles of 20° and
40°. The electron density recsponse contains a complication
not evident in the ion temperature response. As horizontal
wavelength is increased a root of the denominator of the
transfer <function may pass close to a complex pole of the
determinant of the system. Depending on which side of the
pole is passed, one may obtain a leading or lagging transfer
function phase chift, Lower wavelengths are found to yield
leading phase shifts. Since the desired phase shift for the
0.006 Hz filter is 21° leading, one finds that the 0.87sec”!
collision frequency and &0 dip angle contour must end
between 1500 and 2000 Km, since the phase anglies are laggin?
for A = 2000 km. The contour for 6b=60° and V. =0.44sec’
is lagging for wavelengths somewhat greater than 800 km, and
is not shown for that reason. All contours for 0b=20° pro-
vide leading phase angles.

Note again that the ion temperature and the electron
densi ty contours in Figure 42 de not intersect the
nitrogen-oxygen contours, More than a reasonable increase
in nitrogen-oxygen <collision frequency would be required
than is acceptable to achieve this intersecticn, Thus, it
would appear that a simple plane wave model does not explain
the on-track wave for the 0.004 filter; that is, for a wave
of about 1000 km based on fiuctuations, spectra and correla-
tion functions. Decreasing horizontal wavelength beliow 500
km also does not help, as can be seen.

In all the cases shown in Figures 41 and 42 and for
similar computations at other temperatures, one finds that,
if the phase shifts of Table IV are satisfied, the ampli-
tudes of Table 1V are not satisfied, the calculated values
being too large. It is not inconceivable, though, that one
might make a comparison for amplitudes, discarding the phase
angles as too inaccurate. As can be seen from Figure 38, a
given amplitude may be achieved for both a frequency that is
higher and a frequency that is lower than that for the <fre-
quency based on the phase shift. On being consistent with
amplitude for all parameters, one comes to the same conclu-
sion as for phase cshifts; that is, a plane traveling wave

cannot provide the values in Table IV, In fact, the ion
temperature amplitucde is almost alwars ver> close to unity,
whereas the values in Table IV are larger, Graphs for

amplitudes simiiar to Figures 41 and 42 will rot be given
here.



The plasma transfer functions in Figures 41 and 42
assume that the true wave is traveling in the north-south
direction, south in the northern hemisphere and north in the
southern hemisphere. It is possible that the wave normal
has an east-west component. In this case K., in equations
(4) and (35) is the north-south component of the true
wavenumber vector. K in equation (3), however, is replaced
by the true normal ized horizontal waue number., In this case
the wavelength along the north-south direction is greater
than the true wavelength. Computations were made for this
case, as well, for horizontal wave number vectors from 0° to
as much as 7&° off the north-south direction. The results
of these calculations are not significantly different from
those obtained for waves traveling in the north~south direc-
tion. No traveling wave snalution is found as above. The
results will not be given here,
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Figures 11 to 14,18,23,24 and 27 illustrate the oscil-
latory content of the fluctuations of the various parameters
for data passed through various high pass filters with cut-
off frequencies <from 0.0013 Hz to 0.013 Hz. In each of
these examples the period of the oscillations is nearly con-
stant. There appear to be many such periods, or
wavelengths, as indicated by the zpectra of Figure 25 and
the outstanding waves listed in Table Illa.

Yet, one would not expect such near constancy in the
period of the fluctuations over the large distance travelled
by the satellite during the 4,125 ceconds of time of Figures
11 to 16, For one, motion is over a sphere and in both hem-
icpheres. Also, the sources for these wives may be in both
auroral zones and not necessarily coherent. As the satel-
lite path enters a localized source region and moves away,
the angle of the path relative to the wave normal of the
waves emanating from the sources changes. For a source of
fixed horizontal wavelength, the change in this angle with
satellite position would change the apparent periodicity,
or, equivalently, the apparent horizontal wavelength, which
is not observed., The apparent constancy of the oscillations
may imply an extended rather than a localized source region,
which appears to be in the northern auroral region, based on
the discussion of fluctuatione in Section 2.3. However,
sources appear present in both auroral regions with the
southern hotter. Both could be generating waves that inter-
fere to oroduce the observed pattern, Thesce sources could
have similar spatial and temporal structures, though not
completely coherent. Diffuse aurora is known to have <come
symmetry in both hemispheres and is of the appropriate scale
sjze to excite large scale waves (Lui et al, 1982; AKasofu,
1974) .,

The fluctuations represent spatial waves along the path
of the satellite with wavelenqths from about 4000 km to
about 400 km. Figures 11 to 16 demonstrate the correlations
between the <fluctuations of all four parameters that were
scudied for two different dominant wavelengths, These
wavelengths were on the order of 2000 Km in Figures 11 to 13
and 1000 km in Figures 14 to 14, Similar fluctuations and
correlations may be shown for other wavelengths by using
different filters. The extent of the correlation is well
brought out in the pliots of the cross correlation functions
in Figures 32 to 36 for the data passed through the same two
filters as for Figures 11 through 14. Correlation of nitro-
Qen and oxygen is strong as shown in FiqQures 32 and 33, and
the fluctuations appear nearly in phase, confirming the
relationship shown in Figures 11 and 14, Anti-correlation
of ion temperature and oxygen density, apparent in Figures
12 and 1S5, is clear in Figures 34 and 35; however, the
degree of correlation is not as strong as that of oxygen and
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nitrogen densities. It is interesting that the ion tempera- )

ture is somewhat better correlated with the nitrogen density
than the oxygen density. This correlation .could possibly
relate in some way to the chemistry and thermodynaamics of
the region, if not unique to this orbit. It should be
investigated for other orbits and their data.

Figures 13 for the 0.003 Hz filter and Figure 16 for
the 0.008 Hz filter, to a lesser extent, suggest that the
electrcn density behavee differently in the two hemispheres,
‘since the phase of the fluctuations ~hanges on passing from
one region to the other. This difference may arise from the
orientation of the magnetic field. For example, at low tem-
poral frequencies and for horizontal wavelengths in the
range of 500 km to 2000 km, the phase shift of the electron
density transfer funclion is small and leading if the wave
is traveling toward the equator, but large and lagging if
traveling away from the equator. These characteristics
appear to be 1like the phase shifts observed in Figures 13
and 16.

Nevertheless, the data do nct appear to be in accor-
dance with a pure traveling wave, as described in Section S.
However, there is no doubt that the constituents, both neu-
tral and ionized, including temperature, are coupled with
spatial char#scteristice over a wide range of scale <cizes
down to hundireds of Kilometers over global regions. The use
of 15 secona data camples precludes study of coupling for
still smaller scale sizes. Gross et al (1980) have looked
at these cmaller scales using 1.5 second AE-C data samples
and also found correlation between parameters.

Since the plane wave model of Section 5. did not
account for the characteristics of the data, one may expect
that the model is too simple., Perhape, viscosity and other
factors that were neglected are important. Beating effects,
over and above noise, makKe the analysis difficult, as well,
Also, the transfer functions of Table IV may be of question-
able accuracy, directly affecting the modeling analyeis., A
mixed wave system of stationary and traveling waves is pos-
sible, which could arise from both a single or two sources,

one for each hemisphere. In the latter case the sources
need not be truly coherent, though of similar spatial and
temporal characteristics. Traveling components most cer-

tainly exist, as is Known from observations of large scale
TID’s by ground instrumentation. But ground instrumentation
may not recognize a stationary structure. More than one
facility may be required, distributed in some way in two
dimensions on the ground. Also, analysis of data of many
orbits appear to indicate that these waves with large scale
lengths are quite commeon in the global structure, yet such
waves are not commonly obzerved on the ground (Georges,
1968) ., Experiments are needed to study these matters
further,
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It is difficult to analyze a system of stationary and
traveling waves with just satellite measurements, no less in
situ data, Ground measurements are needed to augment the
satellite measurements by providing temporal and possibly
directional information. The satellite provides the spatial
distribution. The ground measurements should be made at the
time of a satellite pass over the qground station. Because
of the difficulty of finding cocordinated measurements in the
past, one must arrange for such experiments in advance, if a
suitable satellite is in orbit, and <for enough time to
insure decent and ucseful measurements. (Such an opportunity
exists with the Dynamic Explorer 2 satellite.) Further
modeling efforts are desirable, particularly for propagation
over a sphere with a superposed dipolar magnetic field, such
as has been started by Mayr et al (1982).

An interesting question concerns the large number of
waves that appear to makKe up the distribution, as indicated
by the number of wavelengths in Table IIla. Nothing like
this has been observed with TID’s measured from the ground.
Such Yarge numbers of waves are seen for other orbits, of
course, a number of waves may be present for part of the
data span. Alcso, some of these waves may be viewed as the
Fourier decomposition of a structure, or wave packet, in the
distribution sampled by the satellite and not as individual
waves; that is, this number of waves may be merely an indi-
cation of the spatial complexity of the distribution result-
ing from complex source regione., Nevertheless, each wave
has its own identity in a linear system, as long as linear-
ity applies. There ic no gquarantee that any or all are pro-
pagating. stationary or a mixture,

An important find is the power law decrease cf spectra,
with each parameter having its own index, though that of
nitrogen and oxygen are close. Since the wavelength range
is only 16.5:1 here, the fall off may not be logarithmically
linear over a larger range of wavelengths. This type of
behavior was also observed <for shorter wavelengths using
AE-C 1.5 second data samples {(Grocs et al, 1980) for an
additional 10:1 wavelength range. Thus, it appears that
this type of spectrum occurs for wavelengths ranging from
thousands of Kilometers to tens of Kilometers, but not
necessarily with a constant spectral index over the entire
range. Differences in the fall off rate may arise from the
transfer functions between major and minor species
responses., The +fall off rate itself may arice from the
nature of the source and propagation in the intervening
medium between source and observation point. The relation-
ship to turbulence is of interecst, and these matters deserve
further research. Perhaps, the Van Zandt (1982) thesis for
a2 universal spectrum for buoyancy waves is very revelant.

This study protides a measure of the rme fluction leve!
tor the four parameters which depend on the wavelength of
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the disturbancee. Values are given in Table | and 11. 1¢
temporal frequencies are Known (even for standing waves),
the flux of energy and momentum may be deduced. Such deter~
minations can only ocbtained from more comprehensive, coordi-
nated measurements of satellite and ground focilities. The
methods used here permit a study of the magnitude of fluc-
tuatione and their spectral properties under both quiet and
disturbed conditions, as well,

Finally, this study of AE-C data from orbit Si133 on
January 20, 1975 is not a unique set of data. Less complete
studies were made of data from many other orbits of that
satellite and of data from the AE-E satellite. The results
shown are typical. Similar fluctuations are observed, spec-
tra are similar with peaks at particular on-track
wavelengths and with a decreasing power law fall off.
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Plot cf nitrogen density as in Fig. 1 and normalized nitrogen
density fluctuati_us at the output of high-pass filters of order
equal to 40 and cutoffs of 0,901 Hz and 0.103 Hz vs. tizne in
seconds UT.
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Fig. 12
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Same as Fig. 18, but the high-pass filter cutoff is 0.0095 Hz.

Fig. 26
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Fig. 41
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Plot of theoretical frequency in mHz vs. horizontal wave=-
length in km to satisfy the phase shift requirements of Table
IV for the 0.003 Hz high-pass filter. The temperature is
8309K. The solid lines are for the nitrogen transfer function
phase shift for the different values of the nitrogen-oxygen
collision frequency v,. Al points for the ion temperature
transfer function phase shift are on the dashed line. There
are no electron density curves for this case.




Freq.
mHz

Fig. 42
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The same as Fig. 41, except that the filter requirements

are those for the 0.006 Hz cutoff frequency. Electron density
contours for the transfer function phase shift are shown for
dip angles of 20° and 60° for propagation towards the equator.
Ion neutral collision frequency, vij,» values associated with
the curves are shown. These electron density contours are
labeled.
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