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ABSTRACT

A theoretical study of the time-dependent thermal be-
havior of the ionospheric electron gas is made, leading to
the following conclusions:

1. Very substantial heating occurs in the ionosphere be-
fore there is any perceptible increase in ionization,

2, The electron temperature reaches a peak some time af-
ter sunrise but much before heat production becomes
maximum,

3. At a given phase of the solar cycle summer temperatu-
res are higher than winter temperatures, Summer tem-
peratures at solar cycle minimum may be higher than
winter temperatures at solar cycle maximum,

4, At sufficiently small solar zenithal angles a maximum
appears in the temperature profile at some 300 km
height, heat flowing both upward and downward from
this peak,

A second topic treated deals with the results from the
radio-beacon experiment aboard EGO, Profiles of local elec-
tron concentration in the exosphere at heights between 6000
and 30,000 km were obtained, In addition, the examination of
early morning data showed marked rearrangements in the ioni-
zed layer taking place between one half and one and one half
hours after sunrise, This rearrangement can be interpreted
as an upward flux of ionization from the ionosphere into the
exosphere, and lasted about 20 minutes in the passages obser-
ved. The flux attained the value of 1.5 x 10° electrons cm_

sec on one of the days measured,

The final topic consists of a statistical investiga-
tion of the behavior of the nighttime columnar content of the
ionosphere, It was observed that at Stanford the majority of
nights exhibited an unchanging content while at Hawaii the
content tended to decay. It was also found that the average
K of non-decaying nights at Stanford was much lower than
the Kp of decaying nights.These results are interpreted as
supporting the theory of an exosphere fed nocturnal F-layer.
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I. INTRODUCTION

The transition period between night and day, in the
ionosphere, is marked by profound changes in the ion con-
centration and electron temperature, The theoretical be-
havior of the former, during these hours, has been treated
by several authors as, for instance Rishbeth [1961], but it
appears that no models for the corresponding temperature
variations of the plasma have so far been considered. Since
experimental results hint at drastic temperature changes at
dawn, and since these temperature variations have strong in-
fluence on the distribution of the ionization, it becomes
important, for the proper interpretation of experimental
data related to this period of time, to investigate theoreti-
cally the effect of solar rays on the heating of the electron
gas.

Although, as stated above, the transient heating of the
ionosphere has not yet been examined, the thermal behavior
of the upper atmosphere has, in general, been the subject of
several theoretical investigations supported by many experi-
mental measurements. Originally the attention of most authors
was directed towards the time variations of the neutral atmos-
phere; more recently several articles treating the steady
state midday plasma temperature have appeared., The present
work extends these studies to the solution of the time-
dependent problem,

Lowan [1955] studied the cooling of the upper atmosphere
after sunset by solving a simplified heat conduction equation
in which the conductivity, A, was assumed to be height-
independent, and all the heat transfer was solely by con-
duction, Boundary and initial conditions used were the
temperatures given by the Rocket Panel,.

Harris and Priester [1962], in a classical article, made

a much more extensive study of the time variations of the
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thermospheric thermal structure, covering the full 24-hour
period. 1In addition to heat conduction (including a tem-—
perature dependent conductivity), the authors also considered
cooling by infrared radiation of atomic oxygen and the effect
of the gain and loss of heat due to the work of the expanding
and contracting air, against gravity., This convective in-
fluence was found to be small, causing a decrease of less
than 5% in the mean diurnal temperatures. Harris and Priester
found that, by using as sole heating source the solar extreme
ultra violet (euv), they were unable to match the diurnal
density variation of the empirical Bonn Observatory model of
1961 [Martin, et al, 1961]. The theoretical curves peaked

at 1700 LMT while the real maximum was observed to occur at
1400 LMT, To obtain a better agreement between theory and
experiment, an additional "ad hoc” heating source, of roughly
the same total energy as the euv, had to be assumed, having

a peak at 0900 LMT. The calculated tables of atmospheric
temperatures and densities and of the concentration of the
various neutral particle species, for every hour of the day
and for the altitude range between 120 and 2000 km, have been
widely used as models of the atmosphere by different investi-
gators.

The thermal properties of the ionospheric plasma were
investigated by Hanson and Johnson [1961] and by Hanson
[1962] who showed that, at midday, the electron temperature
would substantially exceed that of the neutral gas at alti-
tudes near the peak of production, Hanson estimated the
heat input function and solved the steady state heat flow
equation taking into account only the heat losses of the
electron gas through coupling with ions and neutrals, i.e,,
ignoring the thermal conductivity of the electrons,

Dalgarno, et al, {1963], in a much quoted paper, car-
ried out essentially the same analysis, but included consid-

erably more detail in the production and loss mechanism,
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It should be pointed out here that although Hanson and
Dalgarno obtained very useful results, the fact that electron
conductivity was neglected leads to two important difficul-
ties, Firstly, the predicted temperature above the produc-
tion peak is much lower than the generally observed value,

In fact, the theory calls for a sharp decrease in electron
temperature above the peak while in practice a nearly height-
independent temperature is measured. Secondly, an unstable
situation may result if the electron concentration is too
small, This can be seen if the production term is equated
to the dominant loss term (the one due to ions) as the above
authors do. One obtains:

Q n (Te = Tp)

C 268 Te3/2

where Q is the heat energy released per cubic centimeter per
second,

C is the heat capcity per cubic centimeter; for elec-
trons it is equal to %-kn (where k 1is Boltzmann's
constant),

n is the electron or ion concentration, and

Te and Ti are, respectively, the electron and ion

temperatures,

This can be written

For a given Ti and sufficiently large Q/n2 no value
of Te will balance the equation, meaning that this partic-
ular cooling mechanism is inadequate and the temperature will

rise until heat conductivity, which grows with increasing

ol

away electron temperature condition” by Hanson and Johnson

[1961].
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More recently Geisler and Bowhill [1965] took the in-
vestigation one important step further by not only perfecting
the heat production function (including the non local produc-
tion of heat by fast photo-electrons generated far away from
the heated point) but also by including the important effect
of the thermal conductivity in the electron gas., This in-
clusion considerably complicates the mathematical problem
transforming the heat flow equation from an ordinary first
order differential equation into a second order partial dif-
ferential equation, The steady state solution obtained fits
the experimental observation much more closely,

A time dependent solution of the electron gas tempera-
ture including both the losses by coolant gases and heat
transfer by conduction is presented in Chapter III, thereby
allowing the investigation of the thermal behavior of the
ionospheres during moments like sunrise and sunset when the
rapid changes in temperature might invalidate the steady
state solution.

Another topic dealt with in this report has to do with
artificial satellites which have certainly proven their great
usefulness as tools for ionospheric research., Their flexi-
bility in this work stems not only from the wide range of
equipment that can be installed aboard, but also from the
large variety of orbits in which a satellite can be placed,
The majority of ionospheric studies by means of satellites
has been carried out by using devices put into roughly cir-
cular orbits between 300 and 1000 km above sea level., Garriott
and Little [1960] pointed out the advantages of using geo-
stationary satellites for the measurements of some ionospheric
properties, As yet, however, no vehicle specifically designed
for research has been launched in such an orbit, but the ex-
istence of synchronous communications satellites has provided
the opportunity to carry out some of the investigations en-
visaged in the above mentioned article, By using the 136 Mc

carrier of a telemetry transmitter aboard Syncom III, Garriott,
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Smith, and Yuen [1965] have made extensive observations of
the behavior of the columnar electron content through the
measurement of the Faraday rotation angle of the incoming
signal. From the rise of the content at dawn, the above
authors have deduced the value of the integrated production
rate of electron-ion pairs.

Several satellites have been placed in highly eccentric
orbits, carrying aboard plasma probes, magnetometers and
other measuring devices. The first vehicle equipped with a
radio beacon designed for propagation experiments, to be
placed in an orbit which takes it out to several earth radii
from the surface, is EGO (0GO-A), When such radio beacons
radiate two harmonically related frequencies, it is possible
to measure columnar electron content not only by the Faraday-
rotation-angle method, as in the case of Syncom III, but also
by the differential-Doppler-frequency method. The latter
yields the columnar content up to the satellite, while the
former, being weighted by the geomagnetic field strength,
"sees"” only the lower levels of ionization, The difference
between these two measurements serves as an estimate of the
columnar content of the exosphere up to the satellite.

Changes in this "exospheric columnar content"” yield
information about true temporal variations of the exospheric
ionization, about local electron concentration in the exo-
sphere and about horizontal gradients of ionization in that
region. In the EGO experiment these effects are apt to
be mixed together and it is not always possible to separate
them. The observation of the temporal variations led to the
detection of a hitherto unreported phenomenon: a large up-
ward flux of ionization from the ionosphere to the exosphere,
which occurs some time after sunrise. This phenomenon can
be investigated more effectively by the use of a radio-beacon
transmitter with two harmonically related frequencies, as the

one on EGO, placed aboard a geostationary satellite. Such
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an experiment would not only provide a means of measuring

the temporal variations in the exosphere, undisturbed by the
effects of the motion of the satellite with respect to the
observer, but would also allow daily observations in contrast
with the infrequent ones that can be made with EGO.

Local concentration measurements depend on the radial
velocity of the satellite and can be made only in the region
of high concentration within the plasmapause. It is impor-
tant, therefore, that the satellite orbit be of low inclina-
tion so that a substantial part of its path near perigee is
within this region, Future measurements of exospheric con-
centration profiles by the radio propagation method would
profit from the use of equatorial (zero inclination) satel-
lites placed in highly eccentric orbits. Under such condi-
tions the useful path length would be at a maximum and, at
least for observing stations near the equator, the problems
due to satellite motion perpendicular to the line of sight,

would be minimized,
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II. PRELIMINARIES

A, THE SATELLITE

The S-49 satellite, also known as EGO (Eccentric Geophysi-
cal Observatory) or OGO-A, was launched on 5 September 1964
and carries aboard, among other experiments, a pair of radio
beacons operating at harmonically related fredquencies (40,01
and 360.09 Mc), which are modulated by 20- and 200-kc sig-
nals. The various spectral components have the output powers

shown below,

Output
Frequency Power
(Mc) (mw)
Carrier 230
40 Each 200-kc sideband 230
Each 20-kc sideband 55
Carrier 125
360 Each 200-kc sideband 20
Each 20-kc sideband 12.5

The 40-Mc transmitting antenna is a simple dipole (gain:
2 db); the 360-Mc antenna is a yagi (gain: 8 db). The orbit
of the satellite is highly eccentric: apogee is at nearly
149,000 km, while perigee (which occurs at about 20° S geo-
graphic latitude) has been steadily increasing in height, at
a rate of some 5,000 km/year., On 28 February 1965, it was
at slightly more than 3,000-km altitude. The period of the
orbit is very close to 64 hours. The inclination of the
orbit, unlike that of less-eccentric sztellites, is also
growing. The rate is about 18 deg/year; at the above date,
it had reached a value of 39.1 degq,
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It was planned to have an earth-stabilized satellite, but
difficulties that appeared immediately after launch caused
the satellite to spin at a rate of 5 rpm, introducing some
unexpected complications in the radio-beacon experiment, The
spin-axis orientation is not known precisely., Values of 42.5
deg in right ascension and -9 deg in declination, suggested
by some independent measurements, were used in interpreting
the data,.

Figure 1 shows the general configuration of the satellite,

B. GENERAL DISCUSSION OF THE ANALYSIS

The radio-beacon experiment aboard the EGO satellite was
designed with the objective of investigating the exosphere
by studying the behavior of the columnar electron content
between ground and satellite as the latter rises from peri-
gee in its very eccentric orbit. Since this involves looking
at a tenuous exosphere through a much denser ionosphere, it
became immediately apparent that simple assumptions about
the latter, such as time invariance and horizontal strati-
fication, would lead to errors that would completely mask
the effects sought. To avoid this difficulty, it was decided
to make simultaneous measurements of the differential-Doppler
frequency and the Faraday-rotation angle., The former can be
translated into columnar content from ground to transmitter
while the latter, being weighted by the geomagnetic field,
yields columnar content determined mainly by the ionization
below, say, 1000 km. The difference between the contents
thus obtained can be attributed to the columnar content of
the exosphere up to satellite height and should be fairly
independent of the variations in the lower ionosphere,

Both the differential-Doppler-frequency and the Faraday-
rotation-angle methods require independent measurement of an
absolute reference value--in the Doppier method because of an
unknown integration constant and in the Faraday method be-
cause of the uncertainty in the number of half rotations.
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The absolute reference for Doppler is derived from group-—
delay measurements, Unfortunately, instrumentation difficul-
ties have caused us to place little reliance on the absolute
values thus obtained, It appears, however, that there is no
fundamental difficulty in the method and it can probably be
made to yield useful results., Many conclusions can be drawn
from the EGO radio-beacon data even when these absolute values
are unknown, because they do not affect the shape of the co-
lumnar-content-vs—-time curve,

The measurement of the absolute reference level for the
Faraday-rotation-angle columnar-content curve is more criti-
cal because here the slope of the curve is dependent on the
level, which is derived from the differential-Faraday-rota-
tion-angle between the two 200-kc sidebands of the 40-Mc sig-
nal, This latter measurement leads to a wide scatter of points
but, with suitable averaging process, it is believed that
errors of less than +10 per cent can be attained. Our con-
fidence in this accuracy is bolstered by comparisons with
simultaneous measurements made with Syncom III and S-66
satellites (Garriott, Smith and Yuen [1965]) .

Curves of columnar-content-vs-time are shown in Fig, 14,
The Doppler and Faraday results are obtained independently
and it can be seen that the irregularities in the ionosphere
are faithfully reproduced in both traces, For the present
investigation it is the difference between the two slant-
content curves that is of interest, Figure 15 shows this
difference for the days represented in the preceding figure,
Because of the difficulties mentioned before with the group-
delay measurements, it was impossible to assign a correct
value to the magnitude of the difference; the shape of the
curve gives, however, useful information,

The amplitude fluctuations of the 360-Mc carrier, being
relatively unaffected by the Faraday effect, are used to
measure the spin rate of the satellite, The differential-

Faraday data are obtained by scaling the time difference
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between the lower- and upper-sideband minima and comparing
this with the period between two consecutive minima of one
of the sidebands.

The Faraday-rotation angle is obtained by scaling the
time of occurrence of every tenth minimum to the nearest 0.1
sec, and comparing the average interval between two minima
with the spin period of the satellite., The differential-
Doppler frequency is scaled by a simple cycle count. Group-
delay data are collected by annotating the phase-meter
readings, In general, all data were scaled at l-min inter-

vals.

C. EQUIPMENT

To make full use of the radio-beacon aboard EGO it is
necessary to receive the following signals:

a., The carriers at 40 and 360 Mc for differential-Doppler-
frequency measurements,

b. The 20- or 200-kc modulations on both the 40- and
360-Mc signals, for group delay measurements.

c. Either the carrier or one of the 200-kc sidebands of
the 40-Mc signal for the Faraday-rotation-angle
measurement,

d. One pair of signals at 40 Mc. This may be the carrier
and one of the sidebands or else the two sidebands.
The latter combination is preferable due to the larger
frequency spacing and the consequent improvement in
data scaling precision,

Due to the small power radiated by the spacecraft, it
became important that antennas of considerable gain be used,
Two independent arrays of four yagis mounted on the corners
of a square, constituted the 40-Mc antenna, At each corner
two six-element yagis were located perpendicularly to each
other and interconnected with the parallel yagis in the re-
maining corners, In this fashion, two mutually perpendicu-
lar, linearly polarized arrays, furnishing each a i3 db gain,

could be used either individually as linear elements for the
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Faraday-rotation-angle measurement, or combined to form a
circularly polarized system (with choice of right or left
polarization) for the differential-Doppler receivers, The
use of this latter type of antenna eliminates the Faraday
nulls that would otherwise tend to unlock the receivers., The
360-Mc signal was picked up by four right circular helical
antennas giving a 22 db gain. The whole ensemble was pro-
vided with an alt-azimuth mounting on a pedestal so as to
permit tracking the satellite, Azimuth and elevation informa-
tion was transmitted to the receiving site by means of selsyn
indicators.

The expected signal-to-noise ratio with the satellite at
apogee was about 12 db for the 360-Mc carrier and its 200-kc
sidebands, 14 db for the 40-Mc carrier and 17 db for the 200-
kc sidebands of the latter. These ratios were based on sky
noise temperature of 850 and 15,000 degrees Kelvin, for the
360- and 40-Mc signals, respectively, Because of the un-
expected spinning of the satellite, considerable signal
strength was lost through transmitting antenna misorientation,
making it impossible to realize the expected signal-to-noise
ratios, Continuous lock with the satellite near apogee could
not be maintained and the useful range for data acquisition
remained limited to 70,000 km,

The receiving edquipment was built especially for this
experiment by Smyth Research Associates (SRA), For the re-
ception of the Doppler information two phase lock receivers
were employed, Their voltage controlled oscillators (vco)
locked on the two incoming carriers and their signal was fed
to a pair of phase comparators, the output of which was re-
corded on a Sanborn graphic recorder. One of the phase
comparators received the signal directly from the vco's,
while the other had one of the voltages retarded by 90
degrees, This arrangement permits the determination of which
is the higher of the two frequencies being compared, Com-

parison was made at 40 Mc, Two synchronous demodulators in
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each Doppler receiver recovered the modulation envelope super-
imposed on the carriers, The two audio tones--one from each
receiver--were fed to a phasemeter and the reading monitored
visually. To insure an adequate signal-to-noise ratio the
audio tones had to be passed through a narrow band tracking
filter, The selectivity of the loop filter for the differ-
ential Doppler measurement was set at 5 cps for the 40-Mc
receiver and 15 cps for the 360-Mc one.

For the Faraday-rotation-angle measurement two additional
phase lock receivers were used, The injection voltage for
the first mixer in these receivers was derived from the 40-Mc
Doppler receiver vco thus not only providing a signal during
the Faraday minima, but also removing all the Doppler shift
due to the satellite motion, The resulting 20.5-Mc interme-
diate frequency signal was then applied to two independent
phase-lock systems capable of tuning to the carrier or either
of the 200-kc sidebands., Loop filter selectivity was set at
45 cps, The amplitude of the signal, obtained from a demodu-
lator constituted the useful output and was recorded on the
same Sanborn chart as the differential-Doppler beat,

Provisions existed for the recording of the amplitude of

the 40- and 360-Mc carrier amplitude from the Doppler receivers,

D. THE DATA

The raw data input for the EGO propagation experiment
consists of

a, The amplitude trace of one of the 40-Mc signals received
with a linear antenna and containing the fades or minima
caused by the spinning of the satellite modified by the
Faraday effect. From this information and from an ab-
solute reference obtained from item b, the columnar
electron content below the exosphere is obtained,

b, A second trace similar to the one mentioned in a, but
at a slightly different frequency. From the difference
between the Faraday effect on the two signals, the ab-
solute values of the columnar content are determined.
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c. A trace of the beat between the 40- and 360-Mc signals
(the latter having had its frequency divided by 9).
This trace allows the determination of the time varia-
tion of the columnar content up to satellite, An
integration of these results yields the shape of the
content-vs-time curve and the knowledge of an absolute
reference value--that could be obtained from item d--
would permit the correct drawing of such a curve, As
explained previously, it proved impossible to obtain
the reference value and, therefore, the knowledge of
the absolute value of the exosphere content is lacking.
Nevertheless the important time variations of this con-—
tent are still very useful,

d. A tabulation of the phase-angles-vs-time obtained from
the group delay experiment, This part did not work
reliably,

A detailed study of the processing of the raw data to ob-
tain the various columnar-contents-vs-time curves has been
described by da Rosa [1965]. The effects of the satellite
spin on the measurements is profound and in the paper referred
to, this is thoroughly examined,

For each EGO run, the data, in its final processed form
ready for analysis, consists of curves in which the columnar
contents measured by the two techniques described and the
so-called exosphere columnar content are plotted versus time,
at one-minute intervals, Such curves, most of which were
taken at Stanford, cover from 2 to 5 hours and, through a
peculiarity of the satellite period, all fall around one of
three times of the day: early morning, midday, and early
evening, Sunrise was observed in the first group while sun-
set occurred in the last, Exosphere columnar content is
defined here as the difference between the columnar contents
obtained from Doppler and from Faraday (see Chapter 1IV),

If there were no temporal changes in the exosphere and
if the satellite moved radially out, one would expect that,
as the observer to spacecraft distance progressively in-
creased, the columnar content of the exosphere would appear

to grow, The growth rate would yield information about local
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electron concentration from which exosphere concentration
profiles could be constructed. Such a simple model is fre-
quently not valid, not only due to substantial time changes
in the ionization at high altitudes, but also due to the fact
that the satellite's motion perpendicular to the ray path
(particularly large at the beginning of the run) combined
with horizontal gradients in the exosphere will influence

the observed columnar content., When there is reason to be-
lieve that one of the three factors that cause columnar con-
tent changes, largely outweighs the other two, it is possible
to obtain certain results of interest. Thus for instance,
one may argue that during the night there is probably little
temporal variation at these latitudes, On the other hand,
during the outbound runs, there is a relatively long period
when the spacecraft seems almost geostationary and when,
consequently, horizontal gradients are not very important,
Also, when the satellite is far out, its radial velocity is
sufficiently small and the local density presumably low
enough so that the receding motion has an insignificant ef-
fect on the content-vs-time curve,

It had been planned to carry out prolonged observations
of EGO near its apogee by using three widely-spaced stations
capable of providing continuous coverage. Such stations
located at Stanford, Athens and Kyoto were all implemented
but the project suffered due to the inability of tracking
the satellite above 70,000 km, It is hoped that with 0OGO-B
this kind of observation can be made, and that the resulting
small changes in distance and in apparent position of the
beacon will reduce some of the present difficulties in data
interpretation,

All the Syncom III data were obtained either from Garriott,

Smith and Yuen [1965] or from unpublished information kindly
furnished by Fred L., Smith, III, one of the coauthors of the

article mentioned above, The method employed to reduce the
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raw data to columnar-content-vs-time curves is described in

that article.
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III. THE THEORETICAL TIME-DEPENDENT THERMAL
BEHAVIOR OF THE IONOSPHERIC ELECTRON GAS

In this chapter the temperature variation of the ion-
ospheric electron gas during the dawn hours will be investi-
gated theoretically. The solution of this problem is of im~
portance if an understanding of the behavior of the early
morning ionosphere {studied in the next chapter) is to be
gained, A time-dependent heat flow equation is established

and its numerical solution is obtained.

A, ELECTRON GAS HEATING AND COOLING MECHANISMS IN THE
IONOSPHERE

Undoubtedly, the main cause of upper atmosphere heating
is the solar extreme ultraviolet radiation (euv) notwith-
standing the fact that other sources such as hydromagnetic
wave dissipation, electric fields and particle precipitation,
may also play an important role,

In order to be able to examine how the temperature of
the ionosphere reacts to the sunrise, simplified models will
be considered, in which the only heat source is the euv, It
is assumed that all the heat input is via the electron gas--
direct heating of neutrals and ions being taken as negligible,
Heating of the electron gas results from the thermalization
of fast electrons created in the ionization of neutral gases
by photon absorption or by collision with the fast electrons
themselves, At low altitudes where the mean free path of a
fast electron is small compared with a scale height, this
thermalization occurs in the immediate vicinity of the point
where the electron was ejected from its parent atom (local
heating). Only part of the energy of the photo-electron ap-
pears as heat of the electron gas, the remainder being used
sicns, the products of which do not yield
their internal energy in the region or at the moment of in-

terest,
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The form of the heating function, Q(z), i.e., the amount
of heat released per unit time per unit volume, has been
worked out by several of the authors mentioned in the intro-
duction, especially by Geisler and Bowhill [1965] who in-
cluded the "non local heating.,"

In the present work the Geisler and Bowhill production
function has been adopted, with a modification to include
the influence of the solar zenithal angle, Strictly speak-
ing, the isotropic pitch angle distribution of the ejected
photo-electrons, used in the model above, should be replaced
by the more complex expression given by Mariani [1965] due
to the assymetry between the magnetic field and the direction
of the solar radiation, that exists at dawn, This would
alter somewhat the value of the production function at high
altitudes, but would have only a small effect on the electron
temperature profile., The solar zenithal angle was intro-
duced by applying the Chapman function correction to the
Chapman -f-~like distribution of heat input below 300 km,

Thus

zZ - 2
Z - 2 m

= =~ Ch(x)e” TH )

where Qm is the value of Q at the peak of heat production

Q(z) = Q  exp (1 -

for overhead sun, which occurs at z s
H is the scale height of atomic oxygen;
X 1s the solar zenithal angle; and

Ch(x) is the Chapman function,

The adopted values of Zn and H were respectively
180 km and 53 km, Qm was taken as 7000 ev per cubic centi-
meter per second for the solar minimum conditions and was
scaled up in proportion to the increase in 10.7 cm solar
flux, for other periods,
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For altitudes above 300 km, the formula below was used.

2 2.2 (1 5\ M2 (1 2)1/2
Q(z)=Q0 [l+'§- (1-M7) (Z—Z—§)+Tlog ‘l+ —MM l]
M

where M2 =exp [ - (z - 300) / 2H ]

These expressions were taken directly from the Geisler
and Bowhill work mentioned,

Q0 is the value of Q determined from the Chapman for-
mula applicable to heights below 300 km,

Figure 2 shows the shape of the production function at

solar minimum, for two different values of 1y .
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FIG. 2. SOLAR-CYCLE-MINIMUM HEAT INPUT TO THE ELECTRON GAS
(AFTER GEISLER AND BOWHILL [1965]). A Chapman function
dependence on the solar zenithal angle, ¥ , was intro-
duced, Isotropic ejection of fast electrons is assumed,
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Ions and neutrals act as coolants of the electron gas
during the day and, if no other source is present, as heat
sources, at night. The heat exchange mechanism is very com-
plicated and an excellent treatment of this problem can be
found in Dalgarno, et al, [1963]. A good summary descrip-
tion of the phenomenon can also be found in Geisler and
Bowhill [1965] so that it is unnecessary to repeat it here,

The calculation of the thermal response of the atmos-
pheric electron gas to the effect of the rising sun involves
the solution of the time dependent heat flow equation con-
taining terms representing the cooling of the gas through
heat coupling to other particle species and through the con-
duction in the electron gas itself, The equation is a non-
linear, parabolic partial differential equation of second
order in the space dimension, Since no horizontal variations
in temperature are considered, only one single space dimen-
sion--height--is considered, The solution of the equation
requires the choice of one initial and two boundary condi-
tions,

The initial condition is the temperature profile that
exists at the end of the night just prior to the first heat-
ing due to the solar euv, The large thermal sluggishness
of the neutral atmosphere and the existence of a nighttime
heating source in the Harris and Priester model, are respon-
sible for the existence of steep temperature height-gradients
even in the predawn period. If it is assumed that there are
no sources capable of heating the electron gas in the absence
of the sun, then due to the small heat capacity of this gas
compared to the rest of the atmosphere, the electron tempera-
ture will fall quickly to that of the neutrals. The existence
of the steep gradients mentioned will cause considerable heat
flow downward,., Under the assumption above, this heat must
come from the neutrals by direct coupling and this, in turn,

requires that the electrons become cooler than the neutrals,
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The temperature difference will depend inversely on the
efficiency of the heat transfer mechanism which will grow
with the increasing ratio of neutral to electron concentra-
tion, i.e,, with diminishing heights.

One boundary condition chosen is that the electron tem-
perature is always equal to that of the neutral gases at 120
km., This is admittedly arbitrary because no accurate simul-
taneous measurements of the two temperatures involved are
available. The fairly high neutral density seems to justify
in part this assumption,

There is a choice of the type of upper boundary condition
that can be used: one can stipulate a given temperature, a
given temperature gradient or a given heat flux, depending
on the physical situation being investigated, ‘

B, THE TIME-DEPENDENT HEAT FLOW EQUATION

Consider a unit volume cell of a gas consisting of a
mixture of various species of particles, Consider in par-
ticular the thermal behavior of species "1" when heat energy
input to the gas is entirely by way of this species. As
argued previously, this is the case of the higher atmosphere
where, as a good first approximation, all the heat input is
via the electron gas, Let the heat energy input per unit
volume per unit time be designated by Q , measured in elec-
tron volts per cm3 per second,

If there were no mechanism for heat loss, species "1"
would show a steady raise in temperature given by

dTl

Cat =9

where Cl is the heat capacity of gas "1", in electron volts

per degree Kelvin per cubic centimeter, Since to each degree

of freedom there is associated an energy of %kT it feollows

that, for electrons which have only the three (translational)
3

degrees of freedom, C = ikn, where n is the concentration
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(number of particles per cubic centimeter) and k is Boltz-

mann's constant, Both Q and C may be time dependent,

and, in the atmosphere are certainly height dependent.
Species "1" inside the cell will exchange part of its

thermal energy with the surroundings by two processes,

1. Heat Transfer

As soon as the temperature of species "1" exceeds
that of the rest of the gas, some of its energy will be com-
municated to the other species, The amount of heat energy
loss per unit volume will, clearly, be proportional to the
temperature difference between species "1" and species "i"
and to the concentration of the latter,

Let L Dbe the energy lost per unit time per unit
volume by species "1" through this process

L=2a (T -T,) n,

where A 1is a parameter which depends on the temperature
and on the species involved and which will be examined more
closely further on, The total heat energy transferred, per
unit time and unit volume, from gas 1 to the remaining
gases in the mixture is the sum of the values of L , repre-
sented here by the symbol XL .

The coolant gases, by removing heat from the elec-
trons, will themselves heat up, Due to the large heat ca-
pacity of the neutrals, they will respond only slowly,
showing a small rate of temperature increase., To compute
the behavior of a simplified ionosphere model the temperature
of the neutrals can be taken, as a first approximation as
constant--if the time span during which the electron tempera-
ture is being examined is sufficiently short--or else the
temperature changes of neutrals can be programmed to follow
the Harris and Priester model,

The temperature of the ions at low altitudes, say

below some 500 km, is close to that of the neutrals due to
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the good inter-species coupling, At higher altitudes the
electron-ion coupling begins to be more and more important
until, in the neighborhood of 1000 km, it is the dominant
factor in heat removal by the cooling fluid. Since the rate
of heat transfer from the ions to the neutral gas can be
mathematically described, the ion temperature can be computed
from the available data by balancing heat input to the ion
gas from the electron gas and heat output from the ion gas
to the neutral atmosphere, It should be noted that heat
conduction by ions is not important because the conductivity
is proportional to the inverse of the square root of the mass
of the charged particle, Hence the predominant ion gas, 0+,
has a conductivity almost 200 times lower than that of the
electron gas,

In the present work the ion temperature is handled
in the somewhat arbitrary fashion described in the last sec-
tion of this chapter. The inclusion of the exact ion tem-
perature would require the solution of a pair of simultaneous
differential equations at each height step, while the simpli-
fying assumption adopted, reduced this to the solution of a
single equation at each step., The resulting errors are small,
especially in view of the fact that at high altitudes electron
temperature is mainly determined by the conductivity of the
electron gas and not greatly influenced by inter-species heat

exchanges,

2. Conduction

If the temperature throughout the gas is not uniform,
then heat will flow from the hotter to the cooler point., The
heat flux density will be proportional to the temperature
gradient and to the heat conductivity, X . In one dimension

oT.

heat flux density = X SEL electron volts cm 2 sec T
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If the gradient is uniform, just as much heat flows
in as out of the cell, and no energy is deposited in it, The
energy change in the cell is

BTl

Q 3z )

_ 9
cond, dz (A

The conductivity X is a function of T, and,

therefore, of z , For neutrals \ « Tl/2

but for elec-
trons the dependence is much stronger, as A = BT5/2. The
value of B will be derived in the next section,

Taking both heat exchange mechanisms into account,
one obtains a time dependent heat flow equation which, for

the electron gas, is

3T
L 3 5/2 e ]
3t C, [ B3z (T 5z ) t Q-2

C. NUMERICAL VALUE OF VARIOUS PARAMETERS

In the preceding section, the thermal conductivity of
the electron gas was assumed to be \ = BT5/2. To determine
the value of B we refer to Spitzer {1962] who states that
this conductivity, in a Lorentz gas, is

™ 5/2
_ -12 e cal
A, = 1.95 x 10 1np sec deg cm

L

The value of lnp is a slow function of T, and of the

electron concentration, The table below is taken from Spitzer.

TABLE 1, VALUES OF lnA

T Electron Concentration
e
10° 103 10°
102 16.3 12.8 9.4
103 19.7 16,3 12.8
104 23.2 19.7 16,3
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Since Te in the ionosphere is of the order of 1000° K
3

and N_ is between 10~ and 10°® electrons cm-3, a reasonable
value of 1lnA is 15. Thus
13 5/2

XL =1,3x10 Te

The ratio of the conductivities of an actual gas to that

of a Lorentz gas is, for electrons, 0,225, hence
_ -14 5/2 cal
A=2.9 x 10 Te sec deg cm
or
_ 5. 5/2 e.v.
A=7.7 x 10 Te sec deg cm
whence
5 e.V.
B=7.7x10 sec deg7/2 om

The values of the various constants, all designated A,
relating heat loss to the coolant gases to the product of
coolant concentration and temperature difference, have been
amply discussed by Hanson, Dalgarno, and by Geisler and
Bowhill,

Hanson and Johnson [1961] calculated the value for A
for the electron gas to oxygen-ion coupling and found

Ce
A=———anr
268 T_3/2

e
where Te is the electron temperature and Ce is the heat
capacity of the gas in electron volts per cubic centimeter
per degree Kelvin,

For losses to molecular oxygen, Hanson {[1962] finds

14

A-4.0x10""1 -8.0x 1012

For losses to molecular nitrogen, Geisler and Bowhill
[1965] adopt the formula below extracted from Dalgarno, et al,
[1963] and from Dalgarno and Moffett [1962]:
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16 11 15

A=7.6 x 10 - 5.6 x 10~ T

Te + [1.2 x 10 N]

where TN is the temperature of the neutrals,

D. NUMERICAL SOLUTION OF THE TIME-DEPENDENT HEAT FLOW
EQUATION

The heat flow equation developed in Section B can be

written
T 52T 3T 2
== =U (2,t,T) —5 +V (2,t,T) (=) + W (z,t,T)
3t az2 dz
where B 5/2
U = E— T
e
v =3B p¥2
e
_ 1
W = C (@ ~ L)
e

The partial differential equation above can be substi-
tuted by the corresponding difference equation

Tiger “ %5 _ 0 Tien,3 7%y Y Tioag
At 153 (1z)2
T, =T, . 2
i+l, 3 i,7
+ vi,j ( Az ) + Wi’j

where i 1is the order of the height step, Az;
j 1s the order of the time step, At;
Ui 3 stands for U (iAz,3jAt) and so on,
3
Here the unknown, T
known parameters,

i,541 ° is an explicit function of
s

It is very important to realize that as Az,A0t+ 0, the
solution of the difference equation does not necessarily

converge to the solution of the differential equation, 1If
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there is no convergence--the values of T may oscillate
wildly with each time step--the equation is said to be un-
stable.

The exact condition of stability is not known to this

author, but is, probably

max (Ui .) At2 < %-
2] (az)
and additional constraints related to Vi 3 and Wi 5
2 b

This imposes an extremely stringent restriction on the sizes
of the steps Az, At, i.e,, the mesh sizes in the 2z, t
plane that can be used, making it in fact, impossible to
solve the physical problem on hand by the above scheme. That
it is so can be seen from the evaluation of the maximum time
step allowed, Consider as an example, the situation when
the electron concentration is as low as 104 cm_3 and the
temperature is 1000° K. These are values that can occur

easily, at heights of 1000 km, Under such conditions

7.7 x 105 TS/2

1.29 x 1074 n

U =

Here we expressed the heat capacity of the electron gas,
%kn, in electron volts and as a function of the concentration
n ., Introducing the chosen values of concentration and tem~
perature, we obtain

U~ 2 x 1053

Even using fairly large height steps of 20 km, the maxi-
mum time step will be 0,1 seconds, Since the time intervals
of interest are of the order of one hour, 40,000 iterations
would be necessary. This is not only quite expensive in
terms of computer time, but also would certainly become
meaningless due to the accumulated truncation and round-off

errors.
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To circumvent these difficulties, it is possible to use
implicit difference equations, the general scheme being the
expression of the space derivatives not in ferms of the values
of the dependent variable at the last computed time step
alone, but also (or exclusively) in terms of the values at
the next (future) step. Thus, the second derivative could

be represented by

l -
a2 L° (Tiv1,3+1 7 275,541 + Ty, 542)

+ (1 - q) (T, 1,5 % Ti—l,j)]

irl,5 ~ 2T

where ¢ 1s a constant., When g = the scheme is known

N

as the Crank and Nicholson scheme and when o = 1 , it is
the Laasonen scheme, (See Crank and Nicholson [1947] and
Laasonen [1949].,) The former leads to truncation error,
e = 0 [(08)%] + O [(Ax)?%] while the latter has the dis-
advantage of larger error, e = 0 [(At)] + O [(Ax)2]. Many
other schemes, some with smaller errors, are possible, Since
we are not interested in extreme precision and considering
that the extension of the high accuracy schemes to compli-
cated non linear problems can lead to serious difficulties,
we will adopt the simpler Laasonen method,

We will find separately the implicit expressions for the
conduction and for the loss terms of the heat flow difference
equations corresponding to the differential equation below

B
c

aT
at

ZL Q
) - 3t T+ 3t g

3t §L ( T5/2
z

loss production

conduction term
term term

and then will solve the complete equation,

1. The Conduction Term

B 3 (p5/2 3T
c 3z T 3%)
substituted by a corresponding difference expression

The conduction term 23t can be
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e md3/2 3T 5/2 3T =
bz LT 32), 1~ (T 52) . 1 |
2 2
where o At B
i (Az)z C
5/2 3T

Here we took the values of the variable T 3z ?

half way between mesh points., Expanding, we obtain

.ui[(TS/Z) i+2; (Ti+1 - Ti) - (Ts/z)i_% (Ti - T, ;) ]
T

s =

+ Ti 5/2

i+l ) and

5/2, "

and if we approximate (T

the same for (TS/Z)i—l then the conduction term becomes
2

5/2 5/2
e T v T Ty + 15

v (T - T) s () (- )

If we evaluate this term at step 3j and introduce
it into the complete difference equation, then we will en-
counter the instability problem mentioned previously. To
apply an implicit scheme all T must be evaluated at step
j+1 and are therefore unknown. For brevity, let X, = Ti,j+l
and Ti =T

Thelégnduction term contains the unknown X5 raised
to the 5/2 power and this makes it impossible to solve the
algebraic equations to explicitate X5 s because a system of
N simultaneous equations of degree g-(N—l) results,

For this reason it becomes essential to linearize

the term by using a truncated Taylor series, Thus

5/2 5/2
¢ Kixl + x5 Tiva v T4
) ~ () +
3/2 _ _
5 Ti+l + Tl xi+1 * %5 Ti+1 Tl
7 z ) 2 )
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and similarly for the other factor. Using this approximation:

5/2 3/2
TS Nl U S 25 Ti)
Hi 2 i+l i 4 2
2 2
(xy = % = (Tig +T5) (x5, - %x;)]
5/2 3/2
(It T, ( I |
ol S X =X y) -7 (7 )
2 2
[x} = X = (Ty + Ty 9) (x5 - x55)]

We now introduce new symbols for simplification

5/2
_ Tipa 7 T
i = #y ( 7 )
3/2
_5 (Ti+l T
Ty =7 H; 2 )
T, + 1, , 2
©, = - u. ( i 1-1)
1 i 2
3/2
g T, + T, 3
vy Tz byl 2 )

The conduction term is now

2 2
Ci (xypq = x) + My Dy = %5 = (T + T (x5, - x5)]

+ ®i (x.

2 2
g7 %) gl -y - T T ) (k- oxg )]
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The presence of the xi terms requires further

linearization and we write
2 2
X, ~ 2T.x. - T,
i iTi i

so that the conduction term becomes

2 2

€3 x4y = %) + My [2T; 5%500 = Ty = 2T3%; + 1)

= Tiaa¥ie P TiaX C Ti¥g tTixg D 4 05 (% - ox, )
2 2

+ ey [ZTixi - T, - 2Ti-1xi-l + Ty 4 - T.x, = T, 1%

T T Tiaa%ad = D0 ey (T - T )] %

08 -0 +7y

(Typg = T3) + 25 (T3 =T 1 x,

2 .2
00y My (Typy - TP =y +05 (T) - T54y)

2 2
oy (Tjg - T))

2. The Loss Term

In addition to the conduction term, the expression
for the time derivative of the electron temperature contains

the terms
W(Z,t,T) = Q. - E[‘..
Cc Cc
e e
the latter, called here the "loss term" involves the depend-
-3/2 to T2

When writing a difference equation, it is necessary to in-

ent variable, T , in a variety of power from T

clude these functionsof T in an implicit fashion to insure
stability.

Taking into account cooling by N2, 0,, O and 01, but
neglecting the effect of He, we can write
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N,
TL T i -3/2 -14

- - (r, - T 365 T: + 1.1 x 107 n(0)

x Ti/z + (7.6 x 10710 « T, + 1.2 x 100 5.6 x 10712

14

-

- -12
X TN_) N(Nz)i + (4 x 10 x T; - 8 x 10 ) x N(oz)i J

1

3/2 1/2

= - (T.l - TN) [aiTi + BiTi + YiTi + 6i]

where
N, ~14
a; = 368 By = 1.1 x 10 7'N(0) 4

14

Y, = 4 x 107 x N(0,) + 7.6 x 107t

6N(N2)i

11 15

6. = (1.2 x 10 - 5,6 x 10 TN.) N(N2)i

1

1

-12
- 8 x 10 N(0,) ;

and T is the temperature of the neutrals. Hence

-1/2 1/2

3/2
+ aiTNiTi - B, T,

- a.T,

/2

i i

Using the implicit scheme, all Ti are considered
at a time step j+l and by again writing x; = Ti,j+l 3
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orxr

and

1l

T. . and linearizing, we obtain

L -3/2 _ 3. -5/2 -1/2

c. - %y, [Ti 7 Ty (% - Ti)] -9y [Ti -
e 1

1, -3/2 1/2 1, -1/2

2 Ty % Ti)] * BTy, [Ti +3 Ty Uy -

3/2 3. 1/2 _
p; [Ta/2 + 31y —mp ]+ (g -6 x

. 1
1
y. [T 2 2 (x.-T )] + 6. -
i LT (%75 TN
3 -5/2 1 -3/2 1 ~1/2
(-3 3Ty, T + 5 Ty *2 Py Ty
3 1/2 - -
2 e, % 4 YiTNi 5. -2 v, ) x; 4+
Q. .
i -3/2 1/2 Pi 1/2
3 ( 5 TN-Ti 3 Ti ) + 5 (TN.Ti + Ti
1 1
2
YiT; + 8Ty,
1
SL
e
_Q
-2 .8, + 3B x

)] -
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3. The Complete Egquation

Combining the conduction and the loss terms with a
production term, we can write the complete implicit differen-
ce equation describing the heat flow in the ionospheric elec-
tron gas,

R T G T N T Mi(Ty 0= Ty) +

R N A K L A RN

+ ﬂi(Ti2 - Ti+12) + Li(Ti-lz - Tiz) + At (% + A, + B, Xi)
Collecting terms
e, X; 9t bi X, +a; Xi41 = S5 i=1l, 2, ,., N-1
where
3 = Gy + M7y - Ty)
e, = -@i +Li(Ti - Ti-l)
b, =4t B, -1+ ®i -+ ﬂi(Ti_H_ - Ti) + Li(’ri - Ti_l)
T GRSV A A AL BN PR
Invoking the boundary conditions
Xy = To,j = constant
and
Lz )T . =T Lo x, -
dz " “max’ N,Jj N-1,3 N *N-1
or

constant

*
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There can be a choice of the type of upper boundary condition

adopted,

We have now a system of N-1 equations and N-1 unknowns,

elxo+ b1x1+ alx2
e2xl+ b2x2+ a2x3

+ b x4+ a_x

€3Xg+ D3X3T 23X,

® ® 0 8 & 6 5 0 00 0 08 SO 00800000 S S G 8 es e O

°n-1%%-2 T Pn-1%9-1 T qWm-1%n

Starting from the bottom, each x; can be determined

from the knowledge of Xi11e

a C

1 1 170
Xy = = oo + =
1 b, *2 b,
P |
1 bl
b -1~ %1%
1 bl
o = - o2 x, 42 2
2 b2 3 b2
b2x2 = = a5X, + ¢y = e2C1x2
. = - a2 - c2 - e2D1
2 b2 + ezcl 3 b2 + ezcl
In general
xl = Ci xi+l + Di
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L

c, =
i bi + eiCi_1
o ST Ping
i bi +e,C. 4

If the upper boundary condition fixed a value for Xy

then clearly Xy_1 can be easily found and so on down to X
If the upper boundary condition was a zero derivative, then

the last equation for x yields a relation between XN-1 and

XN:

*N-1 = “x-1 *x * Py-1

but according to this boundary condition

Dy-1

M-l T N T T ¢y,

N-1

Finally, if the upper boundary condition is a given
upward or downward flux of heat, Gp, then we have

G G
5_?.__2___2_7_
3z ~ AT B T 5/2
e
ox
Az G
N T -1 R st/z
and

*N-1 7 Cn-1%w * Py-1

In the above equation a downward flux of heat corres-
ponds to Gp > 0, Combining the two equations
Az G
- 7/2 5/2 . 7 p _
(1 -Cqp) X" =~ Dyo1 Xy 5 -0
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This allows the calculation of Xy and consequently of Xgo1e

Since X and xg_, are known, all other x, can be found,
yielding the temperature profile at time (j+1l)At as a func-
tion of the profile at the preceding time step, jAt. The pro-
blem is thereby solved because the first profile is the given
initial condition,

E. STEADY-STATE SOLUTION OF THE HEAT FLOW EQUATION

In order to obtain a partial check on the accuracy of
the solution of the time-dependent heat flow equation, one
can compare the end value thus obtained with a directly cal-
culated steady-state result,

1, Analytical Solution

Due to the complicated form of the loss term, an ana-
lytical solution can be obtained only for the lossless case,
The simple case of no production can be handled very easily,
The steady-state heat flow equation becomes

3 2Ly _ ¢ 3L _
az(kaz =C 3t 0
arar ,, &r_ o
dz dz a 2
z
but » = B TS/Z, hence
aT d_(5/2) | 15/2 ar 5 ,.3/2 &L,2 | .5/2 er _
dz dz 2 2 dz 2 -
dz dz
or
é’t 5 ,-1 ,d4F,2
> + 5 T (-d_z) =0
dz
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The solution is found in Kampke [1959], number 6,51,

and is

3 2/7
T = (Cl z + Cz)

As boundary conditions choose

T = TO at z = zo

and

Introducing these conditions into the equation above

To7/2 _ Tm7/2
Cl = z2 -2z
o m
z T 7/2 -2z T 7/2
Cc. = o m m o
2 zZ -2
o

This analytical solution was used as a first check on
the numerical steady-state solution described below,

2. Numerical Solution

The numerical solution of the full steady-state equa-
tion (including production and loss) was obtained by Geisler
and Bowhill [1965] using the integro-differential form of the
steady-state heat flow equation given below,

ar _ .,
A 3z = ‘J.zdz (@ - ZL)

One of the boundary conditions is built-in in this

equation, i,e., the upper boundary condition is fixed as a
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zero derivative of temperature with height. A slightly more
general solution can be obtained -- giving freedom of the type
of upper boundary condition adopted -- by integrating the com-
plete differential equation using the popular eigen-value ap-
proach described by Rishbeth and Barron {1960] in connection
with ionospheric diffusion,

The differential equation and its corresponding diffe-

rence equation are

2 2

aT 6 5 -1 (4T C =5/2 _
2 t3 T (5 =T W(z,t,T) = 0
z
T -2T, +7T (T -T )2
i+l i i-1 + 51 7i+l i +€_ 1 _w —o
(Az)z 2 T, (Az)2 B Ti5/2 i
i=0,1,...N
Solving for T, ,
(T, . - T.)° 2
T _ 2. _ 5 7i+l i _C (az)” o
i-1 — i i+l 2 Ti B - 5/2 i

Thus the value of T at the level i~1 can be calculated
from the knowledge of T at the two levels immediately above,
The upper boundary condition may be either

TN = T

(where Tm is a chosen value of temperature), or

—_ m
rs

‘N-1 N
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The downward integration is made, in either case, by
assuming an arbitrary but reasonable value for Ty-1-

then both Ty and Ty ;. &S the integration proceeds, the

temperature may become negative or it may become excessive as

One has

a result of the incorrectly assumed TN—l' When this happens,
the computer starts the integration again with an altered va-
lue of T 5. This is repeated automatically until the value
of T, —- the lower boundary condition ~- falls within the
chosen tolerance, The whole operation is quite fast; as an
example, using a Burroughs B-5500, it took 14 seconds to find
the correct temperature profile when the lower boundary was
set at 355 + 1 degrees and the starting value of TN_l was set
at 1200 degrees, The computer tried out various values for
this latter temperature and found 1098 degrees to be correct.

Fig. 3 compares the analytical with the numerical so-
lution for the lossless case, It can be seen that with a 20
km height step the agreement is acceptable and with a 5 km
height step it is excellent,

F, RESULTS

Before examining the results of the theoretical study
presented here, the limitations of the models used and the
basic assumptions employed should be reviewed,

The boundary conditions were

a, At 120 km the electron and neutral temperatures
are equal, i.e., perfect thermal contact between plasma and
the rest of the atmosphere is assumed,

b. At 1000 km the electron temperature is height in-
dependent, This is equivalent to saying that no appreciable
heat sources exist at that height. The production function,
Q, at 1000 km is, in fact, four orders of magnitude lower
than at the x = 0 production peak and makes, therefore, an

insignificant contribution to the local heating., Neutrals
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FIG. 3. COMPARISON OF THE SOLUTIONS OF THE STEADY-STATE HEAT
CONDUCTION EQUATION (NO PRODUCTION, NO LOSSES). The nume-
rical solution with height steps of 5 km is practically in-
distinguishable from the exact analytical solution. Height
steps of 20 km cause a slight loss of accuracy.

- 41 - SEL-65-109




exist at these heights in concentrations that are many orders
of magnitude below that around 200 km, and have consequently
a negligible cooling action, Heat conduction to or from the
protonosphere would result in a temperature gradient diffe-
rent from zero but this effect is not understood well enough
to be included in this analysis, however one nighttime tempe-
rature profile (Fig, 6a) was calculated using as an upper
boundary condition a fixed downward heat flux from the proto-
nosphere,

The heat input function adopted was that of Geisler
and Bowhill [1965] modified to include a Chapman function de-
pendence on the solar zenithal angle, The value of the heat
function was made proportional to the 10,7 cm solar flux to
accomodate solar cycle variations., The "non-local" heating
effect depends on the choice of pitch angle distribution of
the ejected photo-electrons; the isotropic distribution used
by Geisler and Bowhill was maintained in spite of the large
angle between solar direction and the magnetic field, The
use of the correct distribution given by Mariani [1964] has
probably only a second order effect on the final electron
temperature,

The solar zenithal angle was assumed to vary linearly
with time at the rate of -3.2><10_3 degrees sec L,

To obtain the concentration of the neutral species,
the temperatures for each height step obtained from the Har-
ris and Priester [1962] model and the reference concentrati-
ons at 120 km were read by the computer and from these data
the height-dependent concentration for N,, 0, and O were cal-
culated using a diffusive equilibrium formula, The existence
of H and He was ignored., All calculations were made assuming
that the neutral temperature did not change with time,

Ion temperatures, as explained before, were not calcu-
lated directly because this would slow down the computer by
at least one order of magnitude. An estimate of ion tempera-

ture was obtained by taking T. = T, in all altitudes below
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500 km, T, = T, at all altitudes above 800 km and by interpo-
lating between these values in the range between 500 and 800
km, The steady-state ion temperature distribution lends some
support to this scheme,

The transient thermal behavior of the electron gas de-
pends critically on its heat capacity and hence, on the elec-
tron concentration profile. The models chosen here are neces-
sarily arbitrary and this may be the main source of any dis-
crepancy between theoretical and observed results. The steady
state nighttime concentration profiles used at the begining
of each integration have the general shape of a Chapman-qg
layer modified both on the bottom and on the top. At the
bottom the Chapman layer would give an unrealistically low
electron concentration, so the distribution between 120 and
160 km was altered to yield a concentration of 1000 electrons
cm-3 at the lower height and a linearly increasing concentra-
tion up to 160 km where the Chapman distribution takes over.
From a chosen height (600 km in most cases) diffusive equili-
brium distribution of hydrogen ions starts, The peak height
of the Chapman layer was taken as 250 km, The scale height
used was variable depending on the average ion-electron tem-
perature at each altitude,

EGO radio-propagation measurements have shown that
first noticeable increase of columnar electron content in the
early morning, occurs at a solar zenithal angle of about 95
degrees. From that moment on, on many days, both the content
and the value of the electron concentration at the F2 peak,
as seen by ground-based ionosondes, may be approximated by a
linear increase with time, On other days the behavior is
quite different and much more complicated and is considered
"anomalous" as far as the present investigation is concerned,

For the models used, the electron concentration at the
F2 peak was taken as constant while the solar zenithal angie

exceeded 95 degrees, At smaller angles, the concentration
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was made to increase linearly with time, To be able to choose
representative values of the initial concentration and its
rate of increase, ionosonde data, recorded at Washington,
D.C., and published by the CRPL, were examined, The period
from mid-1953 to the begining of 1959 was chosen because it
covers both sunspot minimum and maximum conditions, Fig, 4
shows the average monthly value of the F2-peak electron con-

)] H
! I
x

ELECTRON CONCENTRATION (electr cm >xI07%)
N
T
x
x

l — x X, x X
XX x/ \ X X X x
\x'x’{ %Xxx /x/ x
o— L o , ' o 1 o, 1 o 1 4 1 3 | SV AT T YOS NN SR N TR NN T NN NN N
JUL NOV MAR JUL NOV MAR JUL NOV MAR JUL NOV MAR JUL NOV MAR JUL NOV
1953 1954 1955 1956 1957 1958

FIG. 4., THE MONTHLY AVERAGE OF THE PREDAWN F2-PEAK
ELECTRON CONCENTRATION AT WASHINGTON, D, C.

centration just prior to the first sunrise effect. It can be
seen that, if Washington, D,C,, is considered as representa-
tive of mid-latitude conditions, then at these latitudes the
predawn concentrations are small at the solar cycle minimum

and exhibit a 2:1 seasonal variation, At solar maximum this

seasonal variation seems largely to disappear, while the con-
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FIG. 5. STRONG SEASONAL AND SOLAR CYCLE INFLUENCE IS
EVIDENT IN THE RATE OF F2-PEAK ELECTRON CONCENTRA-
TION BUILDUP, JUST AFTER DAWN,

centrations are much greater, Fig. 5 indicates the very
strong solar cycle and seasonal dependence of the rate of
concentration buildup near sunrise, The seasonal effect is
clearly related to the "winter anomaly". Since the midlati-
tude value of NmaxFZ at night does not show much of a sea-
sonal variation while the midday value is much larger in win-
ter than in summer, it follows that the winter electron con-
centration increase rate must be much larger than the summer
one,

Based on an inspection of the figures mentioned above,
four models were selected as indicated in Table 2,

The initial temperatures prior to the impingement of
the first solar rays were obtained by introducing an arbitra-
ry initial distribution, setting Q = 0 and allowing the com-

puter to calculate the temperatures long enough, so that a
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TABLE 2, PROPERTIES OF THE IONOSPHERE MODELS IN THE EXAMPLES

Predawn Rate of
Electr, Conc, Conc, Incr,
(F2 maximum (F2 maximum
El cm—-3x10~ El. cm—3sec”
Sunspot Minimum
summer 0.4 13
Winter 0.8 45
Sunspot Maximum
Summer 3.0 25
Winter 3.0 180

steady-state profile was obtained., Due to the small heat ca-
pacity of the nighttime electron gas, it takes less than 20
minutes of real time for the temperature profile, assumed
initially to be equal to that of the neutral gases, to reach
its final value, Since the typical time step used in the
computation was one hundred seconds, the total of 12 steps
allowed before the sun was "turned on" was more than ample,

One immediate conclusion is that for the models with
no nighttime heat source the electron temperature must be
lower than that of the neutrals as it was explained in sec-
tion B of this Chapter., Geisler and Bowhill had arrived at
this result previously, Fig. © compares the temperature pro-
files of neutrals and electrons for two different phases of
the solar cycle, when no nocturnal heat source for the elec-
trons is assumed, The temperature is, however, very sensi-
tive to the presence of small nighttime sources,.

To the knowledge of this author there exist no simul-
taneous measurements of neutral and electron temperatures at
night, but published values of electron-to-ion temperature
ratios are available and these appear to be always equal or
larger than unity. (See Evans and Loewenthal [1964].) Since
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it would be difficult to imagine a situation in which elec-
trons are colder than neutrals while ions are hotter, one
must conclude that there is a nocturnal source of energy that
selectively heats the electrons. Such selectivity seems to
exclude the effect of hydromagnetic waves associated with
geomagnetic disturbances., Electric fields cannot be ruled
out as a cause of the phenomenon, but the most plausible ex-
planation is the heating through downward conduction of the
thermal energy stored in the protonosphere as suggested by
Geisler and Bowhill, They estimated that, at midlatitudes,
a downward flux of heat from the protonosphere of the order
of 108 ev cm?sec™! can be maintained throughout the night.
Such a heat flux will greatly alter the temperature profile
as can be seen in Fig, 6a., It is interesting, however, to
observe that at lower altitudes, as previously pointed out
by Geisler and Bowhill, the electron temperature is slightly
lower than that of the neutrals.

Before turning our attention to the early morning
effects, it should be remembered that, just as it has, so
far, been impossible to produce a comprehensive theory ca-
pable of predicting or explaining the detailed behavior of
the electron concentration in the F-layer, so also one cannot,
at this stage, hope to take into account all the complexly
interrelated factors and produce a theory that goes beyond
a first approximation of the time variation of the ionospheric
thermal structure, Thus, the results presented here give
but a very general picture of what happens to the electron
temperature when the sun rises, The changes in temperature
depend critically on the electron concentration, the distri-
bution of which depends again on the temperature., In the
present analysis part of this interaction is included: the
scale height of the ionization is made dependent on the cal-
culated temperature., The concentration at the peak of the

layer is, however, made to vary in a prescribed manner instead
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of allowing production, losses and diffusion to determine
the whole profile, This latter course of action would be
extremely difficult, and would involve many areas that are
as yet insufficiently known,

Figure 7 shows the thermal history of the electron
gas at different heights and for different combinations of
initial peak concentration, concentration build up rate and
solar cycle phase, It is immediately obvious from the in-
spection of these figures that frequently a peak in tempera-
ture is reached, sometime after sunrise but much before the
production reaches its maximum, This peak is the result of
the competing influence of increasing heat production and
increasing heat capacity of the electron gas due to the grow-
ing concentration.

Experimental diurnal curves of electron temperature
are not abundant, but those that are available tend to con-
firm the existence of this morning peak. See Figs. 8 through
11, These experimental curves are obtained either by inco-
herent back-scatter radar or by direct measurements by means
of plasma probes mounted on satellites, The former technique
is limited in the maximum height of observation by the power
available and, in time resolution, by the long integration
time necessary, It also depends on assumptions made regard-
ing the ion composition of the atmosphere., Evans and Loewen—
thal [1964] and Evans [1965] present results from the Millstone
Hill Radar Observatory in which the time resolution is 1 hour
and the maximum height observed was 750 km, Carlson [1965]
shows measurements made at the Arecibo Ionospheric Observatory
with time resolution ranging from 15 to 60 minutes and maxi-
mum height of 450 km,

Diurnal electron temperature curves derived from
satellite measurements are composite curves of many passes
and from them it is difficult to eliminate seasonal effects

as well as day-to-day variations, Measurements made at
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FIG., 8., BEHAVIOR OF THE ELECTRON TEMPERATURE AT

350 KM IN SUMMER AND IN WINTER OF 1963 OVER THE
MILLSTONE RADAR OBSERVATORY. From Evans [1965].
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FIG. 9. AVERAGE ELECTRON TEMPERATURE DURING NOVEMBER
1963 OVER THE MILLSTONE RADAR OBSERVATORY. This figure
was obtained by scaling the plot of isothermals pre-
sented in Fig, 6 of the article by Evans [1965] and is
therefore of reduced accuracy.
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FIG. 10. ELECTRON TEMPERATURE ABOVE THE ARECIBO
IONOSPHERIC OBSERVATORY ON 17-18 DECEMBER 1964,
From Carlson [1965],
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different heights and places are also apt to be mixed to-
gether. Spencer, et al [1964] present such curves which are
reproduced in Fig, 11,

Since the peak owes its existence to the opposing
effects of growing production and concentration, it is easy
to understand why Fig. 7 shows thﬁt

a) The peak is more pronounced the higher the alti-
tude observed because of the smaller heat production at these
larger elevations, Figure 9 which was scaled from an iso-
thermal map presented by Evans [1965] and Fig, 10 from Carlson
[1965] confirm, at least partially, this conclusion for it
can be seen that the peak is small at the lower altitudes,

In the latter figure, the peak at the highest observed alti-
tude (450 km) is not as pronounced as at 375 km, This is
probably a real effect associated with causes that have not
been included in the theoretical study. On this particular
day the electron concentration itself showed a peak at around
0800 IMT so that the assumption of a linear increase of con-
centration with time, used in the theory, is violated,

b) The peak is more pronounced under conditions of
low production (solar cycle minimum) or of high concentration
build up rates (winter), There are no direct observations
of electron temperatures other than in the solar minimum
period of 1963 through 1965, Slab thickness measurements
(ratio of total columnar content to F2-peak concentration)
can be interpreted in terms of electron gas temperature (see
for example, Bhonsle, da Rosa and Garriott [1965]) and the
results confirm both the seasonal and solar cycle variations
while the results displayed in Fig, 8 support the conclu-
sions about the seasonal variations of the peak.

As expected, Fig. 7 shows that the temperature of
the electron gas at high elevations starts rising much earlier
than at the lower levels where the sun rays reach later in

the morning., Carlson's results in Fig, 10 bear this out in
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part, although the very early rise of temperature at 450 km
is probably due to influx of hot electrons from the magnetic
conjugate points as that author suggests,

Figure 12 shows a sequence of temperature profiles
calculated for different solar zenithal angles,

Very early in the morning all the heating occurs at
high altitudes where the sun is shining. Due to the low
local electron concentration and the resulting small heat
capacity, the temperature at these heights is raised con-
siderably in spite of the fact that the total ionization of
the atmosphere has changed very little, Figure 13 indicates
the lowest height illuminated at a given solar zenithal angle
and from it one can see that at yx = 110° the levels above
400 km are in sun light, noticeable heating occurring there,
and some heat being conducted to lower altitudes,

As the sun climbs higher, production grows and the
production peak sinks to lower heights, The temperature
rise may be very large in the summer, especially at the maxi-
mum of the solar activity cycle due to a combination of in-
tense radiation and slow concentration build up, See Figs,
1l2a and 12c¢c, During the winter the fast increase in the
electron concentration prevents the temperature from reach-
ing high values (Figs, 12b and 12d), As far as maximum
temperatures are concerned, the seasonal effect dominates
the solar cycle variations. For the models used, the higher
heat capacity of the denser ionosphere at solar cycle maxi-
mum more than compensates the increased euv flux, resulting
in lower temperatures than that of corresponding season
during solar cycle minimum,

Irrespective of season or solar cycle phase, the
temperature profile shows no appreciable "bulge" until the
solar zenithal angle reaches a value of between 90 to 95
degrees, From there on a pronounced maximum appears in most

cases as the heat released near 300 km is too much to be
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disposed of locally or to be conducted downward, Another
heat sink is necessary and it is the region above 300 km,
Under these conditions substantial heat flows both up and
down from the peak. In a more realistic model in which the
constraint of zero slope for the temperature-vs-height curve
at 1000 km is not imposed, part of this heat will flow into
the protonosphere and be stored there for eventual release
at night,
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IV, IONOSPHERE AND EXOSPHERE
OBSERVATIONS WITH THE EGO SATELLITE

A, FACTORS AFFECTING THE COLUMNAR CONTENT OF THE IONOSPHERE

The columnar content of the ionosphere, being in a large
measure determined by the F-layer, reflects the well-known
day-to-day variability of the latter, The large number of
factors, ranging from the solar wind velocity to the tropos-
pheric weather, that can be plausibly linked to changes in
columnar content, interact in such a complex way as to render
nearly impossible the establishment of a typical model for
the detailed behavior of the ionized layers of the atmosphe-
re, The best that one can hope to do is to describe and --
when possible ~-- explain the most frequently occuring "ano-
malies" in the diurnal changes of the ionosphere, "Anomalies
are here loosely defined as any deviation from the admittedly
simplified picture of an electron content that is related in
an uncomplicated way to the solar zenithal angle, (Clearly,
under such definition, the existence of substantial ioniza-
tion late at night is a profound anomaly.)

Although this work is concerned mainly with a descrip-
tion of the late night - early morning behavior of the colum-
nar electron content, it is of interest to examine, in a ge-
neral fashion, the various factors that may influence the
F-layer,

The ionospheric structure is a result of the interplay
of the production, loss and plasma transport processes, Sin-
ce the electron concentration is much higher in the F-region
than in any other region of the ionosphere, the columnar con-
tent of the ionosphere is principally determined by the F-re-
gion concentrations, 1In this region the principal production
process is the photoionization of atomic oxygen by the avail-
able extreme ultraviolet radiation from the sun, The nitro-

gen molecule, that is also an abundant constituent, especial-
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ly in the lower levels of the region under discussion, tends
to contribute more towards the heat input than to the obser-
vable ionization, in part because of the rapid dissotiative
recombination of N2+ with an electron and in part due to the
relatively short lifetime of NO+ (as compared with O+) in the
F-region, The No' is the result of the reaction

+ +
N,” + 0 »NO" + N

that, according to Ferguson et al, [1965], is the most impor-
tant of the several chemical reactions that eliminate the io-
nized nitrogen molecule from the ionosphere,

The amount of ionization depends not only on the energy
flux received from the sun, but also on the ratio of molecu-
lar nitrogen to atomic oxygen in the atmosphere, a ratio that
is a function of the turbopause height which, in turn, may
depend on tropospheric weather,

The production of electrons by photoionization may thus
be related to the -~ so far -- highly unpredictable weather
in the lower atmosphere and to the somewhat variable euv out-
put from the sun, Bourdeau, Chandra and Neupert (1964] pre-
sented curves of the daily average value of the euv flux be-
tween 170 and 370 A measured from 0SO data, corresponding to
the period of March to May, 1962, inclusive, It can be seen
that the flux varied between 0,35 and 0.59 ergs cm 2 sect
during this period, The good correlation found between euv
flux and 10,7 cm flux values showed that the latter (which
can be observed from the surface of earth in contrast with
the former that must be measured outside the atmosphere) is
a useful index of the euv radiation intensity. This is to be
expected since both are coronal radiations and may respond in
a similar way to changing conditions in that region of the
sun,

Not too much is known about a possible additional source
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of ionization in midlatitudes, such as the precipitation of
high energy particles. This may be an important pXocess in
the auroral zone, but it is not clear what role it plays clo-
ser to the equator, At any rate, such a process would seem
to be dependent on the conditions of the outer magnetosphere
and the solar wind and would therefore only contribute to an
even more erratic behavior of the ionosphere,

Just as the production processes cannot be relied upon
to repeat themselves exactly from day to day, so also is the
case of the losses of ionization which depend on the chemical
composition of the atmosphere (hence on turbopause height)
and, perhaps, on the temperature of the various constituents,
Since the loss of ionization is a function of the concentra-
tion of the gas that causes the attachment or recombination
of electrons and ions, and since this concentration is a
strong function of height, it can be easily seen that any for-
ce that causes the ionization to move up or down can have a
very strong influence on the loss rate, Gravity is an impor-
tant downward force but it is certainly not time dependent,
Diffusion being temperature dependent will have effects that
vary from day to day. A third important force is the presen-
ce of an electrostatic field which could dramatically change
the loss rate by lifting or lowering the layer. Such a field,
be it produced by dynamo action or by some other process,
could in all probability be quite different from one day to
the next,

The temperature, besides being capable of influencing the
various chemical reaction rates and altering the loss process
as explained above, will have a marked effect in determining
the vertical distribution of ionization especially in the re-
gions of the ionosphere where diffusion is the dominant pro-
cess, The main heating process is the absorption of euv ra-
diation in the atmosphere, either through photodissociation

below some 120 km or photoionization above that level, Given
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the variability of the euv radiation from the sun, it is ob-
vious that the temperature of the ionosphere cannot be expec-
ted to be the same every day. In addition there is another

source of thermospheric heating, Snyder, Neugebauer and Rao
[1963] have shown that a strong correlation exists between

the solar wind velocity and the geomagnetic index, Kp' Jac-
chia and Slowey [1963, 1964] measured the neutral temperatu-

H
®

increase associated with geomagnetic disturbances, Evans
[1965], by means of incoherent backscatter experiments obser-
ved the heating of the ionospheric plasma during magnetically
disturbed days. From all the above results, it is clear that
the temperature of the ionosphere, and hence its columnar
content, can be influenced by the solar wind velocity which
can exhibit large variations from day to day as the sun ro-
tates and the source of the plasma stream that is affecting
the earth changes,

B, OBSERVATIONS OF THE EARLY MORNING IONOSPHERE

Fig. 14 displays columnar ionospheric contents during
the late night and early morning, as a function of time, ob-
served by the Doppler and the Faraday techniques using sig-
nals from the radio-beacons aboard EGO. The methods by which
the raw data were reduced were described by da Rosa [1965].
The difference between the Doppler and the Faraday contents,
dubbed "relative exospheric columnar content", plotted versus
the solar zenithal angle, is shown in Fig, 15, It should be
pointed out here that the absolute value of this difference
is arbitrary and that, notwithstanding the expression "exos-
pheric content", the quantity plotted may also be a measure
of rearrangements in the lower ionosphere which do not affect
the exosphere itself, This point will be discussed later.
The contents were computed for each 1 minute interval and

provide therefore excellent time resolution,
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The seven runs, the results of which appear in the
figures above, constitute the sum total of the available
dawn data at the time of this writing. The reasons for this
scarcity are the relatively infrequent EGO passes (eight
days between consecutive passes at the same local time) and
the fact that early morning runs that, seen from Stanford,
had sufficient elevation to be useful, occurred only during
the period from beginning of January 1965 to the end of May
1965, In addition, the first six weeks of this time inter-
val were lost owing to the intermittent power shortage that
periodically beset the satellite when the solar paddles - sun
angle becomes unfavorable, Of the 13 remaining possible
passes, six were lost due to equipment difficulties or inabil-
ity to track the satellite long enough to observe the sunrise,
The 24 May and 1 June runs were made at small elevation angles
(the last one at less than 250), under less favorable condi-
tions,

As a consequence of this small amount of data, it is
impossible to generalize the observations and draw statisti-
cally valid conclusions, Nevertheless, one can, from the
inspection of these data, note the occurrence of phenomena
not previously reported and gain some insight into some of
the complex machanisms that control the dawn ionosphere,

To be used as a reference, a "sunrise" can be arbi-
trarily defined as the solar zenithal angle corresponding
to the time determined by the intersection of two straight
lines, one being the extrapolation of the nighttime content
and the other that of the linear part of the early morning
build-up, Figure 16 shows, schematically, an idealized
dawn content-vs-time curve, displaying the main features
observed and showing the two sunrise times, one derived from
the Doppler and the other from the Faraday results, These
two times, which are recorded in Table 3, do not in general
coincide due to the errors made in extending the lines,
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TIME

especially on days when the plots are not smooth, The means
are, however, close enough, indicating that these times really
- coincide as expected in view of the negligible production at
levels high enough to affect the Doppler measurements sub-
stantially more than the ones from Faraday.

Although the nighttime value of the exospheric columnar
content in Fig, 16 is represented by a steady, unchanging
value, the number of actual measurements is insufficient to
permit generalization of this behavior, On 29 March 1965
the content was constant throughout the latter part of the

night; on the three earlier runs a small increase occurred
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during the pre-dawn period, The three runs after 29 March
started too close to sunrise to permit observation of the

late night exosphere, For the moment, apparently strong
changes in exosphere content that seem to take place near

the beginning of each run, should be disregarded; in Section
F an explanation of these changes will be given. When much
more data is available, it may well turn out that the behav-
ior of the pre-dawn exosphere content can be linked to that

of the ionosphere, studied in Chapter Vv, and that there

will be nights when the exosphere content decreases and others

when it increases,

TABLE 3, SOLAR ZENITHAL
ANGLE AT "SUNRISE"

DATE SUNRISE SOLAR ZENITHAL ANGLE (deg)

DOPPLER FARADAY

7 FEB 94,0 93.1
5 MAR 93.9 95.2
13 MAR 88.0 90.1
29 MAR 91.9 93.1
14 APR 90,3 93.0
24 MAY 95.5 93.8
1 JUN 96.4 95.0
MEAN 92.9 93.3

Figure 16 shows a feature common to all the experi-
mental curves: at sunrise the exosphere content becomes
irregular and oscillations in its value appear, These os-
cillations have periods of about 20 minutes and peaksto-peak
amplitude of 0.3 x 10%® clectrons m 2. The 1 June run is
an exception having both longer period and higher amplitude
(47 minutes and 0,5 x lO16 electrons m_z, respectively).

These oscillations seem to be a real effect; efforts to find
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periodic errors in the data reduction that could explain
these fluctuations were unsuccessful, Examination of the
ionospheric content curves of Fig. 14 shows that the Doppler
curves are, in general, smooth compared with the Faraday
ones which seem to be responsible for the exosphere fluctu-
ations, indicating that their cause must be rearrangements
of the lower ionosphere and, as such, might be detectable

in ionosonde records, Unfortunately, the available ionograms
were taken at 15~minute intervals and have, thus, inadequate
time resolution,

The next feature of Fig, 16 in chronological order is,
certainly, the most striking: a rapid increase in the exo-
sphere content that occurs some time after sunrise indicating
profound rearrangements in the shape of the layer. This in-
crease is clearly seen in the runs depicted in Figs, 15a,
15d, and 15e and, perhaps, in 15g. The phenomenon may be a
daily, regular occurrence and the reason that it was not
seen on three of the seven runs may be due to the fact that
these runs did not extend long enough into the morning,

Table 4 summarizes some of the characteristics of this
rearrangement period,

It is clearly impossible to obtain reliable statistics
based on only four samples and for this reason the two ob-
servations below are made with considerable reservations:

a) It can be seen that the time interval between sun-
rise ( x = 93° ) and the inception of the rearrangement
period is highly variable, ranging from half an hour to well
over two hours. It seems that the longer delays are asso-
ciated with smaller changes in the exosphere content.

b) The rate of content increase may be related to
the value of predawn electron content in the ionosphere,
Figure 17 indicates such a trend, It was shown in the pre-
vious chapter that the plasma temperature is very sensitive

to the electron concentration; on the other hand the temperature
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may be one of the factors that influence the increase rate,
It is, therefore, not unreasonable to expect correlation

between this rate and the electron content,
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FIG, 17. SCATTER DIAGRAM SHOWING A POSSIBLE
CORRELATION BETWEEN THE PREDAWN COLUMNAR
CONTENT AND THE RATE OF EXOSPHERIC CONTENT
INCREASE, The insufficient number of sam-
Ples casts doubts about the validity of
this correlation.
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Referring to Fig, 14 it can be seen that during the
rearrangement period there is no noticeable change in the
smooth increase of the Doppler content and that all the per-
turbation observed in the exosphere content comes from the
behavior of the Faraday curve,

In the post-rearrangement period the oscillations seem
to persist with some evidence of damping in the 14 April
case, Only two runs extend far enough into the morning hours
to permit an examination of this period and, on one occasion,
the mean value of the exosphere content continued growing
slowly (Fig, 15d) while in the other (Fig, 15e) the value
held steady.

C. POSSIBLE EXPLANATION OF SOME OF THE OBSERVATIONS

In Chapter III it was shown that substantial heating of
the ionospheric electron gas can be expected at solar zeni-
thal angles as high as 110 degrees, The observations de-
scribed in the present chapter, on the other hand, indicate
that detectable production of ionization will start at a
zenithal angle of about 95° and the "sunrise" was defined
as the moment when yx = 93°, Heating of the plasma precedes,
therefore, the beginning of noticeable electron production
by a considerable time, It is interesting to investigate
the consedquences of this situation,

If a very simple model were adopted in which the night-
time ionization had a Chapman-¢ distribution, the heating of
the plasma would cause an increase in scale height and ioni-
zation would flow upward with a resulting reduction of the
concentration at the F2-peak, At a certain height above
this peak, one would find a level at which the concentration
remained unchanged, i.e.,, an isopycnic level,

The above model is too simple to be realistic since the
ionization at great heights departs markedly from the Chapman-q
distribution, Nevertheless, the heating before production must
cause considerable changes in the concentration profile,
SEL-65-109 - 74 -




Figure 18 displays the columnar contents of the iono-
sphere measured by the two techniques described and also
shows the values of NmaxF2 from ionograms obtained at Stanford.
All data were taken on 17 February 1965, Since the satellite

was seen at elevation angles of more than 70 degrees during
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FIG. 18. DETAILED PLOT OF THE COLUMNAR-~CONTENT AND
THE F2-PEAK ELECTRON CONCENTRATION FOR THE DAWN OF
17 FEBRUARY 1965,

all of the time covered by the illustration, the distance
between the location of the ionosonde and the subionospheric
point of the EGO measurements never exceeded 200 km, All
data were converted to the same local time, It can be seen
from the figure that, when the solar zenithal angle was 95
degrees, the value of the F2-peak concentration was depressed
by 20% compared with the nighttime level, The columnar
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TRATION FOR THE DAWN OF 14 APRIL 1965,

content, on the other hand, showed only a small dip, indi-
cating that the cause of decrease in the peak concentration
was a reshaping of the layer and not an increase in losses,
On the other days the predawn dip in the F2-peak concentration
is absent and the mechanism described above does not seem to
be applicable,

In Chapter III it was also shown that either a large
solar euv flux, as found during high solar activity periods,

or a small electron concentration, or both, will result in
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high electron gas temperatures in the ionosphere. In particu-
lar, the numerical examples worked out indicate a great
sensitivity of this temperature to the value of the concen-
tration, so that in view of the well known day-to-day varia-

tion in the electron content of the ionosphere it is reason-

able to expect a corresponding variation in plasma temperature.

Rishbeth and Setty [1960] proposed as an explanation for the
electron content changes the variability in the ratio of
atomic oxygen to molecular nitrogen, Since both gases absorb
ultraviolet but only the former is likely to generate ob-
servable ionization, it is clear that the electron content
will depend on their ratio but the heat energy input will
not. A positive feedback mechanism may exist which will
tend to accentuate the high temperatures, If the n(0) to
n(Nz) ratio is smaller than the usual one, according to
Rishbeth and Setty, the electron content will tend to be
below the mean value for the occasion giving rise to higher
plasma temperatures and consequently larger scale heights,
The available ionization is now spread over a larger alti-
tude range and smaller concentrations will result at the
lower levels tending to raise even further the temperature
there, This effect will be compounded if the loss coeffi-
cient has a positive temperature dependence so as to further
diminish the concentration, Also, higher plasma temperatures
will reduce the efficiency of the cooling of electrons by
ions and again contribute to a temperature raise, These
processes will eventually be limited by the increasing elec-
tron heat conductivity, which has a strong positive tempera-
ture dependence,

Doupnik and Nisbet [1965] have proposed as an explanation
for the correlated fluctuations of electron temperature and
concentrations in the daytime ionosphere observed by inco-
herent scatter measurements at Arecibo, a mechanism by which

an increase of electron concentration near the F2-peak will
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increase the cooling by ions causing, under certain circum-
stances, the heat output from the electron gas to exceed the
input and resulting in a decrease in temperature which in
turn, by reducing the scale heights, will bring the ioniza-
tion to lower levels further increasing the heat loss and
augmenting the losses of ionization through greater recombi-
nation., This process may be oscillatory, it is said. This
author has made no quantitative test of this theory and has
no information on whether Doupnik and Nisbet have done so,
Since many factors have opposing influences on the behavior
of the plasma, it is difficult to assess without a much more
exhaustive evaluation, if the proposed scheme is realistic
or not, It may even turn out that the explanation of the
oscillation in the exosphere content is related to the scheme
described above.

The explanation of the early morning rearrangement in
ionization mentioned in Section B is, at present, very tenta-
tive and, probably, only after considerably more data has
been acquired, can the theory be established on firmer basis.
An inspection of Fig., 18 shows that the Faraday columnar con-
tent abandoned its relatively smooth growth at 15092, and
actually began to decrease at that time while the Doppler
curve was only very slightly affected, 1In Section E of this
chapter it is argued that these changes in the Faraday con-
tent are too large to be accounted for by a mere vertical
displacement of the profile; an actual change of shape of
the layer, at relatively low levels, must take place without
appreciably changing the smooth increase in the rate of the
total columnar content. An exchange in ionization from the
lower levels to the upper ones would have such an effect
and would constitute an upward electron flux of considerable
magnitude., It would, in fact, exceed the maximum possible
steady-state flux from the ionosphere to the protonosphere,

estimated by Hanson and Patterson [1964], These authors have
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found that upward fluxes larger than about 107 (electrons
m_2 sec_l) cannot be maintained under steady-state condi-

c
tions. The fluxes measured here have values, indicated in
Table 4 under the heading "Content Increase Rate," and are
one or two orders of magnitude larger than the Hanson and
Patterson limit., They must be the result of a transient
situation which might be brought about as follows:

As the sun begins to illuminate the ionosphere, the
concentration of oxygen ions increases but there is little
direct effect on the hydrogen ion population which originates
almost exclusively from the charge exchange between oxygen
ions and hydrogen atoms, Assume now that a mechanism exists
that inhibits or delays this exchange for a while., The ot
to H+ ratio in the general area where both H and O+ exist
in comparable amounts will exceed substantially the steady
state value; the profile is "bottom heavy." If now the re-
action is triggered or accelerated, the excess concentration
of 07 will be transformed into H' and diffuse rapidly up-
ward., The sink for o' that is thus established will cause
a flux of this species of particle to rush up modifying the
shape of the profile by depleting the o’ supply at higher
altitude, The columnar electron content will not be altered
but the Faraday measurements will show a decrease due to the
migration of the ions to higher levels, The situation exist-
ing just prior and just after this rearrangement is depicted,
schematically, in Fig, 20, Since the rearrangement is not
instantaneous--it was observed to take around 20 minutes--the
continuing production causes the columnar content to grow
steadily during this time interval, This fact was omitted

in the figure so as to facilitate the comparison of shapes,
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FIG, 20, SCHEMATIC REPRESENTATION OF THE SHAPES OF
THE Ot AND Ht LAYERS JUST PRIOR AND JUST AFTER THE
EARLY MORNING REARRANGEMENT OF IONIZATION,
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D. DELAY IN THE OXYGEN ION TO HYDROGEN ATOM CHARGE EXCHANGE
REACTION

In this section a suggestion is made as to one possi-
ble cause for a delay in the oxygen ion to hydrogen atom
charge exchange reaction.The model developed is not realistic
in that diffucion is disregarded; it is meant only as an in-
dication that a delay mechanism must exist. A further contri-
bution to a "triggering" of the reaction after a dormant in-
terval would be a strong temperature dependence of the reac-
tion rate coefficient,

At any point in the ionosphere the concentration of
hydrogen ions must obey the continuity equation:

—p -1 - &
=P -L-3=8+

where P is the production, L is the loss term and §H+ is the
flux of H',

The assumption is made that %E-§H+ <P-L, i,e.,
that we are examining a region where the chemical processes
are dominant in determining the proton concentration.

The production of protons can be due to direct photo-
ionization of hydrogen atoms or due to a charge exchange be-
tween these atoms and oxygen ions, The loss process for pro-—
tons is the above chemical reaction in reverse -- radiative
recombination is negligible., Photoionization of hydrogen
will be disregarded. Attention will be focused on the reac-

tion
s+o e u +o0

The continuity equation, under the stated assumptions,

becomes
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%E n(H+) = Ky n(H) n(O+) - K, n(H+) n(0)

or, by virtue of the fact that K2/Kl = 8/9

g—t n(g") = K, n(H) n(0") - 5 n(z") n(o) (1)

Tie steady-state solution of equation (1) leads to

n(H+)ss = %24(%1—; n(o™h (2)

If, at a given level, n(o+) is changing with time, but
n(H) and n(0) are not, then edquation (1) is of the form

S nE) =2 £(t) - 2 nh (3)
where A = Kl n(H)
| £(t) = n(o")
% -1 g K; n(0)

Equation (3) is linear in n(H+) and can be integrated

by using the integration factor exp(t/T)

! t t

t t
T r r
e’ d[n(H+)] + % n(H+) dt = d[n(H+) eT] = A f(t) e’ dat

whence £ £ t

n(H+) = A e Tdfé(t) e" dt +ce T
Assume now that the oxygen ion concentration, at a

given level, is increasing linearly with time, as might well

happen in the early post sunrise period, Then
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£(t) = n(0o") = n(0+)o +at

o +,
3 n(0') = constant

R
fi

t t

- -_— -

n(H+) =A e T.} [n(0+)o +at] e dt +Ce

At

t

=ATT n(0+)o - A Tza +AagTt+Ce T

Define n(H+)sso as the steady-state proton concentra-
tion that would exist at t = 0

n(H+)sso Z—gi(—g—; n(0) = a 7 n(oJ’)o
2 _9%nH, 9 - + 9 .
ATas= 8 n(o)x 8 K1 gio) = n(H )ssox 8 K1 n(O? n(0$76
Hence i
_t |
+ + 9 t ‘
n(H) = n(H") [1 T8 n(o()l R(GTY, n%oﬂo] +Cce”
When t = 0 then n(H+) = n(H+)o, hence
+ + 9
C = n(H )o - n(H )sso l:l B §'Kl n(O? n(0+)o]
so that
n(E") = n(m") 1+ 8 2 2 +
sso n(0O )o 8 Kl n(0) n(O+)o
. _t
n(Hg 9 T
+[Bﬁ(ﬁ')_isoo -1+ K TR n(o+)o] © } (4
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If chemical equilibrium conditions prevailed at t = 0O

n(H+)o - n(H-I_)sso
and
_t
+ 9
A6 = oL+ il ¢ - § mareterem, (- e )]

(5)

The rate at which the proton concentration builds up is

t
. _t
d(H + —2 2 "
o 1 ©
(ut - n(d %
n(H Ty = o 2 o) -
:am}z(l'e)—o‘smo)(l e

Thus the concentration increases slowly at the begin-
ning; as time goes on, the rate approaches the value ¢ %ﬁ%%g
which is the rate of buildup that would exist if chemical
equilibrium were maintained,

We next inquire what the proton concentration is, ex-
pressed as a fraction of the chemical equilibrium concentra-
tion.

Let n(H+)SS be the chemical equilibrium concentration
at any moment

n(H-I-)ss - n(H-{—)o (1 + ET%?TOt)

t

+
+) 9 a n(H o (1 - e T)

+
n(H’) = n(H ss §'Kln(0) n(o+)

. -
_ _nHY 2 __a l - e
n = n(E )SS =1 - 8 Kln(o) X n(0¢)o +a t
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For t =0 and t+> , 11 =1, but for any time between
these limits, T < 1 and the proton concentration may lag
considerably behind its chemical equilibrium value.

As an example, consider the situation that would exist,
under the assumptions of this problem at an altitude of 600
km in the ionosphere, during solar cycle minimum conditions,

if the o' concentration were increasing at a rate of 12 ions
-3 -1

cm T sec and nc diffusion were present, {(The rate indicated
. . -3
above would correspond to an increase rate of 45 ions cm

e
sec™! at the F2 peak, in the winter model of ionosphere,

used in Chapter III), In this example, using the neutral con-
centrations given by the Harris and Priester model for 0600
IMT and the value of K; (4 X 10710 cmBSec_l) given by Hanson,
Patterson and Degaonkar {1963], the time constant for the
reaction comes out a surprisingly long 40000 seconds, At
lower altitudes the concentration of atomic oxygen increases
and a corresponding reduction in T occurs., Thus under the
above conditions the time constant becomes 3900 seconds at
500 km and 320 seconds at 400 km. Since the hydrogen ion
production derives contributions from a large range of alti-
tudes where O' and H exist in substantial amounts, the time
constant for the integrated production depends in a compli-
cated way on the time constant for each altitude, All that
is intended by the examination of the model described here

is an indication that a mechanism capable of considerably
delaying the appearance of hydrogen ions may exist,

In Fig, 21 the H+ concentration is plotted versus time
for two cases: one is the hypothetical case of instantaneous
reaction and is labelled "chemical equilibrium"; the other
is the actual concentration which is seen to lag initially
very much behind the steady-state value; as time goes on,
however, the "transient concentration” builds up faster and

Py v e

o mwam 3 a 1~ -~
fast 1T Tr€alies Tiie same Yacte as

- - =1 L 17 % 4 -
daoLCcl wiitvdld CVCLLLU.QJ..L_Y lae. VUL

the instantaneous case,
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CONCENTRATION
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20 4000 8000 12000 16000 20000 24000
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FIG, 21. HYDROGEN ION CONCENTRATION
PLOTTED VERSUS TIME, RESULTING FROM
THE CHARGE EXCHANGE BETWEEN Ot AND H,
The Ot concentration is assumed to
grow at the rate of 12 ions cm—3 sec-1l,
Neutral concentration (atomic oxygen
and hydrogen) is that that would exist
at 600 km altitude during the solar
cycle minimum at 6 hours IMT. The
straight line is the concentration
that would exist if the charge ex-
change reaction were instantaneous,
Diffusion was disregarded,
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As the hydrogen ion flux into the protonosphere results
from the contribution of each height level, every one with a
different time constant and it appears plausible that the
full rate of flow will be established after a fairly appre-
ciable time delay.

The physical reason for this somewhat unexpected behavior
is that, due to the reversible character of the reaction, the
rate of H' production can reach its full value only after the
0+ ion concentration has had time to establish an adequate
excess of the value that would result in an equilibrium H+

population,

E. DISCUSSION OF THE RELATIVE EXOSPHERIC COLUMNAR CONTENT

SectionsB and C of this chapter dealt, in part, with the
difference between the columnar contents derived from the
Doppler and the Faraday measurements, In this section the
significance of this difference, called "relative exospheric
columnar content," is examined,

The differential Doppler beat frequency fD is related
directly to the time change of the slant columnar electron
content

fD = QD é% 8 n ds
o
where QD is a constant that in the case of the EGO experi-
ment is equal to 3.31 x 10~ 1° (mks),
n is the electron concentration,

ds 1is a length element along the ray path of length R.

If the value of the integral at t = 0 is known and is

equal to ID then the slant columnar content, ID at any
0
time t is
rR 1 rt
I. = n ds = ——-J £ 4dt + I
D Jo O Jo P Dy
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Thus the Doppler data can, in a straight forward manner,
be interpreted in terms of the total columnar content between

satellite and observer.

In the Faraday rotation angle measurement, one has

J’R
0 =0Q H n ds
F o

where () 1is the angle of rotation between transmitter and
receiver of the polarization plane of the wave, H is the
component of the geomagnetic field intensity along the ray
path, and QF is a constant,.

Since ( can be measured and QF is known, the value
of the integral can be found and from it a value of columnar

electron content, IF , can be obtained through the relation

R
1 Jﬁ 9]
I - Hn ds =
F Ha 0 QFHa

1]

where the value of Ha is chosen in such a way that, if the
satellite were at 1000 km or other preselected height, the
columnar contents derived from Doppler and from Faraday would
be the same, i,e.,, so that Ip=1I,. H is a variable that
can be expressed in terms of the geocentric distance, r , to
the point of integration on the ray path; since Ha is an
"average" geomagnetic field, it is possible to associate it
with a geocentric distance r, and since H « r—3 one ob-

tains

The l/r3 weighting factor causes the ionization at high
altitudes to have only a small influence in the determination

of I hence, compared to the Doppler method, the Faraday

F 3
method is rather insensitive to exospheric changes, Advantage
is taken of this fact to observe the exospheric ionization

by means of a satellite that is much higher than the altitude
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at which 1I_ =1 because under such circumstances, ID > IF

F D
and I_ = I, where I is the "exospheric columnar

E-Ip " Ir E
electron content." To illustrate this point, consider a
model consisting of a Chapman-q layer of o' ions topped by
an H' layer in diffusive equilibrium. Let the temperature

be uniform and equal to 1000 degrees K, the peak concentra-

tion be 5 X 1011 electrons m_3 at a height of 220 km and the
o7 to H' transition be at 1000 km, The vertical columnar

16

content up to 1000 km is I_ = 10,95 x 10~ electrons m2

D
and the Faraday rotation angle is 2920 degrees, An adequate

choice of Ty (about 6770 km or 400 km above sea level)

results in IF =1 If now, without altering «r one in-

D.
vestigates what values of I, and I

0

F would be obtained

if the beacon transmitter were not at 1000 km but at 8000 km,
one would find ID = 11,05 x 1016 electrons m_2 and IF =
10,99 X 1016 electrons mm2 resulting in an "exosphere con-
tent" of 0,06 x 10%°

reflects the meager ionization that exists in this model at

electrons m_z, a very low value that

high altitudes, If now, still keeping the value of r, un-

altered we double the temperature above 1000 km then tge
values of I and I up to 8000 km become respectively
160 F 16 -2 .

16,84 x 10 and 13,28 x 10 electrons m showing a very
much increased value of IE s which now is equal to 3,56 X
1016 electrons m—z,

The foregoing example illustrates the sensitivity of
this method of observation of the changes in high altitude
ionization, An apparent change in exospheric content will,
however, result if the whole profile is shifted up or down
vertically, changing the centroid of the distribution but
altering very little the true content of the exosphere, Thus
if a layer, without changing shape, moves to lower altitudes
so that the centroid descends from 400 to 300 km, then if a
corresponding change in T, is not made, there will be an

overestimate in IF of
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; )
6370 + 400 = _ 3 043 or 4.3%

6370 + 300

The dawn rearrangement described in Section B results
from a decrease in Faraday content which, were it to be ex-
plained in terms of a simple vertical shift would require
an upward motion of the ionosphere, a very unlikely event
at this period of the day. In addition, the changes observed
in the Faraday content are much too large to be due to any
reasonable vertical motion, Referring to Fig, 18, one can
see that on 17 February 1965 the Faraday content reached a
minimum (at about 1540Z2) which corresponds to a value 26%
below that that would exist if the linear increase in con-
tent had continued without interruption, On 29 March the
minimum was more than 50% below the corresponding extrapo-
lated value, One must therefore conclude that the cause of
the phenomenon observed is a major rearrangement in the shape

of the layer,

F., ABOUT THE STRUCTURE OF THE EXOSPHERE

The observed changes in columnar electron content in
the exosphere, as seen from EGO data, may be due to one of
the following causes:

a, The radial motion of the satellite which results in
in a varying amount of ionization being included in
the ray path, From this effect local electron con-
centrations can be derived,

b. The "tangential" motion of the satellite, i.e,, the
motion perpendicular to the ray path, which reveals
horizontal gradients in the exosphere,

c, Temporal changes in the exosphere,

Changes in the height of the ionization can result in
apparent modifications in the exospheric content, as dis-
cussed in Section E. Fluctuations in the contents of the

lower ionosphere should not cause any changes in the observed
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exosphere content because of the cancellation that results
from the subtraction of the Faraday from the Doppler values,

In Section B, temporal changes in the exosphere were
examined and the implicit assumption was made that effects
a and b were negligible., Justification for this lies in
part in the small radial motion of the satellite when it is
sufficiently far from perigee, coupled with the very small
ion concentration that seems to exist beyond the plasmapause
or "knee," For this reason, to examine temporal changes,
advantage should be taken of those runs in which the sunrise
occurs when the satellite is at considerable distance away
from the earth, In particular, observations near apogee,
which cannot be carried out with EGO in view of the reduced
signal strength resulting from the unfavorable antenna orien-
tation due to the spinning of the spacecraft, are valuable
for this kind of investigation, The influence of effect b
cannot be so simply dismissed; it may, however, be noted that
during a substantial time interval in the outbound part of
the run, the tangential velocity is very small resulting in
a minimization of this effect, which, in any case, can cause
only a slow change in the content and not the abrupt ones
described,

In this section, parts of the runs near perigee will be
examined and local electron concentration profiles will be
derived, The assumptions here are that effects b and c are
negligible, In fact, effect b is probably unimportant as
long as the totality of the ray path remains inside the
plasmapause, Once the satellite is beyond this boundary,
the sharp concentration gradients may cause the apparent
exosphere content to change and, to interpret the results,
careful attention must be paid to the individual geometry
of each run., Temporal changes--effect c--will, if present,
alter the numerical values of exospheric concentration, When

a much larger number of runs is available, it may be possible
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to gain statistical support for disregarding this effect
at some hours of the day., The results obtained here are
arbitrarily based on the assumptions that there were no
temporal changes and that, inside the plasmapause, there
exist horizontal stratification,

Figures 15d, 15e, and 22 show runs in which conditions
were favorable for local concentration measurements, A
well defined rise in exosphere content can be seen at the
beginning of each pass; a smooth curve was drawn by inspec-
tion through the points and the slope was read off at two-
minute intervals., This slope was converted to local con-
centration and displayed in Fig., 23, The error bars indicate
the uncertainty due to the spin-period error and the in-
accuracy in the reference value of columnar electron content
for the Faraday measurement, (See da Rosa [1965]), It was
assumed that the spin period used was correct within 1 milli-
second and that the reference value derived from the differ-
ential Faraday measurements was within 10% of the true value,
Errors due to temporal changes and horizontal gradients as
well as scaling errors were not included.

In two of the runs the effect of the knee can be seen,

On 18 November 1964 the knee was at L = 3.5 while on 12
December 1964 it was further out, at L ~ 5 , The geomag-
netic index, Kp , was respectively 2. and 0 during the time
of measurement and 1.4 and 0,5 when averaged over the pre-
vious 48 hours, Carpenter and Angerami [1965] have found
that at higher KP values the knee moves inward, as observed
here, It is not clear why no pronounced knee was seen in

the other two runs, A much larger number of days have to be
examined before this point can be understood,

To date, the most reliable exosphere concentration mea-
surements are those obtained from whistler observations., 1In
order to compare the present result with the whistler data,
it is convenient to convert the former to equatorial concen-
trations,
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FIG., 23. PROFILES OF ELECTRON CONCENTRATION IN THE
EXOSPHERE DERIVED FROM COLUMNAR-ELECTRON-CONTENT
MEASUREMENTS: Error bars represent only the
errors due to the spin period and reference level
uncertainties., Scaling errors and the effect of
horizontal gradients and temporal variations have
not been taken into account,

This was done with the 12 December 1964 run and the re-
sults are plotted in Fig, 24. The conversion was made by
assuming that hydrostatic equilibrium conditions prevailed
and that the temperature of the H+ and electron plasma was

1500 degrees K. The dashed line represents values obtained
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by Angerami and Carpenter [1965] (6 June 1963, 0150 LMT).
The EGO data seems to be higher by a factor of two., Since
both EGO and whistler data were obtained under very quiet
geomagnetic conditions, one cannot invoke differences in Kp
to explain the difference, It should also be noted that the
EGO results for 17 October 1964 and 14 April 1965 are even
higher than the one shown in Fig., 24, The whistler data

was for nighttime while the radio beacon result was for mid-
day. This may account for some of the difference, although
the one nighttime result for EGO showed high electron con-
centration, However, in view of the uncertainties involved
in both the EGO and the whistler measurements, the agreement

between these results may be considered satisfactory.

(el cm'®)

~EGO DATA

——— e~
-~

~
~N
WHISTLER DATA/\ o

| (ANGERAMI AND CARPENTER) ™.
[1965]

FIG. 24. COMPARISON BETWEEN
THE EXOSPHERIC CONCENTRA-
TIONS OBSERVED BY MEANS OF
WHISTLER AND RADIO-BEACON
TECHNIQUES,

EQUATORIAL ELECTRON CONCENTRATION

As pointed out previously, the individual geometry of
each pass must be taken into account when interpreting the
EGO data, The reason for this is that different passes have

different relationship with the volume of high electron
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concentration within the plasmapause, partly due to the
changes in dimensions of the latter and partly due to the
variations in the geomagnetic position of the satellite,
which are caused by the changes in longitude from pass to
pass, Figure 25 shows how, for each successive pass in a
sequence of runs at the same local time, the geomagnetic
latitude decreases continuously. Thus, for the sequence of
early morning runs in the beginning of 1965, the satellite
initially (February) went out to almost 50 degrees N, geo-
magnetic latitude, while at the end of the sequence, in June,
it barely reached 30 degrees,

50 T T T T T | T T T T T

MIDDAY PASSES EARLY MORNING

MAXIMUM GEOMAGNETIC PASSES

LATITUDE

LATITUDE (deg)

MAXIMUM GEOGRAPHIC LATITUDE

30~ :

/EARLY EVENING PASSES

25 | 1 | I B | L L 1 ! L
280 300 320 340 3600 20 40 60 80 100 120 140

1964 DAY NUMBER 1965

FIG, 25. THE HIGHEST GEOGRAPHIC ILATITUDE ATTAINED BY
EGO IN EACH PASS INCREASES AS TIME GOES ON, For
each sequence of passes at the same time of day the
highest geomagnetic latitude decreases continually
as plotted above,

In Chapter II it was indicated that there is a secular
increase in the inclination of the S-49 orbit, due probably

to the strong lunar perturbation, For this reason the highest
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geographic latitude attained in each pass increases as time
goes on, as can be seen from the plot in Fig, 25, This re-
sults in a steady increase of geomagnetic latitude from se-
quence to sequence, Fig, 26 is a plot of the geomagnetic la-
titude of the satellite versus radial distance, It may aid
in the visualization of what happens but one must remember

7 FEB 1963

SATELLITE PATH
I//R DEC 1964

STANFORD

EQUATOR

MAGNETIC EQUATOR

(a) (b)

FIG, 26, PLOTS OF ALTITUDE-VS-GEOMAGNETIC LATITUDE
ALONG THE PATH OF EGO, The hatched area repre-
sents a section through the high electron concen-
tration volume bounded by the plasmapause.

that the situation is more complicated than indicated in the
figure due to the three dimensional nature of the problem,
The hatched area represents a section through the volume in-
side the plasmapause outside which the electron concentration
is very small, The plasmapause was considered to be at

L = 3.5, The 17 February, 1965 run started at point Al (Fig.
26a) and the ray path from Stanford was entirely inside the

plasmapause, As the satellite moved from A, to B the co-

s
lumnar content increased as indicated by thé first two points
in Fig,., l15a; from there on, in spite of the fact that the
distance from ground station to spacecraft increased steadi-
ly, the columnar content decreased because the tangential mo-
tion caused the ray path to intercept less and less of the

high concentration volume inside the knee, As the satellite
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reached the

neighborhood of point D,, some 30,000 km out, the

tangential velocity became so small that the sharp gradient

of electron
fect on the
the path of
fect became
showed up.

15a through

concentration at the knee had no longer any ef-
changes of electron content, On later runs,
this ef-
progressively less important until it no longer

This can be seen in the sequence of figures from

15e where the decay of content in the beginning

as
the spacecraft came to lower latitudes,

of the run gets smaller the later in the year the data were

taken,

In Fig,

15h and 15g the sunrise effect started too

early in the run so that the different phenomena were mixed

toagether.
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ABOVE DOES NOT SHOW ANY APPRECIABLE INCREASE BECAUSE
THE SATELLITE WAS ALREADY BEYOND THE PLASMAPAUSE
WHEN THE DATA BEGAN TO BE TAKEN,
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The 7 October, 1964 path is also plotted in Fig. 26a.
It represents the extreme case of a low geomagnetic latitude
pass., The run started when the satellite was very near or
beyond the plasmapause, and this explains the flatness of the
exospheric content-vs-height curve shown in Fig, 27,

Fig, 26b portrays a situation that is favorable for
the measurement of local electron concentrations., The 12
December, 1964 path of EGO is plotted as described above,
The plasmapause is out at L = 5,6, It can be seen that, ob-
served from Stanford, the ray path remains for a considerable
length of time, entirely within the plasmapause., Clearly the
most favorable condition to observe the knee is when, just
at the moment when the satellite crosses this boundary, its
motion is entirely along the line of sight, so that the tan-

gential velocity is zero,.
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V. THE BEHAVIOR OF THE NIGHTTIME IONOSPHERE

The nighttime coupling between the ionosphere and the
exosphere is studied in this chapter by examining the beha-
vior of the total electron content of the nocturnal ionos-

phere, The results support the theory of an ionosphere fed
by the exosphere, at night,.

An examination of Fig, 14 which shows the columnar con-
tents for seven early morning EGO passes, confirms the unpre-
dictability of the ionosphere, In some nights (24 May, 1965,
Fig, 14f) there is a pronounced decay in columnar content,
while in others (29 March, 1965, Fig, 14d) the content grows
steadily and smoothly although the sun is very much below the
horizon, On other occasions (13 March, 1965, Fig. 1l4c) the
ionization was remarkably steady and unaffected by the time,

The EGO curves provide a very good time resolution and
show very little scatter. Unfortunately, these data exist for
a limited number of runs because the satellite repeats a pass
at the same local time only every eight days and dawn runs
could only be taken between the middle of February and the be-
ginning of June, Prior to February the beacon was not turned
on in view of the power shortage resulting from unfavorable
angle between the solar paddles and the sun, After June,
the early morning passes occurred at too small an elevation
angle and the data lost the necessary accuracy, It became
imperative to look for statistical support for the EGO in-
formation in the very extensive catalogue of the diurnal va-
riation of columnar electron content of the ionosphere pre-
pared by Fred L, Smith, III, of Stanford University and Paul
C. Yuen of the University of Hawaii, The catalogue, as yet
unpublished, contains observations of the columnar content
measured by the Faraday rotation-angle technique using the
136-Mc transmission of the geostationary satellite, Syncom III

positioned over the international date line in the Pacific

SEL-65-109 - 100 -




Ocean. The technique was described by Garriott, Smith and Yu-
en [1965]. The measurements were made every five minutes, 24
hours per day and refer to the ionosphere near Stanford and
near Hawaii, With a few exceptions -- due to periods when the
satellite did not transmit or the ground equipment was being
adjusted or repaired -- there is a continuous coverage since
the middle of September, 1964, to the present (September ,
1965) ., These data were kindly loaned to the author by F, L.
Smith, III,

The subionosphere points were located as indicated in
Table 5,

TABLE 5., COORDINATES OF THE OBSERVING STATIONS

Observing Sub-Ionosphere Point L-Shell
Station Geographic Dip Dip I?Zgg‘kif'
Latitude Longitude Angle Lat,

Hawaii 19.7°N 159, 8% 36° 26° 1.20
Stanford 33.8°N 132.3% 57° 37° 1.66

The data were examined with the hope of establishing an
average behavior of the nighttime ionosphere and any correla-
tion of deviations from the average with some geophysical in-
dex,

Attention was focused on the time interval between local
midnight and just prior to sun rise, All available runs were
classified in four categories:

FLAT - Those runs in which there is no perceptible
change in columnar content during the peri-
od of interest,

DECLINING - Those runs in which the columnar content de-
- nwarrhi

-~ T Ve

cayed monotonically during the night,

RISING - Those runs in which the columnar content in-
creased monotonically during the night,

- 101 - SEL-65-109



*III ‘yatws T °d Aq peaysTtuiny sism eied
WOdd QANIVIE0 SHANND AWLL-SA-INALNOD YYNWNTIOD A0 TIIWYXH

596!

¥dv vl

<

(9I Ql xz_m $U0i|2313)
LN3INGD NOYLO3T3 ¥VYNWNIOD

(sinoy) 3WIL WI0D
9 S 14 £ 2 | 0
| I I ! I I 4
+
- + -
++++++.U++ €
& + e ]
+.¢T e + o4 F L
+ J
— +F + + —v
+ +++ + +
+++ + ety
g *
- -8
&
tn G961 ¥dv 8l
+
+ —9
w
+
1 L | _ _ 1 .
{sinoy) JMIL WI01
9 s v £ 2 ] 0
T I I T I £

01 X, W U0149313)
IN3LNOD NO¥LI373 HVNWNIO0D

(.I-

*ULITIALYS IIT WOOWAS dHL

‘gz ‘914

(ssnoy) JNIL VIO
14 € 2 1 [¢]

2 9 S
I

+961 120 62
+
L + —9
&
+
L 1 L ] ] L .
(sinoy) IWIL VIO

L 9 [ v [ 2z 1 0
T T T I T T T e
R + ++ o4 3

. t+ —h t et ++Av+ — oty P T e

+ o o T T R F hd A
t+..+ .Tv&. + +
+ v
+ G961 NVf 21 s
.

o

! I I T 4

NOY123713 HVNWNIOD

0Ol X z_\.l.l $U0J}0319)

(
1n3LndS

O X W SUDHIDII)
LN3LNOD NO¥1D313 HVYNWNIOD

(ll'

102

SEL-65-109




IRREGULAR - Those runs that could not be classified in

any of the above
included runs in

categories. In general this
which the columnar content-

vs-time curves exhibited humps and troughs,

Fig. 28 shows the columnar content variations for days

representing each of the above categories,

Garriott, Smith and Yuen [1965] point out

time total ionospheric content in

hibits a small but clear decrease
Stanford it is, most of the time,
is confirmed by the somewhat more
dy presented below. Table 6 shows

rence of each category at the two

that the night-
Hawaii quite generally ex-

goes con, while at
remarkably constant, This
extensive statistical stu-
the probability of occur-

different stations.

TABLE 6, BEHAVIOR OF THE NIGHTTIME IONOSPHERE
Category Stanford Hawaii
FLAT 53.0% 14 ,9%
DECLINING 18,1% 48,0%
RISING 7.2% 0.7%
IRREGULAR 21.7% 36.4%

This table is based on 83 runs for Stanford and 154 runs
for Hawaii, It is immediately clear that during the period
considered, a steady nighttime ionosphere was the rule at
Stanford, while,

decay of ionization was the most common condition encoun-

farther south, at Hawaii, the progressive

tered,

The average value of the K_ index for 2 six-hour periods
was listed for every day. For Stanford these periods were
from 1600 to 2200 and from 2200 to 0400 local mean time, For
Hawaii the periods were from 1700 to 2300 and from 2300 to
0500, local mean time., These values of Kp correspond to pe-
riods just preceeding or coinciding with the time of interest,
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From the tabulation so obtained the average value of Kp for
FLAT and DECLINING nights was derived, The results appear in
table 7.

TABLE 7. GEOMAGNETIC INDEX CORRELATION WITH NIGHTTIME
BEHAVIOR OF THE IONOSPHERE

STANFORD
Average value of the Kp index
1600 to 2200 2200 to 0400
local time local time
FLAT 1,21 1.01
DECLINING 2,81 2,09
Average Kp 1,66 1.24
HAWAII
Average value of the Kp index
1700 to 2300 2300 to 0500
local time local time
FLAT 1,67 1,51
DECLINING 1.50 1,36
Average Kp 1.60 1,45

It appears that at Stanford under low Kp conditions
there is a tendency to have a steady nighttime ionosphere,
while the decaying ionosphere seems to be associated with
higher values of the index, We may also note that at Stan-
ford the correlation is stronger with the Kp of the six
hours period preceding the period of interest rather than

with the index for the period itself,
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In Hawaii the KP corresponding to both FLAT and DECLI-
NING nights was nearly edqual to the average Kp for the who-
le period, leading to the conclusion that no correlation
exists between geomagnetic activities and the nighttime be-
havior of the ionosphere at the Hawaiian latitude,.

In order to interpret these results, it may be helpful
to examine briefly some of the ideas advanced to explain the
existence of a relatively large nighttime ionosphere, al-
though none of the several theories proposed has, as yet,
been entirely successful,

One suggestion is that the rate coefficient of the re-
action that destroys oxygen ions is temperature dependent;
little, however, is known about this topic. In a private
communication, L, Thomas has mentioned that there are indi-
cations, both from laboratory experiments and on theoretical
grounds, that this coefficient is in fact temperature sensi-
tive in a way that could account for the diminished loss of
nighttime ionization,

Another popular explanation invokes the appearance of
electric forces that impart an upward velocity to the plas-
ma, carrying the F-layer to greater heights where the recom-
bination is slower. Duncan [1956] derived a theorem showing
that a Chapman-q layer perturbed by a vertical drift veloci-
ty (independent of height) will move with the drift to a dif-
ferent height where it will maintain itself stationary, keep-
ing its Chapman-q shape and decaying with an effective at-
tachment coefficient equal to the coefficient corresponding
to the height of the new peak in concentration. Since the
loss process assumed is linear, many different Chapman-q
layers can be superposed to generate layers of almost any,
reasonable, arbitrary shape. When the drift is upward, the
ionization may be lifted high enough so as to have a negli-
gible decay during the hours of the night, Hanson and Pat-

terson [1964] have examined this process in greater detail
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and found it to be a plausible explanation of the nighttime
permanence of the F-layer, Since the existence of electric
fields in that region of the atmosphere cannot, as yet, be
verified experimentally there can be no final assesment of
the role that the mechanism described plays. It cannot,
however, account for the frequently observed increase in io-
nization during the night., For this a nocturnal ionization
source is needed, Such a source is readily available in the
store of protons in the magnetosphere,

A great deal of attention has been paid to the possibi-
lity that the nocturnal ionosphere is maintained by the down-
ward flux of ions from the protonosphere, Hanson and Patter-
son [1964] showed that a flux of the order of 108 electrons
cm-2 sec-'1 is necessary to sustain an ionosphere with a peak
concentration of 105 ions cm73. In view of the uncertainties
in the experimental value of the recombination coefficient g,
it is important to point out that the flux is rather insen-
sitive to the value of 8 used, In examples worked out by
Hanson, a change of 10:1 in the coefficient causes only a
change of about 1,6:1 in the flux, The difficulty in this

theory resides in the fact that under steady state conditions

the maximum upward flux that can be forced into the protonos-
phere is insufficient to replenish the supply, making up for
the losses at night, The subject does not seem to be enti-
rely closed, however, YOH [1965] observes in his Doppler -
Faraday moon echo experiment, rather large upward fluxes in
the morning hours, The radio-beacon data from EGO also can
be interpreted as indicating fluxes considerably in excess of
the maximum computed by Hanson, some time after sunrise,

The amount of available ionization in the protonosphere
can be estimated by means of whistler data, Fig. 29 shows
the geomagnetic latitude variation of the "tubular electron
content", i.,e,, the number of electrons contained in a tube

of force having a cross-section of 1 cm2 at a height of 1000
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km and extending all the way to the equator., J.J. Angerami
calculated the information displayed in the figure using in
part data from Smith [1961].

It must be remembered here whistlers do not measure
equatorial concentrations directly; what is measured is, es-

sentially

£

ﬂ

J P 1/7 ds
g

the integral of the plasma fredquency, fp, weighted by the in-
g To ob-
tain the equatorial concentration, a model for the dependen-

verse of the square root of the gyro frequency, £

ce of plasma frequency on distance along the field line must
be adopted, Smith [1961l] used what he calls the gyro fredquen-
cy model which sets n proportional to r_3, approximately.

In calculating the tubular content, it is advisable to
employ the same model as the one used for the derivation of
equatorial concentrations, This was done by Angerami and
accounts for the difference between the values in Fig, 29 and
those presented by Hanson and Patterson [1964] who applied to
the Smith data a diffusive equilibrium expression due to
Johnson [1960], For values of content beyond the knee, An-
gerami and Carpenter [1965] justified the use of a r_4 law,

The main feature that can be discerned in Fig, 29 is the
growth of the protonospheric electron supply as the latitude
increases (mainly due to the increasing size of the tube),
and the abrupt drop in content at the knee, the position of
which depends on the magnetic activity of the day (Carpenter
and Angerami [1966]), Making a rather extended extrapolation
it appears that at 20 degrees of geomagnetic latitude, which
corresponds to the situation in Hawaii, there are less than
l012
twice this amount in the winter, The redquired flux of 10

-2 -
electrons cm sec 1 can last no more than 3 hours, Conse-

electrons cm-2 available in the summer and less than
8
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quently, the ionosphere will, as a rule, decay during the
night, as it is observed to do in the Syncom data. On the
other hand, at latitudes near 50 degrees the supply of hydro-
gen ions and electrons is more than one order of magnitude
larger and is, therefore capable of maintaining a constant
ionospheric columnar content at night. At still higher la-
titudes it is possible that the decay conditions are again

isfied due to the depletion of the protonosphere beyond

When the ionosphere point lies on L-shells between about
2.5 and 7, the columnar content behavior should show a strong
dependence on the geomagnetic activity index which is known
to influence the position of the knee. In disturbed nights
the knee would be pushed towards lower latitudes and the con-
tent would decay, while during quiet nights it would remain
steady. At present the author has no data from stations si-
tuated far enough north to corroborate this point,

The latitude of the ionosphere point of the Stanford
measurements -- 37 degrees, geomagnetic -- is high enough so
that, in general an adequate supply of protonospheric elec-
trons exists and, as the experiment confirms, the nights show
mostly a constant content. Under high Kp conditions the pro-
tonospheric content, even inside the knee, appears substanti-
ally depressed, (Carpenter and Angerami [1966]). This may be
enough to cause the ionosphere to decay under increased Kp
conditions, as the observations show,

As was mentioned earlier, Smith [1961]] found that the
equatorial concentration of exospheric electrons was larger
around December than around June., One would expect that, if
the protonosphere is the source of the nighttime ionosphere
then such annual variation would affect the relative number
of FIAT and DECLINING nights, In Table 8 the year was divi-
ded intoc two halves —- cne from October to March, inclusive,
labeled "year end", and one consisting of September, April,

May and June, labeled "midyear". No data is at present avail-

- 109 - SEL~65-109



able for July and August. It can be seen from this table that
there is some indication of the predicted annual variation of

probability of occurrence of FLAT or RISING nights,

TABLE 8. ANNUAL EFFECT ON THE NIGHTTIME IONOSPHERE

Number of FLAT Total number Percentage
or RISING of nights of FLAT or
nights RISING nights
STANFORD
Year end 48 80 60, 0%
Midyear 21 51 41.,2%
HAWAII
Year end 20 140 14 ,3%
Midyear 6 95 6,3%

It is also clear that if the mechanism described here
really takes place, then the total tubular content in the pro-
tonosphere should show an appreciable depletion during the
night at low latitudes and also beyond the knee, and a rela-
tively small change at high latitudes within the knee, That
this appears to be so is the opinion of Carpenter who, in a
private communication states that he as observed this effect,
Recent whistler measurements made at lower latitudes, especi-
ally those taken aboard the research ship "Eltanin" may help

to confirm this point,
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VI. SUMMARY AND CONCLUSIONS

The present work covers three distinct topics, one of
a theoretical and two of an experimental nature,

The considerable theoretical work done on the thermal
behavior of the ionospheric plaé&a by Hanson, Dalgarno, Geis-
ler and Bowhill, and other authors is extended here from the
steady-state solutions found by them to a time-dependent so-
lution that allows the examination of the temperature chan-
ges in the ionosphere at dawn, Physical consideration of
this problem leads to models that can be mathematically re-
presented by a second order, non-linear, partial differential
equation, the numerical integration of which presents serious
stability difficulties., An unconditionally stable form of
the equivalent difference equation is developed. Numerical
examples are worked out for models that attempt to represent
the dawn ionosphere at summer and winter for both solar cycle
maximum and minimum conditions, and the following conclusions
are drawn:

l, Very substantial heating occurs in the ionosphere
before any perceptible increase in ionization, Ex-
perimental evidence shows that a measurable increase
in ionization begins at a solar zenithal angle of
about 95 degrees while considerable heating starts
at angles larger than 110 degrees,

2., As the sun begins to shine on the high atmosphere,
the competing effects of increasing heat produc-
tion and growing heat capacity of the electron gas
result in an electron gas temperature that initial-
ly rises very fast, reaches a peak, and then de-
clines, This peak is more pronounced the higher
the altitude and predominates in the winter when
the electron concentration buildup is faster,

3. Due to smaller electron concentrations in the sum-
mer, the temperatures during this season are higher
than in the winter,

4. The much slower rate of increase of electron con-
centration during the solar cycle minimum period
results in a tendency for the temperature in this
period to be higher than during the solar cycle
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maximum,

5. In most models it is observed that up to the time
when the temperature reaches its peak, it is prac-
tically height independent at levels above the al-
titude of maximum heat production. Later on a
"bulge" is formed at the altitude of maximum heat
production and a negative gradient of temperature
exists in the higher levels resulting in an upward
heat flow,

The second topic treated deals with experimental re-
sults obtained from the radio-beacon experiment aboaxrd the
EGO satellite, The difference between the columnar electron
contents obtained by the differential-Doppler-frequency and
the Faraday-rotation-angle techniques is defined as the "exos-
pheric columnar electron content" and yields some interes-
ting information.

Strong horizontal gradients are shown to exist, This
is in general agreement with the whistler observations of
the equatorial "knee" in ion concentration,

Profiles of electron concentration in the exosphere
are deduced from the data, The values found show fair agree-
ment with the results of the whistler studies,

Perhaps the most interesting phenomenon revealed by
the experiment is the rearrangement in the ionized layers
that occurs between one half and one and one half hours after
sunrise, This rearrangement can be interpreted as an upward
flux of ionization from the ionosphere into the exosphere,
and lasts about 20 minutes, in the passages observed, The
flux attained the value of 1.5 X 10° electrons cm 2 sec ©
on one of the days measured, A tentative explanation is
presented for this phenomenon; it requires a mechanism that
would delay the oxygen ion to hydrogen atom charge exchange
reaction, It is shown that, in an extremely simplified mo-
del of the ionosphere, a delay in the oxygen ion to hydrogen
atom exchange reaction exists permitting speculations that

the same mechanism will cause the required delays in a more
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complete model, A mathematical treatment of the problem is
undertaken and yields duantitative values for the delay. It
is shown that under conditions prevalent at solar cycle mi-~
nimum at heights between 400 and 600 km the time constant of
the exchange reaction varies from some 300 seconds at the
lower altitute to more than 40,000 seconds at the higher,

The final topic consists of a statistical investiga-~
tion of the behavior of the nighttime columnar electron con-
tent of the ionosphere and is based on data obtained from
Faraday-rotation-angle measurements using the 136 Mc telemetry
carrier of the Syncom III satellite, It is observed that the
majority of nights during the winter, at Stanford, showed no
perceptible decay in content after midnight, while those ob-
served at Hawaii showed such a decay very often, In addition,
it was found that the average Kp associated with non-decaying
nights at Stanford was much lower than that associated with
decaying ones, No such effect was observed at Hawaii, These
and similar results are interpreted as supporting the theory
of the maintenance of nighttime F-layer by a downward flux of

electrons from the pronosphere,

It is suggested that the investigation of the exosphe-
re by means of radio-beacon experiments be continued not only
by further observations of EGO and its successor, 0OGO-B, but
also by the use of geostationary satellites (capable of re-
vealing only the temporal changes of the exosphere) and by
the use of highly eccentric vehicles placed in low inclina-
tion orbits (appropriate for the measurement of exospheric
electron concentration)., The geostationary experiment would
help shed light on the problem of exchange of ionization be-
tween the ionosphere and the protonosphere, a subject not
fully understeoed at p 1t, The concentration profiles

obtained from the 0GOs and from other satellites in eccentric

orbits can complement the results obtained with whistlers,
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