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Abstract—A theoretical observation of the characteristics of ionospheric thermal radiation
is made using a linear theory, based on a macroscopic concept with the aid of fluctuating
electromagnetic field theory. The thermal noise power generated in the ionosphere per unit
volume, per unit frequency bandwidth, and the available thermal noise power at a receiving
antenna per unit frequency bandwidth are calculated. The spectral distributions of ionospheric
thermal radiation are obtained and discussed in detail.

A study of the calculated power level of the thermal noise generated in the ionosphere shows
that it is exceedingly low and decreases rather rapidly with an increase of frequency f. A large
portion of the noise signal generated appears to be in the frequency range of f < 107 ¢fs, with
the microwave noise signal being negligible, and appears to come mainly from the region between
60 km and 100 km of the ionosphere. Furthermore, the study reveals that the available noise
power at a receiving antenna depends upon the geographical location of the antenna in general
and that the power level is higher in the equatorial zone than in the polar cap zone.

For a noise signal frequency of less than 10° ¢/s, the power level increases monotonically
with an increase of polar angle 0 from # = 0 and reaches its maximum value at § = 90°, where
it is at least a hundred times greater than at § = 0. For a noise signal with a frequency of
10° ¢/s, the available noise power has its maximum at 6 ~ 50°, where the power level is com-
parable to that of a noise signal with a frequency of 10¢ ¢/s. For a noise signal of a frequency
above 5 x 10? ¢fs, the angular dependence disappears.

1. INTRODUCTION

IN A recent theoretical study made by the author on ionospheric thermal radiation,
the expressions for w,, the thermal noise power generated per unit volume, per unit
frequency bandwidth, and for P, the available noise power at the receiving antenna
per unit frequency bandwidth for the case of vertical incident measurement, have
been derived, based on a macroscopic concept with the aid of the fluctuating electro-
magnetic field theory using the Maxwell-Langevin equations. It is the purpose of the
present paper to estimate theoretically the radiation characteristics of ionospheric
thermal noise by investigating the expressions for w, and P, with the aid of experi-
mentally observed available data (e.g. LeGaLLEY and RosEN, 1964; JacksoN and
KawE, 1959; Jackson and Seppon, 1958) for the profile of the electron number
density.
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The expressions for w, and P, are given as follows (the derivation of these expres-
sions is presented in Hsien (1966)):
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In the above expressions, r and 6 are the radial and polar angular variables,
respectively, in the geomagnetic polar coordinate system whose origin is located at the
center of the Earth. The electronic charge e is taken as a negative value and m is the
electronic mass. o, and o, are the electron plasma and gyrofrequencies, respectively,
and o is the angular frequency of the noise signal under consideration. c is the speed
of light in vacua and ¢, is the dielectric constant of vacuum. 4 is the height above
sea level; fis the radiation frequency; a is the radius of the Earth; M is the magnet-
ization of the Earth; and k is the Boltzmann constant. Finally N,, 7, and v are
electronic number density, temperature and collision frequency, respectively.

2. AsymproTic EXPRESSIONS

When the radius of the Earth @ is taken as 6370 km and the magnetization of the
Earth M is taken as (0-935)/(47) A/m? (MORGAN, 1959), the factor G(w, 7) given in
equation (3) can be approximated by

Mo, r) ~ M{ — 3(%)}, for (g) < 1. 4)

Consequently @ is practically invariant with respect to A for the range of height up to
200 km. On the other hand, Z, being equal to »(k)/w, varies considerably with & in
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the same region of the ionosphere. It is of interest to note that when the parameters
Z and G satisfy the following conditions:

472 <1, 3 <G (Case A) (5a)
or
472 <1, 462 <1 (Case B), (5b)
Equation (1) takes the following simple form:
wos(f, ) = kT Z5? (6a)
or
Wea(fs k) = 3kT,Z 2. (6b)
On the other hand, for |Ah| < h,, equation (2) takes the following form:
Ak
Pos(f, 0) = &(6, ho)k T X324 (7) ™ (7a)
3
or
Ah
Poy(f, 0) = 2kT X, Z, I ™ (Th)
4
with
2 4+ G?sin2 6
£o(0, ko) = @1 +30050)’ (8)

where the subscripts 3 and 4 are introduced in w, and P, to indicate the fact that
Case A and Case B are being considered respectively. Furthermore, for the region of
the ionosphere between 85 km and 200 km, the range of frequency which satisfies the
conditions (5a) and (5b) can be given as follows:

1-6 me < f < 42 me, for Case A (9a)
or

14 kme < f, for Case B. (9b)

Thus equations (6a) and (7a) can be regarded as the asymptotic expressions for w, and
P, for the radio-frequency range and equations (6b) and (7b) are the asymptotic
expressions for the microwave-frequency range respectively.

3. CALCULATION

It is easily seen that once the electron temperature 7, number density N, and
collision frequency » are known, calculation of the quantities w, and P, is straight-
forward. Unfortunately the exact knowledge of Ty, N, and » as functions of position
is not available at the present time. In view of the fact that many of the results of
radio observation can be explained by assuming that the ionosphere is horizontally
stratified, that is, that the electron density and collision frequency are functions only
of the height &, this assumption is adopted for the present investigation. Furthermore,
it is assumed that under the thermal equilibrium conditions the electron temperature
T, is equal to the background gas temperature 7,. The midday mean electron
number density profile N(&), based on seven experimental observations—one by
partial reflection technique, two by cross-modulation technique and four by rocket
experiment—is used for the D-region (60 km—90 km) and the other profiles, based on
two rocket observations, are used for the height range between 90 km and 180 km.
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The value of the average electron collision frequency » with the neutral particles
and ions can be given approximately as follows:
(10)

where (r,,) and {»,) denote the average electron collision frequency with neutral
particles and with ions respectively (e.g. SHKAROFSKY, 1961). They are given in
terms of atmospheric parameters as follows:

Y om0 I
V Vo Voios

v lh)y == 1:9944m,, Ty > 1077, for 2 < 180 km, (11)
where n,, is the number density of air, and
W) = 8375N log A » 1078/ T3 (12)
with
A = 1-24 < 107 (THN)V2, (13)

where N is the ion density and T, is the electron temperature. In the present calcula-
tion it is assumed that N, = N and Ty = T',. », given in equation (10}, is calculated
with the aid of tabulated data for n;, and 7', (e.g. KALLMANN-B131, 1961). The mks
gystem of units is employed in the present study.

4. DiscussioN or RESULTS

The results of calculation of the noise power spectrum show that for a given value
of 6 and A, w, decreases with an increase in f as shown in Fig. 1 except in the vicinity
of f = 10% ¢/s. The rate of decrease is higher in the h.f. range than in the Lf. range.
There is a hump, i.e. a relative minimum and a relative maximum, in the range
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Fig. 1. The frequency spectrum of the thermal energy volume density
with height as parameter for § = 45°.
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108 < f < 5 x 10° ¢/s and this hump appears to be largest for 6 = 45° and it tends to
disappear for 6 = 90°.

It is of interest to note that for the frequency range specified by the inequalities
(9a) and (9b), equations (6a) and (6b) both suggest that w, is inversely proportional to
the square of the frequency f and directly proportional to the square of the collision
frequency v for the region between 85 km and 200 km of the ionosphere. In addition,
a comparison between equations (6a) and (6b) shows that at a given height 5, since
dwy/df = 3dwys/df, the rate of decrease of w, in the h.f. range is three times greater
than in the Lf. range (e.g. see the case of # = 100 km in Fig. 1). Thus the observation
made in Fig. 1 on the behaviour of w, can be predicted quite well by the asymptotic
expressions for w, given by equations (6a) and (6b). It should be pointed out, however,
that equations (6a) and (6b) are not applicable for a frequency range in the vicinity of
f = 10° ¢/s and therefore a prediction of the behaviour of w, in this region has to be
made by studying equation (1).

On the other hand, as shown in Fig. 2, for a given f < 108 ¢/s, P, increases rapidly
with an increase of ¢ in the region 0 < 0 < 20° and increases gradually in the region
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Fig. 2. The polar angular spectrum of available noise power at the receiving
antenna per unit frequency bandwidth from the source lying between
60 km and 180 km.

6 > 20°, then reaches its maximum value at 6 = 90°. For a given f > 7-5 x 10%¢/s,
P, becomes independent of §. However, for the noise signal with f = 10°¢/s, P,
increases gradually from 6 = 0 to about 30°, then increases rather rapidly to reach
its maximum value at about 6 = 50°, and finally decreases as 0 increases further.
The values of P, in the region of § = 0 and in the vicinity of § = 90° are about the
same. The maximum value of P, at § = 50° for f = 10° ¢/s is comparable to that
for f = 10%¢/s. It should be noted that the asymptotic expression (7b) which
predicts P, for the microwave range is independent of 8, while equation (7a) indicates
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that P,, for the radio-frequency range, does depend upon § in the manner specified by
equation (8), which is consistent with the above observation made on the behaviour of
P, in Fig. 2.

5. CONCLUSIONS

The spectral distribution of ionospheric thermal noise power has been obtained.
At a given position (A, 0) in the ionosphere there is at least ten thousand times more
thermal noise power per unit volume, per unit frequency bandwidth, generated in the
frequency range 5 x 10* < f < 106 ¢/s than in the range f > 10° ¢/s. w,, the thermal
noise power generated per unit volume, per unit frequency bandwidth, decreases
monotonically with an increase in the height #, which is reasonable in view of the fact
that the electronic collision process plays a major role in the type of radiation under
consideration, and since the collision frequency »(h) decreases with an increase in
height. w, appears to be independent of the polar angle  except for the case of
f = 10% ¢/s in which it has its maximum value at § = 45°.

The observation of the spectrum of the available noise power at the receiving
antenna Py(f, 0), per unit frequency bandwidth, with the source regions between
60 km and 180 km of the ionosphere, shows that in general it decreases with an
increase of the frequency f and increases with an increase of the polar angle 6.

Tt should be pointed out that most of the uncertainty in the present calculation
arises from a lack of complete knowledge concerning the electron temperature and the
electron distribution function. Furthermore, the results shown above are based on the
ideal assumption of a Maxwellian distribution, and equal electron and gas tempera-
tures. Consequently the results of the present study should be regarded as a good
qualitative analysis of the thermal radiation from the ionosphere rather than a
rigorous quantitative analysis.

The calculations indicate that the power level of the thermal radiation originating
in the ionosphere is indeed exceedingly low, a fact which is commonly believed. For
example, at 0 = 90° for f = 10 ¢/s, P, is of the order of 10720 W ¢/s and for f == 108
¢/s, it is of the order of 10-22 W ¢/s, which might not be detectable without the aid of
an exceedingly sensitive detecting system. However, it is of interest to observe the
dependence of P, on the polar angle 6, as well as on the radiation frequency f.

Acknowledgements—The author is very grateful to Professor J. E. Rowg for his
contributions and reading of the manuscript. Thanks are also due to Mr. R. MAIRE
for furnishing the computational results. The work was supported by the National
Aeronautics and Space Administration under Grant No. NsG 696.

REFERENCES
Hsien H. C. 1966 J. Atmosph. Ter. Phys. 28, 769.
Jacksoxn J. and KanE J. 1959 J. Geophys. Res. 64, 1074.
Jacgsox J. and SEpDON J. 1958 J. Qeophys. Res. 83, 197.
Karimann-Birr H. 1961 CIRA North-Holland, Amsterdam.
LEgarrLey D. and Rosex A. 1964 Space Physics, John Wiley, New York,

p. 169.

Morcan M. 1959 Proc. Instn. Radio. Engrs. Aust. 47, 181.

SExAROFSKY 1. 1961 Proc. Instn. Radio. Engrs. Aust. 89, 1857,



