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ABSTRACT

MEASUREMENT OF IONOSPHERIC ABSORPTION BY THE

COSMIC RADIO NOISE METHOD

by
J. RONALD EARHART

This study may be divided into two parts. Both
portions utilize the technique of cosmic radio noise
absorption on 22 MHz. The irstrument used is a riometer
which records signal intensity obtained from a wide beam
antennea.

The first portion of the study is concerned with the
contribution of the guiet sun to ionospheric absorption.

The study was carried out over the two-year period 1966 and
1967. The reference curve is determined from the hourly
values over a year's period of time that occur at least
three hours after sunset and three hours before sunrise.
The data is organized into 24 hourly averages for each
month. The trends evident are: (1) a single maximum in
absorption occurring very close to local noon; (2) a
larger magnitude of absorption in the summer months than
winter months; and (3) an asymmetry around local noon with
the decay to zero sbsorption extending well into the night-
time. The first two results indicate close soler control
while the latter conclusion indicates lack of solar control.

By choosing a reference curve for sunrise and sunset

at 150 km, one may set upper and lower limits on the solar

xii
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ionospheric absorption occurring in the lower ionosphere
(below 150 km) and the upper ionosphere (above 150 km).
The trends evident are: (1) the upper ionospheric solar
absorption rigses to a plateau value in the morning, remains
essentially at this value during the day, and commences to
decay by late afternoon; (2) the plateau value is greater
in the summer than the winter; (3) the lower ionospheric
solar absorption is symmetric about local noon; and (4) 50
to 65% of the solar ionospheric absorption is occurring in
the lower ionosphere at local noon with lesser amounts
before and after local noon. The conclusion to be drawn is
that while the upper ionospheric solar absorption is some-
what dependent on the sun, the effect is not nearly so great
as the lower ionospheric solar absorption.

The second portion of the study is concerned with
the contribution of the disturbed sun to the ionospheric
absorption. The period of interest is late August and early
September, 1966 when two Polar Cap Absorption Events occurred.
The satellite 1963 38C, at an altitude of 1100 km, measured
protons at the latitude of Durham on three separate occasions:
2342UT and 2353UT on September 3, 1966 and OUOGUT on September
b, 1966. This corresponded to a very disturbed magnetic
period (Dgy > 100 Y). At the same time the Durham 22 MHz
riometer was showing absorption.

Calculating the absorption expected from the
ionization caused by the protons interacting in the atmosphere
for the three satellite passes and comparing this calculated

absorption to the measured absorption results in good

xiii
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agreement if one neglects the electron precipitation
absorption component. The enhanced absorption when protons
reach the latitude of Durham under disturbed magnetic
conditions and the lack of absorption when the protomns do

not reach Durham suggest that the geomagnetic field condition
is the determining factor in whether PCA riometer absorption

occurs at Durham.

xiv
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CHAPTER I
INTRODUCTION

The discovery of extraterrestrial radio waves
impinging upon the earth is a concept that is less than four
decades old. Jansky [1932] discovered these radio waves on
a wavelength of 1L.6 meters, while studying the direction of
arrival of the atmospheric disturbances which interfer with
Trans-Atlantic short-wave radio communications. He found
that in addition to the familiar atmospheric static of
thunderstorms, his receiver was picking up persistent strange
static noise. He concluded that this static noise was coming
from the general direction of the Milky Way and suggested it
might be originating in the stars or in interstellar space.
The neme cosmic radio noise or cosmic static evolved from
the steady audible crackling hiss from the speaker of the
receiver recording these cosmic radio waves.

There was little advance in the knowledge of this
phenomenon until after World War II. 1In Australia, Bolton
and Stanley [1947] discovered a new type of radio source in
the radio sky in addition to the radio radiation widely
distributed along the Milky Way. These discrete sources had
a well defined boundary as measured on narrow beam antennas
and were called radio stars.

The above discovery again aroused interest in looking

for other sources of radio waves and there soon developed
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a vigorous endeavor to map the radio sky in a manner
analogous to that which had been done for the optical sky

[Shain, 1951; Brown and Hazard, 1953; Shain and Higgins,

1954k]. These groups were looking for both the general
background radietion and discrete sources by using high
frequency receivers and directional antennas.

After much conjecture, the mechanisms which cause
the extraterrestrial radio waves seem to be fairly well
established [Qort, 1959]. It is found that the radio domain
is mostly continuous with line emission being observed in
only one case, that being the hyperfine structure line of
atomic hydrogen at 21.1 cm. The continuous radiation is
believed caused by two different mechanisms. One is the so-
called free-free transitions in ionized gases giving thermal
radiation, and the other is the non-thermal rediation caused
by the deceleration of high-energy electrons in large-scale
magnetic fields commonly called synchrotron radiation. The
continuous radiation is observed to come from other gala-
xies, from dntergalactic space, from a nearly homogeneous
atmosphere surrounding the Galactic System, énd from the
thin galactic layer approximately 3° wide lyiﬁg along the
galactic equator. Part of the radiation from the galactic
layer comes from clouds of ionized hydrogen emitting thermal
radiation which are discrete and are referred to as radio
sources. The intense galactic sources have been identified
with certain luminous sources called nebulosities. The
radio frequency radiation from these nebulosities is due to

the synchrotron process. It is believed that most of the
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3.

" non-thermal galactic radiation is due to relativistic
electrons in interstellar magnetic fields.

The first suggestion that the cosmic radio noise was
modulated by the ionosphere was made by Jansky [1937], who
found that during the day the intensity of the cosmic noise
was lower than expected and attributed this to ionospheric
absorption. This idea again lay dormat until Mitra and
Shain [1953] revived it and attempted to measure the total
absorption suffered by a 18.3 MHz signal completely
traversing the ionosphere. They found that there were
several decibels of absorption on occasion.

Little [1954] instrumented a system to measure the
cosmic radio noise and its absorption by the ionosphere in
which he used a stable high gain receiver, directional
antenna, and a pen recording device to continually measure
the output of the receiver. The advantages of the cosmic
noise method of monitoring the ionosphere are quite evident.
With echo sounding techniques the radio transmitters
required are expensive and are completely unreadable during
intense absorption events since they operate at low
frequencies. However, the cosmic noise method requires no
transmitter and can be operated at much higher frequencies
than a sounder, giving information even during severe
ionospheric absorption events.

Although, the cosmic noise method had advantages
over the sounding method, it had the serious drawback of
not being stable over a long period of time due to change

of gain in the receiver. This led to the development of
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L.

the self-balancing or servo-type receiver for the recording
of cosmic radio noise. This instrument was independent of

receiver gain [Little and Leinbach, 1958; Little and

Leinbach, 1959)] and was called a riometer, an acronym for
relative ionospheric opacity meter. The development of this
stable receiver, made possible inexpensive, routine, and
continuous monitoring of ionospheric absorption. In this
dissertation the experimental data is obtained by the rio-
meter method.

The purpose of this study is twofold. One segment
is concerned with the determination of the ionospheriec
absorption caused by the sun under quiet solar conditions.
In addition a method is presented to separate the absorption
into a component occurring in the upper ionosphere, here
defined to be greater than 150 km and a component occurring
in the lower ionosphere defined to be less than 150 km.

This study is made for the two years 1966 and 1967.

The second segment deals with pozar cap absorption,
particularly with the event of September 1966. The proton
energy spectrum at three separate times of this event
corresponding to unusual and q{i:; disturbed conditions on
the 22 MHz riometer are analyzed. From the energy spectrums,
the theoretical absorption to be expected may be calculated
and compared to the absorption actually measured. The
purpose of this is to make a definitive statement about the
primary source of the absorption and the effect of the

geomagnetic cutoff.

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



5.

Chapter II discusses the formation of the ionosphere
and its effect on electromagnetic waves. Chapter III deals
with experimental techniques while Chapters IV and V are
devoted to the discussion of the experimental results.

Chapter VI is concerned with the conclusions of the study.
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CHAPTER 1II
THEORY OF THE IONOSPHERE

l. Formation
a. General Properties

The existence of the ionosphere was postulated in
1882 by Balfour Stevart to explain the daily variation of
the earth's magnetic field. In 1925 Breit and Tuve experi-
mentally verified the existence of an ionospheric layer by
measuring the time delaf of reflected radio signals. That
one or more layers should exist is quite reasonable. When
an ionizing radiation impinges upon the earth's atmosphere,
it encounters an increasing concentration of ionizable
atmospheric particles ags it penetrates. However, as the
ionizing radiation penetrates deeper into the atmosphere,
there will be an increased absorption of its initial inten-
sity. Therefore, with an increase in atmospheric concen-
tration and a decrease in intensity, a maximum level of
ionization will occur, forming an ionospheric layer. With
more than one radiation present and with more than one
atmospheric constituent involved, the existence of several

layers is not difficult to understand.
b. Electron Production

Chapman [1931] gave the first analysis of the effect

of ionizing radiation interacting with the eartﬁ;s atmo-
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T.

sphere. More recently Davies [1965] has obtained a similar
result by assuming a parallel beam of monochromatic ionizing
radiation from the sun impinging on the top of a plane atmo-
sphere. In addition the atmosphere is assumed to have only
one type of gas present which obeys the perfect gas lawv.

Let S°° be the incident ionizing radiation energy
flux on the top of the atmosphere at a zenith angle X.
The intensity of this radiation is diminished as it
penetrates into the atmoéphere. If one assumes that the
absorption of the ionizing radiation takes place in a
cylinder of unit cross section and axis parallel to the

direction of the incident beam one obtains

ds = aaNaS dh secX (1)

where dS is the energy absorbed in going from a height
h+dh to a height h, S is the energy flux at & height h, %q
is the absorption cross section of the molecules of the
gas and Na the number density of the molecules of the gas
causing the absorption. If equation 1 is written in the

integral form one obtains

S h
Q% = sgecX N odh = - 1 secX (2)
T a a
S
- o

where

h
T = - ijaaadh
<«
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is the optical depth of the atmosphere down to the height h.

Integration of the above egquation ylelds

S = S_ exp(-tsecX) (3)

vhich gives the energy flux at a height h if the energy
flux at the top of the atmosphere is known.
The energy absorbed per unit volume is given by

as _
dhsecX oiNiS (%)

and utilizing equation 3 yields

ds _
dhsecX GiNism exp(-T1secX) (5)

in terms of the incident energy flux. Let n be defined as
the ionization efficiency which is the number of ion pairs
produced per unit of energy absorbed. The number of ion

pairs produced per unit volume per second is then

q(x,h) = o,N.8, n exp(-tsecX) (6)

It should be noted here that although only one type of gas
is being considered, equation 6 is written in the most

general form using o the ionization cross section for the

i!
atmospheric constituent of number density, Ni’ being ionized
at height h independent of the absorption of the ionizing
radiation. This will be elaborated upon when eqguation 6 is

generalized to an atmosphere containing more than one gas.
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The pressure difference between height h and h+dh

may be written as

dp = =~ pgdh v (1)
or

dp = - Kmgdh (8)

vhere m is the mass of a molecule and g is the acceleration

of gravity. Rewriting equation 8 in the form

(9)

It is apparent that if g is independent of height in the

lower ionosphere, then

T = — (10)

Assuming the perfect gas law, the pressure can be

written as
p = NkT (11)

where k is Boltzmann's constant (= 1.372 x 10-16 erg/deg)
and T is the Kelvin temperature. Equation 10 then takes

the form

oaNkT
T = ng (12)
or
T = oaNH (13)
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where

is the scale height.
To generalize equation 6 for more than one

atmospheric constituent it is necessary to let

o N S n

3 13 Yy Sa My exp(-tl) (14)

Q(xsh) = § qu(x’h) =

where
hn
T = - i % ak ] Nak secXdh
(-]
oiJ is the ionization cross section of the Jth constituent,
Nid the number density of the Jth constituent, and nJ the

ionization efficiency of the ionizing radiation on the Jth
constituent. Ty is the sum of the separate products of
the absorption cross section, Oak? and the total number of
the kth absorbing constituent in a unit cross section from
h to the top of the atmosphere.

It should be noted that for near grazing incidence,
when X is greater than 850, the assumption of plane
stratification of the atmosphere is no longer valid and
it is necessary to replace secX by a special function called
the Chapman function. In this dissertation, there will be

no need to use the Chapman function, and it will not be

used.
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¢. Electron Losses

The region of the ionosphere below approximately 100
km is characterized by the formation of negative molecular
ions. The solar ionizing radiation that causes molecular

dissociation is strongly absorbed above 90 km [Nicolet and

Aikin, }960]. Therefore the free electrons formed below

90 km are surrounded by an atmosphere composed almost
exclusively of the molecular species of its comnstituent
elements. The mean temperature in this region is about 250
degrees Kelvin with little variation. The collision
frequency between electrons and neutrals is quite high
ranging from about 1010 sec? at 30 km to 10° sec™t at 90
km.

Mitra [1952] describes the general equations dealing
with electron loss. The equation of continuity for the
electron distribution in the lower ionosphere is given by

dNe
5t - - 1L (15)

This equation says that the time rate of change of the
electron density is given by the production of electrons,
q, described in the previous section and by the loss of
electrons, L, to be discussed in this section.

The specific equation for the rate of change of

electron density is given as

daN
e

.'. - —
Tt NeN - A n(oe)ne + k n N+ pSN~ (16)

D

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



where

q =
N =

e
Nt =
N- =
n =
n(02) =
aD =
n -
k =
pS =

12.

(electrons)

cm3a ec

rate of electron production

electron number density (#/cm3)

positive ion number density (#/em3)

negative ion number density (#/cm3)

number density of all neutral particles which
may detach electrons from negative ions by
collisions (#/cm3)

number density of 02 molecules to which
electrons may become attached (#/cm3)
dissociative recombination coefficient for
collisions between electrons end positive ions
(em3 sec~1)

attachment coefficient of electrons to 02
molecules (cm® sec-1)

collisional detachment coefficient of electrons
from 0, ioms (cm3 sec-1)

photodetachment rate of electrons from 0o~

ions (sec'l)

In addition to describing the rate of change of the electron

density similar equations may be written for the rate of

change of positive and negative ion densities

dN
dt

and

aN
it

+ + -
= q - ap NeN - ai NN (17)

- * - -
n n(Oa)Ne -knN -a, NN - oSN (18)
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wvhere all terms are as defined previously and the additional
term a, is the mutual neutralization coefficient of positive
and negative ions in units of cm3 sec-l.

The reactions corresponding to the rate coefficients

listed above will be briefly described. The dissociative

recombination coefficient, “D’ corresponds to the reaction

* #
(XY)+ + electron » X + Y (19)

where the asterlks indicate the products to he in excited
states,

The attachment coefficient, n, describes the reaction

0, + electron + (xy) -» 0,  + XY (20)

wvhere a third body, XY, is needed to conserve momentum in
the reaction.
The collisional detachment coefficient, k, describes

the reaction

5 + XY + electron (21)

(xy) + 0 + 0

2

while the photodetachment coefficient pS describes the

reaction

“ 4 hv » 0, + electron (22)

05 2

indicating a photon detaching the electron from 02 .
The mutual neutralization coefficient, ayos describes

the reaction

+
0,” + (xy) = 0, + XY (23)

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



1k,

again showing 02- to be the principal negative ion.

By definition

A = K-/N (2k)

e

which is the negative ion to electron ratio. ©Since the

ionospheric regions are neutral
N~ = N_+N (25)

which also implies that equation 17 is not an independent
equation and therefore will no longer be utilized.
In order to solve the rate equations listed above
it is necessary to assume the condition of quasi-equilibrium
(Houston, 1967]. This condition states that
e - 4aN° | an® 0 (26)
dt dt at
This condition is valid at all times of the day with the
possible exception of sunrise and sunsets [Mitra, 1952].

Applying quasi-equilibrium conditions to equations 16 and

18 and using equations 24 and 25 which define

NT o= N (141) (27)

resulting in

2 -
g - ap N (142) - n n(02)Ne + knAN_ + pSAN_ = 0 (28)

and
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2
- ay x(1+x)ne + n n(Oz)Ne - knANe - pSAN_ =0 (29)

Adding equations 28 and 29 gives the result

2 -

q - ap N (1+2) - o (l+A)Ne = 0 (30)
Solving for Ne yields

1/2
N, = q (31)
(1+A)(aD+Au;7

and defining

Gopp = (1+1) (aD+Xai) (32)
gives

1/2
N, = —a (33)

Cere

Considering equation 18 under quasi-equilibrium conditions,
one cobtains
- nn(0,)

N
A = N— = + (314)
e kn+ps+aiN

which holds as long as kn+pS > aiN+. From this equation it

is seen that at night when pS = O A will be larger than in
the daytime. The value of A in the daytime becomes quite

small at altitudes above 80 km [Whitten and Poppoff, 1965].
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Webber [1962] calculates a value of A at 80 km for daytime
conditions of roughly 10”2 while the nighttime value at
80 km is sbout 3, reaching a value of 1 at about 90 km
for quiet ionospheric conditions.
If one allows A to approach zéro in equation 31 the

electron density is then given by

1/2
= |3—
Ne ap (35)
This is the condition that applies at altitudes greater than
90 km [Weir, 1962]. 1In the ionosphere at altitudes greater
than 300 km the equation of continuity must include a term

for the effect of mass motion [Aikin and Bauer, 1965]. The

equation of continuity will appear as

e L -1 _8E
at 1

§

where F is a flux caused by gravity diffusion. Since this
dissertation will not be concerned with any mathematical
calculations concerning the upper ionosphere, the complicated

solutions of this equation will not be discussed.
d. Chapman Layer

In Section b equation 4 for the production funection,
q, was derived. In the derivation no assumption was made
concerning the temperature distribution. To obtain Chapman's
formuls [1931] the assumption of an isothermal atmosphere is

made. This says that H, the scale height, is independent of
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height. Rewriting equation 6 one obtains

TS

qa(X,h) = E—E n exp(l-tsecX) (37)

where £ is the base of the natural logarithms and equals
2.718.

Define a quantity Z by the relation
Z = - gn 1 (38)
1 = exp(-2). (39)

Substituting into equation 37 results in

Smn
a(x,2) = T o exp [1-Z-secXexp(-2)] (ko)
or
a(x,z2) = a, exp [1-Z-secXexp(-Z)] (41)
where
Swn
%, = H ¢

and is the rate of production of ion pairs at the level Z = 0
wvhen the sun is overhead.

If X = 0 then:

a(0,2) = q_exp(1-Z-exp(-2)] (42)

Let Z = Z' - 4n secX

' ,  (43)
q(0,2' - tnsecX) = a, exp[1-Z +insecX-exp(-Z +insecXx)]
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q(0,2) = a, sechxp[l-Z'-sechxp(-Z)] (Lk)

q(0,Z) = secX q(X,Z') (45)

This equation says that q(X,Z') has the same shape as
q(0,2); it is moved up in altitude by an amount fnsecX and
is smaller by an amount cosX. The height of maximum

production occurs when

Z -« ansecX = O (Lé)

Zm =  gnsecX (LT)

The maximum rate of production is found by putting

this value into the equation for q(X,2)

q, (X,2) = a, exp[l-tnsecX-secXexp(-2nseeXx)] (48)
q, = a, cosX (49)

Changing the flux does not alter the height at
which maximum production occurs. If equation 4l is

substituted into equation 35 the resulting equation is
1/2
N = |—= exp 1/2[1-Z-secxexp(-2)] (50)
Similarly the maximum electron density is given by

1/2

N = __j cos X (51)
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e. D-Region

The D-region is the portion of the ionosphere that
‘exists between 50 km and 85 kmt Physical processes
occurring under both quiet and disturbed solar conditions
are important. Particular emphasis will be placed on the
processes occurring in this region since this dissertation
encompasses many celculations related to the physical
phenomena occurring at these altitudes.

Under quiet solar conditions, meaning the absence
of any large solar flares, the dominant source of
ionization in the lower D-region is galactic cosmic rays

[Nicolet and Aikin, 1960]. The production rate of ion

pairs from galactic cosmic rays is proportional to the

neutral particle density. For 2.5 x 1019 molecules cm-3,

100 to 300 ion pairs cm_3 :sec-l may be produced between
the geomagnetic latitudes of 40° and 60°, The latitude
effect will cause a decrease, by a factor of 3, in the
electron concentration from 60° to the magnetic equator.
At solar minimum galactic cosmic rays may be the dominant

ionization source to altitudes of 75 km, while at solar

maximum they are not important about 65 km [Whitten and

Poppoff, 1965].

The origin of the upper D-region under quiet solar
conditions is caused by ionization produced by solar
electromagnetic radiation. For wavelengths greater than
1900 A, there is little interest in the D-region since the

maximum energy corresponds to 6.5 ev, & number which is
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less than the ionization potentials of all atmospheric
constituents except sodium, potassium, and lithium [Reid,
1964). It is unlikely that ionization of these metals can

contribute appreciably to the D-region. Aikin and Bauer

[1965] state that the sodium concentration at 80 km is
of the order of only a few atoms per cm3,

The ionization of the principal constituents, such
as molecular nitrogen and oxygen, cannot contribute since
the ionization cross sections for ultraviolet radiation

18

are not less than 10 1° cm®. This precludes the penetra-

tion of such ionizing radiation below 100 km [Nicolet and

Aikin, 1960]. At wavelengths less than 1900 A the Schumann-
Runge continuum, beginning at 1750 A and extending to
1300 A, is encountered. Also, since the sabsorption cross

section of 02 between 1700 A and 1220 A is more than lO"19

cma, the penetration of solar radiation to sufficiently low
altitudes occurs only in atmospheric windows near 1216,
1187, 1167, 1157, 1143, and 1108.A. For these wavelengths
unit optical depth is reached at about 1020 molecules

cm-2 of vertical column which corresponds to about T5 km
for an overhead sun. The deepest wirndow is almost exactly
at the wavelength of Lyman a, 1215.T7 A, one of the
strongest emission lines of the solar spectrum [gggg,
&2§3]. This wavelength corresponds to an energy of 10.2
ev usnd is sufficient to ionize nitric oxide, a minor
constituent in the D-region, which has an ionization

potential of 9.25 ev. However, the nitric oxide hypothesis -

has not been verified because its concentration in the
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D-region is not known. Barth [1964] measured a value of

3

5.8 x 107 molecules cm - at 85 km. Barth [1966] reduced

this value to 3.9 x 107 molecules cm™3 at 85 km. However,
the values are two orders of magnitude greater than the
theoretically predicted densities. This discrepancy has
not been resolved to the present time.

The importance of x-rays in the formation of the
upper portion of the D-region is also subject to debate.
Nicolet and Aikin [1960] state that since the absorption
cross section of x-rays shorter than 10 A decreases
rapidly from 10717 cn® at 10 A to about 10722 cm® at 1 A,
the entire atmospheric region between 90 and 60 km is
capable of being penetrated. The principal atmospheric
constituents ionized by x-rays of wavelength less than 10 A
are N2, 02, and Argon. The authors cited above concluded
that x-ray ionization is unimportant below 85 to 90 km
due to the small flux under quiet conditions. Reid [1964]

agrees with this conclusion. However, Whitten and Poppoff

[1965] conclude that under quiet conditions x-ray ioniza-
tion is important in the D-region.

Under disturbed solar conditions the physical
processes occurring in the D-region change. Whereas, under
quiet conditions, the energy flux of Lyman o radiation is
about 5 ergs cm'2 sec-l, and the energy flux of x-rays
between O and 20 A about 10~ erg em™2 sec-l, under
disturbed conditions the former changes little if any and
the latter significantly [Reid, 196L4]. Kreplin et al.

[1962] have shown by satellite data a one-to-one correlation
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between solar x-ray bursts in this spectral range and
ionospheric disturbances. During these bursts the
enhancement of Lyman a radiation was either slight or
absent indicating that Lyman o does not play a part in the
disturbed D-region. During a solar flare the x-ray flux
between 2 and 8 A may rise by as much as a factor of 105
{Aikin and Bauer, 1965].

Under disturbed conditions at high latitudes the

enhanced x-ray ionization occurs but is usually masked by

other effects [Reid, 1964]. Reid and Collins [1959] have

described the unusual absorption events occurring at high
latitudes and divided them into two major categories.
One division is called a polar cap absorption event (PCA)
and occurs almost uniformly over the polar caps. The
term absorption is defined to mean a decrease in signal
strength of HF and VHF radio waves. This type of event is
caused by intense flares on the sun which throw out
protons and alpha particles with energies in the range of
1l to 100 Mev. Because of the earth's magnetic field these
particles cannot under normal circumstances reach latitudes
lower than the auroral zone. Owing to storage properties
in the interplanetary magnetic field, the absorption may
continue for several days. The absorption is caused by
the increased electron density created by the interaction
of the bombarding particles with the atmosphere.

The second division is called auroral absorption and

occurs with greatest intensity between 65° and T75° geo-
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magnetic latitude. The effect is again described in terms
of the absorption suffered by HF and VHF radio waves. It
is associated with aurora and magnetic disturbances and is
believed caused by the precipitation of energetic electrons
into the atmosphere, It is not clear where these electrons
come from, although it is known that the absorption takes
place higher in the atmosphere than in PCA events, most
likely in the lower E-region.

The rate coefficients for the various physical
processes described in Section ¢ and occurring in the
lower ionosphere are best epproximated by the following:

Nicolet and Aikin [1960] 1list aD(N2+) v 5 x 1077 em> sec” T,

8 3 -1

aD(02+) v 3 x 107" em” sec —, and uD(N0+) v 3 ox 1072 em3

sec~l. Webber [1962] defines an average electron-positive

ion recombination coefficient from the relative abundance

of positive ions. This wvalue ranges from 3 x 10"7 cm3 sec_l

below 65 km to T x 10_8 cm3 sec™t at 80 km.

Below 80 km O2 is the dominant ion to which

electrons become attached. This rate coefficient is 2.0 x

10~30 [n(02)]2 sec™t with values ranging from 1.1 x th

sec-'l at 30 km to 1.5 x 10-'2 sec_1 at 80 km.

The collisional detachment as determined by Phelps

and Pack [1961] from laboratory measurements at 230°K

resulted in a value of L x 10-20 cm3 sec-l. Ionospheric

observations by Bailey and Branscomb [1960] gave a value of

2 x 1077 cm3 sec™t. Webber [1962], taking account of the

number density of molecular oxygen, arrives at a value
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ranging from 6.0 sec'_1 at 30 km to 1.5 x 10-2 sec-l at

80 km,

The photodetachment coefficient, pS, has an average
value of .4 sec™t between 30 and 80 km and is taken by
Webber [1962] to be .35 sec-l at 30 km and .L8 sec”t at 80
knm.

The mutual neutralization coefficient, a; s changes
from a three-body process at less than 50 km to a two-body
process between molecular oxygen ions with a coefficient
of 1.8 x 1077 cm> sec”t.

Following the approach of Webber [1962], this

dissertation will use his o, as defined by equation 32

ff
and determined by the parameters listed above. Also, the
effect of A varying as the production function varies will

be taken into account using the appropriate a

eff

f. E-Region

The altitude regime between 85 km and 150 km is
designated the E-region of the ionosphere. Under quiet
solar conditions the E-region is formed through the ioniza-
tion of molecular oxygen and molecular nitrogen by x-rays
of wavelengths between 30 A and 100 A; through the ioniza-
tion of molecular oxygen by the extreme ultraviolet
radiation of Lyman B at 1025.7 A as well as the Lyman
continium at 865 to 912 A, and finally through the ioniza-
tion of atomic oxygen by the extreme ultraviolet radiation

in the Lyman continium plus x-rays [Nicolet, 1962].
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It is not clear whether the dominant mechanism is
ionization of atmospheric constituents by the x-ray
component of solar radiation or ionization of the constit-
uents by selective extreme ultravioclet bands or lines

[Whitten and Poppoff, 1965]. Watanabe and Hinteregger

[1962] concluded from rocket measurements of extreme
ultraviolet and X radiation that Lyman B is very important
in the determination of the E layer ionization. Aikin
and Bauer [1965] further state that the effect of the
Lyman B is to produce a Chapman-like layer centered around
105 km with a noontime electron density of the order of
lO5 cm-3. However, Norton EE El‘ [1963] show that x-ray
radiation is ﬁore important in forming the E layer peak
due to a larger atomic oxygen concentration than previously
thought. The answer to this puzzle will not be found until
there are careful measurements of photoionization cross
sections, solar radiation fluxes, concentration of
atmospheric species, and recombination coefficients.

The principal photons found in the E-region are
N," and 0,% velow 140 km and 0* above 140 km [Aikin and
Bauer, 1965]. It is found that although N2+ is produced
in large quantities in the E-region it is not found in

large concentrations. This is believed due to the following

ion-molecule reactions

N +4 0, + NO + NO (52)
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+ +

N,© o+ 0, > 0, + N, (53)
+ +

N,m + 0>0N, + 0 (54)

N2+ + 0> No¥ + & (55)

A recent study by Bourdeau et al. [1966] at the

time of solar minimum showed that the region 88 km to 93
km is formed by 33.7 A x-rays with NO+ as the principal
ionic species. The regiom 93-115 km is ionized principally

by extreme ultraviolet rediation producing O * and 40 A to

2
T5 A x-ray radiation producing N2+. The N2+ disappears by
the above listed reactions.

Under disturbed solar conditions, the ultraviolet

radiations change little, if any, from quiet conditions.

Aikin and Bauer [1965] state that while x-ray radiation

may increase by a factor of J.O5 in the 2 A to 8 A range
during disturbed conditions the x-ray radiation at wave-
lengths of 100 A and greater varies by less than a factor
of two during solar flares. Thus while some modification
of electron density distribution occurs above 100 km the
major effect of solar flare radiation is in the D-region.
The dissociative recombination coefficient varies from

T x 1078 cm3 sec™® &t 80 km to 3 x 1070 em3 sec”) at 100
km. The attachment coefficient refers to a two-body

attachment to O2 above 80 km and must also include two-body

attachment to atomic oxygen [Webber, 1962]. The value used
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in this dissertation ranges from 1.5 x 1072 sec™! at 80 km

to 2.4 x 107" sec™! at 100 km. The collisional detachment

varies from 8.0 x 10°3 sec™’ at 80 km to 1.2 x 10-h sec™t
at 100 km.

At eltitudes greater than 80 kﬁ photodetachment
from the oxygen ion becomes important. This causes the
photodetachment coefficient to increase slightly at
altitudes greater than 80 km. This at 80 km oS is .u48

-1 increasing to .80 sec™l at 100 km. The positive

sec
ion-negative ion neutralization coefficient retains the

same value as in the D-region.
g. F-Region

The F-region of the ionosphere refers to that
region above 150 km. While the D- and E~regions of the
ionosphere show behavior closely linked to the position of
the sun, the F-region is & much more complex phenomena.
The F-region is described by two peaks of electron
density, one at roughly 170 km with a value of 3.5 x 10°

3

electrons cm - called Fl, and a second at roughly 250 km

5 3

to 300 km with a value of 6.5 x 10° electrons em~

called F2 [Ratcliffe and Weeks, 1960]. At night the F1

ledge disappears and the maximum electron density occurs
about 50 km higher than the daytime with a value of electron
density about an order of magnitude less than the daytime
value.

Aikin and Bauer [1965] state that at altitudes

above 160 km the atmosphere is composed principally of
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atomic oxygen formed by photoionization. Although the
oxygen ion disappears by recombination with electrons the

3 sec-l) allows ion-

slow rate of recombination (~10~7 cm
atom interchange processes to predominate. Yonezawa [1962]
lists the following two-step processes, consisting of ion-

atom interchange followed by dissociative recombination,

for the removal of atomic oxygen ions.

0 + 0, > 0, + 0 (56)
+
o2 + e> 0 + O (57)
and
ot + N, > vot + N (58)
+
NO + e>N + O (59)

+
The rate coefficient for the first O reaction is given as

2 X lO-ll cm3 sec'l and the second 0+ reaction is given as

1 x 10_12 em> sec™l. The 02+ reaction has a rate

8 3

coefficient of 2 x 10°° cm3 sec™? while the NO¥ has & rate

c e . -9 3 -1
coefficient given dy 5 x 10 cm” sec T,

The mechanism for the formation of the F1 and F2

layers is somewhat different. At lower levels, including
the Fl region, chemical reactions leading to the removal of
electrons and ions take place rapidly enough so that there
is not enough time for electrons and ions to be redistributed

by the action of electron-ion diffusion in the gravitational

field. At high altitudes diffusion predominates over
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chemical reactions due to the much lower density of the
atmospheric constituents. At intermediate altitudes the
two effects balance each other and result in the formation
of the F2 pesk.

Under disturbed solar conditions there are
fluctuations of the geomagnetic field as well as changes
in the total electron content in the F-region. During
the main phase of a geomagnetic storm, there is a general
increase of the total electron content of the equatorial
F-region. This increase is accompanied by an enhancement
of the electron density at the peak of the F2 layer and
by an altitude increase of the layer. In contrast, the
total electron content and maximum electron density of
the F2 layer decreases at geomagnetic latitudes greater
than L7°.

The F-region shows unusual character. The diurnal
variation of the electron density is not symmetric about
local noon. The maximum electron density is found late
in the afternoon. The anomalous behavior of the F-region
includes the equatorial anomaly which is a minimum in
electron density at the geomagnetic equator and a maxima
at roughly 20° on either side of the equator. The December
anomaly occurs for the months of November, December, and
January, appearing as higher daytime electron densities
for 50° North geomagnetic to 35° S geomagnetic. The winter
anomaly indicates that the electron densities are larger in

local winter than summer, especially at solar maximum.
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2. RElectro-Magnetic Wave Propagation

a. Sen-Wyller Formulation

The theory of ionospheric absorption measured
through the cosmic radio noise method is based on the
magneto-ionic theory of radio wave propagation. For many
years the Appleton-Hartree derivation was used to explain
the propagation of an electromagnetic wave through a weak
uniform plasma with a static magnetic field, taking into
account the effect of collisions between electrons and
neutral particles. This theory shows that a wave propa-
gating through such a plasma will be attenuated. The loss
of energy suffered by the wave can be thought of in terms
of conversion of the ordered motion imparted to the
electrons by the E field of the radio wave, to disordered
motion through collisions of the electrons with neutral
particles. Thus, some of the energy which would have been
reradiated by the electrons to continue the forward
propagation of the wave is lost and the total field
strength of the electromagnetic wave is decreased.

Quantitatively, the field strength of the wave

after penetration through the medium is given by

jkds

E = E e s (60)
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where
E° = the field strength of the incident plane
wave
E = +the flield strength after traversing a
distance s through the ionized medium
and k = the absorption coefficient of the wave

which varies from altitude to altitude

Rewriting, one obtains
r

E/E = e J¥48 (61)
o s

and taking the logarithm of both sides gives

- 1
log E/Eo = - 73 kds (62)
S

By definition

A(decibels) = - 20 log E/E0 (63)
which results in

A(decivbels) = - B8.69 j;ds (64)

8

In order to measure the theoretical absorption it is
necessary to determine the absorption coefficient as the
wave propagates through the ionosphere.

Sen and Wyller [1960] modified the solution of

the magneto-ionic equations by taking account of the fact
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that the collision freguency between electrons and neutral
particles is dependent on the energy of the electrons.
Previously, Appleton-Hartree theory assumed that the
electron-collision frequency was constant, independent

of energy. The Sen-Wyller change was based on the

laboratory measurement of Phelps and Pack [1959] who

showed that the collision frequeney is proportional to
the electron energy. A brief outline of the derivation
of the absorption coefficient, k, by the newer theory is
given below.

The derivation assumes that the gas 1is lightly
ionized, the neutral molecules are very heavy, there are
only elastic collisions, collisions between charged
particles can be ignored, the medium is homogeneous, the
motion of the positive ions due to fields is negligible,
the neutral particles have a Maxwellian velocity
distribution, and the electrons need not have a
Maxvwellian velocity distribution. Using these assump-
tions, one derives the complex refractive index from
which one obtains the ebsorption coefficient.

Start with two of Maxwell's equations

->
_ _ 1¢H
vx® = - 28 (65)
and
> L + >
- Il 1 éD
V x H = — v S (66)
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Taking the conduction current to equal zero, and
expressing the electron motion as a displacement current,

one obtains

-+ > > 1 8 -+ >
Vx(VxE)=--€ﬁVxH (67)
which yields
-»> > > -»> 2 >
v (V-E) - V°E = 1/¢c° 6—2 D (68)
st

Assume the electric intensity may be given by

. . > >
E = Eo ei(wt—k.r) (69)
Substituting this into equation 68 gives
5 > <> > 5 -> 2 >
-k“ n (n*E) + kX E = 23D (70)

c

_’
with n ©being the unit vector in the wave propagation

direction. Writing the displacement vector in terms of

the electric field

>
D

fl
m

| E (11)

where He” 18 the dielectric tensor for the medium, one

obtains
2» > > 2-> 2 >
-k“ n (n-E) + kX“ E = %5 |¢]| E (12)
c
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Since k = w/u, where u is the phase velocity of the wave,

the following relation results

2 > > > > ->

;—2 [E - n (n-E)] = |je] E (73)

The displacement current density is

- > ->
§D _ SE SP.
5t - st T kn §t (7h)

and the polarization current density is

-
-+ >

N
st = 3 = ol E = n,ev, (75)

(=]

with Hof the conductivity tensor, n, the electron number

density, end Vs the electron velocity. Putting this into

equation T4 yields

> -»> -
iwD = iuwE+h|of E (76)
or
| . u1nj| o}
leff = 1-1i 22 (77)

The method used is to find the velocity distribu-
tion function for the electrons and use it to calculate
in equation 75. Then He” can be found from equation 77,
and this result used to calculate c2/u2 in equation T3.

The Boltzmann equation for electrons is written as

6f2 e -+
_c r =
3 + [ 5 cosut + o (vgxﬁo)]V v2f2
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(f1 fz' - flf2)gbdbdsdvl (78)
vhere
-+ e+
P2=E;Eo
and
- O T
g = V=V, = v, -V

and b and € are impact parameters defined by Chapman and

Cowling [1960]. The primed terms represent quantities
after the collisions and unprimed terms represent
quantities before the collisions. The subscript 2 stands
for electrons and 1 for molecules. Using Phelps and Pack
velocity dependence for collision frequency, namely

v o= v E%%% (79)
where A is the collision frequency for an electron of
energy kT, the polarization current is found.

After a very complicated and involved algebrsaic
process the result obtained is the complex refractive

index given by

-~ B
(o - ikc]2 = I - iM A+Bsin2¢i ;stinh¢-02cosz¢
w D+Esin<¢
where
A = 2el(el+elll)
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5 mO [(A)"'S]
2wvm 5/2 ‘v

H
n
Q

and where

is the plasma frequency,

s = e2H°/m2

is the gyrofrequency and ¢ is the angle between the
propagation direction and the earth's field lines.
The quantities CP(X) are known as Dingle integrals and

are given sas

oo

.
c_(x) = —l—!- f}—é—-ig—-de (81)
P Pl (24x2.¢
(o]

which are tabulated by Dingle et al. [1957]. Hara [1963]
has written series approximations for these integrals.

The final result may be written simply as

WJ:EiEEiEE (82)

k = w/c 5
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2. Simplified Derivation of Ionospheric Birefringence

If two circularly polarized waves rotate in
opposite directions, the index of refraction of the
ionosphere for each of the two circular waves is different.

Following Jackson [1962] one may show that if a
plane electromagnetic wave of freguency w in a collision-
less weak uniform plasma propagates in the direction of =a
uniform magnetic field Bo, the equation of motion of an

electron is given by

~

> > -+
dv  _ -iwt
mgy = eEe + e/e Vv xk B, (83)

Magnetic induction is small and is neglected and the ions
are considered stationary.
The linearly polarized wave is written as a pair

of circularly polarized waves

~ -~

-’

E = E (i + ij3) (84)
and

-> > ” ~

E = E (i - iJ) (85)
Assume

> -~ ~ {wt

vit) = v(i_*_-_i,j)e.lm (86)
which results in

eB v
wnv = i e E + . (87)

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



39.

giving

v = IT(T”—:-:TE (88)

where s was defined previously.

The polarization current density is given as

6-1: -> -
rr J = N, ev (89)

or

J = mlwss) E (90)

Assuming the conduction current is zero and using Maxwell's

third equation there results

_ P, 1 3E
| VxH = bl/egr o+ T (91)
2
+ = v/ LON e” >
_ iw/ec m . .
V x H = [ m(wis) -1 w/c] E (92)
-> w2 -»>
VxH = -iw/e [1 2 (93)

- wiwiss

where woz, the plasma frequency, has been defined previously.

The bracket is interpreted as € and since n =‘Ve

2 1/2
w

n = [1- Tw_z'éT] (9k)

Thus n has a value which depends upon the direction of
rotation of the circular wave. The birefringence results

only because of the earth's magnetic field.
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CHAPTER III

THE EXPERIMEKRTAL TECHNIQUE OF

MEASURING COSMIC NOISE ABSORPTION

1. Introduction

Having briefly mentioned the riometer in the
Introduction, it is now necessary to go into detail with
respect to the experimental technique for measurement of
cosmic noise absorption. The advantages of the cosmic
noise technique are particularly evident at high geomagnetic
latitudes, where the absorption is often so intense that
ionospheric vertical and oblique incidence sounders are
completely "blacked out". The cosmic noise method also
avoids the necessity of constructing and maintaining an
expensive transmitter.

The cosmic radio noise technique involves little
more than recording the signal intensity of the extra
terrestrial noise, usually with a wide beam antenna. After
a suitable period of time (not less than a month), one can
construct a "quiet day curve" which gives the expected
cosmic noise level under undisturbed ionospheric conditions.
This quiet day curve shows a diurnal variation which is
caused by the daily rotation of the ﬁon-uniformly bright
radio sky through the antenna pattern.

The absorption at any specified time is estimated by

comparing the strength of the cosmic noise signal with the
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expected quiet day value at the same sidereal time.
Therefore, & relative absorption is really determined, i.e.,
the signal loss over and above the absorption occurring in
the quiet ionosphere. One readily sees that the absorption
measured is the attenuation of the signal over its entire
path from the top of the ionosphere to the receiver.
However, during disturbances the actual absorbing region

is confined to regions of the ionosphere below 100 km.

This is due to the relatively high electron collision
frequencies at these heights and the increased ionization

which results [Holt et al., 1961].

The cosmic radio noise method is used at frequencies
in excess of the ionospheric critical frequency, since at
frequencies less than the critical frequency the cosmic
radio signal would be partially or totally reflected back
into space. Generally the maximum c¢ritical frequencies
seldom rise above 12 to 15 MHz and then only at midday
hours during the peak of the sunspot cycle. Investigators
have used frequencies as low as 18 MHz with success. With
a riometer one must choose a frequency sufficiently low to
obtain measurable absorption effects but also high enough
to avoid an excessive amount of absorption during major
disturbances which would exceed the dynamical limit of the
receiver.

Here at Durham, an initiel attempt was made to use a
frequency of 20 MHz. However, man-made interference,

" especially during the late morhing and afternoon hours

necessitated the switching to 22 MHz, This frequency has
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proven to be subject to less interference than the 20 MHz,
but does suffer terrestrial interference during the equinox

and winter months.

2. Riometer

Early cosmic radio absorption work carried out
mainly at the Geophysical Institute, College, Alaska, used

total power cosmic noise receivers [Little and Leinbach,

1958]. This type of receiver has the twin disadvantages of
poor gain stability and highly non-linear output. Because
of these disadvantages a self-calibrating receiver called a
riometer was developed.

The circuitry of the riometer has been explained by

Little and Leinbach [1959]. The 22 MHz Durham riometer is

an Aerospace Research Inc., Mark II Model ARI-100C. The
basic operating principles follow. The riometer is a
self-balancing receiving system in which & local noise
source is continuocusly made equal to the noise power from
the antenna. The block diagrem in Figure 1 shows how the
instrument operates.

The input of the receiver is switched alternately
between the antenne and the locel noise diode by means of
a 340 Hz switching unit. If there is an inequality in
amplitude between the antenna signal and the local noise
diode & square wave output will appear at the output of the
receiver, oscillating at the switching frequency. The
amplified signal is then fed into a phase sensitive detector

which produces a dc signal proportional to the difference
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of the two noise signals and whose polarity depends on
wvhich signal is greater. This dc voltage signal is used
to change the filament temperature, and, therefore, the
output noise power of the temperature limited noise diode,
in such a manner as to reduce the difference of antenna
and noise diode signal power to zero. The noise power
from the noise diode is continuously made equal to the
noise power from the antenna. Since the noise power from
the noise diode is accurately proportional to the de

current flowing through it [Pawsey and Bracewell, 1955],

the antenna noise power can be measured by recording the
noise diode current.

The riometer incorporates specialized circuits to
minimize the effect of propagated radio-frequency inter-
ference and any other transient interference which rises
far above the expected cosmic noise level. One of these
is the audio suppression circuit or differential time
constant circuit. This c¢ircuit presents a long time
constant (up to 30 seconds or more) to signals rising
rapidly above the mean noise level but presents a short
time constant (approximately 1 second) to signals of
decreasing strength. Another is the servo-diode limiter
circuit which places a limit on the positive going signal
which is to be matched by the noise diode. This causes the
signal intensity to rise to a resting value and prevents

the riometer from going off scale.
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3. The Antenna

The Durham field station is equipped with =a
vertically directed, two-element Yagi antenna. The Yagi
antenna is characterized by a single driven element, with
one or more parasitic elements in front and in back of
the driven element, all in the same plane. The basic
design for the antenna used in this experiment is a driven
dipole, a single parasitic director, and an artifiecial
ground screen of tough wire mesh. This type of antenna
is chosen because it is easy to construct, simple to
install and relatively easy to adjust electrically. It is
also used on most other riometers around the world and
makes comparisons more valid. For this antenna the driven
element length is .58 A, the director léngth is Jhh A,
the driven element to ground separation is .20 A, and the
driven element to director separation is .15 .

The ground screen has dimensions of 4o feet wide
by 50 feet long with the plane of the antenna parallel to
the length of the screen. The ground screen is used in
place of a parasitic reflecting element. Being of finite
size it only partially performs the function of a true
ground plane; however, it does supply & highly conductive
reflecting layer for the structure mounted above it, and
the finite conductivity of the local ground is increased

in the region of the antenna. The presence of the ground
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screen reinforces reception normal to the screen and
suppresses broadside effects which lead to side lobes in
the radiation pattern. This will necessarily decrease

the antenna response tc man-made interfering signals.

The ground screen is constructed of ten four foot sections
each fifty feet long. Each length is joined to its
neighboring length at one foot increments both mechanically
and electrically (with rosin-core solder).

An 80 foot length of 50 ohm RG-8/U coaxial cable
was used for the antenna feed line. Since the input
impedance of the riometer is 50 ohms resistive and since
the cable impedance is 50 ohms, maximum transfer of power
to the riometer requires the antenna to show 50 ohms
impedance. Impedance matching between the Yagi antenna
and the cable is accomplished with a 4:1 half-wave balun
with a single capacitor matching system. The capacitor
is mounted in a protective plasﬁic box and all exposed
connections are protected against the weather by a plastic
spray. The antenna was tuned with an RX meter to 50 ohms
plus .Tuf which is well within the requirements of 50 ohms
plus or minus 15uf needed to obtain a voltage standing wave
ratio of 1.05:1. The radiation pattern of this antennaris
broader in the H-plane than in the E-plane. The beamwidth
to the half-power points for E is about 60° while it is

roughly 110° for H. _
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4. Reduction of the Riometer Data to Absorption Values

The chart recording obtained from the riometer
measures the current flowing in the noise diode tube.

This noise power output is continuously and automatically
brought into equality with the input signal of the antennsa.
The noise current is directly proportionsal to the noise
power developed across the load resistor which makes the
recording obtained linearly proportional to the antenna
input power. Calibration is carried out automatically
once every 24 hours by replacing the noise diode by a
second matched noise diode source called a test diode.
For a fifteen minute period the test diode cycles through
six different current readings, each of 2 1/2 minutes
duration. The reproducibility of these readings from day
to day checks the stability of the riometer.

Before absorption values can be obtained by the
cosmic radio noise technique, it is necessary to determine
the reference curve or quiet day curve corresponding to the
absence of ionospheric absorption. This is an estimate of
the sidereal time variation of the cosmic noise power which
would be recorded by the riometer under normal ionospheric
conditions. The cosmic radio noise technique is sensitive

to the reference curve chosen. In all cases in this

L7,

dissertation the reference curve is computed from the average

reading of the first minute of each hour. This corresponds

to twenty-four values per day. However, the reference curve
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may use only selected hourly values of a day depending on
what effect is being studied in the ionosphere. 1In all cases
the reference curve is represented as a scatter plot of
Esterline August (EA) units, which are proportional to
noise power, versus sidereal time. A typical scatter plot
of a month's data is shown in Figure 2. This plot includes
all day and night EA values. From the envelope curve which
encloses the scatter plot, an average absorption-free day
is defined for the month. The envelope curve or reference
curve is drawn through the top of the scatter plot of noise
power points because the top of the dense distribution of
points corresponds to the maximum signal strength received
by the antenna under normal ionospheric conditions. Another
wvay to look at the envelope curve enclosing the top of the
scatter plot is that the maximum in noise power or signal
strength corresponds to & minimum of ionospheric attenuation
under normal conditions. It is reedily seen that from the
large amount of data to be handled a computer data reduction
program is desirable. This program is discussed in Appendix
A. Furthermore, it should be pointed out that any unusual
data, either greatly enhanced or greatly depressed, if
restricted to periods of days and not including the whole
month, will have no effect on the determination of the
envelope curve but will stand out distinetly from the envelope
values.

Having obtained an envelope curve, a value from the
curve for each sidereal hour is transcribed. The twenty four

values obteined are then used in a Fourier series computer
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program to determine the Fourier coefficients. This makes
it possible to determine analytically the value of the
reference curve at any non-integral hour. This program is
discussed in Appendix B.

The absorption in decibels is defined by the

relation

I
A(dB) = 10 log 7— (95)
d
when Iq is the equivalent noise diode current for the
reference curve, here described in EA units. It is
measured at the same sidereal time as the disturbed day

equivalent noise diode current, I which is also measured

a’
in EA units. The absorption is calculated by computer
methods from the above equation. Generally the absorption
is computed on the hour, any smaller designation of time
being too small and time consuming for a long term study.
For selected, short duration, unusually disturbed periods,
however, the program will calculate absorption at three-
minute intervals if the disturbed datae is read into the
computer in these increments of time. This program is

discussed in Appendix C. The absorption data may also be

plotted by means of the program discussed in Appendix D.
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CHAPTER 1V

EXPERIMENTAL RESULTS FROM SOLAR INDUCED

IONOSPHERIC ABSORPTION STUDY

1. Introduction

The first measurement of ionospheric absorption by
the cosmic radio noise technique was made by Mitra and
Shain [1953]. Using a frequency of 18 MHz, they studied
the absorption for the months of July, September, November,
and December of 1950. The reference curve used was computed
over the period of one year but it has not been made clear
in what manner the values were selected. However, the
authors do state that hourly values were chosen for which
ionospheric attenuation is negligible.

Mitra and Shain made use of a total power receiver
with a beamwidth to the half power points of 1T7°. The
total integrated hourly absorption values determined by the
cosmic noise method were plotted against the hourly values of
the critical F2 frequency, foFE’ determined by the sounder
method. The frequency, fon, is the maximum frequency of

reflection from the F, layer for vertical incidence. A clear

2
dependence of the integrated absorption on foF2 wvas evident
by averaging the observed total absorption for intervals of
one MHz for each hour of the day for one month. The

resulting curve extrapolated to zero foFQ did not intercept

the absorption axis at zero as supposed but at some finite
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value. The resulting intercept value of absorption for each
hour of the day was the average for that hour for the month.
The intercept value of absorption proved to be independent of
foF2 while the foFQ absorption was the difference between the
intercept value and the total average monthly value for the
hour. The results showed there were & few tenths of a 4B
absorption in the F2 region although it was not clear whether
there was more absorption in one month than another. The
absorption not occurring in the F2 region was assumed to be
occurring in the D-region. The D-region absorption shoved a
maeximum around local noon with values of one dB in November

and December and 0.6 dB in July. Since the site was at Hornsby
(34°8, 151°E) the D~-region was showing maximum absorption

values in local summer and minimum values in local winter.

Warwick and Zirin [1957] mede a study at a site in

Boulder, Colorado (4O°N, 105°W) for a period of a week in
June, 1956 on a 18 MHz receiver with a beamwidth of 90° to
the half-power points. Their receiver recorded a local

noon maximum of .35 4B all of which they assumed to occur in
the D~region. This assumption was based on the earlier work

of Mitra and Shain [1953], who found little F2-region

absorption compared to that in the D-region.

Bhonsle and Ramanathan [1958] reported results from

the continuous recording of cosmic radio noise on 25 MHz

at Ahmedabad, India (23°N, 72°E) for the period March, 1957
to February, 1958. The reference curve was based on a year
of data restricted to the hours between 0300 and 0600 local

time. The D-region and F2-region absorption were separated
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by the method of Mitra and Shein [1953]. The conclusions

reached by this study were that a daytime maximum in the
absorption occurs near local noon with a second maximum
occurring after sunset and before midnight, usually between
2000 and 2200 hours local time, in the winter and equinoctial
months., The D-region showed maximum absorption symmetric
about local noon of roughly 3 dB in June and roughly 1 4B

in December. The F2-region absorption was maximum in the
winter with the first maximum of 3 4B at 1300 local time

and the second maximum reaching 4.5 4B in January. This
second maximum in absorption was present from September
until April. In the summer months the second maximum did
not occur and the F2-region absorption maximum at about 1300
local time was less than 2 dB in June. The nighttime values
of F2-region absorption went to zero except at the
equinoxes. The D-region did not reach zero absorption in

the summer months but reached zero for a few hours in

winter. Ramamathan and Bhonsle [1959] credited F scatter
with the increased absorption in the F-region after sunset
at Ahmedabad.

Lusignan [1960] carried out a cosmic noise absorp-
tion experiment with two 27.5 MHz riometers, one located at
Stanford, California (37° N, 122° W) and the other located
at Pullman, Washington (LT°N, 117°W) for the year 1958.

His reference curve was determined by using a year's data
end selecting the local time hours from OLOO to 0T00. His
analysis separated D-region absorption from F2 region

absorption by the Mitra and Shain [1953)] method. However,
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where it was previously assumed that the absorption not
taking place in the F2-region was in the D-region, this
author made a further separation of absorption components.
The minimum frequency reflected by the F layer,
called fmin’ is a measure of the absorption below the F
layer most of which occurs in the D-layer. By using fmin
in the analogous fashion to f°F2 in Mitra and Shain's
method, D-region absorption may be separated. Then by
subtracting both D-region and F2-region absorption from
the total absorption, the remaining absorption was called
extra absorption.
The results showed that for the total absorption
the maximum occurs at 1200 to 1300 hours local time with the
summer months showing 2.5 dB of absorption at maximum. The
total absorption did not go to zero at night but also did
not show the second maximum after sunset. The D-region
absorption showed a maximum symmetric about local noon with
a value at maximum of about 1 dB in the summer months and a
maximum of roughly 0.6 dB in the winter months. The
nighttime values of D-region absorption did not go to zero.
The F2-region absorption was not symmetric about noon and
exhibited a maximum occurring at roughly 1400 local time.
This maximum value was 0.6 dB in winter and 0.2 4B in summer.
The F2-region absorption went to zero at nighttime. The
extra absorption was very irregular, ordinarily less than
1l dB, and believed caused by the F-region but independent of

fon.
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Abdu et al. [1957] report on & cosmic noise

absorption study made on 25 MHz at Ahmedabad from 1957 to
1964, Their results showed that the cosmic radio noise
absorption at 25 MHz decreased with decrease of solar
activity from 1958 to 1964 with the second maximum in
absorption found in equinoctial and winter months occurring
only in high sunspot years. In high sunspot years the
local noontime maximum reached 6 4B in the equinoxes
decaying to less than 3 dB at sunspot minimum. The noon-
time maximum absorption reached its lowest value in the
summer both for high and low sunspot years.

An error that could change the absolute magnitude
of the solar ionospheric absorption measured is the iono-

spheric iris or window effect [Fredriksen and Dyce, 1960;

Steiger and Warwick, 1961). Basler [1963] describes this

effect as absorption not occurring because of attenuation
in the ionosphere but due to the reflection back into space
of a part of the incoming cosmic radio noise. This energy
is reflected for cosmic radio noise incident at angles

larger than the critical angle, ec, defined as

cosec = foFg/f (96)

where foF2 is the critical frequency of the F2-region and
f is the operating frequency of the riometer. This equation

implies that the ionospheric window grows smaller as foF2

increases.

For a 22 MHz riometer, an foF of 6.8 MHz corresponds

2
to an absorption by the window effect of less than 0.1 4B.
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For foF less than 6.8 MHz, the error is proportionally

2
less. Table 1 lists the monthly average value of f°F2 for
the Billerica, Massachusetts (L3°N, 71°W) sounder for each
of the 24 hours of a typical month. The hours of the days
used to compute the average value of foFQ were the same
hours used to calculate the average monthly solar iono-
spheric absorption. The values shown for a typical month
demonstrate that neglecting this effect will not introduce

any appreciable error in the absolute magnitude of the

solar ionospheric absorption calculated at Durham.

2. Solar Induced Absorption for 1966 and 1967

The preceding section described several ionospheric
absorption measurements made under undisturbed conditions
during the past 15 years by the cosmic radio noise method,
None of these experiments attempted to determine the mag-
nitude of the ionospheric absorption caused by the sun or
in what region of the ionosphere the solar absorption occurs.
This Section will attempt to answer the first of these
questions.

A fundamental key to this study involves selecting
a reference curve which is independent of the solar iono-
spheric absorption. To determine the reference curve
called a "quiet night" or "total night" curve, a scatter
plot was made of EA units versus sidereal time for the
whole year. This was accomplished by selecting daily EA
hourly values that fell at least three hours after ground

sunset or at least three hours before ground sunrise. This
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insures that at all times of the year the upper ionosphere
has been in darkness at least one and one half hours [Hellwveg,
1945]. This is reasonable since the time constant of the

upper ionosphere is given as one hour [Ratcliffe and Weeks].

Figure 3 shows the sceatter plot and envelope curve for the
year 1967. A similar curve has been obtained for 1966. The
computer programs to calculate the scatter plot and determine
the Fourier coefficients have been mentioned previously and
are discussed in Appendices A and B,

Having obtained a reference curve free of solar
ionospheric absorption, it is necessary to establish the
criteria with which to select the daily hourly values to be
used in determining the solar ionospheric absorption for
each month. Because this study is concerned with the average
undisturbed ionosphere the criteria chosen must reflect this
average condition. Although there are many geophysical
phenomena recorded, none have been demonstrated to have a
one-to-one effect on the ionosphere under quiet conditions.
In this study the hourly values of absorption determined
from the quiet day reference curve for each month have been
chosen as the basic criteria. The quiet day curve,
determined for each month, represents the normal undisturbed
ionosphere for that month, and includes day and night values.
Ideally the EA values which fall directly on the envelope
curve of the quiet day curve for each month are the EA values
to be selected. However, with this stringent criteria it
would be impossible to obtain sufficient data for wvalid

results. Hence only hourly EA values which exhibit less than

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



59.

€ sandty
apnjibuoj Jsap uw g¢ bap 0z 1o 8)buo unoy j0asapIs [0307]
¥e 02 9l al 8 14 oo
P i ] I I | L | | 1 | I 1 | I I ] Ll | T 1 !

wo6D1p SIy} WOy papn|Ixa si Jaqwada(
"3S1JUNS 10§23 SINOY ¢ }SD3| 4D PUD Jasuns J3}}D sInOy ¢ |SD3| j0 uayp} sbuipoay

ZHN ¢¢ W0
1961 93Q I 0} uop | wouy sbuipoas Jajawory o 10|d Ja}}0IS

Ol

0¢

SHuN y 3

0}/

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



60.

}O.lO! dB absorption when compared to the monthly quiet day
curve are utilized. The value of i0.10| dB was chosen
because it represents a small absorption but still of
significance. The technique developed takes one month of
hourly EA values and, using the envelope curve for that
month, determines the absorption by equation 95. Hence any
hourly absorption value determined from the quiet day curve
that shows less than jO.lO{ dB variation becomes data. The
solar time [EST or LMT] for this EA value is converted to
sidereal time. The EA value from the reference quiet night
curve at the same sidereal time is used with the EA value
meeting the |o.10| dB requirement in equation 95 to find
the solar ionospheric absorption for the solar time hour.
This same criteria was then applied to each hour for each
day of the month. The mean value of each of the twenty
four solar time hours was then determined month by month.
The error analysis is shown in Appendix E. The choice of
monthly hourly averages of absorption is dictated by the
fact that over a month period the solar zenith angle for a
particular EST hour does not change by more than 5° at the
time of maximum change which occurs during the equinoxes.
At other times of the year the change is considerably less
than 5° and is only a few degrees. The month is then a
natural division to study seasonal effects with negligible
change in the sun's position [Lerfald, 1967].

As an example of how the solar ionospheric absorp-
tion is determined, consider the value that occurs at hour

1TOQUT on April 19, 1966. The EA value, which is
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proportional to the noise power of the signal at the
receiver, is read for the first minute of hour 1700UT and
is given as 21.8 EA units. The hour 1700UT corresponds to
a sidereal time of 0204 at Durham.

Initially, a scatter plot for April 1966 is
obtained. This plot includes all hourly EA values for
each day of the month. The EA values are read in solar
time units and converted to sidereal time before being
plotted. The resulting plot and envelope curve, shown
in Figure 2, represents the normal and undisturbed iono-
sphere for a sidereal day in April 1966. At the sidereal
time 0204 the envelope curve has a value of 22.2 EA units.
Using equation 95 with Id equal to 21.8 EA units and Iq
equal to 22.2 EA units results in .08 4B absorption. This
value of absorption falls within the criteria of 0.10 dB
and is taken as data in all subsequent csalculations.

To determine the solar ionospheric absorption the
guiet night scatter plot and envelope curve are used for
1966. The scatter plot and envelope curve for 1966 are
similar to 1967 as shown in Figure 3. The hourly values
making up the scatter plot are all nighttime values
corresponding to hourly EA velues that occur at least three
hours after sunset and at least three hours before sunrise.
Again the values are read in solar time units and converted
to sidereal time before plotting. The resulting envelope
curve corresponds to a typical sidereal day in 1966 free of

any sun. The envelope value at 0204 is 26.8 EA units.
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Using equation 95 with Id

equal to 26.8 EA units results in .90 4B absorption.

equal to 21.8 EA units and Iq

To compute the average absorption for the hour
1700UT for April 1966 all the hourly EA values at 1700UT
are compared to the April quiet day curve at the
appropriate times and used as data if they meet the
criteria of being less than 0,10 dB. The solar iono-
spheric absorption is then calculated for each of the
data values found above by using the 1966 quiet night
reference curve and equation 95. The mean of these values
is the value used for the particular hour. For the hour
1700UT in April 1966 there are 10 data values that meet
the criteria of less than 0.10 dB absorption giving an
average value of solar ionospheric absorption equal to .82
dB with an uncertainty of +.07 dB. The same process is
used for the other 23 hours in April. The EA values
accepted as date here will be used as data in all the
calculations in Section C of this Chapter. Figures &L
through 10 show the average solar ionospheric absorption
versus time for seven different months in 1966 and 1967.
Figure 11 shows the composite of the three months for
1966 and Figure 12 shows the composite for the four months
of 1967. There is no data for January 1966 due to a
malfunction of the riometer calibrator. Hours with missing
values indicate that insufficient data was available to
calculate & value.

Examination of the mean diurnal and seasonal

variations of total solar ionospheric absorption indicate
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the following trends: (1) a single maximum in absorption
occurring very close to local noon; (2) a larger
magnitude of absorption in the summer months than in the
winter months; (3) an assymetry around local noon with

the decay to zero extending well into the nighttime; and
(4) within experimental error the absorption does go to
zero for part of the night. The duration of the zero level
is much longer in winter than summer.

A closer look at these conclusions indicates that
the single maximum in absorption occurring very close to
local noon is indicative of solar control of the absorbing
layer. The maximum absorption occurs when the solar zenith
angle, X, reaches its smallest value and the production
function, q, reaches its largest value for a given height,
as indicated in equation 37. The larger magnitude of
absorption which occurs in the summer months as compared
to the winter values is again explaeined by solar control.
For this to occur, the sun is higher in the sky {(smaller X)
in the summer than in the winter implying that q is larger
at a given height in summer than in winter. Thus with a
greater q there is a greater production of electrons and
the characteristic absorption is greater.

The fact that the absorption does not go to zero
when the sun sets indicates a more complex effect is
taking place. Experimentally it is well known that the F-
region electron density reaches its maximum in the late
afternoon. Hence, one might expect that the absorption

would not decay to zero at sunset but decay to zero only when
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the F-region solar induced electron density decreases to
zero. The long time interval required for the absorption
to decay to zero may be indicative of the slow rate of
electron recombination in the F-region. Other nighttime
values may indicate a disturbed condition flux of some kind.
The preponderance of zero nighttime values gives confidence

in the technique used.

3. Solar Induced Ionospheric Absorption Determined by

Sunrise and Sunset at 150 Km Reference Curves

a. General Properties

As discussed in the beginning of this Chapter, the
previous methods used to separate the absorption components
in various regions of the ionosphere relied on a separate
method of measurement, namely the use of ionospheric sounders.
Here a new method is used to separate the absorption into
that occurring in the upper ionosphere, defined to be at
heights greater than 150 km, and the lower ionosphere,
defined to be at heights less than 150 km. The method
developed here utilizes reference curves that are found for
sunrise at 150 km and sunset at 150 km. The sunrise at 150
km reference curve is a scatter plot of EA values versus
sidereal time. The EA values correspond to the signal
strength received by the riometer when the "real sun" reaches
the height of 150 km on its way to ground sunrise.

The term real sun may be explained as follows

[Skilling and Richardson, 1l947]. The apparent eastward

motion of the sun with respect to the stars is caused by the
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revolution of the earth around the sun. If the orbit of the
earth were perfectly circular this motion would be uniform
and the same day to day. This, however, is not the case.
The earth moves in an elliptic orbit around the sun and
results in the earth being about 3,000,000 miles nearer the
sun in January thean in July. According to Kepler's laws the
earth is moving faster when it is closer to the sun. Also,
the inclination of the earth's axis makes the equator oblique
to the ecliptie. Hence the annual motion of the sun on the
celestial sphere is sometimes parallel to the celestial
equator and sometimes at an angle to the equator. Only
motion along the celestial equator affects the length of day.
For these reasons a clock keeping sun time would need to run
at a non-uniform rate. Since this is mechanically unfeasible
a mean or fictitious sun is defined which in one solar year
travels the same distance as the real sun. Hence the true
or apparent sun may occasionally be as much &as six or eight
times its own width to the east or west of its average
position, the fictitious sun, by which clocks run. Early in
February it is 14 1/2 minutes slow, and about November 1 it
is 16 1/2 minutes fast.

Mitra [1952] derives an expression for the hours of
sunrise and sunset at different atmospheric heights. This
height is given by the expression

1
cos®

H = a ( 1) (97)
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where H is the height above the surface of the earth, a 1is
the radius of the earth, and 6 is the angle of depression
of the sun below the horizon. The solar zenith angle, X

is defined as

X = 90° + 8 + 50°' (98)

where the 50' represents 34' for horizontal refraction and
16' for the semi-diameter of the sun. Knowing x, the hour

angle of the sun, h, is determined by

_ cosX - sin¢ sing
cosh = cos¢ cos$ (99)

where § is the sun's declination, and ¢ is the latitude of
the place of observation. Converting h in angular measure
into time measure by means of the conversion factor 1 hour

equal 15°, the real time of sunrise is defined to be

t = 120.n (100)

and sunset by

t = 12h+h (101)

The sunrise curve will not include solar ionospheriec
absorption below the 150 km level since this region is still
not illuminated. It will include solar ionospheric
absorption in the upper atmosphere. However, depending on
the time constants operating in the upper ionosphere, it is
likely that this region has not built up to its daytime
conditions. Thus the reference curve would not have the

total upper ionosphere solar absorption included.
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The sunset curve is determined as the sun is setting
at 150 km. Hence the upper ionosphere is completely
illuminated and should include all upper ionosphere solar
absorption. The sun has Just recently set in the lower
ionosphere and the time constants here will determine if
the region has decayed completely to a night condition. In
the Introduction to this Chapter, the early work cited with
respect to ionospheric absorption pointed out that the
lower ionosphere closely follows the daily solar journey
with little delay. Thus it is expected that the sunset
reference curve will be largely free of the lower ionosphere
solar absorption,

Therefore, solar ionospheric absorption as determined
from the sunrise curve will include all the absorption from
the lower ionosphere and possibly some solar ionospheric
absorption from the upper ionosphere. The solar ionospheric
absorption computed from the sunset curve will not include
absorption from the upper ionosphere and possibly not all
the absorption from the lower ionosphere. The sunset curve
then sets a lower limit on the solar ionospheric absorption
occurring in the lower ionosphere and the sunrise curve an
upper limit on the solar ionospheric absorption occurring in
the lower ionosphere.

To determine the solar ionospheric absorption
occurring in the upper ionosphere, the average total solar
ionospheric absorption for a given hour of a month is found.
This was carried out in Section 2 of this Chapter. From

this value the corresponding monthly hourly average value of
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absorption determined either from the sunrise or sunset
curve is subtracted. The value obtained by subtracting the
sunset value sets the upper limit of solar ionospheric
absorption in the upper ionosphere. In a similar manner
the value obtained by subtracting the sunrise value sets the
lower limit of solar ionospheric absorption in the upper
ionosphere.

Figure 13 shows the scatter plot versus sidereal
time for the sunrise at 150 km reference curve for 1967.
This curve is typical of a sunrise or sunset at 150 km
curve. It should also be pointed out that although the
times of sunrise and sunset vary only a few hours in solar
time, a year of one data point per day will overlay a full

24 hours in sidereal time.

b. Results

Figures 14 through 20 show plots of the average
hourly absorption values versus time for the total solar
ionospheric absorption. The figures also show the lower
ionosphere solar absorption determined from the sunrise
curve and the sunset curve. It is to be emphasized that in
an analysis of these figures the gross affects will be
studied and not a point by point evaluation.

In most cases the total solar ionospheric absorption
exceeds the absorption computed from the sunrise and sunset
reference curves. In the few cases that show the absorption

computed from the sunrise or sunset reference curve to be
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greater than the total solar ionospheric absorption, the total
absorption lies within the experimental uncertainty of the
sunrise or sunset value,

However, in 1967 three particular sidereal hour
values of absorption from the reference curve determined at
sunrise are especially large. Because sidereal time advances
4L minutes/day with respect to local mean solar time, these
three hour values result in a two hour per month advance of
the inversion of sunrise values compared to the values
determined from the quiet night reference curve.

The conclusions which may be drawn from these curves
concerning solar ionospheric absorption are: (1) the
absorption computed from the sunset reference curve is
smaller than the absorption computed from the sunrise
reference curve; (2) the absorption as computed by the sunrise
reference curve continues to show the assymetric character of
the total absorption around local noon; (3) the absorption
computed from the sunset reference curve shows a much more
symmetric effect about local noon.

The first conclusion is reasonable recalling that
the sunrise reference curve does not include as much of the
solar absorption as the sunset reference curve, Also
conclusions two and three are explainable if the absorption
as computed from the sunrise curve still contains F-region
character and the absorption computed from the sunset curve
does not contain any F-region character.

Figures 21 through 27 show plots of the average

hourly absorption values versus time for the total solar
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ionospheric absorption. The figures also show>the lower
ionosphere solar absorption determined from the sunrise curve,
and the upper ionosphere solar absorption determined from the
sunrise curve. These plots are for the same months as used
previously for the years 1966 and 1967.

The main features exhibited by these plots are as
follows: (1) the most prominent feature is that the upper
ionosphere solar absorption rises to a plateau value in the
morning, remains essentiaslly at this wvalue during the day,
slthough some irregularity is usually present, and commences
to decay by late afternoon; (2) the plateau value is greater
in the spring, summer, and autumn months than the winter
months. Little variation exists between spring, summer, and
autumn; (3) the lower ionosphere solar absorption is
is considerably greater than the upper ionosphere solar
absorption.

Figure 28 shows a composite plot for 1966 and Figure
29 a composite for 1967. For convenience, the discussion of
these and the above plots will follow the similar set of
plots from the sunset reference curve to be described next.

Figures 30 through 36 show plots of the average
hourly absorption values versus time for the total solar
ionospheric absorption, the lower ionosphere solar absorption
determined from the sunset curve, and the upper ionosphere
solar absorption determined from the sunset curve. These
plots are for the same months as used previously for the years
1966 and 1967. Figure 37 is a composite for 1966 and Figure 38

is a composite for 1967.
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The features of interest in these plots are: (1)
the upper ionosphere solar absorption rises to a plateau,
remains essentially at the same value during the day--
although some irregulaerity is usually present--and commences
to decay by late afternoon; (2) the plateau value is
greater in the spring, summer, and autumn than the winter
months with the former showing a tendency of being greater
in July and September than May; (3) in the winter the
lower ionosphere solar absorption is greater than the upper
ionosphere solar absorption as is the case in May while in
July and September the upper ionosphere absorption is
greater than the lower ionosphere solar absorption.

The absorption calculated from the sunrise reference
curve for the two years of data analyzed indicates 15 to 30
per cent of the solar absorption is occurring in the upper
ionosphere with 70 to 85 per cent of the solar absorption
taking place in the lower ionosphere near local noon. The
value of 30 per cent for the upper ionosphere holds for the
months of July and September (i.e. summer and autumn) while
the value of 15 per cent holds for the months of January and
May (i.e. winter and spring). An exception occurs in May 1966
vhere a value close to 30 per cent is obtained.

The absorption calculated from the sunset reference
curve for two years of data analyzed shows LO per cent of
the absorption in the upper ionosphere and 60 per cent in the
lower ionosphere for the month of May in the time period near

local noon. These numbers also hold for January 1967. In
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July and September of 1966 and 1967, the situation reverses
and there is roughly 60 per cent of the absorption in the
upper ionosphere and LO per cent in the lower ionosphere
around the time of local noon.

These results indiceate that at least 15 per cent
and not more than 60 per cent of the solar ionospheric
absorption is taking place in the upper ionosphere at midday.
It is thus reasonable that the faster response of the lower
ionosphere to ionization changes would indicate the sunset
reference curve has less lower ionosphere absorption
remaining than the sunrise reference curve has upper iono-
sphere absorption. Hence, it would alsoc follow that the
actual amount of upper ionosphere ebsorption is closer to
the higher value indicating possibly 35 to 50 per cent of
the solar induced absorption teking place in the upper
ionosphere during midday with larger amounts approaching
100 per cent in the early morning and early evening.

Another interesting point is that upper ionosphere
solar absorption does show some dependence on the solar
zenith angle X as evidenced by the fact that the winter time
absorption is less than the summer time absorption. However,
this dependence is not as marked as the lower ionosphere
solar absorption. The lower ionosphere solar absorption
shows a peak at local noon while the upper ionosphere solar
absorption does not peak at noon but indicates & fairly

constant amount of absorption throughout the middle of the dsay.
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L, Comparison of the Lower Ionosphere Absorption

to a cos”x Fit

Appleton and Piggott [1954] found experimentally

that the diurnal variation of the D-region absorption is
proportional to cos®™x where n is of the order of 0.75.

Abdu et al. [1967] used this relationship to determine the

D-region absorption at all hours by picking a value at one
particular hour.

Calculating the solar zenith angle X from equation
99 and using the cos®™x expression with n equal to both
0.75 and 0.95, the diurnal variation of the lower ionosphere
solar absorption was calculated. This was accomplished by
normalizing to the EA value at 1216 local mean time (1200
EST) and calculating the absorption at all other hours from
the ratio of the cos”X for 1216 to the cos"X value for the
local mean time under consideration. This diurnel variation
wvas then compared with the diurnasl variastion of absorption
for each month as determined from the sunrise and sunset
reference curve.

Figure 39 shows a typical month compared to a sunrise
reference curve while Figure 4O shows the comparison with the
sunset curve. These two figures point out the general trend
seen in all the plots. Namely, the cos®x fit approximates
the lower ionospheric absorption computed from the sunset
reference curve much better than the absorption calculated

from the sunrise reference curve. The discrepancy with the
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sunrise reference curve is largest in the late afternoon hours
as might be expected. The choise of n equal 0.95 was used
only to ascertain the difference in the effect of one n over
another. The choice of n equal to 0.95 causes the diurnal
variation to drop off a little faster.

The only conclusion one might draw from the above
study is that the absorption calculated from the sunrise
reference curve does not show pure D-region character and
probably still contains some F-region character. This is
one more point which indicates that the upper ionosphere
absorption is larger than the 15 to 30 per cent calculated

from the sunrise reference curve,.
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CHAPTER V

IONOSPHERIC ABSORPTION DURING A DISTURBED PERIOD

l. General Background

Polar cap absorption (PCA) is the name given to the
intense absorption that HF and VHF frequencies undergo in
propagating through the lower ionosphere under disturbed
ionospheric conditions caused by solar disturbances. This
absorption is caused by large increases in the ionization
in the lower ionosphere, The ionization is caused by
energetic charged particles coming from the sun and inter-
acting with the earth's atmosphere. The charged particles
are mostly protons in the energy range of a few Mev upwards
to 100 Mev. The term PCA is misleading in that it describes
the effect of this ionization on a particular range of
radio frequencies. For example, at low frequencies radio
signals are enhanced. The terms solar cosmic ray event or
solar proton event, hereafter called SPE, are more
appropriate and the latter is used in this study along with
PCA.

It is necessary to give a general background of
SPE's and their aetmospheric effects. SPE's have their
origin on the sun. They are closely associated with type
IV centimeter and meter outbursts which are related to

acceleration processes in the sun [Kundu and Haddock, 1960;

Warwick and Haurwitz, 1962]. McCracken [1959] has pointed
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out that for relativistic particles ground level effects
are noticeable if the solar flare oceccurs in the western

hemisphere of the sun. Warwick and Haurwitz [1962] state

that for PCA's this relation is not evident.

The propagation of the solar charged particles to
the earth leads to the storage concept [Bailey, 196L4].
This concept hinges on the idea that the process accelera-
ting and ejecting particles at the sun is of short duration,
usually a fraction of an hour. The duration of PCA's is
typically several days. Consequently a large fraction of
the particles must have been stored and released to reach
the earth over such an extended period of time.

While still at some distance from the earth, the
particles begin to deviate from their original paths
because of the influence of the earth's geomagnetic field.
The description of the motion of a charged particle in the
geomagnetic field is difficult and was first solved by
St;rmer [1955] who assumed a simple dipole representation
of the field.

In dealing with the effects of & magnetic field on
the motion of a charged particle, the momentum of the
particle is a more useful concept than kinetiec energy,
since particles with the same momentum and charge behave
the same way in a magnetic field. If kinetic energy is
defined in electron volts and momentum (p) in electron volts
per velocity of light, then the dependence of momentum on
charge can be eliminated if one defines a term known as

rigidity. Hence, the relation
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P = vpc/z (102)

vhere z is the numerical charge of the particles in units
of electronic charge and P is the rigidity. Using the
centered-dipole approximation, one obtains from Stormer

theory the so called cutoff rigidity, defined as

M cosh ] 2

1/2] (103)

R§[1+(l—sine sing sinp)

wvhere ¢ is the geomagnetic latitude, 6 the local zenith
angle, ¢ the local azimuth angle, and Rr the radial distance
from the dipole center to the point of observation. This
equation states that for particular values of, ¢, 6, and ¢
at a given Rr the value of Pc calculated will be the
smallest rigidity particle accessible to this region for
these particular velues of the variables. If =0,

indicating vertically incident particles, one obtains

P, = 14.8 cos? o (104)

3 5

km) and M=8.06 x 102 gauss cm3. P

vhere Rr=R°(6.h x 10 o

is measured in units of billions of volts.

Equation 103 shows that particles with rigidity less
than Po can reach the earth at latitude ¢ at large zenith
angles and certain azimuths. For latitudes greater than
40° the true minimum rigidity does not differ from P, by
more than 10% and at T70° by more than 1%. One can then

regard PO as a fairly sharp cutoff rigidity with all particles
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of rigidity less than Po being confined to latitudes greater
than ¢.

The interaction of solar protons in the earth's
atmosphere and the characteristic riometer absorption may
be calculated in a three step process. Initially, the solar
protons interact with the atmospheric particles and produce
ion-pairs described by a production function, q. By knowing
the electron loss processes occurring in the atmosphere, the
equilibrium electron density is determined. Finally, the
ionospheric absorption for a particular frequency is
calculated by using the equilibrium electron density in the
generalized Appleton-Hartree equations.

Bailey [1959] was the first person to make a
theoretical calculation of the magnitude of PCA expected
from a given spectrum. He used an extrapolated spectrum
derived from the neutron monitor data for relativistic
particles of the February 23, 1956 event and calculated
the production function and absorption at 10 km increments.

Whereas, Bailey used a power law in rigidity with
an integral rigidity negative exponent of 2 and 6, Reid
[1961] used a power law in energy with an integral energy
negative exponent of 4., Reid calculated production funec-
tions and electron density distributions by using cutoff
energies of 20 and 40 Mev for protons with the upper limit
being 300 Mev. This study used different ionospheric rate
parameters than did Bailey and did not attempt to compare
a measured absorption event but studied only the general

properties of day and night polar cap absorption assuming
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en isotropic distribution of protons. - : o

Frier and Webber [1963] discuss the determination

of the spectrum at different energy intervals by different
methods. They note that the 1 - 50 Mev range is measured
by rockets, satellites, and riometers, the intermediate
energies (70 - 500 Mev) by emulsions from balloons and ion
chambers, and the high energies greater than 500 Mev by
neutron monitors. It is difficult to extrapolate such
spectra over energy intervals covering several types of
measurements. However, this does point out that riometers
are sensitive only to the low energy particles. Bailey
[1959] notes that in extrapolating a power law in energy
to small energies of a few Mev one obtains far too many
electrons at 100 km, It is known that these large electron
densities are not observed at 100 km and hence the power
law spectrum must be artificially cutoff or 'bent over'.
Being confronted with this problem, Frier and
Webber [1963)] suggested that the use of an exponential
spectrum in rigidity would eliminate defining an artificial
cutoff at some small energy. Webber [1962] used exponential
rigidity spectrums to derive the production function and
electron density for solar particle bombardment. Webber
and Frier [1963], using exponential rigidity spectrums,
derived the theoretical ionospheric absorption expected for
a 30 MHz riometer for selected times of absorption events
assuming only protons to be present. They found that the
measured absorption was almost always greater than the

calculated absorption indicating that alpha particles do
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contribute to the riometer absorption.

Since riometers measure total absorption, it is
sometimes difficult to separate the PCA from the auroral
absorption, particularly at night when electron attachment
greatly reduces the PCA, The comparative uniformity and
smooth variation with time of the PCA contrasts distinctly
with the short-term fluctuations and spatial variations of
auroral absorption, and permits some separation of the
effects [Bailey, 196L4]. It is found that there is a period
of time lasting from several hours to as long as a few days
following the onset of PCA during which auroral and magnetic
activity are small. After the onset of severe magnetic
disturbance, usually characterized by a sudden commencement,
it is difficult to obtain quantitative measurement of a PCA.

Leinbach et al, [1965] adopted the rule-of-thumb that the

PCA contribution in the presence of auroral absorption is
represented by the minimum value of absorption recorded over

a several hour period. These authors also concluded that the
polar cap can be divided into two regions. 1In the first,
which includes latitudes north of geomagnetic latitudes 65°
(L=5.5), the progress of the PCA event is dependent on the
time variations of the solar particle flux, and is independent
of geomagnetic activity. In the second zone, which extends
from geomagnetic latitudes 64° down to 55° the characteristics
of the PCA are dominated by the influence of the geomagnetic
field. For instance, at King Salmon (L=3.3) it is seldom

possible to observe PCA before the magnetic storm, and the
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absorption approaches that recorded at Thule (L=220.1) only

when Ds is greater than 200 y.

t
PCA is characterized by nighttime recoveries of
absorption [Leinbach, 1962]. Leinbach et al. [1965] state
that the nighttime recovery usually sets in at solar zenith
angles of 88-90°, while the morning increase begins at about
102°., During PCA events in the polar cap region the primary
ionizing source often remains almost constant in intemnsity
over a period of many hours [Reid, 1964]. This indicates

that the change from daytime to nighttime conditions is an
atmospheric phenomenon and is attributed to the lack of
photodetachment occurring at night. The result is more
negative ions due to the attachment of electrons to molecules,.
The change from daytime to nighttime is very marked with the
ratio of daytime to nighttime absorption measured by a rio-
meter being of the order of L4 to 6.

PCA measurements have given rise to two important
anomalies; the twilight and the midday recovery anomalies.
Reid [1964] has attempted to explain the twilight anomaly.

If the dominant negative ion is O—, or any other negative

ion requiring visible sunlight for detachment, the transition
to nighttime conditions should follow the shadow of the
earth, The observations, however, show the transition
occurring when the shadow of the earth traverses altitudes

O to 50 km, Observations of the ionizing particles show on
the other hand that most of the absorption is taking place
above 50 km. It was pointed out that much better agreement

could be obtained if the effective screening region were the
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ozone layer [Ericksen et al., 1965; Reid and Leinbach,

1961]. This implies that the radiation responsible for
photodetachment is ultraviolet rather than visible. The
ultraviolet absorption by the ozone layer sets in at about
3000 A or a quantum energy of 4 electron volts. Since the
highest acceptable value of electron affinity for O; is

roughly 0.6 electron volts, it seems unlikely that 02 is the
dominant negative ion. Thus, twilight observations of PCA
indicate a negative ion with a very high electron affinity.
With this large electron affinity it is difficult to explain
the large nighttime electron densities which have been

attributed to collisional detachment. However, it is

possible that this unknown negative ion may be of importance

2
during the day and night. There has been no positive

only at twilight and O, may be the dominant negative ion
identification of the negative ion to date.

The other anomaly observed by PCA riometer measure-
ments is the midday recovery [Leinbach, 1962]. He attributes
this recovery of the cosmic noise signal toward its undis-
turbed value to a local increase in geomagnetic cutoff. 1In a
later paper Leinbach [1967] points out the current observa-
tions of midday recoveries. The recoveries peak in the local
time period of 0800 to 1500 and mostly between 1000 and 1200
local time. The recoveries are not observed deep inside the
polar cap, are most noticeable at the edge of the polar cap,
and move southward with the edge of the polar cap during the
geomagnetic sfofm. He states that satellite data during

midday recoveries indicates that particles with pitch angles
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small enough to penetrate into the atmosphere were depleted.
Such action points toward the development of an anisotropy
in the pitch angle distribution of the protons rather than
an increase in cutoff. On the other hand, Brown and

Parthasaratly [1967] state that the PCA midday recovery of

September 2, 1966 corresponded to a change in the particle
flux with the higher energy particles increasing before the

lower energies, indicating a cutoff change.

2. Theoretical

a. Calculation of Theoretical Riometer

Absorption from a Proton Spectrum

The calculation of the theoretical riometer
absorption begins with the calculation of the number of
ion-pairs produced at a particular altitude. The general
expression for calculating the electron production rate,

q, is given by

o

n/z n2 (105)

_ 1 ‘ 5 aJ 4E
9@ T 7000036 : a

A J
E(e,h) 6=0 ¢=0

p(h)dE sin6dedé

St

vhere %% is the differential energy spectrum expressed in

aE

number of protons/(cm2 sec ster Mev), T

is the proton
energy loss in Mev/gm/cm2 in traversing the atmosphere, o
is the atmospheric density in gm/cm3, 0 is the zenith angle
(attack angle) of the particle, ¢ is the azimuth angle,

.000036 Mev is the average ionization potential in the lower
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atmosphere, and q is the number of electrons produced per
cm3 sec. In this calculation the atmospheric density is
given by the United States Standard Atmosphere [1962] and
the proton energy loss parameters in air by Bethe and
Ashkin [1953]. The assumption is made that sair has the
same composition throughout the atmosphere below 100 km.
Recent satellite measurements have obtained proton
particle spectrums at an altitude of 1100 km. One must
determine how many of these particles will arrive at 100
km to interact with the atmosphere. If one considers a
single particle in a static magnetic field there is no work
done on the particle. Hence, the flux, ¢, linking the orbit

of a particle rotating about a field line is constant

[spitzer, 1962]. Therefore

¢ = BIR = constant (106)

where B is the magnetic field and Rc is the cyclotron

radius., The particle's perpendicular energy is given by

E, = 1/2 mvc (107)
or
B, = e® 8% R2/2mc? (108)

Rewriting the expression for ¢, one obtains

¢ = constant = 21 mec? EL/eEB (109)
Therefore,

E,/B = constant = (110)

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



122,

The constant p is the magnetic moment due to the particle's

motion around the field line. Now

E, nvs /2 (111)

or

E. - sinaa/2 (112)

where v is the speed of thco particle and a is the pitch
angle defined to be the angle between the velocity vector
and the field line. Thls expression then gives the
following relation at two different points along the

field line.

sinzallBl = sin2u2/32 = constant (113)

While the last expression was derived for a single particle
it will also apply to an isotropic distribution of many
particles. Furthermore, the expression shows that the
particles will move into & region of increasing B field
until sina = 1 when they stop and move out of the region
of increasing B field.

In this study the assumption of 211 isotropy will

be used. If

1 % %100 km (114)

and

2 = %1100 km (115)

and if @y, is set equal to 90° indicating that the mirroring

is taking place at 100 km, one obtains
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sinza = B /

1000 km 1100 km (116)

BlOO km

The values of B1100 km and B100 xm B8Y be obtained from

Roederer et al. [1965] and are taken as .35 gauss and

.22 gauss respectively for Durham, As a consequence all

the particles with pitch angles greater than o will

1100 km
mirror before reaching 100 km. This angle corresponds to
55°36°'.

The surface area that is accessible at 100 km is

given as
?1000 xm  °N
/
surface area = r2 j sina da j ¢ (117)
o o
and upon integration
surface area = 2I r° [1-cosa] (118)

In solid angle measure one obtains

@ = 2n (l-cosa) (119)

steradians which indicates this is the solid angle
available at 100 km. For an « of 55°36' this corresponds

to

@ = (.434) 21 (120)

or put another way, 43.4% of the particles that are at
1100 km reach 100 km. This value will be adopted in the
work that follows to correct for the mirroring particles

above 100 km.
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As the particles at 100 km begin their descent
into the atmosphere, the spectrum that represents them
at 100 km will change due to atmospheric attenuation.
The method of Maeda [1963)] will be utilized to correct
for this change.

Using the energy loss expression of Bethe and
Ashkin [1953] for protons in air one obtains

_4E
dR

-.78

= 236E (121)

with dE/4R representing the rate of energy loss E per
unit depth of air R expressed as Mev/(gm em™?). Using
a differential energy spectrum in a power law in energy

glives

-1

J(E)AE = aE dE (122)

To convert the differential energy spectrum into a range
spectrum the following transformation is required.

Integrating 324 results in

dR
R o)
4R = f-%E'TB (123)
o E
yielding
gl-T8
R 536(1.78) (124)
Now
1 (125)
-1.78
E = (450.1 R)
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and

-n T 1.78
E = (450,1 R) (126)

Substituting into equation 122, one obtains

J(R)aR = xr~YaR (127)
vhere
(n-1)
k = a236 170 (1.78)"%
and
2 = (n+.78)/1.78

Since the rate of energy loss of protons penetrating
into the atmosphere is larger for protons of lower energy
than for high energy protons, the form of the differential
spectrum will change with increasing depth in the atmosphere.
The omnidirectional differential range spectrum at the top

of the atmosphere is given by
io(R)dR = 2n3(R)aR (128)

and at an atmospheric depth x(gm/em®) by

n/2
ix(R)dR = 21 ’[ J(R+x/cosa)sina da (129)
o
vhere a is the pitch angle. Substituting R = R + c:su

in equation 127, one obtains
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i (R)AR = 2n j’ k (R + —X) sina da
b4 cosa
o
Let
U = cosa
so that
duy = =sina da
resulting in
- -2 .
1x(n)an = 2I k R aR (1+4n/p)~ "ap

where

n = x/R

Changing from range to energy, the omnidirectional

differential energy spectrum becomes

L .78

_ 1.78 ~" 4E
ix(E)dE = 2n k (E /450.1) (553—)

dE j (14n/w)~ % ay

(o]

The production function is then written as

pper
q = 733%353 ‘jy ix(E) dE/dx p(h) aAE

Elower

126.

(130)

(131)

(132)

(133)

(134)

(135)

In this dissertation, the atmospheric depth is

obtained from the atmospheric pressure as defined by the

United States Standard Atmosphere [1962]. If the atmospheric
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pressure is measured in cm of mercury, the atmospheric

depth, x, is found by the equation

x = (density of mercury) x (pressure in cm (136)

mercury)

The calculations do not take account of nuclear
reactions and the ionization produced in the atmosphere
by the secondary particles from these reactions., Hofmann

and Winckler [1963) made a theoretical calculation of the

y-ray production for protons interacting in air. They
found, for example, that for 20 Mev protons only about one
proton in two hundred produces a nuclear reaction. Each
reaction leads to the release of about four y-ray photons,
so for every 50 protons of 20 Mev energy one y-ray photon
of typical energy 2 Mev is produced. At 10 Mev there is
only one y-ray photon for every 200 protons while at 50 Mev
there is only one y-ray photon for every 25 protons. Bailey
[1964] shows that for a 2 Mev y-ray photon, if all the
energy were to be dissipated by ionization at heéights from
59 to 70 km, then only about 0.2 per cent, at most, of

the total ionization resulting from incident protons of 20
Mev could be attributed to y-rays. Consequently, this
source of ionization is negligible.

The electron production function has been calculated
every kilomeber from 20 km to 100 km for the spectrum data
available. The equilibrium electron density has been
calculated at one kilometer increments using Webber's [1962]

effective recombination coefficients for nighttime conditions.
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The computer program for the above calculation is discussed
in Appendix F.

Having found the equilibrium electron density, the
ionospheric absorption is calculated at one km increments.
The ionospheric absorption coefficient, k, is determined
every km for a 22 MHz electromagnetic wave in both the
ordinary and extraordinary mode from equation 64 and ds is
taken as one km. The total absorption is then the sum of
2ll these incremental absorptions. The computer program for
the above calculation is discussed in Appendix G. It should
be pointed out that the absorption coefficient k is inversely
proportional to the mass and results in the positive ions
making a completely negligible contribution to the absorption
compared to the electrons.

The determination of the collision frequency is

taken from Larson [1967] and is given as
v = (9 x 10N)x (p) (137)

where p is the atmospheric pressure in mm of mercury and
is obtained from the United States Standard Atmosphere
[1962]. Larson reports that these values agree well with
the earlier experimentally determined values of Kane [1961].
Webber [1962] states that the electron collision
frequency with neutral particles, v, may change slightly
from day to night as the atmospheric temperature and
density change. However, he notes this effect is only a

few per cent and much less than a factor of two even in the
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case of high electron production. Also, Lerfald et al.
[1964] report that during disturbed auroral periods the
electron collision frequencies are not changed drastically.
Therefore, this study will assume that the electron-neutral
collisions do not change under disturbed conditions.

The experimental values of absorption to be used
here are the average of the two modes produced by the
birefringence of the ionosphere. Adams [1965] states that
the riometer has equal sensitivity to both modes and that

the unabsorbed strengths of both modes are equal.

b. Correction of Experimental Broad-Beam

Antenna to Pencil-Beam Antenna Absorption

Leinbach [1962] describes a method for the
correction of the experimental broad-beam antenna absorption
to a8 pencil-beam antenna absorption or absorption per unit
vertical column. The increased absorption is the result of
the greater path length through the absorbing region for
waves entering the beam at a zenith angle 6 as compared to
vertically incident waves,

If there is no absorption, the cosmic radio noise

received by the antenna is written as

2n n/2
f fp(e,¢)F(e,¢) sin6 46 d¢
(o] (o]

where P(08,¢) is the distribution of the cosmic radio noise

as a function of the zenith angle 6 and the azimuth angle ¢,
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and F(0,4) is the power polar diagram of the antenna., If
an absorbing layer is added, so that only a fraction T(6,¢)
of the incident cosmic radio noise power reaches the
antenna from a given directiony the cosmic radio noise

reaching the antenna under these conditions is

QE n/2

;' [P(B,(#) T(esq’) F(9,¢) sin6e a6 dé¢
J J

0 (o]

The measured absorption in decibels is given by

2n nﬁg
| PTF sine a6 d¢

<~ J
A(@B) = 10 log,, g 9 (138)

/
J PF sin6 d6 d¢
o}

It is very difficult to write an analytic expression for
the product TF because of the complex nature of the cosmic
radio noise and the antenna power polar pattern. P(6,¢)
varies with time due to the rotation of the sky through the
fixed antenna pattern and at any time is a complicated
function of position.

The assumptions made here are a uniform cosmic radio
noise distribution, a symmetrical antenna power polar
pattern with a cosze power response, and a horizontal and
uniform absorbing layer over the antenna. The transparency

of the absorbing layer, T, is represented as
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where a is the integral of the vertical absorption coef-
ficient and sec6 compensates for the increase of path
length with increasing zenith angle. Assuming azimuthal

symmetry the expression for absorption becomes

H%2
[ e~® 8ec® 25 cine 4o
- o
A(aB) = 10 log,, WE (110)
( cosze sin6 de
o
where
h2(km)
2
3 r w- r
_ 10 ! o)
& = c J 5 o 4B

w +v
hl(km)

with ¢ the velocity of light, ”p the plasma frequency,
the operating frequency, and V the collision frequency.
To integrate the numerator of the absorption

expression let z = a secb, Expressing the differential

of 6 in terms of 2z gives

az
a6 = a secB tan® (1k1)

giving in turn

-2

e dz
2 8iné a sec® tanb (1k2)
sec O

a
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which leads to

a~ e dz (lh3)

and finally

f 3 -z
; a~ e dz (14})
, b

S z
a

Integration by parts yields
/ \

: 2 i
A(dB) = 10 log,,‘ e "[1l-a/2(1-2)]™® /2 E,(a) ) (1b5)
’k j
vhere
r .~z
_ i e dz
El(a) T z
a

and El(a) may be evaluated from Abramowitz and Stegun
[1965]. The ratio of brodd beam absorption to vertical
column absorption is roughly 1.33 in the absorption range

0-15 dB.
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3. Experimental

a. Introduction

During late August and early September, 1966 two
solar proton events occurred. The first event began on
August 29, 1966 and is attributed to an importance 3B flare

at 1531UT [Solar-Geophysical Data, 1966]. The second

event commenced on September 2, 1966 and is attributed to
an importance 3B flare at 0538UT.

The protons from these two events were detected by
satellite 1963 38C which was launched September 28, 1963
into a nearly circular orbit at 1100 km altitude [Bostrom

S_‘E-‘a_lu’ 1967]’
b, ©Satellite Results

The satellite is magnetically stabilized to within
“5° of the local magnetic field direction. The protons
are detected by two proton spectrometers, one looking
perallel (6=180°) and one perpendicular (8=90°) to the
magnetic alignment axis. The parallel unit looks away from
the earth in the northern hemisphere.

Each spectrometer consists of two fully depleted
surface barrier solid-state detectors each 500 microns thick
by 50 mm? in area. The minimum shielding excluding the
aperature is sufficient to stop 50 Mev protons with

additional shielding which prevents electrons of less than

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



13k,

100 Mev from entering the telescope in the reverse direction.
A permanent magnet that serves as part of the collimator
prevents electrons of energy less than “200 kev from reaching
the detector. By proper discriminator settings and coin-
cidence four energy channels are set for protons: 1.2 to

2.2 Mev, 2.2 to 8.2 Mev, 8.2 to 25.0 Mev, and 25.0 to 100
Mev. The proton spectrometers do not distinguish protons
from other heavy ions, such as alpha particles, but Bostrom
[private communication, 1968] states this contribution is
less than 10% and the background negligible compared to the
counts observed during disturbed times.

The satellite data is plotted in units of invariant
latitude, A, which is derived from the McIlwain coordinates
[McIlwain, 1964]. These coordinates are used to describe
the trapped radiation in the earth's magnetic field and are
related to the adiabatic motion of charged particles in
the earth's magnetic field. The coordinates are expressed
in the local magnetic field, B, and the shell parameter, L.

L is defined so that it remains constant (to within 17%)

along any given geomagnetic field line, and represents the
height to which the field line rises on crossing the
geomagnetic equatorial plane (measured in earth radii from
the center of the earth). Field lines characterized by

a specific value of L then constitute a toroidial shell about
the geomagnetic axis, and L is termed the shell parameter.

The pseudo~polar coordinates (Rr,A) are defined
as

R = L cos2 A (1k46)
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where Rr is the radial distance in earth radii to the point
of interest, and A is the invariant latitude. The pseudo-
polar coordinates must be used with caution since their
relation to true polar coordinates is indirect. At Durham
the invariant latitude is 56.5° and the geomagnetic latitude
is 55°.

The period of late August and early September shows
only three passes in which protons above background reach
the invariant latitude, A, of Durham (A=56.5°). These passes
occur at northbound passes 2342UT on September 3, 1966 and
OLO6UT on September 4, 1966 and a southbound pass at 2353UT
on September 3, 1966. During this period the local time of
the sabellite corresponded to a midday-midnight orbit.
Therefore, pass O4LOGUT is within one hour of local time at
Durham while pass 2342UT is within five hours. Pass 2353UT
is on the dayside of the earth and is seven hours different
in local time from Durham. It is also on the other side of
the polar cap.

Figures 41, 42, and U3 show the counts per second
averaged over one degree versus A for the 90° proton
detector in the energy range 2.2 to 8.2 Mev for the passes
2342UT, 2353UT, and O4O6UT. In each of the three cases the
count rate (counts per éeéond) at A=56.5° is approaching the
knee of the curve. In the 2353UT pass the count rate at A=56.5°
has almost reached the plateau value. The plateau value of
the curves indicates equal accessibility of the protons to

all latitudes greater than that defined at the knee.
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Figure 44 shows the counts per second, before
averaging over one degree, versus A for the 90° proton
detector in the energy range 2.2 to 8.2 Mev for the pass
1922UT on September 2, 1966. The plateau value found in
the above four figures is typical of all energy ranges in
both the 90° and 180° directions.

The spectrum for each of the three passes where
protons reach the atmosphere above Durham is described by a
negative exponent power law in energy with the exponent for
the two lowest energy channels being different than the
exponent for the two highest energy channels. Bostrom
[private communication, 1968)] states that the data has been
found to fit a negative exponent power law in energy better
than any other type of spectrum. Figure 45 shows the integral
spectrum for the three passes, 2342UT, 2353UT, and OLO6UT.
In Figure 46 the omnidirectional differential spectrum for
pass 2342UT is shown at various altitudes in the atmopshere
indicating the change in the spectrum as it penetrates into
the atmosphere,

Pass 234L2UT is represented by differential energy

spectrums in the energy range 1.2 to 8.2 Mev as

az
4E

3 E-2.399 (147)

= 3,224 x 10

and in the energy range 8.2 to 100 Mev as

= 5.15 x 102 g-1-796
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Pass 2353UT is represented by differential energy spectrums

in the energy range 1.2 to 8.2 Mev as

dJ 3

4 . 5,331 x 103 g~2-063 (149)

and in the energy range 8.2 to 100 Mev as

%% = 1.614k x 10° g2 bhh (150)

Pass OLO6UT is represented by differential energy spectrums

in the energy range 1.2 to 8.2 Mev as

%% = 1.871 x 103 g~2-136 (151)
and in the energy range 8.2 to 100 Mev as
%% 1.32694 x 107 E‘5'62° (152)

The units of these spectra are protons/(cm2 sec ster Mev)

and the spectra as given are for the altitude of the satellite.
They must be multiplied by the factor U43.L% to obtain the
correct numbers at 100 km. Figure 47 shows the production
function for threee passes at 2342UT, 2353UT, and OLOGUT.

Figure 48 shows the resulting electron densities for the

passes at 2342 UT, 2353UT, and 0LO6 UT,

This study will assume a cutoff of 1.2 Mev to prevent
an excessive number of particles for energies less than one
Mev, Two reasons make this assumption plausible. One reason
is that no data is available for energies less than 1.2 Mev.

The other reason is that the ionization produced by protons of
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the order of one Mev occurs at 90 km and above. A beaﬁ of
one Mev protons shows a maximum in the production function
at 90 km falling off by three orders of magnitude at 88 km
and more slowly above 90 km [Adams, 1966]. Since the
collision frequency at 90 km is 105 sec-l compared to 5.0

x 107 sec™!

at 50 km there must be a tremendously large
increase in electron density at 90 to 100 km to caluse any
significant absorption. That such is not likely has been
argued by Bailey [1959]. The upper limit in energy for this
study is taken as 100 Mev.

Figure 49 shows a plot of cutoff invariant latitude
versus time for the 2.2 to 8.2 Mev energy channel for the
period of interest in September 1966. On the same figure

a plot of DS is shown to compare the change in the geo-

t

magnetic field to the cutoff of the protons. Dst is the
average of the magnetic storm variastion at low latitudes
averaged over the longitude and is expressed in gammas

(1Y=10-5 gauss).
¢c. Riometer

'Figures 50, 51, and 52 show the time history of the
22 MHz riometer absorption for the August-September period
of interest. The absorption as plotted is corrected to
vertical column absorption as previously discussed in this
Chapter and also described in Appendix D. Table 2 shows
the results of the calculations. All the theoretical absorp-
tion values were calculated using the effective recombination

coefficients of Webber [1962] for nighttime conditions as
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PASS
DAY (ut)
Sept. 3, 1966 23k2

Sept. 3, 1966 2353

Sept. U, 1966 okoé

TABLE 2

VERTICAL COLUMN
ABSORPTION
MEASURED (4B)

3.L45

2.7k

2.72

151.

VERTICAL COLUMN
ABSORPTION
CALCULATED (4B)

2.ks

2.64

1.40
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described in Chapter II. It should be pointed out that
while pass OLO6UT was clearly a nighttime pass, passes
2342UT and 2353UT correspond to the end of twilight condi-
tions for the PCA. This is evident from scanning the

period of time at approximately 2340UT on September 4 and

5 in Figures 51 and 52. The absorption at this time has
decreased to almost full nighttime conditons. Therefore

the nighttime effective recombination coefficients for these
two passes should give absorption values that are smaller
than the measured values, but not by very much,

The time history of the absorption preceding 2342UT
on September 3 shows a sharp rise beginning at about
2100UT preceded by a smaller increase commencing at about
1900UT. The pass at 2342UT corresponds to a time of
decrease in the primary peak of absorption with several
small peaks of absorption on a steadily decreasing back-
ground. This pass corresponds to within five hours of the
local time at Durhem.

The experimental and theoretical values of absorption
obtained at this time are 3.44 dB and 2.45 dB, respectively.
The value of 245 dB agrees well with the steadily decreasing
background of absorption occurring at this time seen in
Figure 51. The absorption peaks rising above the background
are likely electron precipitation although no data is
presently available to confirm this assumption. At 2353UT
the experimental and theoretical values of absorption are

2.74 dB and 2.64 dB, respectively.
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The time history of the absorption preceding pass
OLO6UT is characterized by much irregular absorption. This
is usually described as auroral absorption which is caused
by precipitating electrons coming from the radiation belts.
The experimental and theoretical values are 2.72 dB and
1.40 4B, respectively. The value, 1.40 dB, corresponds to
the background from which the absorption peak rises as seen
in Figure 51. This separation of auroral absorption
(irregular peaks) from PCA (plateau value) has already been
described by Leinbach et al. [1965] in Section 1 of this
Chapter.

The three numerical calculations indicate that late
on September 3 protons are causing a great percentage of
the absorption recorded by the Durham 22 MHEz riometer.
Early on September L the absorption has decreased to a
background completely accountable by protons and very
irregular absorption peaks probably due to electron
precipitation but not confirmed due to lack of electron
data. These calculations indicate that for a period of _
several hours on September 3 and U, the geomagnetic cutoffs
are decreased allowing protons to enter the atmosphere over
Durham.

Figure 53 shows the plot of Dst and Kp for this
period of time, Kp is a mean standardized index of magnetic
activity derived from three-hourly values obtained from
twelve observatories between geomagnetic latitudes 47° and
63°. The scale is O(very quiet) to 9(extremely disturbed).

It is to be noted that the maximum values of Dst and Kp
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occur for the period late on September 3 and early on Sept-
ember U, This indicates that the geomagnetic field is very
disturbed at the time of the intense riometer absorption.

A comparison of the cutoff changes previously shown
in Figure 49 to the riometer absorption reveals an apparent
interdependence. On September 3 at about 0925UT the riometer
shows an increase in absorption that lasts until about
1300UT. Although there are no daytime cutoff measurements
for the beginning of this time the daytime cutoff at about
1300UT is depressed to about 58°. The nighttime value of
cutoff at 1100UT is 56°. These values indicate a decrease
in the cutoffs to values that are similar to Durham's
invariant latitude of 56.5°. Although this period of loceal
time corresponds to sunrise it seems unlikely that the
increase in absorption can be attributed to the atmospheric
electron detachment effect since the absorption shows only
a temporary increase. This change in absorption is then
believed caused by a local change in cutoff allowing protons
to reach the atmosphere over Durham between 0925 and 1300UT

but not before or immediately after these times. At this

-~

time the magnetic field is not unusually disturbed (Dst

40Y) indicating the cutoffs are anomalously low.

From about 1900UT on September 3 to about 1000UT on
September 4, the cutoffs for 2.2 to 8.2 Mev protons are
56.5° or less. Simultaneously the riometer absorption is
quite disturbed. It should be pointed out that during the
times of extremely disturbed magnetic field the cutoffs for

the 90° and 180° proton detectors of the same energy
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chapnel do not show the same cutoff. This indicates that
at these times the particles allowed at a particular
latitude depends both on pitch angle and energy. Although
the departure from isotropy is not great, the effect is
evident.

To contrast the disturbed conditions, a normal time
pass at 1922UT on September 2 is compared from Figure Lk,

At this time the absorption is only a few tenths of a dB.
The 90° 2.2 to 8.2 Mev proton detector shows no protons at
56.5° and actually no protons of 2.2 to 8.2 Mev reaching
the satellite below 60°, This again strongly suggests that
no particles means no absorption.

As a further indication that the riometer absorption
at Durham is dependent on particles reaching the atmosphere
and in turn the geomagnetic field condition, the solar
proton event of August 29, 1966 is examined. The satellite
1963 38C sees no protons reaching the latitude of Durham
on the days following the solar flare which occurs at
1531UT. Figure 53 shows two disturbed magnetic periods
following the event. The one disturbance occurs on August
30 followed by a second and larger disturbance on August 31.
The larger magnetic disturbance which occurs at 0000UT on
August 31 reaches approximately - 115y. At this same time
the riometer is showing only a few tenths of a dB absorption
as seen in Figure 50, There 1is no long duration, -targe
magnitude, absorption seen at this time as occurs on
September 3 and 4 when the magnetic field reaches a disturbed

value of -185Y., The absence of any sharp irregular absorption
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peaks during the August 29 event indicates that no auroral
absorption was occurring on the 22 MHz riometer caused by
electrons precipitating from the trapped radiation belts.

One unusual period of absorption is not explainable.
On September 2 the absorption shows a sudden decrease at
1820UT. There is no satellite data available at this time
to check for a cutoff change. Consequently equipment
malfunction must be considered a possibility.

In conclusion although the satellite data does not
give continuous coverage the calculations and comparisons
in this section are a strong indication that the absorption
recorded at Durham under disturbed conditions is strongly
dependent on the geomagnetic cutoff, The mechanism of how
these protons get to the satellite cannot be explained by
this study. It 1s to be noted that classical St;rmer
theory predicts a cutoff of roughly 840 Mev for protons
under undisturbed conditions. The arrival of particles of

energy 2.2 to 8.2 Mev is therefore not expected.
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CHAPTER VI
CONCLUSIONS

For the years 1966 and 1967 the results of the total
solar ionospheric absorption indicate: (1) & single
maximum in absorption occurring very close to local noon;
(2) a larger magnitude of absorption in the summer months
than in the winter months; (3) an asymetry around local
noon with the decay of absorption values to zero extending
vell into the nighttime; and (4) no solar ionospheric
absorption at nighttime,

This study suggests a method for separating upper
ionosphere solar absorption from lower ionosphere solar
absorption using only riometer data. The results indicate
that at local noon 35 to 50% of the solar ionospheric
absorption is taking place in the upper ionosphere. The
upper ionosphere solar absorption shows less solar control
than the lower ionosphere. While the upper ionosphere
shows more absorption in summer than in winter, the
absorption is roughly constant for several hours on either
side of local noon apparently not following the solar zenith
angle. On the other hand the lower ionosphere absorption
follows the solar zenith angle quite closely rising to a
maximum value near local noon.

It should be pointed out that these results are
based on two years in which the solar activity has been

fairly low and may change during high sunspot years.
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A further extension of this work should include
two areas. The first would apply these techniques to years
of high sunspot activity to determine if the physical
processes are the same throughout the entire sunspot cycle.
A second study should record data through the sunspot active
years into the sunspot minimum years. Hence a reference
curve free of solar sbsorption would be determined in a
sunspot minimum year with the assumption that the ionizing
radiation at this time is a minimum. By computing the
solar ionospheric absorption for all the subsequent years
in the solar cycle, an indication of the effect of the
change in the x-ray flux over a solar cycle could be
obtained. In addition to the assumption of minimum ioni-~
zatlon during a sunspot minimum year, the assumption of
little if any change in the ultraviolet flux is required.
This seems reasonable from previous discussions.

The second portion of this study was concerned
with making comparisons between experimentally measured
riometer absorption during disturbed periods and theoreti-
cally calculated absorption.

The results for s disturbed period in September
1966 indicate that the irregularity of the absorption at
Durham may be explained by changes in the geomagnetic
cutoff alternately allowing and not allowing low energy
protons to an invariant latitude of 56.5°. This result
is an interesting addition to current interest in the
anomalously low cutoffs which are sometimes seen with

satellite measurements.
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This study would suggest comparigans of measured
disturbed periods of absorption with theoretical computed
absorptions from available satellite data. The continued
agreement between measured and calculated absorption values
would definitely indicate cutoff changes at Durham under
disturbed conditions.

A serious drawback for such an investigation is

the lack of satellite data.
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APPENDIX A
SCATTER-PLOT PROGRAM

This program creates and stores on magnetic tape
the data to be plotted on the IBM 1627 plotter. The plotter
points are represented by + signs of size .05 inches. The
x-coordinate of a point is the local sidereal hour angle at
the time the observation was measured. The y-coordinate of
the point is the normalized observed data value,

The normalization of a data value is done in the
following manner. Let Si(i =1, 2, ...,n) be the set of
standard calibration values being used, i.e. the day to
which all data is compared against, and let Ci(i =1, 2,
...,0) be the corresponding daily calibration values for
the daily data set being plotted. Let 4@ be an observed

daily data value and let I. be the corresponding normalized

d
data value. The normalized value of Id is then given by
a-C s,+(C,-d)s
a c, - C
J J-1
when C <d < ¢C
J-1 J

The program is written in Fortran IV with the time
saving device of sorting all data into half hour intervals
arranged in descending order to save the plotting pen

unnecessary horizontal movement.
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The program allows any two continuous sets of hourly
(UT) data values to be plotted. In addition these two
intervals may be changed at any time. Thus it is possible
to plot data for 0000 - 0900 hours and 2200 hours for

January and 0100 - 0800 for February on the same plot.
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APPENDIX B
FOURIER ANALYSIS PROGRAM

This program takes the 24 hourly EA values, f(Xi),

read from the scatter plot and determines the Fourier

coefficients., The coefficients are given as
2k
a = 1 s
o 5'17/ £(x,) (B-1)
i=1
and
2k iL
= + X_)
8y = 2/L>:f(xi) cos (2n d NL ) (L/N) (B-2)
i=1
and
24 iL
- (== + x_)
b, = 2/LZf(X ) sin (224 N © ) (L/N) (B-3)
; i=1 ! L

Here L is the length of one period, J is the number of
harmonics to be considered, and Xo is the origin if not zero.
The output of the program consists of the coefficients

8o 8= and b —-bn which will reproduce analytically

19 b2’

the envelope curve. The program is written in Fortran IV.
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APPENDIX C
ABSORPTION PROGRAM

The absorption program computes, lists, and stores
absorption values. Riometer readings, after normalization,
are compared to a periodic reference function in sidereal
time. The absorption is computed, printed, and stored on
magnetic tape.

At the universal time t a riometer reading d(t) is
made. Converting t to sidereal time S(t) and normalizing
d(t) to a particular value as defined by A-1 in Appendix A

gives the normalized riometer value at time t,I The

a°
17" an and bo, bl--

bn as determined by B-l, B-2, and B-3 in Appendix B. The

program reads in the coefficients a . 8

reference value r(t) is then determined from the equation

n
- < (enis(t) 2nis(t)
Iq = e + Zﬂ ai cos 5L + bi sin 5
i=1 (c-1)
The absorption at time t is then given as
g
A(dB) = 10 mglmoId (c-2)

The program tabulates t, I Iq, and A for each time

d,

t that a riometer value is taken. In the event that data for

is missing, the value t. and the words

a particular time, t 1

l’
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"no data" are printed out. The absorption values may be
stored on magnetic tape if desired. A listing of the data
stored on the magnetic tape 18 printed at the end of the
processing. The time interval between values for which
absorption is to be computed may be an integral value in
minutes.

It must be xtressed that the program checks the
input cards for chronological order and agreement of
identification parameters. An error in either of these
two categories could cause the magnetic tape to loose its
information and require reprocessing. The program is

written in Fortran 1V,
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APPENDIX D

ABSORPTION PLOT PROGRAM

The absorption plot program selects absorption
values from a magnetic tape and plots these values as a
function of universal time., The user requests the number
of plots desired with a maximum number of 20. The input
tape is searched for data matching the plots requested and
a plotter tape is created for subsequent plotting on the
IBM 1620/1627.

The user may specify the time abscissa scale and
the following absorption ordinate scales: .05 dB/in.,
o.1 48/in., 0.2 4B/in., 0.5 d4B/in., 1.0 d4B/in., 2.0 dB/in.,
5.0 dB/in., 10.0 dB/in., and 20 dB/in. The user is also
allowed to choose the number of title lines and size of
characters to be printed in the title. The input tape used
here is the output from the absorption program. The program

is written in Fortran 1IV.
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APPENDIX E
ERROR ANALYSIS

The error indicated in the figures comes from two
sources. One is the actual reading error of the EA values
from the reference and disturbed curves while the other is
the statistical error of the mean value of the monthly
hourly averages.

The equation used to calculate the experimental

absorption values is
I
A{dB) = 10 log fﬂ (E-1)
d

As Iq changes A will change as

dA 10

1
= (=) log. A€ (E-2)
qu Iq7Id Id 10
or
aa _ _ 10
ar. = "~ 1 1°8i0° (E-3)
q q
Using the incremental form gives
= 10
AA = - 3 log, e AIq (E~k4)
q
If the reading error is + .2 EA units, then
= 10
an =+ 7= (.b3k29) (.2) (E-5)

fle]
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or

I
q

AA

This equation shows that the error in absorption is
dependent on the value of the EA reading of the reference

curve., For instance, if Iq equals 30 EA units, then
A = + .029 decibels (E-T)

If equation El is differentiated with respect to I

d’

one obtains

dA 10

= = - == log,n®© (E-8)

dId Id 10
or

aa = ¥ :86858 (E-9)

d

The errors introduced through Iq and Id are independent
errors and using a conservative approach these errors will
be added. Beers [1957] states that for independent errors
the resultant error is the square root of the sum of the
squares which 1s a less conservative approach than taken
here.

The statistical error of the mean value of the
monthly hourly averages 1is taken as the standard deviation
of the mean. The standard deviation of the average is

given by Beers [1957] as
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1/2
£o(x %)
8_ = (k-1 (E-10)
X n=1

vhere fi is the mean value of k measurements and xn is the
value of a particular measurement. The error bars are the
sum of the reading error and the statistical error, again
using the largest error.

The error introduced by the foFQ proportional
absorption is not included since as stated in Chapter IV
it is very very small. The sampling method used the
criteria of selecting all points falling within .10 dB
of the quiet day curve. Hence there are points both
positive and negative not utilized which in turn means
this effect should tend to zero. By using conservative
errors in the cases computed, it is felt that the error bars

are sufficient to take into account all error present.
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APPENDIX F

ELECTRON DENSITY DETERMINATION FROM

EXPONENTIAL PROTON ENERGY SPECTRUM

The purpose of this program is to take the given
pover law in energy proton spectrum and calculate the
electron density resulting from the proton bombardment.

The program is written in two segments to cover the energy
interval 1.2 to 100 Mev; namely, 1.2 to 8.2 Mev and 8.2

to 100 Mev. The spectrum values read in are given for an
altitude of 100 km. The omnidirectional differential spec-
trum is corrected for atmospheric attenuation every km

from 20 km to 99 km.

At a particular level this correction is executed
by taking a particular energy and integrating the piteh
angle distribution by Simpson's rule. The energy is then
increased by .25 Mev and the process repeated. At each
energy interval the production function is calculated for
that interval. This continues until the upper limit of 100
Mev is reached summing all the q's calculated at each
energy interval. This gives the q for the given altitude
and is stored in the computer memory. The process is
repeated at each succeeding altitude.

The effective recombination coefficients appropriate
to day and night conditiors are read in for each km from 20

to 99 km. The electron densities are then calculated and
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printed. Although the program does not take into account
a lpha particle production the only quantity needed to do
this is the alpha particle energy loss in air. It should
be noted that a single computer run over the altitude 20
to 99 km takes two hours of IBM 360 time. The program is

written in Fortran IV.
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APPENDIX G

IONOSPHERIC ABSORPTION FROM

THE ELECTRON DENRSITY DISTRIBUTION

The purpose of this program is to calculate the
ionospheric absorption at a particular frequency for a
given electron density distribution. The electron density
distribution used as input here is the output from the
program in Appendix F. The program calculates and prints
the real and complex indices of refraction for the
ordinary and extraordinary mode as determined by Sen-Wyller
theory. The complex indices of refraction yield the
absorption coefficients k¥ from which the absorption is
calculated and printed for the ordinary, extraordinary,
and the average of the two modes.

The absorption is computed at one km increments
from 20 through 99 km with the absorption at one k added
to the absorption determined from the previous km steps.
The absorption is computed for a single frequency initially
specified taking into account only electron-neutral colli-
sions. The angle between the vertical and the field line
at Durham is taken as 16.9 along with a gyrofrequency of

9.66 MHz. The program is written in Fortran IV.
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APPENDIX H

ABSORPTION CORRECTION PROGRAM

The principal purpose of the absorption correction
program is to take the absorption values determined from
the absorption program as stored on magnetic tape and
correct them to the absorption expected for a pencil-beam
antenna. The program is general enough to allow more than
one set of corrections to be used. The corrected data is
wvritten on what is called the first storage tape.

In addition, the program will, at the user's option
copy absorption values from the input magnetic tape onto
the first storage tape. Also, the program copies all
information copied on the first storage tape onto a second
tape called a second storage tape. This tape is used as
a safety storage in case the first storage tape is lost or
has its data accidentally  erased. The program is written

in Fortran 1IV.
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