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ABSTRACT

Faraday rotation data from Satellite S-66 were accumulated at the
Electronics Laboratory of the Military Research and Development Center,
Bangkok, Thailand from November 1964 through Junc¢ 1967, a period of
int~2rmediate sunspot number (sunspot minimum condition at 1964/1965 and
sunspot maximum condition at 1968/1969). These data provide a means of
improving ionospheric frequency predictions for regions in Thailand

remote from Bangkok (i.e., where no ionosonde data are available).

In this report, two methods of analysis--involving rotation rate
and total number of rotations--are applied to the Bangkok observations.
The rotation-rate method is used to determine the electron content when
the angle between the ray path and geomagnetic field is 90° (transverse
position). The total-rotations method is used to determine latitudinal
variations of electron content of the equatorial ionosphere for the
selected passes from a joint analysis of observations at three stations

in Thailand--Songkhla, Bangkok, and Chiengmai.

The diurnal variation of the local electron content shows low early-
morning values and high afternoon values, resulting in a large maximum-
to-minimum ratio. A secondary maximum was observed during the nighttime,
The diurnal and seasonal variations of electron content are examined
together with the variation with solar activity as measured by the 10.7-cm

solar radio flux.

The diurnal development and collapse of the equatorial anomaly in
electron content is clearly seen from the total-rotations data. The
Chapman equation is used for conversion of these total electron content
values to peak electron density in order to compute the F-layer critical
frequency (foF2) and its variation as a continuous function of latitude.
The computed foF2 values are compared with those obtained from three
ionosondes which were located at Songkhla, Bangkok, and Chiengmai, and

the agreement is typically within 10 percent.
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FOREWORD

The work described in this report was performed with the support,
and using the facilities, of the Military Research and Development Center
(MRDC) in Bangkok, Thailand. The MRDC is a joint Thai-U.S. organization
established to conduct research and development work in the tropical
environment. The overall direction of the U.S. portion of the MRDC has
been assigned to the Advanced Research Projects Agency (ARPA) of the
U.S. Department of Defense who, in 1962, asked the U.S, Army Electronics
Command (USAECOM) and the Stanford Research Institute (SRI) to establish
an electronics laboratory in Thailand to facilitate the study of radio
communications in the tropics and related topics. The MRDC-Electronics
Laboratory (MRDC-EL) began operation in 1963 [under Contract DA 36-039
AMC-00040(E)] and since that time the ARPA has actively monitored and
directed the efforts of USAECOM and SRI. In Bangkok, this function is
carried out by the ARPA Research and Development Field Unit (RDFU-T).
The cooperation of the Thai Ministry of Defense and the Thailand and
CONUS representatives of the ARPA and USAECOM made possible the work

presented in this report.
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I INTRODUCTION

One of the major activities of communication research in equatorial
areas is the study of the ionosphere. A recent phase of this effort is
the study of the development and collapse of the equatr:.ial anomalies in
electron content and F-layer critical frequency--the equatorial anomaly
is the name given to a region of unusually high value of electron concen-
tration or critical frequency in the F-region of the ionosphere near the
magnetic equator. To increase understanding of these ionospheric char-
acteristics, records of the Faraday rotation on 40- and 41-MHz signals
from the S-66 (Explorer 22) radio beacon satellite have been accumulated
from November 1964 through June 1967 at the MRDC Electronics Laboratﬂryl's*
in Bangkok, and at two remote sites located north and south of Bangkok
during 1966 anu 1967. The projection of a typical satellite path of
descendin,; pass on the earth over these sites is shown in Fig. 1. Data
were collected for sites in the range of geographic latitude between

about 7°N and 19°N.

The methods of analyzing the data on Faraday rotation of radio signals
from a satellite are described in detail in a Special Technical Report,
STR 14,6 which reported the results of electron content over Bangkok and

the equatorial anomaly during the period of sunspot minimum.

This report presents the results of electron-content measurements over
Bangkok for a period of intermediate sunspot number (sunspot minimum condi-
tion at 1964/1965 and maximum condition at 1968/1969). The content is used
to calculate the equivalent slab thickness and the mean scale height. In
this report the diurnal development and collapse of the equatorial anoma-
lies in electron content and F-layer critical frequency are analyzed from
selected Faraday rotation data from satellite passes observed by the re-
ceiving stations Songkhla, Bangkok, and Chiengmai. Using the Chapman
equation, the electron coutent data are used to calculate the F-layer
critical frequency of the equatorial ionosphere. The assumptions involved
are given, and the possible sources of error due to those approximations

are discussed.

K
References are listed at the end of the report,
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II THEORETICAL BACKGROUND

When a linearly polarized electromagretic wave is propagated through
a low-loss, ionized medium, such as the ionosphere, and is under the
influence of the earth's magnetic field, the polarization of the resultant
electric field vector rotates gradually as the wave moves through the

ionosphere. This phenomenon is commonly referred to as Faraday rotation.

The relationships between a satellite and a ground observation

point are shown in a simplified form in Fig. 2. The important angular

e = T SATELLITE PATH
\\
REGION OF |QUASI- TRANSVERSE ~

PROPAGATION ~
N
N

7 N
N

BANGKOK

NORTH—SOUTH SECTION
08 —4240 - 698

FIG.2 FARADAY ROTATION GEOMETRY

parameters are Z, the satellite zenith angle (the angle between the signal
ray path and the vertical), and 8, the angle between the signal ray path
and the earth's magnetic field. Two positions of the satellite are indi-
cated--the usual case, where 6 # 903, and a special case, where § = 90 .

The region near 8 ~ ° is called the region of quasi-longitudinal (QL)




propagation, and the point where 6 = 0° is called longitudinal case. The
region near 6 =~ 90° is called the region of quasi-transverse (QT) propa-
gation, and the point where 6 = 90° is called the transverse case or T,

position, (At this point the sense of rotation will be reversed.)

A linearly polarized signal can be treated as the sum of two circu-
larly polarized waves with opposite directions of rotation. It can be
shown that the angle of the plane of polarization rotates as the wave

travels through the ionosphere.

Using Ratcliffe's’ notation and defining the complex refractive

index as:
n—k—
1%
where
21
ko = x— = Phase constant in free space
o
lo = Radio Wavelength in free space
2
k =3 = = Phase constant in medium
A = Radio wavelength in the medium
ke = ngk, = Ordinary (left-hand polarization)
component phase constant
ky = "rko = Extraordinary (right-hand polarization)

component phase constant,

From the geometry illustrated in Fig. 3, propagation is in the z
direction and an element of path length in this direction is d{. The
change in angle of polarization rotation, d{i, as the wave proceeds a

distance d{, is given by:

k
dl = 52 (ng - nr) df (1)

where the resultant electric field of the wave is

- ik, 2z ik.z
E = Ege""e” + Ere r ¢



In the quasi-longitudinal case, the Appleton-Hartree equation for

the refractive index under the QL approximation 1s

XY
X L
- .- T c—
ne,r -4 2 2 (2)
and ko
L 3
d = 3 (XYL)dL . (3)
Y 4
N

08-4240-697

FIG.3 VECTOR GEOMETRY

In terms of mks units,

da = B NH cos 6 d4 (4)
2 o
f
where
Ho = Earth's magnetic field intensity, amp-turn/m
3
: N = Electron density, electron/m
{ f = Frequency of satellite transmission, Hertz
K = A constant = 2.97 X 10-2, mks units
1 = Angle of polarization rotation, radian
d{ = Element of path length
5
L 4 e ——— - ———




8 = Angle between the magnetic field and wave normal (direction of

propagation),

To find the electron content in a vertical column (vertical columnar
electron density) through the ionosphere, it is convenient to replace the
path element df¢ by dh sec x, where X 1is the local zenith angle and dh is
an element height., With this substitution, Eq. (4) becomes

dl =5 NH cos 6 sec X dh . (5)
f2 o

Integrating over height from zero to the satellite height,

Khs
Q= ;5 fo NH  cos @ secy dh (6)

The total number of rotations of the plane of polarization of the

Jinearly polarized resultant is

Q
bE o
h

s
_—55 H cos © sec x fo Ne¢h (7
ang®  ©

35 B cos 9 sec ¥ I s Ndh (8)
b o

where

-13
Q = A constant = 3.77 X 10 L , mks units

2
n

Frequency, MHz

B = Earth's magnetic intensity, Gauss

B cosesecx = A welghted mean over the range of integration;

or, more compactly,
R =G [ Ndh : (9)

In order to determine the electron content using Eq. (9), the value
of G may be calculated* at any point in the spatial coverage around the
observer. In general, the G value must be the weighted average of the
actual value of B cos 8 sec X along the line of the ray path. By using

the average ionospheric profile, the value of G is determined near the

*
The calculation of G values is given in Appendix A.
6




height of the centroid of the ionospheric electron-density profile. The
centroid height for the area of interest is obtained by fitting the
Faraday rotation electron content data to the ionospheric distribution

profile. Therefore, the value of G is evaluated at a level approximately

50 km above the height of maximum density,a which can be determined from
a true-height analysis of vertical-incidence ionograms obtained near the

location and time of the satellite passages.
Equation (9) was derived under the following assumptions:

(1) The wave frequency is so high that rafraction can be
neglected. (That is, the wave frequency is much higher

than the maximum plasma and collision frequencies.)

(2) The effect of horizontal electron gradients can be

neglected.
(3) The quasi-longitudinal approximation holds.”

(4) The vertical velocity component of the satellite can

be neglected.
(5) The satellite antenna has a fixed spatial orientation.
(6) A single ray path exists for both modes.

Equation (9) is a good approximation to a more exact formula as
long as the quasi-longitudinal approximation is valid. The quasi-
longitudinal approximation is not valid near 8 = 90’, the transverse
position (which occurs at the time To). At 8 = 9, both R and G 1in
Eq. (9) go to zero and the expression for electron contc¢nt becomes
indeterminate. It is realized that at the transverse point the
rotation is a complicated series of polarization changes. The method
used to obtain the electron content at the transverse position is a
method of interpolation--the rotation-rate method. To obtain the
rotation rate, Eq. (9) is differentiated with respect to time, giving

h h
dR s dG d [
—t_j'o Ndh . = + G . = J'o Ndh . (10)

When the horizontal gradients in the ionosphere are neglected for

a very narrow latitudinal range of the ionosphere, the second term

7




becomes zero. Therefore, the rotation rate becomes proportional to the

electron content

h
dR _ dG s
mwe== |, Ndh (11)
thus
h .
[ mgead | (12)
Jo G

In Eq. (12) the dot implies a time derivative. The G can be determined
indirectly by differenting the G with respect to time, to obtain
dG

- 9G_ fgi (14)
- dg, ' dt

dé
where GS is satellite latitude and ETE is the time derivative of satellite

latitude, Near the geographic equator, for Satellite S-66 at a height of

1000 kilometers, des has the value 0.0565 degrees per second.
dt
Equations (9) and (12) are the basic relationships for calculating

electron content from experimentally obtained Faraday rotation data,



III METHOD OF ANALYSIS

A, GENERAL APPROACH

One widely used method of studying the electron distribution in the
ionosphere is the Faraday rotation technique. The principal advantage
of the Faraday rotation technique for calculating electron content used
in this study is the simplicity of data acquisition and analysis. Analy-
sis of Faraday rotation data can be done in two ways--by the rotation-
rate method and by the total-rotations method. The rotation-rate method
is suitable for analyzing a large number of records and has the advantage
of being relatively insensitive to horizontal gradients of electron
content., However, it can be used only in calculations of electron
content near the transverse position and so can give values at only one
location. The rotation-rate method has been applied to Bangkok data.
The total-rotations method is more complex but has the advantage of
ylelding values of electron content over a range of latitudes. This
method is easy to use for data from a station near the magnetic equator,
because the usual polarization-rotation ambiguity can be resolved when
the satellite passes through the To position. By counting the number
of rotations of the plane of polarization from this transverse point,
one is able to determine an unambiguous measurement of electron content
for latitudinal variation. The total-rotations method was applied to
the data from the three-station chain--Songkhla-Bangkok-Chiengmai.

Figure 4 gives an example of the appearance of the Faraday polari-
zation fading-rate anomaly on signal-amplitude records which were
observed at three stations during a typical passage of Satellite S-66.
These Faraday fading data were recorded on 40 MHz for the purpose of
determining the latitudinal variation of electron content over Thailand.
The fading pattern seen in Fig. 4 is caused by the resultant polarization
vector of the received signal alternately falling parallel to and orthog-
onal to the linearly polarized antenna., Since the signal polarization
(electric field intensity) vector becomes parallel with the dipole twice

during each rotation of 36d’, a complete rotation corresponds to two

9
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periods of the fading pattern. The unique point--‘the time of occurrence
of transverse propagation To--is plainly visible in Fig. 4. The change

in the pattern near T0 is caused by the reversal in the direction of the
polarization vector rotation. Local time* was recorded on the chart to
reiate the observed data to the physical position of the satellite in its
orbit, The satellite position and height at time corresponding to the
local time were obtained from ephemeris data provided by the U.S. National

Aeronautics and Space Administration (NASA).
B. ROTATION-RATE METHOD

The rotation-~rate method of analysis is based on the rate of change
of rotation near the T0 position to determine the electron content at
that position., In this method of analysis, Eq. (12) is used to obtain
the electron content. In this equation, é can be measured directly from
the data by graphical calculation, The é coefficient is determined by
differentiating G as shown by Eq. (14). The calculation has been pre-

pared for computer calculations,

A typical plot of the number of rotations observed on a record is
shown in Fig. 5. The number of rotations (left-hand scale) is counted,
starting from an arbitrary first null of the signal amplitude in the
Faraday rotation record, and the time corresponding to the third, fifth,
etc.,, nulls are used to plot the number of rotations as a function of
local time. Figure 5 illustrates the calculation of the rotaticn rate,
ﬁ, by a three-point numerical differentiation method (using the slope of
the curve near To). The number of rotations is scaled from a l-minute
period centered at the To position. This gives the rotation rate (R)
directly in rotations per minute. The ratio of the rotation rate (R)

to the coefficient (G) yields the electron content as given in Eq. (12).

*Local time (GMT + 7 hours) was established using a General Radio 115B
Frequency Standard adjusted using phase referenced to the VLF trans-
mission from GBR in England on 15 kHz. Time ticks generated by a
GR 1123A Syncronometer from this standard were compared daily with
time transmission from WWVH and JJY on 10 and 15 MHz. The resulting
time estimate is accurate to 5 milliseconds.

13
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C. TOTAL~-ROTATIONS METHOD

For a station near the magnetic equator, ambiguity in the total
number of rotations can be resolved easily for most records. There is
a time during each satellite passage when transverse propagation occurs
and the resulting reversal of wave polarization produces a visible
perturbation of the Faraday fading pattern at that time (To). The
total rumber of rotations is defined as equivalent to zero at the To
position. The total-rotations method of analysis uses the total number
of rotations from the transverse position to a given satellite position
to determine the electron content at that position. The right-hand
scale of Fig. 5 illustrates the total number of rotations referred to
To for different times during a satellite pass., The total number of
rotations is counted from To to the time corresponding to the satellite
latitude on both sides of To' Satellite S-66 has a nearly polar orbit;
hence the satellite latitude is a more sensitive variable in this

analysis,

To follow the above procedure, the local time corresponding to the
satellite position must be known accurately. The satellite ephemeris

is used to tabulate the different satellite positions corresponding to

14




local time during the observation period. The total number of rotations
(R) is counted from the right-hand scale in Fig. 5 and the corresponding
satellite position is obtained from the local-time tabulations of the
satellite ephemeris. In this method of analysis, Eq. (9) is used to
obtain the latitudinal electron content. A computer program has been
prepared for this analysis that can be used to compute the latitudinal
variation of electron content for any satellite passage of interest

(see Appendix B).
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IV RESULTS

A. IOCAL ELECTRON CONTENT

The local electron content over Bangkok was calculated by using
Eq. (12) at the transverse position. This position corresponds to the
ionospheric point of approximately 14.2°N latitude for all satellite
passes recorded. The electron content values presented in this section
have been calculated from the Faraday rotation data obtained from
Satellite S-66 from November 1964 through June 1967, a period of
intermediate sunspot number (sunspot minimum condition at 1964/1965

and maximum condition at 1968/1969).

To see the main features, the electron content was plotted for the
ascending and descending passes separately, as shown in Figs, 6 and 7
respectively. Because the satellite precessed westward, the time of the
satellite passage over Bangkok became progressively earlier. No differ-
ence is apparent between the results for the two directions of passage,
The time of day advances from right to left in Figs, 6 and 7, and each
calculated value of electron content is associated with a particular
hour of the day. Therefore, the passage time moved through a 24-hour

period in about five and a half months,

In addition to the calculated values of electron content, F-layer
peak electron density and the daily mean 10.7-cm solar flux values are
shown in Figs. 6 and 7. 1In these figures, the top curve is the electron
content, the middle curve is the F-layer peak electron density calculated
from the ionosonde observations over Bangkok, and bottom curve shows the
daily mean 10.7-cm solar flux. The main feature of the electron content
results is the large diurnal variation--low early morning and high
afternoon values. The maximum value of electron content varied from
20 X 1016 electron/m2 at the low sunspot numher (February 1965) to
55 X 1016 electron/m2 at high sunspot number (March-April 1967) and
occurred around 1400 hours local time, while the minimum value of

16 2
electron content varied from 1 x 10 electrons/m at the low sunspot
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6 2
number (January-February 1965), to 10 X 101 electron/m at the high

sunspot number (March 1967), and occurred in the early morning hours.
The slope of the diurnal curve rose sharply in the morning hours,
reached a peak in the afternoon, and decayed rapidly to a minimum in
the early morning hours. Secondary maxima were observed at the night-
time hours. This nighttime behavior of ionospheric electron content
agrees with the observations by other investigators at other lati-

tudes.” 712

The values of the F-layer peak electron density (see Figs. 6 and 7)
were calculated from ionosonde data obtained at times very nearly corre-
sponding to the satellite passes. The curves of electron content and
peak electron density are generally somewhat similar. It is noticeable
that the secondary maximum of peak electron density also appeared at

nighttime. The cause of these secondary maximum values is not clear.

Solar flux values (10,7 cm) are plotted in Figs, 6 and 7 as an
index of solar ultraviolet activity during the period of satellite (and
vertical-incidence-sounder) ionospheric observations, The main features
are the diurnal variations of solar flux, which show a correlation with

the envelope of the peak electron content values,

B. SEASONAL VARIATIONS

It is apparent in Figs. 6 and 7 that the diurnal variations shown
in these plots are contaminated by seasonal variations. The seasonal
variations of the daytime maximum values of electron content are illus-
trated in Fig. 8. 1In order to study this variation further, the daytime
maximum electron content values during sunspot number minimum in 1964

are taken from Ref. 6.

The principal features are the low electron content value during
the sunspot minimum in 1964, and the electron content increasing as
the sunspot number increases toward maximum. The seasonal variation in
Fig. 8 shows the maximum values of electron content occurring near the
March-April and September-October equinoctial periods, since in this
period the sun is directly overhead at the equator, and minimum values

cccurring near June-July and December-January of solstitial periods.

20



60

ﬂemmzlld‘

ELECTRON CONTENT

e | | | ey | [ N N
Jan Feb Mor Apr May Jun Jul Aug Sep Oct Nov Dec
D8 -4240-627

FIG.8 SEASONAL VARIATION OF PEAK ELECTRON CONTENT

. SOLAR VARIATIONS

To investigate the dependence of electron content upon solar activity,
the values of electron content during the middle of the day (Figs. 6 and
7), when the diurnal rate of change is small, are plotted against the
corresponding daily mean 10,7-cm solar flux values (see Fig. 9). In
Fig. 9 the lower points are for the low sunspot number period and the
upper points are for the high sunspot number period. This indicates an
increase of electron content with solar flux that is the same order of
magnitude as the effect of sunspot number. Apparently the electron
content is linearly dependent upon solar flux, at least for small-to-

moderate values of solar flux.
D. SLAB THICKNESS AND SCALE HEIGHT

The slab thickness and mean scale height of the ionosphere are
closely related to the electron distribution profile. They can be

computed from the following equations:13’14

Ndh = 4.12 H o F) (15)
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where h
[ ®H(h) dh
=t
- h
s

H(h) = Scale height

H = Mean scale height

hs = Satellite height

N F = Peak electron content of the F-layer.

max

By definition, the total electron content is equal to the product
of equivalent slab thickness and peak F-layer electron content., Theze-

fore, the equivalent slab thickness can be identified &s 4.13 H in Eq.
(15).

It is evident that the mean scale height and slab thickness are
related by a factor of 4.13. The individual value of electron content,
determined by the rotation-rate analysis, can be divided by the peak
electron density (NmaxF) obtained from ionosonde data taken at the same
time to obtain the equivalent slab thickness. The peak electron density
can be obtained from ionospheric data collected at Bangkok by a modified

C-2 ionosonde, by using the following relation:
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10

N F=1.24 (foF2)2 x 10 (16)

max

where foF2 is the observed F2-laycr ordinary wave critical frequency

3
(megahertz), and NmaxF is the peak electron density (electron/m ).

The diurnal and se:xsonal variation of slab thickness and mean scale
height are clearly shown in Fig. 10. Data for the ascending and de-
scending passes arc plotted separately. In Fig. 10 a definite variation
between day and night Is discernible, since both slab thickness and mean
scale height have the diurnal variation. The maximum daytime slab thick-
ness and mean scale-height values vary between about 300 to 400 km and
75 to 100 km respectively. The minimum nighttime values of slab thick-
ness and mean scale height range approximately from 120 to 190 km and
30 to 45 km, respectively. These values are generally comparable<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>