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'. Boston Universi
g\gj versity

725 Commonwealth Avenue
Boston, Massachusetts 02215
617:353-2625

Department of Astronomy 1 June, 1976

Dear Colleagues:

It is a pleasure to welcome you to the City of Boston, often
called the Athens of America, and in particular to Boston University.
In the Boston area, there are eight major universities and over
fifty colleges, with a total enrollment of nearly 200,000 students,
Because of the city's rich heritage, Boston is one of the centers
where America is celebrating this year's Bicentennial Anniversary.

It was in Lexington, Massachusetts, only 15 minutes from Boston,
where the first shots of the War of Independence were fired 200

v o

el Ry

years ago.
Boston has fine museums, outstanding hospitals, a famous
symphony orchestra, and many excellent restaurants where you can

SETRETE, T

taste some of the delicacies of New England.

We at Boston University are honored to have you with us and
we want to express our congratulations to Dr. Aarons of the Air ]
Force Geophysics Laboratory and to Professor Mendillo of our 3
Department of Astronomy for their initiative and hard work to
organize this fine symposium in our University.

Boston University was established in 1869 and it is now the
third largest private University in the United States. Among its
original faculty was Alexander Graham Bell, who one hundred years
ago invented the telephone here in Boston. Boston University has
16 different schools including Schools of Medicine, Law, Education, k|
Engineering, Nursing, Management, Dentistry, Fine Arts, etc.
The Medical School receives more than ten million dollars per
year in research grants and the Law School has on its faculty
several past and present members of the Massachusetts Supreme
Court. The School of Theology counts among its graduates Dr.
Martin Luther King, the Nobel Laureate for Peace, and the
President of Cyprus, Archbishop Makarios.
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- The Departmeﬁt 6f Astronomy is one of the twenty departments
of the School of Arts and Sciences. Though there are nearly 2000
Physics Departments in the United States, there are less than one
hundred independent Astronomy Departments. Boston University thus
belongs to a small group of prestigeous universities, including
Harvard, Princeton, Columbia, Cal Tech, Berkeley, and Chicago,
which have a Ph.D. granting Department of Astronomy.

During your stay with us, we hope we will have an opportunity
to show you our faculty and student quarters, our library, our
dark room, our observatory and our planetarium, which is now under
construction. The department has five professors (Dr. Saul Adelman,
Dr. Kenneth Janes, Dr. Lucas Kamp, Dr. Michael Mendillo and Dr.
Michael Papagiannis), ten graduate students, including four teaching
assistants, and about twenty undergraduate majors. We will all be
more than happy to discuss our academic programs and our research
work with you.

We are looking forward to a fine scientific meeting and the
opportunity to exchange with all of you data and ideas on research
work of common interest. We hope your visit to Boston and the
COSPAR Symposium at Boston University will be culturally gratifying
and scientifically rewarding. On behalf of the President of the
University, the Dean of Arts and Sciences and the entire faculty
of the Astronomy Department, I extend to all of you a most cordial
welcome.

Sincerely yours,

/71. °¢/ 0-‘ 0&""")5’)
Michael D. Papagiannis

Professor and Chairman
Department of Astronomy
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SATELLITE BEACON CONTRIBUTIONS TO STUDIES OF THE
STRUCTURE OF THE |ONOSPHERE "

J. V. Evans
M.1.T. Lincoln Laboratory -
X X Lexington, Massachusetts 02173 4

-
VA % 5 G5
T R O

s S A g AR

TR ABSTRACT j

The radio beacons on board artificial satellites have been widely used for
studies of the earth's ionosphere. Following the launch of Sputnik I, two
lines of investigation quickly emerged — the study of the total columnar
. content of the ionosphere (up to the height of the satellite) and the study .
) : of the fine-scale irregularities within the layer responsible for causing ]

- scintillation of the received signal. Early studies of total content

} employed either the Faraday rotation or the differential doppler method and
suffered because of an ambiguity in the results. in principle, the
ambiguity could be resolved by assuming that the ionosphere is horizontally
uniform, but in practice north-south gradients introduced, for example, by
TiDs often rendered this difficult. This probliem can be overcome using
pairs of stations and/or local vertical-incidence measurements; the results
then yield useful information concerning temporal changes of total content
* and large scale structure such as TIDs and the trough.

i ;

t

o s 17 Bttt e

The advent of geostationary satellites has made possible long continuous
records of total content for many fixed locations on the earth, and by using
multiple frequencies it has also been possible to study the exchange of
plasma between the ionosphere and the magnetosphere. An extension of these
observations to higher latitudes could resolve the question of whether the

P shrinkage of the plasmasphere during magnetically disturbed periods is

v accomplished by ''peeling away'' the outer shells or an inward compression of o

the plasma into the ionosphere, k

0 The morphology of ionospheric scintillation has been studied extensively

' using beacon signals. In addition, these studies have shown that the

: spectrum of irregularities is power law (rather than Gaussian), and at the
g; equator can extend to very small spatial scales. While it is generally

% agreed that the irregularities responsible for scintillation are created by
some form of plasma instability, there seems to be no generally accepted
mechanism. It may be that different instability mechanisms operate at the
equator, auroral zone and at midlatitudes and/or at different times.
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1 { 1. INTRODUCTION

Prior to the advent of in-situ explora.ion of outer space employing
artificial earth satellites, considerable study of the earth's ionosphere
had been accomplished using ground-based HF soundings, and many excellent
summaries of this era of exploration have been written (e.g., Rawer and
Katz, 1957; Ratcliffe and Weekes, 1960; Alpert, 1963).

in addition, some rocket measurements had been carried out that provided
measurements of E- and F-region electron density to altitudes of 200-300 km .
(e.g., Berning, 1951; Seddon, 1953; Seddon and Jackson, 1955). However, f
these were limited in number, and significant information concerning regions
well above the peak of the F-layer did not become available until about the
time that Sputnik ! was launched (e.g., Gringauz, 1958; Nisbet, 1960). The
., early rocket results have been reviewed by Newell (1960). Finally,
measurements of the total number of electrons in the ionosphere had been
made by observing the Faraday rotation of moon-reflected radar signals (for
review, see Evans, 1974). These showed that there were typically ~ 3 times
as many electrons above h F2 compared to the number below, implying that
the F-layer was morc complicated than a simple a-Chapman layer at uniform
temperature,

Somewhat surprisingly, the first really useful results of satellite
investigations of the ionosphere came from observations of the satellite

L beacon signals, rather than iIn-situ sampling, and this has remained a
valuable technique to this day. This paper attempts to summarize the types
of measurements that are possible by observing the radio signals transmitted
from satellite beacons. It is not intended to be an exhaustive review of
the subject. (Such a review has been provided by Alpert, 1976.) The
examples of the results presented have been chosen merely to illustrate the 4
developments that were made, and are not meant to imply any priority of 4
discovery.

In the section that follows we outline two methods of measuring the total
electron content. Section 3 discusses observations of the gross structure
of the F-layer from low altitude satellites and geostationary satellites,
while Section 4 briefly comments on some of the physical processes that 4
serve to control the total content as measured by either method. Section § b
describes observations of large scale features in the ionosphere such as the
trough and the equatorial anomaly, and Section 6 deals with observations of
Travelling lonospheric Disturbances (TiDs). Finally, in Section 7, we
discuss what can be learned concerning the ionospheric irregularities
responsible for Spread F and radio star scintillation.

2. OBSERVING TECHNIQUES

a. Faraday Rotation

At the time of the launch of Sputnik | (September 1957) the Faraday rotation
of a linearly polarised electromagnetic wave was already being exploited as
a means of measuring the integrated number of electrons through the

T o LRSI
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f, ionosphere by means of the moon echo technique (Browne et al, 1956; Evans,
) 1956, 1957). At frequencies f much higher than the plasr . “requency f
& the one-way rotation Q of the plane of polarisation of the wave is gieen
1 “
. :
| 2 « X ?SB cos6, secX, N dh rotations (1)
I 2 o h h'hTh :
ﬁ i where
AR K = 3.75 x 103 in mks units ,.
T & B = the flux density of the earth's magnetic field ;
i A h . ,
e s § at h.ight h k
(]
; i
% eh = the angle between the ray and the magnetic field direction
H 3
§ X, = the loca! zenith distance to the ray 4
¥ P
Z h, = the height of the satellite .
H k
i ‘ and Nh = the electron density (el/m3). %
. ;
i Equation (1) holds provided the ray path at no point becomes exactly normal j
3 to the magnetic field. As shown by many authors (e.g., Browne et al, 1956; i
¢ Bauer and Daniels, 1958), the term B, cos8secX, is usually slowly varying §
; below about 2000 km. As a result some average value |
hS B
J "B, cos8, secX, N _dh ’
; - Feoa—r . o_h h h'n (2) 4
i M thosehsecxh hs 3
- Z fo thh
| :
« - T
;”“ i can be taken and placed outside the integral sign in Eq. (1), yielding
Y ¢ |
AS ? Q = KM fhsu dh h_ < 2000 km (3a)
Y § o h s \3a
‘&' ¥
‘2 = N, (3b)
e, & ;
Ry A:‘, ;
&t ﬁi ‘ k where Nt is the ionospheric total content beneath the satellite.
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In typical applications the number of rotations Q exceeds 1/2 introducing
an ambiguity in the measurements. This may be removed if observations can
be made simultaneously at two well-separated frequencies, or if a small
frequency shift Af can be introduced and the resulting change AQ in

Q observed, whence

1 Af .
R = 7740 rotations. (4)

This was the approach originally employed in the moon reflection experiments
(Evans, 1957) and later used in satellite experiments where multifrequency
beacons were employed. For example, the satellite $-66 (196L4-6La) carried
beacons at 40 and 41 MHz expressly for this purpose.

For low altitude satellite measurements what is observed is a rate of change
of Q introduced principally by the variation in M resulting from the
changing geometry. That is the first term in

_ dM d
= K /Ndh g + MK go / N dh (5)

Q.

Q
t

al

is larger than the second. By making an assumption concerning the second,
such as that the ionosphere is horizontally stratified and homogeneous, it
is possible to solve for €. In cases where the beacon frequency f exceeds
the highest plasma frequency f_ along the path by only a few times the
approximations leading to Eq. (?) may no longer be valid, and more general
expressions which should then be used have been given by Garriott (1960a).
At such frequencies, ionospheric refraction may also become important, and
corrections for these effects have been developed by Yeh and Swenson (1961).

In early experiments, the assumption of no horizontal gradient in the
jonosphere was widely employed in analysing the results (e.g., Garriott,
1960b), even though the error inherent in this approach was recognized.
Garriott and Mendonca (1963) evaluated the probable errors encountered in
the various methods of data reduction and concluded that a hybrid method
using Faraday rotation and differential-doppler records (see below)

simul taneously gave the least error.

For geostationary satellite experiments the second term of Eq. 5 dominates.
It is then possible to solve the ambiguity if, at some time, bounds can be
placed on /SN, dh from some other measurement. Yuen et al (1969) and da
Rosa (1973) have discussed how this might be accomplished using F-region
critical frequency measurements, An excellent review of the satellite
beacon Faraday rotation method of studying the ionosphere has been given by
Garriott et al (1970), who also summarized the types of results obtainable.

‘3
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b. Differential Doppler or Phase

o An alternative method of studying the number of electrons along the line-of-
¥ 73 sight to the satellite depends upon observing the phase of the received
- b signal. This technique was employed originally by Seddon (1953) in early V-
] 2 rocket experiments. The total phase path length to the satellite may be
- written
p = £ r5uds radian (5)
t c ‘o

where u = the refractive index of the medium

¢ = the free space velocity of light.

The phase path length P depends upon the actual distance to the satellite
s as well as on the properties of the troposphere and ionosphere.

The effect of the troposphere can be removed by making use of the fact that
the ionspheric portion of the path introduces a phase change that is
frequency dependent. Thus observations are made of a second frequency f'
higher than the first that is harmonically related, i.e., f' = mf

{m > 1). On reception both signhals are observed to exhibit doppler shifts
dP/dt, dP'/dt caused chiefly by the satellite motion. A differential
doppler signal F is developed in the receiver as

F = (dP'/dt). -m(dP/dt) (6a)

Provided again that the lower frequency f is much larger than the K
ionospheric plasma frequency fp anywhere along the path (f >> fp), Eq. 6a 3

reduces to -
F = (m—l) 4.3 d S 5N ds Hz
m “cf dt ‘o h
- (m—1yh0.3 4 j'hsN dh H (6b)
= WM SF 9t ‘o "h 58 X z

where ¢ is the velocity of light. By integrating F (i.e., counting

radians of phase change over some finite time interval) it is possible to 3
recover the total electron content along the line-of-sight to the satellite j
with an unknown constant of integration. i

For a low-altitude satellite the plot of F vs. time will be an S-shaped
curve whose slope at the point of closest approach will be proportional to
the total electron content local to the station. Thus by assuming, either
that there are no horizontal gradients in the ionosphere, or

R BRI A AR < £ - (YT A2 R 4 TN S e 4 A g A < %t n v e e e —




k. some particular linear gradient it is possible to recover [ N, dh.

- Alternatively, a solution may be sought that minimises the curvature of a
plot of SN dh vs. time during the pass. The accuracy of these approaches
has been reviewed by Tyagi (1974).

.
1
1
A
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If the absolute frequency of the satellite beacon is known with great -
precision, (or can be estimated by averaging many measurements over a period
of time), then the time of closest approach can be inferred from
observations of the doppler shift of the higher frequency f'. In this

case, use can be made of any displacement observed in the times of closest
approach and the time at which the differential doppler F = 0 to infer the
magnitude of any NS gradient (de Mendonga 1962).
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. } Other methods of solving the ambiguity have been developed in which appeal

" is made to additional ionospheric measurements. For example, Evans and Holt ;

‘ (1973) described an approach in which local measurements of the electron i

E density profile using incoherent scatter radar are employed to resolve the '

ambiguity, and the differential doppler record is then used to determine the

latitudinal variation in the total electron content. Alternatively, a local

¢ measurement of the F-region critical frequency (made with an ionosonde) !
i § together with a model for the layer shape may be used to resolve the 3

et ambiguity and the differential doppler record then supplies information on :

i the variation of N __F2 vs. latitude. Leitinger et al (1975) have

4 described a method TA which pairs of differential doppler records gathered

at stations separated by a few hundred km are used to resolve the ambiguity.

Ly

For a geostationary satellite the differential doppler signal F will q
depend chiefly upon the time rate of change of total electron content and e
there will be a large ambiguity in the total number of cycles of phase
difference along the path (da Rosa 1973). In this case it is preferable to
measure the group delay or differential phase AP between identical
modulation signals applied to widely spaced carrier frequencies. These may
be generated in the satellite by amplitude modulation. By employing two

f;,jﬂ ] carriers it is possible to remove all ambiguity and the ATS-6 satellite was
,f’:J designed with this in mind (Hargreaves 1970; Davies et al 1975).
B,
8
41 Measurements of the differential phase between a pair of widely spaced
) frequencies transmitted from geostationary satellites can be made to yield
e us?gul meisurements of total electron content with an uncertainty of about
i el/m” by using a hybrid technique in which the Faraday rotation is
g also measured (Almeida 1972).
R 3. GROSS STRUCTURE OF THE |ONOSPHERE i
- i’ R
k. @R . 1
JAE a. Low-altitude satellite observations 4
y; - Early efforts to measure the total content of the ijonosphere N using the v
e first-Sputnik satellites were made by a number of groups employing the
{.? . Faraday rotation and/or differential doppler methods. A detailed study of
,f*; i 6 k.
, N *f
¥ [ B
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- ! 1 8 months data gathered over the period September 1958 — April 1959 by
k' 2 observing Sputnik 3 at Stanford, California (37°N), was published by

g Garriott {1960b). In this work two methods of analyzing the Faraday
: rotation records were tried yielding two estimates of N_(= N in
i 3 Garriott's paper). These are shown in Figure 1 as a funftion®of local time
‘ i over the 8 month period. Also shown is the total content up to the layer
peak

ik o i

V-4

PraxF2 ,
Ny 7 N dn (7) ?
100"

obtained from ionosonde records.

2% : Mixed together in Figure 1 are seasonal and diurnal variations, and in this
§ respect these results are less useful than moon-echo observations in which
: the diurnal variation can be established over an interval of one month y
3 (e.g., Evans and Tayior 1961). Nevertheless, this work confirmed that the 3

ratio N_/N. is of the order of 3-4 by day increasing to > 5 by night, as
observed”in the early moon radar experiments (e.g., Evans 1957).

]
. / Total content measurements were made by a number of other groups over ]
e various shorter time intervals and by 1965, using moon radar and satellite 3
i 3 data, it was possible to to construct plots of total electron content in
A summer and winter at midlatitudes vs. 10.7 cm solar flux FIO (Taylor
1966). These suggested the existence of a linear dependence b%gween 2N at
noon on quiet days and F‘0 , with a winter value of 15 x 10 =~ el/m” at
F10.7 = 100 that is twice'Zhe summer value,

At about the same time, Bhonsle et al (1965) reported results gathered using

the differential doppler 8echnique while observing the Transit LA satellite r

from Washington, D.C. (40°N) and Ottawa (45°) over the 8 month interval F
3 February — September 1962. Figure 2 shows total content vs. local time
determined for these two sites. From these data and earlier published
results, Bhonsle et al were able to show that the largest noon values of
total content actually occur in equinox for all parts of the sunspot cycle
as may be seen from Figure 3. This is in contrast to N _ F2 which
maximizes in winter. Bohnsle et al were able to account $8r this behavior
empirically in terms of variations in the slab thickness parameter

N km (8)

as T = 270 (1 + 0.005 R) km summer
T = 240 (1 + 0.005 R) km equinox
T = 210 (1 + 0.005 R) km winter

where R is the mean sunspot number.
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That is the slab thickness maximizes in summer while N maximizes in
winter, and the combination of these two variations proﬁﬁées a maximum in
Nt in equinox.

These conclusions were confirmed in a study by Yeh and Flaherty (1966) who
made observations of Transit 4A from Urbana, 1)linois (40  N) over the
period July 1961 to October 1964. Figure 4 shows the variation of N_ and
T at noon reported by Yeh and Flaherty over the period July 1961 to
December 1962. It is clear that N_ peaks in the equinoxes and has minima
at the solstices with the summer minimum being deeper than the winter one
(Fig. ha). The slab thickness, on the other hand, shows a simple annual
variation with a minimum in winter (Figure 4b).

While a nighttime dependence of slab thickness t on the magnetic activity
index K_ had been recognized earlier (e.g., Evans and Taylor 1961), Yeh
and Flahgrty appear to be one of the earliest groups to identify a daytime
dependence. This is shown in Figure 5. It can be explained as a
consequence of the increased temperature of the neutral atmosphere
associated with magnetically disturbed conditions (e.g., Jacchia and Slowey,
1964). Over the range 0 < K_< 5, this trend appears to be almost
independent of time of day bePween about 06 and 15 hours.

b. Geostationary Satellite Observations.

Useful measurements of total electron content using radio transmissions from
geostationary satellites became possible with the launch of Syncom 3 in
August 1964. Garriott et al (1965) published results of a study made
between September and November 186h of the Faraday rotation at Stanford,
California (QOON) and Hawaii (20°N). Figure 6ab shows the variations in N
and Tt observed at the University of Hawaii in these measurements. It can
be seen that the ability to obtain long continuous records permits much
detail to be seen that otherwise might be missed. For example, the
variation in slab thickness shown in Figure 6b is considerably more

. complicated than anticipated, exhibiting maxima immediately before sunrise

and after sunset.

The ease with which geostationary satellites permit measurements of the
gross structure of the ionosphere, and the absence of any appreciable motion
of the subionosphere point with time, has rendered this method much more
attractive than either low-altitude satellite or moon-radar observations.
Thus, several groups, including those at Stanford University and the Air
Force Research Laboratories, Cambridge, Massachusetts, have collected such
data for long periods of time. Figure 7 shows the records obtained for the
year 1968 by Klobuchar and Allen (1970) using Faraday rotation observations
of the VHF beacon on ATS-3. Recognizing that the slab thickness 1 appears
to exhibit smaller seasonal and diurnal variations than N , these
authors derived a simple analytical expression for 1 thaF would permit N
to be predicted given an estimate of Nmax' This relation is t

T = 261 + 26 sin -(“—722)-1 + 73 sin LD—{B%Q—" km. (9)
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where H is the local time (hours) and D the day number. Figure 8 shows
the fit of the data points to the second term which describes the seasonal
variation. Subsequently, the AFCRL group attempted to extend their model to
storm time conditions by describing average percentage changes in 7
following storm sudden commencements (Mendillo et al, 1975).

The launch of ATS-6 in August 1975 permitted for the first time accurate
simultaneous measurements of the electron content of the lonosphere (from
faraday rotation measurements) and total! electron content beneath the
satellite (via group delay measurements) (Davies et al, 1975). These

permit observations of variations of total content (and hence density) in
the magnetosphere and their relationship to variations in the underlying
ionosphere. Interesting results are now beginning to emerge {(e.g., Davies
et al, 1976, Soicher, 1976) which suggest that within the plasmasphere there
are only small day-to-night changes in total content, and during :
magnetically disturbed periods the protonosphere responds to (rather than A
drives) any changes in the lonosphere at the foot of the flux tube.

c. Magnetically Disturbed Behavior

Measurements of the variation of the total electron content during magnetic
storms have been made by a number of workers (e.g., Titheridge and Andrews,
1967; Warren, 1969; Lanzerotti, 1975). In general N, tends to vary in the
same way as N F2. A typical sequence of events foflowing a storm sudden
commencement is shown for Jodrell Bank (53°N) in Figure 9 (Taylor and
Farnshaw, 1969). These observations were made with the Early Bird Satellite
(1965 — 28a) with a sub-ionospheric point (i.e., the latitude of the ray 5
path at 400 km altitude) of 47 N. On the day of the storm, the evening S
increases in N_ and N ___F2 were more pronounced than normal. This b
represents the positive Eﬁése of the storm. On the second day N, was
above normal while N was depressed indicating a marked incresse in the
slab thickness parameTeP (here denoted by d). On the third day, both N
and N were below normal but the slab thickness tended to remain above
normaT?* These changes are thought to be brought about by the competing 4
effects of 1) electric fields and winds which tend to raise the layer (and
hence lower the loss rate) in the early phase of the storm, 2) increases in
the scale height of the neutral atmosphere caused by heat deposited in the
auroral zone, and 3) changes in the composition of the atmosphere brought
about by the redistribution of the lighter constituents (e.g., He and 0) as
a result of the winds established by the auroral zone heating. Additiona!
effects such as heating by thermal conduction from the magnetosphere (where
energy is deposited through the decay of ring current protons), and from the
precipitation of low energy electrons tend to be important only at night.
All of these effects tend to vary from storm to storm and their importance
depends considerably on the location of the station. As a result, much of
our present understanding has come from other observations, such as those of
particle temperature by the incoherent scatter technique and neutral !
composition by means of satellite-borne mass spectometers.
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One feature of the storm-time behavior, that has been pursued from satellite
beacon studies, is the behavior during the positive phase. This increase is
frequently much larger in N_ than in N {e.g., Goodman, 1968; Webb,
1969), and has been studied 3xtensively bY?Mendillo et al (1970) and
Papagiannis et al (1971, 1972). it has been established that the increase
is observed only at stations lying on L-shells within the plasmasphere
during the first 18 h, after the storm sudden commencement and is seen
principally in the local time interval between noon and sunset. Figure 10
shows the behavior observed at 10 widely spaced stations for the storm of

8 March 1970 (Klobuchar et al, 1971). |In this instance, increases were seen
only at those stations that were lying in the sunlit hemisphere at the time
of the storm commencement. Early theories advanced for this feature include
the rapid diffusion of ionization from the magnetosphere into the ionosphere
(Mendillo et al, 1970), 2) convergence of ionization in the dusk sector
brought about by E-W drifts (Papagiannis et al, 1971; Evans, 1973a), and 3),
the lifting of the layer into regions of fow recombination rate either by
electric fields (Evans, 1970; Somayajulu et al, 1971) or equatorward
thermospheric winds (Jones and Rishbeth, 1971; Obayashi, 1972). The present
view is that lifting of the layer by substorm electric fields causes the
phenomenon (Tanaka and Hirao, 1973; Soicher, 1976), and hence by determining
where it is seen it is possible to explore how the fields penetrate the
plasmasphere.

b, PHYSICAL INTERPRETATION OF TOTAL CONTENT MEASUREMENTS

a. Dependence Upon Temperature of the Neutral Atmosphere

Bauer (1960) stimulated interest in the possibility that studies of the
gross structure of the ionospherc might lead to the determination of
physically useful parameters such as the temperature of the upper
atmosphere. He pointed out that for a Chapman layer formed in an isothermal
atmosphere with scale height H, the slab thickness should be given by

T = b33 H (10)
It transpires that this relation should hold for an isothermal F2 layer

formed as a subsidiary layer (to the Fi) by the competing processes of
production, loss and diffusion (for review see Rishbeth, 1967). In a layer

with a Chapman shape, the ratio of the number of electrons lying above hmax

to the number below is

Na
= = 2,15 (11)
b

Hence, and the early observations which showed that in the daytime, this
ratio is typically 3, cast doubt on the validity of Eq. (10). Bauer (1960)
sought to account for this difference by supposing that the layer is formed
in a region of increasing temperature, |In this case the constant in

Eq. (10) would be reduced in a manner depending upon the gradient assumed.

10
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The discovery (in 1962) that the F-layer is not in thermal equilibrium and
that, during the daytime the electron temperature T_ exceeds the jon
temperaturz T (which above about 300 km exceeds tRe neutral temperature
T ) further complicated any interpretation. In the years following, the ;
effects of these temperature variations on layer shape have been examined in i
[}

}
W

a number of papers (e.g., Thomas, 1966).
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Additional difficulties with interpreting the slab thickness parameter in !
terms of exospheric temperature are introduced by, changes in the composition '
of the F-layer wjth height (from predominantly +O below 1000 km to ;
predominantly H above). Upward fluxes of H exist in the daytime which f
markedly alter the transition altitude between the two species (Banks and
Holzer, 1969). Titheridge (1973) showed, however, that in the daytime this :
latter complication should not be very important, and hence, if :
: relationships between Te’ T. and T_ are adopted, it is possible to find

ii " . a dependency between 1 and neutral temperature such as that shown in
i

b

|

I T A R Y

e

Figure 11.

Using the dependence of Figure 11, Titheridge (1973) obtained seasonal
variations of the neutral temperature from data collected at Aukland (37°S)
and Invercargill (46.5°S) when viewing Syncom 3 and ATS-1 (with
subionospheric points at 3%05 and hZOS, respectively). These indicated an
average annual temperature of 120005 with a summer to winter variation of
£250°K. Incoherent scatter measurements (e.g., Salah and Evans, 1973) have
shown that, in fact, the exospheric temperature at this level of solar
activity is more typically about IQOOOK and the seasonal variation only
£100"K. While the model could be adjusted to yield lower mean values it
seems that the seasonal variation will remain too large. This discrepancy
is thought to reflect the neglect §f the seasonal variation of the
composition of the thermosphere which leads to marked changes in the shape
of the F-layer (e.g., Strobel and McElroy, 1970; Tanaka and Hirao, 1972; Wu
and Newell, 1972).
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Given the enormous improvement in the models of the neutral atmosphere
resulting from composition measurements made using satellite-borne mass
spectometers (Hedin et al, 1974) as well improvements modelling the F-region
behavior gained from incoherent scatter measurements (e.g., Roble, 1975), it
seems it should now be possible to recover useful information on the state
of the upper atmosphere from measurements of Nt’ Nmax’ and 7.

b. Dependence upon Solar Flux

&
-~
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The dependence of total content upon solar flux F 0.7 measured at 10.7 cm g
wavelength has been discussed, among others by Tay]of (1966), who showed the

existence of a clear seasonal dependence. By constructing plots of 24-hour

mean electron total content averaged over 31 days against the 183 day mean

of F,5 7» da Rosa et al (1973) were able to obtain the average dependence :
of the tZtal content on solar flux for all parts of the year. These E
regression formulae were then used to compute the expected variation in the '
31 day average total content with F10 throughout the year. As may be

seen in Figure 12, this empirica) desci?ption permits much (though not all)

of the variation seen at Stanford in 1965 and 1969 to be predicted. There

remain however, marked discrepancies which may be associated with

magnetically disturbed conditions (Kane, 1975).
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c. Dependence upon Topside Composition

< AN SRR N

Large nighttime increases in 1 (or N_/N ) were observed in the early 4
measurements. Titheridge (1973) succedded in accounting for these in terms &)
of the change in composition of the F-region that is known to occur wi;h b
i altitude. As noted above, there is a transition from predominantly 0 to ?
; H ions in the region above +hmaxF2' Jhe transition altitude k:

i.e., the altitude at which N(0 ) = N(H ) depends upon the abundances
\ of each species, the presence of vertical fluxes and the ion and electron
i temperatures (for review, see Banks and Kockarts, 1973).
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: L During the daytime, the vertical flux is usually upwards and together with
F ‘ { a reduction in the abundance of neutral hydrogen (which is responsible for

i : the production of H via charge transfer) this leads to a height of the
i . transition altitude at midlatitudes typically in the range 1500-2000 km. At
3 night the transition altitude moves lower than 1000 km and reaches a minimum
A a little before ionospheric sunrise. This can lead to a marked increase in
slab thickness 1 observed by the Faraday rotation technique, and Figure 13
illustrates this dependence for 3 values of the neutral exospheric
temperature.

5. LARGE SCALE STRUCTURES IN THE IONOSPHERE

B e A S B DRI SN Rai

a. Low-altitude Satellite observations

Frew

! Faraday-rotation (or differential-doppler) measurements made with low-
altitude satellites are naturally very sensitive to horizontal variations in
the total electron content and have been undertaken to study the latitudinal
variations. By observing polar orbiting satellites as a function of local
time, it is possible to map the total content over a range of geocentric
latitudes of $15° about the station. |In this section we discuss those
features of the ionosphere viz., the equatorial anomaly, the midlatitude
trough, and the midlatitude winter night increase that have been studied in
3 this fashion.

NN

Early ionosonde measurements showed the existence during the daytime of
crests of anomalously highoFZ-region critical frequencies at geographic

4. latitudes separated by £15° from the geomagnetic equator (Appleton, 1946;

E- ! _ Bailey, 1948). An explanation for this effect was given by Martyn (1947) in
terms of the vertical lifting of ionization over the magnetic equator by the
E-W electric field associated with the equatorial electrojet and

subsequent diffusion of ionization north and south along magnetic field
lines. This behavior has been reproduced in theoretical models of the
ionosphere (e.g, Hanson and Moffett, 1966) and is now widely accepted.

The resulting ionisation irregularity is too large to be seen in total
content measurements made observing low altitude satellites from a single ;
station. However, Rastogi and Sharma (1971), Rastogi et al (1973) and ’
others have studied the behavior of one of the crests as a function of local
time and suaspot cycle. By combining data gathered at Singapore (1°N),
Bangkok (14°N) and Hong Kong (22°N) using Faraday rotation observations of
the Transit 4A satellite, Golton and Walker (1971) were able to reconstruct
the total content variation across this feature as shown in Figure 14.
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As was known from ionosonde records the anomaly develops between 09 and

10 hrs. and during the solstices is assymetric with the larger crest
appearing in the winter hemisphere. This behavior is believed to be caused
by the influence of interhemispheric F-region neutral winds, which blow from
the summer to winter hemisphere (Sterling et a1, 1969).

A region of low F-region ionisation located near 60° invariant latitude on
the nightside of the earth was clearly identified in satellite-borne HF
soundings by Muldrew (1965) and has been studied by a large number of
workers (e.g., Rycroft and Thomas, 1970) since. This feature, now known as
the trough, is generally thought to mark the boundary between the
plasmasphere, i.e, that part of the earth's ionised envelope that corotates
with the earth and the high latitude ionosphere where the field lines do not
remain closed during the course of a whole day.

No completely accepted mechanism ha§ been advanced to explain this feature,
but the observation of enhanced NO  abundance at F-region altitudes in the
trough (Grebowsky et al, 1976) lends support to the view that it is formed
as a consequence of an inc;ease in the recombination rate. Such an increase
could resuit from large O ion drift velocites caused by the large
ionospheric electric fields that exist just outside the plasmasphere

(Banks et al, 1974).

Anomalous variations of total content at auroral latitudes were seen in
early moon-radar total content measurements conducted at Jodrell Bank

(53°N) (Taylor, 1965) but not recognized as being caused by an E-W trough of
low density until later (Earnshaw and Taylor, 1968). Liska (1966, 1967)
appears to have been the first to clearly identify the trough in records of
total electron content gathered from observations of a low altitude
satellite (Figure 15). Using data gathered throughout the winter months in
1964-1965 Liska was able to construct a contour diagram of overhead electron
content as a function of geographic latitude and local time that delineates
this region of low electron density (Figure 16).

The position of the midlatitude trough has also been studied by Wand and
Evans (1975) using the method described by Evans and Holt (1973) to
determine the variation of peak electron density with latitude. In these
observations the differential doppler signals of the Navy Navigation Series
satellites were observed during some 2300 passes over the two year period
(1971-1973). The records were divided into three levels of K_ activity

(K = 0 tol+, 2- to 3+ and > 4-) and two seasons (shmmer and
wiRter) afd used to cgnstruct contour diagrams showing the average variation
of Log,, N_ (el/cm®) as functions of latitude and local time. Two of
the maps are given in Figure 17 a, b.

The observations of Liska (1967) from Kiruna were combined with measurements
made at Val-Joyeux, France, by Bertin and Papet Lepine (1970) to obtain
plots of total electron content vs. local time spanning the interval 40°-70°
geographic latitude. An example of one of these for the 1965-1966 winter is
shown in Figure 18. These maps reveal yet another feature of the
midlatitude ionosphere, namely a post-midnight winter increase that is
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seen near 450 latitude. This feature was studied by the incoherent scatter
technique (Evans, 1965) and shown not to be caused by particle
precipitation. Evans (1965) invoked downward transport from the
protonosphere as the cause and assumed that this was initiated by conjugate 3
sunset. [t seems more probable, however, that it is related to the ;
penetration of substorm electric fields into the plasmasphere (e.g., Park 1
and Banks, 1974).

b. G-ostationary Satellite Observations

Cbscovations of geostationary satellites do not immediately lend themselves
to studies of large scale horizontal structure in the ionosphere owing to
the ahsence of appreciable motion of the subionospheric point. However, by
using a nziwork of stations, it is possible to reconstruct the variation 3
over a limited geographic area. This has been attempted by Mendillo and ‘ ]
LI Klobuchar (1975), who employed the network shown in Figure 19, and were able
4 to derive contour maps of electron content vs. latitude and time such as
e\ that shown in Figure 20 for the two-day period 8-9 December 1971. This
' figure shows clearly the region of the trough (near A = 60°) as well as
many other interesting features. It would seem that by combining
measurements made at a number of geostationary satellites (which
give essentially the time variation at different latitudes) with data from
low altitude satellites, it should be possible to construct quite detailed
maps showing the behavior within a given region as a function of time.

e

P

6. MEDIUM SCALE STRUCTURE iN THE |ONQSPHERE

Little and Lawrence (1960) and Evans and Taylor (1961) drew attention to the
presence of ionospheric irregularities with large spatial scale which were
observed as quasi-sinusoidal fluctuations of N_  of the order of 1-2%.

These irreqularities were attributed to the presence of Travelling ;
lonospheric Disturbances (TiDs) seen originally in HF soundings {e.g.,
Munro, 1950). It is now established that TIDs represent the perturbation of

the F-region produced by neutral air motions established by acoustic-gravity
waves (Figure 21). The excitation and propagation of acoustic gravity waves

has attracted considerable theoretical interest (for review, see Yeh and }
Liu, (1974), and the F-region perturbations they produce have been studied !
by a variety of methods (see Evans, 1975) that have included measurements of 1
total electron content by means of satellite beacon experiments. :

It would be beyond the scope of this article to attempt to review all this
work and here we shall confine our discussion to a single study conducted at
Millstone Hill (Evans, 1973). Medium scale TIDs move with velocities of

v 100-250 m/sec which are slow compared to the speed at which the
subionospheric point moves during observations of a polar orbiting
satellite. Thus the wave (Figure 21) can be regarded as frozen in place 8
during a satellite transit. At midlatitudes most waves appear to have '
crests that are oriented E-W and propagate approximately in N-S directions.
Faraday rotation records are particularly sensitive to the presence of the
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irregularities, but the waves can also be seen in differential doppler
records (Figure 22). The histograms shown in Figures 23 and 24 for the
distribution of wavelengths and latitudes (of the mid points) for the TiDs
observed at Millstone Hill in 1971-1973 were obtained from examining 2300
passes of the Navy Navigation Series satellites. The most frequently
observed wavelength at the latitude of Millstone (42°N) is 250 km and while
it seems that it is difficult to detect waves with lengths larger than

1000 km from such records, the peak (in Figure 23) is probably a real
feature.

The waves are expected to be seen best when the ray path to the satellite is
approximately paraliel to the phase fronts of the perturbation (shown as
broken lines in Figure 21). This will mean that the waves are more readily
detected when travelling away from the station than when approaching it.
Thus the detection of most of the waves to the south of Millstone (Figure
24) is consistent with a north-to-south direction of propagation and auroral
zone origin.

While low-altitude satellite observations are useful for providing a near-
instantaneous picture of the wave, they provide no information on its speed
or direction, and it is usually not possible to recognize features of the
wave pattern on satellite passes occurring about an hour apart.
Observations made with geostationary satellites yield the wave period, but
not the wavelength. However, by making measurements from 3 widely-separated
stations, it is possible to recover the period, waveleng:h, phase speed and
direction (e.g., Davis and da Rosa, 1969) provided tha'. the form of the
wave does not change with time, e.g., Francis (1974). By employing several
such measurements, it should be possible to locate thr. wave source, but the
interpretation of the records is complicated by the sifference in the phase
and group velocities, (Hines, 1974) and the effects of neutral winds, {Yeh,
1972). Here again it would seem that useful -_suits could be obtained from
simul taneous geostationary and low alti‘ude orbitting satellite
measurements, but to the knowledge of the author no such combined study has
yet been undertaken.

7. SMALL SCALE STRUCTURE IN THE IONOSPHERE

The existence of small scale irreqularities in the ionosphere was first
recognized from the observation that, at times, the intensity of cosmic
radio sources appears to fluctuate e.g., Little and Maxwell (1951). Shortly
thereafter, it was surmised that these irreqgularities were also the agent
that gave rise to the appearance of Spread F on vertical incidence
ionograms, e.g., Dagg, (1957a, b). Herman (1966) has reviewed the occurence
of Spread F and some of the early theories for its production.

Interest in ionospheric irreqularities observed by means of radio-star

scintillation and HF reflections reached a peak during the IGY when a large
number of stations were established in an effort to measure the drift of
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ionisation in the F-region by observing the motion of the diffraction
pattern over the ground (Briggs, 1957; Huxley and Greenhow, 1957).
Subsequently, interest in the radio astronomy community shifted to the study
of irregularities in the solar wind responsible for 'interplanetary"
scintillation.

The observation of amplitude scintillation on records of satellite beacon
signals provided new impetus to the subject especially when it was
established that ionospheric irregularities are capable of introducing
fading at frequencies well above 1000 MHz. Thus, over the past decade there
has been lively interest in this field resulting in a large amount of

effort which can be organized under the following headings, viz.:

a. studies of the morphology of the irregularities (i.e,,
incidence vs. time of day, year, sunspot cycle and geomagnetic
conditions).

b. studies of the theory of propagation for plane electromagnetic
waves traversing ionospheric irregularities (leading, for example,
to the frequency dependence of the scintillation).

c. theoretical and experimental studies of the production mechanism
for the irregularities {presumed to be some form of plasma
instability).

The irregularities responsible for Spread F and beacon signal scintillations
are encountered chiefly at high latitudes — in the vicinity of the auroral
ovals — and over the geomagnetic equator at night, as illustrated in Figure
25. Considerable effort has been expended in attempting to study the
morphology of ionospheric scintillation which cannot be described here.
Useful reviews have been given in a series of papers by Aarons (Aarons et
al, 1970, 1971; Aarons and Allen, 1971; Aarons, 1973, 1975).

The problem of the propagation of radio waves through an irreqular
ionosphere was treated in a series of now classical papers by Booker et al
(1950), Briggs and Phillips (1950), Hewish (1952) and reviewed by Ratcliffe
(1956). In order to proceed, it was necessary to make certain assumptions
concerning the shape and size of the irregularities. In early work it was
assumed (for mathematical convenience) that the irregularities were local
increases of electron density of equal amount and size and were either
spherical or cylindrically symmetrical. The density across the irregularity
was assumed to increase above the background and return to it in a gaussian
fashion, and the peak departure from the mean was thought to be a few
percent. This model proved incapable of accounting for the scintillation
observed at very high frequencies, and was abandoned when radio star
(Rufenach, 1972; Singleton, 1974) and in-situ sampling measurements (e.g.,
Dyson et al, 1974) showed that, in fact, there is a wide range of
irregularity sizes describable by a power law. Extensions of the theory for
this case have been made, among others, by Rufenach (1974), Crane (1974) and
Rino (1976).
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Many different approaches have been employed to describe the amplitude and
phase fluctuations that develop as the wave traverses the irregular layer,
and the -2 all lead to the same result when the scintillation is weak (i.e.,
the rms phase fluctuations in the emerging wavefront are less than t 1
radian). Theoretical difficulties are encountered when the fading becomes
severe as this corresponds to the case where there is multiple scattering by
the irreqgularities. Despite this, useful results can be obtained empioying
an approximation due to Rytov (1937) (see Crane, 1976a). A good review of
our present understanding of the radiowave propagation effects has been
given by Crane (1976a).

The relationship between the frequency spectra of the amplitude and phase of i
the received signals and spatial spectra of the ionospheric irregularities !
has been discussed by Rufenach (1974) and Crane (1976b). The frequency
spectrum of the log of the amplitude fluctuations is found to depend cnly
slighty on the shape of the irregularities and the manner in which the ray
path cuts through them.

Figure 26 shows a match between the spectrum of the log amplitude of signals
recorded at Millstone Hill at 40O MHz from a Navy Navigation Series
satellite during scintillating conditions and theory (Crane, 1976b). In
this figure, a is the ratio of the length of the irregularities (assumed
aligned along the magnetic field direction) to their width; ¢ is the angle
between the field direction and ray direction, and £ is the angle between
the normal to the plane containing the ray and field directions and the
direction of motion of the ray path. For spatial scales less than the
Fresnal zone size, the frequency fluctuations are expected to be related to
the spectrum P(k) of the irregularities, where k is their wave number.

A power-law type three-dimensional wave number spectrum P(k) o k P should
cause the log amplitude spectrugBto fall off with frequency at constant
slope. The observed slope is f and this is consistent with results of
in-gitu measurements (3.5 < p < 4.3).

Observations of amplitude scintillation are insensitive to the presence of
structures much larger than the Fresnel zone size appropriate to the radio
wavelength and geometry of the observation (Rufenach, 1974). For beacon
satellite observations conducted at VHF or UHF, this is typically ~ 1 km.
The smallest structure that may be detected usually depends upon
instrumental limitations imposed by the signal-to-noise ratio or unwanted
modulation of the signal frequency, and may be a few tens of meters.

As noted above, differential-doppler records are sensitive to the presence
of irregularities of all scales. Thus by obtaining the power spectrum of
the phase fluctuations it is possible to recover information of the presence
of irregularities with scales much larger than the Fresnel zone size. This
is one advantage provided by observations of satellite beacon signals over
radio star measurements. Figure 27 shows the power spectral density of the
VHF (differential doppler) signals observed at Millstone Hill at the same
time as the data shown in Figure 26. Residual phase noise on the VHF signal
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introduces the departure between the experimental and theoretical results at
f > 10 Hz, However, at all lower frequencies (larger spatial scales) the
fit is very good, indicating that the ionospheric irreqgularities that are
responsible for scintillation have a continuous distribution of sizes from
meters to tens of kilometers.

No completely accepted theory for the production of these irregularities has
yet been presented (Crane, 1976a), and it seems probable that more than one
plasma instability may be responsible at different times and/or places. The
continuous nature of the wave number spectrum suggests, however, that large
scale irregularities are generated first and that these in turn stimulate
the growth of smaller ones and so on down to some very small size set by the
inability of the particles to behave collectively. Qualitatively, this is
very similar to the manner in which atmospheric turbulence is generated in
the troposphere.

8. CONCLUDING REMARKS

We have described the use of observations of satellite beacon signals to
study the over-all structure of the ionosphere, some irregular features,
large scale gravity waves, and smaller scale irregularities. It is evident
that the technique has and will continue to make valuable contributions to
understanding the ionosphere. |In the view of the author the most fruitful
applications for further study appear to be in three areas, viz.:

a. Measurements of total content and peak electron density in
conjunction with realistic models for the ionosphere should permit
some parameters (such as the solar EUV flux) to be monijtored
inexpensively.

b. Measurements of the total content by a network of stations
surrounding the auroral oval in conjunction with the incoherent
scatter measurements should permit the study of the transient
manner in which the energy input into the upper atmosphere by
Joule heating is redistributed to other latitudes by planetary
waves, acoustic gravity waves and winds.

c. Studies of the morphology of scintillation in conjunction with
satellite measurements of AC and DC electric fields should permit
conclusions to be drawn concerning the production and
redistribution of the small scale irregularities.

This work was supported by the National Science Foundation under
Grant ATM-75-22193
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Measurements of the total electron content of the ionosphere
(here N ) compared with the content below the layer peak

N, from observations of Sputnik 3 at Stanford, California
(Earriott, 1960b) .

Measurements of the total electron content of the ionosphere
(here N,) wvs. local time observed (a) at Washington, D.C.,
and (b) at Ottawa using differential doppler measurements of
Transit 4A (Bhonsle et al, 1965).

Variation of the total electron content of the ionosphere at
noon vs. mean sunspot number for 3 seasons (Bhonsle et al,

1965) .

Variation with season of the mean total electron content
and slab thickness observed at Urbana, !llinois, (Yeh and
Flaherty, 1966). a.) total electron content. b.) slab
thickness.

Average variation of slab thickness 1 over the time
intervals 06-09, 09-12 and 12-15 with the K index. (Yeh
and Flaherty, 1966)

Variation of total content and siab thickness observed

at the University of Hawaii in 1964, from Faraday rotation
observations of the Syncom 3 geostationary satellite
(Garriott et al, 1965). a.) total content. b.) slab
thickness.

Values of total electron content measured by the Air Force
Cambridge Research Laboratories group at Hamilton,
Massachusetts (43 °N) using Faraday rotation observations of
the VHF beacon on ATS-3 in 1968 (Klobuchar and Allen, 1970).

Seasonal variation of midday slab thickness (here denoted
by S) in 1968 obtained by Klobuchar and Allen (1970).

Variation of K o’ total content (here peak electron
density (N ), Pand slab thlckngss {here 5) following a storm
sudden comméncement ($SC) at 47°N (Taylor and Earnshaw,

1969).

Variation of total electron content at 10 stations observed
by means of Faraday rotation observations of ATS-1 and ATS-3
following the sudden commencement (denoted by the arrow) of a
storm occurring on 8 March 1970 (Kliobuchar et al, 1971).
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Figure 11 Variation of slab thickness at midlatitudes with neutral
temperature according to a mode! by Titheridge (1973).

Figure 12 Variation of the 24-hour mean total electron content averaged
over 31 days for 1965 and 1969 as observed at Stanford
(crosses). Also shown (solid line) is the variation
predicted from regressions obtained between total content and
solar flux (da Rosa et al, 1973).
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Figure 13 Dependence of the slab thickpess parapeter on the height
of the transition between 0 and H in the upper F2-layer
for three values of the exospheric temperature (Titheridge,
-, i 1973). The solid line corresponds to nighttime conditions
whege the plasma temperature (Te + Ti)/2 increases at
0.5 /km and the broken line the daytime situation where the
gradient is 4°/km.
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i Figure 14 Total content variations across the equatorial anomaly
; deduced from Faraday rotation observations of the Transit 4A
! satellite from three stations (Golton and Walker, 1971).

Figure 15 Variation of total electron content with latitude deduced
from Faraday rotation records made at Kiruna (68°N) by
observing the S66 satellite in November 1964. Top: shortly
before noon. Bottom: shortly after midnight (Liska, 1966).

? Figure 16 Variation of overhead total electron content as a function

: of latitude and local time derived by Liska (1966) i‘rom._]6
records sucB as those shown in Figure 15. Units are 10
electrons/m“.

Figure 17 Maps of average Log oN (el/cm3) constructed from
2300 records of the élf?gFential doppler records of the Nevy
Navigation Series sateliites by Wand and Evans (1975). a.)
; Winter, low magnetic activity. b.) Summer, medium magnetic
activity.

! Figure 18 Map oflgverags overhead total electron content (units

. of 10 el/m®) vs. geographic latitude and local time
obtained by Bertin and Papet Lepine (1970) by combined
Faraday rotation measurements made in Sweden and France
through observations of the Transit 4A satellite.

Figure 19 The network of geostationary satellite observing stations
employed by Mendillo and Klobuchar (1975) to construct the
plot of total electron content shown in Figure 20.

Figure 20 Contgurs of overhead total electron content (units of 10-16

el/m” obtained from geostationary satellite observations by
Mendillo and Klobuchar (1975).

20

N e Tt b S VR L o L el

e

O v e e

g - ; " hd ” a ' S . al
iy SliliRaae T T 1 W E Rt Y ST SRR TR 1 S




X

N R

b N

T

s P AR S TR

AN R TP T YR RIS e ST e YA K

Figure

Figure

Figure

Figure

Figure

Figure

Figure

21

22

23

24

25

26

27

Contours of electron density in the F-layer when disturbed

by a TID as computed by S. H. Francis (Evans, 1973b). Broken
lines indicate the wave phase fronts for a wave that is
propagating from left to right. Contours are labelled in
units of the undisturbed peak electron density.

Fluctuations in differential doppler, apparent elevation
and azimuth observed for a very large TID at Millstone Hill
(Evans, 1973b).

Wavelength distribution of TiDs observed in differential
doppler records (cf. Figure 22) gathered at Millstone Hill
(Evans, 1973b).

Latitude distribution of TID mid points observed in
differential doppler records (cf. Figure 22) gathered at
Millstone Hill (Evans, 1973b).

Map showing the locations on the earth where ionospheric
irregularities causing the scintillation of satellite beacon
signals are most often found (Aarons et al, 1970). The
hatched area represents the region in which deep fading may
be encountered.

Comparision with theory of the frequency spectra of the

log of the amplitude of 400 MHz satellite beacon signals
recorded at Millstone Hill during a period of scintillation
{Crane, 1976b).

Comparison with theory of the frequency spectra of the phase
fluctuations of the 150 MHz satellite beacon signals recorded
at Millstone Hill during a period of scintillation (Crane,

1976b) .
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EARLY RESULTS OF THE IONOSPHERIC EXPERIMENT OF THE APOLLO-SOYUZ TEST PROJECT

M. D. Grossi and R. H. Gay
Smithsonian Astrophysical Observatory, Cambridge, Massachusetts 02138

1. INTRODUCTION

A spacecraft-to-spacecraft doppler-tracking experiment was performed by
the Smithsonian Astrophysical Observatory on the occasion of the Apollo-Soyuz
Test Project (ASTP). Launched in orbit on July 15, 1975, the ASTP was the
first joint USA/USSR space effort.

The experiment consisted of measuring, by means of doppler tracking, the
relative velocity between the ASTP docking module (DM) and the Apollo command
service module (CSM). The DM and the CSM both orbited at a height of approxi-
mately 200 km and kept a relative distance of about 400 km during the 24-hour
period of data taking. The main scope in collecting relative-velocity data
was to invert them into anomalies of the earth's gravity field with a thresh-
old sensitivity of the order of 10 mgal in 10-sec integration time. In addi-
tion, by using the transmitter installed on board the DM as a dual-frequency
beacon (operating at two-frequency-coherent carriers of 162 and 324 MHz), an
jonospheric experiment was also performed, with differential doppler data
collected in both DM-to-CSM and DM-to-earth paths. Figure 1 schematically
represents the links used by the experiment.

The goals of the ionospheric experiment were as follows (Refs. 1-4):

A. To measure the time changes of the columnar electron content between
the two spacecraft, from which horizontal gradients of electron density at
the height of 220 km (along the orbital path of the DM/CSM pair) could be
derived.

B. To measure the time changes of the spacecraft-to-ground columnar
electron content, from which an averaged columnar content and the electron
density at the DM could be derived under some simplifying assumptions. Be-
cause horizontal gradients at orbital heights are measured simultaneously, a
secondary goal was to investigate the increase in accuracy obtained by per-
forming these inversions.

C. To observe traveling ionospheric disturbances (TID) with both the DM-
to-CSM and the DM-to-earth links.

D. To detect boundaries of turbulent regions of the ionosphere, such as
the aurora oval and the equatorial region.

The data-collection phase of the experiment was highly successful. The
DM-to-CSM link collected samples of differential doppler data over a period of
nearly 14 hours from nine orbital revolutions on July 24. Through the courtesy
of the Defense Mapping Agency, DM dual-frequency emissions were recorded on
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Figure 1. Measurement links of the ASTP doppler-tracking experiment.

earth by eight Tranet and Geoceiver tracking stations on 235 passes. Table 1
provides orbital data for both the DM and the CSM.

The resolution in the doppler measurements was lo = 3 mHz in 10-sec
integration time, consistent with preflight expectations. The oscillators
of th? doppler links performed as specified, with stability of a few parts
in 1012 over a 10- to 100-sec integration interval.

Block diagrams of the instrumentation can be found in Reference 1. Fig-
ures 2 and 3 provide a schematic representation of the raw data utilized by
the experiment and of the data reduction and processing flow adopted.

Table 1. Orbital data for DM and CSM (epoch 42617.008305567 MJD).

Orbital element DM CSM
Semimajor axis 6590.8184769 km 6590.8434884 km
Eccentricity 0.0011944815576 0.0012376262770
Inclination 512770492247 512765736753
True anomaly 989984865652 979558757298
Longitude of the ascending node 812308688226 81°311408223
Argument of perigee 220953048262 219°30088626

2. BASIC ALGORITHMS USED IN DATA REDUCTION
Let us define &¢ = 4] - §f]/f$)$2, where $1 and ¢p are the doppler shifts
f

at the higher (fy) and lower requencies of the link. In our case, f] =
324 MHz and fyp = 162 MHz; therefore,
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6$ = é] - 262
In the path from the DM to the CSM, the following relationship applies:

csn
83 = (40.3/20)) [(V/£2) - (1/F5)] d/at ./b ds

where A] = c/f]. ¢ being the velocity of light in free space.

Under the assumptions that the two terminals of the link are in nearly
coincident circular orbits and that the temporal variations of the iono-
sphere can be disregarded while the doppler samples are being taken, the
differential doppler shift §¢ is a measure of the electron—density gradients
at the ASTP orbital altitude averaged over the DM-to-CSM separation Ax:

— 252 )
aN _ M )
9 40.3(f2 - ff) Yo

AX ?

where Yo is the ccmmon orbital velocity of the two terminals.

In DM-to-earth paths, the following relationships apply {see Figure 4
and Ref. 5):

) és ) is B
so(t) = 4 |” cos o Ne *\"s * Cos dg N

if horizontal gradients are neglected. When horizontal gradients are taken
into account, we have {Ref. 5)

z Zz
. _ - —S — . S -—- . _
8¢ = 3y |-Ng o5 0 * Nx("s * Cos 4’5) Nyys

In these expressions,

2w ZS
S2mef 11 —=1_f
W moolz-2) Neg J, Vo
UJ'I w2
and, for a planar approximation,
W= s N
Ny =2 f Ndz+z sin ¢ cos¢f ax 242
s s 0 07
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Figure 4. Geometry of space-to-ground observations.
‘fx{
= 1 Zs N _ 1 fzsaN
W Ny zg €0S ¢ _d{; ay ¢ z Ne = Cos %0 0 at 42

3. PRELIMINARY RESULTS OF DATA PROCESSING AND ANALYSIS

Figures 5 and 6 reproduce the DM-to-CSM differential doppler records ob-
tained from revolutions 127 and 131. Table 2 gives the starting time of each
orbit and the serial number of the frame-word recorded when the DM crossed the
¥ meridian containing the subsolar point (SSP). Each frame has 73 words, each
10 sec long, so that, for example, the start of revolution 126 corresponds to
(47 x 73 + 31) x 10 = 34,620 sec from reference time zero, which was set at
the beginning of the link operation.

;
i
¢
1
¢
;
:

It can be seen that sharp horizontal gradients of e]ectrgn density haye

been detected. As introduced in Section 2, aN/cx = 2.62 x 10° x 8¢ (el m=3/m).
. The figures show that gradients up to ~106 el m=3/m are not uncommon for a day
: such as July 24, which was magnetically quiet and was arac§er1zed by an elec-
tron density at 220-km height that varied from ~3 x 10 el/m? (night side) to
5 x 1011 e]/m3 (day side). Most of the gradients are encountered at the equa-
torial crossings and are most likely related to the equatorial F-layer irregu-
larities.
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Figure 5. Map of revolution 127 with differential-doppler plot.
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Table 2. Times of data take, July 24. E
P - Revolution Revolution start time Frame-word at i 1
o number (GMT) meridian crossing i
{.’ : i
| 126 ohsgm 47-31 i
127 2 34 54-50 :
128 412 61-69 i
129 5 47 69-15 !
130 7 20 76-34
131 8 52 83-56 1
132 10 24 91-03 4
133 11 58 98-22 E
! 134 13 34 105-41 3
The nine-cycle waveform shown in Figure 5 is suggestive of a day-side
) TID characterized by the following parameters (preliminary model):
) Apparent spatial wavelength along the orbital track
at 220-km height: 800 km
Estimate of the spatial wavelength as it would be
observed from the ground: 690 km
Spatial extent along orbital track at 220-km height: 7200 km
Estimate of peak-to-peak electron-density perturbation: 35%
' Estimate of velocity: ~700 m/sec
¥ 1 Estimate of the period as it would be observed from
the ground: 16 min

I

Data analysis still continues at this time, both for the data coliected
with the DM-to-CSM link and for the space-to-ground data collected by the
ground-based network of stations that participated in the experiment.

4. CONCLUSIONS

: The ionospheric experiment on board the ASTP performed the first space-
- craft-to-spacecraft horizontal sounding of the ionosphere at a height of 220
y km and acquired data that are expected to add new and useful information to
the literature on ionospheric electron-density structures at a height that
js important and that had never been probed before.

In addition, it is expected that the experiment will contribute to a
better understanding of how horizontal gradients of electron density in-
fluence the accuracy of ionospheric columnar measurements performed by H ?
transmitting radio emissions from satellites to the earth. '
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STRUCTURE AND MORPHOLOGY OF THE MAIN PLASMA

TROUGH IN THE TOPSIDE IONOSPHERE

P.J.L. Wildman and R.C. Sagalyn

Air Force Geophysics Laboratory
Hanscom AFB, MA

and
M. Ahmed

Regis College
Weston, MA

The main trough is a region where thermal plasma density
depletions are consistently observed at mid latitudes in the night
side ionosphere. It is considered to indicate the boundary
between regions of the ionosphere having different primary source
processes. Firstly the low latitude ionosphere or plasmasphere,
resulting principally from solar radiation, and secondly a high
latitude region due primarily to magnetospheric particle precipi-
tation. cCharacteristics of the main trough in the F region and
topside ionosphere have been studied by several workers including
Muldrew (1965), Sharp (1966), Rycroft and Thomas (1970), Tulunay
and Sayers (1971), Wrenn and Raitt (1975). These studies have
established the location of the trough, its variation with
magnetic activity, its relation with the plasmapause position,
concentrating on the night side.

In this paper a study of the morphology of several features of
the main trough is presented, based on 3 year's data obtained
from thermal plasma sensors flown on the ISIS~I and INJUN V
satellites. Boom mounted spherical electrostatic analyzers were
biased to measure positive ions on ISIS-TI and electrons on INJUN V.
The dayside trough is also examined and the trough structure,
that is, its width, depth, equatorial and poleward gradients are
determined as a function of local time and season, for Kp < 3.
Additional plasma depletions observed on the dayside between
L = 2 and 4 at altitudes greater than 1500 km are also described.
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METHOD

In Figure 1 the orbital parameters for the satellites utilized
are given,

It is seen that both are polar orbiting satellites and data
is obtained throughout the topside ionosphere,

Approximately 1000 individual troughs were examined from
12,000 whole or partial orbits. A representative trough obtained
on orbit 6864 is shown in Figure 2. It is shown to define the
properties we have measured.

The equatorial edge of the trough, point a, is the location
of the intercept of two lines drawn through the density just
equatorward of the trough, and the equatorial trough wall, i.e.
the midpoint of the knee.

The poleward edge, point d, is the intercept of lines drawn
through the first ionization maximum in the precipitation region,
and the poleward trough wall. ?

The width is taken to be the latitude range between points
a and 4. 1

The depth of the trough is defined for both its equatorial
and poleward edge since the densities at points a and 4 and at
the base b and ¢ are frequently very different. The equatorial
depth is the ratio of the density at a over the density at b.
The poleward depth is the density at d over the density at c.

In order to minimize the effects of varying density with
height normalized gradients were evaluated at the equatorial and
poleward walls. Then the gradient at the equatorial edge is the
density a minus density b divided by the latitude a minus latitude
b all over the average density between points a and b.

Figure 3 illustrates the variability of individual troughs
at different local times and altitudes. On the left side of the
figure troughs measured within 2 hours of local noon at varying
altitudes between 600 and 2300 km are illustrated. On the right
side results obtained within 2 hours of midnight are given for
600 km and 3500 km. The nightside troughs tend to be broader and
deeper than the dayside troughs,
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The trouga occurrence frequency as a function of local time
is shown in Figure 4. The results for each hour of local time
are based on data from at least 2 seasons, It is seen that in the
night hours between 1900 hrs and 0400 hrs the occurrence frequency is
high, >95%. After 0400 hrs the occurrence frequency decreases
reaching a minimum of 48% around noon. This is followed by a
steady increase to 1900 hrs. These nighttime results are in
good agreement with results reported earlier by Tulunay and
sayers (1974). They concluded, however, that the trough was
primarily a nighttime phenomenon. The difference in the daytime
results is probably due to the selection process for each study.
Tulunay and Sayers used the criterion that the ratio of the maximum
density to minimum density in the trough must be greater than
2:1 for a trough to be noted. It will be seen from our results
on trough amplitude in Figure 9 that this criterion would eliminate
most of the midday troughs which we have identified, where values
as low as 1.25:1 are identified.

TROUGH LOCATION

The mean location of the equatorial edge of the trough as a
function of time is shown for the winter and summer seasons oOn
Figure 5. It is seen in the polar plot that the seasonal variation
of the trough position at a given local time is small, within the
limits of the standard deviation indicated on the figure except
for the hours between 6 and 9 am. In the summer the invariant
latitude of the trough increases steadily between 0400 and 1000
hrs., In the winter the trough position remains close to the
nighttime value of about 60 up to 0900 hours. This is followed
by a rapid increase between 0900 and 1000 hrs. These differences
are considered to be due to the varying tilt angle of the sun
with season.

The relatively high invariant latitude of the trough on the
dayside around 72° near local noon should be noted. Throughout
the day and night the trough is found at the equatorward edge of ‘
the auroral precipitation zone. 3

The next few figures show some results on the trough structure.
First the width - In Figure 6, the trough width exhibits a simple L
diurnal variation with a maximum between 0300 and 0500 hours and ‘

L. ¢} . -
a minimum of about 4 around local noon. It then increases
gradually to the early morning maximum. There is a pronounced 1
seasonal variation in the night hours. For example at 0500 hours

the width is nearly 12 in winter and 5 in summer. Spring and
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fall values lie between these limits. The strong influence of
solar radiation on the width is evident from the onset times of
the rapid decrease in width in the morning hours in each season.

The standard deviations for all trough parameters are large,
This is illustrated in Figure 7 where the mean width data for
summer and winter shown in the previous slide, is given with
calculated standard deviation. The standard deviation in width
1s approximately +2°. We have searched for factors contributing
to the standard deviation including altitude, Kp, previous magnetic
history and have been unable to account for the variability.
1t probably reflects the complicated plasma processes contributing
to the formation of the trough including plasma convection,
E-fields and charge exchange.

TROUGH_GRADIENTS

Plasma density gradients at the equatorial edge of the trough
as a function of local time for each season are shown in Figure 8.
The amplitude of the diurnal variation is greatest in winter
when there 1s observed an 80% change in density per degree latitude
at 20:00 hrs and a minimum value of 25% per degree latitude around
local noon. 1In summer the gradients are reduced with a maximum
of 45% per degree at 2000 hrs and a minimum of 17% per degree at
1309 hrs.

The diurnal and seasonal variation of the poleward gradients
are similar to the results obtained at the equatorwards edge (Figure
9). The most noticeable difference is that the poleward gradients
are consistently found to be about 30% higher in the night hours.

TROUGH DEPTH

The depth or amplitude of the trough, that is, the ratio
of the plasma density at the trough edge to the value at the base
of the trough wall has been evaluated for both poleward and
equatorial edges. It is seen in Figure 10 that the amplitude is a
minimum around local noon and a maximum near midnight. The depth
changes by a factor of 10 throughout the day in winder and by a
factor of 2.3 in summer. The results for spring and fall lie
between these limits,

Similar results were obtained for the amplitude at the

poleward edge with the exception of winter nights when the ratios
are 2 to 3 times smaller than for the equatorial depth. This
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reflects primarily the smaller contribution of solar radiation
to the ionization in the polar regions on winter nights.

In this paper we have presented only results for low Kp,
(Kp s },). We have carried out a similar analysis of a smaller
sample of high Kp data. The results on the trough structure are
found to be surprisingly similar to the results at low Kp with
the location moved to lower latitudes.

It is instructive to relate these results on the trough
location to independent measurements of the plasmapause location
from the same satellite by Brace and Theis (1974), and by Miller
(1974) as well as with other higher altitude measurements of the
plasmapause.

Brace and Theis reported gradients in electron density above
2000 km on the dayside from ISIS-I. They associate these gradients
with the plasmapause location. We observe similar gradients with
our own ion probe on ISIS-I on over 60% of the data near this loca-
tion at altitudes above 2000 km. Figure 11, for example, gives
results for the midday pass 6325. A low latitude density gradient
is seen at about L = 3 together with a high latitude trough
observed at 78° latitude. We consider that the low latitude
gradients indicate the partial filling of flux tubes at low
latitudes. The high latitude dayside trough would not normally
be seen in the analysis carried out by Brace and Theis since they
used a spatial resolution of about 9  in their analysis.

In Figure 12, we compare the eguatorward edge of the trough
with the plasmapause location observed by others. 1In addition,
the cross-hatched region on the dayside (between L = 2 and 4)
indicates the location of low latitude high altitude depressions
mentioned above., It is seen that on the nightside the trough
location agrees with the plasmapause location reported by other
workers, On the dayside two regions of plasma depletion are
observed, First the high latitude trough observed at all altitudes
located at the equatorward edge of the cusp. Second, plasma de-
pletions between I = 2 and 4 at altitude > 1500 k. Since they
occur on lower L shells than the normal plasmapause we consider
that they represent partial filling of plasmasphere flux tubes as
described by Banks and Doupnik (1974).

Finally we must consider how these data add to our under-
standing of the formation of the trough. Since they are real data,
gathered on a global scale over several years we cannot dismiss
them if they do not fit current theories of the formation and
maintenance of the trough. 1In particular the existence of daytime
troughs means that solar UV cannot always be the major determining
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cause of trough formation. Since the daytime trough has a lower
probability of occurrence and is also less pronounced than at night
we must conclude that competing processes control the plasma
density and motion at different times, and that these can sometimes
overcome the constant replenishment of ionization by solar UV on
the dayside. The most important of these is convective drift
across the polar cap to supply plasma at night.

Other processes which influence the trough and its location
include, on the nightside: 1. Auroral particle precipitation,
causing ionization Eo give the poleward boundary; 2. The escape
of light (H and He ) along open field lines to give depletion of
plasma within the trough; 3. The presence of electric fields
within the trough regions. This causes bulk motion of the plasma
(direct depletion) in addition to Joule heating as this flow takgs
place. This heating increases the reaction rate of 0 + N, = NO + N,
further reducing the total ionization present above the F Fegion peak.

The processes in u ed by E fields become very important in
the formation of the trough at latitudes and altitudes where H is
not the dominant ion, and where the more classical picture of ion
escape along magnetic field lines is usually invoked as the major
cause of ion depletion,

On the dayside the poleward edge is again set by the particle
precipitation. At the equatorward edge, however, the location
shown in PFigure 12, around L = 8 - 12 for several hours each side
of local noon, fits more closely with the cusp location than with
the plasmapause.

CONCLUSION

1. The trough is found to exist at all local times, It is
not only a nighttime phenomenon., It is consistently found at
the equatorial edge of the precipitation zone.

2. Significant variation of the widths, amplitude, and
gradients at both the equatorward and trough wall are found with
local time and season. Maximum values are observed on winter nights.
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EARLY RESULTS ON INTASAT BEACON DATA RECORDED AT EL
ARENOSTLLO (SPAIN)

José L. Sagredo
INTA
Spain

ABSTRACT

The INTASAT satellite, equipped with a radio beacon trans
mitter at frequencies of 40.0100 MHz and 41.01025 MHz, was
launched on November 15, 1974 into a sun-syncronous, nearly cir
cular orbit, with an inclination of 101.7° and an altitude of
1460 Km.

A receiver installed in El1 Arenosillo (37.1°N, 353.57°E)
records INTASAT beacon data for two orbits per day, one in the
local morning (~ 0900 LT) and the other later in the evening
(v 2100 LT). The recording time of the latter which is roughly
the same during the whole year sweeps along the year the region
of solar zenith angles between 80° and 110° where important gra-
dients of electron density are to be expected.

Faraday rotation data recorded during the equinox periods
March 2 to April 4, 1975 and September 11 to November 17, 1975
have been analyzed and the vertical ionospheric electron content
obtained are shown as a function of the solar zenith angle.
Apart from a sharp decrease of electron content of about 40%
which occurs during the days 19/20 May, the ionospheric electron
content at solar zenith angles of about 60° appears to decrease
by about 1% per degree of SZA.

In the records of El Arenosillo it is not unusual to ob-
serve inversions of the apparent Faraday rotation angle, special
ly in the northern end of the records which roughly correspond
to a subionospheric latitude of about #40°. Using linearized
propagation theory, it is shown in the paper that a Northern
gradient of electron density must exist to account for the exist
ence of such inversions.

INTRODUCTION

The INTASAT satellite is a sun-syncronous orbiting satellite

equipped with a radio-beacon transmitter.

The beacon transmits continuous unmodulated plane polarized
radiowaves at frequencies 40.0100 MHz and 41.01025 MHz. The sat-
ellite was launched on November 15, 1974 into a nearly circular

orbit at an altitude of 1460 Km, inclination 101.7°. The equator
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crossing in the North to South direction occurs at 0835 LT.

The signals from the beacon are recorded in El Arenosillo
(37.1°N, 353.57°E) during two passes per day. Due to the character
istics of the INTASAT orbit, the two passes recorded occur nearly
at the same tocal time during the whole year. The pass recorded in
the morning (~ 0900 LT) is in the North to South direction while
the orbit recorded in the late local evening (~ 2100 LT) corre-
sponds to a South to North pass.

The data recorded at a single station from a low orbiting
satellite such as the INTASAT do not allow a good coverage of local
time. At El Arenosillo the evening recordings occur at a time not
far from the local dusk, and data recorded along the year for these
orbits sweep the zone of solar zenith angles between 80° and 110°
at ionospheric F-region heights where important gradients of
electron content are to be expected.

The range of latitude covered by the data lies between 32°N-
429N,

2, DATA REDUCTION

The polarization of a plane polarized radiowave which propa-

gates through a non-isotropic medium such as the Ionosphere rotates
continuously (Faraday effect). The total angle rotated by -.ie wave
polarization plane on its way through the ionosphere from the sat-
ellite to the receiver is given, in linearized theory, by

K h
Q = — f NHcosBsecyxdh (1)
f2 o

where f is the frequency of the radiowave, N the electron density of
the ionospheric plasma, H the earth's magnetic field intensity,

@ the angle between the earth's magnetic field and the wave normal,
X the angle between the ray path and the local vertical and K a

constant of value 2.97 ><10"2

in MKS units, and the integral is
extended from the ground to the altitude of the satellite.
The above expression can be simplified by taking the mean value
along the propagation path of the slowly varying quantity Hcos6secy.
Thus
e = X fn (2)
g2 T
N

where M = HcosBsecy and T

= L?Ndh is the vertical electron
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content in a column of unit cross section up to the satellite
heith,

Due to the Faraday rotation the signals recorded appear modu-
lated in amplitud and a fading null is observed every time that
the total angle rotated by the polarization plane has increased or
decreased by 71 radians. On a record several fading nulls are ob-
served and therefore relative variations of the rotation angle can be
measured directly. To compute the total electron content from
equation (2) the absolute values of 2 are needed and ~hese cannot
be read on the records. To overcome this difficulty two close
frequencies, f1 and f2 » are emitted by the beacon an¢ at the point
at which a fading null of the two frequencies coincides in time
(coincidence), the differential Faraday rotation between the two
frequencies is an integer of 7 radians.

At any point, the rotation undergone by the polarization plane
of the upper frequency (Qf2) can be expressed as a function of the
differential Faraday rotation between the two frequencies by

:
Qf2 = ;;—tf;;-(ﬂfi -sz) (3)
2 1

At the point of coincidence the differential Faraday rotation

has the valor n7 and n takes usually an integer value between 1

and 4. Thus at this point the absolute rotation angle sz is

2
fi
sl
£5- f4
For the INTASAT beacon (f1 =40 MHz , f, =41 MHz)
Q = 19.75 nv7 (u)

41
If no coincidence is seen on the record, its Q?sition can be

determined by fitting a straight line of slope ;3_%¥? to the dif-
ferential Faraday rotation for each null, in the“way described by
Klobuchar and Aarons (1968) or of undetermined slope as described
by Kersley and Taylor, (1974).

Once the appropriate value of n has been determined, the rota
tien nui at the coincidence is known (eq.4) and the corresponding
angle of rotation for the succesive nulls of the record are obtain

ed simply by adding or sustracting 7 radians starting from that of
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the coincidence.

The integer n is unumbige» 1, obtained in most cases by com
paring the interva.s of time between consecutive fading nulls
with those obtained if no horizontal gradients of total electron
content occur (dNT/dt = 0)(Crooker, 1970).

The method of determining n is described with the aid of
figure 1. Let Q(t) be the total rotation of the polarization
plane. The semi-period of the modulated signal obrained in the
register, i.e. the time interval between consecutive nulls is
given by

p = — 1T
lae/at|

which using equation (2) gives

nf? 1
k [N (aM/dt) + M(dN,/dt) |

P =

If no horizontal gradients of total electron content occur,
the above expression becomes
nf? At

c(n) = —
k Nf%n)|AMI

where N%(n) is the columnar electron content obtained from equa-
tion (2) corresponding to a point of occurrence of a fading null
at t = t* where 2 takes succesively the values given by equation
(4) for n=1 to L.

In figure 1(b) the measured values of P for each null corre
sponding to one of the frequencies are plotted as a function of
subionospheric latitude together with the curves P*(n) for dif-
ferent values of n. Comparing these curves it is possible in
most cases to select the curve P#(n) which best fits to the ex-
perimental curve P, thus allowing the identification of the ap-

propriate value of n to be used in equation (u4).

When the slope of the P curve differs sensibly from that of
the P*(n) curves, a horizontal gradient of electron density exists.
For example if, as in figure 1(b), dP/d6 > dP*/d8, the electron
density increases toward the south. As the time t* is taken at
the northern end of the record, the appropriate value for n is

n =1 which corresponds to the upper curve.
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3. EXPERIMENTAL RESULTS

Over sixty orbits of Data recorded at Arenosillo during the
periods March 2 to April 4, 1975 and September 11 to November 17,
1375 have been analyzed. Figure 2 shows examples of the analysis
performed on two orbits. In the lower orbit the period of the
fading nulls as measured in the records (curve +-+-+) fits well
to one of the curves obtained assuming constant electron content
(curve »~-» ~-w» ), indicating that the value of n corresponding to
this curve is the appropriate to use in equation 4. In the orbit
correspending to the upper curves the slope of the curve {or the
measured periods is greater than that for the curves with constant
electron content, indicating the existence of a southern gradient
of electron density. As the constant electron density was taken
at a northern point of the record the upper curve (» -» -» ) is
selected for the determination of the integer n.

It has to be pointed out that in some orbits it is not easy
to identify the curve that fits best to the data. In such cases
the selection of n is done by comparing with similar orbits of
previous days.

Figure 3 shows the vertical electron content for the morning
orbits of the first period analyzed, as a function of the peak [
region solar zenith angle (x). In this figure straight lines have

been fitted to the data, which indicate a decrease of about 1% of

total electron content per degree of solar zenith angle. Interesting

in these data is the observation of a sharp decrease of about 40% of
total electron content during two days (19/20 May).

Data for the same period corresponding to the evening passes
are shown in figure 4. Here the solar zenith angle at the F region
peak is greater than 100°, and therefore the zone sounded is in
the shadow. The scattering of the data is somehow greater than the
corresponding for the morning data, but the decrease in electron
density during the days 19/20 May is also apparent in coincidence
with the morning data. Important diurnal changes in total electron
content have been reported in several works. In the present cace,
the decrease occurs very neatly between two pericds for which the
total electron content as a function of solar zenith angle reneats

itself during several days. It is to be noted that the pianetary
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conditions do not show any important change during the days under

study: IKp = 18+ for May 19 and IKp = 23 for May 20; in previous

¥ days the index range from ILKp = 36- to 22-, and the following day
corresponds to a rather quiet day with IKp = 6-.

Figures 5 and 6 show examples of the total electron content
deduced from several orbits as a function of latitude. They cor-
responded to orbits registered in the morning and evening respec-
tively.

During the second period analyzed (September 11 to November
17) only the morning orbits provide sufficient data for analysic.

The variation of total electron content as a function of solar

zenith angle 1is shown in figure 7. r1he sca=t2ring of the data is
somehow greater than that for the corresponding data of March/
i April (figure 3). The straight line fitted to the data indicates
. ’ again a decrease of about 1% of total electron content per degree
) of solar zenith angle.

In the records of Arenosillo it is not unusual to observe

inversions of the sense of rotation of the signal. These in-

T versions which normaly appear in pairs occur in the northern end

s of the record where the M factor takes small values (< 10 ampere-

o

turns/m), indicating that these inversions are due to critical
propagation conditions rather than to large local gradients of

electron density. However gradients of electron content must exist

-
RO

since the condition for inversion is - &

AN aM

—_— =

NT M

Thus on a Northbound orbit (M decreases) the gradient of electron

i

> 0) whereas on a Southbound orbit

<0).

content must be positive (ANT

this gradient has to be negative (AN

(]
.

w . ¥
[ -
o e s e =

.

T

;‘ Figure 9 shows examples of inversions in two orbits. The upper
.4
Ry record corresponds to a north to south pass and the lower is a

south to north pass. In both cases the inversion occur in the

northern end of the record and typical size of the region where

é.

. ‘(4-:.-
' Haar §

o

‘Al‘ ‘ ) ;‘
VeI " 2 MO

the inversion occur is of the order of 200 Km at F-peak heights.
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Fig.1

Fig.?2

Fig.3

Fig.u

Fig.5

Fig.®6

Fig.7
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FIGURE CAPTIONS

Illustrative description of the method for determining

*he absolute rotation of the polarization of a radiowave.

See text.

Examples of analysis of two INTASAT passes recorded at

Arenosillo.

+-+-+-+- Periods of fading nulls

->->->-
Periods of fading nulls assuming constant
~A-A-8-
electron content.
-o0-0-0-
-0-0-0- Solar zenith angle at the satellite height.
-v-v-v- Solar zenith angle at the t region peak.

Total electron content versus solar zenith angle for the

morning passes during the period 2 March/4 April 1975.

Total electron content versus solar zenith angle for the

evening passes during the same period.

Examples of total electron content versus latitude for

several morning passes during the same period.
As for Fig.6 for evening passes.

Total electron content versus solar zenith angle for the

morning passes during the period 11 Sept./17 Nov 1975.

Examples of records of two orbits. The upper record is a
south to north pass on April 1976 and the lower pass a
north to south pass on 17 April 1976. The upper part of
each orbit corresponds to f = 40 MHz and the lower to

f = 41 MHz.
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Latitudinal Morphologies of TEC Deduced
from Polar Orbiting Satellite INTASAT

E
K. H. PAI 1
k

Dept. of Electrical Engineering
National Taiwan University 7

Taipei, Taiwan, Republic of China k
ABSTRACT 4

The radio beacon signals transmitted by the polar orbiting
; satellite INTASAT have been observed since Feb. 1975 at Radio
: ‘ Wave Research Laboratory (Geographic latitude 25° N, longitude
?v 2 121.5° B, magnetic dip 34° N ) of National Taiwan University.

Aowe
st i

This satellite transmits beacon signals of 4O and 41 MHz which
} enables a determination of electron content by using the differ-
4 ential Faraday rotation method. Because of low latitude of i

-

Taiwan the quasi-transverse propagation condition is met at

”-ar

PRSI SIS g

some point of nearly every satellite pass. At the point of
transverse propagation, there generally occur coincident shallow

L

nulls at 4O and 41 MH7. This gives an alternate but easier

method of determining the electron content value and has been
applied to more than two hundred INTASAT records in an effort
of studying the latitudinal morphologies.

The present paper shows that the variation of the monthly

mean total electron content versus sub-ionospheric latitude

.

-~

exhibit a strong equatorial anomaly. A comparative analysis

N
.4
-

also has been carried out in the latitudinal variation of TEC

for magnetically disturbed days (Z kp> 16 ) and quiet days

(EZ kp‘<16 ). Almost all of the data deduced from south-bound
passes under the low sun-spot number near 0800 to 0900 local time.
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1. INTRODUCTION

The Spanish orbiting satellite INTASAT was successfully launched
from Vandenberg Air Force Base on November 15, 1974. This sate-
llite was designed for measurement of total electron content of
the ionosphere. ( 1]

At present about fourty observation stations scattered through-
out the world are making observations. [ 2] Because the INTASAT
transmits continuous stable unmodulated linearly polarized signals
at 40.01 MHZ and 41.01 MHz, the differential Faraday technique
may be applied for the determination of total electron content in
the ionosphere.

Owing to the high orbital inclination ( i1 « 101.735 degrees )

and almost circular orbit (apogee = 1457.97 km, perigee =

1440.39 km, and orbiting period = 114.86 min) [3], INTASAT travels
nearly in south-north or north-south direction at Taipei, Taiwan.
During the 1975-1976, the satellite tracking station of Radio
Wave Research Laboratory, National Taiwan University at Taipei
have been observing the geostationary satellite IIF-2 and IIF-3}
by using a rotating linearly polarized antenna as well as cross-
polarized antenna with polarimeter. Therefore, we have an exce-
llent opportunity to compare the TEC values deduced by differen-
tial Faraday technique with that of single-frequency Faraday
rotation method.

2. METHOD OF ANALYSIS

It is well known fact that when a linearly polarized wave trans-

mitted by the satellite under the quasi-longitudinal approxi-
mation undergoes a continuous rotation in the direction of pro-
pagation. This effect is called the Faraday rotation. The Faraday
rotation angle ) in a magneto-ionic medium is given by

B ERRE T
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where K is a constant (=1.699 in International System of Units),
M («B cos@sec x) is the geomagnetic factor in amp-turn/meter,

f is the satellite signal frequency in Hz and Nt is the total
electron content in electrons per square meter. Because the
Spanish satellite INTASAT transmits at two closely spaced fre-
quencies 40 and 41 MHz, one can apply differential Faraday
technique for the determination of total electron content Nt'
Applying eq(1) to two frequencies f1 and f2, the absolute Faraday
rotation ()., of the signal at frequency f, is given by (s)

Q, - -___ZA..-__i_z_( Q,— ,) (2)

Let f1 = LO MHz and f, = 41 MHz, we obtain

Q,0 = 20-75 ( Q,,- 9,,) (3)
and
-1 15
AR -9, 0, - kMN, kw - 412 (&)

In evaluating the total electron content Nt from Faraday fading
chart, one can employ the following two methods. (a): Time coin-
cidence of 40 and 41 MHz nulls. (b): Measurement of differential
Faraday rotation by using eq(4).
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! , If a coincidence of Faraday nulls at the two frequencies occurs

' at any particular time during the satellite passage, the differ-
ential rotation at that time is equal to an integral multiple

of JU radians. If no null time coincidence is found, the value
of AS) are found from linear interpolation. [ 5]}

The geographical variation of the electron content is determined
by the total number of rotation measured from the transverse

: position T by using the geomagnetic factor M. (6]

. In particular, if the transverse propagation condition is met at
! i some point during the pass, the total rotation can be obtained

by merely counting the Faraday fading chart at a single frequency.
Taiwan is fortunately situated at a location where the transverse

propagation condition is met for nearly every pass.
Near the transverse propagation condition the Faraday fading is

usually slower and at the transverse point the nulls are shallow
and coincident. The point of transverse propagation can there-
fore be identified easily, Both analysis methods have been applied 4
to our data. But we have found the counting of Faraday rotation f
from transverse point much simpler. A typical chart record is 3
shown in Fig 1. This is a record of voltage induced in a 3-element E
vertically directed Yagi receiving antenna by 40 and 41 MHz
unmodulated signal transmitted by the satellite INTASAT. Fig 2
shows the south-going of the INTASAT passage (revolution number
5602) on February 6, 1976.

The fading pattern shown in Fig 1 is caused by the resultant
polarization vector of the received downcoming signal alternately
in parallel to or orthogonal to the linearly polarized antenna.
Because of the south-going satellite passage, the number of

Faraday rotation in every minute is increasing toward the magnetic
equator. The transverse point To is easily visible near the local
time 0902:13 and this time correspond to the sub-ionospheric point
at 33.70° N and 123.30° BE. Some investigators discuss the measure-

ment of total electron content from Faraday effect and concludes
that the correct conversion of polarization data to equivalent
vertical TEC values is mainly dependent upon the choice of the
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™M factor which appear in the Faraday equation. (7] The geomag-
netic factor M value for the present analysis is based on the
computor data which was supplied by Air Force Geophysics Labora-
tory (AFSC) and under the assumption of a mean ionospheric height
of 350 km. All total electron content was computed at every
minute during the south-going of the satellite passage.

3. RBSULTS

Fig 3. illustrates the monthly mean value of TEC versus sub-
ionospheric latitude for Spring, Summer, Autumn in 1975 and
January in 1976. The maximum total electron content of the
four seasons was found around a sub-ionospheric latitude of
20° N (magnetic dip = 16.5° N) and decreases both poleward and

equatorward from this latitude.

The maximum value of TBC at the equatorial anomaly for the four
representative months are 20.1 x 1016 el/m2 (October), 16.5 x
1016 el/m2 (April), 11,4 x 1016 el/mz (July) in 1975 and

13.3 x 1016 el/m2 (January) in 1976. A comparative analysis

also has been carried out in the latitudinal variation of TEC

for magnetically disturbed days (zkp > 16) and quiet days

(Z p L 16).

In Fig.4 latitudinal variations of TEC are plotted for four
seasons on a meridian of 110° - 135° East. It is noted that

the average latitudinal gradient varies from 1.0 x 1016 el/mz/deg
in Autumn and Summer to 0.2 x 1016 el/mz/deg in Winter under the
low sun-spot number near 0800 to 0900 local time for south-
going passages. The difference of TEC between disturbed days
and quiet days is biggest in Autumn (about 4.0 x 1016 el/m2 )
ans smallest in Winter (approx. 0.4 x 10"6 el/m2 ).

An interesting point is that in Summer the TEC for those quiet

days is greater than that for disturbed days and the difference
of TEC is about 1.5 x 1016 e1l/m? .




4. DISCUSSION

Twelve months of observations of INTASAT signals enable us to
deduce the monthly mean total electron content versus sub-iono-
spheric latitude as shown in Fig.5. The highest TEC was found
in October 1975 while lowest TBEC happened in January 1976.

A :teep slope occurred in November 1975 and a shallow slope
occurred in July 1975. It may be observed that the electron
content is maximum around a sub-ionospheric latitude 20°-22° N
and decreases towards the magnetic equator and higher latitude.
From Fig. 5 we obtain the TEC contour map as shown in Fig. 6.
The contour map in Fig. 6 illustrates the relation between sub-
ionospheric latitude and 12 months ( from April 1975 to March

1976), and the parameter is total electron content ( unit is
1016 el/mz). From this map it is easily seen that maximum TEC
are located near vernal equinox in March 1975 and 1976 also in
autumnal equinox in 1975.

The peak value of the former is about 16.5 x 1016 el/m2 while
for the latter is approximately 20-21 x 1016 el/mz. Their
16 el/m2 (in Summer) and 8.5 x

1016 e1/m? (in Winter). It will be noted that the peak of TEC
in vernal equinox was situated near 20.5-22° N of the sub-
ionospheric latitude and this situation well meet the equatorial
anomaly in the low latitudinal region. .
An outstanding feature is that another valley is located in May
1975 and its minimum TBC is approximately equal 10 x 1016 el/mz.
As indicated by the dashed iines, the location of the valleys
is shift from 28° N (in May 1975) to 31° N (in Dec-Jan 1975-
1976) via 27.8° N (in July-August) of the sub-ionospheric lati-
tude. In contrast of the valley, peak TEC is located in lower
sub~-ionospheric regions. In March 1975 it is situated at
20.6° N while in March 1976 is located near 22° N.

In Autumn, TEC is highest and is situated at about 18.5° North.
The relation between TEC, months, and sub-ionospheric latitude
is shown in the following table.

minimum values are 10-11 x 10

87

U« iy B SR



;.' ..‘
B )
:
‘ Total Blectron Content Sub~Ionospheric 5
(unit: el/nz) Latitude Months E
?J ; 16 o ;
3 : Max. value |20 x 10 18.5" N Oct 1975 2
8.5 x 10'6 31° N Jan 1976
, Min. value {10 x 1016 27.8° N July 1975
2R 10 x 106 28.0° N May 1975
%* 16 ° Mar 1975
f Medium value| 16-16.5x10 20.5-21" N Mar 1976
k. t
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| THEORETICAL AND EXPERIMENTAL STUDIES OF |
TEC MEASUREMENTS IN THE TRANSVERSE ZONE f
: ' 1.H. KEROUB
- : NATIONAL COMMITTEE FOR SPACE RESEARCH
Y RADIO OBSERVATORY
! P.0.B. 465",  Haifa ISRAEL

gt | ABSTRACT

The theoretical principles of the transionospheric Faraday effect
are reviewed, using the properties of conformal transformations. The total
Faraday rotation is effectively calculated through a ray tracin§ algorithm,
without postulating the well known quasi-longitudinal approximations of
"divers" orders. This treatment makes it possible to overcome the difficul-
ties which are in fact encountered in the neighborhood of the transverse zone.
It is shown that this treatment enables substantial advances to be made in
the concepts involved in the geophysical interpretation of the Faraday effect
recordings in the transverse zone, for stations situated at moderate geomagnetic
mid-latitudes. An interesting example of such an application is furnished
by the classical methods as compared with our own analysis of a recording from
the region of New Delhi. However, our most 1mportant contribution is a
quantitative method for the correction of systematic TEC error gradients which
L become particularly large in the vicinity of the transverse zone. The trend 1 4
; of the Tatitudinal TEC gradients thus obtained agrees with the results given : §
by several other independent determinations. In this way, optimum geophysical v
use can be made of satellite beacons observations performed at moderate geo-
magnetic latitudes such as Haifa.
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INTRODUCTION

The optimum geophysical utilization of satellite beacon observations
performed from a single station such as Haifa involves the determination
of the TEC by using synchronous and low-altitude satellites; the synchronous
satellites ensure the time coverage, unlike a low-altitude satellite, which
can be usefully observed only during a few minutes each day. Nevertheless,
the typical advantage of a low-altitude over a synchronous satellite is the
fact that the Jow-altitude satellite can give an extended coverage of TEC
gradients from a single station*.

However,-especially so when approaching the transverse zone for a
moderately mid-latitude situated station - the classical (i.e. counting from
the transverse point) method for TEC determination may introduce systemati-
cally erroneous TEC gradients, and thus eliminate the principal advantage
of the low altitude satellite.

The large relative size of the recorder tracings representing this zone
in these stations, resulted in the development of rigorous specific methods
for accurate determination of TEC in the transverse zone (Keroub, 1976).

Following a brief survey of the fundamental principies of the Faraday
rotation, and a brief review of the ray tracing program employed, this study
illustrates the application of new concepts to the geophysical interpretation
concerning the transverse recording zone; it also shows that it is possible
to make a quantitative correction of systematic error gradients produced by
the classical methods. We shall also show that the new methods are a powerful
tool in the geophysical interpretation and analysis of the available recordings.

* Gradient studies with the aid of synchronous satellites necessitate
the establishment of a network of stations (Mendillo - Klobuchar, 1975).
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2. THEORETICAL PRINCIPLES OF TOTAL FARADAY ROTATION THROUGH THE TRANSVERSE ZONE

2.1,

2.2.

General

This section deals with Faraday Rotation as observed from "low altitude"
satellites. These are satellites for which the changes in phase path
length are dominated by effects resulting from the change in the direction
of the source as seen from the receiving station. Their orbits often

1ie above much of the ionization layer, but the general results of this
study are also valid if the satellite's orbit penetrates .deeply into the
denser parts of the ionosphere.

The polarization rotation becomes small when extended into the Transverse
Propagation Region (Garriott et al, 1970), so that if such an observation
of the transverse point is possible, the rotation at other points can be
accurately determined within the framework of first order analysis by
simple counting.

However, this simple first order analysis assumes a thin ionospheric

layer in which the whole total electron cotent is concentrated. An
advanced study in this field must include a study of the behaviour of

the Faraday Rotation along the whole path of the ray between the satellite
and the receiving station. For this purpose we consider the behaviour of
the Faraday Rotation in the general case, and describe a ray tracing
program which computes the total Faraday Rotation for any position of a
satellite relative to an observing station.

Behavior of Faraday Rotation in the General Case

If the eikonal solution and the properties of conformal transformation
are used (Keroub; 1975), the Faraday Rotation (n2 - n]) along the pro-
pagation path (from satellite to station) Y] to ?2 is obtained as the
result of an integration which depends on the physical behavior of the
jonosphere between the transmitter and the receiver, and on the relative
geometrical location at any given instant.
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In general, in the “transverse region" of a recording chart of Faraday
fading, it is quite impossible to make any simple assumption which gives
a simple'fit to the real behavior of the propagation (quasi-longitudinal,
first order, second order, third order; quasi-transversal, etc.). The
only rigorous assumption that can be made is that the period of Faraday
fading is related to changes in the phase path length by the relationship

?2 ?2
2(n, - ) = { drek, - { drek_
% Pl

whatever the conditions of the propagation between the transmitter and
the receiver.

It follows that the way to find the phase path length is to determine
the directions of the ray. This will be discussed in the next sub-section.

Determination of the Ray

In the case of free propagation without absorption, the Poynting vector

of an individua) mode, averaged over the cycle of the wave, has the direction
of the ray, deviation from the normal is thus a consequence of the presence

of a longitudinal E component (the En component in the direction of the

wave normal). The polarization of propagation modes is usually elliptical,
with one Jongitudinal and two transverse E components and two transverse H
components of the wave field. The derivation of the a.erage Poynting vector
requires the study of all these field components. Now let us consider an
infinite number of plane waves whose wave normals vary slightly. They may

be superimposed, and the location of the wave packet is where all of them

are in phase. They turn out to be in phase on an entire line. This line

is the ray. In other words, this is the line along which the wave packet
travels. It is thus seen that the variation of the refractive index with a
slight variation of the direction of the wave normal is of decisive significance
for the direction of the ray.
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2.4.

It 1s seen that it is not very easy to determine the path along which the
energy will travel. In general, the path of the ray cannot be determined
analytically. It has to be determined by a step-by-step process.

There are varying degrees of sophistication in ray tracing; thus, for instance,

in its simplest form we assume that the ionosphere is plane. In the more sophis-
ticated ray-tracing programs, the effects of curvature of the ionosphere, electron
density variations (provided they are compatible with the eikonal hypothesis),
magnetic-field changes and collision frequency are all taken into account.

Several methods exists for ray-tracing computation (Booker, Bremer, Hazelgrove,
Poeverlein). The Bremmer method is useful in visualizing what is happening
to the ray, and was chosen for this reason (see Fig. 1).

Conclusion

The theoretical principles underlying the most general case of trans-ionospheric
Faraday effect are outlined.

The properties of conformal transformations are utilized in order to obtain the
exact results valid in all cases of trans-ionospheric propagation of electro-
magnetic waves.

In order to overcome the difficulties encountered in calculating the Faraday
Rotations, for which the conventional classical quasi-longitudinal approximation
fails, especially so in the case of recorder tracings of the transverse zone

of mid-latitude geomagnetic stations, the suitabie method seems to be the use

of an exact formulation of the phase path lengths involved. The several possible
options in the choice of a ray-tracing program are stated, and the Bremmer method
is chosen.

Such an approach could bring about substantial progress in the geophysical exploita-

tion of the Faraday Effect. We shall attempt to demonstrate this point in the
following sections.

100

T 5 I o AR B S S STV IR SN R

KR P Ty

7 s AR PTTRT ARE



IO NIV

£

R o S e

Nt

L T AR A TR ST T M RN SRR ) D Tt N S e ST U I S £ A

RIEC.

SRR

o AT b S GRS TR

A N LY A U T O PR

3. A NEW CONCEPY IN THE GEOPHYSICAL INTERPRETATION OF THE FARADAY EFFECT

RECORDINGS IN THE TRANSVERSE ZONE

3.1,

General

Having recalled the interpretation which follows from the application

of the classical methods of TEC determination, we shall describe an
algorithm which leads to a new concept for the geophysical interpretation
in the transverse zone.

Classical Study of the Revolution of BEB-S 66 Satellite

In order to ensure an objective attitude towards the classical interpretat-
fon, we chose the results already published for New Delhi, which is a
station located at a moderate geomagnetic latitude.

Figs. 2 and 3 clearly illustrate the classical interpretation of a day pass
of the BEB-S 66 satellite in terms of rotation reversals. More details
will be found elsewhere (Mitra et al, 1970).

The Algorithm Employed

We simulated, with the aid of our ray tracing program, several passes of
polar satellites of BEB-S 66 type for moderate geomagnetic latitudes.

Whatever the fonosphere model adopted, and whatever the actual magnitude
of the latitudinal TEC gradient, the "rotation reversals" referred to above
(para. 3.2) were never observed.

In order to give some idea of the results obtained by simulation, the
reader is referred to the curves published by the author elsewhere
{Keroub, 1976). Here we shal! give another typical curve obtained by
simulation. The curve represents the total Faraday rotation n as a
function of A, which is the difference between the Faraday rotations at
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3.4,

3.5.

40 and 41 MHz shown in the selected recording. Fig. 4 shows the result
obtained for a day pass.

It is noteworthy that a change in the geophysical parameters employed in the

simulation produces no significant changes {n the topology of the curve in fig. 4.
In the following sub-section we shall give an interpretation based on this

topology.

Proposed Interpretation

It is seen in Fig. 4 that in the case of day passes the minimum Faraday
Rotation does not become zero for a station located at a moderate geomagnetic

latitude, but assumes a minimum value (e.g., noE on the curve in Fig. 4).

On the other hand, on both sides of this minimum, the synchronisms between

40 and 41 MHz are compatible with the theory of the differential Faraday effect -
especially so starting from the first synchronism adjacent to the transverse
zone {point A, in the present case). In the case of synchronisms taking place
to the north of the transverse recording zone (above point B), i.e., towards
low elevations of ray paths, the validity of the classical analysis is limited
owing to the refraction effect.

As far as we are concerned, two general results may be stated.

1. The minimum of the total Faraday rotation does not pass through zero at the
transverse point.

2. Counts starting from synchronisms must ailow for R,¢, in order to avoid the
difficulties presented by the classical interpretation (systematic error
giving rise to "multiple reversal polarizations” concept as stated above).

Conclusion

It is seen that the treatment proposed in the present study may introduce new
concepts in the geophysical interpretation connected with the transverse zone.

In the following section, we shall give a quantitative example of the use of
our algorithm to correct systematic TEC error gradients.
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4. QUANTITATIVE CORRECTION OF SYSTEMATIC TEC ERROR GRADIENTS

4.1. General

This chapter will give a quantitative description of the use of the
methods we have developed, and the results obtained in this manner _
; : will be compared with those obtained by the conventional counting ;f
! ’ methods. :

B IR
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4.2. Study of TEC Gradient as a Function of the Latitude

As an example, we shall study the variation of TEC with time during
pass No. 22,591 of the quasi-polar BEB S-66 over the Haifa station.

In order to be able immediately to compare our results with those
obtained by the classical method, the magnitude nE/nL is plotted on
the ordinate of Fig. 5 as a function of time; g is the experimental
angle of Faraday rotation determined by our method, while “L is the
total Faraday Rotation angle read on the recording in the counting-
method.

-
B g S L RN
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Let B¢ be the residual Faraday Rotation of the above pass for the
frequency of 20 MHz. To determine Rygr W shall use our algorithm
(for more details, see Keroub, 1976); as a result, the simple relation- i
ship a¢ = 8, + @ is obtained. ;

Table T lists the experimental data and the magnitudes used in determining
the curve in Fig. 5.

We hdve plotted similar pass curves with different TEC's. The curves

describe BEB S-66 passes No. 22,509 of 5th April 1969 at 7:23 U.T., and 1
No. 22,468 of 2nd April 1969 at 7:23 U.T. These passes are described, k.
respectively, in Tables II and III and in Figs. 6 and 7. )
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Satellite: BEB S-66
Pass No.: 22,591

JABLE 1

Date: 1 April 1969, 06"35 U.T.

Frequency: 20 MHz

T 0" {19« {29 |s9" |a9 [119" | 149% | 179" | 209"
o 21 |20 |3 |63 |91 has [1ss |92 |23
a, 0ol28 [16 {4z |70 [ro2 |13 Jin | 209
ag/, e {3,62] 2.31{ 1.50{ 1.30{1,22 | 1,16 | 1,12 | 1,10
TABLE II

Satellite: BEB S-6€

Pass No.: 22,509

Date: 5 Apri) 1969, 7"23 u.T.

Frequency: 20 MHz
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) ; TABLE 11T
) ¥ Satellite: BEB S-66
: ; Pass No.: 22,468
L Date: 2 Aprit 1969, 7Mes u.T.
3 T
. ! Frequency: 20 MHz
b
i !
! .
: ! to 010" |30"] 1+ (90" |2' 150" | 3’ 33
s
;L ! ! nE 55| 65 | 82 135 1182 | 227 |275 324 | 331
' .,t 1 .
8 010 | 27 80 127 | 172 |220 269 276
“E/“L 6,5 3 1,6811,43] 1,321,225 | 1,208 1,2
P 3 ’ The three selected passes of the polar satellite BEB S-66 are north-south ;
: passes.
o The origins of the curves in Figs. 5, 6 and 7 are the times of the minimum .
\ Faraday Rotation for each pass. .
. The dimensionless magnitude a./n , plotted on the ordinate, is the number by
which we must multiply the TEC value obtained by the classical method in order
to obtain the true result, not distorted by the systematic error. The relative 3
e systematic error, which distorts the determination of TEC at a given moment, 3
. g will thus be: 3
_ A |
g = (nE/nL -1) ;
3
In the vicinity of the transverse zone, this error is greater than 200%. At the :
transverse point, it becomes infinitely large. i
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One minute after the satellite has passed through the minimum point of
: : Faraday Rotatfon, the error is still 50% or larger when the satellite
1s already about 3° of geographical latitude away from the position it
occupied at minimum Faraday Rotation.

‘ ' Since the TEC's corresponding to Figs. 5, 6 and 7 are in increasing
: i sequence, it is seen in the figure that the magnitude of the correction
to be introduced also increases with the TEC.

Thus, the assumption that the residual angle R is negligibly small or

L zero strongly affects the estimated value of the TEC; an artificial latitudinal
gradient is introduced, which rapidly becomes intolerable for latitudes to
the north of the listening station (in the northern hemisphere).

4.3. Conclusion

Two points must be made.

L 1. The residual angle of Faraday Rotation given by our algorithm makes it
possible to extend the improvements of our technique into the range of
quasi-longitudinal propagation. In fact, a quantitative correction is
thus made of the systematic error introduced by most classical methods
of determination of the TEC latitudinal gradient, which is an important
magnitude.

2. The results of any study of TEC which is exclusively based on counting
from the minimum point of Faraday Rotation must be treated with caution.
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CONCLUSTON

In the case of stations located at moderate geomagnetic latitudes such
as Haifa, there are two main difficylties involved in the study of TEC
latitudinal morphologies, starting from a single station:

1. The correct geophysical interpretation of the transverse zone, which
occupies a major part of the recording;

2. The introduction of systematic errors into the determination of latitu-
dinal TEC gradients. These errors are due to the fundamental assumptions
{quasi-longitudinal propagation, etc.) which are usually made in such
determinations.

We have drawn attention to the fact that by the use of a theoretically rigorous
algorithm these difficulties can be overcome. Having outlined the fundamental
principles employed, we have introduced new concepts in the interpretation of
the experimental recordings concerning the transverse zone. We have also shown
that this approach makes it possible to effect a quantitative correction of

the systematic TEC error gradients, which become particularly large in the
vicinity of the transverse zone.

Thus, the present study makes for the best possible utilization of the available
satellite beacons observations.
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Fig. 1: shows an example of a part of the output of this program.
For the drawing of 10 curves simultaneously the abscissae should be
linear and the ordinates should correspond to the height above a spherical

earth,
1. Electron density in the proximity of ordinary ray.
2. Electron density in the proximity of extraordinary ray.
3. Electron density above observatory.
4. K‘ cose, 6 as in the Appleton-Hartree formula.
5. K2H. H intensity of terrestrial magnetic field.
6. K3X. X distance from ray to plane vertical to the observatory and
passing through the satellite.
7. K4Y, Y horizontal projection of the distance from station to satellite.
8. KSZ. 1 distance between ordinary and extraordinary rays.
9,10. Relative gradient factor of electronic densities for ordinary and

extraordinary rays.

K] to K5 are constants.
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VERTICAL ION DRIFTS, EXOSPHERIC TEMPERATURES AND NEUTRAL WINDS
CALCULATED FROM SIMPLE OBSERVATIONS AND NUMERICAL SIMULATION
OF THE IONOSPHERE

by

D. A. Antoniadis and A. V. da Rosa
Radioscience Laboratory
Stanford University
Stanford, California 94305

ABSTRACT

A method was developed for the determination of induced ionospheric
plasma drifts by means of a dynamic simulation technique using columnar
electron content as the only measured input. The method can be extended to
yield also exospheric neutral temperatures if, in addition to the electron
content data, values of peak electron concentrations are available. The
method was tested with data collected both in the East and the West coasts of
the USA during the 23-24 March 1970 period. The values of drifts and
temperatures as well as those of some other ionospheric parameters obtained
were compared with corresponding results from radar measurements made at
Millstone Hill. A good agreement was found between the two sets of measure-
ments. Meridional exospheric temperature gradients and the corresponding
neutral winds, compatible with the calculated plasma drifts were derived
through the use of a dynamic model of the thermosphere.

1. INTRODUCTION

It has long been recognized that both neutral winds and electric fields
induce ionospheric plasma motions that strongly influence the behavior of the
ionosphere. Of greatest interest concerning the F-layer ionosphere are the
induced, magnetic field-aligned, plasma motions, often termed vertical plasma
drifts. Following the terminology in Rishbeth [1972], the word "drift" in the
present article refers to a bulk motion of plasma, due to either winds or
electric fields. Such motions are indirectly observed with incoherent radars
[c.f. Vasseur, 1969; Evans et al., 1970; Taylor, 1974]. When electric fields
can be estimated, it is possible to calculate the neutral winds that are
compatible with those plasma drifts [Salah and Holt, 1974; Roble et al., 1974:
Antioniadis, 1976a).

Numerous theoretical studies of neutral winds have been presented [for a
review see Rishbeth, 1972], and the most important aspects of this phenomenon
have been analyzed in detail. Similarly electric fields affecting the iono-
spheric F-layer have been studied in several papers and some models have been
proposed [Maeda et al., 1966; Matsushita, 1969, 1971; Stening, 1973; Kirchhoff

and Carpenter, 19757.

Ionospheric dynamic models, coupled with theoretical neutral wind and
electric field models, have been used by a number of workers [for example:
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Kohl et al., 1968; Bailey et al., 1969; Stubbe, 1970; Riister, 1971] to explain
various aspects of ionospheric behavior, especially during quiet periods. More
recently, Roble [1975] has used a dynamic ijonospheric model with reasonable
success in simulating the diurnal ionospheric behavior in realistic terms, by
using neutral winds derived from incoherent scatter radar observations of
plasma motions.

It is possible to invert the problem and attempt to determine vertical
plasma drifts from the ionospheric behavior by using simulation techniques.
In this paper, we present and evaluate a simulation technique through which
one or more observable ionospheric parameters are directly introduced to a
dynamic ionospheric model to yield information about one or more processes (or
physical quantities) affecting the behavior of the ionosphere. Limitations of
our technique arising from the necessity of additional inputs to the iono-
spheric simulation are identified and discussed. The basic mode {mode 1) of
our simulation technique is used to derive vertical plasma drifts, at the
East coast of USA from vertical electron content data, I_, during an equinoxial
day of 1970. These drifts are compared with those obtaified during the same
day by incoherent scatter radar at roughly the same geographical location. A
second variation (mode 2), which employs peak electron concentration, N___,
data in addition to I_, is used to derive both vertical drifts and exosﬂﬂéric
temperatures at the West coast of USA during the same day as above, bringing
out some interesting similarities and differences between quantities in the
East and West coasts. A third variation (mode 3), which is a combination of
mode 2 with a thermospheric model, presented by Antoniadis [1976a], is used to
derive horizontal wind profiles and meridional exospheric temperature
gradients at the East coast.

[ Iz mj | Fauv I l Tol&]
r— —————————— b s, e e v S —— ’———-—-L——I
SOLAR |
EUV |
SPECTRUM {
4 v |
Qi.0 Qn
0% W AND 1,8} PHOTQIONIZATION :
MODEL * of N*

ATMOSPHERE |- ggggﬁ‘ﬁ%\, |
0 NorD2 EQUATIONS |[Je:Ti]  PLASMA |
20%m | | P EQUATIONS _|e :
0,N;.0, [T | j |
{ w Noo N l
To | i
v ]

Y T T TTwooE

Figure 1. Block diagram of the ionospheric model. Also shown are
the input parameters required for the basic mode (mode 1) of
simulation. This mode is used to calculate the induced vertical
plasma drift, W, from electron content data.
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2. THE TONOSPHERIC MODEL

A block diagram of our basic ionospheric model is shown in Figure 1. Many
of the details of this model are given by Antoniadis [1976b] and thus, only a
brief description will be given here.

The neutral atmosphere is assumed to be in diffusive equilibrium and the
vertical distributions of 0, 0,, and Tn are given by the analytic expression
of Bates [1959]. The necessar inﬁuts to this atmospheric model are the
concentrations at the bottom of the thermosphere, at 120 km, and the exospheric
neutral temperature, T_.

+ The considered 1onospherig constituents are, 0+(4S), O+(ZD). N+, 0! and
NO . The concentration of 0*(3S), N,, and the xertical jon drift vglocgty, W,
are derived from the continuity equation of 0+(%S}, in the form:

oy 3(N,W) 2Ny aNy
ECER B i PN heer R vl M

where Q, is the net production rate of 0+(4S) resulting from photoionization
process&s and calculated using the solar EUV spectrum of Hinteregger [1970]
multiplied by an adjustable fa:tor F vs B is the 0%(4S) Toss rate coefficient;
D, the effective diffusion coefficiefit’ for vertical transport related to the
aﬁbipo]ar diffusion coefficient by D_ = D_sinll, where I is the geomagnetic
inclination or dip angle. The coefffcients A and B are functions of altitude
and of neutral and plasma temperatures. The exact expression for W is:

‘Ex .
W= (TT" U, s1nI) cosl cosD

/E ;
Y i oo : .2
+ ( U, s1nl) cosI sinD +Y, sin

3 1 (2)

where x, y, z are our cartesian coordinates correspondingly eastward, north-
ward and upward, E the electric field, U the velocity of neutral wind and D

the magnetic declination. It can be seen from (2) that because of U, W would,
under most circumstances, be altitude dependent. However, in order to keep

the solution of (1) in terms of W and N,;, as simple as possible, we have made
the assumption of an altitude independe*t "effective” W. It turns out, as will
be seen later on, that the value of this effective W is very close to the value
of an altitude dependent drift at the peak of the F2 layer.

The boundary conditions, b.c., for (1) are: chemical equilibrium at the
lower boundary (z, = 120 km)_ 3nd plasma flux, ¢ B and the upper (z,, = 800 km).
In addition, the bertica] 07(*S) content, I,., i¥ used as a b.c. so that a
simultaneous solution for the altitude proffle of N, and the vertical plasma
drift, W, is obtajned. Details of the numerical telhnique are given in
Antoniadis [1976b]. In order to derive I, from the vertical electron content,
I_ (which is obtained from measurements ag discussed in the next section), it
i$ necessary to determige the contribution of the other ions (primarily 05 and
NO* and also NE and 0*(¢D) to I,. This is accomplished by solving the
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continuity equations of those jons to yield their concentration profiles.
These equations however can be and are simplified substantially by assuming
negligible transport, and, for N% and 0*(2D) further assuming chemical
equilibrium.

The electron and ion temperatures are obtained from the heat balance
equations [Herman and Chandra, 1969]:

2

EIQ - % LEi_Leﬂ + sin1 2 (x EIE )
It 3N 3N 9z ‘e 3z

? e 2 e

) (3)

M by o,
) 3 KN k| 92 i3z

? i 2 i

where T_, T. are the electron and ion temperatures; Q, the electron heat input
given b§ Swartz et al. [1972); L ., L, L. the e]ec@ron-ion, electron-
neutral, Jon-neutral heat loss rgfes;en K 17K, the electron and ion thermal
conductivities; k Boitzmann's constant anf # VN, the electron and ion
concentrations. Equations (3) are by no meafis c&mp]ete since mechanisms such
as convection and non-local heating are neglected. However, they are adequate
for our purpeses. Boundary conditions for (3) are: T =T, = T at the lower
boundary and the electron temperature at the upper bouﬁdary! TeUB‘

The differential equations of the model are solved numerically as
discussed in Antoniadis [1976b]. The resulting computer program is very
efficient; for example, a complete solution for a single time step with 70
altitude cells, requires approximately 2 seconds on a SDS I-5 computer.

3. THE DATA

Referring to Figure 1, the input data to the ionospheric simulation can
be classified into three categories:

(a) Directly (and simply) observable ionospheric parameters such as I
and Nmax (in mode 2, Figure 5).

(b) Indirectly ohservable geophysical parameters such as EUV flux (F
in our case) and T, which may be related through models to the
observable solar radio flux parameters F]O 7

(c) Modeled parameters such as neutral composition at the lower boundary
(120 km), protonospheric plasma flux ¢,,, and heat flux or
alternatively, T ., that generally ca“ﬁot be related on a day-to-day
basis to observasvg quantities.

4

euv

It should be noted that though T_, ¢, and T are all quantities that
can be measured by incoherent scatter radgg techn?HBes and thus might all fit
category (a), we have reserved this category for those data that can be
measured in a simple manner. This reflects the basic philosophy behind our
simulation technique which is to use as primary input only easily obtainable
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by quantities. Thus, radar data, whenever available, can be used to support our
: simulation but are not a required input.

Ideally, the results of our simulation technique should exhibit large
sensitivity to parameters in (a) and small to parameters in (b) and (c). Due
to the complexity of the jonospheric model and to the great variety of possible
. conditions to which this simulation might be applied, a general sensitivity
; analysis is almost impossible and, the best approach to this task is to
: evaluate the reliability of the results for each particular application or

perhaps class of applications. As we proceed in the following section with
‘ the presentation of our results, we will be discussing the sensitivity
) aspect in terms as general as possible. In the rest of this section we will
consider the determination of IZ from beacon satellite measurements.

: The data from which I_ has been determined, for the applications in the

cp ! following section, have alt been produced by the Faraday rotation method. With
this method a slant electron content, Is’ is determined from the measured
rotation angle (in radians),QF, by:

Q
_F
Ig= ¢ (4)

where G is known as the layer shape factor and is defined by

j 3
: sat
P .- O fo NgB ds
£2 IssatN ds
o e

(5)

where Q. is a constant with a numerical value of 2.36 x 104 in_m.k.s. units,
f the fﬁequency in Hz, N_ the concentration of electrons.in m-3, B, the
longitudinal component ~of the geomagnetic flux in wbm=Z and 1 ah element
of length along the ray path, s, in meters, Since B, is not cofistant with
respect to s, G depends on the shape of the N distr*bution along s (but not
on the magnitude of N ). Because of this depgndence on the layer shape

factor, G cannot be uniquely defined.

Figure 2 is a plot of B, with respect to altitude along s, for two
different observer-satellite geometries. Since B, decays rather quickly with
altitude and the bulk of the plasma exists at lowEr altitudes, most workers
often define a constant shape factor G and use (4) to determine the plasma
content below a certain (rather loosely determined) altitude. For example,
Titheridge [1972], using a collection of ionization profiles and the centered
dipole approximation for the geomagnetic field has pointed out that, by
adopting a constant or "effective shape factor" G determined by:

'G‘-QFB (6)
28

with B, evaluated at a point on s and at an altitude of 420 km, the plasma
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contenk below about 2000 km can be determined with an estimated accuracy of +5%.
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Figure 2. Vertical profile of the normalized longitudinal
component of B for Stanford and two different geostationary
satellite locations. [Adapted from Almeida, 1973].

It is common practice (and a necessity in our work) to convert the slant
content obtained, as described above, to a vertical content. This involves
the assumption of horizontal stratification and is described by the following
equation:

Q

_F
Izt = E;-secxs (7)

where 1 t is the estimated vertical content up to 2000 km and x_ is the zenithal
angle g} the line of sight at the point, often referred to as iBnospheric point,
where G is evaluated. Thus, I_, is considered as the representative vertical

content at the geographic coorﬁ*nates of the ionospheric point and not of the
observer.

Perhaps it can be appreciated that, the Faraday method is indeed more
appropriate than the group delay or phase path difference methods in our case, 3
because it is relatively insensitive to electron concentrations outside the
region of interest to us. Ideally, we would like B, to be non-zero and
constant up to 800 km and zero beyond. This is, of course, a physically un-
realizable requirement and, as it is obvious from Figure 2, we might expect
some contamination from ijonization above 800 km.

In deriving I_ from I__, in the present work we have used the simplest
possible scheme, néme]y, sE&ling of Izt by a constant factor r < 1:

I,=r1l,. (8)
The value of r depends of course on the value of G that was used in determining
Izt‘ This scheme was found quite satisfactory for the applications of our
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i simulation technique, presented in the following section. As mentioned there,

Y we have used data of I ¢ from two stations and, the value of r was .9 for the

: East coast data and .8%"fur the West coast (Stanford) data. These values were

! arrived at by comparing the measured I__ with the electron content up to 800

; km derived from a plausible electron csﬁcentration profile at a given time
near local midday. The shape of this profile was assumed similar to that
measured with the Millstone Hill radar at the same local time, and its
absolute magnitude was determined from the measured Nmax at each location of
interest. We estimate a probable error in r of about™" +.05.

Al g o it TN

4. APPLICATIONS
4.1. Mode 1

Mode 1 of our ionospheric simulation technique (Figure 1) was used to

derive the behavior of vertical plasma drifts, W, for a 24 hour period during
U days 23-24 March 1970. The single, directly observable ionospheric parameter
required by this mode is I_ and it was derived as discussed in the previous
section, from Faraday rotafion data obtained at Sagamore Hill, Massachusetts,
using the geostationary satellite ATS-3, then at 80°W Tongitude. A 420 km
ionospheric point with geographic coordinates of 39°N, 72°W, was assumed for
the derivation of Izt and the scaling factor r was estimated to be about .9.

\'v‘-—»-—_u

Vertical plasma drifts for the same period had been derived by Salah
and Holt [1974], from radar data obtained at Millstone Hill (42.6°N, 71.5%W).
This proximity provides an excellent opportunity for evaluation of our
technique.

| W The upper boundary electron temperature, T_, ., the plasma flux, 9 B
y and the exospheric neutral temperature, T were estSB?ished consistent witH
the incoherent radar measurements [Evans, 1971a, b; Salah and Evans, 1973].
These data are shown in Figure 3.

A comparison of our results with the observations is presented in
Figure 4. Shown from top to bottom are: the electron content, I_; the vertical
) ion drift deduced from our calculations together with the drift at 300 km from
- radar data [Salah and Holt, 1974]; the calculated peak electron concentration,

_ Nmax’ together with th Nmax measured by the Wallops Island jonosonde (38°N,
> 1 75°d); the calculated peak height of the F-layer, h " together with the hmax
T observed by the incoherent scatter radar at Mi11stol&*Hi11. The good
-l agreement between calculations and observations is self-evident.
_ﬂi In the above simulation we have used F = 2. This is consistent
Na. . with the fact that the analyzed period of time §Wurred during relatively high
L. = solar activity (see section 4.5). The neutral composition at 120 km was kept

constant throughout the 24 hours at the following concentrations:

[0} = 1.35 x 10"}, [N] = 3.0 x 107, [0,] = 0.5 x 10" (em™3).
2

( ""!

-
I

-1

These concentrations are in general agreement with those used by Roble [1975].
However, it was not found necessary to vary the concentration of monatomic
oxygen at 120 km between day and night, as he did.
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Figure 3. The 800 km boundary conditions for day 23-24 March,
1970 at Millstone Hi1l. Adapted from Roble [1975].

W In a complex numerical simulation, such as the one presented here,
E the only meaningful way of estimating the sensitivity of calculated quantities
to input parameters, is through controlled numerical experiments. We have
performed such a series of experiments and the results are presented in the
remainder of this section. However, some insight into the expected
sensitivities may be gained by discussing briefly, in physical terms, the way
in which W is calculated through our ionospheric mode] This can be easily .
done by considering the continuity equation for 0%(4s) (which is the b
fundamental equation of the model), in its integrated form: s

2y 4y

I, = J Qdz - f BN,dz - ¢ (9)
7 4

where:

4y

I, = J Nydz , ‘ (10)
ZL ’
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Figure 4. Day 23-24 March, 1970, East Coast. From top to bottom:
observed (corrected) vertical electron content, Iz; calculated and
observed Nmax; calculated and observed hmax'




and where for discussion purposes we haye assumed that the 0+(4S) content is

equal to I_. At any given time,I_ and I_ are known from observations. The
f effect of fertical drifts, W, is fo contfol the shape of the ionization
distribution and in particular, the altitude of the peak of the F-layer, h__ .
The ion loss rate coefficient, B, is a function of atmospheric concentratiBh*
and consequently it decreases exponentially with height. Therefore, the net
result of W in (9) is to control the magnitude of the second term at the right
hand side (the integrated ionization loss rate). W is not explicitly contained
in (9) but is implicitly calculated from this equation by finding the shape of
N](z) that satisfies both (9) and (10).

It follows from the preceding discussion that, the sensitivity of the
calculated W (and therefore of h__ )}, to the values of F and to the assumed
atmospheric composition at 120 kmfxshould be quite 1argeeg¥nce, the first
controls Q, while the second controls both Q, and 8. For instance, at midday,

; for the coAditions of the application presenled here (which may be considered
., typical of equinox conditions during medium and high solar activity) a change
- of 7 m/s to the calculated W,with a corresponding change of about 18 km in

h__ ,would result from: a) -25% change in F or, b) -25% change in the
cBAfentration of oxygen at 120 km, [O% , of¥¥) -60% change in [NZ] or, d)
-110% change 1in [02] . The experime*%91 error in deducing field a*?Sned
plasma drifts from ih€8herent radar measurements is about +10 m/s [Evans et al.,
1970; Salah and Holt, 1974]. Thus, the uncertainty of the calculated W, from
our method, due to any of the above uncertainties is well within the limits

of radar measurement errors. We may add here, that since h can be obtained
from ionosonde measurements, comparisons between calculated™@fid observed h

can b§ used to adjust either F or, say, [0]120 (whichever 1is less reliaB?§
known ).

\“v‘*-———.-—.

euv
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It also follows from equation (9) that ¢, ., can play a significant role in
our calculations only if it is of magnitude cgﬁparab1e to the integrated
production or laoss of ionization or, to I_. Of course, since ¢,,, is not known
3 a priori, we might resort to a plausible falue for sucg compari $ns. Thus,

g assuming that QU will not be larger than about 2 x 10° cm¢ sec~! (generally
values reported By incoherent radar investigators are quite smaller than this
[Evans, 1975]), under most circumstances, ¢ g can be assumed negligible,
provided the solar zenithal angle is sma]]ev than about 95°. However, during

£ nighttime a much closer examination of individual cases is necessary. In the

g particular period under 1§vest§gatio? the rate of decay of nighttime ionization,
i I_, is larger than 2 x 10° cm™¢ sec~'!. Since the avgrage ?ownward flux

; observed at Millstone Hill was iess than 5 x 107 c¢m™¢ sec™! the sensitivity of

e

S our results to &, of that order is small. Indeed setting ¢,p = 0 for the
jﬁ complete diurnal ﬁun barely affects our results.

4”¢§; The sensitivity of the calculated W, as well as of most ionospheric

i ] parameters, is very small with respect to T ... This quantity reflects the

N i! protonospheric heat flux which controls theeggectron temperature, T_, down to

.f;‘? an altitude of about 400 km (for the conditijons considered here) and, thus,

affects the behavior of only a small amount of the ionospheric ionization. For
instance, setting Te constant and equal to 2000 K, 2500 K or, 3500 K in the
present simulation, y?fects our results by a negligible amount. It is there-
fore estimated that for most applications a simple model of T (or of the
protonospheric heat flux) would suffice. Nevertheless, this qunt must be
examined more closely in applications during summer conditions. Summers are

&
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characterized by Jow electron concentrations resulting to deeper penetration
of the heat flux into the ionosphere and generally high Te at relatively low
altitudes [Evans, 197%c, 1973, 1974].

Finally, the sensitivity of W to T was found to be rather small. We
tested this by adding a constant bias (+100 K), to the observed values of T,
and also by forcing T_ to remain constant through the day at 1050 K, with only
small effects in the calculated W. This observation combined with the fact
that N is very sensitive to T_, has led to the development of mode 2 of our

simu1a®®8n which is presented in the following section.

4.2, Mode 2

The functional block diagram of mode 2 of our ionospheric simulation
is shown in Figure 5. As can be seen, the input parameter T_ has been replaced
by the observable N _ , so that T_ now becomes an output of the simulation.

The T_ controller cBtfects successively T_ by means of the empirical equation:

Tco
AT, = — Ot an

where 1 = [_/N ax’ is often referred to as "slab thickness". Equation (11) is
solved at eéerw time step using the expected T and the value of T_and T at
the previous step.

= 7w [Fw] [n]
- s S U S
SOLAR !
uv |
SPECTRUM 1
| vy 1 N

Qe H
o'W AND PHOTOIONIZATION :

MODEL NO*, o;. Ne

Amasg:g:s - | conTinuify 1. T [ PCASHE }
' , ‘ EQUATIONS |gerfi HEAT il
120km | ! T EQUATIONS I
°. Nz.Oz 1 @© | l |
{ W N..Ni ‘
08S. To L |
Nmox | CONTROL |
- R — 4

v MODE 2

Figure 5. Block diagram of the ionospheric model (mode 2) used to
calculate time dependent, induced vertical plasma drift, W, and
exospheric neutral temperature, T_, from electron content and N
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We have applied mode 2 with electron content data obtained at Stanford

during the same period (23-24 March 1970), as the data in the preceding section.

The Faraday rotation method was used with signals from the ATS-1 satellite,
parked at 150°W. The 400 km ionospheric point with coordinates 34.2°N, 125.5°W
was located just 5° west of the Point Arguello ionosonde station (34.6°N,
120.6°W), where the N data used here were obtained. In this case the
scaling factor 2 for PA# determination of I_ (equation 8) was estimated, as
discussed in Section 3, to be about.8. z

Figure 6 presents the vertical electron content, I_, that was used in
the simulation, the calculated vertical ion drift, W, the c&lculated and
observed (P. Arguello ionosonde) h and, the calculated exospheric
temperature which is compared with™fie same temperature at Millstone Hill.

The latter was shifted in time by about 3 hours in order to coincide with the
local time in this simulation. Owing to the fact that this period of time
was geomagnetically quiet and that the difference in geographic latitude
between Millstone Hill and the location of this simulation is only 8°, this
comparison of exospheric temperatures may be considered valid.

The observed h has been plotted directly from the routine table of
hourly ionogram data, pWﬂéuced at Point Arguello. We believe that the
relatively large discrepancy between calculated and observed h from 0500 to
about 1700 is very probably due to errors introduced by the apB?éximate
methods of routinely scaling ionograms, manifested mainly by an increase of
the estimated h due to incorrect accounting of the bottom side ionization
which is quite @qﬁnificant during daytime [Rishbeth and Garriott, 1969].

Several differences between the electron content behavior at the two
locations {East and West Coast) can be seen by comparing Figures 4 and 6. For
instance, the maximum value of I_ at Stanford is significantly larger than
that at Sagamore Hil1l., Also the“ionization in the East coast decays
continuously throughout the night but never reaches values as low as those at
Stanford which remain unaltered from a little after midnight to sunrise.

The different behavior of I_ is reflected in the difference between
the calculated vertical drifts at thé two locations. Thus, though the change
from upward to downward drifts in the early morning occurs at rocghly the same
Tocal time at the two locations, at the West coast, the drift becomes again
positive at 1000 LT and remains so until about 1500 LT while, at the East coast
the drift is negative throughout the day. Since negative drifts tend to
increase the integrated loss rate (equation 9), the build-up of ionization at
the East is slower than at the West coast where it reaches a larger maximum as

stated before. On the other hand the opposite may be observed in the afternoon.

Then, the drift in the West coast becomes more negative than that in the East
coast and remains so until much later in the early evening. This,results in a
steeper decline of the ionization in the first location.

Referring to the definition of W (equation 2), repeated here for
convenience, the difference of the behavior of W can be, at Teast partially
explained by the different magnetic field declination at the two locations:

W= -(Uy cosD + U sinD) cos I sin I (12)
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Figure 6. Day 23-24 March, 1970, West Coast. From top to bottom:
observed (corrected) vertical electron content, I_; calculated
vertical plasma drift, W; calculated and observed“h . ; calculated
and observed T, The dashed lines and the arrows afd explained in
the text.
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where we have assumed that W is due purely to neutral winds. The magnetic
declination is positive (eastward) at the West coast location (D=15°) and
negative at the East coast location (D=-15°)., Thus, the contribution of the
zonal winds, U_, is negative at the West and positive at the East coast. Since
neutral winds fend to be westward, i.e. U_ is negative, from midnight to about
1500 LT and positive in the remaining timd, we may indeed expect W to be
algebraically larger at the West in the former period of time and at the East
in the latter.

We must add here that, such differences in the behavior of the iono-
sphere at the same latitude but at different longitudes were spotted rather
early from N observations at various locations on the Earth and Eyfrig
[1963] sugge@iéd that they might result from the neutral wind action at
different magnetic declinations. Later Kohl et al. [1969] carried out
theoretical calculations which confirmed the plausibility of Eyfrig's
suggestion.

An interesting result of the steep decay of ionization at the West
coast is that the nighttime plasma concentrations are quite small. This leads
to a different nighttime situation from that at the East coast. It may be
seen from Figure 6 that I_ is constant from about 0100 LT to 0530 LT.

Referring to equation (9)Zand assuming that nighttime production of ionization
is negligible ?Fujitaka et al., 1971], the only way for 1_ to be zero is if

the protonospheric flux, ¢ B is significant and negative fdownward). Thus for
this simulation, ¢ cannoH be neglected during nighttime and, therefore W will
depend on the assuMgd value of ¢UB’

In order to determine ¢ ,,, we decided to use a very simple model of
its behavior namely, we assumed !ﬁat ®,n is zero between 0700 LT and 2000 LT
and has a constant non zero value, durqﬁg the rest of the time. Then, we
adjusted this value by making several trial runs and comparing the calculated
h with that observed at Point Arguello. Since it is the balance between
tH8%action of W (which controls hmax) and ¢UB that makes fz = 0, this approach

js justifiable. The estimated plasma flux was 1.3 x 108 cm2 sec'] and it nmust
have been present at least between 0100 LT and 0530 LT. This is a substantiaily
larger nighttime flux than that observed at Millstone Hill.

Finally, we would like to discuss briefly the behayior of the
calculated W in the early night hours. The max imum qnd minimum of W, both )
indicated by the arrows in Figure 6,,arise (in our s1mq1at1on) from the rapid
change of ionization rate of decay, I, and coincide W1th.the_1owest and the
highest I_ respectively (of course, ih nature, thg causality is reversed).
This featlire of I_ was persistent during this period at the West coast, roughly
at constant local®time and, thus, it seems to represent a regular phenomenon
in the behavior of vertical drifts, as further testified by the qgreement )
between calculated and observed h at this time. Since, a rapid change in
neutral winds that would give risB¥o such behavior of W is rgther un11ke1y, a
possible cause for this behavior could be a !argg travelling ionospheric
disturbance, TID, or rapidly changing electric fields. In the latter case,
because of the small conductivities of the E-layer at this time, a probable
origin for the electric fields could be the F-region dynamo [Rishbeth, 1971],
or magnetospheric convection. The dashed lines in Figure § reprgsentfa )
hypothetical smooth change of electron content, 1_, for this period of time
and the resulting effective vertical drift, W; théy have been included to
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emphasize the large fluctuation of W necessary to produce the relatively small
changes in I_ and to provide a baseline for the estimation of the amplitude of
this fluctuafion. As can be seen, this amplitude is about 20 m/s. If this
fluctuation is of electromagnetic nature, the necessary electric field
amplitude would be about 2 mV/m, an order of magnitude which is well within
plausibility 1imits [c.f. Kirchhoff and Carpenter, 1975].

4.3. Mode 3

Up to this point we have derived vertical plasma drifts by means of
modes 1 and 2 of our ionospheric simulation without specifically considering
their origin. These drifts have been assumed altitude independent as described
in Section 2 where we defined such drifts as "effective”, meaning that they
have the same effect on the plasma content as altitude dependent drifts under
the same circumstances. If the calculated drifts were entirely the result of
electric fields then, they could be immediately related to the eastward
component of the electric field (assuming D = 0°), as can be seen from
equation (2). However, since at midlatitudes (under geomagnetically quiet
conditions), vertical plasma drifts are primarily driven by neutral winds, it
is reasonable to relate the calculated drifts to these neutral winds.

Neutral winds and the meridional gradient of exospheric temperature
can indeed be calculated from the results of our ionospheric simulation under
mode 2 through a dynamic thermospheric model in a way very similar to that
presented by Antoniadis [1976] In the present case, instead of using
incoherent radar data, the data produced by the ionospheric simulation are
coupled directly to the thermospheric model. We refer to this mode of coupled
jonospheric-thermospheric simulation as "mode 3". A functional block diagram
of this mode is given in Figure 7.

As discussed in Antoniadis [1976a), the altitude dependent horizontal
components of the wind are specified through the thermospheric model from the
value of the vertical plasma drift at a given height. At present the assumption
is made that the value of this drift is equal to the value of the effective
drift and that the appropriate height is the peak of electron concentration,
hmax’ calculated through the ionospheric model.

We have tested the above assumption by comparing the plasma content I
calculated through our model in two ways (note that I_ in this case was not an
input): a) the model was used with an altitude indpeﬁdent plasma drift W, and
b) the model was used with a wind compatible (i.e. altitude dependent) W, which
at h had the same value as the drift in (a). Al1 other model parameters
were™R pt the same. The results of the two runs are shown in Figure 8. It can
be seen that during most of the day the calculated contents agree well. The
larger differences at night are due to the sharp increase of vertical drift
with decreasing altitude below hm , associated with the low ion drag in these
re?ions resulting from the small ﬂ§ghttime concentrations of ions (see Figure
10).

Z,
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Figure 9. Day 23-24 March, 1970, East coast. Top: the
calculated and observed exospheric temperature, T -
Bottom: the calculated meridional exospheric temperature
gradient (a), by means of ionospheric-thermospheric
simulation (mode 3) and (b), by means of thermospheric
simulation and incoherent data [Antoniadis, 1976a].
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We have used mode 3 with the East coast data already discussed in
Section 4.1. The N data which are also an input in this mode, were obtained
from the Wallops 1sT4Rd ionosonde. A1l other parameters were the same as in
Section 4.1. Figure 9 (top) presents the calculated exospheric temperature,
T,» in comparison with the temperature obtained by the Millstone Hill
incoherent scatter radar. In the bottom part of this figure, the meridional
gradient of T_ calculated here is shown in comparison with the gradient
calculated from radar data during the same period in Antoniadis [1976a].
Though several differences between the two calculations can be observed, the
agreement is quite remarkable considering the greatly different types of
information from which they were derived. Besides we have reason to believe
that a more careful treatment of the effective drift used here would result
in smaller discrepancies, particularly during nighttime.

Finally, Figure 10 presents the calculated wind components, which may
be compared with those obtained in Antoniadis [197€a). Also shown in the same
figure is the altitude dependent vertical drift velocity resulting from those
wind components.

4. CONCLUSIONS

A new technique, for determining vertical plasma drifts in the F-region,
has been presented and its application during a geomagnetically quiet equinox
day was evaluated by comparing values calculated using electron content data
with those measured independently by incoherent scatter techniques. Although
electron content provides the most important b.c. in the analysis, it is
necessary to establish the neutral exospheric temperature, T _, and upper
boundary electron temperature and flux by models or radar data. Under many
circumstances, the sensitivity to the last two parameters is small and it was
demonstrated that T can be obtained by using N as additional information,
thus, effectively freeing the application of ourmiéchnique from the need of
radar support. Finally, neutral winds and meridional exospheric temperature
gradients were derived by coupling the ionospheric model to a thermospheric
dynamic model that was presented in a previous paper. In view of the simplicity
in acquisition of the required ionospheric input parameters, it is believed
that the simulation technique presented here,will be a useful new source of

neutral wind and exospheric temperature data.
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DETERMINATION OF LUNAR-DYNAMO ELECTRIC FIELDS
FROM TOTAL ELECTRON CONTENT MEASUREMENTS

by

P. A. Bernhardt, D. A. Antoniadis, and A. V. da Rosa
Radioscience Laboratory
Stanford University
Stanford, California 94305

Temporal variations in the jonospheric electron content result from
movement of the sun and the moon with respect to a fixed point in the F-
layer. The solar electron content component contains diurnal effects due
to photoionization, neutral winds driven by pressure gradients, and electric
fields. The solar thermal contribution masks the solar gravitational con-
tribution to tidal variations in electron content. Relatively small lunar
variations in electron content are produced by atmospheric tides resulting
from fluctuations in the lunar gravitational potential. Since the lunar
gravitational potential contains frequency components that are significantly
different from the solar frequency components, filtering may be used to
separate the lunar and solar effects in the electron content measurements.

A finite-duration impulse-response digital filter is used in the separation
process. Theoretical analysis of the filtered electron content variation
is used to determine electric fields produced by the lunar dynamo.

INTRODUCTION

Tidal variations in ionospheric electron content have been previously
observed by Rao and Stubenrauch [1967]. Their analysis produced an estimate
of the content variation at the lunar semi-diurnal (Mg) frequency. The

ot

ionosphere is a nonlinear medium in which the solar photoionization and the
lunar gravitational field interact resulting in the mixing of the solar and
lunar frequencies. Thus, the M, tidal component produces variations at
several frequencies. I~ our anglysis, all the frequency components, generated
by the M2 tidal frequency are considered.

It has been shown that the established methods of tidal analysis (such as
given by Bartels and Johnston [1940], Chapman and Bartels [1940], and
Chapman and Miller [1920]) which involve grouping of data by fixed periods
of time are equivalent to processing by a finite-duration impulse-response
digital filter (or, equivalently, delay filter) [Bernhardt, 1974]. The
transfer function of the delay filter has narrow stopbands and passbands
for the rejection or acceptance of harmonic components in data. By cascading
several delay filters, a wide range of filter characteristics may be
achieved [Bernhardt and Schlapp, 1976].

In this paper we present an optimized delay-filter which is used to
estimate the variations of the total electron content produced by the main
lunar tidal component M,. The lunar variations in electron content are used
to derive the F-layer p?asma drifts necessary to produce these variations
by means of the ionospheric simulation technique developed by Antoniadis
[1976]. These plasma drifts are attributed to electric fields resulting
from the E-region lunar-dynamo.




THE FILTER

The electron content data are analyzed by the use of the generalized
delay filter illustrated in Figure 1. The filter consists of 2N elements
each with a delay of T (days). The data input, U(t), is fed into the first
element in the delay line. The taps of the delay line are multiplied by
weights a_,~-N < m < N. The outputs of the multiplicative weights are
averaged %o produce the output of the filter X{(t). Thus, X(t? is the weighted
average of the data N delays before and after the data value at a time
t - NT. U(t-NT), the unfiltered representative of X(t), is tapped from the

center of the delay line.

U(1-NT)
uit-1) U(t-(N-1)T) Ut-(N+1)T) Uit-(2N-1)T) Uft-2NT)
U Toerar| . Joecar | [oecar ], [oecar DEL AY DELAY OELAY DELAY
T T Ty T 7 T [T T T
I i
\ ]
{ i
% % IN-1 °N
]
(Y ,J
////
//‘/
e
gl /,/
+ oN+1 X(1)
; N
X252 > opUlt-(N+mIT) i
m*-N
U(1-NT)
Ul I N=___ X(t)
.°m:
FIGURE 1. Generalized delay-filter model. )
1 N
T(f) = I a_ exp[-j2nf(N+m)T] (1)
2N+1 m=-y M

where T(f) is the Fourier transform of the impulse response of the filter

and f is frequency in cycles per day.

The procedure of calculation of the

filter transfer function is given by Bernhardt [1974].

We have developed an easily implementable filter which is used to isolate
the solar harmonic components (with frequencies that are multiples of one
cycle per day) from the lunar semi-diurnal component M, (at frequency
fuo = 1.93227 cycles per day) and the frequency compongnts resulting from
mmging between the solar harmonics and M,. The notation for the components
of the measured electron content variatigns is as follows:
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I = IS + IL + IR is the unfiltered data.
IS is the variation due to the sun.
IL is the luni-solar variation resulting from nonlinear interaction

between the semi-diurnal lunar (Mz) input and the solar harmonics.
is the residue after IS and IL have been subtracted from the data.

The filter was designed to efficiently sort out each of these data
components.

The solar variation can be written as a Fourier series

I(t) = E b, cos (2mnt + 8 ) (2)

where t is time in days, b_ is the amplitude of the component with frequency
n cycles per day and g_ is"the phase of each component. The solar filter
with narrow passbands 9round 0, 1, 2, 3 etc. cycles/day may be constructed
from the generalized delay filter by setting all the weights to unity (i.e.,
a_ =1, -N <m < N) and setting the length of each de]ay element to T = 1
d@y. The transfer function of the solar delay-filter is calculated from

(1) to give
. sin[ (2N+1) TfT
75(9) = e (2nfT] b (3)

The width of the bandpass lobes in the filter is inversely proportional
to the length (2N+1) of the delay line. A1l the filtering in this paper
is done with N = 29 delay filters requiring 59 days (two months) of data.

The magnitude response of the N = 29 solar filter is illustrated in Figure 2a.

SOLAR FILTER

MAGNITUDE RESPONSE  MAGNITUDE RESPONSE

a

e

i | i

wa Ol W 7

m 1\ ]

g ‘1 'F'quu"’ ':‘{!L “' u,”mu

3 0.01 % “h,_H uarnl“| oW nL.lv'JLLJL‘: |
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FIGURE 2. Comparison of response of the (a) solar and (b) lunar filters.
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The Tunar semi-diurnal frequency component is written as

IM2 = ay, COS (2nth2+ “MZ) (4)

where 1., is the electron content variation at the lunar frequency f,,,

and a gﬁd ;. are the amplitude and phase of this variation, respec??vely.
The 1Uﬁi-sola lines resulting from nonlinear mixing in the ionosphere have
the form

IL(t) = nEO Cpe €OS [2n(fM2+n) t + én+]
w (5)
+ nE] €, COs [Zn(sz-n) t+ 6n_]

where ¢, and § are the amplitude and phase, respectively. The ¢ sign
denotes Phe solal"sidebands around the M2 frequency. Redefining the
amplitudes and phases, and noting that f o = 1.93227 is close to the solar
semi-diurnal frequency (2 cycles per dayw, the equation for I, (t) can be
written in terms of sidebands around the solar harmonic freqlencies:

IL(t) = mEO {d, cos[2n(mrAf)t + Ym+] +d cos[2n(m-Af) + ym_]J (6)

where Af = 2 - f,, = .0677262 cycles/day, and d_, and y_ , are the amplitudes
and phases of the ?uni-so]ar sidebands about the"solar 1Tre at m cycles/day.

The main luni-solar lines are denoted according to the convection adopted
by Gupta and Chapman [1969]. L, is the lower sideband of M2 produced by
mixing with the solar diurnal c&mponent S, at one cycle per day. L., and M2
are equivalent. L, is the upper solar si&eband of MZ' The frequengies of
the main lines are

fL] = fMZ -1 .93227 cycles/day
fL2 = fMZ 1.93227 cycles/day

fL3 = sz + 1 = 2.93227 cycles/day

In Eq. (6}, the amplitudes of the L, L, and Ly lines are d;_, d,_, and d;_,
respectively.

Several methods of estimating I, (t) come to mind. For instance, the
amplitude of each line could be eskimated by using a separate filter with
a narrow passband at the appropriate frequency. Or, equivalently, the
discrete Fourier transform may be used to estimate the spectral conmponents
in the data. After the strength of each luni-solar frequency component has
been obtained, they may be summed to give I, (t). We have devised a scheme
which directly evaluates IL(t) without sepa¥ate filtering of each component
in the summation.

By appropriate choices of the weights in the generalized filter, a lunar
filter with passbands at the frequency components of IL(t) is obtained.
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The weights are given by

= 2 cos (2nAfmT) (7)

where T = 1 day. Substituting the cosine weights into (1) and simplifying
yields the transfer function of the lunar filter

’I‘L(f) = 'I‘S(f + Af) + Ts(f - Af) (8)

where T.(f) is the solar filter transfer function given by (3). Using the

cosine w§1ghts instead of constant weights shifts the passbands of the solar

filter by plus or minus Af (Figure 2b). The passbands of the lunar filter

coincide exactly with the luni-solar frequencies produced by mixing of the

M frequency with the solar harmonics. The location of the main luni-solar
fPequencies L], L2, and L3 are indicated in Figure 2b.

The weighted delay filter is flexible and easy to implement. By changing
Af in the cosine weights, the passbands around the solar lines may be
located at any desired frequency. Thus, using this filter, the frequency
mixing between the solar harmonics and any lunar line may be investigated.

Notice that in both the solar and lunar filters, the length of each
delay is one day. Thus, data recorded at intervals which divide an integer
number of times into 24 hours may be used directly by the filters without
any interpolation.

The solar and lunar de]ay-filters are cascaded as shown in Figure 3.
The output of the solar filter, I., is subtracted from the central delay-line
point of this filter. This effec§1vely suppresses the solar harmonics
[Bernhardt and Schlapp, 1976]. The data are further processed by the lunar
filter. 1s subtracted from the center of the Tunar delay-filter leaving
the reSIdug

R
Teiday N=29 T:tday  N=29 +)
o1 am® 2cos{2amAf T) (-)
I Ig At=0.067726 cy/doy 1 I
SOLAR FILTER LUNAR FILTER L R

FIGURE 3. Implementation of solar and lunar delay filters in the analysis
of electron content data.

In summary, the delay filter is an efficient method of processing long
data streams containing harmonically related frequency components. A
filter composed of cascaded delay filters seems to be the optimum solution
for separating solar variations from luni-solar variations in electron-content
Jata.
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R THE FILTERED DATA

Half-hour samples of electron content data obtained at Stanford during
the winter and spring of 1971 were processed by the delay filter. Missing
data points were rare, and when they occurred linear interpolation was used.
The results in this section are typical of the first 6 months of 1971,

- ea. .. ..

split in the manner described in the preceding section. Figure 4a shows the

diurnal variation of the observed electron content days 80 through 85 of 1971.

Figure 4b shows the diurnal variation of the solar component which can be

seen to exhibit negligible day-to-day changes owing to the 59 day averaging ;
process and to the fact that the solar activity changed little over the :
period considered. Figure 4c shows the lunar component displaying a systematic i

i
:
Figure 4 shows a sequence of five days for which the electron content was i
i
i

maximum near the time of upper transit (marked "U" in the plots). Finally,
: Figure 4d displays the residue component, I

R
« ? 500y
o~ so/m o
' 400 (o)
l < 300
€ 200
=
100
| 052U s etas U T 0 T U T D}
. / LOCAL TIME (HOURS)
_. 500
- ] -]
r L ;E 400 {b)
‘ o 300
= 200
100
(o2 + + ‘ ¢
0 eUiz 18bze U T u T U [ D]

LOCAL TIME (HOURS}

TIME (HRS)

100

O 6712 18-24

La(tc®m™®)
o

ool
TIME (HRS)

FIGURE 4. A sequence of five days for which the electron content was split,
as discussed in the text. (a) The diurnal variation of the
observed electron content during 80 through 85, 1971. (b) The
diurnal variation of the solar component. (c) The diurnal vari-
ation of the lunar component. The time of lunar upper transit is
marked "U". (d) The diurnal variation of the residue component.
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N The magnitude spectrum of the unfiltered data is shown in Figure 5a.
A logar1thm1c scale is used in all such spectra. The solar harmonics

, etc.) dominate the spectrum. The lunar semi-diurnal
coﬂpon;nt E (8r M, } is much weaker than the neighboring solar semi-diurnal
component S2 The major solar sidebands around M2 are denoted by L] and L3

-y
¢ e — ™ e e

The solar filter removes most of the fluctuations in the unfiltered data

} : The frequency spectrum at the output of the lunar filter is illustrated

in Figure 5¢. The L, frequency component and the symmetric sidebands at

L, and L, clearly stgnd out. The significance of the L,, L,, and L., lines

m;y be egtlmated by comparing their magnitudes with thole o% the co%p]ementary

! lines just above the solar harmonic frequencies. The three main luni-solar

. lines are greater than their complements. In all the data examined, the
. magnitude of L, is about 15% higher than the magnitude of L We attribute
1 this to contamination of the L, 1ine by the lunar tidal 11n8 0, at frequency
vy .92954 cycles per day. The pa;sband of the delay filter is nol narrow enough
to completely reject the 0] Tine.

100 S
Lé"< l’so l L
@,ril of L LaMp) | Sz bts g, (0)
Z20u
QWS i
’ 35 W
g :
100
W= L-So S
52 wio ! ]
. EEr : S (b)
ggc | 2
. |
N Lol
. 100
b 82 210
-4 pE- (c)
zok
GWo L
se? | 3
M fT [
:;1‘ ﬂn Ah ] 1
. a 5 6 7 8
;. FREQUENCY (cycles/day)
"; FIGURE 5. (a) Spectrum of unfiltered electron content data. (b) Spectrum
.l : of output of solar filter. (c) Spectrum of output of lunar filter.
.
N, If lines L and L, are produced by mixing of the solar S, component with
-8 the Tunar L compone%t the phase of L and L3 should be thA difference and
' sum, respec%1ve1y, of the phases of S and L For all the data analysed,
the phase of L3 stays within 2° of thl sums gf the phases of Sl and L2.

so that only the solar harmonics are present in the spectrum of XS (Figure 5b).
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However, the phase of L] differs by as much as 20° from the difference be-
tween the phases of the'S, and L2 lines. This is again attributed to the |
presence of the 0] lunar line. {

NUBIERTAP S S

¥ Although the 0, line can be removed by using a longer delay-filter which
i has narrower passgands, no attempt has been made to do this because the i
, interference of 0] with Ll was considered unimportant. ;o

The luni-solar fluctuations, I, , correlate well with the position of the
moon. Figure 6 illustrates the bhhavior of I, over a period of half a
month. It is immediately evident that the 1uhar influence is small at o
night. During daytime, the Tunar upper (U) and lower (L) transits are Cg
associated with positive values of I . When the moon is either rising or :
setting, IL reaches its most negativk values.

Sy

! ) A conparléon of the fluctuations in I, (which can amoqu to 5x10
electrons m peak to peak) with those bn'1 (some 35x10'° electrons m
peak to peak) shows that the lunar effects oﬁ the electron content have
amplitudes some 14% of those of the solar effects.
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FIGURE 6. Temporal variation of lunar component in electron content data.

THE LUNAR DYNAMO ELECTRIC FIELDS

Before we present the analysis of the electron content data, a short
review of the atmospheric dynamo theory is in order. Lunar tidal variations
in the gravitational potential set up pressure gradients in the atmosphere.
These gradients produce winds, U, that cause ions and electrons to move in
different directions owing to the presence of the geomagnetic field. Thus,
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. a current of density J flows piling up charges that produce polarization
v electric fields E. The currents and fields are coupled by the conductivity
tensor ¢ in the generalized Ohm's law equation:

J =6[E + U x B]

where B is the flux density of the geomagnetic field. The conductivity
has daily fluctuations due to the variations in the E-region plasma con-
centration caused by the variation of the solar zenith angle. Multiplication
of the solar harmonics in the conductivity tensor by the lunar frequencies
in the tidal winds produces the luni-solar fluctuations in the electrostatic
fields and currents. Both currents and electric fields in the E-region
manifest themselves indirectly by affecting the behavior of observable
quantities. Currents affect the behavior of the geomagnetic field as
: initially suggested by Stewart [1882], while electric fields are mapped
)t along the highly conductive magnetic field lines into the F-region, thus
affecting the behavior of the ionospheric plasma distribution. This coupling
between the dynamo region and the F-region was suggested by Martyn [1955]
and Dagg [1957] and was subsequently pursued by Farley [1959, 1960, 1961]
and Spreiter and Briggs [1961a,b]. Equivalent electric current distributions
resulting from the lunar dynamo can be deduced by analyzing the measurements
of geomagnetic variations at the surface of the Earth (c.f. Chapman and
Bartels [1940]; Matsushita [1968]). Such measurements have attracted a lot 3
of attention over the years. On the other hand, electric fields resuiting
P from the lunar dynamo cannot be determined from localized geomagnetic measure-
x ments and thus have been primarily deduced theoretically from models of
S

Tunar tides and of E-region conductivities (c.f. Matsushita [1969]; Tarpley
[1970]; Abur-Robb and Dunford [1975]). Maeda and Fujiwara [1967] have determined
experimentally the lunar dynamo electric fields by using the procedure

developed by Maeda [1955] for the calculation of electric fields resulting

from the solar dynamo. This procedure consists of converting giobal measure-
ments of geomagnetic variations into currents and, through theoretical

models of conductivity, producing a tidal wind and electric field pattern
consistent with the currents.

2 dan o ek

A

Qur technique for determining electric fields makes use of measurements
of electron content at only one location on the globe. The electron content
is influenced by plasma drifts induced by electric fields in the F-region. ;
These drifts are related to the electric fields by:

- _ ExB
V = ==
d BZ
The vertical component of the drift raises or lowers the F-layer into
regions of higher or lower ion loss rate and, thus, modulates the ionospheric 3

plasma content. This modulation is recovered by the filtering technique, as
already discussed.

The procedure for determining vertical plasma drifts from electron content '
measurements has been presented by Antoniadis [1976] and Antoniadis and da Rosa i
[1976]. 1t consists of a dynamic jonospheric simulation technigue which allows
the calculation of the time dependent vertical plasma drifts from the behavior
of the observed electron content. The coupled equations of ion continuity
and of plasma heat balance are solved in the 120 km and 800 km altitude range

l4e6
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subject to some externally imposed boundary conditions. The sensitivity
of the absolute values of the calculated vertical drifts to these boundary
conditions has been discussed in the above papers. It was concluded that
the sensitivity is small with respect to changes in T, (neutral exospheric
temperature), negligible with respect to changes in T {upper boundary
electron temperature), and negligible with respect tgegﬁanges in ¢,,, (upper
boundary plasma fiux, provided that the integrated 0 production (de losg) 2
and %he rate of change of the electron content are larger than about 2x10° cm”
sec™'. During the particular day under investigation here, these requirements
were met between 0530 LT and 2130 LT. On the other hand, the sensitivity to
the solar EUV flux is quite significant. The value of this flux is adjusted
by comparing the calculated and observed behavior of h__ . In our simulation,
the external model parameters were established as fo11888:
a) T and T are the same as those reported for days 28-29 September
1370 at M3 1stone Hill (Roble et al [1974] and Salah [1975, private
communication]). The solar activity during these days matches closely
the activity during the simulated period.

b) The solar EUV flux was taken as the flux given by Hinteregger [1970]
multiplied by a factor FEUV = 1.5.

c) The atmospheric model lower boundary conditions were: T_ (neutral
temperaf*re) 3 355 K, [0] (monoatomic oxygen concenthtiBn% =
1.35x10' ! em™, [N,] (nitrogen concentration) = 3x10'Y cm™> and [02]
(diatomic oxygen cgncentration) = Sx1010 cm=3.

d) The protonospheric flux ¢ 8 was a?sumed to be zero between 0600 LT
and 1900 LT and 1.3x108 cH 2 sec™! from the remaining time.

A comparison (not shown here) has indicated good agreement between
calculated and observed values of N a and h at Point Arguello, which is
close to the subionospheric point oF?fhe e1el3fon content measurement. This
fact indicates that the external parameters used here and the calculated
absolute values of vertical drifts are realistic.

The lunar variation in the vertical plasma drift is calculated by using
the ionospheric model twice as shown diagramatically in Figure 7. First,
the solar driven component of the plasma drift is calculated from the solar
component of the electron content data. Second, the sum of the lunar and
solar components of the electron content data are used to calculate the sum
of the lunar and solar components of the vertical piasma drift. The solar
drift velocity is then subtracted from the lunar plus solar drift velocity,
leaving the lunar component of the drift velocity. This procedure is prob-
ably valid since the lunar component is only a small perturbation of the
large solar component of the vertical plasma drift.

One component of the electric field can be calculated from the vertical
drift NL using the equation

NL = (E_ cos D + Ey sin D) cog 6

X
where 6 is the dip angle and x and y are the geographic eastward and pole-

ward directions, respectively. It is clear that the sum inside the paren-
thesis is simply the component of the electric field in the magnetic eastward
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direction. Denoting this direction by x”, we have

. \ 2

. T Ex, = wL B/cos o f

! _ k

: The magnstic dip at Stanford is 8 = 61° and B may be taken as 4.8x10 5 3
Webers/m“. Then, the relation between the eastward electric field and the é ,
vertical drift becomes: #

Y.
EX, =10 NL

where Ex‘ is in V/m and NL in m/sec.

; DYNAMIC ]
: TONOSPHERIC WiSOLAR) A |
x MODEL 4
’ : :
: o 4
4
3 1 BOUNDARFY CONDITIONS: -3
PLASMA FLUX, v H
s EGV SPECTRUM,
S ELECTRON TEMPERATURE,ETC
W
o Y ;
’ 4 I+ " ) .
z I L"’s DYNAMIC +) w g
+ IONOSPHERIC TG 3
: MODEL Ny LUNI-SOLAR 4
M .. PLUS SOLAR) ™ COMPONENT OF g
. VERTICAL PLASMA
AR DRIFT
i‘ FIGURE 7. The ionospheric model is used twice to produce an estimate of
g the lunar fluctuations in the vertical plasma drift.

The vertical plasma drift, W, and the lunar dynamo electric field, E
(the magnetically eastward compbnent) are illustrated in Figure 8 for ddys
80/71, 83/71, and 87/71. The calculated W, shows a strong semidiurnal
variation as might have been anticipated f%om the behavior of I, . A closer
observation, however, reveals that there is a phase difference Between )
and W, ; I, seems to Tag W, about 2 hrs. This can be seen more clearly ih
Figurh 9 khere I, and the-calculated perturbations to N and h are
shown together wkth the W, obtained for day 80/71. Sta?i*ng frof®he bottom
of this figure, the ionosbheric quantities are shown in the sequence in which
one affects the other. Thus, the lunar perturbation of the vertical drift,
W, , causes the perturbation, hmaxL in h ax® which in turn causes the per-
tbrbation, N L2 in Nm . N is, of Course, tied very closely to IL‘
The progressmeé lag in Bﬁase ?955 bottom to top is clearly evident.

A delay of up to several hours between observed h and N has been
reported in previous studies [Matsushita, 1967]. Th@aﬁkportedmaéﬁay was a
function of latitude. The corresponding delay of about 1 hr. calculated
here is smaller than what would be expected at the latitude of Stanford, from
Matsushita's work, but it is in the same direction. K
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FIGURE 8. Calculated electric field and vertical drift fluctuations for
three cays. The fluctuations are closely coupled to the times
of upper or lower transit of the Moon.

The lunar electrostatic fields have peak excursions of +.4 millivolts
per meter. These values are consistent with fields obtained by Maeda and
Fujiwara [1967], Matsushita [1969], and Matsushita and Tarpley [1970].

CONCLUSIONS

A generalized delay filter has been used to decompose the ionospheric
electron content into solar, luni-solar and residual components. This type
of filter is a flexible and easily implementable tool and is particularly
suitable for the analysis of long streams of data, such as geophysical data,
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containing periodic fluctuations at various frequencies.

The lTuni-solar component of electron content was found to be on the order
i ‘ of 10% of the solar component for the period analyzed. This luni-solar
component was attributed to the perturbation of the F2 region by electro-
1 magnetic drifts resulting from the lunear dynamo electrostatic field in the
E region. By means of a dynamic ionospheric simulation technique, the
magnitude of this lunar electrostatic field was calculated to be approximately

L .4 mv/m. |
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-l FIGURE 9. Temporal variation in IL’ NmaxL’ hmaxL’ and Ex,(or NL) over day t
¥ 80/71.
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GRAVITY WAVS I'mucsp FLUCTIHATIONS [ TOTAL ELFCTRON TOI'TREIT 3

i By
A. Sengupta, C.P. Magpal and C.35.G.<{. Setty

Ml o e e

Ionosphere Research Centre
Department of Physics and Astrophysics,

University of Delhi, Delhi-110"07, India, ;
Abstract
. Continnous reczords of the electron content at Delhio h
(Geog. 1La* 289, 77°E; Sub Ionospheric Point 26,50N, 72,9°3)

obtained by monitoring the Faraday angle variations of signals 1

at 140 'z transmltted “rom r~eostationary satellite AT3Z~5 have
i revealed the presence of atmospleric gravity waves in the F-

rerion of the ionosptere with periods ran~ming from 17 to 1M

’ minutes. The records ohtained from Awpust 1, 1975 have been

§ examined for the pirpose of the present stadv., Some tens of

i continuous daytime records have been chosen whicn chow clear

/ periodicitier, Variations proquced by these wavas were very 3

comnon in the range of 17-6D min with a marked Aip near 15 min
period. The amplitudes of eleetron content fluctuatinns have
¢’ been estimated to be in the ranze of N.,5 to 6.7%., “hecoretical
R computations based on a simple model of the ionosphere cravity
wave interaction have heen carried out. The intas~rated resporse
to gravity waves is found to be depend=nt on the satellite
o“iserved ray path reometry, magnetic dip and the wave azimuth,
The observed average spectrum agre~s qualitatively with the é
‘ computed spectrum if a meridional propagation is assumed,

Introduction z

f
) lonospheric irregularities h-ve bheen studied for many
, years., O(ne class of these irregularities known as travelling
’i ionospheric distiurbances (TID's) have been detected Yy a
number of technigques. Recent work (Hines, 17G0; Thome,l704
) 19633 Testud and Vasseur, 1969; Georges,{

9683 Titheridee,ld60;

~; 19713 Davis and Da Rosa, 12693 Klostermever, 1963, Yeh, 1972;
if Gupta and Nagpal, 1973) has revealed that tlese disturbances
B, ~%, are caused by propagation of atmospheric gravity waves. The
Y o« TID's are senerated by an interaction between the neutral atmos-
:u‘,a pheric wave and the ambient ionization (Honke, 196R,1270).
b VHF Radio signals received from the geostationary satellites ]
‘3; provide a convenient means for studying the temporal variations k
- of columnur electron content, between the satellite and the 1
& 3 observer, in the ionosphere over continuous periods. In this '

paper we present the resnults of analysis of continuours recrrds
of the polarisations angles of the 14" MHz signals recoived at
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the University of Delhl from the satellite ATS-6, of wavelike
perturbations in the total electron content. The Faraday polari-
meter nsed to obtain these records has been described elsewhere
(Sengupta and Set'y, 197G). The records oftern show fluctuations
in the total electron content. The records obtained from August
1975 -~ December 1975 have been used to determine the number of
occurrences of these fluctuations each day provided the record
exhibits atleast two or more complete cycles of the same period.
The periods ranged from 70 min down to a sharply defined lower
limit of 10 min agreeing with the permlitted spectrum of gravity
waves in the F-region,

Experimental Results

The polarization rotation due to Faraday effect is pro-
portioral to the electron density inteeprated along the way path.
Therefore, the experimental records represent variations of the
1ntegrateé electron density (or electron content). These records
show small fluctuatlons superimposed on the larger variations
caused by the production and loss processess. These small
fluectuations, belleved to be caused by propagating atmospheric
gravity waves, are extracted from the records (Cowling et al.,
197n) and spectrum analysed. About thirty non overlapping
records (each of whieh lasted for about 9 hrs) of data taken
during day time were selected for the present analysis.

Sample records of the polarisation angle variations are
reproduced in Figures 1 and 2, It is seen that the fluctua-
tions in these records are not random but are cf a sustained
type. Some periodicity is usually evident on every record.
Periods greater than 100 min and any overall trend has been
removed by visual inspection from the data before it is sub-
Jected to spectral analysis. The spectral estimate is followed
by a process of smoothing using Hanning weight (Blackman and
Tukey, 195%), The spectra of the sample records are shown in
Fignures 1 and 2 respectively as insets. Three dominant osci-
llations of about 10, 25 and 57 min periods are seen on the
spectrim of Fige 1. The spectral estimates were made for each
record separately and dominant perlods were read, The periodi-
cities thus obtained were divided into the followine ranges:
7.5 - 12,5, 12,5 - 17.5 ~--- and so on. The lowest period was
chosen to ﬁe greater than the Nyquist period of about 5 min.
The distribution of significant periodicities are noted at 10,
25, and 45 min with a well defined minimum at about 15 min.

Of these three at least the two at 10 and 25 min are clearly
distinet, These features are visible even on the spectrum of
individual records (see insets of Figs, 1 and 2). The average
ristribution of periods shown in Fig. 3 1s characterised by a
stort period cut off near 8 minutes, a long period cut off near
€0 min., and a sharp dip nesr 15 min. It appears that the

short cut off period may be associated with the increased
damping near the Brunt period (Yeh and Liu, 1974), nentral winds
and temperature gradients (Gupta et al., 1673). &he shape of
the spectral distribution is related to the gravity wave -
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lonosphere interaction. Hence the following sections have been
devoted for discussions of a theoretical model of the ionospheric
response to atmospheric gravity waves and the conclusions that
can be drawn by comparing the theoretical model with the experi-
mental results.

Theoretical Background

Our theoretical analysis in the following will be made with
the understanding that the theory will be applied to the electron
content data., Since the electron content is heavily weighted by
electrons with a few scale heights away from the F2 peak, many
simplifications can be made 1n the analysis. In a lossy 1sothermal
atmosphere, the wave induced neutral air parcel velocity, %‘, can
be expressed as

- - - - 5
vVo= exp[_-i(wt - K,T) + z/2H -dez] (1)
where -
Vo = velocity amplitude which may depend on ¢o and k.
f: = angular wave frequency
k = wave vector
H = scale height
z = height
B = damping coefficient which usually depends on z.

In the F region of the ionosphere the perturbation in the ion
velocity is constrained to be along the geomagnetie field lines.
Hence, the 1lonization velocity is

- —-b' A A
V, = (V' . By)B, (2)

A
where Bo 1s the unit vector in the direction of the geomagnetic
fileld lines. Substituting equation (2) into the continuity
equation (1), and assuming that the background ionization den-
sity No depends only on z, we find that the perturbed ionization
density N' 4is of the form

-’—; A

N = @ VB Byl [E + iE(R -1/28 - 3 )]NO(Z) @3)

where z is the unit vector in the vertical direction. If we
neglect the dissipation (putting B =0) and the exponential
growth of the wave with z (putting 1/2H to zero) we can see
that (3) reduces to the result obtained by Hooke (1968).
However, the interration of equation (3) from the ground baseAd
observer to the satellite, results in an equation for the
perturbation in electron content, I, along an oblijue path,
With the time factor exp(-wt) omitted it becomes

— = A
T -4——————1: (Vo-Bo)e N_.(z) ik, C /Cos X ) /2H [d )d
= Z2) exp 0s ‘08 + 2 - v (dZ
ob wCosz'x. ° z n’ Pz

(4)
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3 where

-~ -
k,, = the horizontal component of k %
. A~ - 7
. g = the geomagnetic factor (r x ﬁo)xf.kh )
X = the satellite zenity angle (the angle bstween

A A
r and z)

A —
the angle between r and k

n

For an «-Chapman layer, the integration of equation (4) gives

At iAo~

- A
I' 2 (Vm-Bo)S ( ) ?‘I
== (5) i
10! J" v, Cos x Kp(§ |
Where —
Vm = the amplitude of the air parcel velocity at the
ionization peak.
Vh =Yk, = the horizontal phase velocity
Ky (¥)= the modified Bessel function of the third kind

i with an imaginary order and a real argument.

k H Cosq/Fosx ]

(2HP (zg))

Iobl cos X.= perturbed electron content converted
to the vertical direction

= the background vertical electron content.

wrl T
]

—
—
n

) ° -
¥ When the dissipation and growth are both neglected (or when
3 these two effects cancel), the equatlon corresponding to
P equation (5) is (Yeh, 1973):
- > A
I
ol &eosX J Cosh(TkH Cos 7/Cosx)
As seen in equation(5) the ratio between I' and Io depends
S upon two factors : (1) the interaction geometry involving the air
b parcel velocity, wave vect r, magnetic field, and the satellite
o direction and (11) the dissipative processes. Both of these will
R be discussed in the next section.

‘3} Comparison of Experimental and Theoretical Results:

The geomagnetic factor, g, appearing in both the equations
{(5) and (6) causes the electron content to be sensitive to
certain waves, and insensitive to others (Georges and Hooke,
19703 Davis, 1973). The angle © , betwesn the neutral air parcel
velocity ané the geomagnetic fleld vector is given by

Cos § = Cos I Cos¢Cos - Sin I Sin ¢ (7)

where
¢ = the tilt of the wave front (sin = '9/@)

7% = the Brunt period
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T the wave period
I the dip angle
L = the azimuth of —k’h-

— EBquation (6) has been studied for various azimuthal angles
of khe The Brunt period has been assumed to be 13 minutes of
300 km altitude and the constant scale height fo be 60 km. The
wave wave number, k, was chosen to be 0.02 km~™ on the basis of
several disturbances observed by Cowling et al., (1979). The
use of these quantities in equation (6) allows the amplitude of
|1'/I5l to be computed as a function of the wave period for
several different azimuths,as shown in Fig. 4, These curves are
symmetric with respect to the magnetic meridian and hence are
plotted only for & varying from 0° to 180°. It may be noted
that a clear bite out is present.for small angles, HowevVer,
this bite out 1s not so pronounced as those reported for mid
latitudes (Setty et al., 1973) for fluctuation in the electron
density observed at the F2 peak,

Let us first assume that the gravity waves occur with equal
probability in all azimuths. Then a composite spectrum can be
constructed theoretically by averaging over all the azimuths
with equal weighting. This theoretical spectrum appears in
Figure 5. The theoretical spectrum for northsouth propagating
waves 1s shown 1in Figure 4 (top left). Comparing the experi-
mental results of Figure 3 with the theoretical spectra of
Figures 4 and 5 appears to agrce with our earlier conclusions
(Gupta and Nagpal, 1973) that the gravity waves have a tendency
to travel close to the magnetic meridian.

Conclusions

The fluctuations i-duced in the electron content by the
atmospheric gravity waves have been studied both experimentally
and theoreticatly. Following conclusions are shown by comparing
%he expirimental results (Fig. 3) with the theoretical results

Tige 4):

(a) The fluctuations in total content are generally weaker
than the fluctuation in the electron density at a fixed
height.

(b) The amplitude of fluctuation in total content for higher
periocds are greater than those for shorter perieds and

(c) The response of the electron content to the 15 min wave
is generally relatively weak and anlisotropic,

Generally, stndies of the wave induced fluctuations in
the ionosphere are aimed at getting information about the
character of the wave propagating in the neutral atmosphere.
However this task 1s quite involved as has been stressed by
Hooke. Thls is particularly sowhen one is dealing with the
integrated effects as in the present case of total electron
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content measurements. Hence the conclusion drawn in this paper
can at best be compared with those arrived at using a singfe
parameter such as fluctuations in FoF2,
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POWER SPECTRA OF ACOUSTIC GRAVITY WAVES TN

THE F-REGION IONOSPHLERE

R. DuBroff, K. C. Yeh and C. H. Liu

Department of Electrical Engineering
University of Illinois
Urbana, Illinois 61801

Abstract

Maximum entropy power spectrum analysis was applied to
the travelling ionospheric disturbances (TID's) observed in
the electron content data obtained from the ATS-III satellite.
Assuming that the TID's are caused by atmospheric internal
gravity waves, the power spectra should provide some indication
of the frequency dependent dissipative effects of atmospheric
loss mechanisms. In this regard, a theoretical model of the
attenuation of acoustic gravity waves was utilized to compute
the frequency dependence of thermal conduction and viscous
damping of internal gravity waves in the thermosphere. The
experimentally obtained power spectra are then compared with
the theoretical predictions.

In particular it has been found that the experimeitally
observed spectral peak, occurring at a frequency of about .04
cycles/min, generally corresponds to the theoretical prediction
of minimum attenuation.




1. Introduction

The primary purpose of the present work is directed
towards a comparison between a theoretical consideration of the
effects of dissipative processes upon the propagation of
acoustic gravity waves and the experimentally obtained power

spectra of fluctuations in ionospheric elcctron content. Within
the context of theoretical models of dissipative processes, a
number of different methods have been proposed. For example,

full wave and coupled mode (also known as WKB) methods have bceen
applied to the linearized lossy hydrodynamic equations by
Klostermeyer [1972], Liu and Klostermeyer [1975], Volland [1969]
and others. On the other hand, Yeh et al. {1975] and Yeh and

Liu [1974] have considered the problem from the viewpoint that
the dissipative effects may be evaluated by determining the
imaginary part of the wave vector which, in a weakly dissipative
medium, should be equal to the rate of energy dissipation divided
by twice the energy flux (Lindau and Lifshitz, 1959]. The present
approach to the theoretical model falls somewhere between these
two methods, and is, perhaps, most similar to the method of
Pitteway and Hines [1963], as will become more apparent in the
next section.

Experimental power spectra of ionospheric e’ectron density
perturbations have been investigated by many aut.ors [Titheridge,
1968; schddel, 1972; Toman, 1976). 1In this paper, power spectra
of wave-like perturbations in ionospheric electron content data
are computed and compared with the theoretical results in an
attempt to interpret the general features of the spectra in
terms of the atmospheric filtering effects due to dissipative
processes.

II. A theoretical model of the effects of dissipation upon the
propagation of acoustic gravity waves.

Since acoustic gravity waves are governed by the linearized
hydrodynamic equations [e.g. Hines, 1960], the effects of
dissipation are also contalned in the linecarized hydrodynamic
equations. Although these equations may be written i1n many
forms, the form which was discussed by Ych and Liu (1974}
provides a basis for the present discussion -- i1.cC.

ap!
Jt

v . . v o= 1
+ v Vo, * P,V v 0 (1)
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Iv! v v - . B )'T—g—“ V . x
o 3t * VP 'y nv [(vv') + (Vv') 7 L v')]
. R (2)
—- [ - v
ve (v vi)
-t > 1
%%— + v' o Vpo - c? %%— - ciy' . Vpo = (y=1)V « «VT' (3)
with pressure = Py + p': density = o + p'; velocity = 0 + v';
temperature = TO + T'; speed of sound = c¢; ratio of specific
heats = y; gravitational acceleration = 6; coefficient of thermal
conduction = k; collision frequency = v; and ion velocity = vi.
The viscous gtress tensor, 1' has been written explicitly as a
function of v', and n is the coefficient of viscosity. The

perturbed quantities are primed and subscript ¢ indicates back-
ground quantities. Assuming that the horizontal and temporal
variation of the first order perturbations may be represented by

e_l( t - kxx - kyy), then it should be possible to write eguations

(1) through (3) in the form of a set of coupled first order
differential equations, i.e.

AF (2)

o = Alz) » P(z) (4)

where the components of F(z) generally involve some combination
of the first order perturbed quantities and/or their derivatives.

In any case, the eigenvalues (A) of i(z) are defined
implicitly by some dispersion equation of the form

Glw, kxt k., A, n, v, x, 2} =0 . (5)

If it is now assumed that 3, v, « each represent a small departure
irom lossless (n = v = « = 0) conditions, then the deviation of
from its lossless (\O) value may be obtaincd by expansion ot

equation (5) as:
0 = G(w,kx,ky,\o,0,0,0,z) + G”(m,kx'ky:\010101012)“
+ Gv(fUlerk}.w\orOrO;sz)\) + Gk((ukalk),'\(‘)IOI()IOIZ)’- (G)

+ Gx(w,kx,ky,\o,0,0,0,z)X' +
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with Y 2 A = X ., The first term, of course, vanishes since
Xd is defined as thce solution of the lossless dispersion cdqua-

tion. Thus, when the losses are small, the modification of the
real part of the eigenvalue (the attenuation coefficient) 1n
the case of thermal conduction, for example 1is

GK(w,kx,k ,AO,O,O,O,Z)K

R - .M
o) Gx(m,kx,ky,Xo,0,0,0,Z)

Similar expressions can be obtained for the contributions to

the attenuation coefficient by viscosity and ion drag. These
expressions can then be used for the computations of the attenu-
ation coefficient.

On the other hand, in the method used by Yeh et al. [1975],
it is assumed that the effects of a dissipative process upon
the pseudo energy flux, FZ = % R : [p'vé*], may be adequately

represented by multiplying the lossless pseudo energy flux by

z
exp j 2A£dc . Therefore, the attenuation coefficient can
z

o
be computed by dividing the rate of energy dissipation by twice
the energy flux. It is found that the two methods vield the
save value of X; when thermal conduction, viscosity and ion drag

are considered.

To study the effects of the dissipative processes, let us
define a transmittivity function, E(w,kh) as:

z
Zlw, ky) = exp Jz (AL (g)]dg (8)
Q

whe:r, in our computations, z, = 150 km, z = 350 km. The trans-

mictivity function represents the chang. of amplitude of a wave
Jdue to dissipation when propagating from height 2, to height =z,

In the casce of thermal conduction the functional dependence of
“w, kh) 1s shown in ¥Yigure (1l). The eoffeccts of viscosity arc

shown in Figure (2). The atmosphere between 150 ka and 350 km
was assumed to be described by the CIRA {19651 atmosphoeric model
ro. 5 at 12:00. In both cases, the gencral features of I (., kh)
arce similar to the resuits obtained by Yeh et al. {197%].
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Figures (1) and (2) represent the cumulative offcects of
dissipation as 1t acts over a range ol altitudes for several
given horizontal wave numbers kh. The experimental data, how-

ever, docs not contain any spatial information, and as a recult
cannot be compared directly to these two fiqures. In order to
allow the data to be compared to the theoretical model, therefore,
i, kh) was averaqged over a range of values of kh' 1f the

sources exciting the gravity waves arc relatively broa. band (1in
the sense of wave numbers), then this approach may be reasonable.
The result of averaqging over kh is shown 1n Figures (3) and (4)

it

(for viscosity and thermal conduction, respectively). In both |
cases, it would appear that the two dissipative processes oxcrt '
a similar filtering effect upon the frequency components of the

acoustic gravity waves.

III. Experimental measurements

The electron content was obtained from Urbana, Illinois
E ’ (40.069°N, 88.225°W) by monitoring the Faraday rotation of
b signals from ATS-I11. After sampling the data at 2 minute
j intervals, thirteen records, each lusting 8 hours, were sclected
| for spectrum analysis. Although no systematic attempt was made

to select the records on either a seasonal or time of day basis,
most of the records lasted from mid-morning to mid-afternoon in
b the Fall of 1971. The data was selected on the basis of visible
\ indications of the presence of wavelike fluctuations super-
‘ imposed upon the slowly varying diurnal trend. Four additional
., . records were sclected on the basis of visible indications of the
Y absence of wavelike fluctuations, in order to assess the possible
effects of the diurnal variations upon the spectrum. 1In order
; to remove at least part of the contribution of very low frequency
‘ components to the power spectrum, each of the thirteen records
were passed through a weighted running mean filter [Webster and
i Lyon, 1973]. Figure 5 represents the frequency response of this
i particular filter, corresponding to a cut off frequency of
l
i

(1/120)min~Y. The effect of the filter on one of the records
15 shown, as an example, in Figure (6).

Having filtered the raw data, the power spectrum of cach of
a7l > thirteen records was evaluated by using maximum ontrvopy

_ﬁ spectrum analysls.  This technique, as described by Burg [1967,
‘o 1968, was Implemented by two different methods, both of which
 -“7 are described by DuBroff [1976]. The thirteen power spoctra
% s were then averaged, and the resulting average spectra were com-
}ﬁ i parced with the theoretical predictions of the weak dissipation
o theory.
o
Y
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IV, Interpretation of Results

The average spectrum of the thirteen records is shown 1n
Figure (7). Although there 1s a substantial amount of power at
low frequencies, there would also appear to be a broad local
maximum and a sharp peak within the shaded region of Figqure (7).
The frejuency band, in which the maximum occurs, extends from
about .03 to .06 cycles/min. This would scem to correspond to
the predictions of the theoretical model, as represented by
Figures (1) and (2). This maximuw becomes even more prominent
if the power spectrum shown in Figure (7) is multiplied by w?
in order to partially compensate for the frequency dependent
nature of the response of the ionosphere duc to acoustic gravity
waves in a neutral atmosphere [(Hooke, 1968]. This result is
shown in Figure (8).

A second method of maximum entropy spectrum analysis was
used, and the results shown 1n Figures (9) and (10) compare
favorably with Figurecs (7) and (8), respectively. Conventional
spectrum analysis also reveals the same general features -- a
maximum extending from .03 to .06 cycles/min.

In order to interpret the sharp peak which occurs within
the shaded region in tne four figures, the thirteen individual
spectra were renormnalized before averaging. In particular, each
of the thirteen spectra were, in effect, multiplied by a number
which was inversely provortional to the variance of each record.
After averaging the thirteen renormalized spectra together, it
was found that the sharp peak which is exhibited in Figures (7)
through (10) Jdoes not appear. However, a local maximum was
still found to extend from about .03 to .06 cycles/min.

Finally, in order to determine the possible effects of the
diurnal variation of the electron content upon the spectra, the
four specially selected records were considered. After passing
each of the four records through the weighted running mean filter
shown in Figure (5), evaluating the maximum entropy spectra, and
averaging the four spectra together, Figure (11) was obtained.
Figure (l1) indicates the presence of a low frequency spectral
peak, (~.005 cycles/min) as well as a general downward trend
from about .01 to .08 cycles/min. The low frequency pcak occurs
outside of the passband of the weighted running mean filter, and
therefore is difficult to interpret. Nevertheless, a similar
low frequency peak occurs in Figure (7) and (9). The general
downward trend, however, would appear to bce a common featurce
of all of the spectra which have been presented in Figures (7)
through (10)., Thus, the large downward trend occurring in the
spectra might not be associated with the obscrved wavelike
fluctuations in clectron content.
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V. Conclusion o

In summary, it should be noted that the observation of
wavelike fluctuations in the ionosphere with periods corres-
ponding to the minimum attenuation (from about 15 to 30 minutes),
as shown in Fiqgures (1) and (2), has been fairly well sub-
stantiated by other experiments (e.g. Titheridge [1968], and
Toman [1976]). While the limitations in the theoretical models
and uncertainities in the experimental data prevent us from
carrying out more quantitative comparisons in this paper, the
general agrecment between the experimental and theoretical
results would seem to indicate that the dissipative processcs
indeed play a role in the propagation of acoustic-gravity waves
in the upper atmosphere and this filtering effect can be
investigated using the theoretical model discussed in the paper.
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THE HBT!OIO‘OGICAL JET STREAM AS A SOURCE OF MEDIUM SCALE GRAVITY
WAVES IN THE THERMOSPHERE : AN EXPERIMENTAL STUDY

by ¥. Bertin and J. Testud
CNET, 1Issy les Moulineaux, France
and
L. Kersley and P.R. Rees
UCW, Aberystwyth,U.K.

INTRODUCTION

- In an earlier paper BERTIN et al (1975) presented results which
1linked atmospheric gravity waves observed at ionospheric heights to
possible sources of a meteorological nature in the troposphere. The
present work represents a continuation in which attempts have been
made in the first place to allay possible objections to the earlier
study and secondly to define more precisely the source regions.

EXPERIMENTAL NETWORK AND DATA ANALYSIS

The experimental basis of this preliminary paper was a ccordinated
campaign carried out in July 1974, The investigations involved use
of the quadristatic incoherent scatter sounder at St. Santin-Nancay-
Mende-Montpazier together with a system of six spaced polarimeters, two
networks of three each in France and U.K., receiving transmissiors frem
a geostationary satellite and providing measurements of ionospheric
electron content fluctuations. Figure 1 shows the geographic location
of the observations.

In the thermosphere, the incoherent scatter technique provides
a quasi-direct means of observing gravity waves as it gives access
over a wide altitude range (100 to 5S00km) to parameters, ionic
temperature and velocity, which are strongly coupled to the temperatura
and velocity of the neutral atmosphere; in addition the effect of the
wave on electron density is observed simu'taneously. The horizontal
structure of the wave, which is not accessible by incoherent scatter,
can be derived from spaced polarimeter measurements. Thus, taken
togesher, the two techniques constitute a powerful method of observing
gravity waves.

Correlation analysis is used to determine the characteristics of
the vave : amplitude, period, speed and azimuth of propagation. Five
consecutive days have been analysed by this method, and for each wave
detected a reverse ray tracing has been computed to look for the source
of the phenomenon. Performing such a ray tracing requires an
atmospheric model. From the point of view of gravity wave propagation,
the neutral atmosphere can be characterised at different heights by
the scale height, the ratio of the specific heats and the background
vind.  For medium scale gravity waves, with periods in the 20 or 30
minute range and propagation speeds 70 to 200 m s~', the interaction
between the wave and the neutral wind can be very important, so that
special care must be exercised in the choice of the background wind
model. The wind model used ‘n the present study is based on tidal
observations (steady, 24~hour and 12-hour components), provided by




the incoherent scatter sounder in the altitude range 100 to 300km and

by the meteor radar measurements at Carchy (France) between 70 and 100km.
These are complemented by meteorological data in the range O to 30km,
vhile between 30 and 70km the theoretical model of MURCATROYD (1965),
sonal circulation with a westwards waximum around 50km, is assumed
representative. The uncertainty in the wind model can be estimated,

for example from the day to day variation in the incoherent scatter

or meteor radar data, so that the error in the reverse ray tracing is
calculated systematically for each observed wave.

RESULTS

This preliminary paper presents the results of a study of
approxim:tely 100 waves. For 20 per cent of the waves the vertical
wvave number becomes zero at around the 110km level. The speed of
many of these waves approximates to the speed of sound at this altitude.
It is suggested that the observed waves at ionospheric F2- layer heights
represent an energy escape of Lamb waves propagating in the middle
atmosphere., .

For 80 per cent of the waves detected the reverse ray tracing
could be continued down to the 15km level, indicating that no critical
or reflection level is encountered by the wave between the F2-peak and
the tropopause., For each wave satisfying this condition, the pcint
vhere the wave reaches the 15km level is plotted on a tropopausic
meteorological chart. Figures 2 and 3 show examples of such plots.
In these figures the sizes of the circles represent the errors resulting
from uncertainties in the wind profile used in the ray tracing procedure.
The positions of the circles correspon] in most cases to geographical
areas where strong winds blow at the tropopause level, indicating the
presence of the jet stream. The significance of the relationship i
enhanced by the fact that ray tracings are performed for waves observed
at two locations, in U.K. and France, separated by about one thousand
kilometers. -

The distance of each source location from the jet stream axis has
been determined, distinguishing between sources lying on the polar and
tropical sides of this axis as shown in the discribution of Figure 4.
The histogram shows an assymetry with respect to the jet stream axis and
strongly suggests that in fact it comprises two component distributiors,
one centred on the axis with a second displaced towards the polar side
by some 400km. The sources lying in this latter regisn have been
re-examined individually and appear to fall into two categories only one
of which can be linked genuinely to the jet stream. The other group
can be illustrated by the example of the sources marked by the hatching
in Figure 5. These show no obvious association with either of the jet
streams present at this time, but lie in the strongly convective region
on the polar side of the jet stream axis. It is suggested that these
sources are associated with convective instability, thunderstorm activity
having been reported from these regions on the days in question.

CONCLUSIONS

It is important to try to understand the significance of and to
appreciate the objectives of a study of this kind. It is believed that
work of the type described above is of use in three areas.

1. The method developed to study the gravity waves is in itself a good
tool to understand the meteorclogical instability process. (GOSSARD and
HOOKE, 1975).




2. TFrom the results already obtained work is in progress on energy
balance considerations and there are indications that a study of this
kind can lead to a greater understanding of the waves and their sources.
The velocity amplitude in the neutral atmosphere of the waves observed
by the St. Santin iacoherent scatter at 250km was about 15 m s-1.
Assuming an exponential growth the corresponding amplitude at 15km would
be about.1/2000 of this value. However, considerztion of damping effe'.cs,
like resonant interaction with the wind (YEH and LIU, 1970), suggests that
the actual amplification is much less. A full wave calculation for one
of the waves in the present study has ziven an amplification factor in
the range 15 to 40 (VIDAL MADJAR, private communication). This would
imply that the velocity amplitude at the tropopause would have a
magnitude in the range 0.3 to 1.0 m s-1, Thus for a source of finite
size, say 20km horizontal extent, the total energy launched would be
very large.

3, 1f the indications ocutlined above are corvect, namely that the wave
spectrum 1s characteristic of the source type, then studies of this
kind may assist in the evaluation of theoretical work on the wave
generation process (MASTRANTONIO et al., 1976).
Acknowledgements
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Mg.2. The geogrephic location of the source regions of the observed waves. The
contours are of constant wind speed at trcropause level, labelled in knots, for
0000U.T. on 16 July 1574. The lines terminating in arrows show the jet-stream
axis. The general locations of the ionosvheric observations are depicted by

81 and S2 for French and U.K. station networks resrectively, The source region:z
at tropopause level of the observed waves are depicted by the circles,the nucbers
within each circle giving the period of the observed wvave and the aporoximate
time (U.T.) of launchins, The continuous and dbroken circles refer to the French
and U.K. observation respectively, while the size of the circle gives a nnasure
of the uncertainty of the source position due ‘to the accuracy of the wind profile
used in the ray tracing procedure,
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Pig.3. As for Pig.2 except that observations are for 1200U.T. on 17 July 1974,
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Pig.5. As for Fig.2 exccpt that the obzervations are for 1200U.T. on 1€ July 1574,
The sources marked with the hatching are associated with a region of
thunderstorm activity.
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SOLAR-TERRESTRIAL PHYSICS 4//{1\\('\\‘

National O ic and Atmospheric Administration
Boulder, Colorado 80302 U.S. A.

MRSSACE FROM WORLD DATA CENTER-A FOR SOLAR-TERRESTRIAL PHYSICS

by J. Virginia Lincoln

1 have brought 25 copies of 3 handouts. The first is an updated version of

the Catalog of B.6 Total Electron Content data from Satellite Beacons presently
in the World Data Center. You will note it consists of very little actual

data in our hands at present. What we do hold are copies of reports made by
various institutions, universities, or government laboratories for limited
periods. We feel the WDC could be more helpful to the total electron content
and scintillation data community if your data were supplied to a WDC, parti-
culsrly if in computerized format as recommended by the COSPAR Working Group
some years ago; however, hard copy data are still welcome.

The second handout is the format for hourly electron content data on punched
cards as prepared by J. Klobuchar. I am happy to announce that he has just
mailed some of these data to us. The only change is the asterisk indicating
that WDC-A needs columns 74-80 for control use, and, therefore, would prefer
that the information optionally suggested for columns 74-80 be placed on
information header sheets.

The third handout is pages from the Second Edition of the URSI Handbook of
Ionogram Interpretation and Reduction, Report UAG-23 of World Data Center-A
for Solar-Terrestrial Physics. This handout indicates that if the proposed
Klobuchar format is used, it readily fits into the internationally adopted
scheme for preparing hourly values of ionospheric characteristics in computer
format. In fact, the two formats are identical for the electron content data.

I must, however, confess that my own agency NOAA is submitting computer tapes

in a different format. It is as described by K. Davies, R. B. Fritz, R. N. Crubb
and J. E. Jones at an earlier COSPAR meeting. These NOAA data are additionally
expected to be published in a UAG Report of World Data Center-A for Solar-
Terrestrial Physics. Though we prefer standardized data formats, we will

happily accept data on punched cards or magnetic tape as long as they are in
fully documented form. I believe you are all aware of the problems of con-~
verting data tapes from one computer system to another, hence the need for
documentation. If you have any questions on format, please write our data
center, and our programmers will respond.

We have just recently issued our Catalog of B.l Ionospheric Vertical Soundings
Data, and if any of you (or your organization) did not receive a copy, please
let me know. It includes all of our holdings, not just the data from the IGY
onward. We hope to publish the other ionospheric holdings catalog by the end
of the year. Therefore, I beg you to submit your electron content and scintil-
lation data and indices in the near future (or at least tell us what data are
to be available on query). Replies to the MONSEE-STF questionnaire have pro-
vided a little such information, but complete details are still needed from
many of you.

By supplying equivalent amounts of data to you on request in exchange for your
data (or supplying larger amounts of data at the cost of reproduction) we feel
we can relieve you of such copying burdens from bilateral type requests.

May 1 close with other advertisements of our data center services. Mini-
catalogs are presented in the flyers 1976 (A), Monthly Composite Data - h'f

and N(h), and 1976 (B) for Whistler Data - 1956-1966, available from our
archives.

June 1, 1976
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4
! Proposed Format for Hourly Electron Content Data on Punched Cards (from J. Klobuchar)
y ‘ (for submission of data to WDC)
k' i Card Column Description Remarks
1 Type Card Ionospheric Data: "1"
l 2 Hours Hours 00 - 11: "1" (asgumed to be local standard time unless
| Hours 12 - 23: "2" noted otherwise in coluymn 80.)
: 3-5 Station Code See master list or write WDC-A (Boulder) for new code.
6-11 Date Code Year-Month-Day (YYMMDD)
12-13 Characteristic Code "70": Ionospheric Electron Content to 2000 km, Faraday Rotation,
3 geostationary satellite.
: "71": Total Elcctron Content up to the geostationary satellite
14-18, Hourly Pata Divided into five columns per hour: 15 ?
19-23, first three columns: hourly value in units of 10"~ electrona-
! . meter < vertical column, right justified, no decimal pt. If -
3 1 . more than 999 use M or N descriptive letter.
b - . . fourth column: qualifying letter 4
. : 69-73 fifth column: descriptive letter T
i ' « 74-76 Sub-ionospheric In whole degrees (positive North),, right justified. Use 420km height. ‘
-, ] latitude
} E 77-79 Sub~-ionospheric In whole degrees East, right justified. Use 420lm height.
é longitude
80 Time standard "U": Universal Time
"L": Local Standard Time
"$": Sub-ionospheric longitude time
Header Card Information (for use with hourly electron content data)
Column Description

!

. 1 Identifier for electron content: "7" I
Pt 2 Blank i
3 3-20 Station name i

y 21-30 Satellite name
1 31-34 Satellite East Longitude
g 35-40 Beacon Frequency (*Mz)
‘_ 41-45 Sub-ionospheric point Latitude (use 420 km height) 1}
2 46-50 Sub-ionospheric point East Longitude (use 420 km height) ;
51-60 East Longitude Time Zone used for data. &
61-70 Conversion factor (unit of ambiguity) in units of electrons per meter squared per unit of E
ambiguity (e.g. pl radians) times 10717, I
71-80 Method of data reduction (e.g. Faraday Rotation = FR, Group Delay = GD, Differential t
Carrier Phase = DCP, etc.)
This information is not processed in any mathematical way. It is used in the heading to explain the
hourly values which follow. A decimal point may be used on the Header Card, but all hourly data values
must be integers.
Qualifying and Descriptive Letters for Total Content Data
Qualifying Letters developed for fonosonde data which may be applicable to Electron Content data:
D Greater than ...
¢ E Less than ...
1 Missing value has been replaced by an interpolated value.

Descriptive Letters developed for ionosonde data which may be applicable to Electron Content data:

c Measurement influenced by, or impossible because of any non-ionospheric reason, e.g. equipment
faflure.

S Measurement influenced by, or impossible because of, interference or atmospherics, including
scintillations.

onne

The following Descriptive Letters are to be used in this way only for Electron Countent data:

{ “ To add 1000 to value reported
f N To add 2000 to value reported v

* WDC-A for Solar-Terrestrial Physics requests that these columns 74-80 be left blank for WDC control
use.
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TABULATION OF HOURLY VALUES
JKLMNOPQRE

COOOONR OO IR BRI a oI s o a ot oot e oot ananaaroaaoonooaucaeasuouionIsInIINg
I T T Y I N O N T N I T T T T I T R R T T

KRR RN R R R NN N N R R R N N R R RN R R R N N NN RN RN R AR
ranununnmmunnnnunununnIIInNRIRINIIIINInIMIIIINNIINNINN

SAR3INIIINIIIINNINNIINNIIINNINNNNINNNININNIINNNNINNLINNNDINLGNNNINDDIDI3D0D
COD a4 008840004008 0800 0000400004004 0000 004000000 0L :
[RER] RRRRRRR R RRRRRRRARRR R R R R R R R R R R R R AR R R R AR R R R R RRE R R R RRRERRERRRRRRRRRRRERE B F

; N B o N I I N Oy
3 % SRR RRRRRR R AR R R AR AR R R R R R R R R R R R R R R R R RN R RN R RN RN RN R R RN RRRRE!
' g RN IR R R R e N R R RNy R RN TR RANA RN RN YL A I
i ¥ 06ET3SIRIINIIEIIIITaNT0005NITINI00TIIITIItINNNNNtItIIItIigenstiteeNtINyeg
4 ke EEEERREN Tera A v man I TR T R R R R I I TRl [
r: ! 0 Fig. 7.2 “Eleven punch” for station codes
(c) Date
Columns 6 and 7 identify the year (e.g. 57 implies 1957).
Columns 8 and 9 identify the month (e.g. 09 = September). |
Columns 10 and 11 identify :
(i)  for hourly measurements: the day
(e.g. 08 signifies 8th of month).
(ii) for monthly summaries: 1
40 the median,
50 the median count,
60 the upper quartile,
70 the lower quartile,
80 the quartile range.
77 the upper decile
87 the lower decile
(d) Characteristic
Columns 12 and 13 identify the ionospheric characteristic by using the
unified two-digit code given in Table 7.2 in section 7.34.
Characteristics normally interchanged are marked with
an asterisk.
Hourly measurements: The ionospheric data for one characteristic for 12 (or 13) hourly ob- £
servations are punched on a single card. Five columns are devoted to each observation as follows: 4
(a) Characteristics normally expressed as numerical values
Columns 14, 15, 16 (for example): The numerical value. This is always punched with three
digits in the following way:
: a 7.9 value of foF2 is punched as 079,
d a 3.5 value of foFl is punched as 350, )
‘1 l‘
k a 2.45 value of fof is punched as 245, (
- a 9.4 value of foEs is punched as 094, 1
a 3.7 value of fbEs is punched as 037, i
; a 2.6 value of fmin is punched as 026, -
% 2 2.95 value of  M(3000)F2 is punched as 295, 3
a 245 value of h'F is punched as 245, ’i
. a 97 value of h'Es is punched as 097, ?

27.6 value of MUF(3000)F2 is punched as 276.
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Column 17
Column 18

(b) Type of Es

PUNCHED CARDS

(for example):
{for example):

Qualifying letter.
Descriptive letter.

Further groups of five columns are used in the same way.

: ! To accommodate the standard 5-column allotment to each hourly observation, Es types are
: ; punched in the following way:
3 ‘ g
R 5 column 14 (for example): First tabulated type.
A ’ : Column 15 Number of Es traces of type punched in preceding
! : column (maximum of 9 traces permitted).
3 4 Columns 16, 17 (for example): Type and number of traces for second
¥ ‘ ¥ tabulated type.
? : - Column I8 (for example): Type (only) for third tabulated type.
. 18 Nothing is punched for vacant spaces on the tabulation sheets.
3
a1 £ Code of characteristics: It is essential that all groups use the same characteristic code for
x| 1 ey punching jonospheric data. The standard characteristic code assigmments of Table 7.2 was adopted
33 t internationally in January 1970, for punch card columns 12 and 13.
¢ Table 7.2
? Codes of Characteristics, Card Columns 12 and 13
N ? Characteristics normally interchanged are marked with an asterisk (*).
‘ t CHARACTERISTIC CODES
! USED FOR IONOSPHERIC MEASUREMENTS Jan. 1970
\w FREQUENCIES PARAMETERS HEIGHTS
: CARD COL 13
H 0 1 2 3 4 5 6 7 8 9
: CARD COL
¥ 12
: YER
i LA Q{00 01 02 03 04 05 06 0? 08 09
3 Fe
;‘ ‘i foF2* fxF2 fzF2 | M(3000)F2* h'F2* hpf2 | h'0x MUF(3000}F2 | hc qc
Froj1l10 1 13 14 16 17
g fof1* fxFl M{3000)F1* h'Fl h'F* MUF (3000)F1
: E |2]20 22 24 26
; foE* fof2 h'E* h't2
g s 313 31 32 33 34 36
v
i foEs* fxks | fbEs*| fEs h'Es* Type Es*
13 .
E Other | 4 | 40 42 43 44 47 48 49
{ fofl.5 finin*{ M(3000}F1.5 h'F1.5 fm2 hm fm3
‘ Spread 5 | 50 51 52 53 54 57
P F and
§ Oblique | fol fxI* | fm] M(3000)1 h'l dfs
¥
1 60 61 63 64 65 66 67 68 69
E N(h) {6 fh'F2 fh'F h'mFl hl h2 h3 ha h5 H
70 71 72 79
. T.€.C.|7 f(2000) | I T(xxxx) T
]
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TABULATION OF HOURLY VALUES

The table lists characteristi.. that should be exchanged internationally by all stations, with
the addition of some characteristics regularly measured at some stations for voluntary interchange
by special arrangement. In a few cases, an arbitrary code assignment was adopted, but, in general,
the WWSC system has been followed.

This table differs slightly from that given in the first edition. The following changes and
additions have been adopted: Card column 12 (Layer identification), index 5 was originally reserved
for solar indices, but has not been used for this purpose since an independent solar code has been
developed. Therefore, index 5 in column 12 was adopted for parameters associated with spread F and

oblique reflections. Index 6 is adopted for electron density profile parameters and index 7 for total
electron content parameters.

02 fzF2 {new)

07 MUF(3000)F2 (change of code number)

17  MUF(3000)F1 (change of code number)

26 h'E2 {new)

44  h'F1.5 {new)

47  fm2 {minimum frequency of second order trace) (new)

e b o o 1 e ———

49 fm3 (minimum frequency of third order trace if required) {new)
50 Reserved for fol if required
51 fxI (new standard parameter)
52  fmi, lowest frequency of spread (in use at some stations only) (new)

53  M(3000)I, factor deduced from upper frequency edge of spread traces and

v
>~
M TR I AR T N R TR SRS

H fxI (in use at some stations on experimental basis only) (new)
% 54 h'l, minimum slant range of spread (in use at some station$ only) (new)
70 1,400 O [(2000) Definition: Tonospheric electron content up to 2000 km (for a geo-
; stationary satellite measured by Faraday technigue).
2 ¢ 71 1 Definition: Total electron content up to a geostationary satellite.
; 72 IXxxx or I{xxxx) Definition: lonospheric electron content up to satellite height xxxx
for nongeostationary satellites.
'The following allocations have been requested to facilitate interchange of electron density
profile data. They will be reviewed in the future to see whether they have been used in practice,
™A and may be changed.
i 4
f*'} Additional parameters needed to enable profiles to be calculated using conventional parameters
4 i (e.g., foF2, M{(3000)F2, h'F2, fofl, M{3GO0)F1, h'F, foE, h'E, fmin).
] e
b’!:; 60 fh'F2 Definition: The frequency at which h'F2 is measured.
Y 1 61 fh'F Definition: The frequency at which h'F is measured.
) 4 63 h'mF! Definition: The maximum virtual height in the o-mode F1 cusp.
Vo (i.e., the value of h' at fofl).
K : Profile characteristics calculated using Titheridge's method (Chapter 10).
¢ 48 hm Definition: The height of maximum density of the F2 layer calculated by
Titheridge's method.
. 79 1 Definition: The total sub-peak content calculated by Titheridge's method.
Ny Y 69 H Definition: The effective scale height at hmF2 calculated by Titheridge's 3
iy method (H is similar to qc physically but liable to greater ;
e experimental errors). 3
195 g
1 } 4
k ;




PUNCHED CARDS

Definition: True heights calculated by Titheridge's method at the sampling
frequencies f1, f2, f3, f4, 5,

Note: At night hl represents f1.

Among the recent additions only fx! (51) is now recommended for general use, but data available
for other-additions should conform to the recommended -code when punched.

The following definitions are generally accepted but have not been standardized internationally.
It should be noted that such local conventions may change with development and research.

x- and z-mode characteristics:

44
05

06
57

Some typical ionospheric data punched cards are shown in Fig. 7.3, 7.4, 7.§ and 7.§. t
pretation of the punched codes and data is printed at the top of each card and in the figure caption.

h'F1.5
hpF2

h'0x
dfs

Note:

For extraordinary-wave mode or z-wave mode (columns 1 and 3
Table 7.2}, follow the corresponding definitions for o-wave mode character-
istics.

This is defined to be analogous to h'F2.

This code may also be used for parameters analogous to hpF2 where this para-
meter is not measured at the station, e.g., hmF2 deduced by curve fitting
without correction for underlying ionization, but a note showing the exact
parameter used must be included with the cards.

Height of extraordinary-wave trace at frequency equal to foF2.

Frequency range of spread. This is normally equivalent to fxI-foF2, but can
denote total frequency range of spread when fofFZ or fxF2 cannot be identified,
e.g., for equatorial scatter, when dfS = fxI - fml may be used.

The URSI/STP Vertical Incidence consultant or members of the INAG should be
consulted when preparing local conventions for regional use to insure that
scaling and reduction personnel receive instructions consistent in form with
those of standard characteristics included in the current international ex-
change program.

The inter-
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SIMULATION AND MEASUREMENT OF THE

PLASMASPHERIC ELECTRON CONTENT

D. A. Poletti-Liuzzi, K. C. Yeh and C. H. Liu

Department of Electrical Engineering
University of Illinois
Urbana, Illinois 61801

Abstract

By combining the Faraday rotation, differential group delay
and the differential Doppler techniques, attempts have been made
in the ATS-6 beacon experiments to measure the plasmaspheric
electron content. However, the sensitivity of the techniques
depend on the ionospheric parameters. Therefore, in order to
obtain consistent results from the data, computer simulations
investigating the sensitivity of the techniques to different
ionospheric models are carried out. It is shown that in order
to obtain consistent results from the experiments, a pair of
optimal values for Faraday height and averaged magnetic field
strength used in the analysis of Faraday data should be found
which are applicable to a wide range of variations of model
parameters. Such a pair is obtained and used to analyze the
ATS-6 data from our Danville, Illinois station. Our results
show that during magnetic quiet periods in the summer, the
plasmaspheric content I, is quite large, of the order of 20% of
the total content during the day and can be as high as 50%
during night time. No appreciable diurnal variations are found
in I,. Also, increase of I, during the few hours following
sudden commencement of magngtic storms is observed. Thesc results
as well as those from computer simulations will be presented.
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3 ,‘ 4 1. Introduction

& The ATS-6 satellite (ATS-F before launch) carries a multi-
) F: frequency radio beacon which permits a continuous monitoring

' of the integrated electron content in the ionosphere [Davies
et al., 1972]. This is done by measuring from ground stations
the effect of the ionosphere upon radio signals transmitted by
the satellite.

1wo experiments are of particular interest to us. One
is the Faraday rotation experiment, which consists of measuring
the rotation of the plane of polarization of a radio wave that
has travelled across the ionosphere. Since this effect is
y strongly dependent on the earth's magnetic field, whose strength
e, ‘ decreases approximately with the cube of the distance from the
3 center of the earth, it is rather insensitive to the electrons
encountered in the upper parts of the ray path. Consequently,
- it gives a measure of the electron content of the lower iono-
k< ) sphere, where most of the ionization is known to occur. We
' call this quantity Faraday content.

¥
v
:

The differential group delay experiment, which measures the
difference in transit times of two radio waves across the
] ionosphere, is equally sensitive to all electrons regardless of
25 their position along the ray path. The total content integrated
3 along the entire ray path can be computed from this observation.

M

S The plasmaspheric content is then found by subtracting from
the total content the Faraday content. 1In this work we are
concerned with studying the techniques for measuring the plasma-
spheric electron content from both a theoretical and an experi-
mental standpoint. In section 2 we analyze the behavior of the
3 electron contents for model ionospheres. The experimental

. results are presented in section 3. Some conclusions are dis-
cussed in section 4.

¥
et

2. Simulation

pAee g

Let us consider the radio ray path from the satellite to the
ground as shown in Figure 1. We will represcnt the distance
from the ground station to a point on the ray path by h, the
height, and the clemental path length by ds. The slant clcctron
content from ground level to a height h is defined as

h
) I1(h) = J N(s)ds (1)
(o]
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and the corresponding slab thickness obtained by dividing
(1) by the peak density, Nm' is

t(h) = 1(h)/N (2)

h = 0 at the ground station, hg = 37623 Km at the ATS-6
satellite. The total content and slab thickness are then

L]
L}

o I(hs)
(3)

~A
U

T(hs)

The Faraday height, hF' is defined so that the eguation

Bp
= J N(s)ds (4)
(o]

is satisfied. Then Tp = T(hF). Let us recall that the Faraday

rotation angle undergone by the wave in its entire path is

h
s

Q =K ] N(s)HL(s)ds (5)
o

where K = 2.97162 x 10 2/f2 (S.I. units) and HL is the magnetic
field intensity in the direction of wave propadation. Our
ultimate aim is to relate linearly Ip to Q. Since Hj, is varaible,
we must_account for its effect on Q by finding a weighted avcrage

value, Hj. Furthermore, we must answer this very crucial question:

Does a unique hyp exist such that equation (5) can be written as

Ip = Q/KHL : (6)

for the different model ionospheres? If such a quantity is
plausible_then, for the particular ray path gcometry, we will have
a unique i}, value that will allow us to determine I, from thc
measured value of 1! for a range of varying conditions of the
ionosphcre. In the next section, computer simulations arc carried
out to study this problem,
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! The gecomagnetic field is modelled by the dipole approx-

! imation (Sec Yeh and Liu, 1972, pp. 148-149). The lines of force
of the dipole, togctner with the ray path geometry, are shown in
Figure 1. The equatorial distance to the satcllite is given
both in kilometers and by the L-value.

ks

Notice that the radio path encounters different field lines ;
at different angles, and that it encounters some lines twice. ;
Our station in Danville is at L~2.45. Progressing upwards L 1
decreases to ~2.1 at a height of ~2100 Km, then it increases ) ;
monotonically up to the satellite (L~6.8). The lines correspond- 1
ing to L = 2.45 to 2.1 are encountered twice.

The model for the electron density consists of four different
parts. Above 500 Km the profile is that given by Angerami and
Thomas [1964), modified to make the temperature variable with
height. Below 500 Km, three layers are used.

Since we would like the model to be valid for any actual
magnitude of the peak density, we will normalize its value to
! unity. In this way, an evaluation of equations such as equation
(1) will actually yield the slant slab thickness.

The model uses three parameters: the transition height, h.,
which is the level of the 0% to Ht transition; the peak height,
hp, and the exospheric plasma temperature, T,. The ranges of
variation for the parameters are 500 KmihTilSOO Km,

200 Km<h,<400 Km, and 1000°K<T,<5000°K. The illustrations that
follow, "unless otherwise stated, will correspond to hg = 1000 Km, 3
hy = 300 Km, and T, ranging from 1000°K to 5000°K, in 1000° steps. E

The density profiles change appreciably as the parameter
i values are changed. In Figure 2 we can observe how strongly the *
! electron density at heights above hM is affected by changes in T_.

i From equations (4), (5), and (6) we obtain

: h
£ Js N(s)

; I

he
H (s)ds = H J Nis) 45 . (7)
(o]

j The left hand side can be readily evaluated since the integrand,
‘ as well as the limit of integration hg, are known. The right

; hand side, on_the other hand, has two unknowns to be determined, ;
the constant #, and the limit of integration, hp. Since there »
is only one eqhationL we need to imposc another condition in s
order to solve both i, and hp from equation (7). The idea is to
make hp as indcpendent of the model parameters as possible. 4
Evidently, we have to use a trial-and-crror procedure for the 1
solution. The results are shown in Figurc 3.
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The curves show that there exists an optimum [, = 35.1 A/m that
minimizes the changes in the Faraday hecight due to variations

of the model parameters. Although we cannot achicve “a perfectly
constant hp, its total variation is of the order of 270 Km,

which is about 10% of its median value of 2715 Km. The sigynif-
icance of these numbers can be understood better if we take a
look at the other curves. Any small deviation from the optimum
Hy,, either above or below, produce drastic changes in hp. This
fact can give us an idea of how critical the value of Hj, is. Let
us emphasize that these results, iy = 35.1 A/m, and hp ~ 2700 Km,
apply only to the geometry corresponding to the station at
Danville, Illinois.

The ratio Ip/Ip at the satellite gives a good indication
of the behavior of the plasmaspheric content, for the ratio of
the content in the exosphere to the total content is simply

1 I
m=1-5 . | (8)
T T

We can now use the obtained value of Hj, to compute this ratio.
The effects of each parameter upon Ip/Ip are shown in Figure 4
which shows the contours of constant value of this ratio for all
the parameter values used in this study. By fixing two of the
parameters and letting the other vary we can draw the following
conclusions:

(i) An increase in T_ makes IF/IT to decrease
(ii) An increase in hM makes IF/IT to decrease
(iii) An increase in hT makes IF/IT to increase

Also, using our model, we can simulate the behavior of the
plasmaspheric content during magnetic storms. During magnetic
storms, the plasmapause shrinks. As remarked earlier, the ray
path to the Danville Station intercepts an L-shell twice for
2.1<L<2.45. If the plasmapause should shrink to such low levels,
then the radio wave will travel through recgions essentially
depleted of electrons, both below and above the L-shell. The
model is adapted to the magnetic storm conditions by neglecting
all electrons outside the plasmapause without other changes in the
density profile. We can now compute the Faraday and total slant
slab thickness as a function of the plasmapause position for
different parameter values. The results are shown in Figure 5
for the total (full lines) and Faraday (broken lines) cascs.

The Faraday slab thickness is unchanged as the plasmapausec

moves inward, provided L>2.45, because the Faraday height is
below the plasmapause. On the other hand, for the same range
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of L-values the total slab thickness does decrcasc with ‘L.

The decrease is almost negligible for T_ = 1000°K, but becomes
more noticeable for nigher temperatures, becausec the plasma-
sphere is reduced mere and more. Now, if the plasmapause is
further shrunk below L = 2.45, both quantities will decrease
very sharply because of the special configuration of the
ionosphere.

[
:

[ N Wt i

Figure 6 shows how the ratio Ip/Ip changes during a mag-
netic storm. The abscissa represents the L-value. Starting
from the satellite and progressing down the ray path, as L
becomes smaller the ratio increases until a maximum is reached,
and then decreases again. The position of the maxima for
different temperatures varies between L = 2.45 and 2.7.

o ‘ An important conclusion is that the ratio IP/IT is likely

i 3 to drop considerably as the plasmapause progresses inward, un-
less it passes L = 2.45, a rather unlikely event. The
magnitude of the change of this ratio depends heavily on the
temperature and on the magnitude of the change in L. For
example, a change of L from 6.8 to 3.0 will provoke, if the
temperature remains constant throughout the pocess, a reduction
in the ratio Ip/Ip of 31% at 5000°K, 37% at 4000°K, 43% at
3000°K, and of 53% at 2000°K. These values are guite consid-
erable.

3. Data analysis and results

Records of the ATS-6 beacon experiment have been gathered
at the Danville station for a time span of almost one year
(5 July 1974 to 9 June 1975). We have attempted to analyze some
of these records. Two periods of data were chosen for analysis.
The first was during a long string of quiet and normal days in .
August 1974. The second was in October 1974, for a period of
sharp changes in geomagnetic activity with two major storms.

In Figures 7 through 16, the results are shown in the follow-
ing manner. The bottom frame shows, in dashed lines, the Kp
value, together with the plots in full lines of the integrated
slant electron content, total, I, and Faraday, Ip. The middle
frame depicts the integrated slant plasmaspheric content, Ip, in
a scalc twice as large as that for Ig and I,,. In the upper frame
the value of the ratio Ip/15, Or Ip/I,, is plotted. The time is
given in Central Standard Time (CS1 = UT - 6).

The August period analyzed is fairly distant from the pre-
vious maderately strong magnetic storm on 2 - 4 August. 'The
magnetic activity tends to decrease, with the last four days
{12 - 15 August) being very quiect (Kp < 2+).

The behavior of I, and I, is very much in line with what

was previously observed for IF for this month [Flaherty and
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Narayana Rao, 1972). The daytime incrcases in Iq and Tp above
k: their nighttime values are small. Figurcs 7 and 8 show the
. ¢ B typical behavior for this period. The plasmaspheric content, I
3 is rather large, of the order of 3 - 5 x 1016 cl/m2. 1t is
essentially constant throughout the day. There appears to be j :
3} some substantially large oscillations in Ip (of the order of 3
. B 2 x 1016 e1/m2, peak-to-peak), which we think are mostly due to
1B errors in equipment and data scaling. The most representative
¥ values are probably given by the mean of the oscillations.

PI

o

daily variations. The maximum seems to occur betwen 0300 and

t

b
! i
! ]
‘ The ratio Ip/Ip for all these days follows the same general f
. ;
. 4 0400 with very large values, 0.5 to 0.6. After sunrise this %
1
|
1

ratio experiences a very marked decrease in a period of one to
two hours, then remaining fairly constant with values between i
0.15 to 0.25, depending on the day. It starts to increase again ,
before sunset, at a slower pace than the sunrise decrease, and i
continues doing so until reaching the peak on the following day. ‘

The progressive behavior of Ip during this period is less
evident, yet noticeable. At the beginning of our observation
period I, was from 3 to 4 x 1016 el/m?, and towards the end,
with mucg quieter conditions, it rose to about 5 x 1016 el/mz.

The period of 10 - 20 October 1974 consists of two quiet
days, 10 and 11 October and two important magnetic storm periods
with SC on the 12 and 14 October. The storm of 12 October had
two SC reported, one at 0645 and the other at 1415. Following
the first SC the Kp index remained high for the remainder of the
day and part of 13 October. On 14 October, another storm had an
SC at 1034 and lasted for a few days. The Kp index has risen
sharply by five units at SC, and remained in general fairly high
until the end of our data.

The behavior of Iy and Ip during the two guiet days at the
beginning of the period can be considered as normal for that
time of the year (See Figure 9 for 11 October). The plasma-
spheric content has a very much flat behavior (save for the
oscillations) of an average level of 3 - 3,5 X 1016 c1/m?. The
ratio Ip/Ip is larger at nighttime than during the daytime, with
a typical nighttime value of 0.35, decreasing gradually after
sunrise and remaining at an average of 0.1l before gradually
increasing at the time I, and In begin their afternoon deccrcase.

o T R T TR AP R TR IR O L R

On 12 October, the Kp index increcased after the first SC
from 4 to a high of 7- at midnight. 1In Figure 10, the curves
for Ip and Ip are in general higher than for the preceeding day,
expeclally in the time period that follows the sccond SC until
0200 to 13 October. The plasmaspheric content showed a slow E
increasc _in its mean behavioi'6 from the nighttime valuce of 3
2.5 x 1016 to about 3.7 x 10 after 1200; it remaincd at that
level until midnight. On 13 October the I,, and Ip curves were
very depressed and showed little daily variation (Figure 11l).
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The Ip curve showed a marked decrease from 3.7 «x 1016 at

0000 to about 1.5 x 1016 at 0600, staying at that low level
until midnight. On 14 October I, showly incrcased from mid-
night until SC of the storm, to a value of 2 x 1016 (Figure 12).

The ratio I,/1, on 12 October followed the same morning
behavior for 11 6ctober but in the afternoon its increcase was
. very slow, reaching a maximum at 0300 of 13 October. During the
' rest of 13 October it was at a low 0.1 to 0.15 value, rising
i a only after midnight to a maximum at 0300, 14 October.

The storm on 14 October had some interesting effects upon
: the ionosphere. It caused a very large peak of I, and Iy about
' . four hours after SC; followed by a rapid decrease in the next
3 three hours, and a slower one until 0500 of 15 October. The
: plasmaspheric content was ~2 x 1016 el/m? before SC, increased
: in a perceptible manner to ~4 x 1016 e1/m2 at the peaks of Ip
S ' and Ip, and afterwards decreased to 2 x 1016 by 1800. Its value
remained roughly constant until sunrise of 15 October. We are
inclined to believe that the actual value of Ip did not increase
afterwards during the remainder of 15 October. The ratio Ip/Ip
for 14 and 15 October were not much different from the correspond-
ing ones for the 12 - 13 October period. Similar toc what happened
on 13 October, the IT and IF curves were very depressed on
15 October (Figure 13).

3 During the last five days of the storm period, 16 - 20 g
October (Figures 14 through 16), the general pattern of Igp and

Ir appears to be that of depressed contents, except for 17 October.
The exact behavior of the plasmasphere during 16 and 17 October

is difficult to recognize because of the large sizes of the

oscillations. But averaging over them it is apparent that the b
Y plasmasphere is essentially degleted of electrons. The mean i Y
: value is only around 1016 el1/m? on 17 October. It is even lower

for 16 October. On 18 October it appears to start to increase to
2 x 1016 and to 2.5 ~ 3 x 1016 on 19 oOctober. The average Ip for
20 October has dropped to 2.5 x 1016 e1/m2.

e 87 2y

It is of great interest to observe the daytime ratio Ip/Ig
during those days. On 16 and 17 October it reached a very low
level of 0.05. As compared with the daytime ratio obscrved be-
fore the storm. This is in agreement with our simulation results.
The nighttime value on 17 October was of the order of 0.25, ana
that of 16 October was about 0.1. The discrepancy in the night-
time ratios may be due to different phase errors; also, at 0400
on 16 October, Ip was extremely small, and even a small crror in Ly
can influencec a large error in Ip/I,. On 18, 19, and 20 October
the ratio seems to go back to the beéhavior of the pre-storm days.
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4. Discussion of the results

From the results, we note that under normal gcomagnetic
conditions the plasmaspheric content exhibits a very flat daily
behavior, with an essentially constant value throughout the day.
The oscillations observed in Ip are a conseguence of errors in
equipment calibrations and scaling. Taking the median values
of these oscillations, we find that the ratio Ip/IT is guite
large at nighttime, but low during daytime. This 1s due to
the relatively stable level of I, and to the large diurnal
changes undergone by Ip and Ip. "This implics that the free ex-
change of plasma between the plasmasphere and the underlying
ionosphere, where the ionization is produced during daytime,
is hindered to the extent that the plasmasphere is unable to
respond to the large diurnal changes in total electron content.
Therefore, most of the ionization produced during the day is
confined to remain in the regions below the plasmasphere, which
in our measuring technique is below 2700 Km, and contributes
only to the Faraday content. With respect to this fact, Park
[1970] mentioned the existence of a diffusive barrier hindering
the free exchange of ionization between the two regions. Since
the major ion constituent of the plasmasphere is HT while the
corresponding constituent of the underlying layers is G%, the
large Coulomb cross sections may be responsible for impeding
the free movement of the H* ions in a region largely dominated
by ot ions.

Nonetheless, it was suggested that the plasmasphere acts
as a reservoir of ionization, by receiving excess plasma from
the lower layers during daytime, and providing the plasma
necessary to maintain the nighttime ionosphere. Park {1970}
estimated that the flux along tubes of magnetic force bctween
both regions is sufficient to sustain the processes mentioned
above. To investigate this coupling we should compute the mag-
nitude of the flux. This, unfortunately, is hampered by the
uncertainties in the true variation of the contents creatcd by
the oscillations. For this reason we did not seek to determine
the flux.

During the quiet period of August we notice that the 'ovel
of Ip tends to increase from day to day. This may b+ due to the
replenishing of the plasmasphere occurring during quict dovs alter
storm periods. The preceeding storm was already Jdistant at the
beginning of our observation (7 August), so the plaspaspher e
content was alrecady at a high level but it continuced to risc to
even higher levels as quiet conditions persisted. Park [1970]

found from whistler data that the content of a whistler Jduct con-
tinued to risc beyond the monthly median value (which was reached
five days after the storm) as the geomagnetic conditions remained
quiet.
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During the two storms in October, the content bchavior
was characterized by a general incrcase in the plasmaspheric
content after SC. This can be explained hy the lifting of the
F-layer during the positive phase of the storm [Mendillo et al.,
1972). The ensuing decrease in I, and the depletion occurred
at least during the following day, or, when the disturbed mag-
netic conditions persisted, for three days. This was caused by
large inward motions of the plasmapause, which also diminished
the plasmaspheric contribution to the total content to one half
of the pre-storm levels. This behavior is predicted by the
simulation study in section 2.

In conclusion, we note that from both our simulation studies
and experimental data it is possible to study the plasmaspheric
electron content using the Faraday and group delay techniques.
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COMPARATIVE STUDY OF ATS-6 DATA FROM LINDAU/HARZ
AND FROM GRAZ/AUSTRIA

—rie
il e L e

G.X. Hartmann and W. Degenhardt, Max-Planck-
Institut fir Aeronomie, Lindau/Harz, FRG,

R. Leitinger, University of Graz, Austria §

et il

1. Introduction.

Fig. 1 shows a map with the stations Lindau/Harz (FRG) and Gra:z i
(Austria) and the projections of the rays from the stations to ? #
ATS-6. One can see that the rays are very close which means that t
the signals from ATS-6 propagate to the stations essentially

through the same longitude region. ]
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Fig. 1: Map with ray projections for ATS-6 observations from the
stations Lindau and Graz. Geographic and geomagnetic coordi-
nates. The rays are marked to indicate height (every 100 km).




7 PN g 7 o i o X O A S i " .. bt oo

.o
‘ v
.. |
. h ¢ X B L I ¢m [3[ 4
A sec vy B, D Az (a)
|
‘ 0O 51.6 63.2 0.480  2.66 67.5 52.2 0.675 ]
10.1 2.214 0.346 - 2.2 -36.24
300 47.5 58.4 0.413 2.30 63.6 47.6 0.562
13.5 1.910 0.335 - 1.3 -37.20 =
400 46.3 S7.1 0.392 2.22 62.3 46.2 0.525 <
14.4 1.840 0.327 - 1.2 -37.96 &
500 45.1 55.8 0 373 2.16 61.1 45.0 0.490 = !
15.2 1.780 0.319 - 1.2 -38.96
=
2000 33.1 42.8 0.181 1.83 46.3 32.1 0.165
. 21.9 1.362 0.177 - 2.4 72.66
) 35869 0.0 7.7 0.001  6.65 - 7.2 - 2.7 1
| 34.0  1.009  0.000 -10.4 J
0 47.1 57.1 0.473  2.14 63.9 46.8 0.545 E
| 15.5 1.838 0.390 0.1 -35.13
k. / 300  43.6  53.3 0.405  1.96 60.0 43.0 0.434
17.7 1.672 0.353 - 0.0 -38.62
b 400 42.6 52.1 0.384 1.92 58.8 41.9 0.400
S 18.3 1.629  0.347 - 0.1 -40.34
y 500  41.6  51.1 0.365 1.89  57.6 40.9 0.367 =
; 18.8 1.592  0.335 - 0.2 -42.39 =
A 2000 30.9 39.7 0.177 1.74 43.3 29,5 0.192 <
, 23.8 1.299 0.172 - 2.2 40.08
ke 35869 0.0 7.3 0.001  6.65 - 7.2 - 2.7
b 34.0 1.008 0.000 -10.4
{
. Table 1: Geographic and geomagnetic constants for ATS-6 observat-
- N lons from Lindau and Graz. Points in the rays from ths stat-
S ions to ATS-6. h: alt&tude (km); ¢: geogr. 5atitude ("N);
vl A: geogr. longitude (TE); x: zenith angle (7); B: geomagnetic
e induction (T); B, : component of B in the direction of the ray
;‘ (r); L: L-valye;~I: geomagn. inclination (" ); D: geomagn.
g,aé declinacion (7); ¢_: geomagn. dipole-latitude (" ); a: vector
+ TR to calculate the a@pect sensibility of slant electron content
8+ for waves in the neutral gas (after Georges and Hooke, 1970).
(f:‘ a = (rxb)xz (r,b,z: unit vectors in the directions of thg
' 'Eh ray, of the geomagn. induction, of the vertical, resp.). a is
i a horizontal vector, Az(a) gives the azimut of its direction 3
N . (N over E to S). The aspect sensitivity is given by a-k (k: §
Sl unit vector in+the direction of the wave vector)..Geomagnetic :
: data B,B,,I,D,a calculated from IGRF 1965, updatgd to 197460 {
(TAGA 19&9), L,¢m from geoc. dipole (pole: 78.51°N, 290.32 E). f
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Identical receiving equipment is operating at the two stations.
In this study data from two channels have been used: a) Group
delay (modulation phase) data using the 1 MHz modulation on the
ATS-6 carriers 140 MHz and 360 MHz (carriers and upper sidebands,
channel symbol: GD 141); b) Faraday rotation data for the 140 MH:z
carrier (derived from the phase difference of circular components,
channel symbol: F 140).

Data reduction has been done with the following formulae:

ATS 2000

NT=0des=cGD bcp +  Ngp o[ Nds = Cp o/ B

N: electron density (m~2); N with subscript: electron content
(subscript T for slant content from ground to ATS-6, F for slant
content from ground to appr. 2000 km): dAs: ray path element (mj;
CGD and CF: constants; ¢.-p measured modulation phase (radian);

@: Faraday rotation angle (radian); B, : longitudinal component
of geomagnetic induction (Tr) in a sui%able mean field height.

A fieldheight of 400 km has been used in this study which is close
enough to the value recommended by Titheridpe (1972).

The following values have been used for the constants:

CGD = 27.99x1015 m- , Cg = 8.295»1015 m~2r, BL = 0.3274 v (Lindau),

B, = 0.3471 r (Graz). Some additional geometrical and geomagnetic
d%ta for the rays from the stations to ATS-6 are given in Table 1.

It is the purpose of this study to show in which way the results
of ATS-F observations from the stations Llindau and CGraz differ
and which quantities are essentially identical. This is done by
means of a detailed comparison for four selected days, by compa-
ring diurnal curves for a period of 14 days and by studying mean
values over a longer period of time.

2. Comparison of daytime structure of electron content.

The diurnal curves of four days are studied in detail. The choice
of these days has been made with the purpose to show one partic-
ularly intersting case and three typical examples. For the latter
we could have found many other equally suitable days in the period
for which we have had fully reduced data (November 15, 1975 to
February 10, 1976).

For the detailed comparison of those four days we have taken total
electron content from group delay measurements. The comparison
would have been possible with essentially the same results using
Faraday observations.

)
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From the original diurnal curves in Fig. 2 it can be seen that
there is some similarity in the behaviour of electron content for
Lindau (field station Gillersheim) and for Graz but one can easily
distinguish large differences during daytime when one compares
values for a given time (e.g. around 9:20 UT on day 14, or around
12:40 UT on day 5, 1976). A more detailed inspection shows that
peaks and other prominent features can be identified in the diurnal
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curves for both stations but that there is a time delay and a
change in amplitude and a change in shape. Examples for day 9:
the peaks at 10:02, 11:36, 12:35, 13:32 (UT) in the curve for
Lindau can be identified in the curve for Graz and are found at
the times 10:59, 12:17, 13:19, 14:26 (UT), resp. If these peaks
are taken to be the signature of Travelling Ionospheric Distur-
bances (TID's) one can interpret the time delay as the travel
time from Lindau to Graz. With the distance of the ionospheric
points (542 km for a mean ionospheric height of 400 km) one can
calculate travel velocities. For the four peaks of day 9 the
results are 158, 220, 205, 167 m sec~!, resp. (mean: 188 m sec~!).
A shift in the height of ionospheric points of +100 km / -100 km
changes the distance to 525 km / 561 km and would change the velo-
cities by -3.1 % / +3.5 % (the mean ionospheric height is not a
critical parameter in the calculation of travel velocities). The
results agree with the general ideas on TID's or on the ionosphe-
ric signature of gravity waves but it is our feeling that no far
reaching conclusions should be drawn: Apart from a strong hint
that the features identified in the two diurnal curves are '"tra-
velling" we have no chance to derive parameters which would allow
to test theories. In the case that the gravity wave concept is
adopted the travel velocity of above could be used for an appro-
ximate value of the meridional component of the horizontal group
velocity but this would be the only parameter to be derived from
our comparison.

Not all identifiable features are travelling: The long period
structure immediately after the morning rise on days 5 and 9 (but
not on day 14!) is stationary: it appears synchronously in the
diurnal curves. Such a morning structure can be identified on
many days during December, 1975 and January, 1976. The duration
of this structure is about equal for the two stations, the ampli-
tudes differ.

A more detailed analysis for the days 5, 9, 11 and 14 (1976) has
been done by means of digital filtering. We have applied bandpass
filters which have no phaseshift. The results of the filtering
process are shown above the diurnal curves in Fig. 2: a short-
period and a long-period component have been separated. The resi-
dual electron content (diurnal curve minus short-period component
and diurnal curve minus both components) is shown in Fig. 2 in
the system of the diurnal curves.

It is easily seen from Fig. 2 that the short-period components do
not correlate.(This is in agreement with the general view that the
correlation length for such fluctuations is quite short, c. Davis
and da Rosa, 1969). In the short-period component for Lindau (but
not for Graz) one can distinguish longer ''wave trains' with periods 4
around 30 min. (morning of day 9) and 20 min. (afternoon of dav 14). 4

e b

In the long-period range one has very good correlation of the two
stations if one looks at "stationary" and ''travelling' components
separately. A comparison shows that it is better to discuss the
travelling component in terms of characteristic features in the
original diurnal curves rather than in terms of the filtered com-
ponents: the wavelike structure is not sinusoidal but shows sharp
peaks and shallow troughs.
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Day 11 is a special case: it has the weakest structure of all days
in December, 1975 and January, 1976 (c. Fig. 3 and 4). It is very
interesting to find such a smooth diurnal curve in the middle of a
magnetic storm! ! The aspect sensibility for Graz and for Lindau
is such that gravity waves with meridional components should have
signatures in the electron content observed at the two stations
(Table 1). The phase cancellation effect (Georges and Hooke, 1970)
could obliterate a short period component, but components with
longer periods (T > 1 hour) would probably have signatures in the
electron content for Graz and Lindau. Therefore one can conclude
that probably no gravity waves (or large scale TID's) with periods
longer than one hour have propagated southwards from the auroral
regions to Central Europe. The weak long period structure of day 11
is in marked contrast to the behaviour of the day before the onset
of the storm (day 9, s. Fig. 2) and of the days after the storm
(e.g. day 14, s.Fig. 2). The days 10, 12, 13 show structures which
are a bit weaker than the structures seen on days 9 and 14 (c.Fig.3).
No features can be seen which would allow to distinguish the days
10, 12, 13 from magnetically quiet days in January, 1976.

One important conclusion should be drawn from the comparison of
diurnal curves for Lindau and Graz: One should be very careful with
selected daytime values from one station. The use of selected noon
values, of daytime maxima, of the times when the maximum occured
etc. could be misleading because long period structures of consider-
able amplitude could be present (highest relative amplitude of the
structure superimposed on the filtered diurnal curves of the sample
days 5, 9, 14: 30 %). One should be very careful to separate the
smoothed diurnal curve and the superimposed structure (e.g. for the
calculation of integrated production or loss rates).

It can be seen from Fig. 2 (day 14) that even the filtered diurnal
curves could show a quite different behaviour for the two stations.
This is probably a filter effect: the large peak in the morning
leaves a residual in the smoothed curve. This peak could lead to
the conclusion that the electron content had reached a maximum in
the morning at Graz (around 9:01 UT or 10:14 LT of ionospheric point)

and a secondary maximum in the afternoon (around 12:00 UT or 13:13LT).

For Lindau one could claim an absolute maximum in the early after-
noon and a secondary maximum in the morning ...

A look at the means for the whole day (means of 720 values read every
second minute from 00:01 UT to 23:59 UT) shows no peculiar situation
for day 14: the mean slant electron content for Lindau is 95.7x1015
the corresponding value for Graz is 86.7x1015 (m~2). Using a iono-
spheric height of 400 km one would %et for the mean vertical content
52.0x10!5 m~2 (Lindau) and 53.2x10!5 m-2 (Graz).

In this respect day 14 is no exception at all: we have found that

the means for the whole day in vertical electron coatent agree very
well for the two stations, the values for Graz being slightly higher

in the average than the values for Lindau.

1 SSC on day 10, 6:24 UT, end day 13, 10 UT (Irkutsk). Ap = 47 on
day 10, Ap = 40 on day 11, Ap = 13 on day 12.
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3. Parameters for which the two stations show similar behaviour,.
a) Mean over a whole day.
The mean of electron content over a hole day is one parameter
which behaves in a similar way for Lindau and Graz. Geomagnetic
§ disturbances show in this parameter quite well: among others a
H depression can be observed during the magnetic storm of January
; % 10, 1976. This is summarized in Table 2.
by
‘ 4
i day N N.. cos x x10715
(1976) T T
¢ LIN GRA LIN GRA {(station)
f 2
: 08  121.4 105.7 66.0 64.9 :
' 09 116.2 100.8 63.2 61.9 1
: 10 116.2 104.8 63.2 64.3 i
i 1M 95.4 89.9 51.8 55.2 j
12 80.5 75.5 43.7 46.3 I
13 78.2 71.6 42.5 43.9 j
14 95.7 86.7 52.0 53.2 oo
18 106.9 96.2 58.1 59.0 i
16 110.3 98.3 59.9 60.3 :
17 111.0 101.3 60.3 62.2 ]

ol
S
'
%
%
%
3
&
[
&

Table 2: Mean of electron content over a hole day, slant (N.)

and projected on the vertical (N.. cos yx) for Lindau and Graz.
T

b) Plasmaspheric content.

Plasmaspheric electron content is defined as the difference

Np = NT - NF (Davies et al. 1975). From the vicinity of the rays
tg ATS=6 it" follows that plasmaspheric content should behave simi-
larly at the two stations. This is the case as can be seen from
Fig. 3. Np is strongly depressed during the magnetic storm. The
depressiog begins at both stations suddenly a few hours after
Sudden Storm Commencement (which occured at 6:24 UT on day 10 at
the observatory Irkutsk). The recovery phase is quite long, it

can be considered to end on day 16 (c. Fig. 3).

c) Nighttime values of electron content.

During nighttime the electron content behaves in a very similar
way at Lindau and at Graz. This can be seen from Fig. 3 and from
Fig. 4. When small scale fluctuations are smoothed by averaging
over a period of half an hour (over 15 values read every second

e il
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minute) the nighttime values show nearly perfect correlation (Fig.4,

values centered at 21:15 and at 03:15 UT). In the period covered by
, this study the correlation is very good from about 17:00 UT until
; shortly after sunrise. As can be seen from Fig. 4 some similarities
in the behaviour of N, exist during daytime as well but the corre-
lation is much better during the night. (As has to be expected for
the wavelike structures which are responsible for the daytime dif-
ferences the correlation is improved when some smoothing is applied
which removes the day to day scatter.)
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The nighttime values show a distinct depression during the storm
of January 10. The depression is comparable with the depression
seen in the mean over a whole day (case a). A preliminary evalua-
tion revealea that increases in Ap which surpass a lower limit
(Ap = 25) are followed by a depression in nighttime N, with a
timelag of 1 to 3 days. The depth of the depression sZems to be
correlated with the magnitude of the increase of Ap. In Fig. 4
such depressions are centered on the days December 1 and 28 and
January 13. Probably depressions occured on November 24 and on
February 2, too (no proof: lack of data).

4, Concluding remarks.

From our study it can be concluded that daytime electron content
derived from observations of geostationary satellites may differ
considerably from one station to an other, even when longitudinal

effects are excluded and when the distance of the stations is only
a few hundred kilometers.

One reason for the differences observed are long period TID's (or
signatures of gravity waves) of sometimes considerable amplitude.
An other reason is the "morning overshot'", a stationary feature,

which could show large differences in amplitude for Graz and
Lindau.

All daytime differences seem to be traces of dynamical processes:
we have found that the mean values for a whole day are in excellent
agreement for the two stations. This means probably that in the

average daytime production and loss rates are nearly equal for the
two stations.

Nighttime values (smoothed to remove noise and small period fluc-
tuations) are nearly equal whereas the means over a whole day are
slightly higher at Graz. This could be an image of the solar
zenith angle dependence of electron production.

We have found that selected daytime values could have very large
differences for the two stations (up to SO0 % if one station
happens to see a "trough" at the time the other station sees a
"peak'"). Therefore we feel that selected values are not a suit-
able indicator of solar activity or of geomagnetic influence, at
least not for the European sector and for the period of time
covered by our study. For studies of geomagnetic influence we

would recommend the use of means over a whole day or of smoothed
nighttime values.

Similar behaviour of electron content at two stations aligned as
Lindau and Graz is to be expected during nighttime, for means
taken over periods longer than 4 hours during daytime, for smoothed
values of plasmaspheric content. Short period fluctuations do

not correlate but rms values are nearly equal. When long period

TID's (signatures of gravity waves) are present they are seen from
both stations.
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Figure 2: Diurnal curves of slant electron content N. from
group delay observations on signals of the ATS-§ R3dio Beacon
Experiment. Receiving stations Lindau (field station
{ GILLERSHEIM) and GRAZ. Original diurnal curves and smoothed
. curves gained by digital filtering. Above the diurnal curves:
" filtered components (short period and long period).
; Electron content (m~2) vs, Universal Time (UT).
2 Local time for Lindau (ionospheric point 400 km): UT+0.96 hours,
5 local time for Graz (ionospheric ?oint 400 km): UT+1.22 hours.
i Vertical scale: 40x10'5 to 200x10!5 m~2 (the origin is not
b3 zero!),
£ Dates (January 1976): a) day 5; b) day 9; c) day 11; d) day 14.
'
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Figure 3: Diurnal curves of slant electron content for a series
: of days in January 1976. Total electron content from group ;
delay (N.), ionospheric electron content from Faraday effect
(N.) and plasmaspheric electron content (N, = N - N.).
Note that N, has a larger scale. Stations gnd dzta sgurce as
for Fig. 2.
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Figure 4: Comparison of half hour mean values of electron con-
tent N.. The values used for the means have been read at
every 84ad minute UT. The means have been gained by summing
all available values within the time interval indicated and
dividing by the number of the values (when no loss of data
occured: 15 values; e.g. readouts from 00:01 to 00:29; this
interval is centered at 00:15). Stations and data source as

for Fig. 2.

Values for Graz: dashed, values for Lindau (field stations
Gillersheim): solid. foF2 values from the ionosonde Lindau
are shown in addition to N;. Abscissa: days 1975/1976.
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DIURNAL, DAY-TO-DAY, AND SEASONAL VARIABILITY
Of Nes NT' AND Np AT FORT MONMOUTH, NEW JERSEY

H. SOICHER
Communications/Automatic Data Processing Laboratory
U. S. Army Electronics Command, Fort Monmouth, New Jersey 07703

INTRODUCTION

The ATS-6 Satellite was launched into a geostationary orbit at 94% in
late May 1974 and, according to plan, drifted eastward in June 1975. During
this period, measurements of the total electron content (TEC) utilizing the
Faraday polarization rotation technique and the dispersive-group-delay tech-

nique were conducted at Fort Monmouth, New Jersey (40.18°N; 74.06°w)1’2’3.
The total Faraday rotation from signal-source to observer is directly pro-
portional to (TEC) and to the mean magnetic field component along the prop-
agation path. Since the magnetic field decreases inversely with the cube

of the geocentric distance and the electron density decreases exponentially
with altitude above layer maximum, the rotation is heavily weighted near the
earth, and hence is considered to provide TEC below ~1500 km (NF). The dis-

persive-group-delay technique, which involves comparison of the phase of
the modulation envelope between the carrier and its sideband at two fre-
quencies, is insensitive to the earth's magnetic field. For this reason

jt is considered to yield the total number of electrons along the path from
signal-source to observer (NT)° The difference between the two, i.e.,

NT - NF’ yields the plasmaspheric content, NP’ which is the total electron
content above ~1500 km.

THE DATA

The daily variations in vertical TEC measured by the Faraday technique
and by the dispersive-group-delay technique for January through April 1975
are shown in Figs, 1 through 8, respectively. Also indicated in these fig-
ures are the equivalent signal-delay-times normalized to a frequency of
1.6 GHz. The data gaps which appear in these figures were the result of
beacon transmitter turnoff at the satellite. The normal diurnal variations
in NF and NT are also depicted in the figures. The absolute value of NF

during these months varied from a predawn minimum of <1 TEC unit (1 TEC

unit = 1016 e/mz) to an afternoon maximum of ~22 TEC units. For the same
times, N; varied from ~2 TEC units to ~24.2 TEC units. The mean monthly
averages of NF varied from a predawn minimum of ~1.8 TEC units in April

to an afternoon maximum of ~12 TEC units in February. The mean monthly
averages of Ny varied from a predawn minimum of ~3,9 TEC units in February

and March, to an afternoon maximum of ~13.5 TEC units in January.
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The daily variations in the vertical plasmaspheric content, NP’ for

January through April 1975 are shown in Figs. 9 through 12, respectively.
During these months the absolute value of NP varied from a minimum of ~0.1

TEC units to a maximum of ~4.4 TEC units. Monthly averages, throughout
this period however, varied from ~1.3 TEC units and 2.6 TEC units. Diurnal
changes, although noticeable, were relatively small in comparison to the
diurnal changes in NF and NT' During February, when the diurnal variation

of N, was most pronounced, double maxima of NP occurred during the pre-

dawn period and during the decay phase of the ionospheric content variation;

the double minima occurred during the period of maximum daytime ionospheric

content and at the end of its decay phase at night. During April, the di- 4
urnal variation of NP was also pronounced. NP had reached a minimum during i

the build-up phase of the ionospheric content variation, and a maximum during
the maximum phase of the ionospheric content variation. During January
and March, there was very little variation in the diurnal trend of NP°

The day-to-day variations of NP were quite pronounced, often exceeding the
diurnal variation ranges. The day-to-day variation, as determined by the
standard deviation about the mean, varied from ~0.35 TEC units to ~0.9 TEC
units,

The daily variations in the plasmaspheric-to-ionospheric ratio (NP/NF)

for January through April 1975, are shown in Figs. 13 through 16, respec-

tively. During this period, the ratio varied from a minimum of a few per-

cent to a maximum of more than 200%. The mean monthly averages, however,

generally varied between ~12% during the day, and ~130% prior to dawn.

For all the months, the ratio minimum was reached during ionospheric maximum

content. During January and February, the maximum ratio was attained shortly

after midnight; it was maintained until sunrise, when it decreased rapidly.

During March and April, the ratio gradually increased until sunrise, when

it decreased rapidiy. i

The daily variations in the ratio of plasmaspheric-to-total contents,
NP/NT, for January through April 1975 are shown in Figs. 17 through 20,

respectively. The behavior of this ratio was similar to that of the plasma-
spheric to ionospheric ratio. The mean monthly averages throughout this
period generally varied between ~10% during the day and ~56% at nighttime,

DISCUSSION

The mean monthly values of NF and NT for the four months considered

were roughly equal throughout the diurnal period. The only discernible
differences were the gradual content increases which occurred during the
eight-hour period centered at midnight from January through April. Content

-~
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maxima were also somewhat larger in January and February than in March and
April. On the average, NF and NT varied diurnally by a factor of ~4. The

day-to-day variations in NF and NT as determined by the standard deviations

were comparable throughout the period, although the most pronounced devia-
tions occurred prior to and after midnight in April, The standard devia-
tion throughout the period varied from ~0.5 to ~3.2 TEC units.

The mean monthly values of NP were comparable for January and April

as well as for February and March, with the former pair being larger in
absolute value than the latter pair, especially at night. The mean monthly
values never varied diurnally by more than 1 TEC unit; they generally varied
by much less, The day-to-day variations in NP were comparable throughout
the period.

The minimum ratios of NP/NF and NP/NT during daytime and nighttime

occurred in February. The seasonal behavior of these ratios is exhibited
in the trend of the nighttime ratio during January and February when com-
pared to that for March and April. The nearly constant value of the night-
time ratio in January and February was replaced by a gradually increasing
ratio in March and April, The maximum ratio usually attained just prior

to sunrise, increased from February to March and again to April.
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Fig. 1. Total ionospheric (Faraday) electron content (NF)
a3t 15-minute intervals at Ft. Monmouth, NJ,, during
January 1975 (left ordinate: 1 TEC unit = 10%6 e/m?;
right ordinate: delay normalized to 1.6 GHz).
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Fig. 2. Same as Fig. 1, but for February 1975.
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Fig. 3. Same as Fig. 1, but for March 1975,
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Fig. 4. Same as Fig. 1, but for April 1975,
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15-minute intervals at Fort Monmouth, N.J., during Jan 1975.
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Fig. 7. Same as Fig. 5, but for March 1975.
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Fig. 8. Same as Fig. 5, but for Apri} 1975.
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TOTAL PLASMASPHERIC CONTENT.N,,

JAN 1975
FT.NONOUTH.N. J
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Fig. 9. Total plasmaspheric electron content (NP) at 15-minute
intervals, Fort Monmouth, N.J., January 1975.
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Same as Fig. 9, but for February 1975.
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Fig. 11. Same as Fig. 9, but for March 1975.
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Fig. 12. Same as Fig. 9, but for April 1975.
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Ne/Ng IN PERCENT
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Fig. 13. Ratio of plasmaspheric to fonospheric contents (NP/NF)
at 15-minute intervals, Fort Monmouth, K.J., during
January 1975.
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Fig. 14. Same as Fig. 13, but for February 1975,
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O 1 2 3 4 5§ 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

j Fig. 17. Ratio of plasmaspheric-to-total content (NP/NT)
E % at 15-minute intervals, Fort Monmouth, N. J.,
during January i975.
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; Fig. 18. Same as Figure 17, but for February 1975.
W
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No/N; IN PERCENT

MAR 1975
FT.NONOUTH. . J.
%0

& 9 10 11 12 1D 14 15 16 17 18 19 20 21 22 23
TINE, UT,

Fig. 19. Same as Figure 17, but for March 1975,

Np/N; IN PERCENT

100

APR 1975
%0 FT.MONNOUTH,N. 4.
&0

0 1 2 3 «

S 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23
TINE,UT,

Fig. 20. Same as Figure 17, but for Apr{l 1975.
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TIME AND LATITUDE DEPENDENCE OF IONOSPHERIC ELECTRON
CONTENT FROM THE COMBINATION OF NNSS AND ATS - 6 DATA

R. Leitinger, University of Graz, Austria,

G.X. Hartmann, Max-Planck-Institut fir Aeronomie,
Lindau/Harz, FRG

Abstract.

Geostationary satellites allow the observation of time changes in
the ionospheric electron content under nearly constant geometrical
conditions. From low orbiting satellites one can derive primarily
spatial changes of electron content, the time for a scan provided
by a pass of the satellite is short compared with timescales
typical for ionospheric processes (except scintillations). Polar
orbjting satellites have the additional advantage that they pro-
vide a scan in latitude for nearly constant local time if the
observed electron content is refered to a ionospheric point in a
given height. The disadvantage of low orbiting satellites is the
bad time resolution even when several satellites can be observed:
the time interval from one useful pass to the next is of irregular
length. On the other hand geostationary satellites provide no
spatial resolution at all when only one observing station is used.

The combination of data from low orbiting and from geostationary
satellites could be used to override these disadvantages.

It was found that a suitable way to combine data from both sources
into a presentation which yields the highest amount of geophysical
information is to draw contour lines of constant electron content
in a local time versus latitude coordinate system covering longi-
tudes of # 5% around the central satellite receiving station. It
should be emphasized that no averaging process was applied, i.e.
the displayed data give the real time changes in ionospheric elec-
tron content and are very useful in studying the day to day changes.
Not only the effects of magnetic disturbances can be studied under
new aspects but also during quiet days the effects of the dynamics
of the neutral atmosphere which lead to very different day to day
latitudinal and time dependent electron content distributions,
despite the fact that the overall amount of ionization remains al-
most constant. To improve the interpretation the data should be
supplemented by relevant ionogram data.

Some first results are presented here.
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1. Introduction.

Geostationary satellites allow the observation of time changes in
the ionospheric electron content under nearly constant geometrical
conditions. From low orbiting satellites one can derive primarily
spatial changes of electron content, the time for a scan provided
by a pass of the satellite is short compared with timescales
typical for ionospheric processes (except scintillations). Polar
orbiting satellites have the additional advantage that they pro-
vide a scan in latitude for nearly constant local time if the
observed electron content is refered to a ionospheric point in a
given height. The disadvantage of low orbiting satellites is the
bad time resolution even when several satellites can be observed:
the time interval from one useful pass to the next is of irregular
length. On the other hand geostationary satellites provide no
spatial resolution at all when only one observing station is used.

The combination of data from low orbiting and from geostationary
satellites could be used to override these disadvantages. We have
found that a suitable way to combine data from both sources into
a display which is easy to interpret is to draw lines of constant
electron content in a local time vs. latitude system. It should
be emphasized that we use no averaging of data: our display gives
real time changes and is especially useful in studyine the day to
day changes in ionospheric electron content.

2. Construction procedure for isolines of ionospheric electron
content.

The following data are used: Faraday effect data from the 140 MH:z
channel of the ATS-6 Radio Beacon Experiment (ATS-6 RRE) and
Differential Doppler data from the six fully operational satellites
of the Navy Navigational Satellite System (NNSS) (carrier frequen-
cies: 150 MHz and 400 MHz). For our purpose ATS-6 is a very good
approximation to a geostationary satellite and the NNSS satellites
have nearly polar orbits in a height range of 900 to 1200 km. As
is the case with all Radio Beacon observations the primary data
give information on integrals along the slant radio path from the
satellite to the receiver. To derive any useful information in a
local time vs. latitude system it is necessary to project the
data onto the vertical and to refer them to a well defined point
on the surface of the earth.
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A considerable amount of work has been devoted to this problem in
the past. We did not want to ignore or to neglect some of the
results but the unly practicable way to project and to refer the
data was to use a simple and constant procedure. Possibly the
errors in our results could be reduced with some kind of iterative
process but it is doubtful whether this would improve the results in
view of possible uses to such an extent that the efforts are justified.

In the reduction of ATS-6 Faraday observations we used the follow-
ing formulae for electron content:

NA/ = CF Q / BL; N = N cos ¥

Al As

N with subscript: electron content (subscript A: refers to ATS-6
as the data source; symbols ~ and L: to indicate slant and verti-
cal content, resp.); Cp: Faraday constant; q: observed Faraday
rotation angle; B,: loggitudinal component of geomagnetic induct-
ion in a mean fie&d height; x: zenith angle of the ray in a mean
ionospheric height. For the 140 MHz carrier of ATS-6 C has the
value 8.295x10'5 m~2 r, when Np, 1s expressed in m=2, "in radian
and B in T.

The geometry for the projection from slant into vertical content is
shown in Fig. 1:

— ..N

I
|
|
'
|
!
R |
P R 200 —
’ |
I
[
I
I
i

Fig. 1: Map with ray from Lindau to ATS-6 and with an NNSS
orE1t (solid lines) and the corresponding trace of ionospheric
points (400 km). On the left: Geometry for the projection of
slant content onto the vertical. O0: center of the earth; S:
satellite; B: observer; P: ionospheric point; x: zenith angle
in P.
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The projection is done in the ionospheric point which is found
in the ray (straight line) from the satellite (S) to the obser-
ving station (B). The vertical electron content gained from the
projection is referred to a point on the surface of the earth
with the coordinates of the ionospheric point (P,, the subscript
indicating ATS-6, with latitude op and longitude xA). x is the
zenith angle of the ray in PA.

Titheridge (1972) has shown that Ny can be interpreted as the
vertical electron content from grou*d to 2000 km with an accur-
acy of + 5% if a height of 420 km is taken for B, and for .

We have taken 400 km for BL and for x. The difference in the
results is very small.

For the reduction of Differential Doppler observations an inte-
gration constant has to be determined which cannot be derived
from Differential Doppler data without additional information
(leitinger et al. 1975). Electron content can than be evaluated
by means of the formulae

N

- . \ - v ~
N/_CD (Ebo""y) o ‘\',\'J_'I\N/COSX .
The subscript N refers to the NNSS satellites; C.: Differential
Doppler constant; % _ : integration constant; V: ogserved Different-
ial Doppler phase angle; x is again the zenith ancle of the ray
from NNSS (N) to the receiver (B) in the ionospheric point P,
(Fig. 1). The information which is necessary to get a value tor
4 1s provided by the ATS-6 - data: ¢_ 1is adjusted in such a way
tRat vertical electron content values®from observations of the
two satellites match in the latitude ¢, at the local time t,.. For
this purpose the (vertical) electron content values from ATS-6
are considered to define a function of local time NA = N, {t,),
t, being the local time of the ionospheric point P, "(from now on
tﬁe sympol L 1s omitted; all electron content valués are vertical).
From NNSS Differential Doppler one has a set of measured values ¥
which can be considered to define a function of Universal Time t:
¥ = ¥(t). From the orbital parameters of the NNSS pass one can
calculate the corresponding coordinates of the ionospheric points
{400 km) and the zenith angle on the ray to the satellite (lat.
5. = ¢.(t), long. x. = x.(t), zenith angle v; = x.(t) ). Vertical
electrdn content wolld f31low from the formula !

NV(t) = CD (@0 + v(t)) cos Xi(t) ; t is to he considered as para-
meter which connects coordinates and ¥-values.

Now one looks for the ionospheric point which has the latitude

Y =¢A.*This point is crossed by tEe ray to the satellite at the
time ¢t . I[ts coordinates are xi(t ), dp» TESD., the corresponding
Y-value is W(t*), the local time is tN = t* + xi(t*) / 15.0
(t‘\v and t¥ in hours, Ay in OE).

With + . one ygets NA (ty) and using this value the integration
constu ¢ 3. follows™ )

(6]
2o = Ny(ty) sec x(t*) / Cp - wit®)
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Y With ¢ one can calculate the vertical electron content for the
ionospﬂeric points of the NNSS pass and using the formula given

5 above one gets the corresponding local times. These are nearly
constant for a pass of the satellite.

The N, values from ATS-6 together with the N, values would give
enougﬁ information to draw isolines of elect¥Yon content provided
that the time interval from one NNSS pass to the next is not too
long. The situation is improved if ATS values from stations in
other latitudes can be used for interpolation. But the inclusion ;4
of another station requires that the difference in the longitudes :
of their ionospheric points is not larger than a few degrees.

(It was not possible to combine values from the Boulder region
with values from the West coast of the US kindly provided by .
J.A. Klobuchar from AFCRT . Values from Bozeman and Boulder and :

= b, RN . sl

PR PR NN

from Lindau and Graz, resp., could be combined very well; values %
from Dallas had to be adjusted slightly in some cases before they 3
i could be used for interpolation of NNSS values gained at Boulder.) 7 4
: One has to be careful with NNSS passes which ionospheric points '
E, ] are too far West or East of P,: the adjustment of local times
i described above requires the assumption that there is only a local
i time and a latitude dependence but no longitude dependence of
j ionization. No NNSS passes should be used which have :enith angles
larger than 60~ in the point of closest approach.
. 7 ? 3. Sample isoline plots.
v In the Fig. 2 to 4 three examples are shown for the isoline method.
: Each plot was drawn for a series of three to four days. For Fig. 2
v and Fig. 3 we used values from the American sector gained in late
summer and in fall 1974, for Fig. 4 we used values from the Euro-
‘ pean sector gained in winter 1975/76. The station coordinates are !
- ‘ summarized in Table 1.
L ' i
[ station lat. 18ng. observations H
A { N E .
L
" American sector g
f Bozeman (BOZ) 45.66 -111.05 ATS-6
- ,} Boulder (BOU) 40,13 -105.24 ATS-6, NNSS :
N Las Vegas, M 35.60 -105.17 NNSS :
¥ Dallas (DAL) 32.98 - 96.75 ATS-6
L4
R
N f; European sector
e ) Uppsala 59.80 17.60 NNSS
";;‘5 Lindau  (LIN) 51.62 10.09 ATS-6, NNSS
PN Graz (GRA) 47.08 15.49 ATS-6, NNSS
t .4 |
N Table 1: Coordinates of the stations used for the construction of
) 15011ne8 in Fig. 2 t8 4. Coordinates of ATS-6 for American sector:
lat.: Oo' long : -9401, height: 35869 km; for Furopean sector:
lat.: 07, long.: Z247E, height: 35869 km.

$

248

i ah o o gk E
: [ 4

8 s o.

~s T gl oA -

-

3 T b\,. RN g = ""i’f’ ',"_ ~‘~ = o e '




A a

The solar and geomagnetic conditions have been quite different
for the three series of days shown in Fig. 2 to 4. The first
series (August 29 to September 1, 1974) could stand for a typical
period of time at low solar activity with average values of
magnetic indices and no storm of which ionospheric effects could
be expected (a weak storm without SSC has been reported from only
4 observatories for August 29). This contrasts strongly with the
series of Fig. 3 (October 12 to 14, 1974): the solar activity has
been higher and the days have been heavily disturbed magnetically:
two principal magnetic storms with Sudden Commencement have been
reported (onset in Boulder: October 12, 12:45 UT and October 14,
16:34 UT). Weaker storms without SSC have been reported for Octo-
ber 8 and 9 (no reports from Boulder). The third period has been
magnetically very quiet indeed (December 10 to 13, 1975},

s p.

The solar flux values and some geomagnetic parameters are summa-

rized in Table Z. i
— —_— £
date Sk Ap kp ‘ date Sg Ap kp ]
&
Aug.26,1978 72,3 7 2 ‘ Oct.12,1974  144.7 17 4+
27 T1.2 18 4 , 13 127.2 86 7
28 T4 0 4. 14 112.8 30 6 3
b9 1.0 31 4+ Dec. 7,1975 76.0 4 1+ ;
30 T2.8 17 4 8 78.3 18 4 S
31 T4 21 4e 9 75.6 16 3
Sep. 1,1974 "6.1 24 5 10 75.6 R O+
Oct. 09,1974 1.3.5 39 G5+ i 76.7 5 2+
10 129.7 10 3+ 12 75.7 3 1+ 1
11 138.1 6 3 13 75.1 3 0+

Table 2: Solar flux values and geomagnetic parameters for
the series of days shown in Fig. 2 to 4. (Begin of the tahle:
three days before the begin of the figures). S.: solar flux
(2800 Milz) for Ottawa; Ap: daily index of geomagnatic acti-
vity (linear scale); kp: maximum kp-value for this dayv. All
values from Solar-Geophysical Data (World Data Center A,
issues of 1974, 1975 and 1976).

Before discussing the Figures 2 to 4 some remarks have to be made.
As the time intervals from one NNSS pass to the next are of irre-
gular length there are differences in the resolution of the iso-
lines: in regions with a high density of observed values features
of smaller scale could be resolved than in regions for which the
bearing of the isolines had to be guessed. In the larger gaps
(e.g. in Fig. 2, Aug. 29, 8:15 to 19:45 LT) even larper features
are necessarily doubtful outside the region covered by ATS-6 oh-
servations. An other warning: it is in the very nature of obser-
vation bv means of orbiting sateliites that the spatial structures
are seen through a '"low pass filter'" which suppresses small scale
irregularities (higher spatial frequencies). The (spatial) cutoff
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frequency decreases with increas.ng zenith angle (Leitinger et al.
1975). It can clearly be seen from the Figures that much more
details are shown in the center near the ATS-traces than in the
northern and southern regions. The (absolute and relative) accur-
acy of the isolines is highest in the center of the displays:(~i0%)
distortions increase with increasing zenith angles of NNSS passes.
One should bear in mind that the '"'slant electron content projected
onto the vertical'" differs from '"true electron content'" when a
ionospheric point is used which differs from the center of the
electron distribution along the ray and that the resulting error
increases with increasing zenith angle. For the center our estimate
of the absolute accuracy is *+ 10 % for daytime and magnetically quiet
periods.

Having given these warnings the displays of isolines can be dis-
cussed:

a) Display shown in Fig. 2 (August 29 to September 1, 1974).

The following characteristics are seen immediately: a nighttime
trough which changes its position from night to night (probably
identical with the main F-layer polar trough), the value of the
nighttime minimum changes too. The morning increase and the evening
decrease of electron content can vary considerably in steepness from
day to day in the whole latitude region. The overall electron con-
tent could be nearly equal for the series of days shown in the
display: On August 29 the electrons appear to be swept southwards,
forming a broad daytime maximum, on August 30 the peak is smallsr
(shorter) but much more electrons are found in the region of S50 N.
Large scale irregularities are seen on all four days.

The characterization of days by the number of daytime maxima of
the diurnal curve cannot give much insight in ionospheric pro-
cesses: the number depends on the day and on the latitudes of the
station. On each day there is a latitude region for which two
maxima exist. On August 30, to give an example, this region is
limited to the North and to the South.

Some secondary peaks and troughs are seen in the display. In this
case the warning given above should be applied: the existence of
other secondary peaks and troughs cannot be excluded in regions
not covered by observations (e.g. north of 42°N on August 29 during
daytime).

It can be concluded from Fig. 2 that strong dynamic processes must
have acted to account for the day to day variability and for the
large scale irregularities seen in the display.

b) Display shown in Fig. 3 (October 12 to 14, 1974).

A comparison with Fig. 2 reveals that the electron content behaves
completely different during this heavily disturbed period: The
daytime values on October 12 and on October 14 are much higher
than the daytime values seen in Fig. 2, whereas the electron con-
tent is strongly depleted on October 13. In this case the overall
electron content has certainly changed considerably from day to
day: the depletion is seen in the whole latitude region of the
display.

Nighttime values are higher, too; on October 14 one can see a
clear nighttime increase of ionization but the region affected
by the increase seems to be comparatively small.
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It seems that the strong disturbance has not produced an unusual
amount of large scale irregularities.

A very important property is the steep decrease of ionization in
the afternoon of October 14.

v c) Display shown in Fig. 4 (December 10 to 13, 1975).

{
A

s P A SRR I e P i e

N . e A R -

{ This is one example from the European region. It has been possible

‘ to extend the latitude region to the North because NNSS observa-
tions from Uppsala (Sweden) could be used in addition to values
gained at Lindau and at Graz. Fortunately a large number of NNSS
passes could be disposed of, therefore the accuracy of the iso-
lines is better than in the samples for the American sector.

It is interesting to see that no criteria can be derived to quali-
fy the ionosphere to be "very quiet" as has been the case for the
geomagnetic indices (Table 2)., Large scale irregularities are
| seen during daytime together with secondary peaks and troughs.
', A nighttime increase of ionization is seer. on Decsmber 11 which
’ extends far in the Morth but is centered around 45 °N. A compli-
cated pattern of isolines is revealed for the night Dec. 11/12.
Y As is the case for the previous night, a midlatitude ridge has
| formed.

B e RPN AR

ey

Taetotal ameutfionization during davtime shows nearly no differences
as should be expected for a very quiet period with nearly constant
| solar flux. The daytime pattern of isolines is very complicated
E from the action of large scale TID's, but it can be seen quite
/ clearly that in the average the daytime electron content increases
from North to South and that by a suitable smoothing process one .
would get a diurnal maximum near local noon in all latitudes.
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' ? : Some statements on the dynamics of the polar trough could be made £y

‘ from Fig. 4: in the nights Dec. 11/12 and Dec. 12/13 it wandered
southwards in the evening, reached its lowest latitude around 1 LT
and wandered northwards in the morning.

PO

4. Discussion.

e B & crar e

From the samples shown it can be seen that the isoline displav for
ionospheric electron content allows an easy inspection in the
behaviour of the ionosphere over a wide range of latitudes. The
method described can be successfully used to combine data from geo-
t stationary ond from low orbiting satellites if gained from the
‘ same station. It is an effective way to reduce a large amount of
Ty data to have an optical display which allows a quick evaluation.
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With present possibilities it is probably not feasible to construct ;
isolines for a longer series of days: ATS-6 RBT operates with E 1
‘é interruptions and the distribution of NNSS passes changes with ‘
time: there could be very long gaps from one useful pass to the
Ry next (when two or more satellites are above the station horizon
] - in the same time interval the signals interfere ctc.). The ever
i ' present equipment failures produce additional gaps in the data.
Nevertheless we think that even isoline displavs with interrup-
tions could be a very useful tool in studies hased on ionospheric
electron content. Not only the effects of magnetic disturbances
A can be studied under new aspects but also during quiet davs the
effects of the dynamics of the neutral atmosphere which lead to
very different day to day electron content distributions in lati-
tude and time, despite the fact that the overall amount of ioniz- 4
ation remains almost constant. To improve the interpretation the
data should be supplemented by relevant ionogram data.
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August 31 1974

Figure 2: Lines of constant electron content (isolines) in a
Tocal

time vs, latitude system. Vertical ionospheric electron
content in 10!% m~2, Distance of solid lines: 20x1015 p-2,
In some regions isolines for odd multiples of 10x10!5 p-2
have been drawn (dashed). Isolated numbers: values in minima,
maxima or saddle points.
Location of ionospheric points (400 km) of ATS-6 stations
indicated by horizontal 1ines (when interrupted: no data avai-
lable). Local times of NNSS observations indicated by horizon-
tal lines with arrows on the top of the plot. In some cases
the NNSS data are restricted to the central parts of the plot.
ATS-stations for this figure: BOZ eman, BOU lder, DAL las.
NNSS values have been used from the stations Boulder and
Las Vegas, N.M. (for coordinates see Table 1). ATS-6 at -04°F,
Local time of the ionospheric point in the Boulder-ATS-6 ray.
LT = UT - 6.93 hours. Longitude range about +5% around the central
observing station.

253

o hIS

B T e R I T T

Sty

Astida




RS can s SRR - PR

Figure 3:

Isolines of ionospheric electron content
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Figure 4: Isolines as in Fig. 2, but stations from the European
sector: observations from LIN dau and GRAz (location of iono-
spheric points indicated by horizontal lines). Additional
NNSS observations from Uppsala (Sweden) (for coordinates see
Table 1). Local time of the ionospheric point in the Lindau -
ATS-6 ray. LT = UT + 0.96 hours. %{
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Periodic amplitude and phase fluctuations ranging from 1 sec
to 30 min observed with the ATS-6 RSE at Lindau

by
W. Degenhardt and G.K. Hartmann

Max-Planck-Institut fir Aeronomie - IfL
0-3411 Lindau/Harz, FRG, P.0. Box 80

April 1976

Abstract
I. Fluctuetions caused by the troposphere

Perlodic fluctuations in the range of duration between 1 and 10 minu-
tes were observed on the 140 MHz and 141 MHz Faraday channels of two
Single Frequency Polarimeters (SIPOL) using two vagi antennas with %
309 peamwidth. Data from Novembher and December 1975 were evaluated.
Examples for Nov 23, Nov 25, Nov 26 and Dec 18/19 1975 are presented.
Ouring night periods between 5 end 6 minutes are typical with a maxi-
mum of occurrence around midnight. During day 1 to 3 minute periods
are dominant. These effects were not observable with a simulteneous
Multi Frequency Polarimeter (MEPOL) and Short Backfire antennas

with ¥ 150 beamwIdth. The elevation angle of ATS-6 at Lindau is 28°
thus it is concluded that the SIPOL effects are not ceused in the
ionosphere but in the tropaosphere and might possibly be caused by mi-
croclimatic effects close to the surface of the earth.

360 MHz amplitude fluctuations, which were observed during times when
neither the 140 MHz emplitude nor the 4O MHz amplitude showed relevant
fluctustions are very likely caused in the troposphere. One out of ten
very clear examples is presented here.

I1. Fluctuations caused by the iongsphere

For deteiled investigations three subseguent days in December 1975
were selected, Dec 11, 12, and 13.

On December 11 around 1955 UT 7 sec periods were abserved on the 140
MHz and 141 MHz amplitudes lasting for about 1 minute. Simultaneously
on the 40 MHz amplitude and Dispersive Doppler 40 MHz 15 sec periods,
Furthermore periods less than 5 sec were observed. In addition to that
longer periodic fluctuations up to ebout 30 min were ocbserved during
day and night. Due to the high resolution of the DD 4O measurement

( ¥200 times more sensitive than Faraday rotetion 140 MHz) for the
first time real significant effects on TEC at midlatitudes due to gra-
vity waves could be shown in the middle of the night. DD 10-, Faraday
rotation- and Group delay measurements are too insensitive and marginal
for displaying any effect of gravity waves on the TEC during the night.
Furthermore the dally variations of the scintillation indices 5, at

4D MHz and 140 MHz ere presented as well as & graph for the frequency
of occurrence af scintillatiors for the three months period Oct 1975 -
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Dec 1975. S, includes any type of periodic and unperiodic fluctuations
and depends from the data sampling rate and from the receiving antenna
beamwidth.

Introduction

The ATS-6 geostationary satellite and the Radio Beacon Experiment (RBE).

There are three carrier frequencies, 40 MHz, 10 MHz, and 360 MHz. Ampli-

tude modulation frequencies are 100 KHz on the 40 MHz and 360 MHz sig-

nals and 1 MHz on the 360 MHz, 140 MHz, and 40 MHz signals. The RBE is

designed for several types of measurements, principally: Faraday Rots- .

tion, differential carrier phase (Dispersive Dappler), modulation phase ' -

Egifffrg?tial Group Delay), and signal amplitude (Absorption). (1], [5], ‘ '
’ 1 . i 3

From September 1974 through April 1975 abservations were carried out at ! '

several locations in the US in the freme of cooperative programs with ‘ 5

NDAA ERL, Boulder, Colo; Monteana State University, Bozeman, Mt: and 3

University of Texas at Dallas, Dallas, Texas. ﬁ 9], [10], f11], (18]. ‘

In summer 1975 the satellite moved from 940 W ta 35 E and is now ob-

servable from Europe. Some preliminary results obtained from October 4975

through February 1976 will be presented here.

Location

The receiving station Gillersheim is a field site of the MPI f. Aerono-

mie and is located at 51.659 N and 10.130 E about 7 km spaced from the

main institute at Lindau. ATS~-6 is positioned at 359 €, 36000 km above

the surface of the Earth. Its tropocentric coordinates with respect to

the receiving site Lindau are azimuth: 300 from south towards east, ele-

vation: 289, The line of sight between ATS-6 and Gillersheim intersects

between 50° and 409 geogr. latitude the ionosphere in altitudes between

100 km and 1000 km and has a relevant length of 1600 km. Thus the results

are duye to medium latitudes, in our case geagraphic and geomagnetic coor- ;.
dinates ere nearly identical. "

Equipment

Several receiving equipments, designed at Lindau are in use,

1. Multifregquency-polarimeter receiving units (MEPOL) [38. 520]

2. Single frequency polarimeter receliving units (SIPOL)

The Multifrequencypolarimeter (MEPOL) is opersted with One-tlement-Short-
Backfire-Antennas, having a beamwidth (3 dB points) of about 300. [73].
The Single frequency-polarimeter (SIPOL units are operated with commerci—
ally fabricated vagi antennas having beamwidth of about 60°.

I. Fluctuations caused by the troposphere
A) F and F

%0 161 measurements
with two single frequency polarimeter (SIPOL) units - inclusive two vagi
antennas - the Faraday effect was recorded at 1.0 MHz and 141 MHz. Ana-
log chart recorders were used with a chart speed of 120 mm/h and a chart
width (resolution) of 200 mm per 1809 Faraday rotation. During the
nights we aobserved several times significant periodic veriations with a
duration of about 5 min and rotation angle variations of more than % 19,
Figure 1 displays a section of sucn a recording.
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Figure 1: Recording of the Faradsy effect at 141 MHz in the early night
at Nov 23, 1975 at Gillersheim

The periodic variations sre observable on the 140 MHz recording and on
the 141 MHz recording. There seems to be a small time delmy between the
two events.

For a better identification (amplification) of these effects we measu-
red additionally the differential Faraday effect F1h0/1b1’ where the
daily TEC variation is nearly eliminated.

Figure 2 shows quasiperiodic variations on Fq,0/4449 in the night from
Dec 18 to Dec 19, 1975 of sbout 5 to 6 min duration and shorter periods
during the following day hours.

Until now the period November and December 1975 was investigated.

During the night the sinusoidal fluctuations seem to be s rather regular
phenomencn with 8 meximum of occurrence before midnight. During the day
periods between 1 to 3 minutes are typical. The short period fluctua-
tions ere superimposed on longer period fluctuations (gravity waves).

e W P T AT




F 1407141 18-1912.1975

Figure 2: Faraday effect 140/141 MHz recording at Gillers eim

Comparison with simultaneous multifreguencypolerimeter (MEPOL) measure-
ments

The "Single frequency polarimeter (SIPOL)-effects® were not visible on
the multifrequencypolarimeter (MEPOL) recordings.

We have to conclude that the fluctuations measured with single freguen-
cy polarimeter (SIPOL) can only be due to the different beamwidth of
the Short Backfire (SBF) antenna end Yagi antenna (SBF antenne t 15%;
vagi antenna * 300).

Due to the fact that ATS-6 is visible from Gillersheim with an eleva-
tion engle of 289 and that the beamwidth of the vagl antennas is % 30°
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the Yagl antennas "see®" tropospheric regions very close to the ground
where the microclimete plays the dominant role [16]. The Short Bsckfire
(SBF) antenne with a beamwidth of * 15° does not cover these lower regl-~
ans.

8) 360 MHz amplitude varlations

Tropospheric effecta can play an important role. This was demonstrated
by the ATS-6 RBE 360 MHz amplitude recordings obtained at Bozeman, Mon-
tana, with 8 multifreguencypolarimeter (MEPOL) receiving unit when
ATS-6 wes located 949 w. [2].

I

AR - R VoS

" 02 0OUT
Figure 3: ATS-6 RBE recording taken at Bozeman, Montana, USA

Figure 3 shows part of a recording taken on Feb 1, 1975 (day 32) at
Bozeman. Chennel 3 dlaplays the ATS-6 360 MHz carrier amplitude (inten-
sity) recorded with the multifrequency (MEPOL) receiver and a 1-element
Short Backfire antenna.

Channel 4 at this time was connected to a separate phaselock receiver
with a 1 /2 dipole X /4 above ground. We see amplitude (intensity) vari-
etions with periods between 1 and 3 minutes. The amplitude of these
fluctuetions strongly depends on antenna type.

Model calculations show that the amplitude variations are proportional
to the wave frequency. Refraction effects in the ionosphere show an oppo-
site freguency behaviour. [17]

Figure 4 shows & portion of a 360 MHz amplitude recording obtained around
0600 UT on Nov 20, 1975 at Gillersheim.

The effect is clearly to be seen on the 360 MHz channel but neither the
140 MHz amplitude nor the 40 MHz amplitude showed simultaneously fluctua-
tions. If the effect would be due to the ionosphere we woyld expect the
opposite behaviour. Thus we conclude - like in Bozeman - that these 360
MHz amplitude variations are very likely caused in the troposphere. [16]
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Figure 4: 360 MMz emplitude variations of tropospheric origin

The occurrence of tropospheric effects abserved on the 360 MHz amplitu-
de from Nov 1975 through Jan 1976 is shown in Filg. 5 together with
various ionospheric effecta. The amplitude fluctuations at 360 MHz are

iven by open rectangles. There is to be seen no dependence on daytime.
?17], [18].

ATS-6 RBE 40-140-360 MHz Amplitude and Phase Fluctuations Gillersheim
November 1975 December 1975 January 1976
vt 5 T W12 4B VWo2224 V.02 4 6810121416 162002224
0ny.0,2. 4 8.8 002 88 w20 2 468100210 0 WM T2 4.0 80 ML LS
1 = - * - 14 - e - - 1 aa— + s amm
2 2+ P 2 « - v e e -
- . . e — — -
4 - . 4 ¢ e— sommy = — 44 —— o ane o -
. . - - i - —— v - 4 - .« . -
6 - 6 o emm - — - o— 6~ - -
- — - - -
) - . B8~ - - .- 8 - —
“ - 4 - an . - e
. - -
0 N 107 —_— K 101 - - -
A - 12 - - - 12] —-— e . —— -
. [ - - - et . om0+ e .
4 - 14 - 144 - se
« . - —— 1 . " -
16 - —-— 16+ & - s 164 - -
4 - - - e - 4 -
18 d 8 e 18- ee — . . 184
4 - - -— -
20 - - - 20~ ¢+ ume - - - 204 - -
4 - — 223 - ..
- - - -
22 w 2. - : . -
24 . 24+ - 241 me
4 - aem - 4 - - — e - 4
26+ - - - 26+ - . 26 -
: . i — - ]
zsj : > . 28+ - - 284 -
- - e - 4 -
301 301 . . - 30
i -~ e o o= - .
| |

Figure 5: Occurrence of verious fluctuation effects
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T tropospheric effects on the 360 MHz amn)*!iude
e scintillation events at T mnz and/or 140 MHz ang/or 360 MHz

' quasi-pericz’. riuctuations with periods between 1 and 60 sec.
The line indicates periods where ATS-6 date were available

1I. Fluctuations ceused by the lonogphere

In this section varlous types of fluctuations will be presented which -
88 we believe - are caused in the ionosphere.

A) Quasiperiodic fluctustions with periods less than 1 minute.

The occurrence of quasiperiodic fluctuations is shown in figure 5 by

small arrows. The quasiperiodic fluctuations with periods between 1

FndJED sec alwesys occur during scintillation periods. [4], (8], [11],
15].

The occurrence of clearly detectable scintillation events at 4O MHz

and/or 140 MHz and/or 360 MMz from Nov 1975 through Jan 1976 is shown

in fig. 5 by black rectengles. There seems to be no dependence from day-

time and the maximum of occurrence seems to be in December. There are

many more events than were expected.

111975 Day 315
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Figure 6: Quasiperiodic fluctustionas at 40 MHZz

Fig. 6 shows a portion of an analog recording with periedic fluctuations.

The analog recording - taken at Gillersheim on Nov 11, 1975 between 0940
UT - displays the following channels:

1) DD 4O (Dispersive Doppler 40 MHz or carrier phase 40 MHz)

2) DD W0 (Dispersive Doppler 10 MHz or carrier phase 140 MHz)

3) GD 41 (Differentisl Group delsy 41 MHz or modulation phase 41 MHz)
4) GD 1 (Differential Group delay 14 1MHz or modulation phase 14 1MHZ)
5) F 10 (Faraday rotation angle at 10 MHz)

6) A 360 (Amplitude 360 MHz)

7) A 10 (Amplitude 140 MHz)

8) A 40 (Amplitude 40 MHz)
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9) A 361 (Amplitude 361 MHz) 10) A %1 (Amplitude W1 MHz)
11) 1 hour merkers 12) 10 minute markers
Chart speed wes 1 mm/sec. All channels have a chart width of 20 mm ex-

cept channel 1 that has 40 mm chart width. Time is increasing from right
to left.

Resolution of the channels:
100 40 0°9... 360° 90/mm 2) DD 0 0° ... 3609 189/mm
3) GO 41 09 ... 360° 18%mm &) GD 141 0° ... 360° 18%/nm
) F w0 0%...40° 9%mm 6)A 360 22 .., 28dB 0.3 dB/mm
7 A W0 24 ... 36 dB 0.6 d@/mm 8) A 4O 15 ..., 45 dB8 1.5 dB/mm
E 9) A 361 22 ... 28 d8 0.3 dB/mm 10)A 141 24 .., 36 dB 0.6 dB/mm

» The quasiperiodic fluctuations follow a time period when most channels
: show fairly strong veristions (scintillations). Between 0944 UT and

{ 0947 UT about 20 periods at DDLU, GD41, and A4LD are visible with a
decreasing period duration from 14 sec. to 5 sec. They are followed by
seversl further wave trains with periods between 3 and & sec.

i

~4

SR

Sauaduie

N |
. 1 ‘
Wiy )
- 1
%ﬁ 'i Figure 7: Quasiperindic oscillations of the carrier phase ]
*3‘4g (dispersive doppler) measurements st 40 MMz (DDLOD) .
b, 1 Fig. 7 shows a portion of a plot obtained from a digital recording taken
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; - - at Nov 18, 1975 at Gillersheim between 0312 UT and 0512 UT. The sampling

" rate was 0.1 sec for ALO, A140, and OD4O.
Between 0340 UT and 0450 UT quasiperiodic (sinusoidal) oscillastions =re
to be seen at DD4O with periods at e ut 1 min. duration.

v The corresponding ALO channel shows juasiperiodic fluctuations which

are different from these at DO4O. We see that phese and emplitude mea-
surements do not necessarily give always the same information.
The lower portion of fig.7 shows also other types of fluctuations bet- E
ween 0530 UT and 0630 UT end between 0725 UT and 0825 UT. Theae fluctu- ﬂ
ations are nonperiodic and ere normally ceslled scintillationa.[17],[18]. '
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Figure 8: DO40O variations at Gillersheim

8) Long-periodic fluctuations with periods more than five minutes

Figure 8 shows the DD40 variations between 0 and 27T on Dec.12, 1975
between 0000 UT and 2400 UT. The variations of DD4D produce a density
modulation as 8 function of time. Its meaning is shown in the next fi-

l
t
. i
é

gure.
Figure 9 shows the DD4O variations between O and 27 on Dec.12, 1975
between 0800 UT and 1600 UT. Simultanecusly the number of 1nteger 21 4

changes of DD4O is displayed together with 1/2 hour mean values and

2 hour mean values to work out the shorter and longer periodic fluctua-

tions superimposed on the deily TEC varistions. It can be seen how the
) density fluctuations of the DDLO variations correspond with the short

period fluctuations displayed by the 27 changes.
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Figure 9: DDLO variations in two different presentations

Figure 10: DD4D nighttime varistions in two different presen-
tations

Figure 10 shows the DD4LD date from fig. 7 (Nov. 28, 1975) in a different
presentation. It can be seen that the 1 minute oscillations are super-
imposed on longer periodic TEC variations with e period of about 30 mi-
nutes, which are very likely caused by gravity waves [ 12] and which are
only clearly viaible at DDLO, due to the very high resolution of the
dispersive doppler effect 0040 (cerrier phese) as compared to F10 and
G011 etc. This is just one example out of many.
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;' ; ‘ MULTI-STATION INVESTIGATIONS OF LOW LATITUDE IONOSPHERE USING

: LOW ORBITING AND GEOSTATIONARY SATELLITES
v 5 by

i f M.R. Deshoandel, R.G. Rastogil, R.V. Bhonslel, H.S. Sawantl,

X K.N. Iyer+, Banshj Dharl, A.V, Janve“, R.K. R i2, Malkiat
‘ Singh , H.S. Gurm , A.R., Jain , B.N. Bhargava , V.M. Patwari ,
] ‘ : and B.S. Subbarao®.

: ABSTRACT

Some investigations of low latitude Ionospheric Total H
Electron Content (TEC) in Indian zone using BE-~B, BE-C, and
ATS-6 satellites are reported in this paper. The results may
be summarized as follows:

(1) Integrated production ratesat Ahmedabad (dip 34°N)
calculated from the mean daily curves of TEC obtained from
g BE-B and BE-C satellites show a semiannual variation with
' equinoxial peaks and increase 1linearly with 10.7 cm solar
flux.
(2) The effective loss coefficient in the F region also
shows a seasonal variation with larger values around equinoxes
and lesser values around solstices.

(3) A conclusive evidence for the effectiveness of
blanketing type of sporadic E in producing satellite signal
scintillations is presented.

St il 53S0

(4) TEC over the Indian sub-continent using ATS-6 mea-
surements is studied. Equatorial anomaly in TEC is described. 1

h (5) Occurence of Traveling Ionospheric Disturbances 8

g (TID's) and their movements are investigated using the network
of stations in India. TID's move north-eastward in morning
hours and reverse in the afternoon, with a speed of about S0 ;
m/sec. The time of occurrence, amplitude and period of TID's ﬁ
are also studied.

(6) A time sharing radio polarimeter and Dicke switched
radiometer were used to record ATS~6 signals at 40 and 860 MHz
at Ahmedabad. Observation of scintillations at both frequencies,
on a few occasions, is reported.

i cdaiiaded o

INTRODUCTION

For more than a decade, using low orbiting satellites at
an altitude of about 1000, Total Electron Content (TEC) of the
Ionosphere has been studied at high, middle and low latitudes.
Although such satellites are superior in respect of study of :
spatial variations, they lack the continuity of observations P
and time resolution. Geostationary satellites have been used ‘
at a number of middle and high latitude stations to study the ;
TEC (Garriott et al.1965,Titheridge 1966 and Mendillo et al. 'y
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1970). At low and equatorial latitudes relatively sparse mea-

b 7 surements using such satellites have been made and these are
. mainly again in African and American sectors (Garriott et al.
K Y 1965, Yuen and Roclofs 1967 and Yeb8ah-Amankwah and Koster 1972).
With the positioning of ATS-6 at 35 E longitude in mid 1975, a

| unique opportunity has arisen to study the equatorial and low :

’ latitude in Indian zone ionosphere in order to augment the in- i f
formation obtained from the 5-66 satellite (Basu and Basu 1971, S

1 Rastogi and Sharma 1971, Somayajulu et al. 1972 and Rastogi et '

[ al. 1973, 1975) and from previous near geostationary satellites

' that drifted across our longitudes (Basu et al. 1975 and

Deshpande and Rastogi 1975). 1In this paper some new phenomena
observed at low and equatorial latitudes are presented using
results of ATS-6 satellite at a chain of stations in India and the P

Lot C-(6satellite at Ahmedabad, Kodaikanal and Thumba. 4 1

EXPERIMENTAL SET UP

Sy et

-

; (a) For S-66 Satellite: The equipment consists of simple

O half wave dipole antenna at 20 and 40 MHz, followed by preampli-
fier, receiver and paper chart recorder. All passes of both

S | the satellites BE-B and BE-C were analysed to obtain the Faraday

’ rotation at every minute during the pass at the stations

Ahmedabad (dip 34°N), Kodaikanal (dip 3.4°N) and Thumba (dip

0.49s), all lying around 759E longitude.

(b) For ATS-S Satellite: Rotating antenna type polari-
meters at 140 MHz were set up at Waltair (dip l9oN), Bombay
.y (dip 258N), Rajkot (dip 33°N), Ahmedabad (dip 34°N), Ugaipur
R (dip 35°N), and Patiala (dip 45°N). At Jaipur (dip 39°N), polar-
imeter of X, Y component type was set up. In addition a com-
% plete ATS-6 receiving system was also set up at Ootacamund
) (dip 4°N) in collaboration with NOAA, Boulder. The Faraday
rotation data is analysed at every 15 minutes for total electron
content studies and for special studies like solar flares
scaling at every minute or less was used. i

RESULTS

(a) $§-66 Satellite: Detailed study of TEC and equivalent : z
, slab-thickness at Ahmedabad for a period covering half a solar . :
! cycle from 1964-1969 was done by Rastogi and Sharma (1971).
Studies of TEC at Thumba and Kodaikanal did not show the noon

i bite-out in TEC similar to the one in f.F5; but the latitudinal

g variation of TEC obtained by combining the observations at
Kodaikanal and Ahmedabad did show_the equatorial anomaly in TEC
with peak values of EC around 20°N dip latitude (Rastogi et al.
1973, 1975). 1In this note some of the associated parameters

such as integrated production rate for an overhead Sun (Q.), the
effective loss rate (f) are investigated following the meghod

of Garriott and Smith (1965), Titheridge (1966} and Smith (1968).
Using the early morning build up rate of TEC, integrated pro-
duction rate Q5 is given by Qg =('W'r/3t)‘g.1;lwt(x,H)Where (IN/3¥)gunmise

is the slope of Np vs time curve at sunrise and CH (x,H) is the
Chapman function which takes up a value of 15 for a scale height
H = 50 km and X between 87° and 93°. From the decay rate of TEC
after sunset, the effective loss rate is calculated using the

A

equation -g't é
SUNSET ;
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Defining tv,as the time required by Np to reduce to half its
value at sunset (approximately half life) we can write

g' = 0.693 (2)

t |/2
The seasonal variation of Qo obtained separately using the
northbound and southbound passes of BE-B and BE~C satellites
is shown in Fig.l. A semiannual variation in Q, with equi-
noctial peaks and solstitial minima is clearly seen for all
the years 1965 through 1967. This semiannual variation may
be explained in terms of semiannual variation of O/N, ratio
seen by Mayr and Mahajan (1971) of amplitude about 1.5:1.0.

Having observations over the period 1964 through 1969, the
dependence of Q. on solar activity was investigated. The pub- .
lished data of 8EC from Delhi is also used in this study. Qg

shows a linear increase with 10.7 cm solar flux with varying
slopes in different seasons which is seen from Fig.2.

The effective loss rate #'was calculated for different
months, and average values for the different months are shown
in Table 1. It is seen from Table 1 that ' also shows a
seasonal variation with summer values around 0.6 x 104 sec ~1
and equinoctial values of about 1.1 x 10-4 sec-l,

Scintillations are seen at polar latitudes during day and
night and are known to be caused by irregular ionization due to
charged particle precipitation. At equatorial latitudes
Chandra and Rastogi (1974) have shown that scintillations are
well correlated with spread F and the night time scintillation
belt spreads over 1000 km centered at :5° from dip equator. In
this paper evidence is presented for blanketing type sporadic
E patches causing day time scintillations. One such example
is shown in Fig.3 where the burst of deep scintillations seen
between 23.4 and 23.7°N geographic latitude is caused by the
strongly blanketing type Es,of critical frequency more than 7
MHz, recorded in the ionograms shown. This illustrates the
effectiveness of sporadic E patches in causing scintillations
by day and also shows that the Es patches are much less in hor-
izontal extent (about .5° of latitude) than spread F clouds.

(b) ATS-6 Satellite: The chain of ATS-6 receiving sta-
tions is shown in Fig.4. It can be seen that a latitudinal
coverage right from the dip equator (about 4°N) to and beyond
the equatorial anomaly region is obtained by this chain of
stations.

Contours of constant elevation angles over a grid of lati-
tude versus longitude covering the Indian zone when ATS-6 is
at 35°E longitude over the equator are presented in Fig.5. It
can be seen that ATS-6 signals can be received at elevation
angles between 42°and 22° from the different stations in India.
Elevation angle is more dependent on the longitude of the station.

For correlating the TEC data obtained from ATS-6 satellite
with other ionospheric data like f,F;, it is necessary to know
the sub-ionospheric point where the ray path crosses the iono-
sphere. This again varies with the height of the ionosphem con-
sidered. Therefore we have computed the ionospheric points
corresponding to different ionospheric heights from 100 to 500
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km in steps of 100 km and these are shown in Fig.6. The pro-
jection of the ray from ATS-6 to the different stations is also
indicated in the figure.

Another important parameter in deducing TEC from Faraday
rotation records i the magnetic field factor M = B Cos © SecX.
This is generally computed at a height known as the mean field

eight. This is generally taken as 400 km for our latitudes.
We have the information of ionospheric TEC obtained from pre-
vious measurements using BE-B and BE-C satellites. From such
known TEC and the computed M at 400 km height we have calcula-
ted the expected Faraday Rotation at Ahmedabad at 40 and 140
MHz for typical solstital and equinoctial months of low sunspot
years. This is shown in Fig.7. For comparison with the actually
observed Faraday Rotation, the experimental measurements at
Ahmedabad from ATS-6 are also plotted (circles) in the diagram.
There is a good agreement between the two. This will also help
to remove the n 7 ambiguity in determing the absolute Faraday
rotation at any station.

Typical daily variation of AQ/M (proportional to ATEC) are
now studied. The normalization with respect to M is done in
order to obtain the genuine latitudianal effect due to ionosphere
rather than being contaminated by geometrical effects. 1In Fig.#$
a2 typical plot of AN/A is given for the day 24 October 1975 for 140
MHz, at the different stations Ootacamund, Bombay, Rajkot,
Ahmedabad, Udaipur and Patiala. For comparison, we also plet foF2 ob-
tained at Ahmedabad. The diurnal maximum is quite flat at
Ootacamund. As one goes to high latitudes, the amplitude of the
daily curves (and hence the diurnal range of TEC) increases
re ng maximum around Ahmedabad and, with further increasesof
latitude, the diurnal range again decreases. This suggests the
equatorial anomay inthelatitudinal variation of TEC.

To further understand the latitudinal variation of TEC, the
daily maximum of AR/M is plotted against the sub-ionospheric dip
latitude. It is seen that TEC reaches peak values around J4°
dip latitude indicating the presence of Appleton an m 1ly.

Next we 1nvestigate the passage of TID's through Indian
sub-continent. Percentage occurrence of TID's at different
times of the day at the stations Bombay, Ahmedabad, Udaipur,
and Patiala is shown in Fig.10. TID's predominantly occur in
daytime with peak occurrence at about 1400 hr LT at all the
stations. The period of investigation is from 15 September
1975 to 15 March 1976.

The statistics of the occurrence of TID's with different
periods and amplitudes is investigated next. Daytime and night-
time cases were separately treated. Histograms of TID periods
for the stations Bombay, Ahmedabad, Udaipur, and Patiala are
given in Fig. 11, separately for day and night. It can be seen
that by day most of the TID's have a period of about 20 minutes
in all the stations. At night also a period of about 20-30
minutes is predominant at Bombay, about 10-15 minutes at
Ahmedabad and Udaipur and no preferential period at Patiala.
The TID amplitude histogram is shown in Fig.12. By day, lower
amplitudes of AQ~10-20° is preferred while by night the spread
is large except at Ahmedabad where a predominant amplitude of
about 10° is seen.
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Daily variation of TID period, averaged for the period 15
September 1975 to 15 March 1976, is shown in Figure 13. At all
the stations TID's have a period of about 20 minutes, roughly
constant throughout the day. The periods seem to increase
towards nighttime hours reaching values as large as 60 minutes.
These nighttime peaks are more visible at higher latitudes,
Patiala and Udaipur, as compared to Ahmedabad and Bombay.

Daily variation of TID amplitude is shown in Fig.l14.
Nighttime peaks in amplitude are seen at stations Bombay,
Ahmedabad, and Udaipur, but not at Patiala. The mean ampli-
tude of TID's is about 20° (4AQ).

From the above studies of TID's the vector velocity of
daytime TID's is plotted in Fig.15. It may be noted that TID
propagation is dominantly in the northwest or outheast dir-
ection during daytime. The median speed is about 70 m/sec.

Vector velocities of nighttime scintillations are shown
in Fig. 16. The median speed is found to be about 140 m/sec
and the predominant propagation direction of TID's seems to
be eastwest.

In addition to these investigations, a time-sharing radio
polarimeter was used to measure the Stokes polarization para=-
meters of ATS-6 40 MHz signals. These data contain informa-
tion regarding the Faraday rotation; typically 30 to 40 rota-
tions from the time of layer-sunrise to that of maximum electron
content ware observed. This amounts to_a total ionospheric
electron content of the order of 4 x 10 electrons/m¢. There
were indications of large-scale ionospheric irregularities
manifested by variations in the Faraday rotation rate.

From Fig.l17 it can be seen that scintillation is normally
weak as seen on the I-channel on 9-1-1976 in the post midnight
period. Of particular interest is the evidence that scintil-
lations were seen to start simultanecusly with the commence-
ment of & magnetic storm in the presunrise period on 10-1-76.

On the following night, strong scintillations with fast fading
rates were observed throughout the night. After sunrise on
11-1-76, it is found that the fading rate was considerably
reduced.

Table 1

Effective loss rate at Ahmedabad (B8')
for different months

Month

January
February
March
April
May

June
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Table 1, Gontinved

Month g
July 0.90
August 0.95
September 1.10
October 0.65
November 0.63
December 0.60
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Faraday rotation records at 40 and 41 MHg at
Ahmedabad on 6 May 1965 showing burst of

scintillations between 0929 and 0930 hr 75° Lii..
Ionograms taken at Ahmedabad at 0915, 0930 and
0945 hr 75° EMT are also shown. Intense spcra.

E seen on the ionograms is the cause of these
scintillations.
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beacon experiment.
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JIBASURELENTS OF EQUATORIAL IONOSPHFERE IRREGULARITINS WITH THD
IRCE MULTITFREQUENCY RECEIVING STATION AT SAN MARCO RANGE IN
KENY A

F.Bertini, M.T.de Giorgio, P.F.Pellegrini
Istituto di Ricerca sulle Onde Zlettromagnetiche, C.Y.R.
Firenze, Italy

P.Bruscaglioni, G.Fiori
Universita degli Studi, Firenze, Italy

During the periods December 74 January 7% and July 75 Sep-
tembar 75, a receiving station; assembled at IROE was used a{ the
Italian lquatorial Range San Marcc in Kenya (40°11,4'E, 2¢59,6'S)
to receive the signals of the orbiting satellites Intasat and
Intercosmos 12 and of the ATS-6 geostationary satellitc,

The station is assembled in a standard container and can
receive simultaneously the signals from the satellites, ihrough
a group of different antemnas, A cross dipole was used for the

40 Milz band.A 4 cross Yagi (6 elements) antenna was used for the
140 1Hz band. A 6 cross Yagi (8 elements) untenna was used for
the 360 IMHz band.

Figure 1 shows the block diagram of the ststion. A single
reference oscillator at 1 IfHz is the basis of the whole RF sec~
tion, which is completely sinthesized. A computer (HP 2100A) con-
trols the operation of two RF receivers with respect to frequen-
cy, bandwidth, gain and choic2 of the vceceiving mode,

The computer takes inio account the frequency shift due to
Doppler effect by chansiing periodically the freguency of the re-
ceivers. The computer also controls the A/D coaverter connected
to the output of the receivers., The received signais are recorded
on digital tape together with time informaticn. The computer ulso
controls the multiplexer, which selects ilhie antennas t¢ be elec-
{rically connected to the station. During the campaign the beacon
signals of Intercosmos and Intasat satellites were recorded for
about 70 passages., A3z for the ATS 6,30 records each about 1h long
have been obtained.

Fig.2 shows an examplc of the ATS records in a quick-=look
form representation (one point in the drawing represents an ave-
rage over 1 second). One of the two channels was on a fixed fre-
quency, the lowest beacon frequency, while the other channel is
switched for the other 12 beacon frequencies, once every 30 se-
conds,

Fig.3 is an analogous quick-look representation for an or-
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biting satellite (Intercosmos: 40 KNHz upper channel, 41 MHz low
er. channel, night passage).

As the analysis of the data has just only begun, we orly
say that our purposes are to study the scintillation of phese
and amplitude and to connect scintillation, when it is possi-
ble, to the caracteristics of the ionization irregularities,

Then, as allowed by the recorded sigacls at the different
beacon frequencies of ATS-~-6, we will study the communicotion

channel, throughthe determination of the time~frequency correla:

tion function of the complex envelope, and of the scattering
function of the channel,

As a first example of the work we refer to Fig.3 and to
the analysis of scintillation of amplitude and phase, During
the reception, after conversion of the beacon frequency to few
hundreds Hz, the signal was sampied at a frequency of 6500 sam~-
ples per second. For our analysis first the resl part and the
imaginary part of the complex envelope of the signal have been
evaluated by multiplying the samples by cosw t and by sinw t

. : . . o}
respectively, wherew 1is an estimation of th8 low frequency
carrier frequency. A fow pass digital filter was then used.
The amplitude snd phase of the obtained complex envelope was
then evaluated. As for the bhase yet one has to take into ac-
count the fact that a residual low frequency (few tenths,
ore-say~1 Hz) is still present after filtering, togethexr with
a doppler shift, giving a continuous variation of phase to
which random oscillations (scintillation) in superimposed., We
tried two type of corrections: a linear correction for very
short periods of time (1/3 second) and a second order polyno-
mial correction for longer periods of time (5 seconds).

Fig.4 shows the variance of phase (dots) and the normali-
zed variance of amplitude (crosses) after this second type of
correction,

Each circle and each cross represent the average over an
interval of 5 seconds.

The power spectra of phase, obtained after linear detren-
ding are shown in figure 5. The spectra shovn are evaluated
for successive intervals of time of 20 seconds (time is gro-
wing from spectrum 1 to spectrum 7). Small oscillations in
spectra are smoothed out. One has to note that linear or se-
cond order polynomial. correction of phase led to practically
the same spectra only for frequencies higher than 1-2Hz.

Lower frequency spectra resulted substantially different.
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VHF Scintillation Observations at Calcutta with
Orbiting and Geostationary Satellites

S. Basu, B.XK. Guhathakurte,
G.N. Bhattacharyya and A. DasGupts
Institute of Radio Physics and Electronics
92 Acharya P. C. Road
Calcutta 9, India

Abstract

The results of VHF scintillation observations carried
out at the lonosphere Field Station of Calcutta University
(Geographic lat: 22°58' N, long: 88°30' E; Dip lat: 17°21' N)
during the period November - April, 1972-73 and August to
October, 1975 are reported. 136 MHz transmissions from
Intelsat 2F2 located to the south of the station, 137 MHz
from ATS-6 in near westerly direction as well as 40 MHz
transmissions from orbiting satellite Intasat were received
at the station. The results indicate that the occurrence
of scintillations > 3 dB at 40 MHz did not exceed 20% in
the pre-midnight hours (when Intasat transits occurred)
whereas in the telemetry channels at 136 and 137 MHz the
occurrence was lower than 5%. Even though the occurrence
was low, scintillations were found to be intense, attaining
levels as large as 9 dB at 136 MHz. From a combined
study of scintillations with orbiting and geostationary
satellites the spatial extent of the irregularities and
their characteristics have been derived.

Introduction

The Field Station (Geographic latitude: 22°58' N,
longitude: 88°30' E; Magnetic latitude: 17°21' N) of the
University of Calcutta is located below the northern crest
of equatorial F2 anomaly. As such, the equatorial
geomagnetic control plays a prominent role in governing
the plasma transport from the magnetic equator to
ionospheric locations in the vicinity of the station. Prior
to 1971, orbiting beacon satellite transmissions at the
low frequencies of 20 and 40 MHz were only available to the
Indian observers. Explorer 22 and 27 observations in
1966-1969 indicated that 20 and 40 MHz scintillations are
observed at the station primarily during the summer months
(Bhar et al., 1970).although other equatorial stations
have recorded an equinoctial maximum. During 1971-1972,
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, E observations at a higher frequency namely, 136 MHz, could be
‘ . carried out at the station on a continuous basis when Intelsat
2F2 made its transit over the Indian longitudes. A very low

J occurrence of 136 MHz scintillation during November, 1971 to
| E April, 1972 was reported (Basu et al., 1975). Since August, 1975
3 3 136 MHz transmissions from Intelsat 2F2, drifting across the
! p longitude of the station, and 137 MHz transmissions from ATS-6
; at 35° E longitude could be received at the station. The above
observations have been supported by 40 MHz scintillation
studies carried out with the help of orbiting satellite
Intasat. The continuous observations of the geostationary
satellites were used to obtain the percentage occurrence of
136-137 MHz scintillation. The observations of the orbiting
) ; satellite Intasat, transiting between 1800-2100 local time,
SN 3 were used to obtain the distribution of irregularities of
; ] electron density causing 40 MHz scintillation.

Results

Figure 1 shows sections of data exhibiting scintillations
;‘)' at 136 and 137 MHz. The top channel shows scintillations

)

{

on 136 MHz Intelsat 2F2 transmissions received with a rotating
yagi antenna. The two bottom channels of the figure exhibit
Intelsat 2F2 signals received with a rotating yagi antenna

and 137 MHz transmissions received from ATS-6 with a circularly
polarized antenna. ATS-6 was viewed nearly to the west of the
station and Intelsat 2F2 to the south. Scintillations due to

a sharp edge irregularity may be viewed on ATS-6 channel in
addition to the random type of scintillation. The characteristic
sudden onset of scintillation may be noted in all cases. The
decrease of ATS-6 signal level has been caused by the movement
of the satellite antenna at this time. It may be mentioned
that the fading period of scintillation is about 4-5 seconds
for strong scintillation but is as large as 40 seconds when
scintillations are weak.

Figure 2 shows the percentage occurrence of 136 and
137 MHz scintillations > 3 dB obtained during November-April,
1972, 1973 and August to October, 1975. It is found that the
occurrence of 3 dB scintillation at 137 MHz does not exceed
S% at the station during the above period.

It is interesting to note that the global model of
equatorial scintillations recently developed by Basu et al.
(1976) on the basis of in-situ measurements of ionospheric
irregularities indicated a remarkable longitude variation of
equatorial scintillation. The low occurrence of scintillations
. at this longitude is in agreement with the model which also shows

that over the African sector a station with a similar magnetic
| latitude would have observed 3 dB scintillations at 140 MHz for
60% of the time.
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During the above period of August-November, 1975, when
continuous observations of geostationary satellites were 2
carried out, the transits of orbiting satellite Intasat
occurred between 1800-2100 (82° E time). Figure 3 shows the
portions of subionospheric track (400 km altitude) over which
40 MHz scintillation was obtained. The figure shows that the
irregularities are mostly localized towards the north. An
east-west asymmetry in the irregularity distribution may also
be noted. Let us consider that the irregularity patches in
the north are confined within magnetic field tubes and that
the irregularity amplitude, AN/N, (AN, the electron density i
i ‘ deviation and N, the ambient electron density) is preserved,

as is usually assumed, when the irregularities are mapped
along field lines. As these field lines are traced southward ;
(i.e., equatorward) the field lines map higher in altitudes where )
the ambient N is reduced. The assumption of constant AN/N E
requires a proportionate reduction of AN. The reduced value ‘
of AN is probably insufficient to cause scintillations towards
the south of the station. It is to be noted that the northern
patch of irregularities would correspond to those in the
topside portion of the ionosphere above the magnetic equator.
The southernmost location viewed from Calcutta corresponds
to a magnetic latitude as low as 5° N. The low occurrence
of irregularities at this position indicates that the width
of the equatorial belt of strong scintillation is indeed very
narrow in this longitude zone for the above period of
observation.

R S Ga—— S

£
e

3 Considering that the irregularities which give rise to

J strong scintillations at the magnetic equator are located
around the F peak, the narrow width of the scintillation belt
signifies a limited irregularity layer thickness above the
magnetic equator in this longitude zone. The northern
irregularity patches observed from the present station
probably indicate the presence of isolated irregularities at
altitudes greater than 700 km above the magnetic equator.
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Abstract

R

L, Daytime VHF scintillation observations at Huancayo,
; Peru, during February to May, 1975 indicate that it is a : :

regularly occurring phcnomenon and is possibly related to _ 3
the equatorial electrojet. The level of daytime scintillation
at 41 MHz is typically of the order of 10 dB peak-to-peak
and 1 dB at 140 MHz. On certain days, the scintillation ;

. is, however, found to be inhibited. The spectral index of ;
daytime scintillation has been shown to depend on the :
level of scintillation.

Introduction

The characteristics of nighttime VHF scintillation
near the magnetic equator caused by the irregularities of
electron density at F region heights have been well documented
(Aarons, 1976 and references therein). On the other hand,
the daytime VHF scintillation at this location, theough
less intense, has not been fully explored. It is found, N 3
however, that daytime VHF scintillation ncar the magnetic : b
equator is a regularly occurring phenomenon except on a :
few days. The most viable portion of the equatorial
- ionosphere where plasma irregularities are gencrated :
N during the daytime corresponds to the altitude range of 1

v” 100-110 km where an intense equatorial electrojet current
‘ﬁ:. is located. The presence of irregularitics in this region
*ﬂ is revealed in equatorial sporadic E (E__) signature on
‘°%ﬂ ionograms. In recent years, the powerfﬁ? Jicamarca radar
» facility, capable of covering the frequency range of
ol 15-150 MHz, has been used to make an extensive study of
s 3 the irregularity characteristics in this reigon (Balsley
¢ et al., 1976)
i ,,
-:,, *On leave from the University of Calcutta g 4
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:f . Since backscatter radars are only sensivtive to the

! irregularities having scale lengths one half the transmitted

wavelength, the E cchoes obtained by conventional

\ ionosonde providcsgnformation on irregularity wavelength

| of 30-300 m. whereas Jicamarca radar opcrated between 15-

! ‘ 150 MHz probes the irregularities with wavelengths ranging
between 1-10 m. On the other hand, the scintillation
experiment being sensitive to irregularity wavelengths
of the order of a Fresnel dimension, 41 and 140 MH:z
scintillation observations effectively sample E region
irregularities having scale lengths of the order of
0.5-1 km.

Results

- , Figure 1 shows daytime scintillation data at 41 MH:z
. 5 obtained from ATS-6 at Huancayo, Peru on April 28, 197S.

i The three sections of the figure correspond to three
intervals of time on the same day. The left hand section
corresponding to local noon exhibits intense scintillation
at 41 MHz with a peak-to-peak fluctuation of 13 dB.

) Figure 2 shows the typical featurcs of daytime VHF :
scintillation at Huancayo. The top panel shows the diurnal ,

variation of scintillation index (SI) at 41 MHz and

140 MHz on successive days covering April 25-29, 1975. .

On April 27, the transmission was interrupted for the major i

part of the day and the limited data is not shown. From

the figure it may be observed that daytime scintillation

was consistently present on successive days at both

frequencies between 0600-1800 (75°W time). This time period

coincides with the daytime equatorial elcctrojet activity.

The SI index at 41 MHz ranges between 70-90% corresponding

to a peak-to-peak fluctuation of 7-13 dB. At 140 MHz, the

SI index is found to range between 1-1.5 dB. The departure

from the normal daytime scintillation behavior is shown

in the bottom panel of Figure 2. It may be observed that

although normal daytime scintillation was observed on

March 19 and March 21, no conspicuous sc:ntillation was

present on March 20 and March 22. The iniiibition of

daytime scintillation is probably related to a weakening

of electrojet activity (Matsushita, 1957; Knec