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ABSTRACT

Differential Doppler measurements made with harmonically related
frequencies transmitted from satellites are utilized for calculation of the la-
titudinal and diurnal variations of the total electron content of the ionosphe-
re. These preliminary measurements, performed during April, 1963, with
the satellite Anna-1-B, cover areas with subionospheric points from the wvi-
cinity of the magnetic equator to about -40° dip, and between longitudes of
35°% and 60° W. Mainly two distinct fenomena are noticed in the ionosphere
of this region., The first is that a latitudinal maximum value of the total e-
lectron content developes at the magnetic equator at sunrise and moves way
.toward higher dip angles for the whole day possibly due in part to diffusion

in the higher ionosphere along the magnetic field lines. The second pheno-
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menon is that there is a marked increase in electron content in the region
which geographically correspondes to the area of the Brazilian anomaly of
the earth's magnetic field in the South Atlantic. This enhancement in elec-
tron content is atributable to ionization caused mostly by high energy parti-
cles of the artificial belt, which have mirroring points in levels well into
the ionosphere at the magnetic anomaly.
1. INTRODUCTION

Total ionospheric electron content I (t), i. e., the integrationof the
electron density N from ground level to a given height, has been determined
by many investigatiors utilizing propagation characteristics of radio waves
transmitted from satellites. |

A description and comparison of the vari¢ous methods utilized in

(1)

calculations of I (t) has been done by Garriott and de Mendonga "', and one
of the processes shown in their paper ié applied here for reduction of diffe-
rential Doppler measurements aata obtained from the satellite 62601 (Anna-
-1-B) at Sao Jose dos Campos Station. Collection of data begun early April
1963 and has continued in a routine basis without interruptions since then,
with satellites of the same series, providing many hundreds of satellites
passages up to the time of this writing. The work reported herein is based
on 75 passages of Anna during the first 30 days of observations (April 11
through May 11, 1963), which was a period of low magnetic activity.

Work ig continuing and a paper which is in preparation will present

2 seasonal variation of transequatorial electron content.
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The satellite Anna-1-B is in an almost circular orbit (apogee 1080
km, perigee 1170 km) with inclination of 50°. The ’harmonically related fr;e—
quencies which were used (162 and 324 Mc) pérmit one to disregard not only
the effects of the earth's magnetic field on the waves propagation (2) but al-
so permit the use of observations which had maximum elevation angles as
low as 25° above the horizon (3).

The linear gradient aproximation was assumed in calculating I (t) by
means of a hest fit procedure to particular intervals of time (chosen initial-
ly by inspection of the raw data) during each passage. Afterwards the men-
tioned assumption wbuld be check for consistency and corrections applied
when necessary.

Two features of the latitudinal vériations of the electron content I (t)
will be discussed 1in this preliminary paper, namely the increases in the
values of I (t) in the ranges of the equatorial anomaly and of the South Atlan-
tic or Brazilian magnetic anomaly,

Some of the results will be compared with measurements which were
made with the Canadian topside sounder satellite (Alouette), as reported by
King et al. @ .

2. DATA REDUCTION METHOD

The satellite Anna transmitted the funda.mentai and its second har-

monic in the frequencies of 162 and 324 Mc/s respectively. Due to disper-

sion these signals were affected differently by the presence of the ionosphe-

re, Detecting them by means of phase-locked receivers, dividing the higher .
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frequency by their harmonic relationship, one obtains a beat frequency

which can be shown (3) when proper approximations are performed, to be

,

given by
£, = (1/3) (d/dt) (P4 - Po) = (KJcf) [(m2-1)/m?](d/dt) [ Nds 1)
b 2- Y2
where
fy, - beat frequency at the receiver output
A - free space wavelenght of the lower frequency

P - phase path lenght f /.eds

m - the harmonic relation of the waves

N - electron density

K - a constant (40, 3 in MKS units)

From rise to set of the satellite this frequency will go through zero
beat at least once. For convenience one may choose 'fhe moment when the
beat is zero (proximal point) for reference time, and by counting cycles ver-
sus time from this reference one is in fact performing an integration of e-
quation (I). Then

N ‘

I(t) = OI:Idh = [cos % yefm?/K (m?-1)] | ffodt +C] (I1)
In the reduction of data for this paper the constant of integration C was de-
termined by means of a root-mean-square minimization procedure assum-
ing a linear gradient of I (t) to sections of every run and using an IBM - 1620
computer,.

The other input parameters in the program which were dependent in

the geometry of the system were obtained from orbital elements of the satel-
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lite and were provided to us by the Applied Physics Laboratory of the Johns
Hopkins University. '

From the computer output, comprised of I ((t), subsatellite geogra-
phic coordinates and height, we determined the electron content I (t) interms
of the subionospheric point magnetic dip angle, local time, geographic lati-
tude and the relative time from the principal zero beat (proximal point) as
shown in Fig. 1.

The subionospheric point was chosen to be given by the projection
on the ground of a point along the ray whose height was 350 km, because io-
nosounding information to provide us with F region distribution informations
was not available to most of the area of interest.

3. THE EQUATORIAL ANOMALY IN Ny

Maeda et al. (5) in 1942 and independently Appleton (6) in 1946, using
F region critical frequency measurements from many ionospheric stations
indicated a geomagnetic control of the distribution of ionization in the F re-
gion for low values of sun's zenith distance. As a consequénce of this con-
trol, the noon equinox conditions of critical frequencies were such that the
values were lower at the magnetic dip equator than at neighboring regions.
In fact it was obeerved that the noon critical frequencies fo F2 increased
with increasing dip angle in both hemispheres up to a certain point. around
30° dip and then decreased from there on toward the poles.

In the same year Mitra (N (1948) considered the nature of the source

of the magnetic control and pointed out as plausible the assumption that the
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charged particles were of terrestrial origin, and that the ions and electrons
formed in the high atmosphere in the equatorial belt were guided north‘ and
south coming down to lower levels along the lines bf force of earth's mag-
netic field and contributing to the ionization density of the F region. Since
then, many paper have been published about the equatorial anomaly. Martin
(8) in 1955, concluded that}\%%"incipal cause of the equatorial anomaly was the
divergence of the vertical drift velocity and mentioned that diffusion was not
the dominant factor. Rishbeth et al. ©® discussed the anomaly in the absen-
ce of electromagnetic drifts and thermal effects, considering only plasma
diffusion parallel to the magnetic field lines. The study is made by integrat-
ing the equilibrium continuity equation for the particular case of a specified
monochromatic ionizing radiation, a loss term varying exponentially and a
constant scale height H. | The integrations are performed along the  dipole
field lines, and they concluded (9) that the process of diffusion alone is ina-
dequate to account for the characteristics of the actual lonosphere, since the

calculated latitude of the 'crest' of Nma is not more than 12° instead of ty-

x
pical 15° to 20° of magnetic latitude and also the equatorial 'valley' inNax
is too shallow in relation to values obtained from vertical incidence  soun-
ders. Using a computer program with best fit polynomials rather than Run-
ge-Kutta process (9), and parameters varying more widely than Rishbeth et
al, we arrived at the same conclusions. Another mechanism whichmayplay
a role in explaining the anomaly, namely physical processes which take into
consideration the pitch-angle distribution of photoelectrons, has been pro-
posed by Mariani (‘10). |

In view of so many approaches to the problem, with no simple solu-
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tion completely explaining the anomaly, it seems that the general trend of
opinions is that the anomaly is caused by a combination of the several féé-
tors mentioned above. |

Until recently the anomaly was studied only with the usual informa-
tion obtained from common vertical incidence sounders. Lately the results
(4) from the Canadian Topside Sounder Satellite have shown that the topside
anomaly is very pronounced, and controled by the magnetic field. In fact it
is shown (4) that well above Ny a5 ambipolar diffusion along the magnetic
field line, not only could by itself account for the anomaly, but alsoit would
be difficult to explain the extra ionization in the topside in any other way.
Even a simplified theory (11) provides a good match to observational results.
A paper in preparation will present the integration of the equilibrium conti-
nuity equation when additional terms for thermal effects and electrodynamic
drifts are represented by simple functions of height and latitude.

Up to here, the anomaly has been presented in terms of Nmaxe It
will be seeﬁ that it also appears when one considers the latitudinal variation
of the total electron content I = f Ndh.

4. THE EQUATORIAL ANOMALY IN [ Ndn

Top and bottom side sounding complement one another in providing
total content (4), however difficulties arise in view of the presence of strong
horizontal gradients of ionizétion of the F region and discrepancies in the
determination of N, obtained in simultaneous measurements.

Figure 1 presents measurements of total content obtained from one
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satellite passage, utilizing the method already described in this paper. The
low latitude 'crest' in I is associated with the equatorial anomaly and moves
away from the magnetic dip equator from morning uhtil late afternoon as
shown in Fig. 2. Note that the anomaly in I does not move as far out from
the dip equator as the anomaly in Nyjax: See for instance a report by
Wright (12) for a period of an active Sun, in which the northerly  anomaly
peak reach geomagnetic latitudes of approximately 22°N between 1400 and
2000 hours (local time at 75°W). The results presented in Fig. 2 are how -
ever in accordance with the measurements (4) madé with the Alouette satel-
lite from Singapore concerning not only the time of widest dip angle cover-
age of the topside N5« anomaly, namely approximately 1600LT, but also
the fact that the dip angles of I 5 are smaller than the ones for Np,5x at 2
given time. During the period of the measurements reported herein, the sa-
tellite's transmitter was operating on the solar mode only, thus we were un-
able to acquire night data. Figure 3a, 3b, and 3c present the positions (dip
angle versus longitude) of the subionospheric point of the satellite passages
considered in the present paper. The lines are thickened to show increases
of the values of total content.

Practically the whole period of observations was magnetically quiet.
There was however one sudden commencement (Se) about 18001T on April
30 (day 120/63) starting a magnetic storm with Kp reaching values (above 6)
which were largest in thé interval of * 40 ‘days from the event. An abnormal

behavior of I (t) was associated with this storm as can be seen in Fig. 4,
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where 4 passages with I having subionospheric points between 1615 and

max
1715LT are displayed. The curve for the quiet day 119 was normal both in

values of I and dip angle of I The first curve of day 120, obtained about

max-
one hour after Sc shows a moderately increased value of content without

much variation of the dip angle of I The second curve of day 120 was

X
obtained about 2 hours after the first curve, i. e., three amnd-a-half hours
after Sc, yet within the same range of local time for the subionospheric
points. This second curve of day 120 shows a very high value of content, i.
e., the highest by a factor of 2 from the largest content observed during the
full period of observations presented in this paper. Not only the values of

content were very high but also, I at the time considered was much clo-

max
ser to the dip equatbr than usual, Figure 2 presents the positions (dip angle
versus local time) of Ihax for the disturbance under consideration. Note al-

so in Fig. 4 that for this second passage of day 120, Imin'is at zero dip and
about 30 percent lower than1.,.,, a fact which is not in accord with the re-
sults reported by King et al. (4) for topside content in disturbed days. How-
ever the curve for the following day, May 1st (121/63) in the same  figure
shows, first the absence of the equatorial "trough' in a similar way to the

(4)

Alouette's electron content for the topside in a storm day, and second it
shows that the values of electron content are very much lower than the con-
tent measured in the initial phase of the storm. They differ by a factor ofal-

most 5 for the maximum values of content on two consecutive days at the gi-

ven time. The variations of content during disturbances are also consistent
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with results obtained previously for higher latitudes

5. ELECTRON CONTENT THROUGH THE BRAZILIAN ANOMALY

It can be observed, in the previous figures; and on Fig. 5a, b, c,
that, mainly in the mornin;g, the electron content exhibits enhanced values
at a second range of higher maénetic dip angles. As the day progresses, the
Sun's ionizing radiation, and the motion of the equatorial anomaly fill the
'valley' between the two 'crests' shown in Fig. 1, and eventually the crest
at the higher latitude is masked most of the time by the abundant ionization
produced by solar radiation. The positions of these higher latitude 'crests'
are associated with the so called South Atlantic or Brazilian Anomaly of the
magnetic field. In Figure 2 the Brazilian anomaly 'crests' are represented
by small squares, and it can be seen that, unlike the érests produced by e-
quatorial anomaly, they do not vary with local time. Their position are also
very well correlated with the electron flux contours at heights of the order
of 300 km reported by Hess (13), who utilized satellite radiation measure-
ments made during July 1962 right after the Starfish experimento. If instead

of magnetic dip angles in Fig. 2, one were to use the Mcllwain (14) parame-

ter L, as shown in Fig. 8 (which is reproduced from Harrison et al. (15))
it could be seen that the Brazilian anomaly crests would be in the in-
terval L = 1,24 ¥ 0,02 at 350 km, This is in coincidence with values of L in
the South Atlantic, where King et al. (18) observed patchs of spread-F on

topside ionograms, however the last occasion on which spread-F was obser-

ved on their measurements in the mentioned region was October, 1962, i, e.,
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six months before the measurements reported in the present paper. The ex-
tra ionization necessary to form the Brazilian anomaly 'crest' must be céu-
sed by corpuscular dumping into the anomaly as measﬁred by Vernov et al.

(18) with sa-

(17 ith a low altitude satellite (1960p), and Krasovskiy et al.
tellites Cosmos 3 and 4. Probably the main contribution to the corpuscular
ionization is from the energetic electrons of the artificial belt with long life-

(19)

times. See for instance the paper by Welch, Kaufmann and Hess consi-
dering that our measurements were performed between about 2.3 and 2.5 x
X 107 sec after the Starfish experiment.
6. SUMMARY

General features of the equatorial anomaly in total electron content
have been described in the present work based on satellite measurements u-
tilizing differential Doppler techniques. The anomaly develops early in the
day at the magnetic equator and moves out to regions of L= 1,16 at 350 km
corresponding to dip angles of about 23°. It does not move as far as the ano-
maly in Np,,, for the same region. Although only one magnetic storm was
considered, it showed that disturbed conditions tend to maintain the anoma-
ly peak I .4 closer to the equator, and with large variations in content.
These variations in content provide continuity and are consistent with mea-
surements made at higher latitudes using the same method of observations.
A second 'crest' in electron content is shown to exist in the area of the Bra-
zilian dnomaly produced by corpuscular ionization,
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CAPTIONS
Fig. 1 - Total electron content determined from differential Doppler

"crest' is associated with the equatorial a-

measurements. The low latitude
nomaly and the second "'crest' with the Brazilian anomaly.

Fig. 2 - Diurnal variation of magnetic dip of the equatorial anomaly
"ecrest' for quiet (@) and disturbed days (X). The (@) indicate the position of
the crest associated with the Brazilian anomaly. All the valges are for sub-
ionospheric points.

Fig. 3a, b, ¢ - Positions of the subionospheric points during passa-
ges of the satellite. Numbers with three digits represent the day of the year
(1963) and the ones with four digits represent the local time of the point con-
gsidered. Small circles indicate the peaks of electron content and thickening
of the lines indicate enhancements of content.

Fig. 4 - Variations in I associated with the mégnetic disturbances of
April 30, 1963.

Fig. 5a, b, ¢ - Values of I versus dip angle of most of the péssages
during the period of observation. Numbers in parenthesis indicate day of the
year 1963, the other numbers are the local time of the subionospheric point
at begin and end of the passages. |

Fig. 6 - Plot of B and L for longitude 40°W caleulated with the Jen-
sen and Cain 48-term expansion of the magnetic field, reproduced from Har-

rigon et al, (18)
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