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The south Atlantic geomagnetic anomaly pro-
vides & permanent sink for trapped particles
in the inner radiation belt, Losses occur during
the longitudinal drift of these particles, when
their mirror altitudes dip lower down in the
region of the anomaly, thus resulting in a loss
of energy owing to interaction with atmospherie
constituents. Day to night changes in the pre-
cipitation are believed to take place owing to
the corresponding changes in the atmospheric
density. More significant changes, however, oc-
cur owing to disturbances produced as a result
of injection of charged particles into the radia-
tion belt either by artificial means such as occur
durimg high-altitude nuclear explosions (for
example, the ‘Starfish’ explosion of 1962} or by
geophysical disturbances produced by the sun.
The latter phenomensa in particnlar provide a
natural means of studying the coupling or the
interaction between the magnetosphere and the
jonosphere over low latitudes. Very few such
investigations, however, have been made so far.
Recently some studies [for example, Mendes ol
al., 1970] were made on the propagation of very
low frequency (VLF) signals through the geo-
magnetic anomaly that showed that the phase
and amplitude of VLF signals received at a sta-
tion located within the anomaly underwent
changes during ecertain polar cap absorption
{PCA) events that could be interpreted as be-
ing due to particle precipitation into the anom-
aly. More recently, divect measurement by bal-
loon-horne detectors of particle precipitation
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into the anomaly at the time of a sudden coi=
mencement magnetic storm has also been re:
ported [Martin et of, 1973}, In the present
work we discuss an sbsorption event recorded:
by a 30-MHz riometer and also the VLF phase
changes ohserved during a sudden commence-
ment {(s¢) magnetic storm that oceurtred tm
August 4 to 5, 1972. The results provide evin
dence for the nmmn(hal drift and prec1p11at:on
of electrons into the geomagnetic anomaly;
Further evidence on the spatial nonuniformity:
in the particle precipitation is also presented. **

The experimental arrangement consisted of &
riometer working at 30 MHz and several VLF
phase track receivers located at Itapetings
Radio Observatory, Atibaia, Sao Paulo {—23°
117, 45°W). In the riometer installation, thé
input of the riometer was switched between
two four-element Yngi antennas, one directed
vertically upward and the other at an angle of
45° from the vertical, directed westward and
away [rom the center of the anomaly. The
gwitching rate was 4 min for each antenna.
When absorption takes place owing to a uni
form ionization, the oblique antenna is expected
to detect nearly 1.4 times more absorption thap
the vertical antenna. The VLF receivers con:
tintously monitor the phasé and amplitude of
VLF signals reccived from several long-distanee
transmitters. In the present study we have
used phase measurements of the 17.8-kHz NM
Treansmission from Cutler, Maine, USA. Dur-
ing the same period VLF tracking at sevets
frequencies was also going on at Curitiba (— 25¢
5%, 49°16W) in southern Brazil, which is be
lieved to be loented closer to the center of tht
anomaly than Sao Paulo, These meastrement:
were heing made as part of a researeh progran
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that Mackenzie University s sponsering in col-
laburation with the Brazilian Air Force, called
-Project MOB-VLF' [Ananthakrishnan, 1673].
The phase recording of the 17.8-kHz NAA'
transmission received at this station is used for
the present study.

Figure le shows the riometer record during
the night of Aungust 4-5; 1972. The broken
amooth curve in the figure fepresents the varia-
non of the unnbsorbed cosmic noise intensity,
1n iigure 14 we have presented the eorrespond-
e magnetie records for «Yasaouras, Rio de
Janeiro, which is located so;pe 350 km northeast
of Atibaia. A storm suddeh commencement is

»

seen at about 2100 UT for which no ecorr=
sponding change is noticeable in the riomesx
record. A more intense sc¢ ocecurred arousd
2240 UT. Associated with this, an absorptx:n
onset can be seen in the riometer record. (Ther
appears to be indication of an eatlier onset =
the oblique antenna record, which cannor Ze
confirmed, however, because of an interfererrs
in the record preceding the cvent). The absors-
tion event lasted far about an hour and wez:
through a maximum midway through its durs-
tion, Later, around 0030 UT, during the m:=
phase of the storm, a second absorption ever:
began. This event lasted longer and also appes=s
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Fig. 1.

(a) Thiriy-MHz riometer record during the night of August 4-5, 1972. The galactic

!I‘(‘.'lk i the radio noise that occurs around 0000 hours UT corresponds to the vertical antenna.
Ihe westward Jooking oblique antenna shows the peak after approximately 3 hours. The
dazhed lines represent the smooth variation of the undisturbed cosmic noise inlensity ou
hath the.untenaas. The limes of peak absorplion are indicated on both the curves. (b) The
aeneiograms on August 4-5 for Vassouras, Rio de Janeiro. Note that the time scale is did-
Terenl heee from 1ig. La (Lhe times in Lhe two records are joined by slant lines).
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to exhibit more features ihan the first event.
The maximum in the absorption accurred ap-
proximately half an hour before the cémplete
recovery, which took place at about 6200 UT.

The oceurrence of cosmic noise absorption
at about 2240 UT in Figure 1 provides evidence
for particle precipitation into the anomaly at
the time of an s¢ of a magnetic storm. It is
interesting te note that the sc that occurred
at gbout 2100 UT and that was less intense as
compared with the second se did not produce
any absorption. This suggests thai there might
be some threshold level for the maghctie field
changes for the resulting particle precipitation
to be detectable by a riometer, The suggestion
is further supported by the fact that during
the second absorption cvent a rapid increase
occurred soon after the large change in the
magnetic field, which was around 0100 UT
during the main phase of the storm.

The following additional aspeets of the ab-
sorption are of particular signifieance.

(1) There is a clear time difference hetween
the nbsorption maximums observed on the
vertical and oblicue antennas, The time differ-
enice is larger in the first absorption event, but
it is smaller and loss conspicuous in the second
event. Such time differences would suggest that
the absorption was a result of precipitation
from a cloud of charged particles that was
drifting longitudinally in the inner radiation
belt. Further, during hoth events the oblique
antenna that was looking westward reeorded
the maximun absorpiion eatlier than the ver-
tical antenna, thus suggesting an eastward drift
for the charged particles. The precipitating
particles therefore are electrons. The present
observation thus provides the first evidence for
the azimuthal drift and precipitation of clee-
trons into the anomaly during a magoetic

storm.

From the time difference between the ab=orp-
tion maximums observed on the two antennas, it
should be possible to estimate the coergies for the
precipitating electrons, which at the same time
shoukl be consistent with the expeeted ahsorption
heights. In addition to the drift motion <ue to
the magnetic ficld gradient, however, a c¢harged
particle is also subjected to an E x B drift, and
thus a knowledge of the possible magneto-
spheric electric fields is necessary to estimate the
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electron energy. This estimation was made

follows.

1t 4 is the ionospheric separation of the axaf)
of the two antenna beams corresponding to o
absorption height h, L is the corresponding
magnetic shell parameter, and Af is the tire]
diﬂ'crence hetween t.he maximums, the obse

the center.of the earth) is given by,
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The right hand side of the equation is the nei;
tongitudinal drift expected as a result of the
magnetic field gradient and E x B force. The ﬁl‘s;h
torm s obtained from the expression for th&
azimuthal drift period for the electrons t.akeu
from Hess [1968]. B,, is the surface magnety
field intensity at the equator, B, is the radius’ of
the earth, ¢ is the electron energy, and E is thy
clectric ﬁel(l which here is considered positive'if
dirccterdd upward in the equatorial plane and
negative if downward, (The upward directich,
corresponds to a westward drift and the down?
ward direction corresponds to an eastward drift.)
The above equation was used to caleulate values”.
for the electron energies that would satisfy the,
observed Af values for a wide range of electm :
ficlls and for a given absorption height. The i
results of caleulations corresponding to &f = 16,
i in the first absorption cvent are presented:.
for 80, 100, and 300 km in Figure 2. Beca,usfig-?
of the almost complete lack of information on?
magnetospheric clectric fields applicable to IDW»_
latitudes, there is some difficulty in: using Figure g
for oblam ing energy ranges of the prec:pltatmg%
cleetrons, However, some reasonable values may.
he assuned, based on the results of electrie field:
measurements made at auroral latitudes that-
have shown large increases during disturbed’
periods, For example, Mozer and Serlin [1969]
Wescott et af. [1969), and Paotler (1970] havel
measured values up to $0 or 70 mv/m near bs.y-
producing eurrent systems. The correqlnondmg
ficld mapped on to the equatorial plane in the
magnetosphere (assuming perfectly conduct.mk
magnetic field lines) could be some 20 times:
smaller. Values for the low-latitude lono‘sphenc
cleetrie elds may not be as high as in the aurorarl
gone even under severely disturbed conditions.
But the field value mapped on to the equatorial
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Tig. 2. Electron energles required to explain
ihe time difereace ‘observed:! between the maxi-
muma on the Lwo antennas platted as a function
of the magmetospherie electric fields, correspond-
ing 1o throe assumed abserption heights, namely,
$0. 100, and 300 km (for explanation, see text).

pione s reduced onty by a small factor. Faor
cwimple, if we compute according to Afozer
(1970}, the field in the equatoria! plane corre-
sponding to L = 1.2 could be nearly 0.6 times
less than the ionosphéric values as compared with
a Tactor of 20 for the auroral zone. Therefore,
from the ahove diseussion, it appears that an
assumption of around 10 mv/m for the magneto-
spheric clectric fields in the present case may not
be wnreasonable. From this clectric field, if an
sivorption height between 80 and 100 km is
a-umed, it is seen from Figure 2 that the ob-
sorved time difference (namely Af) can be
explained by electron energies near 30 kev.
From Table 1, which shows the heights of maxi-
mum lIOI‘Ii‘_!atiOI) for electrons of different energics
precipstating into the atmosphere (as calealated
aceording to Rees [1963]), it ¢an be seen that the
corresponding height is near 85 km. {By checking
ihe consistency of the results between Figure 2
wul Table 1 in this way, we can arrive at a
teasonably pood estimate of the average energy
for the clectrons.) I absorption took place at
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still lower levels, then, to explain the observation,
we wi}l have to postulate larger magnetospheric
electric fields. Thus absorption heights below 85

" km for which the electric field should be greater

than 20 mv/m appear unlikely.

Alternatively, from Figure 2 it would appear
that the observation can also be explained in
terms of an electric field directed downward
in the equatorial plane and absorption taking
place near 300 km in the F region, Bui this

“Seetiis’ unlikely for “the Tollowinz ™ réasons,

(@) The electric field required to produce the
obsened At corrcSpondmg to the energies that

exceed 5 mv/m. During a severe disturbance
such as the present one, the electric fields eould
he higher. (5) Probably more decisive than the
above is the fact that the reeovery of ‘the ab-
sorption took less than half an hour, a faster
rate than is consistent with the relaxation time
of the F. layer, which is around 45 min [Apple-
ton, 10537,

Further, since the VLF results to be deseribed
below alse showed phase advances during some
part of this absorption event, we may conclude
that the lower altitude ranges and upward-
dirceted elecfric fields were operative in these
abgorption results,

For the second absorption event, the time
differcnce between the maximums js not very
clear hut is certainly less than in the first case
and may be taken to be near 7 min. Here we
can show that if we assume the same electric
fields az hefore, the absorption would be occur-
ring at a height lower by some 5 km.

2. The ahsorption values ohserved on the
two antenmas tabulated in Table 2 show that
they are nearly the same in both the eases,
whereas, if the absorption is due to a uniform
and horizontally stratified ionization, we should
expect a diference between them. The fourth
column in the table gives the equivalent vertical
ahsorption ealeulated frem the observed oblique
absorption and is clearly less than the observed
vertical absorption. The difference is signifi-
cantly more than the aceuracy limit of the
measurements, which is £0.05 db, and suggests
that there was a gradient in the jonization.

namely, that the jonization decrensed westward,
indicating therehy that the clectron precipita-
tion inerensed toward the center of the anom-
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aly. The center of the anomaly is known to be
located on a longitude east of Sao Paulo.

Figure 3 shows the phase records for the 17.8-
kHz NAA transmission received at Curitiba
(curves g) and Atibaia (curves b) during the
night of August 45 The magnetic record for
the same period is also presented in this figure.
No noticeable change at the time of the s¢ was
present in the VLF phase, which at this time
was changing rapidly as a result of sunset along
the propagation path, Later, at about 2340 UT,
1 hour after the sc and during the main phase
" of the storm, a clear phase advance could be
observed at both the receiving sites. An inter-
pretation for the ahsenee of any ohservable
phase ehange at the time of the first absorption
event could he that the precipitation did not
penetrate to the VLF refiection height at this
time but that later, when the height increased
{owing to the sunset) or the precipitation
reached lower levels owing to a change in the
particle energy, the effect became ohservable.
(A different interpretation that might appear
more consistent is mentioned later.} The dis-
turhance ont the phase continued for the rest of
the night, but instead of a phase advance as
gseen in the beginning of the event, a retardation
in phase prevailed after midnight. The post-
midnight variation could be produced by a
Forbush decrease in the cosmic rays, which
reportedly started near midnight (Solar Geo-
physical Data, 1972). Similar phase variations
during Forbush decresse events have been
observed in a previous study [Ananthekrishnan
and Hackradt, 1972].

The following additional aspects in the fea-
tures of VLF and magnetic variations are
particularly significant. (1) There is a striking
similarity between some of the short-duration
changes observed on the VLF phase and those
present in the H component of the magnetie
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TABLE 1. Heights of Maximum Ionization f§
Electrons of Various Energies that Precipitaf
into the Atmosphere

Electron
Energy,
kev 1
Height of
Maximum L
Ioniza-
tion, km ~180 115

5.8 10 20 40

100

108 100 92 844
344

fild. These are indicated by the vertical ling
in Figure 3. This might suggest that at timeg
the magnetic changes are associated with corrg-
sponding changes in the precipitating particle?
flux. A similar relationship was also present}
during the initial phase of an se storm in ther
balloon results of Martin et of. [1973]. (2) &
comparison between the VLF records at Curic,
tiba and Atibaia shows that the initial phass’
advance was visibly more pronounced in the
former than in the latter. (The phase valed
normalized to the length of the trajectory als
showed an appreciable difference). This mights
be due to the fact that the center of the anom::
aly is situated at a latitude that is closer to
Curitiba than to Atibaia.

It may be noted from Figures 1 and 3 ﬂm‘
there is no correlation between the VLF and
absorption changes. Postulation of a small dif,
ference in the height regions sensitive to the’
two technigues might not completely explain.
this rvesult. A more significant contribution:
could arise from the fact that the VLF effect:
is the result of that seen along the entire trajee-
tory lying within the anomaly, If one considers.
{see Mendes et al., 1970] that the affected por-,
tion of the trajectory is that lying within the’
026-gauss contour, the length of trajectory
affected for NAA becomes 1800 km. The riom-
eter antenpa beam, on the other hand, would

TABLE 2. Some Features of the 30-MHz Absorption Events Ohserved on the Vertical and Oblique”
Antennas .

Values of Maximum Absorption, db

Observed Time Difference
Absorption Event Equivalent between -
Onset Time, UT Vertieal Obligue Vertical Maximums, min
~2240 .55 0.5 0.35 16
~0020 0.85 0.85 0.61 ~7
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Fig. 3. The variation in the phase of the si i

" 121 d gnal from the 17.8-kHz NAA transmitt -
cAened at (@) Curitiba, Parang, and {b) Atibaia, 830 Paulo (solid curve), on the ui;{trﬁf
ngust 4-5, 1972, (The broken curve represents an average of 7 nights before the event.)

e corresponding magnetic record for Vassouras, Rio de Janeiro, is shown in the {ower haif

Gf the ﬁgurev .

se an approximately circular region of radius
73 km above the receiving station,

In conclusion, the present study shows the
faiowing. {1) Evidence for particle precipita-
e fnto the south Atlantic geomagnetic anom-
aly during an sc magnetic storm is given.
{2) For the first time we have observed azi-
mutkal drift and precipitation of electrons into
thg anomaly. There is some difficulty in deter-
mining the average energies of the precipitating
marticles from the observed drift rate because
of our lack of knowledge on the magneto-
-pherie eleetric fields applicable to lower lati-
reics, In this context it is useful to point out
thar if simultaneous determination of the ioni-
zauon enhancement is done by other techniques,

a multiple antenna riometer system with suffi-
ciently narrow antenna beams can be used to
neasure magnetospherie electric fields during
disturbed times. (3) A reasonably good corre-
spondence between VLF phase fluctuations and
the horizontal field component variations is
observed during the main phase of the storm.
However, little similarity is observed in the
f_eatures of absorption and VLF phase varia-
tions.
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Ionospheric Slab Thickness: Its Relation to Temperature and
Dynamics

Dennis R. FurMan anp S. 8. Prasap

Semmary. The relationship between the
jonospheric slab thickness and the temperature
,nd dynamic processes in »t.he ionosphere has
peen examined, It has been found that the slab
thickness is a poor iadicator of the temperature
or of Te/T. Nevertheless, sorme new expressions
lating = to H,, H,, and T./T, are presented.
Fuidence is presented to show that the depar-
qures of = from the values dictated by = =
113fF. are strongly correlated with the depar-
are from diffusive gquilibrium as measured by
she index (D/7HS — B).

The ionaspheric equivalent, slab thickness 7 is
defined as the ratio betiveen the total electron
content 7, and the maximum electron density in
the ionosphere N.... The physical meaning of
this parameter is not very evident. It is, how-
rver, flite clear that the slab thickness should
e related to the shape of the electron density
pmille; the smaller r is, the sharper the profile
. In addition to this obvious signifieance, the
dab thickness has often been thought to be
proportional to the seale height of the jonizable
constituent  {Wright, 1960]. Another conjec-
wre is that the slab thickness varies as the
plasma scate height at the peak. Mahajan et ol
f1968] have presented some indirect evidence
aiecesting a linear variation of nighttime -
with ihe meutral scale height at the peak.

It may be emphasized that the above-men-
tighied relationships are the descendants of the
pre-Thompson seatter era of jonospheric phys-
irs, when neither the neutral temperature nor
the plasma temperature around the F, peak
eoild be measured, Naturally, the validity of
the above-mentioned conjectures could nof be
subjected to direct verification, Such should
not be the ease anymoere. Simultanesus mea-
sur-ments of the complete electron density pro-
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file and the relevant temperatures are now
abundantly available from Thompson scatter
facilities. In view of this situation we considered
1t worthwhile to make a direct analysis of the
various current ideas about the relation of r to
temperature or scale height.

There has also been another consideration
behind this work, Mahajan ¢f of. [1968] drew
attention to the greater zeatter in the »-H plot
and emphasized the role of the highly variable
extent of the thermal nonequilibrium. Recently,
Amayenc et al. [1971] have examined the rela-
tionship between daytime - and the mean gra-
dient of the electron temperature in the F
region. They used limited data from 1967 ohser-
vations at the Saint-Santin-Naneay incoherent
scatter fadlity in France, It has been empha-
sized by the authors that their equations re-
lating T to {3T./8h), the average gradient of
the electron temperature in the F region, are
higlly resirictive and do not have general
validity. Thus their relationship could not be
extrapolated either to the nighttime rondition
or to anv other situation than that character-
ized by certain conditions listed by Amayenc
et af. [1971]). Tt would certainly be nicer to
have empirical relations of somewhat wider
applicability. The quest of such a relationship
has bheen the additional motivation behind the
study,

TonoseHERIC Srap THICKNESS YERSUS
Scare Hewsur axo T./T:

The data used in this work were gathered at
the National Astronomy and Tonospheric Center
at Arecibo, Puerto Rico, in the course of two
series of experiments named N-11L and N-I2
during the period 1966-1968. In the context of
the electron content studies the N-11L series of
experiments has been briefly deseribed by
Mahajan ef al. 11968). A description of the N-12
series of experiments can alzo be found in several
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