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MAGNETIC STORM ASSOCIATED DELAYED SPORADIC E ENHANCEMENTS

IN THE BRAZILIAH GEOMAGNETIC ANOMALY
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I.S. Batista and M.A. Abdu
Instituto de Pesquisas Espaciais - INPE
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico - CRPq

CP 515 - Sao Jose dos Campos, SP, Brasil

Abstract

Sporadic E-layer behaviour over Cachoeira Pau]ista_(1]°5?'5,
22°32'E Geomag.), located near the centre of the Brazilian Geomagnetic
Anomaly, is investigated during magnetically disturbed periods. Significant
enhancements in the Es—]éyer parameters, ft Es and fb Es, take place for
short periods (2-3 hours) following a magnetic disturbance of moderate
intensity. The enhancements, however, are delayed by 1-3 days with respect
to the initiation of a disturbance. The electron density enhancements
in the Es layer. infered from fb Es during such events are at times.
an order of magnitude larger than undfsturbed values. Also during some
" night events the ambient E-region electron densities appear comparable
to the regular daytime maximum values. The Es-traces in the ionogram
during these events exhibit range spread in the echoes resembling the
a-type Es known to occur over auroral latitudes under disturbed conditions.
These results are interpreted as evidence of enhanced charged particle
précipitation in the E region over the Geomagnetic Anomaly following
magnetic disturbances. The results also provide evidence that the E region

response over our station is delayed with respect to the magnetic activity.



MAGNETIC STORM ASSOCIATED DELAYED SPORADIC-E ENHANCEMENTS
IN THE BRAZILIAN GEOMAGNETIC ANOMALY

Introduction

Sporadic-E behaviour during magnetically disturbed periods has
different characteristics over stations lécated at different geomagnetic
latitudes. Over the auroral latitude a positive correlation between

sporadic E occurrence and magnetic activity was observed by Smith (1957),

while for midlatitude the correlation was negative (see also, Layzer, 1972).

At stations located at low geomagnetic latitude, zero or very weak positive
corre]atiﬁn has been reported (Smith, 1957; Bandyopadhyaya and Montes,
1963; Huang, 1965, and Closs, 1969). in_this paper we present results

of a preliminary investigation of magnetic storm effects on sporadic E
layer phenomena over Cachoeira Paulista (1105733, 22°32'F geomagnetic),

a low geomagnetic latitude station, located very close to the centre of
the Brazilian Geomagnetic Anomaly. A recent study by the authors (Abdu
and Batista, 1977) -on Es ~ phenomena over Cachoeira Paulista, for a few
months during 1973-74, showed that during this period the Es occurrence
was a reqular feature of the daytime and nighttime ionosphere over this
station and also that blanketing type Es (with fy Es 2 2.3 MHz) occurred
at night having monthly average f, Es comparable at times to its daytime

maximum values.

A study of specific cases of Eg behavior during a few magnetic
storms of moderate intensity (being defined here as storms during which

the three hourly planetary index Kp, rose to above 4) is undertaken in



the present work. During all the storms of moderate intensity that we
examined. the ES parameters, ft ES and fb Es’ showed well-defined
enhéncements of appreciable magnitude. The enchancements, however, were
not simu}taneous with changes in Kp but occurred within 1-3 days after

tﬁe initiation of the storm.

Presentation of the Results

A case of enhancement in ft ES and fb ES (scaled quarter hourly)
following a storm that started with an SC at 0345 LT on 16, Oct. 73 is
shown in Fig. 1. The magnetic jndex Kp'indicated moderate disturbance
(Kp > 4 for much of the time) after the storm on 16, 17 and most of id
October. A pronounced enhancement in the Es occurred near the midnight
of 16-17 October when the ft ES and fb Es reached 12.5 MHz and 6.5 MHz
respectively. At the time of this enhancement the magnetogram for
Vassouras, Rio de Janeiro, showed near recovery frém the storm main
phase and the H component of the field showed minor fluctqations, of
amplitude 1-5Y and periods of few minutes. Since fb ES representé the
approximate plasma frequency of the ES layer (Reddy and Mukunda Rao, 1968),
the Es layer electron density during the maximum of the event near 00 LT
would be around 5 x 10% cm™3, which is a factor of two higher than its

1 corresponding to the daytime

regular daytime maximum (around 2 x 10° cm”
maximum of the monthly mean fb ES of 4 MHz for October). These values for
the layer peak electron densities may not suggest that the E region ambient
densities near midnight were also higher proportionally to the daytime
values, because the daytime regular Es layers occur around 120 Km

(and mostly of c-type) whereas the Esriayer during this event occurred



near 100 Km, where the lower diffusion coefficient for the ions would
permit higher ratios for the peak to ambient densities of the layer to
exist. Nevertheless, considerations similar to those discussed by

Abdu and Batista (1977) would show that the fp, Eg near midnight might
indicate an ambient electron density near 100 Km of at least the order
of 10° cm™3. It is pertinent to point out that during this event and

. most of the others to be described shortly, whether they occurred during
day or night, the height of the Es layer remained nearly constant around

100 Km in the course of the growth and decay of the fp Es.

A more extensive time series, for three consecutive days, covering
the magnetic disturbances and Eg enhancements, for the event in Fig. 1
and three others, s presented in Fig. 2 together with the K, indices
for the respective cases. The first of these cases presents the Eg
behaviour following an SSC that occurred near 00 LT on 21 May 73.
Considering that the diurnal maximum in the monthly mean fi Eg and fp, Eg
for May were around 5 and 4 MHz respectively, the first significant
enhancement seems to have taken place on thg second day of the storm,
22 May 73, between 16-18 LT7 This was followed by pronnunced.enhancements
on 23 May, around 15 LT and again at 20 LT, during which the f; Eg and
f, Es reached 13 MHz and 9 MHz respectively in the first event and 7.8 MHz
and 7.5 MHz in the second event. The electron densities in the Eg layer
during the maximum of the 15 LT event were a factor of 5 greater than
the diurnal maximum in the regular Es layers. A similar enhancement was
present in the nighttime case as well. The height of the E¢ layer was
nearly constant at 100 Km during both the events. At the times of these

events the magnetic disturbance index had returned to normal (Kp < 3) and



the local magnetograms (presented for all the four cases in Fig. 3) show
almost complete recovery in the magnetic field with only minor fluctuations
(weaker than in the 16-17 October event) present in the H component of

the field. We may note that in the present two events the fp Es reached

maximum values in < 15 minutes, the time resolution of the observation.

In the third case presented in Fig. 2 the magnetic storm, not
accompanied by an SC, started near midday on 24th Nov. 73 and the largest
disturbance occurred on 25th Nov. The first Eg enhancements after the
storm were observed around 14 LT and 19 LT on 27th (no Eg data were
available. from 05 LT on 25th until 1045 LT on 26th Nov.). The local
magnetic field had almost recovered from the stormtime disturbance and
showed small scale fluctuations in the H componeht during the 14 LT event
more conspicuously than in the case of 19 LT event (Fig. 3). Es enhancements
took place at 19 LT on 28 Nov. also with similar features as on the

previous day. The E-region electron density enhancements for these events

would be nearly of the same order of magnitude as in the 16-17 Oct. midnight

event. However, the delay with respect to the storm commencement is

considerably more in this case.

The last case presented in Fig. 2 corresponds to the storm that
occurred with an SC near 20 LT on 21 Nov. 75. The first Es enhancement
appears to have occurred around midnight of 22-23 Nov. when ft Eg showed
some increase with no appreciable change in the plasma frequency of the
layer. More pronounced Eg enhancement took place around 14 LT on 23 Nov.,
when fy Es and fy Es reached 10 MHz and 8 MHz respectively. Magnetic

disturbance had almost subsided during the enhancements and, as in the



previous cases, the H component of the field showed minor fluctuations.

A careful examination of the ES data for 22 Nov. shows that at the time

of high magnetic activity the ES occurrence was somewhat reduced; a feature
that resembles the midlatitude cases of negative correlation between the
two (Layzer 1972). More data will be needed to confirm the'existence

of any such negative correlation over our station with simultaneous values

- of Kp (or preferably with local K-vaTues).

The ES parameters plotted on 21 Nov. before the SSC also seem to
be high. compared to the monthly mean diurnal maximum of 6 MHz and 5 MHz
for the ff ES and fb ES respectively. Though the magnetic disturbance
which preceded this enhancement took place on 17 Nov. with Kp > 4 the
daily sum of Kp for that day (=22) was considerably smaller than for the
other cases discussed before. Also the énhancements observed during the
day time are in the c-type ES at virtual heights of 115-120 Km decreasing
gradually to 105 Km during the enhancement around 18 LT (an exception to

all other events for which the virtual heights were near 100 Km).

For the four cases of ES enhancements, shown in Fig. 2, the peak
deviation of ft Es and fb Es and the rms deviation for the month at the
respective hours are presented in table 1. Tﬁe magnetic storm association
of these events is borne out by the fact that the observed deviations in
the ES parameters are many times the standard deviations. In the course
of the operation of the ionosonde at Cachoeira Paulista for some months
in 1973-75 a few more such events have been observed. A superposed epoch

analysis taking zero time as that of the peaks in the ES enhancements
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is presented in Fig.4 for seven events. for which reasonable coverage of
data for four days before and after the events existed (separate curves

for fy Eg and f;, Es are presented, also 15.minute. values are plotted for

+ 10 hrs from the peak of the event, while hourly means are plotted for

the rest of the time). The Kp values appear significantly higher for 3
days before the Eg enhancement, with the majority of the points lying above
twice the standard deviation referred to a mean (shown by the broken 1in9
together with the 98 percent confidence width of the mean) taken from a
group representing *+ 20 days, plotted in the lower part of the figure.

If we take means of the Kp for groups of 3 days before and after the Eg
enhancement, it is seen that the value immediately before the Eg enhancement
is the highest in the group and has a deviation twice the standard
deviation of the group. Thus the probabi1itythai the occurrence of high

Kp values for 3 consecutive days before the Eg enhancements is a random

phonomenon isvery small.
Discussion:

The ionization enhancements in the E region. during thése events.
appear quite significant considering, particulary, the evening and
midnight cases. The ambient E-region electron densities, for example,
‘during the midnight event of 16-17 October and the 20 LT event of 23 May
could be shown to be of the order of 10° cm 2 or higher from considerations
of winds, recombination coefficients and diffusion coefficients for these
heights. Estimation based on different triteria also would lead to similar
values for the ambient densities. As an example we consider the event of

20 LT on 23 May during which the f, Es enhancement of upto 7.5MHzt0d<PkE€1n



< 15 minutes (the time resolution of the observation). It seems that a
wind system which could produce blanketing type ES layers is unlikely
to undergo changes with such short time scales (see Layzer, 1972). Further,
the fact that the virtual height of the ES layer (which was around 100 Km)
did not change during the course of the event, implies that the observed
fb Es enhancement resulted from a corresponding increase in the source
_of ionization over the obsérving station with a time scale of the order
of 15 minutes or less. If we consider metallic ion ES layers then it
would be necessary to assume that the conditions for the ES ]ayering viere
already prevailing at these times and that molecular ions were produced
by an enhanced source of ionization such that sufficient numbers of them
were converted to metallic ions by a charge transfer mechanism with a time
constant, {k([OI] + [N0+])}“1, which did not exceed 15 minutes. (This time
constant corresponds to the conversion of metal atoms to metal ions by
reaction M+x' - M+_+X, where X' = 0: or N0+, and ignoring the metal atom
production rate during this period). Assuming a value for the charge
transfer coefficient, k, of 6 x 10-° cm3 sec“}, as deduced by Narcisi (1968),
the ambient molecular ion density [OI] + [N0+] should be, at least, of the
order of 2 x 105 cm~3 for explaining the observed risetime of <15 minutes.
If, on the other hand, we assume molecular ion ES layer, the ambient density
required to produce the observed fb Es could be still higher. In fact, at
such high ambient densities, the E5 layering by the wind ~ shear mechanism
.might not be very significant, unless winds were very strong. In the case
of the midnight event of 16-17 October the source of ionization seems to
have intensified more slowly. Based on monthly mean fb Es values for some
months in 1973 the authors have shown (Abdu and Batista, 1977) that an

. R ; f:
ambient nighttime E-region ionizaticn of around 5 x 10% cm ~might be

e Ty — ————




present regularly during that period. Our present results demonstrate

that the nighttime ionization undergoes siginificant - enhancement

associated with magnetic disturbances, a fact that might suggest a particle

or{gin for the source of ionization. Positive correlation, observed

between Kp and nighttime E-region ionization changes derived from analysis
of rocket profiles of intermediate layers, has been attributed by Geller

. et al (1975) to possible presehce of energetic electron precipitation over

midlatitude night E region. .In an earlier work based on a riometer

absorption event (Abdu et al, 1973) . evidence for particle precipitation

in the D-region over the geomagnetic anomaly, following a SC of a severe

magnetic storm, has been presentéd.

The ES trace in the ionogram of 0015 LT on 17th October 73, Fig. 5,
shows almost complete blanketing of the F-trace and also, significant
spread in the range of the ES echoes. This resembles the a-type E. known
to occur over auroral latitudes during magnetic disturbances. Some degree
of spread is generally present on most nights, but intensification, of
which the figure represents a typical case, takes place following
magnetic disturbances in all the cases that we have examined so far. In
the daytime example for 1345 LT. on 23 May 73 the spread is relatively
]ess pronounced, probably,due to the ionospheric absorption of the weak
spread echoes (The variation in the degree of the spread with frequency,
seen in these ionograms, is most likely caused by a corresponding
variation in the transmitted power of the sounder). A comparison with the
jonogram of 1345 on 22 May, also shown, illustrates that the virtual height
of the ES trace during sigﬁificant storm effects had decreased to 100 Km

or sometimes even less. In view of the well known association among
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magnetic activity, particle precipitatfcn and a-type ES over auroral
latitude (see for exemple, Reddy et al., 1969), the appearence of an ES
trace in our ionogram resembling the a-type ES might lend direct support
to our suggestion of a particle origin for the source of ionization.
However, unlike auroral latitudes, winds over our station should be
sufficiently effective in producing blanketing type layers; thus the

blanketing traces in our ionograms that also exhibit large range spread

seem to be an interesting phenomenon that merits more detailed investigation.

Over the Brazilian geomagnetic anomaly no investigation of ES

behaviour during magnetic disturbances has been reported before. The E5
response observed is, with a time deléy that varies from one event to
the other, of 1-3 days with respect to the initiation of the storm. Such
delayed response of the E region to magntetic disturbances is hitherto
unknown and is difficult to fit with any established class of E region
disturbances. Two aspects of delayed ionospheric response to magnetic
storms seem pertinent to mention here: (1) "Storm after-effect" in the
midlatitude D-region, is a recognized phenomenon (Belrose and Thomas,
1968; Lauter and Taubenheim, 1970, Beynon and Williams, 1974) and has
been interpreted as being caused by precipitation of energetic electrons
that radially diffuse into the inner radiation zone, following their
injection‘into the outer zone in the initial phase of a storm (Spjeldvik
“and Thorn, 1975) and (2) Equatorward propagating disturbances carrying
changed thermospheric composition, initiated by the e]eqtrojet heating of
the auroral E region, have been invoked (see Rishbeth, 1974 and Davis,
i974) to explain F-region negative storm effects over middle and Tow

latitudes. This latter aspect seems very unlikely to contribute to the
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delayed ES enhancements under discussion, because (a) the observed delay

of around 3 days, in some cases, is too long for the speed of propagation
of such disturbances; (b) rapid increases in ft Es’ such as those observed
at 14 LT and 20 LT on 23 May 1973, can not be explained; (c) night
enhancement in the E-region electron densities may not be explained by
composition changes; and (d) the effect of neutral atmospheric propagation
disturbances in the E region should be observable at other low and
midlatitudes stations as well. Since our observation presents definite
cases of jonization enhancements with short time scales, irrespective of
the delay factor, they would more likely fit in with the interpretation
invoking bartic1e precipitation in the geomagnetic anomaly. The observed
delay of 1-3 days might be characteristic of the processes by which particles
enter the lower L-shells passing through the geomagﬁetic anomaly, following
their injection into the outer zone in the initial phase of the storm.

It might be pertinent to note; judging from the times of occurrences of
most of these events, that they seem to havela tendency to occur around

the dusk meridian rather than around the dawn meridian. These aspects

also merit more detailed investigation.

Conclusions:

The following conclusions may be drawn from the present study::

(1) Enhancements in the Es parameters, ft Es and fh Es’ take place
in the Brazilian Geomagnetic Anomaly following a magnetic storm of moderate
intensity, within 1-3 days after the initiation of the storm and each

enhancement lasts typically for 1-3 hours. During these events the local
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magnetogram shows near recovery from the storm effect and the H component

of the field generally exhibits minor fluctuations of few minutes period.

(2) The enhanced f Es suggests significant increases in the ambient
electron densities near 100 Km, with nighttime enhanced densities often

comparable to the regular E-region daytime ambient densities.

(3) The pattern and magnitude of the night enhancements, together
with the nature of the Eg-trace exhibiting range spread of the echoes
similar to the a- type ks, observed over auroral latitude, would suggest

a particle origin for the source of the observed ionization enhancements.

More detailed study on these types of Eg enhancements and related

features will be undertaken as more data become available.
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Fig. 1 =

Fig. 2 -

Fig. 3 -

Fig. & =

Fig. 5 -
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FIGURE CAPTIONS

A case of ft E, (0) and f E (&) enhancemeﬁt over Cachoeira
Paulista, observed around the midnight of 16-17 October 73
(data points are for every fifteen minutes). The lower part of
the figure presents magnetogram for Vassouras, Rio de Janeiro,

and shows the H and Z component variations during this event.

Quarter hourly plots of ft ES (o) and fb Es (A) for three days,
corresponding to 4 magnetic storm events described in the text.
Three hourly magnetic indices Kp are also plotted as broken line

histogram in the same figure.

Magnetograms for Vassouras, Rio de Janeiro, for two days, covering
the ES events corresponding to the 4 cases shown in Fig. 2. The

times of the ES events are indicated by patches of broken lines.

A superposed epoch analysis of 7 events showing the means of

ft ES and fb Es for 4 days before and after the events taking zero

time as that of the maximum of the Es event. The corresponding

mean Kp values and their standard deviation are shown in the lower

part of the figure. Mean Kp variation for + 20 days from the Es

event is shown in the last part of the figure.

Sample ionograms showing characteristics of tle ES traces during
some storm effects. (The ionograms of 1345 on 22 May 73 is shown
for comparison with that of 1345 on 23 May when the storm effect
was more significant). The range spread in the ES trace in the 0015

ionogram of 17 October 73 may be noted.
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Sporadic E layer behavior over Cachoeira Paulista (11 degree 57'S, 22
degree 32'E geomagnetic coordinates), located near the center of the
Brazilian Geomagnetic Anomaly., is investigated during magnetically
disturbed periods. Significant enhancements in the Es layer
parameters, ftEs and fbEs take place for short periods (2-3 hours)
following a magnetic disturbance of moderate intensity. The
enhancements, however, are delayed by 1-3 days with respect to the
initiation of a disturbance. The electron density enhancement in the
Es layer inferred from fbEs during such events are at times an order
of magnitude larger than undisturbed values. Also, during some night
events the ambient E region electron densities appear comparable to
the regular daytime maximum values. The Es traces in the ionograms
during these events exhibit range spread in the echoes resembling
the a-type Es, know to occur over aurocral latitudes under disturbed
conditions. These results are interpreted as evidence of enhanced
charged particle precipitation in the E region over the geomagnetic
anomaly following magnetic disturbances. The results also provide
evidence that the E region response over our station is delayed with
respect to magnetic activity.
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Abstract. Sporadic E layer behavior over Ca-
choeira Paulista (11057's, 22932'E geomagnetic
coordinates), located near the center of the
Brazilian Geomagnetic Anomaly, is investigated
during magnetically disturbed periods. Signifi-
cant enhancements in the Eg layer parameters,
ftEg and fpEg take place for short periods (2-3
. hours) following a magnetic disturbance of mod-
| erate intensity. The enhancements, however, are
delayed by 1-3 days with respect to the initia-—
tion of a disturbance. The electron density en-
hancement in the Eg layer inferred from fiEg
. during such events are at times an order of mag-

| ing some night events the ambient E region elec-
. tron densities appear comparable to the regular
. daytime maximum values. The Eg traces in the

| ionograms during these events exhibit range

. spread in the echoes resembling the a-type Eg,

' know to occur over auroral latitudes under dis-
turbed conditions. These results are interpreted
- as evidence of enhanced charged particle precip-
itation in the E region over the geomagnetic a-
nomaly following magnetic disturbances. The re-
p sults also provide evidence that the E region

s response over our station is delayed with re-

i spect to magnetic activity.

Introduction

Sporadic E behavior during magnetically dis-
turbed periods has different characteristics
lover stations located at different geomagnetic
llatitudes. Over the auroral latitude a positive
correlation between sporadic E occurrence and
magnetic activity was observed by Smith [1957],

ed at low geomagnetic latitudes, zero or very
weak positive correlation has been reported
{Smith, 1957; Bandyopadhyaya and Montes, 1963;
g, 1965; Closs; 1969]. In this paper we pre-
sent results of a preliminary investigation of
gnetic storm effects on sporadic E layer phe-
Nomena over Cachoeira Paulista (11°957'S, 22032'E
geomagnetic coordinates), a low geomagnetic lati-
tude station located very close to the center

Of the Brazilian Geomagnetic Anomaly. A recent
Study by Abdu and Batista [1977] on Eg phenomena
Over Cachoeira Paulista, for a few months during
1973-1974, showed that during this period the Eg

the nighttime ionosphere over this station
and also that blanketing-type Eg (with fhEg 2 2.3
MHiz) occurred at night having monthly average

fhEg comparable at times to its daytime maximum
values.

opyright 1977 by the American Geophysical Union.

aper number 7A0467.
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- nitude larger than undisturbed values. Also, dur—

while for mid-latitudes the correlation was mega-—
tive (see also Layzer [1972]). At stations locat-

NCTOBER 1, 1977

MAGNETIC STORM ASSOCTIATED DELAYED SPORADIC E ENHANCEMENTS
IN THE BRAZILIAN GEOMAGNETIC ANOMALY

1. 5, Batista and M. A. Abdu
Instituto de Pesquisas Espaciais

Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq)
CP 515, Sao Jose dos Campos, SP, Brazil

A study of specific cases of E; behavior during
a fewmagnetic storms of moderate intensity (being
defined here as storms during which the 3-hourly
planetary index Kp rose above 4) is undertaken in
the present work. During all the storms of moder—
ate intensity that we examined the Eg parameters
f,E; and fhEg showed well-defined enhancements of
appreciable magnitude. The enhancements, however,
were not simultaneous with changes in Kp but ce-

curred within 1-3 days after the initiation of
the storm.

Presentation of the Results

A case of enhancement in ftEg and fhEg
(scaled quarter-hourly) following a storm that
started with an sc¢ at 0345 LT on October 16, 1973,
is shown in Figure 1. The magnetic index Kp indi-
cated moderate disturbance (Kp > 4 for much of
the time) after the storm on October 16, 17, and
most of 18. A pronounced enhancement in the Eg
occurred near midnight of October 16-17, when
ftEg and fhEg reached 12.5 and 6.5 MHz, respec-
tively. At the time of this enhancement the mag-
netogram for Vassouras, Rio de Janeiro, showed
near recovery frem the storm main phase, and the
H component of the field showed minor fluctua-
tions of amplitudes of 1-5 y and periods of a
few minutes. Since fyEy represents the approxi-
mate plasma frequency of the Eg layer [Reddy and
Mukunda Rao, 1968], the E; layer electron density
during the maximum of the event near 0000 LT
would be around 5 x 10° em™3, which is a factor
of 2 higher than its regular daytime maximum
(around % x 10° cm™3, corresponding to the day-
time maximum of the monthly mean fLEg of 4 MHz
for Octgber). These values for the layer peak
electron densities may not suggest that the E re-
gion ambient densities near midnight were also
higher proportionally to the daytime values, be-
cause the daytime regular Eg layer occur around
120 km (and mostly of ¢ type), whereas theEg lay-
er during this event occurred near 100 km, where
the lower diffusion coefficient for the ions would
permit higher ratios for the peak to ambient den-
sities of the layer to exist. Nevertheless, consid-
erations similar to those discussed by Abdu and
Batista [1977] would show that fpEg near midnight
might indicate an ambient electron density near
100 km of at least the order of 10% em 2. It is
pertinent to point out that during this event and
most of the other events to be described shortly,
whether the occurred during day or night, the
height of the Eg layer remained nearly constant
around 100 km in the course of the growth and de—
cay of fpEg.

A more extensive time series for three consec-—
utive days, covering the magnetic disturbances and
Eg enhancements, for the event in Figure 1 and for

4777
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Fig. 1. A case of f;Eg (circles) and f1,E, (tri-

angles) enhancement over Cachoeira Paulista ob-
served around midnight of October 16-17, 1973
(data points are for every 15 min). The lower
part of the figure is a magnetogram for Vassou-—
ras, Rio de Janeiro, and shows the H and Z com-
ponent variations during this event.

three other events is presented in Figure 2 to-
gether with the Kp indices for the respective
cases. The first of these cases presents the Eg
behavior following an ssc that occurred near 0000
LT on May 21, 1973. Considering that the diurnal
maximums in the monthly mean f¢Eg and fEg for May
were around 5 and 4 MHz, respectively, the first
significant enhancement seems to have taken place
on the second day of the storm, May 22, 1973, be-
tween 1600 and 1800 LT. This was followed by pro-
nounced enhancements on May 23 around 1500 LT and
again at 2000 LT, during which ftEg and fyEq
reached 13 and 9 MHz in the first events and 7.8
and 7.5 Miz in the second event, respectively.
The electron densities in the Eg layer during the
meximum of the 1500 LT event were a factor of 5
greater than the diurnal maximum in the regular
Eg layers. A similar enhancement was present in
the nighttime case as well.” The height of the

Eg layer was nearly constant at 100 km during
both events. At the times of these events the
magnetic disturbance index had returned to normal
(Kp < 3), and the local magnetograms (presented
for all four cases in Figure 3) show almost com—
plete reccvery in the magnetic field with only
minor fluctuations (weaker than those in the Oc—
tober 16-17 event) present in the H component of
the field. We may note that in the present two
events fpEg reached maximum values in <15 min,
the time resolution of the observation.

In the third case presented in Figure 2 the
magnetic storm, not accompanied by an sc, started
near midday on November 24, 1973, and the largest
disturbance occurred on November 25. The first Eg
enhancements after the storm were observed around
1400 and 1900 LT on November 27 (no Eg data were

Batista and Abdu: E Enhancements and Geomagnetic Anomaly

available from 0500 LT on November 25 until 1045
LT on November 26). The local magnetic field had
almost recovered from the storm time disturbance
and showed small-scale fluctuations in the H com-
ponent more conspicuously during the 1400 LT event
than during the 1900 LT event (Figure 3). E5 en-
hancements took place at 1900 LT on November 28
with featuvres similar to those on the previous
day. The E region electron density enhancements
for these events would be nearly of the same order
of magnitude as the enhancement in the October
16-17 midnight event. However, the delay with
respect to the storm commencement is considerably
more in this case.

The last case presented in Figure 2 corresponds
to the storm that occurred with an sc near 2000 LT
on November 21, 1975.The first Eg enhancement ap-
pears to have occurred around midnight of November
22-23, when fE, showed some increase with no ap-
preciable change in the plasma frequency of the
layer. More pronounced Eg enhancement took place
around 1400 LT on November 23, when fiEg and fypEg
reached 10 and 8 MHz, respectively. Magnetic dis-
turbance had almost subsided during the enhance-
ments, and as in the previous cases,the H compo-
nent of the field showed minor fluctuations. A
careful examination of the Eg data for November
22 shows that at the time of high magnetic acti-
vity the Eg occurrence was somewhat reduced, a
feature that resembles the mid-latitude cases of
negative correlation between the two Layser,
1972]. More data will be needed to confirm the
existence of any such negative correlation over
our station with simultaneous values of Kp (or
preferably with local K values).

The Eg parameters plotted on November 21 beforc
tke ssc also seem to be high in comparison with
the monthly mean diurnal maximum of 6 and 5 Miz
for the fiEg and fyEg, respectively. Though the
magnetic disturbance which preceded this enhance-
ment took place on November 17 with Kp > 4, the
daily sum of Kp for that day (22) was considerably
smaller-than that for the other cases discussed
before. Also, the enhancements observed during
the daytime are in the c-type E; at virtual
heights of {115-120 km, decreasing gradually to
105 km during the enhancement around 1800 LT (an
execption to all other events for which the
virtual hgights were near 100 km).

For the four cases of Eg enhancements shown in
Figure 2 the peak deviation of f¢Eg and fyEg and
the rms deviation for the month at the respective
hours are presented in Table 1. The magnetic
storm association of these events is borne out by
the fact that the observed deviations in the Eg
parameters are many times the standard devia-
tions. In the course of the operation of the ion-
osonde at Cachoeira Paulista for some months in
1973-1975 a few more such events have been ob-—
served. A superposed epoch analysis taking zero
time as that of the peaks in the Eg enhancements
is presented in Figure 4 for seven events for
which reasonable coverage of data for 4 days be-
fore and-.after the events existed (separate
curves for £ E . and £, E; are presented; also,15-
min values are plotted for *10 hours from the
peak of the event, while hourly means are plotted
for the rest of the time). The Kp values appear
significantly higher for 3 days before the E, en”
hancement, with the majority of the points 1lvini
above twice the standard deviation referred to &

e
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Fig. 2.

(shown by the dashed line together with the
confidence width of the mean) taken from a
joup representating *20 days plotted in the low—
part of the figure. If we take means of Kp for
Oups of 3 days before and after the Eg enhance-
mt, it is seen that the value immediately be-
ire the Eg enhancement is the highest in the
Oup and has a deviation twice the standard de-
ation of the group. Thus the probability that
€ occurrence of high Kp values for 3 consec-
lve days before these enhancements is a random
Enomenon is very small.
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Quarter-hourly plots of fiEg (circles) and fyEg (triangles) for 3 days, corre-
sponding to four magnetic storm events described in the text. Three-hourly magnetic in-
dices Kp are also plotted as dashed line histograms,

Discussion

The ionization enhancements in the E region
during these events appear quite significant con-
sidering,.particularly, the evening and midnight
cases. The ambient E region electron densisities,
for example, during the midnight event of October
16-17 and the 2000 LT event of May 23 could be
shown to be of the order of 10% em 3 or higher
from considerations of winds, recombination coef-
ficients,and diffusion coefficients, for these
heights. Estimation based on different criteria
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Fig. 3.

Magnetograms for Vassouras, Rio de Janeiro, for 2 days, covering the Eg events

corresponding to the four cases shown in Figure 2, The times of the E; events are indi-

cated by patches of dashed lines.

also would lead to similar values for the ambient
densities. As an example we consider the event of
2000 LT on May 23 during which the f E; enhance-
ment of up to 7.5 MHz took place in <15 min (the
time resolution of the observation). It seems
that a wind system which could produce blanketing
-type Eg layers is unlikely to undergo changes
with such short time scales [see Layser, 1972].
Further, the fact that the virtual height of the
Eg layer (which was around 100 km) did not change
during the course of the event implies that the
observed fyEg; enhancement resulted from a corre-
sponding increase in the source of ionization

over the observing station with a time scale of
the order of 15 min or less. If we consider metal-
lic ion Eg layers, then it would be necessary :
assume that the conditions for the E; layering
were already prevailing at these times and that
molecular ions were produced by an enhanced
source of ionization such that sufficient numbers
of them were converted to metallic ions by a
charge transfer mechanism with a time constant,
{k({02+] + [NO+])}-1, which did not exceed 15min.
(This time constant corresponds to the conversion
of metal atoms to metal ions by the reaction

M + X* + MF + X, where X* = 0% or NO*, and the

3

TABLE 1. Enhancement Features of Some of the Ed Events Discussed in Text

Time. LT Maximum Value during Monthly ms Maximum Deviation
4 Enhancement, MHz Mean, MHz Deviation, During Enhancement
: MHz
May 23, 1973
1400 ftEs ' 13.0 4.36 1.14 8.64
frEg 9.0 3.18 1.07 5.82
2000 ftEs 6.7 3.80 0.88 2.90
bes 5.0 2.31 0.78 2.69
October 16-17, 1973
0000 ftEs 13.0 3.53 1.49 9.47
fLE, 6.5 2.21 - 0.98 4,29
November 27, 1973
1400 £ Eg 7.2 4.66 0.46 2.54
fLEg 6.7 4.05 0.60 2.65
1900 £.E_ E3LS 3.99 1.54 8.51
fpEg 6.5 2.59 0.94 3.9
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Fig. 4. a fuperposed epoch analysis of seven
eévents showing means of ftEg and fhEs for four
days before and after the events, taking zero
time as that of the maximum of the Eg event. The
corresponding mean Kp values and their standard

i figure. Mean Kp variation for +20 days from the
Eg event is shown at the bottom of the figure.

transfer coefficient k of 6 x 1079 cp? s 1, as
tdeduced by Narcisi [1968], the ambient molecular
‘ion density [0,%] + [NO*] should be at least of
the order of 2 x 5 em™ for explaining the observed
frise time of <15 min. If, on the other hand, we
assume molecular ion Es layer, the ambientdensity
required to produce the observed fpEs could be
still higher. In fact, at such high ambient densi-
ties the Eg layering by the wind shear mechanism
might not be very significant, unless winds were
very strong. Inthe case of the midnight event of
October 16-17 the source of ionization seems to
have intensified more slowly. Based on monthly
imean fLE. values for some months in 1973, Abdu
pnd Batista [1977] have shown that an ambient
nighttime E region ionization of around 5 x 10%
cn™? might be present regularly during that peri-
0d. Our present results demonstrate that the
Dighttime ionization undergoes significant en—

profiles of intermediate layers, has been attrib-
dted by Geller et al, [1975? to possible presence
Pf energetic electron pricipitation over mid-lat-
tude night E region. In an earlier work based on
§ riometer absorption event Abdu et al., 1973],
Evidence for a particle precipitation in the D
fegion over the geomagnetic anomaly, following an
Bc of a severe magnetic storm, has been presented,
| The Eg trace in the icnogram of 0015 LT on Oc-
Ober 17, 1973 (Figure 5), shows almost complete

Batista and Abdu: E Enhancements and Geomagnetic Anomaly
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blanketing of the F trace and also significant
spread in the range of the Es echoes. This resem-
bles the a-type Eg known to occur over auroral
latitudes during magnetic disturbances. Some de-
gree of spread is generally present on most
nights, but intensification, of which the figure
represents a typical case, takes place following
magnetic disturbances in all the cases that we
have exemined so far. In the daytime example for
1345 LT on May 23, 1973, the spread is relatively
less pronounced, probably owing to the ionospheric
absorption of the weak spread echoes. (The varia-
tion in the degree of the spread with frequency,
seen in these lonograms, is most likely caused by
4 corresponding variation in the transmitted power
of the sounder.) a comparison with the ionogramof
1345 on May 22, also shown, illustrates that the
virtual height of the Eg trace during significant
stormeffects had decreased to 100 km or sometimes
even less. In view of the well-known association
ameng magnetic activity, particle Precipitation,
and a-type Eg over auroral latitude (see, for ex—
arple, Reddy et al. D969]), the appearance of an
Eg trace in our ionogram resembling the a-type E

Particle origin for the source of ionization.How-
ever, unlike auroral latitudes, winds over our
station should be sufficiently effective in pro-
ducing blanketing-type layers; thus the blanketing
traces in our ionograms that also exhibit large
range spread seem to be anp interesting phenomenon
that merits more detailed investigation,

Over the Brazilian geomagnetic anomaly, no in-
vestigation of Es behavior during magnetic dig-
turbances has been reported before. The Eg re-
Sponse observed is, with a time delay that varies
from one event to the other, of 1-3 days with re-
Spect to the initiation of the storm, Such delayed
response of the E region to magnetic disturbances
is hitherto unknown and is difficult to fit with
any established class of E region disturbances.
Two aspects of delayed ionospheric response to
magnetic storms seem pertinent to mention here:

1) 'storm aftereffect' in the mid-latitude D re-
gion is a recognized phenomenon [Belrose and
Thomas, 1968; Lauter and Taubenheim, 1970; Beynon
and Williams, 1974] and has been interpreted as
being caused by precipitation of energetic elec-
trons that radially diffuse into the inner radia-
tion zone following their injection into the outer
zone in the initial phase of a storm [Spjeldvik
and Thorne, 1975]; (2) equatorward propagating
disturbances carrying changed thermospheric com—
position, initiated by the electrojet heating of
the auroral E region, have been invoked [see
Rishbeth, 1974; Davies, 1974J to explain F region
negative storm effects over middle and low lati-
tudes., This latter aspect seems very unlikely to
contribute to the delayed Eg enhancements under
discussion, because (1) the observed delay of
around 3 days, in some cases, is too long for the
speed of propagation of such disturbances; (2)
rapid increase in fiEg, such as those observed at
1400 and 2000 LT on May 23, 1973, cannot be ex-
plained; (3) night enhancement in the E region
electron densities may not be explained by compo-
sition changes; and (4) the effect of neutral at-
mospheric propagation disturbances in theE region
should be observable at other low- and middle-
latitudes stations as well. Since our observation
presents definite cases of ionization enhance-
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Fig. 5. Sample ionograms showing characteristics of the Eg traces during some storm
effects. (The ionogram of 1345 LT on May 22, 1973, is shown for compidrison with that
of 1345 on May 23, when the storm effect was more significant.) The range spread in the
Eg trace in the 0015 LT ionogram of October 17, 1973, may be noted.

ments with short time scales, irrespective of the rences of most of these events, that they seem 0
delay factor, they would more likely fit in with have a tendency to occur around the dusk meridia®
the interpretation invoking particle precipita- rather than around the dawn meridian. These a5~
tion in the geomagnetic anomaly. The observed pects also merit more detailed investigation.
delay of 1-3 days might be characteristic of the

processes by which particles enter the lower L Conclusions

shells passing through the geomagnetic anomaly ‘

follwoing their injection into the outer zome in The following conclusions may be drawn from the
the initial phase of the storm. It might be per— present study.

tinent to note, judging from the times of occur- 1. Enhancements in the Eg parameters f:i%s and
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Batista and Abdu-:

fyEg take place in the Brazilian Geomagnetic Anom-
aly follwoing a magretic storm of moderate inten—
sity within 1-3 days after the initiation of the
ftorm, and each enhancement lasts typically for
1-3 hours. During these events the local magneto-
gram shows near recovery from the storm effect,
and the H component of the field generally exhib-

2,

The enhanced fyE; suggests significant in-
creases

in tke ambient electron densities near 100
km, with nighttime enhanced densities often compa-
rable to the regular E region daytime ambient
densities,
1 3. The pattern and the magnitude of the night
enhancements, together with the nature of the Eg
trace exhibiting range spread of the echoes simi-
lar to the a-type Eg, observed over auroral lati-
. tude, would suggest a particle origin for the
% source of the observed ionization enhancements.
Mores detailed study on these types of E; en-
hancements and related features will be undertaken
Z'as more data become available.
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