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Abstract. The equatorial ionosphere parameters,Kp, Dst ,
AU and AL indices characterized contribution of differ-
ent magnetospheric and ionospheric currents to theH -
component of geomagnetic field are examined to test the ge-
omagnetic activity effect on the generation of ionospheric ir-
regularities producing VLF scintillations. According to the
results of the current statistical studies, one can predict near
70% of scintillations from Aarons’ criteria using theDst in-
dex, which mainly depicts the magnetospheric ring current
field. To amplify Aarons’ criteria or to propose new criteria
for predicting scintillation characteristics is the question. In
the present phase of the experimental investigations of elec-
tron density irregularities in the ionosphere new ways are
opened up because observations in the interaction between
the solar wind - magnetosphere - ionosphere during magnetic
storms have progressed greatly. According to present view,
the intensity of the electric fields and currents at the polar re-
gions, as well as the magnetospheric ring current intensity,
are strongly dependent on the variations of the interplane-
tary magnetic field. The magnetospheric ring current cannot
directly penetrate the equatorial ionosphere and because of
this difficulties emerge in explaining its relation to scintilla-
tion activity. On the other hand, the equatorial scintillations
can be observed in the absence of the magnetospheric ring
current. It is shown that in addition to Aarons’ criteria for
the prediction of the ionospheric scintillations, models can
be used to explain the relationship between the equatorial
ionospheric parameters,h′F , f oF2, and the equatorial ge-
omagnetic variations with the polar ionosphere currents and
the solar wind.
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1 Introduction

The equatorial ionosphere of the Earth produces serious
problems in communication and navigation systems during
different kinds of disturbances, much like the polar iono-
sphere. However, contrary to the polar caps, the equato-
rial ionosphere occupies a vastly larger region of the Earth’s
ionosphere and is located over a much more densely popu-
lated area. The equatorial ionosphere, being much larger than
ionosphere over the polar cap is a convenient instrument for
studying the complex problems of ionosphere physics and
space weather. Because of its high conductivity, the equato-
rial ionosphere is very sensitive to variations in the electric
field due to several effects including magnetospheric con-
vection, ionospheric dynamo disturbance, and various kinds
of wave disturbances. Because of this, the equatorial iono-
spheric irregularities often occur in the region confined be-
tween±20◦ magnetic dip latitudes. The equatorial iono-
spheric irregularities manifest as a spreadF in ionograms,
reversals of drift velocities, scintillation of radio transmis-
sions through the ionosphere, etc. The rapid fluctuations
of the phase and intensity of a radio signal that has passed
through the Earth’s ionosphere, typically on a satellite-to-
ground propagation channel, is scintillation. Mechanisms
of the equatorial scintillation are better understood than its
morphology. For a review of the equatorial scintillation phe-
nomena in light of developments in the theory and mea-
surements of theF -region equatorial irregularities, refer to
the paper of Basu et al. (1977). Prediction of the scintil-
lation parameters for the local time, day of the year, solar
epoch and the state of the geomagnetic field are very im-
portant for the radio communication. Such prediction can
help to avoid blackouts and distortions in VLF communica-
tion due to ionospheric irregularities and can also help to ad-
vance the understanding of the nature of scintillations. The
understanding of the variation of scintillation activity with
solar epoch and seasons is well established by Koster (1972)
and Aarons et al. (1980). The scintillation activity during
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geomagnetic storms and disturbances is less well understood.
Many groups have investigated scintillation activity to find
the empirical relationships in terms of different geomagnetic
indices: Kp, Dst , etc. defined by the magnetospheric and
ionospheric currents. Not all workers agreed on which is the
best index to use for predicting scintillations. This is per-
haps not surprising because there are several separate fac-
tors which have influence on the choice. Koster (1972)
found that scintillation is related to magnetic activity (Kp)
through some factor which occurs (or fails to occur) dur-
ing magnetic storms. Its presence inhibits nighttime scin-
tillation. This factor, whatever it is, is not always present
during magnetic storms; at least, it is not always present
with sufficient intensity to fully inhibit scintillation. Aarons
and DasGupta (1984) have suggested that the occurrence of
postmidnight scintillation is enhanced if the recovery phase
of the storm starts at midnight down to the local time sec-
tor. They considered that one of the necessary conditions for
generation ofF -region irregularities in the nighttime equa-
torial ionosphere isF -layer lifting to a region where the ef-
fects of recombination become unimportant in the relation
to the development of the Rayleigh-Taylor type of instabil-
ity. Study of local time effects on scintillation activity dur-
ing different phases of geomagnetic storms was continued by
Dabas et al. (1989). The magnetic storms were divided into
three categories according to the times when their recovery
phases, based onDst -variations, started, namely A (06:00–
18:00 LT), B (18:00–00:00 LT) and C (00:00–06:00 LT). The
authors showed that the category C storms are more favor-
able for generation of irregularities at the magnetic equator.
They also noted that under similar circumstances ionosond
data showed a postmidnight increase inh′F as well in spread
F . Aarons (1991) noted that the difficulty with this analy-
sis is that data from the Lunping station (23.0◦ N; 122◦ E)
data were used. At Lunpingh′F never reached the altitudes
necessary to produce irregularities. Aarons (1991) analyzed
the equatorial scintillation data during the magnetic storms
based onKp and Dst indices and concluded that the ring
current can play a leading role directly or indirectly in es-
tablishing the conditions for equatorialF -layer irregularity
generation or inhibition. Aarons (1991) categorizedDst vari-
ations during magnetic storms on categories when maximum
Dst occurs: 1) 10:00–16:00 LT, 2) 00:00–06:00 LT, 3) 18:00–
22:00 LT and found that the first category of storms had more
suitable conditions for the inhibition of scintillation. Banola
et al. (2001) also had verified that the local time of maximum
intensity of ring current plays a role in establishing the con-
ditions necessary for scintillation activity. They showed that
the electrojet strength during the daytime has no perceptible
effect on the nighttime scintillation activity and scintillation
occurrence had a tendency to decrease with increaseingKp

andAp indices. Alternatively, Dabas et al. (2003) proposed
the equatorial electrojet strength as a useful parameter for
the prediction of the scintillation development. Thus, these
studies show that scintillation at low latitudes can be either
inhibited or triggered during storms, depending on the phase
of the storm and its local time of occurrence.

Koster’s (1972) question about the factor which is or is
not always present during magnetic storms, with sufficient
intensity to fully inhibit scintillation, is still an open ques-
tion. This is perhaps not surprising because there are several
separate factors which influence to the choice. This paper
continues the investigations mentioned above and the study
explores sources which can directly be related to the rise and
fall of the F -layer and can have an influence on scintilla-
tion activity. We shall use the different geomagnetic indices,
the ionospheric parameters,Bz component of the IMF (In-
terplanetary Magnetic Field), to study scintillation activity
at the diplatitudes and shall classify the geomagnetic storms
according to that presented by Aarons’ category (1991) as
the commonly accepted criteria to explore scintillation oc-
currence.

2 Data

TheDst values, planetary magnetic activity indicesKp, au-
roral indices AU and AL,Bz-component of the IMF, iono-
sphericF -layer heighth′F and occurrence times of scintil-
lation activity during individual storms are the sources of our
study.

3 Scintillation activity during the geomagnetic storms

3.1 Storm 1: 16–19 December 1971, (Category 1).

Figure 1 showsDst andKp plots in the two lower panels
and the IMFBz and the ionosphericF -layer heighth′F for
Huancayo in the two upper panels.Dst reaches its maximum
-163 nT at 21:00 UT (16:00 LT at Huancayo) on 17 Decem-
ber 1971, i.e. during daytime on Huancayo. The scintillation
patch durations over Huancayo from the MARISAT satel-
lite are shown by the blocks along the local time axis of the
h′F plot. According to Aarons (1991) this was a Category 1
storm. For a relatively large number of days this period rep-
resents MARISAT observations over Huancayo. Only on the
night of 17–18 December was there no observed scintillation
activity. We can see from Fig. 1 that during this night the
Bz IMF was strongly positive and a quiet recovery phase of
the ring current without additional injections was observed
on theDst plot. The ionospheric height was lower at 300 km
this night andKp was decreasing during the storm recovery
phase. Thus, conditions for the generation of scintillation ac-
tivity during the storm recovery phase were not satisfied at
this sector of the equatorial ionosphere.

3.2 Storm 2: 18–21 December 1980, (Category 1).

In Fig. 2 the two upper panels show theBz IMF, AL and
Dst indices. Ionosperic height variationsh′F for Huancayo
and theKp index are presented in the two lower panels. The
scintillation patch durations over Huancayo are shown by the
blocks along the time axis of theh′F figure. This was a
strong geomagnetic storm with a peak ofDst=−240 nT at
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Fig. 1. Storm 1: 16–19 December 1971, Category 1 magnetic
storm.Dst andKp plots are shown in the lower panels on the same
time scale as theBz component of the IMF. The rectangular bars
along the local time axis of theh′F plot at Huancayo indicate the
duration of observed scintillations.

18:00 UT (13:00 LT at Huancayo) on 19 December 1980
whenKp reached 8. The ring current was generated by the
negative of the IMFBz=−31 nT. The strong westward po-
lar electrojet with AL=−1400 nT was observed at the same
time. The scintillations were observed every night except the
night of 19–20 December 1980 when theBz of the IMF had
positive values. The ionosperic heightsh′F at Huancayo ex-
ceeded 350 km andKp increases were observed when scin-
tillations occurred. Figure 2 shows that the absence of scin-
tillations is associated with aKp decrease during the recov-
ery phase of the magnetic storm. The ionospheric height
h′F was less than 350 km and the westward polar electro-
jet (AL<200 nT) was very small this night. Because AL
hourly index reflects the processes related to the westward
polar electrojet and during theBz>0 it was small we can say
that the electric fields from the polar region didn’t penetrate
to the equatorial ionosphere. It should be noted that the auro-
ral electrojet has a faster recovery phase than the ring current,
as one can see from the AL andDst plots. For example, on
19 December 1980 at 00:00 UT (19:00 LT for Huancayo),
the strong ring current was still strong while AL had already
reached its quiet level near−200 nT.

Fig. 2. Storm 2: 18–21 December 1980, Category 1 magnetic
storm. The upper two panels show IMFBz, AL, and Dst on the
same time scale asKp. The rectangular bars along the local time
axis of theh′F plot at Huancayo indicate the durations of observed
scintillations.

3.3 Storm 3: 4–9 March 1981, (Category 1).

Figure 3 presents the IMFBz component, the ionosphericF -
layer heighth′F variations at Huancayo,Kp andDst indices.
The scintillation patch durations are shown along the time
axis of theh′F figure for Huancayo. The scintillation activity
at 00:00 UT on 4 March 1981 was observed before the mag-
netic storm withDst=−50 nT andKp=4, the IMFBz slightly
negative, andh′F near 450 km. The inhibition of irregulari-
ties and scintillations on the night of 5–6 March 1981 is as-
sociated with a preceding strongly positive IMFBz andh′F

below 350 km. Aarons (1991) associated this inhibition with
the state of theKp andDst indices. We added to this study
the IMF Bz component variations and virtual height varia-
tions h′F at Huancayo. The initial phase of the storm and
the subsequent main phase decrease was generated by the
positive solar wind electric field with negativeBz IMF more
than −25 nT. The scintillations were observed over Huan-
cayo just preceding the part of the main phase of this great
magnetic storm on the morning of 5 March 1981 withKp=7,
Dst=−170 nT, andh′F decreasing from 500 km. The max-
imum of Dst=−215 nT was in the daytime at 11:00 LT for
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Fig. 3. Storm 3: 4–9 March 1981, (Category 1). The IMFBz

component, the ionosphericF -layer heighth′F at Huancayo,Kp

andDst indices are presented. The scintillation patch durations for
Huancayo are shown along the time axis of theh′F figure.

Huancayo. After 16:00 UT on 5 March the recovery phase
began. The IMFBz was practically positive during 20 hours.
This provided a quiet recovery for the ring current on 5–6
March 1981, during which timeKp decreased andh′F at
about 300 km didn’t reach the height where irregularities are
formed. Thus, small magnetospheric perturbations could not
influence the equatorial ionosphere, and scintillations were
not generated during the night of 5–6 March 1981. On the
nights of 7–8 and 9–10 March 1981 the ionosphere height
h′F reached 500 km after the southward turning of the IMF
Bz and scintillations were observed on these nights. Dur-
ing the night of 8–9 March 1981,h′F maximum was near
350 km, andKp was decreasing. Unfortunately, we do not
have theBz IMF for the ring current recovery period. How-
ever, theDst index was available as shown during the quiet
recovery phase of the ring current andKp reduced from 4
to 2. This produced conditions that inhibited scintillations
during this night.

Fig. 4. Storm 4: 11–14 January 1989, (Category 2). The upper two
panels show the IMFBz andDst variations. The lower two panels
show the ionosphericF -layer heighth′F at Kodaikanal and theKp

index. The times and durations of scintillation activity are marked
by the rectangles along the time axis of theh′F plot.

3.4 Storm 4: 11–14 January 1989, (Category 2).

In Fig. 4 the upper two panels show theBz IMF andDst vari-
ations. The lower two panels show the ionosphericF -layer
heighth′F at Kodaikanal and theKp index. The times of
scintillation activity are marked by the blocks along the local
time axis of theh′F plot. Banola et al. 2001 studied this mag-
netic storm. They showed that this magnetic storm followed
Aarons’ category 2. On the night of 11–14 January the post
sunset steep height increase ofh′F up to more than 500 km,
400 km, 540 km and 670 km, respectively, resulted in spread
F and hence strong scintillations on all of these days. These
scintillations were associated with the southwardBz IMF.
The Bz of IMF was slightly positive on 12 Jannuary 1989
between 06:00 and 18:00 UT during the magnetic storm re-
covery phase, but was not sufficiently positive to inhibit the
scintillations as during storms 1 and 2. The IMFBz turned
southward before the scintillation activity this night.
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3.5 Storm 5: 16–19 March 1989, (Category 3).

Figure 5 presents a magnetic storm that is classified as
Aarons’ Category 3 for the Indian sector. The two upper
panels show the IMFBz, AU and AL variations. The two
lower panels showKp andDst indices. Occurence times of
scintillation activity at Trivandrum are shown by the blocks
along the time axis of theDst plot. As seen from the fig-
ure, it was a moderate but very complex geomagnetic storm.
Banola (2001) classified this storm as Category 1. The first
minimum of Dst=−117 nT was observed on 16 March at
13:00 UT or 18:30 LT, the second minimum ofDst=−119
on 17 March at 11:00 UT or 16:30 LT in the Indian sector.
We classify this storm as a Category 3 magnetic storm for the
Indian sector. After 12:00 UT on 16 March 1989, during the
recovery phase of the magnetic storm, the IMFBz=6 nT was
positive, withKp and AU decreasing the AL andDst were
increasing. Absence of scintillation activiy during the recov-
ery phase of the magnetic storm on the nights of 16–17 and
17–18 March is associated withKp decreasing and AL in-
creasing. The scintillations on 18–19 and 19–20 March were
accompanied by the negativeBz IMF, with Kp increasing,
AL and Dst decreasing. Thus, this geomagnetic storm was
of Category 3, but for scintillations its behavior was similar
to Category 1.

Thus, the events considered indicate that the IMFBz com-
ponent,Dst , Kp and AL indices, andh′F can play a role
in the generation of the nighttime scintillations. The equa-
torial ionospheric heighth′F was increased when the IMF
Bz turned southward or was negative. TheDst , Kp, AU, AL
indices showed increasing geomagnetic activity when condi-
tions for generation of scintillations were formed at the equa-
torial ionosphere. The ring current decay began when the
IMF Bz component had positive values or turned northward.
WhenDst , Kp and the auroral indices showed decreasing of
geomagnetic acitvity,h′F was low and the equatorial scintil-
lations were not generated.

4 Discussion

The examples considered indicate that there can be different
causes for generation or inhibition of the equatorial scintil-
lations. Because theKp, Dst , AU, AL indices are defined
by the different magnetospheric and ionospheric currents one
needs to decide which of these is the best indicator for pre-
dicting the equatorial scintillations. Comparing the VLF drift
velocities and VHF scatter on the Jicamarca radar, the idea
was suggested by Farley et al. (1970) of a threshold height
above which theF -layer has to go before irregularities as-
sociated with spreadF can be generated. Basu et al. (1977)
proposed that the observed scintillation activity at the equa-
tor and patches of activity off the equator may perhaps be
due to varying thickness of the layers of irregularities in
the transionospheric propagation of the signal. Rastogi and
Woodman (1978), Rastogi and Aaarons (1980) and Rastogi
et al. (1981) noted the fact that the occurrence of spreadF on

Fig. 5. Storm 5: 16–19 March 1989, (Category 3). The upper two
panels show the IMFBz, AU and AL variations. The lower two
panels show theKp andDst indices. The scintillation durations in
the Indian sector are shown by the rectangles along the time axis of
theDst plot.

the ionograms in the evening hours is preceded by a rapid rise
in theF -layer. This fact has led to the theory that there are
irregularities in the upperF -region which appear on the iono-
grams only when the height of theF -region rises above the
threshold level. It was found by Dabas et al. (1989), Aarons
et al. (1991, 1997), as a general guide, thatDst variations
are the best criteria to determine development of the equa-
torial irregularities. It also follows from these studies that
the state of the ambient ring current and the equatorial iono-
sphere when the storm started are significant in the prediction
of the equatorial scintillations. Numerous works present the
experimental and theoretical relations found by their authors
between the solar wind parameters and auroral ionosphere.
The studies of Zmuda and Armstrong (1974), Iigima and
Potemra (1978), Foster et al. (1989) and other authors lead
to the conclusion that the field-aligned currents (FAC) con-
stitute a major interconnection between the magnetosphere
and polar ionosphere. Intensive ionospheric currents during
geomagnetic storms and disturbances can change the quiet
ionosphere parameters. Under these conditions the criti-
cal frequencyf oF2, virtual heighth′F , drift velocities and
others ionospheric characteristics are mainly defined by the
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Fig. 6. The model of the field-aligned currents (FAC) of Regions 1
and 2 closing across the equatorial ionosphere.

state of the solar wind flowing around the Earth’s magne-
tosphere. However, the equatorial ionosphere has been as-
sumed to have a special advantage due to its being free from
the FAC which occur in the polar ionosphere. As has been
shown by Pudovkin et al. (1975), Rastogi and Patel (1975),
Fejer et al. (1979), and Zakharov et al. (1989), the equato-
rial ionosphere is controlled by the magnetospheric and in-
terplanetary magnetic fields. These authors presumed that
the short-term equatorial ionospheric variations could be ex-
plained by the action of the auroral sources. However, a cou-
pling mechanism between the auroral and equatorial iono-
sphere was not offered in these works. In succeeding years
the equatorial ionosphere came to be regarded as highly sub-
jected to the action of the auroral electric field and, in par-
ticular, from the field-aligned currents (FAC). The mecha-
nism of the current system being formed at the equator by
the field-aligned currents was proposed as far back in 1908
by Birkeland and has recently been further developed. With
the advance in our knowledge about magnetosphere, the elec-
trodynamics relation between the solar wind, magnetosphere
and ionosphere are realized through the field–aligned cur-
rents. As was shown by Iigima and Potemra (1978), the
field-aligned currents are closely connected with the auro-
ral electrojets and the disturbance polar (DP) systems. They
also showed that the location and intensity of the FAC are de-
fined by theBz andBy components of the IMF. Zakharov et
al. (1989), Denisenko and Zamai (1992), in theory, Kikuchi
et al. (1996), Sizova (2002), using geomagnetic data, Sizova
and Pudovkin (2000), using ionospheric data, had shown that
the electric fields from the FAC could penetrate to the equato-
rial ionosphere and explain the equatorial electric field vari-
ations. In Fig. 6, the model of Sizova and Pudovkin (2000)
of the field-aligned currents of the Region 1 and Region 2

closing across the equatorial ionosphere is presented. Ac-
cording to this model electric fields of the field-aligned cur-
rents penetrate through the midlatitudes to the low-latitude
ionosphere and create the additional equatorial electric fields.
These electric fields modify the equatorial electrojet and the
ionospheric plasma vertical drift velocity. If theBz IMF is
negative, the equatorial electrojet is enhanced by the Region
1 FAC and plasma moves upward away from theF -layer.
In this case a maximum of theF2-layer is observed at the
high altitudes where irregularities are observed. Therefore,
the FAC are in continuous dynamics, thereby becoming re-
sponsible for the complicated nature of height variations at
the equator. The examples presented in this study allow us
to assume that the southward IMFBz by the electric field of
the Region 1 FAC can form an additional eastward current
system at the equatorial ionosphere. Under these conditions
the virtual heighth′F rises to high altitudes where scintil-
lations can be generated. During the positiveBz IMF the
F -layer cannot rise up 350 km for the generation of scintil-
lations. As shown by Burton et al. (1975), Sizova and Zait-
seva (1984), Pudovkin at al. (1985) the magnetospheric ring
current intensity is strongly dependent on the variations of
theBz IMF. The magnetospheric ring current cannot directly
penetrate to the equatorial ionosphere, though these are mod-
els with closed partial ring current through the polar iono-
sphere (Kikuchi et al., 1996). The equatorial electric field
strengthening, on the other hand, can be observed in the ab-
sence of the ring current. As one can see from AL andDst

dynamics presented in Fig. 2, the auroral electrojet have a
faster recovery phase than the ring current. The strong ring
current on the 19–20 December 1980 night had no effects on
the equatorial ionospheric height but the IMFBz did. As
seen from Fig. 1, the same ring current intensity was ob-
served on 18–19 December 1971 and 19–20 December 1971
but h′F variations were different on these nights. Theh′F

at Huancayo was near 300 km during positive IMFBz and
reached 400 km altitude during negativeBz IMF. These ex-
amples show that difficulties emerge when we consider the
relation of the magnetospheric ring current to the equatorial
ionosphere height variations and scintillation activity. Fig-
ure 5 shows that in practice, all categories can superimpose.
For example, we have aDst maximum at 10:00–16:00 LT at
equatorial station (Category 1), but at 18:00–23:00 LT (Cat-
egory 3) and at 00:00–06:00 LT (Category 2) new additional
injections to the ring current associated with the large nega-
tive Bz IMF may occur. In this case, we will have complex
shapes ofDst variations andDst category conception ceases
to have its conventional meaning. The positiveBz IMF is
likely to be the factor inhibited of the equatorial plasma mo-
tion to a height where scintillations can be generated.

5 Conclusions

The relationship between the equatorial ionospheric scin-
tillations and the IMFBz, Dst , Kp AU, AL indices has
been demonstrated. It is shown that all of these indices are
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suitable for investigations of scintillaton activity at the equa-
torial ionosphere. Undoubtely, theDst index is convenient
and available one to study geomagnetic conditions during the
ionospheric disturbances. However, the examples considered
show that difficulties emerge when we consider the relation
of the magnetospheric ring current to the equatorial iono-
sphere height variations and scintillation activity. The reason
is that theDst index does not include the auroral sources.
For example,Kp as the planetary (p) index carries informa-
tion about auroral electrojets and we can see from our ex-
amples that scintillation activity decreases whenKp reduces
with positiveBz IMF. This means that the auroral electrojets
depicted by AU, AL-indices are connected with DP systems
and the FAC moving polarward. The solar wind electric field
through the FAC of Region 1 and Region 2 is likely to be
the factor which generates or inhibites the equatorward pen-
etration of the high-latitude electric field. If the equatorial
ionospheric height is below or equal to 350 km, then scin-
tillations are not generated. The negativeBz IMF enhances
the auroral electric fields and the FAC electric fields can pen-
etrate to equatorial ionosphere, and the ionosphericF -layer
is raised above of threshold height (∼350 km). The equa-
torial irregularities associated with spreadF can be gener-
ated at this height and above, then scintillations can be ob-
served there. Plasma falling from the high ionospheric al-
titudes is favoured for generation of the equatorial scintilla-
tions as well. The possible source of this phenomenon is the
solar wind electric fields – the auroral and equatorial iono-
sphere coupling. The success of prediction of the ionospheric
scintillations seems to use models which explain the relation-
ship between equatorial ionospheric parameters such ash′F ,
f oF2 and the equatorial geomagnetic variations with the po-
lar ionosphere currents and the solar wind parameters such
asBz IMF, Ey − the solar wind electric field. Other pro-
cesses, like tides, earthquakes, etc. can also change the iono-
spheric height and may play a role in the generation of the
ionospheric scintillations. Taking into account the time de-
lay between theBz IMF and the equatorial ionosphere phe-
nomena, from the practical point of view, the relationships
between the solar wind and the ionosphere parameters can
be used for predicting scintillations. It should be noted that
more detail investigations of these relationships with high-
precision ionospheric and scintillation data are required.
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