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Abstract. On 11 April 2001, a large magnetic storm
occurred with SSC at 13:43 UT, andDst reached below
−200 nT after two southwardBz excursions. TheKp index
during this storm reached 8 and remained high (>4) for about
21 h, and the S̃ao Lúıs magnetometer H component presented
simultaneous oscillations and decreased substantially rela-
tive to the previous magnetically quiet days. This storm trig-
gered strong ionospheric irregularities, as observed by a re-
cently installed 30 MHz coherent scatter radar, a digisonde,
and a GPS scintillation receiver, all operating at the São Lúıs
equatorial station (2.33◦ S, 44◦ W, dip latitude 1.3◦ S). The
ionospheric conditions and the characteristics of the iono-
spheric irregularities observed by these instruments are pre-
sented and discussed. The VHF radar RTI (Range Time In-
tensity) echoes and their power spectra and spectral width for
the storm night 11–12 April 2001, were used to analyse the
nature and dynamics of the plasma irregularities and revealed
the coexistence of many structures in the altitudinal range of
400–1200 km, some locally generated and others that drifted
from other longitudinal sectors. The radar data also revealed
that the plumes had periodic eastward and westward zonal
velocities after 22:20 UT, when well-developed quiet-time
plumes typically drift eastward. Another interesting new
observation is that the F-layer remained anomalously high
throughout the 11–12 April 2001 storm night (21:00 UT to
09:00 UT next day) (the LT at S̃ao Lúıs is UT−3 h), as in-
dicated by the digisonde parametershmF2 and h′F, which
is a condition favourable for spreadF generation and main-
tenance. The AE auroral index showed enhancements (fol-
lowed by decreases) that are indicative of magnetospheric
convection enhancements at about 15:00 UT, 20:00 UT and
22:00 UT on 11 April 2001 and at 00:20 UT (small ampli-
tude) on 12 April 2001, associated with manyBz fluctua-
tions, including clear two southward incursions that gave rise
to large and long lastingKp values and large negativeDst
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values. This intense auroral activity generated disturbance
dynamo and prompt penetration electric fields that were re-
sponsible for the maintenance of the F-layer at a high alti-
tude along the night of 11–12 April 2001. The short-lived
F-region height rise seen between 16:00 to 18:00 UT on
11 April 2001 is probably due to the prompt penetration east-
ward electric fields of magnetospheric origin during the first
IMF Bz turning to south around 15:00 UT.

Key words. Ionosphere (ionospheric irregularities)

1 Introduction

Equatorial F-region ionospheric irregularities have been ex-
tensively studied from theoretical and experimental points
of view (e.g. Woodman and La Hoz, 1976; Ossakow, 1981;
Abdu et al., 1985, 2002; Kelley et al., 1996; Weber et al.,
1996; Fejer, 1997b; Hysell and Woodman, 1997; Musman
et al, 1997; Kil and Heelis, 1998; Beach and Kintner, 1999;
Fejer et al., 1999; Basu et al., 2001). Long-term climato-
logical and persistence studies of the irregularities have been
recently performed with the JULIA radar at Jicamarca (Hy-
sell and Burcham, 1998, 2002). Similar studies are being un-
dertaken in the Brazilian equatorial zone using the São Lúıs
radar (de Paula and Hysell, 2004).

The above studies showed that the Equatorial Spread F
(ESF) has very large day-to-day variability during quiet and
disturbed times, which is due to the various factors affecting
the generation and growth of plasma interchange instabili-
ties, and is still an enigmatic problem (Abdu, 2001). The
most well recognized influences on irregularity growth are
the height and vertical drift of the F-layer driven by the east-
ward electric field.

The study of ESF characteristics during geomagnetic
storms gives important insight into the role of electric fields
of magnetospheric origin in the irregularity process, is of in-
terest in the broader context of magnetospheric-ionospheric
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Fig. 1. IMF Bz component in GSM coordinates provided by the ACE spacecraft (corrected to the propagation time up to the magnetopause
boundary), AE auroral index,Kp andDst magnetic indices, S̃ao Lúıs magnetometer H component, São Lúıs digisonde parametershmF2
and h′F, and Range Spread F (RSF) index and Percentage of Occurrence of GPS amplitude scintillations with scintillation index S4>0.1,
from 10 to 12 April 2001.

coupling (Reddy and Nishida, 1992) and in the impact
on global VHF/UHF communications systems (Basu et al.,
2001).

The magnetospheric electric field can, under favourable
conditions, penetrate directly to low latitudes almost instan-
taneously (prompt penetration) and with a delay of 9 to 30 h
through the disturbance dynamo mechanism (e.g. Kikuchi
and Araki, 1979; Blanc and Richmond, 1980; Fejer, 1986;
Fejer et al., 1990; Fejer and Scherliess, 1995; Scherliess and
Fejer, 1997; Spiro et al., 1988). The disturbance dynamo
electric field reduces the plasma ascent rate at equatorial lat-
itudes during daylight but also reduces the descent rate at
night, decreasing the threshold for inversion. Direct pen-
etration can be eastward, lifting the equatorial plasma, or
westward, lowering the plasma. At night, eastward direct
electric field penetration could trigger ionospheric irregular-
ities at any time of year since it lifts the plasma and creates
favourable conditions for irregularities to grow. This effect
can be intensified if the eastward direct penetration occurs

in conjunction with the regular post-sunset pre-reversal en-
hancement driven by F-region dynamo action (Batista et al.,
1991) or with disturbance dynamo action at night. Previous
studies of this effect have mainly relied exclusively on either
ionosonde data (Somayajulu et al., 1987; Reddy and Nishida,
1992; Abdu et al., 1995), incoherent scatter radar data (Fejer,
1997a), or VHF ionospheric scintillations (Aarons, 1991),
which alone cannot give a complete perspective of the pro-
cesses involved.

In this paper, a strong spreadF event observed at the
São Lúıs equatorial station during the magnetic storm of
11–12 April 2001 is studied using a variety of instruments,
including a VHF coherent scatter radar, a GPS receiver, a
digisonde, and a magnetometer, which allowed us to de-
tect irregularities with different scale sizes. In addition to
these data sources, supporting geomagnetic data and in-
dices from auroral latitudes are also used to establish the
magnetospheric-ionospheric electrodynamic link.
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2 Brief description of the systems

The S̃ao Lúıs VHF radar (de Paula and Hysell, 2004) is
a pulsed Doppler radar with interferometric capability that
records raw data to tape while processing it in real time
and displaying the results, in the form of spectrograms, on
a Worldwide Web server (http://200.241.80.42). During data
post processing, the scattered signal-to-noise ratios, Doppler
velocities, and zonal irregularity drift velocities are typically
computed for display in range-time image format. The auto-
covariance method (Woodman, 1985) is applied to time se-
ries data to calculate the signal-to-noise ratio, Doppler ve-
locity and spectral width. The spectra are also calculated
from the time series data by the Fast Fourier Transform
method. The radar observation was performed with a ver-
tically pointed beam having an east-west beamwidth of 10◦

and a 10 ms IPP (Inter-Pulse-Period). The maximum unbi-
ased vertical velocity is±250 m/s and the range resolution is
2.5 km. The GPS L1 band receiver, specially prepared to de-
tect amplitude scintillation due to ionospheric irregularities,
is a modified Gec-Plessey card installed in one microcom-
puter that collects data at a high rate (50 samples/s). A com-
plete description of the GPS receiver can be found in Beach
and Kintner (2001). The digisonde is a Lowell University
256 model (Reinisch et al., 1989) that sounds the ionosphere
nominally every 15 min with a sweep frequency range from
2 to 20 MHz. The magnetometer is a 3-axis Fluxgate type
with digital data recording capability. The GPS scintillation
technique, in the present case, is sensitive to 400 m (Fresnel
size) irregularities, the digisonde to kilometric irregularities,
and the 30 MHz coherent scatter radar to 5 m irregularities,
so the spatial spectral evolution of the irregularities with dif-
ferent scale sizes can be studied at São Lúıs.

3 São Luı́s multi-instrument data / results

Figure 1 presents the IMFBz component in GSM coordinates
provided by the ACE spacecraft (corrected to the propaga-
tion time up to the magnetopause boundary), the AE auroral
index, theKp andDst magnetic indices, the São Lúıs mag-
netometer H component, the São Lúıs digisonde parameters
hmF2, h′F, and Range Spread F (RFS) index and the per-
centage of occurrence of GPS amplitude scintillations with
scintillation index S4>0.1, from 10 to 12 April 2001. On
11 April 2001 the IMFBz component turned south at about
15:00 UT up to 18:00 UT and after some north-south fluc-
tuations it turned again to south up to about 06:00 UT on
12 April 2001. The AE auroral index showed enhancements
(followed by decreases) at about 15:00 UT, 20:00 UT and
22:00 UT on 11 April 2001 and at 00:20 UT (small am-
plitude) on 12 April 2001. TheDst index reached below
−200 nT around 24:00 UT on the night of 11–12 April 2001
and theKp index reached 8 and remained high (>5) for
many hours after the SSC. The São Lúıs magnetogram H
component shows that the strong storm began at∼13:00 UT
(10:00 LT at S̃ao Lúıs) on 11 April 2001, extending up to

Fig. 2. An ionogram from 23:00 UT (20:00 LT) during a quiet
control night (9–10 April 2001) (upper panel) and an ionogram for
the storm night (11–12 April 2001) at 23:30 UT.

the morning of 12 April 2001 and revealed many oscillations
during the storm period and decreased substantially relative
to the previous quiet day.

The digisonde range spreadF was present (being in
the end of spreadF season over Brazilian longitudes) on
all nights of this period (10–12 April 2001) but with a
longer duration and more intensity during the night of 11–
12 April 2001, compared to the other nights of the period.
Quiet-time spreadF is normally confined to the post sunset-
midnight time interval. On 11–12 April 2001, thehmF2
and h′F parameters, and consequently the F2-layer, remained
anomalously high all through the night with a very slow de-
cay. ThoughhmF2 could not be scaled precisely during
strong spread F, the evaluation of h′F, even during strong
spreadF , is always expected to be a reliable parameter to
infer the vertical movement of the bottomside F-layer. On
11 April 2001, the digisonde parameterhmF2, that is the
true height of the F2-layer density peak, was anomalously
elevated (rather slowly) to higher altitudes from 16:00 to
18:00 UT and a simultaneous increase in the H component
of the S̃ao Lúıs magnetogram was observed at this time in-
terval, which indicates storm electric field penetration to low
latitudes. But surprisingly, h′F, the virtual height of the base
of F-layer, does not show any corresponding rise. This may
be because, from 16:00 to 18:00 UT, h′F is around 200 km
and is controlled more by the recombination process than by
the electric field.
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Fig. 3a. VHF radar RTI (Range-Time-Intensity) plot of the echoes from the ionospheric irregularities for the storm night of 11–12 April
2001.

Fig. 3b. VHF radar vertical velocity plot of the echoes from the ionospheric irregularities for the storm night of 11–12 April 2001.
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Fig. 3c. VHF radar zonal velocity plot of the echoes from the ionospheric irregularities for the storm night of 11–12 April 2001.

Two ionograms, one from 23:00 UT (20:00 LT) during a
quiet control night (9–10 April 2001) (upper panel) and an-
other in the storm night (11–12 April 2001) (lower panel)
at 23:30 UT are shown in Fig. 2. We can observe that on
the storm night, the F-layer had a small bottomside electron
density gradient scale length LN, where (1/N)(dN/dh)=L−1

N ,
compared to the quiet night. Also, as the layer during
the storm night remained at a high altitude, the ion-neutral
collision frequencyνin was small which, conjugated with
a small LN , are favourable conditions that contributed to a
large instability growth rate whose simplest equation will be
given in the next section.

During the night of 11–12 April 2001 (Fig. 1), the
digisonde recorded range spreadF , with a peak index of
3 (P>200 km in range), and GPS L1 band scintillation
(S4>0.1), showed one large peak percentage of occurrence
reaching 30–50% from 22:00 to 01:00 UT and another peak
of 55% around 08:00 UT on 12 April 2001. On all other
quiet nights 10–11 and 12-13 April, including the nights of
9–10 and 13–14 April (not shown here), the GPS scintillation
occurrence remained below 5%.

The S̃ao Lúıs VHF coherent backscatter radar also de-
tected a strong ionospheric irregularity occurrence during the
storm night of 11–12 April 2001. There are no radar data in
the days close to the storm night. Figure 3a shows the radar
RTI (Range-Time-Intensity) plot of the echoes from the 5-m
ionospheric irregularities along with their vertical (Fig. 3b)
and zonal (Fig. 3c) velocities. Usually the Doppler velocity
should be consistent with the ranging rate of the correspond-

ing irregular structure. In the case where they are not consis-
tent, this implies that the vertical velocities are aliased. The
rough estimate of the unaliased velocities can be obtained
by adding 500 m/s to the aliased velocity. For example, the
structure observed at 900 to 1200 km height during 21:50 to
22:20 UT in Fig. 3a has a large ascending rate but shows
predominantly downward Doppler velocities, as is clear in
Fig. 3b. These are certainly aliased velocities and need to
be corrected by adding 500 m/s. Thus, the real velocity of
this structure is upward, not downward. Vertical traces in
Figs. 3a and b, at 15-min intervals, are due to digisonde inter-
ference. Figure 3a (RTI) shows large topside layers (plumes)
from 21:50 to 23:40 UT, reaching more than 1200 km in al-
titude. The typical quiet time bottom-type precursor layer, a
thin layer with a small vertical velocity normally preceding
the plumes, appears at about 500 km and is connected just
with the lower structure that grew up around 22:35 UT. The
two others structures that appeared in the altitude range of
600 to 800 km at 22:00 UT, evolved to very high altitudes,
and were moving to the east (Fig. 3c), but did not show the
bottom-type precursor layer and could be not locally gener-
ated. One short-lived plume patch, located above 900 km in
altitude and drifting upward with a large velocity (Fig. 3b)
and predominantly westward (Fig. 3c), was observed from
21:50 to 22:20 UT. Such high altitude and westward moving
irregular structure, in agreement with the observations re-
ported earlier by Basu et al. (1996) during disturbed periods,
was attributed to the effect of the disturbance dynamo.
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In the last paragraph of this section a discussion based on the
spectra for this night gives support to the above observations.

Normally, the irregularities are triggered after an upward
layer drift driven by an eastward electric field due to the post
sunset F-layer dynamo mechanism. At others hours of the
night an eastward electric field can also trigger ionospheric
irregularities. As seen from the Doppler data in Fig. 3b, the
F-region plumes showed predominantly large upward verti-
cal drifts from 21:50 UT up to 23:10 UT, a downward drift
from 23:10 to 23:20 UT and again an upward drift from
23:20 up to 23:40 UT. These fluctuations are coincident with
the corresponding strong auroral activity from 20:00 UT up
to the midnight period, as can be observed by the AE in-
dex. After 23:40 UT, just one bottomside layer remained
through midnight (no radar measurements were made af-
ter midnight). Note the bottomside layer drifting downward
(represented by blue after∼23:00 UT in Fig. 3b) and the si-
multaneous eastward drifts (see the bottom panel). This is
also the bottomside behaviour during quiet time conditions.

The zonal drifts of the irregularity structures below
600 km, as seen in Fig. 3c, are predominantly westward dur-
ing 22:15–22:50 UT and then turned eastward up to the end
of the measurements. Such zonal characteristics were also
observed by Basu et al. (1996) during the disturbed night
(2–3 October 1994), where they found that the irregularity
structure below 500 km moves westward initially and turns
to eastward lately. This is the usual zonal velocity charac-
teristic of the bottom-type and bottomside layer under quiet
time conditions and this gives an indication that the low al-
titude ionosphere was not affected by the storm. In contrast
to the eastward moving plume during quiet time the plumes
observed in our observations during 22:20 to 23:00 UT and
from 600 to 800 km do not show any well-defined eastward
motion. On the other hand, it shows one periodic tendency
from eastward to westward velocities and could be probably
due to the storm. Such periodic zonal velocity characteris-
tics of irregularity structures was also observed by Basu et
al. (1996) during storm conditions.

In order to further elucidated the nature and dynamics of
the plasma irregularities, Fig. 4 presents the sequence of
spectra during 22:00–23:57 UT for the 30-min interval for
the 11 April 2001 night. The spectra are plotted every 20-km
altitude interval with the lowest altitude as 400 km at the bot-
tom and the horizontal bars represent the maximum intensity.
The spectra above 900 km at t=22:00 UT in Fig. 4 show an
enhanced fluctuation level at all frequencies, as compared to
lower altitudes spectra at the same time. The spectra in the
intermediate altitudes (400–1000 km) at 22:30 and 23:00 UT
are broad and similar to the earlier observations (Woodman
and LaHoz, 1976). They indicate the presence of the fast
ascending structures (bubbles). Moreover, the velocities of
these structures peak at three different altitudes (600, 800
and 875 km) at t=22:30 UT. They indicate the presence of
three different bubbles originated from different bottomside
structures at different altitudes. It is quite possible that the
two top structures were not locally generated and could have
drifted over S̃ao Lúıs from other longitudes.

In Fig. 5, the range-time-spectral width is plotted on the
same night. The spectral width, as defined by Eq. (21)
of Woodman (1985), is obtained by an auto-covariance ap-
proach, and is presented in units of m/s instead of Hz. In par-
ticular, bottom-type and bottomside structures are identified
as structures of narrow spectral widths while plume struc-
tures are identified as broad spectral width structures. Dif-
ferent bottomside structures at different altitudes are evident
from Fig. 5, which were also noted in Fig. 4. It confirms the
aforementioned properties of spectra.

4 Discussion

In this event, there is evidence that, besides the normal post-
sunset eastward F-layer dynamo electric field, there was also
the prompt penetration of eastward electric fields of mag-
netospheric origin and westward disturbance dynamo elec-
tric fields that lifted the F-layer abnormally during the entire
night of 11/12 April, creating conditions for the irregularities
to grow and to persist during this night.

The linear growth rate equation in its simplest form, ne-
glecting nighttime E-region conductivity (Ossakow, 1981),
is:

γ ′

L = L−1
N

(
E

B
+

g

νin

)
,

where LN is the electron density gradient scale length given
by L−1

N =(1/N)(dN/dh), N is the ambient electron density, E
is the eastward electric field, B is the magnetic flux density,
g is the gravitational acceleration, andνin is the ion-neutral
collision frequency. Hence, the favourable conditions for the
instabilities to grow, besides the vertical drift E/B, are a small
ion-neutral collision frequency and a steep electron density
gradient. From the true height profiles of the two ionograms
presented in Fig. 2, it can be inferred that on the storm night,
all of the above factors were most favourable. The growth
rateγ ′

L was calculated using the values of LN derived from
true height profiles, and theνin were obtained from standard
atmospheric models.γ ′

L was 2.0×10−3 s−1 at 22:00 UT (the
spreadF onset time) on the storm night (11/12 April), which
is much larger than its value of 0.3610×−3 s−1 at∼22:15 UT
on the control night (9/10 April). Similarly, at 07:45 UT,γ ′

L

was 0.32×10−3 s−1 and−0.4×10−3 s−1, respectively, under
spreadF and non-spreadF conditions.

It is pertinent to note that the plumes observed by the
radar lasted until about 23:40 UT while the digisonde
strong spreadF continued up to the post-midnight period
and GHz scintillations showed a secondary peak in the
post-midnight period. This suggests that the kilometer to
hundreds of meters scale size irregularities responsible for
spreadF and GHz scintillations and the 5-m scale size
irregularities producing the radar backscatter topside plumes
are simultaneously generated, but the small-scale sizes decay
faster (Rodrigues et al., 2004). Since there was no radar
data in the post-midnight period, it cannot be ascertained
if the secondary peak in scintillation is associated with any
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Fig. 5. The Range-Time-Spectral width plot on 11–12 April 2001.

corresponding radar signature. An intriguing question is why
the F-layer remained at high altitude all through the storm
night. One possibility is that the eastward magnetospheric
electric field due to enhanced and decreased magnetospheric
convection penetrated directly to low latitudes, and at some
time after the SSC, the disturbance dynamo, due to the action
of disturbance winds, became effective. Together, these
effects might account for this anomalous F-layer behaviour
and for triggering the irregularities. The present results (the
sustenance of spread and scintillation in the post-idnight
period) are in agreement with the frequent occurrence of an
eastward disturbance electric field in the 03:00–09:00 UT
sector at middle and low latitudes (Fejer et al., 1990; Reddy
and Nishida, 1992).

Long-term campaigns involving the São Lúıs radar are be-
ing conducted, and the resulting data, in conjunction with
data from GPS receivers, the digisonde, and the magnetome-
ter, will allow us to study in more detail ionospheric irregu-
larities during magnetic storms.

5 Conclusions

We have investigated the characteristics of ESF irregulari-
ties over the Brazilian equatorial station, São Lúıs, during
the magnetic storm of 11 April 2001 using a variety of tech-
niques. These observations (and also analysing the radar data
spectrum) recall that (1) the spreadF in the digisonde iono-
grams was observed at all nights in the period of 9–13 April
(Fig. 1 shows data only for the days 10–12 April), but with
larger intensity and duration on the storm night 11–12 April,
(2) the GPS amplitude scintillations were observed mainly
only at the storm night, (3) the radar plumes (topside layers)
seen on the storm night reached more than 1200 km in alti-
tude, its portions located between 600 to 800 km at 21:50 UT
were not preceded by a normal quiet-time bottom-type layer
and were drifted from another longitudinal zone, differently
from the lower structure that was generated locally and was
preceded by the bottom-type layer, (4) the plume from 900
to 1200 km in the time interval of 21:50 UT to 22:20 UT is
a very turbulent and fast upward structure that probably also
drifted over S̃ao Lúıs from the eastern longitude sector since
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this structure is moving westward, (5) the plumes had peri-
odic eastward and westward zonal velocities after 22:20 UT
when well-developed quiet-time plumes typically drift east-
ward, (6) the bottom-type structure below 600 km height was
moving upward and westward and the bottomside structure
also below 600 km height was moving down and eastward,
similar to the quiet-time behaviour and gives evidence that
they were not affected by this storm, (7) the F-layer remained
anomalously high all through the storm night, after its up-
lifting around 21:00 UT, creating favourable conditions for
ionospheric irregularities to grow and persist throughout the
night.

The ascent of the F-region during the post-sunset pe-
riod and its unsual maintenance at anomalous high altitudes
throughout the storm night of 11/12 April is interpreted as
being due to the combined effects of the prompt penetra-
tion magnetospheric electric field and delayed disturbance
dynamo electric field to the equatorial ionosphere. The evi-
dence for this is inferred from the VHF radar drift data, high
latitude indices, and IMFBz variations. It is found from the
height profiles of ionograms that particularly favourable con-
ditions for the R-T instability growth existed on the storm
night. On that night, the temporal evolution of the irregular-
ities, as seen by the digisonde, GPS scintillation receivers,
and the VHF radar, which are sensitive to different irregu-
larity spatial scales, suggests that all scale sizes (from a few
tens of km to 5 m in this case) were generated simultaneously
and that the smaller scales, seen by the radar, decayed faster
than the larger scales observed by the digisonde. However,
the GPS amplitude scintillations were observed mainly in the
storm night.

The VHF radar RTI (Range Time Intensity) echoes
and their power spectra/spectral width for the storm night
11/12 April were used to analyse the nature and dynamics
of the plasma irregularities and revealed the coexistence of
3 structures in the altitudinal range of 400–1200 km around
22:30 UT (see Figs. 4 and 5) and we suggest that one of them
was locally generated, presenting the normal bottom-type
layer around 500 km, while the other 2 structures that
appeared around 22:00 UT in the altitudinal range of 600
to 800 km drifted from another longitudinal sector. The
spectra in Fig. 4, in the altitudinal range of 850 to 1200 km
at 22:00 UT, show an enhanced fluctuation level at all
frequencies as compared to lower altitude spectra, and it is
drifting upward and westward and probably also drifted over
São Lúıs.
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