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Abstract

During 3 — 7 July, 2003, long-lasting and large-amplitude
interplanetary magnetic field perturbation event occurred.
This event is classified as high-intensity long-duration
continuous AE activity (HILDCAA) which occurs outside
the main phase of magnetic storms. The responses of the
equatorial ionosphere to HILDCAA events have been
poorly known so far. In this work, we investigate the
effects of HILDCAA events on the equatorial ionosphere
using ionosonde data (hmF2) observed at Sdo Luis,
Brazil and the ACE satellite data. The results indicate
presence of short-time prompt penetration electric field
disturbances and long-lived positive charge accumulation
at the magnetic equator around the midnight sector due to
the disturbance dynamo effect.

Introduction

Responses of the equatorial ionosphere to different levels
of magnetic storms have been investigated for several
decades (for example: Abdu, 1997; Sobral et al., 1997;
Sobral et al., 2001). The equatorial ionospheric
disturbances during magnetic storms are mainly
generated by prompt penetration of the interplanetary
electric fields (PPEF) into low-latitude from the auroral
region (Kelly et al., 1979; Spiro et al., 1998; Fejer and
Scherliess, 1997) and disturbance dynamo electric fields
(DDEF) and neutral thermospheric winds (Blanc and
Richmond, 1980; Abdu, 1997; Scherliess and Fejer, 1997;
Richmond et al., 2003).

From the viewpoint of observational studies, Sobral et al.
(1997) investigated an importance of the immediate
previous history of the geomagnetic conditions to
responses of the equatorial ionosphere. From their results
we can expect the following responses of the equatorial
ionosphere at sunset sector during magnetic storms
(without losing generality): with quiet AE conditions
preceding a day a large enhancement of the prereversal

vertical drift velocity occurs due to a PPEF (eastward
electric field) adding to the sunset F-layer dynamo
(eastward electric field), while with disturbed AE
conditions preceding a few to several hours an inhibition
of the vertical drift enhancement is produced by the
addition of a DDEF (westward electric field) to the normal
evening F-layer dynamo.

Fejer and Scherliess (1997) and Scherliess and Fejer
(1997) demonstrated responses of the equatorial
ionosphere to moderate magnetic storms using an
empirical model based on 20-year period observation of
the AE index and vertical plasma drift velocities from
incoherent scatter radar measurement at the Jicamarca
Radio Observatory. This model gives us a general view of
equatorial ionospheric responses to magnetic storms.
According to this model, the ionosphere can respond to
PPEF input promptly (~ 7.5 min) and disturbance dynamo
efficiency due to DDEF reaches to the maximum a few
hours after magnetic storm onset in the post-midnight
sector.

As mentioned in the above observational and theoretical
investigations, we have been able to understand the
behaviour of the equatorial ionosphere during magnetic
storms generated by a single penetration of the
interplanetary electric field, although the difficulty
identifying contribution of PPEF and DDEF still remains
because of modification of the thermospheric dynamics
imposed by disturbance dynamo winds.

Tsurutani and Gonzalez (1987) reported high-intensity
and long-lasting AE activity events a few days after the
main phase of magnetic storms, that is, the recovery
phase. They named this type of events as High-Intensity
Long-Duration Continuous AE activity (HILDCAA) event.
The main feature of the HILDCAA events is there always
exist high-frequency and large IMF Bz fluctuations. The
IMF Bz fluctuations can take place multiple magnetic
reconnections at the dayside magnetopause, and due to
the long-lasting multiple penetration of the interplanetary
electric field it would significantly influence the dynamics
of the entire ionosphere without any magnetic storms.

Equatorial and low-latitude ionospheric responses to
HILDCAA events were reported by Sobral et al. (2006) for
the first time. The influence of PPEF on the equatorial
ionosphere was not clearly appeared in their cases since
the HILDCAA events they selected did not show
remarkable large IMF Bz fluctuations, on the other hand,
they found post-sunset inhibitions of the ionospheric F-
layer rise due to DDEF. Wei et al. (2008) showed the
interplanetary reconnection electric field pulses can
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effectively penetrate into the equatorial ionosphere
without shielding during HILDCAA period. The high value
of correlation coefficient between reconnection electric
field and equatorial zonal electric field was shown for a
long time period (~ 5 days). The purpose of this study is
to investigate minutely the effects of long-lasting IMF Bz
perturbations on the equatorial ionosphere in the Brazilian
sector, an extended study of Sobral et al. (2006).

Experimental Data

The ionospheric data used in this study are the F-layer
electron density peak height, hmF2. They are the 15-min
interval data obtained from the ionosonde station Sao
Luis - SL (44.6W, 2.33S, dip angle 1.5S), Brazil. The
definition of the HILDCAA event was empirically given by
Tsurutani and Gonzalez (1987). HILDCAA consists of an
auroral event such that the AE index should not range
below 200 nT for more than 2 hours, should reach peaks
over 1000 nT and should occur outside the main phase of
magnetic storms (the recovery phase of the magnetic
storms). Furthermore, the following requisites are also the
necessary in order for the auroral event (AE index
variations) to be considered a HILDCAA event conditions
(but not the sufficient conditions): a moderate variation of
the SYM-H index, a high-speed solar wind and high
frequency fluctuations IMF Bz around zero nT. In present
study, the period of 21 LT 2 July — 21 LT 7 July 2003 (5
days) is selected as a HILDCAA event. In addition to this
period, we analyse the previous 5 days (21 LT 27 June —
21 LT 2 July) and the following 5 days (21 LT 7 July — 21
LT 12 July) in order to compare to the effect of the
HILDCAA event. For the sake of convenience, these data
are subtracted from those of a reference day representing
the average of three quiet days under criteria which the
Kp index is less than 4- and ZKp is less than 24+ during a
20-day interval centered on the HILDCAA period, i.e.,
AhmF2 = hmF2 (Disturbed day) - hmF2avg (Quiet day
reference average).

We use the solar wind data observed by the ACE
satellite, the solar wind velocity Vsw km/s (64-sec
sampling rate) and the interplanetary magnetic field (IMF),
Bx, By, Bz nT (16-sec sampling rate) in the geocentric
solar magnetospheric (GSM) coordinate system. The
ACE satellite is orbiting around the L1 libration point and
the ACE data are distributed by the CDAWeb of the NASA
(http://cdaweb.gsfc.nasa.gov/). One of the most important
interplanetary parameters is the interplanetary
reconnection electric field. The electric field is related to
reconnection processes at the dayside magnetopause
and is dawn-to-dusk (dusk-to-dawn) direction when the
IMF Bz is southward (northward). Using the ACE data,
the electric field is derived by assuming that the solar
wind plasma motion is determined by E x B drift. Then the
interplanetary reconnection electric field is Er
=Vx(By*+Bz?)"?sin(6/2) where 6 is the IMF clock angle in
the Y-Z plane in the GSM coordinate system, with 0 deg
and 180 deg indicating northward and southward IMF,
respectively. This electric field consists of two
components, i.e., parallel and transverse components to
the Earth magnetic field. The former contributes to the
acceleration of charged particles along the magnetic field

lines at the magnetopause while the later becomes the
origin of the polar cap potential drops or auroral electrojet.
The later is thus an important parameter for the study of
the electrodynamics of the ionosphere. The transverse
component of the reconnection electric field is derived
from E,erp = Ersin(6/2) measured in mV/m (Gonzalez and
Mozer, 1974; Kan and Lee, 1979). Hereafter E,., is
described as Er for the sake of simplicity. The time shift of
the ACE data is determined as follows. We assume the
distance between the ACE and the mangetopause, L ~
1.4x10° km, and using the average solar wind velocity
<Vsw> during the period of interest the propagation delay
is calculated as T ~ L/<Vsw>. In order to check the
magnitude of geomagnetic activity the AE, SYM-H and Kp
indices (1-min sampling rate) are used, which are
obtained from the World Data Center for Geomagnetism,
Kyoto (http://swdcwww.kugi.kyoto-u.ac.jp/index.html). For
the purpose of comparing the ACE data with the
ionospheric data, the ACE data are resampled to 1-sec
value using a linear interpolation, then the Vsw, Bz, Eg,
AE, and SYM-H data are averaged from t-15min to t, i.e.,
15-min averaged data. Furthermore, in order to compare
theoretical predictions with observations, it is used an
empirical model describing the average characteristics of
the equatorial vertical plasma drifts developed by Fejer
and Scherliess (1997) for PPEF effects and Scherliess
and Fejer (1997) (hereafter FS97) for DDEF effects.

HILDCAA period (02 - 07 July, 2003)
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Figure 1: Interplanetary (Vsw, Bz, Egr), geomagnetic (AE,
SYM-H) and ionospheric F-layer (hmF2, AhmF2)
parameters. The bottom two panels show plasma vertical
drifts calculated from present observation and FS97
empirical model.
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Results and Discussion

In this section, we show case studies of the equatorial
ionospheric responses at Sao Luis for three periods:
before (27 June — 2 July), during (2 July — 7 July) and
after (7 — 12 July) the HILDCAA event in 2003. We should
note that before the HILDCAA period the variation of the
ACE parameters and geomagnetic indices are similar to
the definition of the HILDCAA, on the other hand, a strong
magnetic storm occurred during the period after the
HILDCAA event (Dst < -100 nT). In this report we focus
on the results during the HILDCAA period.

HILDCAA event: 2 — 7 July 2003

Solar wind parameters such as solar wind velocity Vsw,
Bz, Er, and the SYM-H index are presented from the first
to fourth panel, respectively in Fig. 1. During these 5 days
the solar wind velocity reaches the maximum value (~
800 km/s) on 4 July and declines gently to the minimum
value (~ 500 km/s) on 7 July. The SYM-H index remains a
steady state and does not decrease less than ~ -50 nT.
This indicates there is no significant magnetic storm (the
recovery phase of a magnetic storm) in the
magnetosphere. The IMF Bz fluctuates remarkably while
the solar wind velocity is high. Accompanied by this large
and long-lasting fluctuation of the IMF Bz, Ex
demonstrates multiple reconnection processes at the
dayside magnetopause. In fifth panel of Fig. 1, the AE
index reaches to approximately 1200 nT where the
average value of the AE index is 333.90 nT, and satisfies
the condition of HILDCAA event. The correlation between
the AE index and Eg is approximately 0.64 (see Fig. 3). It
indicates that the penetration efficiency of the
interplanetary reconnection electric field into the auroral
region is high. The sixth panel of Fig. 1 represents hmF2
(red dot), hmF2avg (black dot), and AhmF2 (black solid).
The quiet day value hmF2avg was estimated using hmF2
data of 3 quiet days: 21LT 19 June — 21LT 20 June (ZKp
= 200), 21LT 30 June — 21 LT 1 July (ZKp = 16+), 21 LT 7
July — 21 LT 8 July (ZKp = 5+) in 2003. During the
daytime the variation of hmF2 does not differ from the
quiet day level. On the nighttime, from 00 LT to 06 LT a
rise of the F-region peak height is shown all the days. As
expected from the results of Sobral et al. (1997), when AE
conditions preceding hours are disturbed (relatively quiet),
an inhibition (enhancement) of prereversal enhancement
is seen around 18 LT.

In seventh and eighth panel of Fig. 1, calculated and
modelled (FS97) vertical plasma drifts due to PPEF (blue
line) and DDEF (red line) are shown. The calculated
vertical drifts are derived as the average of two velocities:
v1 = (hmF2(t)-hmF2(t-15min))/dt, v1 = (hmF2(t)-hmF2(t-
30min))/dt, v = (v1+v2)/2. We consider this velocity due to
PPEF because of the short-time oscillation. The
calculated and modelled vertical velocities are not as
good as we expected. However, we can partially see
agreement between them, e.g., ~15 LT on July 3 and ~03
LT on July 7. The calculated velocity would be modified
due to other factors such as coupling effects between
PPEF and DDEF (Maruyama et al., 2005), occurrence of
substorm-like disturbance. Indeed, there exist injection
events in the magnetotail during the HILDCAA period (not
shown here).

Next, comparing AhmF2 with DDEF variation, one can
see a good agreement of eastward turning of the zonal
electric fields (increase of AhmF2) around 2230 LT shown
by the arrows. The rise of peak height is mainly related to
the reversal of the equatorial zonal electric field at the
night sector. Huang et al. (2005) demonstrated local time
dependence of reversal of the disturbance dynamo
electric field using the NCAR TIEGCM numerical model.
The simulation implies the reversal of DDEF occurs
approximately 2230 LT at S&o Luis. Thus, our result is
consistent with the simulation results of Huang et al.
(2005) and indicates that positive charge accumulation at
the magnetic equator around midnight sector continue to
exist during the HILDCAA period.
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Figure 2: Correlation between AhmF2 and Eg for the
nighttime (23 — 06 LT) during the HILDCAA period. The
blue arrows in the left panels indicate negative correlation
between two parameters. The abbreviation “C.C.” in the
right panels indicates correlation coefficients between
AhmF2 and Eg.

In Fig. 2, it is shown the effects of prompt penetration
electric fields on the night side equatorial ionosphere
between Erand AhmF2. The arrows and vertical lines in
left panels indicate negative correlation between Egand A
hmF2 and the standard deviation of Eg, respectively.
During the nighttime it is expected that the ionospheric
altitudes respond to the interplanetary electric fields
negatively, that is, AhmF2 decreases due to the entrance
of dawn-to-dusk (westward) electric fields. Indeed, there
are many negative correlations between Erand AhmF2
although they are not perfect negative correlations due to
the effect of DDEF. Such a short-time (< ~ 30 minutes)
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prompt penetration of electric fields has never been
reported so far. Thus this result will be an important
progress for understanding of the equatorial ionospheric
responses.

Finally, correlation coefficients between the AE index and
Er before, during and after the HILDCAA event are shown
in Fig. 3. For the upper panels the coefficients are
calculated for all the 5-day period, on the other hand, the
coefficients in the bottom panels are for the nighttime
(23LT — 06 LT). The results indicate that the coupling
between the interplanetary space and magnetosphere-
ionosphere increases during the HILDCAA period. Since
HILDCAA events maintain continuous energy input from
the interplanetary space into the magnetosphere, it would
be natural that the coupling force becomes stronger than
other periods. Indeed, the rises of peak height before and
after the HILDCAA event are less than that of the
HILDCAA event (not shown here).

Correlation between AE and ER
Before HILDCAA During HILDCAA After HILDCAA
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Figure 3: Correlation between the AE index and Ex for all
the period (top panels) and during the night time (23 — 06
LT; bottom panels ), before, during and after the HILDCAA
event (right to left).

Conclusions
The main conclusions of this work are the following:

Evidences of the prompt penetration electric fields during
several nights of a HILDCAA event at Sao Luis were
detected by several remarkable sequences of a
negatively correlated variations of AhmF2 both with the
AE index (not shown) and the interplanetary reconnection
electric field Er and a positively correlated variation with
Bz (Bz being positive to north, not shown). Furthermore,
the entrance of the interplanetary reconnection electric
field into the equatorial ionosphere occurred rapidly (~ 30
min).

However an overall negative correlation between AhmF2
and Eg for the whole night period (23LT to 06 LT) has not
been observed on all 5 nights. Such day-to-day variation
of the overall correlation may be attributed to day-to-day
variations of local time thermal wind intensities and/or
disturbance dynamo electric fields.

The overall correlation coefficients for the periods before,
during and after the HILDCAA periods are found to be
0.22, 0.64 and 0.49, respectively. The higher value
indicates a more efficient coupling between the
interplanetary medium and the earth's magnetosphere.

The over all coefficients between AhmF2 and the
parameters AE index, Er and Bz each of the 5 nights
during the HILDCAA period are consistent with each
other.

The F-region peak height enhancement during the
nighttime, approximately after 2230 LT, indicates that
positive charge accumulation at the magnetic equator
around midnight sector continue to exist during HILDCAA
period, as demonstrated by Huang et al. (2005).
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