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ABSTRACT

We present an analysis of localized ionospheric perturbations detected at
Comandante Ferraz Brazilian Antarctic Station (Mcllwain parameter
L~2.25) as fast-amplitude variations of very low frequency (VLF) sig-
nals transmitted from Hawaii (NPM, at 21.4 kHz), also known as Trimpi
events. The study covers the first six months of 2007, during the period of
minimum activity in the 23 solar cycle. The occurrence of Trimpi events
in the Antarctica peninsula region was studied in association with solar-
wind parameters in the neighborhood of the Earth (geospace), along with
the geomagnetic activity level (Ap, Dst indices). The analysis shows that
the Trimpi events occurred predominantly during geomagnetically dis-
turbed periods, but they have a mote intricate association with the geo-
space regimes. The events achieve higher occurrence during the recovery
phase of some geomagnetic storms, and also show a close association with
electron flux enhancements in the belt region, especially those with higher
energy. The higher event incidence occurred a few hours after what we
call the 'angle bracket’ phenomenon: when the solar wind velocity rises si-

multaneous with a decrease in its density.

1. Introduction

The reception of very low frequency (VLF) radio
waves (3-30 kHz) that propagate in the sub-ionospheric
region has been used for many decades as a powerful
tool for probing the physical characteristics of the lower
ionosphere [e.g., Sechrist 1974, Bainbridge and Inan
2003]. Even if in a localized way, perturbations in plasma
density that occur in the reflection altitudes of VLF
waves (the D-layer during the day, and E-layer at night)
can be detected like phase and/or amplitude signal sud-
den variations [Tolstoy and Rosenberg 1982]. A partic-
ular phenomenon detected in the VLF signal that is
known as localized ionospheric disturbance is produced
by the Van Allen belt electron precipitation induced by
lightning-generated whistler waves. The characteristic

signature of this disturbance on the signal is known as
the Trimpi event, and this can only be observed in the
ionosphere under night conditions [Helliwell et al. 1973].

In particular, fast variations of the amplitude and
phase of VLF signals (called VLF events here) are
caused by the Van Allen belt electron precipitation that
is induced by lightning-generated (ducted and nonducted)
whistler waves, the well-known (classic and oblique)
Trimpi events that can be observed only under night-
time conditions, when the ionosphere is not saturated
by the solar radiation [Helliwell et al. 1973, Johnson et
al. 1999]. These events are produced by wave-particle in-
teractions between the radiation belt electrons and the
whistler waves generated by the lightning [e.g., Helliwell
etal. 1973, Inan et al. 1978, 1982, Lauben et al. 2001].

On the other hand, statistical analysis of VLF events
has shown that they occur predominantly during the
equinoxes, similar to semi-annual geomagnetic activity
variations [Fernandez et al. 2003]. Some case studies have
shown that they occur in closer association with geo-
magnetically disturbed periods (especially in the recov-
ery phase of some storms) [Fernandez et al. 2006].

To better understand the association between VLF
events and the geomagnetic activity, we correlated the
occurrence of the events detected at Comandante Fer-
raz Brazilian Antarctic Station (EACF), located on the
Antarctic Peninsula (62°34'S, 58°23.5'W, Mcllwain pa-
rameter L~2.25) with the conditions of the geospace,
during the first six months of 2007.

A better understanding of the ionospheric condi-
tions around the polar regions is one of the main goals
of the GNSS Research and Application for Polar Envi-
ronment (GRAPE) group (2012-2015). The present study
attempts to clarify the coupling mechanisms between
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Figure 1. Typical amplitude of the VLF disturbance event profile detected at 21.4 kHz (NPM station, Hawaii) at the Comandante Ferraz
Brazilian Antarctic Station (CF). Part of the Great Circle Paths NPM-CF and NPM-Palmer station in the Antarctic Peninsula (PA) is also shown.

the geospace regimes and the lower Earth ionosphere
phenomena in the Antarctic peninsula area. The first
results of our study indicate the possibility to use the
Trimpi activity as a tool to empirically improve the geo-
space forecasting, while also contributing to feed-back
for the ionospheric models, providing lower ionos-
pheric disturbance monitoring in that polar region.

2. Statistical results of the VLF data analysis and the
geomagnetic activity

Here we analyze the amplitude of the VLF signal
transmitted from the NPM Hawaii station (at 21.4 kHz;
located at 21° 25'N, 158° 09'W), which is operated by
the United States Navy, and detected at EACFE. The data
were acquired with 10-ms time resolution using a tun-
able VLF receiver [Johnson et al. 1999]. About 40% of
the daily VLF data for the period (71 days of the 181 of
the entire six months) were inspected in the time in-
terval 00:00 to 12:00 UT. This time window is basically
under night-time conditions on the NPM-EACF great
circle (GC) path for the majority of the year. The fast
amplitude variations (~3 s) that are followed by a rela-
tively slower recovery time (10-600 s) show amplitude
changes above ~1% full scale range that show the typ-
ical 'like-an-exponential' profiles (Figure 1); these were
selected as VLF events. To make the data selection, we

performed a screening of the days to be analyzed, tak-
ing the magnetically quiet days (Dst > —30 n'T)) and the
magnetically active days (Dst = —30 nT) as reference,
identified by the Dst index reported for the period.

The selected VLF data refer to the amplitude vari-
ation, time of the occurrence (defined as the beginning
of the event), onset time, inter-event time (to define an
event occurrence rate), and duration time of each iden-
tified VLF event. The amplitude variation was taken as
a percentage of the full scale range, with the threshold
of the signal level detection at 0%, and the saturation
level at the EACF site at 100%. The onset time is de-
fined as the time interval between the start of the
abrupt drop in the amplitude signal and the beginning
of the recovery phase, which is the interval that is also
used to measure the amplitude variation.

Figure 2 shows the monthly number of VLF events
(day-by-day) plotted in association with the Ap and Dst
geomagnetic indices obtained from the World Data
Center for Geomagnetism, Kyoto, Japan. Table 1 shows
the monthly averages of the main event characteristics,
as mentioned above. In Figure 2, it can be seen that the
VLF events occurred preferentially during the geo-
magnetically disturbed days, and the comparison of the
monthly data shows good correlation between the oc-
currence of VLF events and four distinct geomagnetic

Monthly average Jan Feb Mar Apr May June
Time inter-events (s) 169 128 3204 1708 2064 600
Onset (s) 05 06 03 03 04 02
Amplitude variation (%FSR) 1.45 0.91 0.92 1.16 1.05 1.00
Quite days (number of events) 0 17 31 0 10 5
Total detected events 109 653 181 325 120 5

Table 1. Statistical properties of the VLF disturbance event analysis, January to June 2007. %FSR, percentage full scale range.
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Figure 2 (continues on following page). Time profile of the disturbance events on the VLF amplitude signal, and the Dst and Ap magnetic
indices for January to June 2007, as indicated.
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Figure 2 (continues from previous page). Time profile of the disturbance events on the VLF amplitude signal, and the Dst and Ap magnetic
indices for January to June 2007, as indicated.
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Figure 3. Comparison between the monthly VLF event occurrence
C9 index, from January to June (months 1-6) 2007.

indices for each month (Figure 3), except in January. Just
a few of the days (8 days of the total of 71 days; i.e.,
11.3% of the total analyzed data) presented Trimpi in-
cidences during the relatively quiet geomagnetic
regimes (> —15 n'T). There is also a small difference be-
tween the monthly incidence curve of the VLF events
and each curve of the magnetic indices plotted in Fig-
ure 2. To explore the reasons for these differences, we
compared the monthly averages of the Trimpi events,
the day-by-day averages, and the Ap, Dst, Cp and C9 ge-
omagnetic indices (Figure 3). For the curves in the Fig-
ure 3, we took just the averages over the selected days
in the analysis, screened as described previously.

The anomalous high Trimpi occurrence that is ob-
served in February, in comparison with previous analy-
ses [e.g., Fernandez et al. 2003], can be explained by the
high lightning rate for the same period (which was un-
fortunately not investigated in detail here). The low oc-
currence in January can be explained because the
ionospheric conditions, which were under day-time due
to the summer season (saturation), for almost all of this
month. Only at the end of January, coincident with the
observed high Trimpi activity, does the sub-antarctic
ionosphere start to have a few hours of night-time con-
ditions. Figure 3 also shows that there is a better corre-
lation between the VLF event rate and the Cp/C9!
index (again, in the interval from February to June).
This might be explained because Cp is a qualitative es-
timate of the overall level of magnetic activity for the
day. Cp is determined by the daily sum of eight Ap am-
plitudes, and hence it is better for average applications.
Moreover, the Cp index also has a pronounced 27-day

I 'The C9 index converts the 0 to 2.5 range of the Cp index to one
digit between 0 and 9, as defined by the appropriated Table [e.g.,
Mayaud 1980, Siebert and Meyer 1996].
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rate and: (a) the Ap index; (b) the Cp index; (c) the Dst index; and (d) the

tendency recurrence, and it is strongly associated with
coronal mass ejection arrivals at the geospace.

The strong association of the VLF event occur-
rence with the geomagnetic activity, especially during
the storm recovery phase, can be attributed to the in-
crease in the radiation belt population due the arrival/
capture of energetic electrons and protons.

Table 1 shows that February is the month with the
greatest VLF event occurrence, and also with the longest
onset time and the minimum time interval between
neighboring events. When the occurrence rate of VLF
events is high, there is a superposition of single events,
and it is impossible to separate these. This causes the ap-
parently longer onset time. The elevated rates of Trimpi
occurrence might be due to more efficient precipitation
processes, which means that there are more whistler
waves, an enhanced gyro-resonant electron population,
and longer resonant time available in the radiation belt
region. A way to evaluate the duration of the wave-par-
ticle resonant time is the estimation of the precipitating
electron fluxes through the measurement of the VLF
event duration time. This analysis shows that the VLF
events have a typical profile, although with a range of
varied shapes. The event profile is similar to non-sym-
metric stalactite (negative ones) or stalagmite (positive
ones) in the received amplitude signal. It is non-sym-
metric because of the fast onset and the relatively longer
(like-an-exponential) recovery times. While the total du-
ration of the VLF event (the measure of the basis of the
stalactite/ stalagmite) is related to the flux of the pre-
cipitation particles, the amplitude variation of a single
event (the length of the stalactite/ stalagmite) is related
to the energy of the particles (penetration depth in the
atmosphere) and the distance from the VLF GC path.
So it is possible to observe a wide range of event pro-
files, some with large amplitude variations, although
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Figure 4 (continues on following page). VLF event occurrence time histograms for January to May 2007, as indicated. June is not included
because of the low event occurrence.



LEP EVENTS AND GEOSPACE CONDITIONS

MAY 2007

30—

25—

Number of Events

L 1 1 L
000 030 100 130 200 230 300 330 400 480 500 530 600 630 7:00 7:30 800 830 9:00 9:30 10:00 10:30 11:00 11:30 12:00

Occurrence Time (UT)

Figure 4 (continues from previous page). VLF event occurrence time histograms for January to May 2007, as indicated. June is not included

because of the low event occurrence.

Year 2007 Period 'Bracket' phenomenon VLF event occurrence* Geomagnetic activity**
Case A Jan 29-31 Yes High Dst peak (-50 nT)
Case B Feb 26-28 Yes Very high Dst peak (-40 nT)
Case C Mar 19-26 Yes Moderate Dst peak (-70 n'T)
Case D Apr 12-13 No Moderate Dst peak (-30 nT)
Case E May 4-8 Yes Moderate Dst peak (-40 nT)
Case F May 22-28 Yes Low Dst peak (-60 nT)

Table 2. Summary of the cases of interest. *, Very high occurrence is >200 events per day, high occurrence is ~80-100 events per day, mod-

erate occurrence is 40-60 events per day, and low occurrence is <10 events per day; **, values rounded.

short time duration, and some with small amplitude
variations, but long duration.

The occurrence time of the Trimpi events was also
investigated. Figure 4 shows the month-by-month his-
tograms of the period considered. The results obtained
here confirm those obtained by Fernandez et al. [2003],
who analyzed data from the period of April 1996 to
March 1997 (also during a solar minimum period), with
a mean incidence peak at ~7:00 UT, and a secondary
peak tending to be formed at ~10:30 UT in the course
of the year.

3. Geospace conditions during the occurrence peri-
ods of the VLF events

To better understand the close association be-
tween Trimpi events and geomagnetic activity, we ana-
lyzed the geospace conditions during some cases of
interest in the first six months of the year 2007.

We selected six different sets of days, named as
Case A to Case F (see Table 2). Case A corresponds to
the Trimpi incidence period from January 29 to 31. Fig-
ure 5 shows the corresponding geospace conditions ob-
tained for Case A from the instruments aboard the ACE
satellite (http:/ /wwwstl.caltech.edu/ACE/ASC/level2/
index.html). Figure 5 shows that the enhancement of

the VLF event occurrence is accompanied by an ex-
pressive? disturbance in the interplanetary magnetic
field (IMF). This disturbance is evident in the module of
the total magnitude (|B|) and as fluctuations of the z-
component (B_), the latter being a proxy for the re-
connections between the Earth field and the IMF that
drives particle capture to the geospace.

A few hours before the IMF disturbance peaks, it is
possible to observe an enhancement in the electron fluxes,
from the top of Figure 5, especially in the higher energy
channel (175-312 keV). Jointly with the peak of the IMF
disturbances, and approximately also with the peak in
the observed electrons fluxes, a remarkable phenomenon
occurs: the solar wind proton velocity and density rap-
idly change simultaneously, with the velocity rising and
the density decreasing. Referring to the bottom plot of
Figure 5, when plotted together, these curves appear to
form a sort of 'angle bracket', followed by a plateau re-
gion. Just after this angle is finished, i.e., at the beginning
of the plateau, the Trimpi event occurrence rises.

2 For 'expressive' we mean an increase greater than two times the
standard deviation of the immediately previous temporal series
fluctuation. This becomes evident when observed in the plot; e.g.,
in Figure 5.
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Figure 6. As for Figure 5, for Case B: Feb 26-28.

The same phenomenon is seen in Figures 6, 7 and 9,
which correspond to Case B (February 26 to 28), Case C
(March 24 to 26) and Case E (May 7 to 8), respectively, ex-
cept for the absence of the enhanced electrons fluxes in
Case C (Figure 7). In Case D (April 12 to 13), which is
plotted in Figure 8, despite the magnetic activity reported
by the Dst index (although relatively less expressive in the

Ap index) and also the observed Trimpi occurrence (rel-
atively high), the geospace conditions were much more
quiet (only a small but abrupt fluctuation in the IMF Bz
was seen, from north to south, on April 12). On the other
hand, on April 14 (also shown in Figure 8), the range of
the wind velocity variation was not expressive enough,
and also there was a gap in the density data. It is impor-
tant to note that this is the opposite situation to that de-
scribed previously, and also the flat region was not
configured. This might explain the absence of VLF
events in the subsequent days (April 14 to 16).

Finally the most curiously case is Case F in Figure
10. Here, all of the conditions were favorable to lead to
a high Trimpi occurrence rate, namely: (a) high mag-
netic activity reported, from both the Dst and the Ap
indices, which actually reached the highest disturbed
levels for the whole of the period studied; (b) all of the
characteristics of our 'angle bracket' phenomenon were
also present. Large variations in the |B|, B, and in all of
the electron fluxes were observed, the solar wind pro-
ton velocity was increasing, and its density was de-
creasing, as expected. However, even with all of these
conductive scenario conditions, there was only a poor
VLF event rate in this interval.

This shows that the occurrence of the electron
precipitation events from geospace to the upper Earth
atmosphere is somewhat more complex, and evolves
the coupling of different phenomena at different levels
of efficiency. Certainly, the geospace conditions (elec-
tron fluxes, B_ fluctuations, solar wind regimes) influ-
ence the noted Trimpi event occurrence, as observed in
most cases, but the LEP phenomenon also has the 'L
counterpart (the whistler mode waves produced by light-
ning, which were not investigated here). We conclude
that there is a combination of factors that leads to a
higher VLF disturbance event rate, and we are sure that
all of the geospace conditions contribute significantly,
even if they are necessary but not sufficient conditions
for Trimpi occurrence. All of the main conclusions about
the study of these cases are summarized in Table 2.

4. Concluding remarks

The present study shows strong evidence that the
geomagnetic activity and geospace weather regimes can
be partners in electron precipitation events detected as lo-
calized ionospheric disturbances, the Trimpi events,
through the use of VLF subionospheric propagating sig-
nals. It is possible to identify a close association between
the geomagnetic activity and the VLF event occurrence.
The electron precipitation from the Van Allen radiation
belts to the upper Earth atmosphere is nowadays de-
scribed as a phenomenon that evolves the wave-particle
interaction; i.e., the resonance between the whistler
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mode waves (lightning generated) and the gyro-resonant
belt-trapped electrons. This means that any factor that
can affect the electron population, the time, and/or the
stability of the wave-particle interaction, and finally the
'amount’ of interacting waves available in the geospace,
will guide the resulting number of VLF events de-
tected. Here, we indeed show that changes in the geo-
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space regimes associated with geomagnetic variations
very often lead to increased rates of VLF event occur-
rence. The large fluctuations observed at IME, which
point the B, component to the north and south with
higher time frequencies and high amplitude variations,
favor the magnetic reconnection, and as a consequence,
it drives to the capture of plasma fluxes in the belt re-
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gions, enhancing the trapped particle population. An-
other possible explanation is the generation of magne-
tospheric waves in the above-described processes.
Kavanagh and Denton [2007] cited Green et al. [2004]
and suggested that enhanced precipitation fluxes might
be due to interactions with these waves, although to
better explore this aspect, a parallel analysis of the light-
ning rates is also essential (whistler generation).
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