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Abstract: The present study presents the ionosphere behavior obtained from radio sounding measurements conducted at
“Comandante Ferraz” Brazilian Antarctic Station. The results are discussed in the light of the long-trend behavior obtained in
association with 11-year solar cycle. The long-term ionosphere behavior is controlled by the ultraviolet solar vadiation, presenting
variations closely associated with the solar cycle. In contrast, it is strongly affected by the excess of X-ray emission produced
during the solar flares. Studies have also shown that the ionosphere is strongly disturbed during local wintertime due to the effect
of atmospheric waves originated in the troposphere/stratosphere in their upward propagation. Recent studies on the ionosphere
have improved our understanding of its response to natural phenomena, and about its coupling with lower atmospheric layers.
The energy exchange umong atmospheric layers might be an important driver in the climate conditions/changes, which affect the

terrestrial and marine environment, especially in the polar region.
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Introduction

The low ionosphere is formed/maintained by the solar
Lyman-alpha (121.5 nm) ionizing radiation during quiet
conditions (Nicolet & Aikin, 1960). This radiation presents
variability in close association with the 11-year solar cycle,
which aftects the ionization processes (Lastovicka, 2006).
This effect has been obtained from long-term measurements
of very low radio frequency (VLF) signals propagating over
long distances inside the Earth-ionosphere waveguide during
the 22", 23" and 24" solar cycles (Thomson & Clilverd, 2000;
Correia et al, 2011 and 2013a, respectively). In addition,
the excess X-ray radiation produced during solar flares also
affects the ionosphere in time scale of minutes to hours.

The solar activity influence on the low ionosphere has also
been evaluated from the VLF sudden phase anomalies (SPA)
resulting from the excess of X-ray emission produced during
solar flares. The X-ray events capable of producing significant
SPAs must present intensities higher than 3.0x 107 W/m? and
4.2x 107 W/m?, respectively, in the minimum and maximum

phases of solar activity (Raulin et al., 2010). In addition to

solar activity, the ionosphere is also affected by space weather
conditions, which involve various inter-related phenomena,
with geomagnetic storms (eg. Buonsanto, 1999), solar proton
events (SPEs), and relativistic electron precipitation (REP)
events considered the most important. Nevertheless, there
are other phenomena such as changes in the cosmic ray flux
and interplanetary magnetic field, which are less important
or included in geomagnetic activity variations.

The ionosphere is not only affected by phenomena from
geospace, it is also strongly influenced during the local
wintertime by upward propagating atmospheric waves,
particularly the gravity and planetary waves originated in
the neutral atmosphere (Lastovicka, 2006). The effects of
planetary waves were detected in the VLF measurements
conducted at “Comandante Ferraz” Brazilian Antarctic
Station (EACF) from 2004 to 2011 (Correia et al., 2011;
2013a). The atmospheric waves play an important role in
the transport of energy and momentum from the lower to

the upper atmosphere layers, affecting the thermal structure
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and general circulation in the middle and upper atmosphere
(Takahashi et al., 1999, Bageston et al,, 2011). The year-to-
year variation in ozone holes are also affected by differences
in atmospheric temperature and circulation (e.g. Newman
et al., 2008).

In this study, we present the ionosphere behavior
obtained from soundings performed with distinct radio
techniques (VLE, GPS and ionosonde) from 2010 to 2014,
which are compared with the long-term trend between 2007
and 2013. The ionosphere behavior is also evaluated during

a geomagnetic storm occurred on 26 September 2011.

Materials and Methods

The ionosphere behavior is obtained using different radio
sounding techniques:

VLF measurements are performed within the 1-50kHz
frequency range with 20ms time resolution using an
Atmospheric Weather Electromagnetic system for
Observation, Modeling and Education system (AWESOME,
Scherrer et al., 2008) operating at EACF (62.11°S, 58.41'W,
since 2007) and Ttapetinga Radio Observatory in Atibaia,
Sao Paulo state (ROI - 23.21°S, 46.51°W, since 2006).
The VLF technique is used to study the lower part of the
ionosphere, the D-region located between 60 and 85km of
height. The American Navy Cutler VLF transmitter (NAA
- 44.67°N, 64.27°W) was used in this study. To evaluate the
solar influence on the ionosphere, we compared the daytime
maximum VLF amplitude from NAA received in Atibaia,
Sao Paulo state, with the solar Lyman-alpha radiation and
daily sunspot number (Rz, http://sidc.oma.be/sunspot-
data/). We considered only the Atibaia data because of the
lack of measurements in 2012 at EACFE. The daytime VLF
amplitude is measured at ~15:00UT (local noon time) using
an AWESOME system operating at ROI.

The Total Electron Content (TEC) of the ionosphere is
obtained using dual-frequency GPS receivers. The phase
shifts produced by the dispersive nature of the plasma are
directly proportional to TEC, which is the integral line of
the electron concentration along the path between satellite
and receiver. The ionosphere has been monitored at EACF
since 2004 using a Javad GPS receiver with best time
resolution of 1s. VTEC is the vertical TEC estimated from
Rinex data using the first step of the Implementation of

La Plata Tonospheric Model (LPIM) applicative developed
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in the National La Plata University, Argentina (Brunini
et al., 2008). The seasonal mean diurnal variation of the
ionosphere behavior was obtained considering the monthly
averages of the 1-h VTEC for each day in January, March,
June, and September as representative of the summer
solstice, autumn equinox, winter solstice, and spring
equinox in the southern hemisphere, respectively.

The ionosphere at EACF has also been monitored
using a Canadian Digital Ionosonde (CADI, MacDougall,
1997) since 2009. The CADI consists of one transmitter, at
frequencies between 1 and 20 MHz, and four receivers to
detect the reflected signals. The echoes of the signal reflected
by the F and E regions of the ionosphere provide a profile
of reflection frequency versus virtual height (ionogram),
which provides information on the electron density (directly
related to the reflection frequency) profile as a function
of actual height (Piggott & Rawer, 1972). The CADI is
programmed to obtain ionograms every 5min and drift
measurements every 2.5min. The scaling of ionograms is
obtained using a software developed at Universidade do Vale
do Paraiba (UNIVAP) called UNIVAP Digital [onosonde
Data Analysis (UDIDA, Fagundes et al., 2005). This study
analyzes the F region conditions of the ionosphere obtained
from ionograms that provide foF2 parameter, which is the
F2 layer critical frequency and shows information on the
ionosphere electron density at ~250 km height, as well as the
h'F2 parameter, which shows the virtual height of this layer.

The geomagnetic index Dst was obtained from the World
Data Center for Geomagnetism of Kyoto (http://wdc.kugi.
kyoto-u.ac.jp/wdc/Sec3 html).

The stratosphere temperature was measured over EACF
by SABER experiment onboard TIMED satellite (http://saber.
gats-inc.com), when it was crossing a region of approximately
10 x 10 degrees at 60-70 km of height over the EACFE.

Results

Solar forcing of the ionosphere

The maximum phase of the 24" solar cycle that started in
the beginning of 2010 occurred during 2013-2014, as shown
by the solar cycle sunspot progression presented in Figure 1a
(http://www.swpc.noaa.gov/SolarCycle/, access: 7 July

2014), as well by the Ly-alpha solar radiation (Figure 1b).
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Figure 1. Sunspot Number Progression with the observations for the 239 and progression for the 24" solar cycles (a). Daytime VLF amplitude obtained
at ~15:00UT (local noon time) compared with the 31-day smoothly daily sunspot number and Lyman-alpha radiation from 2007 to 2013 (b). Daytime VLF
amplitude compared with Lyman-alpha and Sunspot Number (Rz) from 2010 to 2013 {c).

The analysis of daytime VLF amplitude from 2007 to
2013 shows an inctrease tendency accompanying the solar
radiation (Figure 1b). This association is evident around
July, when the ionosphere behavior at NAA-ROI VLF path

is more stable. This result means that the electron density

at the low ionosphere changed in close association with
solar activity, which stayed almost stable from 2007 to
2009 during the minimum phase of 23 solar cycle and
increased from 2010 to 2012 during the rise phase of the

24" cycle, stabilizing after 2013 when solar activity reached
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amplitude after 2010, which is compared with Ly-alpha
solar radiation and the daily sunspot number (Rz, http://

sidc.oma.be/sunspot-data/), showing good correlation

with both.

Figure 2. Seasonal variability of the VTEC for each year from 2004 to 2011, Each curve refers to the mean diurnal variation that is representative of each
season, as observed at EACF (—62°S). (Adapted from Correia et al., 2013b).
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in January (summer), when is daytime almost 24 hours,
therefore the ionosphere condition is almost stable all day.
The results also show the presence of a semi-annual anomaly,
with higher values of daytime VTEC during the equinoxes

(spring and autumn).

Space weather forcing of the ionosphere

The space weather forcing is presented here considering the
ionosphere response to the geomagnetic storm that occurred
on September 26, 2011. This geomagnetic storm presents a
peak of ~ -120 nT in the Dst index, which means a moderately
strong storm. The ionosphere shows a positive storm that
was observed at EACF as enhancements in foF2 parameter
and VTEC from 1200 to 2300 UT, which is during the main
phase of geomagnetic storm (Figure 3). The VIEC increased
approximately 50 TECU (1 TECU=10' electrons/m?),
which is approximately 4 times the quiet day level. The
foF2 parameter increased from 6 to 12 MHz, which means
a density enhancement of ~5 x 10* electrons/m’, also

approximately 4 times the quiet level condition.

Atmospheric forcing of the ionosphere

Daytime VLF amplitude shows high fluctuations from
October to March in NAA-ROI VLF path (Figures 1b and
Ic). Considering that this VLF path occurs mostly in the

Northern Hemisphere, the fluctuations are dominated by
the atmospheric conditions during the winter season in
that hemisphere. In order to characterize these fluctuations,
a wavelet analysis was applied to VLF amplitude data for
2007, which is compared with stratosphere temperature at
70 km measured by SABER over EACE The wavelet analysis
shows the fluctuations occur preferentially with the periods
of 12-20 days, 8-10 days, and ~5 days, which are typical of
planetary waves (Figure 4). The analysis also shows that the
most significant component presents ~16-day period, which
is present in the VLF amplitude, as well as in the stratosphere

temperature over EACE.

Discussion

The Sun is the main source of energy on Earth. It is
responsible for the Earth’s environmental conditions and
life. In contrast, the atmosphere is also an important element
because it filters part of the solar radiation that is harmful
to terrestrial and marine life, especially in X-rays and
ultraviolet spectral range. Solar radiation is not constant and
presents variations in different time scales, mainly associated
with the Gleissberg cycle (~90 years), Hale cycle (~22 years)
and Schwabe cycle (~11 years), as well as with 27-day time

scale associated with the solar rotation.
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Figure 4. Wavelet analysis of the mid-day VLF amplitude measured at EACF (a) and of the stratosphere temperature (b) for 2007. The stratosphere temperature
used here was measured with SABER experiment over EACF at ~70 km of height during daytime. (Adapted from Correia et al., 2011).

A long-term daytime VLF amplitude study shows 11-year
modulation in close association with the solar Lyman-alpha
variation, as observed from 2007 to 2014, during the 23
and 24™ solar cycles, which is in agreement with previous
works that had shown this association during the last three
solar cycles (Thomson & Clilverd, 2000; Correia et al., 2011,
2013a). This good association was also obtained using VITEC
long-term data (2004-2011) from measurements performed
at EACF, which also shows a good association with
ionosphere behavior at ~300 km with 11-year ultraviolet
solar variation (Correia et al., 2013b).

VTEC data at EACF show a seasonal mean diurnal
variation, presenting a maximum near 14:00 LT in the

equinoxes and winter seasons, but not in summer, that shows
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an almost flat variation due to the long day. These data also
show the presence of the semi-annual anomaly, with higher
VTEC values during the equinoxes (spring and autumn
seasons) than in summer. This result obtained at EACE,
which is at mid-latitude, is similar to what has been observed
at all latitudes (e.g. Kumar ef al., 2012; Chung et al., 2011).
The daytime VLF amplitude has also shown large day-to-
day variations occurring preferentially during wintertime,
which suggests that the low ionosphere is strongly affected
by ‘meteorological processes. This idea is reinforced by the
fact that they appeared in close association with temperature
variations in the stratosphere {Correia ef al., 2011), and
the wavelet analysis showed that the most significant

component with ~16-day period is present at both. This



16-day component has been reported as a typical planetary
wave of stratospheric/tropospheric origin (ex. Forbes et
al., 1995; Espy et al., 1997; Mitchell et al., 1999; Luo et al.,
2002; Jiang et al., 2005; Day & Mitchell, 2010). These results
show that the lower ionosphere is strongly affected by the
dynamics of the lower-lying atmospheric layers. This effect
occurs predominantly during wintertime, suggesting a
vertical coupling, which can be attributed to the upward
propagation of planetary waves favored by westerly winds
(Correia et al., 2011, 2013a).

Conclusion

This study shows that the Earth’s atmosphere, particularly
the ionosphere, is controlled by Sun-Earth interaction, but
also by lower-lying atmosphere dynamics, especially during
local winter season.

The long-term conditions of the ionosphere are strongly
controlled by the solar Ly-alpha radiation from above,
but are also affected by neutral atmospheric waves from
below, which change its chemistry and physics. During
geomagnetic disturbed periods, the ionosphere is also
affected by injection of particles in the magnetosphere,
which strongly impacts the ionosphere, especially at higher
latitudes, where part of them could precipitate, increasing
the electron density and changing the electrical currents,

generating large scale winds.
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