SAVNET: A Ground-Based
Facility for Studying Ionospheric,
Atmospheric, and Natural
Phenomena
Abstract
We present recent results obtained by the observatory
stations from the SouthAmericaVLF NETwork (SAVNET),
an international project coordinatedby Brazil in cooperation
with Peru and Argentina. In this paper, we first give an
overview ofthe research activities being undertaken using
the SAVNET array. We then describe in more detail specific
observations of phase and amplitude changes during solar
flares. We present a new lower limit for the ionospheric
sensitivity using the VLF phase-detection technique. We
finally discuss recent and genuine observations ofmagnetar
X-ray and y-ray bursts detected by SAVNET on January
22,2009.

1. Introduction
The very-low-frequency (VLF) wave-tracking
technique has been demonstrated to be a powerful tool
for several scientific applications in ionospheric research.
Due to its relative simplicity from both the conceptual
and instrumental standpoints, it has been recognized as
an important source of data and information during the
last decades.
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ionosphere waveguide and travel over long distances of
thousands of kilometers, without significant attenuation.
Their amplitudes and phases are measured and recorded
at the receiver stations.
The Earth-ionosphere waveguide's upper boundary
is the lowermost portion of the ionosphere, the D region,
at approximately 70 km altitude during daytime. It is a
weakly ionized and cold plasma, produced mainly by the
solar Lyman-a spectral line photo-ionization processes [1].
The D region has a very complex chemistry [2], which will
not be discussed here. However, its dynamics behave in a
simple periodic way through which it is formed at sunrise
and vanishes at sunset.
In this paper, we present the South America VLF
NETwork (SAVNET), its functionalities, first results, and
future plans.

2. Overview of Results Obtained
with SAVNET

The natural waveguide cavity formed by the Earth
and the ionosphere - the Earth-ionosphere waveguide
(EIW) - permits the propagation of electromagnetic VLF
signals emitted by powerful transmitters located around
the globe (USA, Australia, Germany, and Japan, among
other countries). These waves propagate within the Earth-

We now summarize the current scientific activities
performed using the SAVNET instrumental facilities, an
international proj ect coordinated by Brazil in cooperation
with Peru and Argentina [3, 4]. VLF data are used to
investigate solar quiescent and transient phenomena,
i.e., the monitoring of long-term solar activity, and
faster phenomena related to flares [5]. Impulsive energy
releases from magnetars are also under investigation and
characterization. SAVNET is well suited to study lowionosphere (C- and D-region) phenomena, such as the use
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Prefix
ATI
SMS
EACF
PAL
PIU
PLO
ICA
CAS

Latitude
23°11 's
29°43'S
62°05'S
10 0 10'S
05°12'S
12°30'S
14°01 's
31°32'S

Longitude
46°36'W
53°43'W
58°24'W
49°20'W
80 0 38'W
76°48'W
75°44'W
68°31 'w

Location
Atibaia, Brazil
Santa Maria, Brazil
Esta<;ao Antartica Comandante Ferraz
Palmas, Brazil
Piura, Peru
Punta Lobos, Peru
Ica, Peru
CASLEO, Argentina

Figure 1shows amap indicating some VLFpropagation
paths between SAVNET stations (diamond symbols) and
MSK-modulated transmitters (triangle symbols). We note
that SAVNETVLF paths, which are part ofthe great-circle
paths (GCP), offer a large range of path lengths between
3 and 13 Mm, as well as many orientations between paths
oriented north-south and east-west.

ofC-region characteristics as a solar-activity proxy [6], or
the determination of recombination coefficients in the D
region. Atmospheric-temperature-variabilitymeasurements
by spacecraft have shown good correspondence with
the presence of the "winter anomaly," as revealed by
the SAVNET data [6]. Due to the localization of several
SAVNET receiver bases nearby seismically active regions,
a systematic search for possible seismo-electromagnetic
effects is under way. Finally, modeling using the Long
Wave Propagation Capability (LWPC) code and the
Finite-Domain Time-Difference (FDTD) method is being
performed, in orderto simulate sub-ionospheric propagation
anomalies caused by solar/geomagnetic phenomena or by
natural sources.
In the next section, we describe the SAVNET
instrumental facilities. In the remaining Sections 4 and 5,
we will describe in more detail two ofthe above-mentioned
subjects: the detection of solar flares by SAVNET, and
the low-ionospheric effects during the magnetar event of
January 22, 2009.

Each SAVNET station is composed ofthree antennas
(one electric dipole and two square loops), pre-amplifiers,
an audio analog-to-digital converter card, a GPS clock, a
power supply, and a microcomputer for data processing
and storage. Currently, SAVNET uses the Software Phase
and Amplitude Logger (SoftPal) (see, e.g., [7]) to measure
and perform spectrum analysis ofthe received signals. Due
to the audio card's crystal-clock signal, locked to the GPS
internal clock (1 PPS), the resulting signal phase presents a
precision of approximately 0.05 to 0.07 f.ls. Depending on
the frequency ofthe incoming VLF wave, this corresponds
to less than about 10. SAVNET therefore has the capability
ofproviding high-stability long-term phase measurements,
without any drift.

3. Instrumental Setup
Currently, SAVNET has eight receiver stations
operating at the geographic coordinates presented in Table 1.
The VLF signals come from radio transmitters that have been
used for marine and submarine communication/navigation.
Some of them were formerly known as the Omega system
network for radio navigation, which was shut down in 1997.
The transmitters with signals that are currently received
by SAVNET stations are listed in Table 2, along with the
respective geographical coordinates, operating frequencies,
and transmitted powers.

Prefix
NDK
NAA
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NAU
NWC
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Frequency
(kHz)
25.2
24.0
24.8
21.4
40.7
19.8

Latitude

Longitude

46°22'N
44°38'N
48°12'N
21°25'N
18°36'N
-21°48'S

98°20'W
67°17'W
121°55'W
158°09'W
67°11'W
114°09'E

Table 1. The locations ofthe
SAVNET stations.

4. SAVNET Measurements: Uses
for Solar-Activity Prognostics
Lyman-a radiation is responsible for the formation
of the quiescent D region, and for maintaining it during
daytime [1]. However, during solar flares, soft X-ray
enhancements overcome the ionization produced by the
Lyman-a emission. At this time, the electrical conductivity
of the Earth-ionosphere waveguide's upper boundary is
changed. This results in the well-known sudden phase
anomalies (SPAs), detected in the VLF signals.

Power
(kW)
10
1000
130
630
100
1000

The

Location
La Moure, ND, EUA
Cutler, MA, EUA
Jim Creek, WA, EUA
Lualualei, HI, EUA
Aguada, Porto Rico
H. E. Holt, Australia

Table 2. The locations of
the transmitter stations
used by SAVNET.
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solar activity. At the same time, the detection oflarger flares
was found to be independent ofthe solar-activity level. The
authors concluded that this was an indication of the lowionospheric sensitivity dependence on the solar activity.
Recently, using SAVNET data, we have confirmed
and quantified this relationship. We found for the time
period of very low solar activity between 2007 and 2009
that the minimum soft X-ray flux ( Pmin ) needed to produce
an ionospheric perturbation was about 2.7x10-7 W/m 2
[5]. This corresponds to a very small solar flare, classified
as a GOES B-Class event. An example of such a suddenphase-anomaly event is represented with a one-minute time
integration in Figure 2, along with the simultaneously
observed soft X-ray flux. This small sudden phase anomaly
event therefore represents a new lower limit for the
ionospheric sensitivity using the VLF phase-detection
technique.
We combined this finding with similar Pmin values
inferred from earlier work [5,8-14] as a function of the
solar-activity level, represented by the solar Lyman-a
photon flux. The resulting relationship is illustrated in
Figure 3, which indicates a clear trend between increasing
Pmin and solar Lyman-a photon flux. The interpretation
ofFigure 3 is straightforward: the minimum energy deposit
in the low ionosphere needed to produce a detectable change
in its electrical conductivity is higher when the solar
Lyman-a flux is higher.

Figure 1. SAVNET stations (diamonds) and some
ofthe transmitters used in our studies (triangles), along with some VLF propagation paths.

References [15, 16] have studied the dependency of
the ionospheric response to solar flares as a function ofthe
solar-activity level. They found that the low ionosphere is
more sensitive to small solar flares for periods of reduced
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This result is therefore in agreement with the earlier
findings of [15, 16]. In addition, it reinforces the idea that
the solar Lyman-a radiation is at the origin ofthe quiescent
ionospheric D region. Finally, we mention that such a
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Figure 2. A sudden phase
anomaly detected in the
SAVNETpropagation path
NPM-PLO, along with the
solar X-ray flux measured
by a GOES satellite sensor:
a small GOES class B solar
X-ray flare.
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of the ionization excess caused by the incoming photons
was detected by some of the SAVNET propagation paths
located in the dark portion ofthe globe [19,20]. OtherVLF
propagation paths around the world were in the Earth's sunlit
region, and did not detect the energetic event, most likely
because the ionization excess was not enough to produce
a significant change of the low ionosphere's electrical
conductivity.
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Two among the hundreds of bursts emitted by the
AXP lE1547-5408 magnetar are displayed in Figure 4.
Solar-illumination conditions are shown, along with signalamplitude variations detected on three VLF propagation
paths, and compared with the INTEGRAL satellite count
rates for the bursts at 06:48 UT (top) and at 08:16 UT
(bottom). The different solar illumination for the first burst
explains why it was not detected by propagation paths
ending at PIU, the more-western station, contrary to what
occurred during the 08: 16 UT burst.
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Figure 3. The soft X-ray peakflux Pmin values
inferredfrom earlier work as a function ofthe
solar-activity level, represented by the solar
Lyman- aphotonflux. The minimum energy
deposite d in the low ionosphere needed to
produce a detectable change in its electrical
conductivity is higher when the solar Lyman-a
flux is higher (adaptedfrom [5]).

result suggests the possibility of indirectly monitoring the
solar Lyman-a radiation through its signature in the low
ionosphere.

5.SAVNET
Detection of Magnetars
Magnetars constitute a peculiar class ofneutron stars
that have extremely intense magnetic fields, approximately
10 to 100 billion times strongerthan the Sun's magnetic field.
Magnetars can suddenly release huge amounts ofenergy, up
to ten orders ofmagnitude higher than that observed during
large solar events. At these times, energetic particles are
accelerated, and copious amount ofX and y- rays are emitted.
This radiation travels through the intergalactic medium, and
may reach the atmosphere of the Earth. How these stars,
with a reduced size, store such an amount of energy, and
what are the mechanisms resulting in the sudden release
of this energy, are still unsolved questions.
On January 22,2009, the objectAXP lE1547-5408
presented a hundred sudden releases of energy observed
by the INTEGRAL satellite sensor [17, 18]. The effect
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We did notice very good correspondence between
these time profiles, even for the finest and faintest time
structures as illustrated by the dashed lines. This certainly
indicates the high sensitivity ofthe low-ionosphere plasma
to the sudden precipitation of energetic photons from the
remote source.
Amplitude variations, caused by changes in the
electrical conductivity at '"'-'90 km altitude, showed increasing
attenuation during the magnetar burst, in contrast to
the generally observed reduced attenuation at the same
frequency during solar flares. This may be attributed to
the nighttime portion of the Earth-ionosphere waveguide,
where several propagation modes are present at a given time.
Therefore, furthermultimode propagation simulations need
to be fully compared with the VLF amplitude data. Such
observations will allow studying the low-energy emission
spectrum for this magnetar, thus providing information on
the object's physical conditions.
Another interesting aspect of VLF detection of
magnetar outbursts is to get the true low-energy photon
spectrum, that is, the energy distribution ofthe photons that
do actually precipitate in the low ionosphere. Sometimes,
this is not possible from satellite data, because ofa sensor's
saturation, or absorption by the shielding material onboard
in the direction of the bursting source. For magnetar burst
studies, the VLF-tracking-technique diagnostic is then an
important complement to satellite measurements.

6. Conclusions
In this work, we have presented the South America
VLF NETwork (SAVNET). This is an instrumental facility
the main objectives of which are the monitoring of the
solar activity on different time scales, and the study of the
south-Atlantic magnetic anomaly (SAMA). Due to the VLF
technique's versatility itself, and the good spatial coverage
of the network, other questions may be addressed, which
we have summarized.
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Figure 4. The illumination conditions during a magnetar gamma-ray burst that occurred on January 22, 2009
(left), with the subflare point (square) for two moments at 06:48 UT (top) and 08: 16 UT (bottom). In the righthand panel, amplitude variations for the NPM-ATL NPM-SMS, NPM-PIU SAVNETpropagation paths, along
with the photon flux measured by the INTEGRAL satellite sensor, are shown. The dashed lines indicate corresponding structures seen by the instruments (see text for details).

The study ofhundreds ofsolarflares during the current
solar-activity minimum led to establishing a softX-ray-flux
lower threshold needed to perturb the low ionosphere. The
correlation found between this soft X-ray threshold and
the Lyman-a radiation for different solar-activity levels
confirmed that the latter is at the origin of the quiescent
D-region formation.
We also discussed SAVNET amplitude variations
during a rare observation of a series ofmagnetar-outbursts
on January 22, 2009. These were well time-correlated
with hard X-rays detected by INTEGRAL. Detailed subionosphere propagation modeling is in progress for a better
understanding of such phenomena.
Network integration should be considered as an
important decision in allying forces to face the several
above-mentioned open questions. Nowadays this is possible,
since few of these extended VLF networks are operating
simultaneously in different parts around the globe. SAVNET
data are available on request via e-mail to savnet@craam.
mackenzie.br.
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