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Abstract

We present recent observations of Sudden Phase Anomalies due to subionospheric
propagation anomalies produced by solar X-ray flares. We use the new South America
VLF Network (SAVNET) to study 471 ionospheric events produced by solar flares
during the period May, 2006 to July, 2009 which corresponds to the present minimum
of solar activity. For this activity level we find that 100 % of the solar flares with a X-
ray peak flux above 5 x 107 W/m? in the 0.1 - 0.8 nm wavelength range produce a
significant ionospheric disturbance, while the minimum X-ray flux needed to do so is
about 2.7 x 107 W/m? . We find that this latter minimum threshold is dependent on the
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solar cycle, increasing when the Sun is more active, thus confirming that the low
ionosphere is more sensitive during periods of low solar activity. Also, our findings are
in agreement with the idea that the ionospheric D-region is formed and maintained by

the solar Lyman-a radiation outside solar flare periods.

Key words: VLF technique, solar activity, solar flares, solar activity cycle, SPAs

INTRODUCTION

The monitoring and analysis of Very Low Frequency (VLF; 3 - 30 kHz) propagation
anomalies is a powerful tool to study the low altitude Earth's ionosphere like the diurnal
C and D regions at an altitude range of 60 - 70 km. This portion of the ionosphere is not
accessible to stratospheric balloons and well below most satellites orbits. VLF waves
propagate over long distances within the Earth - lonosphere Waveguide (EIW), and
their characteristics in phase ®, and amplitude A, inform about the electrical properties
of the waveguide’s conducting boundaries, i.-e. the surface of the Earth and the low

ionosphere plasma [Wait and Spies 1964].

The main cause for the presence of the daytime ionospheric D-region is the solar
Lyman-o (1216 A) radiation [Nicolet and Aikin, 1960] which progressively increases
the electrical conductivity in the 70 - 90 km altitude range by ionizing nitric oxide (NO)
molecules as the Sun rises. As a result, a relatively stable reflecting layer is formed at
about 70 km which lasts under solar daytime conditions. At night, electron
recombination processes overcome the ionization and the D region disappears when the
reflecting layer moves to about 90 km and is now formed by the bottom of the nighttime
E region. Therefore it is useful to study the properties of the low ionosphere by the
mean of parameters which characterize the electrical conductivity (height) profile: the
reference height H' (in km) and the conductivity gradient p (in km™) [Wait, 1959; Wait
and Spies 1964]. The reference height H' is the altitude where the electrical conductivity
is constant at 2.5 x 10° s and the conductivity gradient (or sharpness) informs how fast

the conductivity changes with height.

Departure from the above described quiescent situation occurs when there are
ionization excesses in the low ionosphere. The reasons for that can be external sources

of radiation like X-ray solar flares [Bracewell and Straker, 1949; Kaufmann and Paes de
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Barros, 1969; Muraoka et al. 1977], X-ray bursts from remote objects like magnetar
bursts [Kaufmann et al. 1973; Rizzo Piazza et al. 1983; Tanaka et al. 2008; Raulin et al.
2009a], or meteor showers [Chilton, 1961; Kaufmann et al. 1989]. The electrical
properties of the EIW can also change due to perturbations from the inside of the
waveguide like atmospheric lightning causing precipitation of initially trapped electrons
[Cummer, 1997], Transient Luminous Effects (TLEs) like red sprites and elves [Inan et
al. 1995; Pasko et al. 1995], and natural phenomena related to seismic-electromagnetic
effects [Hayakawa et al. 1996].

During solar flares when the solar active regions plasma is heated up to few tens of
millions degrees, increases of a few orders of magnitude of the solar X-ray emission are
observed at the Earth orbit. The photons with A <2 A can reach altitudes below the
reference height H' [Pacini and Raulin, 2006], producing significant ionization
enhancements in the low ionosphere which result in variations of one or both of the
Wait parameters. Lowering of H' is observed in the phase of long distance propagating
waves as Sudden Phase Anomalies (SPA), that is, as advances of the phase of the
transmitted waves. The SPA intensity A®, depends on the X-ray flux (Px) and spectrum,
and time of occurrence of the solar event as well as on the characteristics of the VLF
propagation path. From this relation it is generally possible to infer the lower soft X-ray
flux (Pxm) needed to produce a ionospheric event, and Py, can be further used to deduce
the electron density enhancement in the D-region at the time of solar flares, and/or to
improve the determination of recombination coefficients which are generally poorly
known. For space weather studies, and in particular for the present study it is important
to know whether Py, depends on the level of solar activity, and thus confirm that the
low ionosphere sensitivity changes with solar activity conditions (Pacini and Raulin,
2006).

In this paper we study the relation between solar X-ray flares and the subsequent
ionospheric disturbances detected by a new VLF instrumental facility, the South
America VLF Network (SAVNET). SAVNET is an international project between
Brazil, Peru and Argentina, dedicated to monitor the effects of the solar activity in the
low ionosphere and in particular over the South Atlantic Magnetic Anomaly (SAMA)
region. In the next section we briefly present the instrumentation used and describe the
methodology adopted as well as the observational results we have obtained. We then

discuss these results before presenting our concluding remarks.
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1. INSTRUMENTATION, DATA ANALYSIS AND OBSERVATIONAL RESULTS

The SAVNET installation has been performed in the 2007 - 2009 time period, and
the array is currently composed of eight VLF tracking stations located in Brazil, Peru
and Argentina. In Figure 1 we show the location of the SAVNET receivers bases as
well as the positions of the transmitters. Examples of VLF propagation paths, part of
Great Circle Paths (GCP), are shown from the transmitters NAA and NPM. Each
receiver base is composed of three electromagnetic sensors and the VLF signals
received from the powerful transmitters are amplified and then digitized using a
commercial audio card. The crystal of the audio card provides a clock signal which is
locked to a GPS internal clock signal (1 PPS), and this ensemble provides a phase
determination of the incoming wave without any drift. The resulting phase signal
presents a precision (r.m.s) of about 0.05 — 0.07 microsecond, which corresponds to
about less than 1 degree depending on the frequency of the incoming VLF wave. In this
paper we use the data base from the 13060 km long VLF propagation path between the
transmitter NPM (Hawaii, 21.4 kHz) and the receiver ATI (Atibaia, SP, Brazil), path
which is hereafter mentioned as NPM - ATI. For more details on the SAVNET
instrumental setup and scientific goals see Raulin et al. [2009b, 2009c].

The solar flare data base used in this paper is composed of soft X-ray fluxes from
GOES detectors which record the solar radiation in two photon energy channels, 0.1 —
0.8 nm and 0.05 — 0.4 nm (NOAA, Space Weather Prediction Center). The fluxes
detected by GOES instruments mainly come from the thermal free-free emission
produced in hot solar active regions, where the plasma temperature lies in the range 1 -
3 MK. During solar flares, soft X-ray fluxes are significantly enhanced by several
orders of magnitude due to an increase of the plasma temperature or the plasma

emission measure, or an increase of both.

Since May of 2006, 471 flares have been detected and ordered using the GOES
classification (GOES Class). This classification is based on the peak power P, (W/m?)
detected in the 0.1 — 0.8 nm channel, using the following rule and ranges: B - Class for
P, in the range 107 — 10 W/m?; C - Class for Py in the range 10° — 10° W/m?% M -
Class for Py in the range 10®° — 10* W/m?; X - Class for P, greater than 10 W/m? .
Thus a C 1.5 GOES Class solar flare does present a peak flux of 1.5 x 10° W/m? in the

4
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0.1 — 0.8 nm channel. From the original solar flare data base we removed those solar
events for which the mean solar zenithal angle, estimated along the whole VLF
propagation path was greater than 90°. For the East-West oriented propagation path
(NPM - ATI) used in this work, we also did not take into account the solar flares which
occurred right at, or close to the time of VLF modal minima, since it may mask the
phase advance observed by the VLF receiver. The criterion we have adopted for flare
detection using the 1 s time constant VLF phase signal corresponds to an increase of

about 1.5 o (rms) compared to the mean pre-flare phase.

As a result we present in Figure 2 one-hour sample cases of ten X-ray flares of
different classes from B to M GOES Class. The dash-dot lines show the 0.1 — 0.8 nm
soft X-ray flux time profiles which are compared to the VLF phase records (full line)
observed simultaneously. In each plot we indicate the mean solar zenith angle, y,
estimated along the whole path at the time of the peak of the solar event. It has been
computed by dividing each VLF propagation path in 100 parts and calculating for each
piece a solar zenithal angle y; (i = 1, 100). The y is then calculated as the mean value of
the x; angles. The thick vertical lines in the left part of each panel represent a phase
excess of 15 degrees. Therefore Figure 2 gives an illustration of how the very low
frequency receivers from the SAVNET array observe solar flares of different X-ray
flux. Note in particular in the upper left corner the SPA associated with a small B 2.7
solar event, for which the phase advance was 2.5 degrees which corresponds to a phase
advance of 0.3 us at the frequency of 21.4 kHz. Such a solar event is thus detected as an
increase of the phase of about 4 ©.

The main result of this paper is shown in Figure 3 and is related to the capability of
detecting solar flare events using a VLF technique. We can define this ability as the
probability P that a given flare of X-ray power P4 produces a SPA. P is then obtained by
the ratio of the number of solar events detected in a given class to the total number of
solar events which occurred in the same class. The full line histogram shows the
probability of detecting solar flares with y < 40° as a function of Py, and the dashed
histogram shows the same for flares with y < 70° . The vertical thick bar indicates the

value of P, for which the probability P becomes 100 %. Thus our results indicate that
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solar flares with a peak X-ray flux > 5 x 107 W/m? (GOES B5 Class or higher) will be
detected with a probability of 100 % in the low ionosphere.

The lower detection limit, Pxy,, which would correspond to the lower soft X-ray
power needed to produce a SPA is about 2.7 x 107 W/m? corresponding to a GOES
class for which solar events are detected with a probability of 50%. A typical time

profile of such an event is shown in Figure 2 (upper left panels).
2. DISCUSSION

In the previous section we have shown the capability of the SAVNET instrumental
facility to detect solar flares, even small solar events of GOES Class B. We now

compare our findings with related earlier works.

A direct comparison of our results can be performed with those obtained by
Comarmond [1977]. The author studied about 520 solar flare events during a period of
high to medium solar activity levels between December 1968 and January 1971 using
the 6970 km long East - West oriented VLF propagation path NWC (Australia) -
TANANARIVE ( Madagascar). When only the solar flares with y < 40° were taken into
account, a 75 % detection probability is achieved for Py in the range 5.6 x 10 - 1.0 x
10° W/m? (C 5.6 - M 1.0 GOES Classes), that is about one order of magnitude higher
than our results shown in Figure 3. The detection probability for smaller flares in the
range C 3.2 - C 5.6 was about 25 %. As we will discuss below the reason for this
difference is due to the level of solar activity at that time.

Most of the papers studying the relation between solar flares and the resulting
response of the low ionosphere using the VLF technique, deal with the correlation
between the X-ray peak power in a given photon energy range (Px), and the phase (AD)
and/or amplitude (AA) changes which are subsequently observed [Kaufmann and Paes
de Barros, 1969; Comarmond, 1977; Muraoka et al. 1977; Pant, 1983; Pant et al. 1993;
Kaufmann et al. 2002; McRae & Thomson, 2004; Thomson et al., 2005; Pacini, 2006;
Raulin et al. 2006; Zigman et al. 2007]. In general the P4 versus A® (or AA) plots do
present a good correlation for both variables and it is possible to identify the faintest
solar events detected by extrapolating the correlation towards these small events

deducing a minimum soft X-ray flux, Pxn . This procedure does not inform on the
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probability of such events to produce an ionization excess in the low ionosphere
however it tells us that they were actually detected using the VLF tracking technique.

The result of the previously explained procedure is summarized in the Table 1
where we show the reference works, the VLF propagation path used and its length (L in
Mm) and the frequency of observation (in kHz). The values obtained for Py, and the
corresponding classes are also indicated. Table 1 also shows the epoch of occurrence of
the solar events studied, and the level of solar activity at that time. This level has been
estimated from the composite Lyman-a time profile from 1947 to the actual epoch
[Woods et al. 2000] combining measurements and modeling results, being from 2003 to
the present time actual measurements from TIMED/SEE and SORCE space missions
[Woods et al., 2005; Rottman et al., 2006]. To obtain the mean value indicated in Table
1 (third column from left) we have preformed an average of the Lyman-o photon flux

over the period of the solar flare observations.

Our results on the probability P are not strongly dependent on the solar zenith angle
x . This is illustrated in Figure 3 for solar flares for which y > 40° and for solar flares for
which y < 40° This is in agreement also with previous works which found no
dependency with y , for y values below 60° - 70° [Kaufmann et al. 2002; Pant et al.
1993].

A clear indication from Table 1 is that the minimum soft X-ray flux needed to
produce a phase change during a solar flare is increasing as the level of solar activity is
higher. We illustrate this property in Figure 4 where we have plotted Py, as a function
of the mean level of solar Lyman-o radiation using the referenced works and
corresponding numbers in Table 1. We can see a very good correlation which
emphasizes the fact that the low ionospheric response to solar photons is solar cycle
dependent, being more sensitive at times of low solar activity. Such property was
already shown in Raulin et al. [2006] and Pacini and Raulin [2006]. Similarly McRae
and Thomson [2000; 2004] found that the ionospheric reference height H' was higher
during solar activity minima, a fact that can also be interpreted as different ionospheric
sensitivity for different solar activity levels. The correlation shown in Figure 4 clearly
suggests that for a solar flare to be detected in the low ionosphere, the corresponding
ionization should overcome that due to the quiescent solar Lyman-o radiation. At the
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same time, this result is in complete agreement with the hypothesis that the solar
Lyman-a radiation forms and maintains the undisturbed D-region [Nicolet and Aikin,
1960].

Finally we would like to mention the work of Muraoka et al. [1977] who found a
lower X-ray threshold, Py, of 1.5 x 10° W/m? (C 1.5 GOES Class) when studying the
SPAs associated with ~ 45 solar flares in the period July 1974 - June 1975. For this
period the Lyman-a composite data show a mean photon flux of the order of 4 x 10"
ph.cm?.s™ such that the corresponding point [4 ; 0.18] if displayed in Figure 4 will
appear well above the correlation line. A reason for that may be related to the
propagation path used which was a high latitude (> 40 degrees North), East-West
oriented path between the transmitter NLK and the receiver HCM located in Japan. For
about half of the year between October and March, the average (over the path length)
solar zenith angle is > 40 degrees, and it is greater than 60 degrees for the winter
months between November and January. We also note that in this study the authors
corrected the phase data using the minimum zenith angle over the VLF path rather than
its mean value. In this case, one certainly underestimates the phase changes A® and
therefore may overestimate the value of Pyy deduced from the A® versus Py correlation
plot. Another reason may be related to the fact that no soft X-ray data were available for
the period studied by the authors, and Py values were therefore indirectly derived from
Fmin, 1.6. the lowest frequency showing vertical ionospheric reflection which was

measured close to the location of the VLF receiver Sato [1975].

3. CONCLUDING REMARKS

In this paper we have presented VLF subionospheric propagation anomalies
associated with the occurrence of solar flares, using a new instrumental facility, the
South America VLF Network (SAVNET). In particular we concentrated on the
capability of the new instrument in detecting solar events during the period

corresponding to the present minimum of solar activity (2006 - 2009).

The results have shown that solar flares with an X-ray peak flux above 5 x 10’
W/m? (B 5 Class) in the 0.1 - 0.8 nm energy range are detected with a probability of 100
%, and that the lower detection threshold is around 2.7 x 10" W/m? . Combining our

results with earlier studies obtained for different solar activity levels, we find that the
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lower X-ray detection limit is an increasing function of the solar activity as
characterized by the mean solar Lyman-a photon flux. These results are coherent with
the idea that the quiescent diurnal low ionosphere at ~ 70 km is maintained by the solar
Lyman-a radiation [Nicolet and Aikin, 1960], and that it is more sensitive during period

of low solar activity.

Finally we note that the high sensitivity of the VLF diagnostic to detect
perturbation in the low ionosphere caused by solar flares, even small solar flares, may
serve to stimulate the search for signatures from other objects. As we mentioned in the
introduction of the paper, the SAVNET instrument has already detected perturbations
caused by Anomalous X-ray Pulsars (or magnetars). An earlier and famous example
was the flare of the Soft Gamma Repeater (SGR 1806-20) which occurred in 2004,
December 27 and which was widely described in the literature [Terasawa et al., 2005].
The interest in studying such objects lies in the fact that the energy output during a
given burst can exceed by 10 to 15 orders of magnitude that released during the largest
solar flares. Therefore a better description of the physical processes leading to this huge
liberation of energy depends on the derivation of good X-ray and y-ray spectra. The
VLF technique can thus provide a way of better determining the low energy part of
spectra of celestial y-ray flares, if they are intense enough to produce ionospheric

perturbations.
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Figure Captions

Figure 1. Examples of VLF propagation paths from transmitters NPM and NAA, to the
receiver bases of the SAVNET array in Brazil, Peru, Argentina and the Antarctic

continent.

Figure 2: Examples of solar flares detected by the SAVNET array using the VLF
propagation path NPM - ATI. One hour time duration soft X-ray fluxes (dash-dot) are
compared to the phase excesses (3 s time integrated noisy full line). The date and the
GOES Class of the event are indicated as well as the mean solar zenith angle along the
propagation path at the time of each solar event. The vertical thick lines represent a
phase excess of 15 degrees. Note the very small solar flare in the upper left corner.

Such an event does represent the power detection lower limit.

Figure 3: Solar flare probability detection P, as a function of the soft X-ray peak flux Px
for the long NPM - ATI VLF propagation path, and for solar zenith angle greater
(dashed line) or lower (full line) than 40 degrees.

Figure 4: Correlation log [Px] as a function of the mean Lyman-a solar flux. Numbers

refer to the reference works listed in the right column of Table 1.
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415 Table 1 — Review of previous works as well as the present study (right column) on the statistical
416 relation between sudden phase anomaly and the strength of solar X-ray flares. The VLF propagation paths
417 as well as their length and frequency of observation are indicated in the left column. In the second column
418 (from left) we indicate the estimated value of Py, The third column shows the period of observation and

419 an average of the Lyman-a photon flux during the same period.

VLF propagation path properties | Pxm (WW/m?) | Epoch, number of Reference
events, mean Ly-a
flux (10" ph.cm?.s™)

NAA - SP (7.87 Mm, 17.8 kHz) | 4 (C4) 1968 Kaufmann and
NWC - SP (14.7 Mm, 22.3 kHz) 50 events Paes de Barros,
4.9 x 10" ph.cm?s™ | 1969 (1)

NWC-Tananarive (6.89 Mm, | 3.4 (C3.4) 12/1968 - 01/1971 Comarmond, 1977

22.3 kHz) 464 events (6)
4.9 x 10" ph.cm?s™
GBR - Naini Tal (6.89 Mm, 16 | 2 (C2) 04/1977 - 05/1983 Pant et al. 1983;
kHz 111 events Pant, 1993 (3)
4.6 x 10" ph.cm?s™
ARG-ATI (2.88 Mm, 10.2 kHz) | 5(C5) 1987 - 1989 Kaufmann et al.
463 events 2002 (2)
4.98 x 10" ph.cm®s™
NPM-Dunedin (8.1 Mm, 21.4 |1(Cl) 1994 - 1998 McRae and
kHz) ~ 100 events Thomson, 2004
NLK-Dunedin (12.3 Mm, 24.8 4.2 x 10" ph.cm?®s® | Thomson et al,
kHz) 2005 (4)
HAI-ATI (13 Mm, 13.6 kHz) 0.6 (B6) 1994-1995 Pacini, 2006 (7)
NDAK-ATI (9.3 Mm, 13.6 kHz) 202 events
ARG-ATI (2.88 Mm, 12.9 kHz) 3.9 x 10" ph.cm?s™

HAI-INU (6.1 Mm, 13.6 kHz)
NDAK-INU (9.14 Mm, 13.6
kHz)

LR-INU (10.97 Mm, 13.6 kHz)
NWC-INU (6.99 Mm, 22.3 kHz)
L-INU (14.48 Mm, 13.6 kHz)

NAA-Belgrade (6.56 Mm, 24| 0.9 (B9) 07/2004-07/2005 Zigman et al. 2007
kHz) 114 events 5)

4.11 x 10" ph.cm®s™
NPM-ATI (13.07 Mm, 21.4 kHz) | 0.27 (B2.7) 05/2006-07/2009 This work (8)

471 events

3.55 x 10" ph.cm?.s™
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