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Abstract:

A technique for analysing very low frequency (VLF) radiowave signals is investigated in
order to achieve rapid, real-time detection of large solar flares, through the monitoring of
changes in VLF radio signal propagation conditions. The reliability of the use of VLF phase
and amplitude perturbations to determine the X-ray fluxes involved during 10 large solar flare
events (>X1) is examined. Linear regression analysis of signals from the NPM transmitter in
Hawaii, received at Arrival Heights, Scott Base, Antarctica over the years 2011-2015 shows
that VLF phase perturbations during large solar flares have a 1.5-3 times lower mean square
error when modelling the long wavelength X-ray fluxes than the equivalent short wavelength
fluxes. The use of VLF amplitude observations to determine long or short wavelength X-ray
flux levels have a 4-10 times higher mean square error than when using VLF phase.
Normalised linear regression analysis identifies VLF phase as the most important parameter
in the regression, followed by solar zenith angle at the mid-point of the propagation path,
then the initial solar X-ray flux level (from 5 min before the impact of the solar flare), with
F10.7 cm flux from the day beforehand providing the least important contribution.
Transmitter phase measurements are more difficult to undertake than amplitude. However,
networks of VLF receivers already exist which include the high quality phase capability
required for such a nowcasting product. Such narrowband VLF data can be a redundant
source of flare monitoring if satellite data is not available.

1. Introduction:

Solar flares are the first in a sequence of space weather events that have the potential to
impact societal technologies i.e., disrupting GPS, and high frequency (HF) communications,
as well as industries using them, i.e., emergency responders, maritime mobile services, and
the aviation industry. The International Civil Aviation Organization (ICAO) identifies solar
flares and solar storms as potential hazards that affect communications and navigation, and
could pose a radiation risk to aircraft crew and passengers [ICAO, 2018]. The provision of
operational space weather information is a requirement for space weather centres. Early
warning of solar flare-induced HF blackout occurrence, duration and severity is a
requirement for ICAO.

Solar flares are emissions of visible, ultra violet, and X-ray energy from active regions on the
surface of the Sun. Active regions are typically 10,000 to 100,000 km in size. The flares have
an onset period lasting 10 - 100 s [Brown et al., 1981] and typically last for around 30
minutes, with more powerful flares lasting longer [Thomson et al., 2004]. The
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electromagnetic radiation released in flares has wavelengths that range from 10 km (low to
very low frequency radio waves) to 0.01 nm (X-rays and/or gamma rays). Travelling at the
speed of light, the initial solar flare effects are felt on the Earth’s dayside ionosphere before
any warning systems can provide an alert [Lilensten, 2007]. Immediate effects on aviation
are via HF Communication, GPS/Glonass/Galileo/ WAAS/EGNOS/MSAS, Satellites
(Navigation/Communication), Low Frequency Communication, and Air Traffic Control
facilities. An example of the impact of large solar flares occurring in September 2017 on
technological systems including navigation services over Europe is described by
Berdermann et al. [2018] and Redmon et al., [2018]. These studies report that a large X9.3
flare caused some loss of hominal positioning accuracy for aircraft and GNSS navigation
support services.

Although there is increasing knowledge of the internal working of active regions, progress is
still needed to accurately predict when a solar flare will occur and how intense the emission
will be [Kontogiannis et al., 2018]. The X-rays produced from a solar flare on the Earth-facing
side of the Sun directly impacts the day-side ionosphere. Following the solar flare
occurrence there can be two additional potential sources of disturbance to Earth-based
technological systems: solar proton events [Ryan et al., 2000; Vlahos et al., 2019] with their
potential to cause polar cap absorption of HF communications, and coronal mass ejections
[Lilensten and Bornarel, 2006]. There is not a straightforward relationship between the
intensity of a solar flare and the severity of the solar proton events and coronal mass
ejection effects that follow. However, analysis of the relationship between solar flare size and
the upper envelope of energetic proton flux suggests that larger solar flares are more likely
to produce more extreme societal consequences [Takahashi et al., 2016]. Geostationary
satellites currently monitor X-ray wavelengths for solar flare activity. Typically solar flares are
classified according to their X-ray flux in the 0.1-0.8 nm wavelength range, termed the long
wavelength range (XL). Classification is based on peak flux, with a logarithmically increasing
flux scale using identifiers A, B, C, M, and X covering the ranges from 108 W m? upwards in
orders of magnitude steps. Solar flares can disrupt HF communications for several hours at
a time, during the daylight hours, and often occur with week-long clustering, originating from
magnetically complex active regions [Sammis et al., 2000]. Some large flares are also
accompanied by strong radio bursts that may interfere with other radio frequencies and
cause problems for satellite communication and radio navigation (GPS). Warning of solar
flare driven HF radio blackout occurrence, duration and severity is a requirement for ICAO.
Solar flares of X1 class are identified by ICAO as requiring a moderate space weather
advisory of likely weak HF radio communication, while an X10 flare requires a severe
advisory due to likely HF radio blackout conditions.

Forecasting of solar flare occurrence is an outstanding problem [Georgoulis, 2012;
Kontogiannis et al., 2018]. Predictive techniques using morphological methods based on
observed parameters, such as photospheric magnetograms of solar active regions, have
been developed but have low skill scores, particularly for large, infrequent flares [Barnes et
al., 2016; Murray et al., 2017]. In light of the difficulties in forecasting large solar flares it is
imperative that a swift nowcast capability is developed, with the ability to rapidly detect, and
classify enhanced solar X-ray flux levels [Gibbs, M., 2018 — personal communication]. At
present there is a significant data latency in geostationary satellite observations with respect
to the flare occurrence, i.e., 2 minutes to process the satellite data, and 4 minutes for the
flare identification algorithm to run [Veronig et al., 2002]. Nowcasting of solar flares needs to
identify when a flare has occurred, when it has reached a disruptive size, when it has
peaked, how large the fluxes are at the peak, and how long the flare effects will last.
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Ground-based manmade transmissions of subionospheric radiowaves, in the very low
frequency band (VLF, 3-30 kHz), propagate between the Earth’s surface and the lower
ionospheric D-region at ~70 km during the day and 85 km at night [Clilverd et al., 2009]. The
signals have been used for many years to investigate the response of the D-region to the
energy deposited by solar flares [Mitra, 1974; Thomson & Clilverd, 2001; Thomson et al,
2005, Raulin et al., 2010]. The X-ray fluxes from the solar flares cause excess ionisation in
the D-region, which modifies the received amplitude and phase of otherwise stable VLF
transmitters. Changes in amplitude and phase of these signals can be used as diagnostics
of solar flare intensity [e.g., Pant, 1993; Thomson & Clilverd, 2001; Thomson et al., 2004], as
well as studying changes in the background ionosphere as a result of variability in solar
chromosphere emission levels, often proxied by F10.7 cm flux [Thomson and Clilverd, 2000].

Solar X-ray flux is too small during quiet times to significantly ionise the D-region, and the
daytime D-region is primarily produced as a result of the ionisation of nitric oxide, a minor
neutral constituent, by Solar Lyman-a radiation (121.6 nm). However, during solar flares X-
rays are able to ionize additional constituents, including N, and O, [e.g., Banks & Kockarts,
1973]. The extra ionization lowers the effective reflection height of the ionosphere for VLF
waves, perturbs received VLF transmitter amplitude and advances the phase [e.g., Mitra,
1974]. Solar flare nowcasting has been undertaken previously, using VLF propagation paths
orientated primarily east-west, and primarily using signal amplitude observations [Wenzel et
al., 2016]. Despite different solar illumination conditions occurring over long east-west
propagation paths, as well as potentially complex amplitude responses during solar flares,
good correlations between VLF perturbation levels and solar flare X-ray flux enhancements
were found. Other, primarily north-south orientated, analysis of VLF propagation paths has
shown that for daytime paths the phase advances due to solar flares (on paths longer than a
few Mm) are proportional to the logarithm of the X-ray flux [McRae & Thomson, 2004].
These D-region flare-induced VLF propagation changes show no saturation effects
[Thomson et al., 2005], allowing received VLF phase changes to be used for even the
greatest of flares, such as the X45 super-flare of 04 November 2003 [Thomson et al., 2004].

In this study we present a technique for analysing very low frequency (VLF) radiowave
signals in order to achieve rapid, real-time detection of solar flares through changes in VLF
radio signal propagation conditions. We investigate the reliability of VLF phase and
amplitude perturbations, during >X1 solar flares, to determine the X-ray fluxes involved. We
identify the most accurate parameterisation needed to develop nowcasting equations
relating VLF phase perturbations with longwave X-ray fluxes 0.1-0.8 nm, XL), and show that
other relationships involving VLF amplitude perturbations, and shortwave X-ray fluxes (0.05-
0.4 nm, XS), are less reliable.

2. Experimental setup:

A cartoon representation of the pathway from solar flare occurrence to impacts to users on
Earth is shown in Figure 1. Solar X-ray flux generates excess ionospheric ionisation over a
range of altitudes from 50-150 km on the dayside of the Earth, simultaneously influencing HF
radio communications, and satellite GPS signal quality.

In this study we analyse the phase and amplitude data from the NPM transmitter (Hawaii,
21.4 kHz, 21.4°N, 158.2°W) recorded at the field-site for New Zealand's Scott Base, Arrival
Heights, in Antarctica (77.8°S, 166.7°E). The path is ~11 Mm long, oriented nearly north-
south, with the mid-point at 28.9°S, 164.4°W. We use the mid-point of the path to determine
the solar zenith angle (SZA) during solar flares following the approach of previous studies
[e.g., Thomson et al., 2005, Cresswell-Moorcock et al., 2015]. Figure 2 shows a map of the
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Pacific region, identifying the path from the VLF transmitter in Hawaii (NPM, green circle) to
Scott Base (SB, red diamond).

We made use of an extensive dataset of VLF measurements made from January 2009 until
June 2018. A detailed description of this dataset can be found in Cresswell-Moorcock et al.
[2015]. Here 5 s time resolution amplitude and phase observations were analysed for the
effects of large solar flares (i.e., X-class) selected from GOES-based fluxes from the NOAA
website (https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-
flares/x-rays/goes/xrs/).. The selection of x-class solar flares was limited to those flares
which occurred when the VLF propagation path was sunlit and also not influenced by sunrise
and sunset conditions, i.e., avoiding high SZA values >85°, in order to evaluate the VLF
phase/amplitude responses without the complication of large scale ionisation changes that
occur during sunrise and sunset conditions being included. Both transmitter and receiver had
to be operating correctly at the time of the flare in order for the selected flare event to be
included in the study.

Subionospheric VLF radiowave propagation conditions are modified by a solar flare through
the effective lowering of the D-region waveguide boundary. This occurs as a result of the
excess ionisation generated below the normal daytime D-region altitude, caused by X-ray
driven photoionization. Figure 3 shows how the phase for NPM to Scott Base was affected
by a series of solar flares that occurred on 13 May 2013. The onset of sunset conditions on
the path, determined by inspection of quiet day phase behaviour on the days both before
and after, is indicated by a vertical black line at 04 UT, while the onset of sunrise conditions
is indicated by a vertical line at 15:30 UT. The phase variations (orange line, upper panel)
shows that the daytime phase values (18 UT to 04 UT) are advanced in comparison to the
night-time phase values (07 UT to 15 UT). There are rapidly changing transition periods
during sunset (04 UT to 07 UT) and sunrise (15 UT to 18 UT). The plot also shows phase
advances co-incident with increases in long wavelength (XL, 0.1-0.8 nm, solid blue line) and
short wavelength (XS, 0.05-0.4 nm, dashed blue line) X-ray fluxes. In the large well-defined
flare event just after 02 UT, XL fluxes typically varied over ~2 orders of magnitude while the
transmitter phase was perturbed by ~200°. Flares that occurred during the nighttime
propagation conditions on the path did not produce any co-incident changes in phase.

The lower panel of Figure 3 shows the amplitude variation during 13 May 2013 in
comparison with the XL and XS fluxes. The onset of sunset and sunrise conditions is
indicated by vertical black lines as in the panel above. The amplitude behaviour is more
variable than the phase, although the large flare at ~02 UT generates a well-defined ~10 dB
of amplitude increase and a slow recovery. An increase in amplitude at ~16 UT occurs
shortly after the XL and XS fluxes show a large increase. However, the amplitude variations
from 16 to 19 UT are consistent with the expected behaviour of modal interference during
sunrise conditions [e.g. Clilverd et al., 1999]. This provides an example of why flares were
excluded from the study when high SZA conditions occurred.

Table 1 lists the flares included for analysis in this study, showing the date, flare start and
end time, NOAA-reported flare magnitude, and the SZA at the start and end of the event,
calculated at the propagation path mid-point. The flare events are separated into two
sections in the table. The largest group of flares form a development group of 10 flares that
are used later in this study to undertake linear regression analysis using VLF subionospheric
observations. A smaller test group of 3 flares are used to provide an independent test of the
regression formulae developed in section 4. The test group were selected from the initial 13
events through identifying flares that followed within a day of a previous flare. This had the
effect of de-clustering the flares in the development group.
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Note that the start times given in Table 1 are not precisely the same as the NOAA defined
flare times [https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-
flares/X-rays/goes/xrs/goes-xrs-report_2011.txt] which are specified at 1 min time resolution.
These start times formed the initial point in our analysis. For the purposes of this study we
re-analysed the ~2 s time resolution X-ray data set in order to provide more precise timing,
while using the same detection algorithm as NOAA [Veronig et al., 2002]. The flare sizes in
this study range from X1.0 to X5.4, occurring between 2011 and 2015, i.e., bracketing the
maximum of solar cycle 24. SZA values range from 18 to 83°.

3. Linear Regression Analysis

Linear regression is a linear approach to the modelling of the relationship between a
dependent variable and one or more independent, exploratory variables [Olive, 2017]. We
apply this approach to determine how subionospheric VLF observations can be directly
linked to the magnitude of the solar flare X-ray flux striking the ionosphere. Thus we define
the dependent variable as either the long or the short wavelength solar X-ray flux, and the
independent variables as either VLF phase perturbation or VLF amplitude perturbation, and
SZA, F10.7 flux from the day before the flare, and initial solar X-ray flux conditions (5
minutes before the start time as shown in Table 1). The VLF phase or amplitude perturbation
is determined by setting the phase or amplitude to zero at the start time of the flare, and
then measuring the induced change from that point. Table 2 summarises the variables,
indicating the symbol, and the units used.

The regression variables were selected by taking into consideration previous analysis [e.g.,
Thomson et al., 2005; Cresswell-Moorcock et al., 2015]. Logarithmic solar X-ray flux was
used in the regression analysis in order to account for its large dynamic range. As previously
noted, SZA was determined for the mid-point of the propagation path, and terms for its
cosine and cosine? were included in the regression analysis to take into account the distance
through the ionosphere that the solar X-rays would have to penetrate in order to reach the D-
region. Daily mean F10.7 flux was taken from the day before the solar flare under study in
order to have a representation of the background D-region daytime ionospheric pre-
conditioning. Pre-conditioning could change the size of the perturbation response because
of changing modal composition of the VLF signal [Thomson and Clilverd, 2000; Cresswell-
Moorcock, 2015]. In the regression analysis the F10.7 flux values were expressed in Sl units
(SFU x 10%) and a base 10 logarithm applied. The importance of the initial solar X-ray flux
was investigated using two different forms. The X-ray flux 5 minutes prior to the start of the
flare was included in one set of regressions, as this is likely to be available in a nowcasting
methodology. We investigated the importance of 5 minutes delay to the analysis by
considering a range of delays from 2-10 minutes. Very small improvements in regression
performance occurred for smaller delays, but we chose 5 minutes in this study as
representing a reasonable delay time in which to obtain X-ray flux from the satellite.
Additionally, the influence of having no starting flux was also investigated, thus the first
model has 5 input parameters, while the other has 4. In each of these cases the logarithm of
the initial X-ray flux was used.

4. Results

4.1 Mean square error of regression analysis
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Eight linear regression investigations were made using the development group of flares: four
were compared with NOAA XL flux measurements, of which two were using VLF phase
perturbations, and two using VLF amplitude variations. The difference between the pairs of
phase and amplitude models was the initial X-ray flux condition mentioned above, i.e., either
5-min prior or no starting flux. Four other similar investigations were compared against
NOAA XS flux measurements, again with two using VLF phase perturbations, and two using
VLF amplitude variations. In all cases the SZA and F10.7 cm flux parameters were common
to all combinations. Table 3 summarises the results of the mean square analysis, where
smaller values indicate the most accurate fits and a mean square error of 0 indicates perfect
fit.

Three conclusions can be drawn from Table 3:

e Regressions using VLF phase measurements result in 4-10 times lower mean square
errors for the fits than when using VLF amplitude.

e Regressions between VLF parameters and XL flux result in 1.5-3 times lower mean
square errors for the fits compared with those undertaken with XS.

e The use of initial X-ray flux measurements taken prior to the flare start time result in
1.5-2 times lower mean square errors for the fits for VLF phase compared to those
with no initial flux. Only a factor of 1.1-1.2 times lower mean square error
improvement is seen for VLF amplitude with the inclusion of an initial X-ray flux
value.

4.2 Best fit regression equations

The regression with the lowest mean square error was provided using VLF phase
observations in combination with 5-min pre-flare X-ray flux starting value when used to
determine the time varying XL flux - this value is highlighted in bold in the top-right hand
section of Table 3. In this section we provide a formulation for this combination of
parameters as found by linear regression, and show the individual fits to each solar flare
example given in Table 1. For completeness we also show the equivalent formulation when
using VLF amplitude instead. We note that VLF amplitude measurements are technically
easier to make than VLF phase, even though the corresponding formulation is considerably
less accurate. The mean square error value for VLF amplitude with 5-min pre-flare flux is
highlighted in italics in Table 3. We note again that the F10.7 cm flux is expressed in Sl units
not SFU.

I, (XL) nowcast formulation using Phase, and ILs:

2
Log10(l,) = -9.03 + 6.54 x 10°Ag -2.64c0s(SZA) +1.97cos (SZA) -
0.42310g10(F10.7) + 0.698l0g10(IL )

(Eq 1)

I.(XL) nowcast formulation using Amplitude, and ILs:

2
Log10(l) = -6.9 + 0.243AA -1.05c0S(SZA) + 2.22c0s (SZA) -
0.363I0g10(F10.7) + 1.04l0g10(IL.)

(Eq 2)
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Figure 4 shows the correspondence between the NOAA XL flux measurements and the best
fit regression model determined using the observed VLF phase (equation 1) for each of the
10 flares used in the development group analysis. The x-axis is provided as time from start
of flare in minutes, with each flare period offset in order to be sequentially shown. The y-axis
is the logarithm of long wavelength solar flux units in order to account for the large dynamic
range of flux during solar flares. The NOAA XL flux data are shown in black, while the best fit
linearly regressed VLF phase model output is shown by the blue line. The red dashed lines
represent the smallest phase difference that needs to be applied to the model in order to
encompass all peak flux values within the development group — this is particularly noticeable
for flare B, where the peak flux value is just encompassed by the best fit line with fluxes
calculated using a -45° offset to the measured phase change. The phase difference value
determined by the fit at the peak of the flare (x45°) is used later in this study as an error
estimate in determining individual flare XL flux using these nowcasting formulations. The
results shown in the plot indicate that although there are differences in the observed and
calculated XL fluxes at the start of the solar flare, due to small additional terms influencing
the initial flux levels input via ILs, by the time the flux reaches about 10° W m? there is
typically close agreement between the two.

Figure 5 shows the correspondence between the NOAA XL flux measurements and the best
fit regression model determined using the observed VLF amplitude (equation 2) for each of
the 10 development group flares used in the analysis. The format is otherwise the same as
in Figure 4. The amplitude difference value determined by the fits at the peak of the flares is
3.5 dB. The results shown in the plot indicate that there are larger differences in the
observed and calculated XL flux at the start of the solar flare than was the case for the
phase analysis we showed in Figure 4. We also note here that although some flare flux
variations are fairly well-fit by the amplitude formula (e.g., flare C), flares with more complex
temporal behaviour are much less well modelled than by the equivalent VLF phase
formulation shown in Figure 4 (i.e., flare G). We note that in this study it is possible that the
X-class flares did not occur in isolation from lower level (<X class) flaring activity, and thus
some of the complex behaviour seen in the examples presented in Figure 4 and 5 could be
due to additional flare activity.

4.3 Normalised regression equation

Each parameter of the best performing regression equation, i.e., equation 1, was normalised
(long solar X-ray flux, VLF phase, SZA, and F10.7 value), which is to say that the values of
that parameter were transformed to become zero mean unit variance. Following this
process, linear regression was carried out on the development group again. By normalising
these parameters, it is possible to determine their importance to the overall equation by
examining the size of the corresponding coefficients. This is standard practise when
undertaking linear regression analysis, and in many studies it is common to only provide the
results of the regression analysis using the normalised parameters, to focus upon the
relative importance of each term. In the work presented above we have not followed that
common approach, to provide equations which can be used directly with the data. In the
following equations, the larger the magnitude of the coefficient the more significant it is to the
relationship between solar X-ray flux and VLF propagation change.

I.(XL) normalised formulation using Phase, and ILs:

LoglO(IL) =5.2 +6.64¢ -4.2cos(SZA) + 1.5cosZ(SZA) + 0.7IoglO(IL5)
- 0.1l0g10(F10.7) (Ea 3)
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Equation 3 is arranged in decreasing importance of each parameter to the regression fit. As
expected VLF phase is the most important parameter in the regression, followed by the SZA
terms. The initial solar X-ray flux level (from 5 min beforehand) is about a factor of 10 less
influential than the VLF phase, with the F10.7 cm flux from the day beforehand providing the
least important contribution. This ranking is potentially explained by the fact that the least
important factors are constant (see Table 2) throughout the flare event, while the most
important factors vary during the flare event.

5. Determination of flare size during nowcasting

In this section we apply the nowcasting formulations involving VLF phase and amplitude
data without prior knowledge of the NOAA solar flare start and end times. This mimics real
time application of the VLF nowcasting technique. For our study case, the start time of the
solar flare was determined to be the time when the phase or amplitude had been
monotonically increasing for four minutes, and was at least 1.4 times its initial value. These
conditions are the same as the NOAA definition for solar flare start time using solar X-ray
flux [Veronig et al., 2002]. The end time was taken to be the time when the phase or
amplitude returned to its initial value. Knowledge of the solar X-ray flux levels from 5
minutes prior to the identified start time was assumed. We note here that the idea of using
the NOAA identification algorithm for VLF phase and amplitude data is simplistic, and takes
no account of the potentially complex responses shown by VLF signals during flares [Wenzel
et al., 2016]. However, a common, well known approach to flare identification is appropriate
in this inter-comparison study. Development of more responsive flare identification
algorithms for VLF phase and VLF amplitude data separately will be the focus of future work.

Figure 6 shows the observed XL flux (red line) and the calculated equivalent flux using VLF
phase measurements (blue line) for each of the development group solar flare events.
Calculated fluxes are only plotted from the determined start of the flare event to the point
where the flux perturbation returns to zero. The panels show that the initial flux values are
close, and peak levels also agree reasonably well. In contrast, there is more error in the flux
during the recovery phase of the flare, typically from one hour after the flare onset. In this
figure X-ray flux is calculated from the time at which the subionospheric VLF phase data
indicates that the flare has begun, rather than using the start time provided from the X-ray
observations. The phase-based start times are on average only 92 s later than the X-ray-
based start times. We have also plotted the observed X-ray flux prior to this phase-defined
start time and, in some of the events, we see a clear onset of increasing flare fluxes before
the phase determined start time. However, we note that at the start time, however it is
defined, we set phase and amplitude to zero and look at the flare-induced change from that
point. We also note that the post-peak disparity between GOES XL flux and XL flux from
VLF phase in Figure 6 (06 Sept 2011 panel) could be due to under-representation of solar
flare processes by the GOES XL flux observations at the time. The development of addition
terms in the regression model, possibly a flare-based EUV contribution, is an area for future
work.

The calculated peak flux from VLF phase for the development group of flares is compared
with the NOAA classification in Table 4, and uses the previously discussed error estimate of
+45° of phase to determine the likely range of flux uncertainty in the flare peak values. The
mean of the observed and calculated peak fluxes, and the uncertainty range, are shown.
The mean observed XL flux was X2.2, while the calculated value was X2.5 with an
uncertainty range from X1.3 to X4.9 (i.e. a factor of ~2 larger or smaller). On average the
calculated peak fluxes from VLF phase shows only a factor of 1.14 difference from the
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NOAA-based flare magnitude. Mean values are also given for the Test group of flares which
are discussed in the next paragraph.

Figure 7 shows the observed XL flux (red line) and the calculated equivalent flux using VLF
phase measurements (blue line) for each of the test group solar flare events. For each flare
the Pearson correlation coefficient, R, is shown. Values ranging from 0.96 to 0.99 show that
the regression equations using VLF phase is well correlated with the XL flux during the
flares. Table 4 also shows the calculated equivalent XL peak flux and uncertainty range for
the test events. Included in the table are mean peak and uncertainty range values for both
the development and test groups (shown in bold). The mean flare magnitude in the two
groups according to their NOAA classification is X2.2, while the test group equivalent peak
flux using VLF phase is X2.0 with an uncertainty range of a factor of 2 larger or smaller than
that. Similar results were obtained with the means of the peak flux and uncertainty ranges in
the development group, indicating that this level of uncertainty is representative of the
regression technigue using VLF phase data.

Figures 8, 9, and Table 5 show the equivalent results when VLF amplitude is used to
estimate the long wavelength X-ray flux, and also the flare start time. Figure 8 is the same
format as Figure 6 and shows the amplitude results for the development group, while Figure
9 shows the results for the test group. Calculated fluxes are only plotted from the determined
start of the flare event to the point where the amplitude perturbation returns to zero. In some
cases this results in little coverage of the actual flare event as the amplitude perturbation is
small and quickly returns to pre-flare levels. The flare event plotted in the panel for 05 May
2015 is a clear example of this effect. The Pearson correlation coefficients for the test group
vary from 0.86 to 0.98 for the regression equations using VLF amplitude. This larger range of
values compared with the phase correlations is likely due to the nature of the amplitude
response to solar X-ray forcing.

Table 5 is again split into development and test sections but this time for amplitude results.
Compared with the phase results, there are larger ranges of uncertainty in the calculated
solar flare flux magnitude in table 5, and this effect is also observable in Figures 8 and 9. For
some flares there is almost an order of magnitude difference in the peak flux compared with
the NOAA classification, which corresponds to a different magnitude class of solar flare.
Included in Table 5 are mean peak and uncertainty range values for both the development
and test groups (shown in bold). Once again the mean flare magnitude in the two groups
according to their NOAA classification is X2.2, while the independent test group equivalent
peak flux using VLF amplitude is a respectable X1.5. However, the amplitude results have
an uncertainty range of a factor of 6 - 7 larger or smaller than that. Similar results in the
development group suggest that these results are representative of the regression technique
using VLF amplitude data.

Additionally Figure 8 shows that there are events which have a large difference between the
X-ray flux levels prior to the flare peak. The X-ray flux is calculated from the time at which
the amplitude data indicates that the flare has begun. The start times of the flares based on
X-ray flux (Table 1), VLF phase (Table 4) and VLF amplitude (Table 5) indicate that
amplitude-based start times are on average 241 s later than the X-ray-based start times,
while the phase times are only 92 s later than the X-ray times. This substantial delay when
using the amplitude defined start time can potentially result in the 5 minute pre-flare initial
flux value being contaminated by the increased X-ray fluxes associated with the onset of the
flare. Although the comparison here uses the NOAA start time algorithm, it is noted that VLF
amplitude data in particular does not seem well suited to the NOAA approach, and that
refinement of the start time algorithm for VLF data would be beneficial.
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An example of this issue is shown in the top left panel of Figure 10, an event on 5 May 2015
(which we earlier labelled as Flare A). Here the amplitude-based flare start time estimate
was affected by the fact that the amplitude initially decreased at the start of the flare, and
thus the algorithm to determine the flare start time was unable to accurately identify it. The
result is a late identification of the flare start time by 10 min, and a poor reproduction of the
subsequent observed flux variation. The difficulties of determining the flare start times from
VLF observations are discussed more in the next section.

Examination of the individual panels in Figure 10 shows that although some flare X-ray flux
characteristics are well reproduced by VLF amplitude-based perturbations, a substantial
number are not, indicating an increased level of uncertainty when using VLF amplitude
information. There is less uncertainty when using VLF phase information on well illuminated,
long paths, because lowered reflection heights lead to subionospheric phase increases (i.e.,
advances), due to the increased phase velocity in the waveguide.

6. Discussion

When applying the regression formulations in a nowcasting test, a technique to determine
the start time of the solar flare from VLF phase or amplitude observations is required.
Additionally, it is unlikely that the initial X-ray flux level will be known immediately (say within
2 minutes) of the start time of the flare due to operational delays in generating the fluxes.
Thus we included pre-flare X-ray fluxes from 5 minutes earlier in the regression analysis,
and undertook the nowcasting test assuming that satellite X-ray flux measurements would
be available with that level of time lag.

The flare start time algorithm adopted in this study involved looking for monotonically
increasing phase or amplitude levels lasting 4 minutes, and then noting the start time. This is
similar to the technique used to determine the start time of flares from X-ray flux levels by
organisations such as NOAA. In comparison to the NOAA flare start time, the VLF phase
start times were on average 92 s delayed, and the amplitude start times were 241 s delayed.

As noted above, VLF phase changes during solar flares will produce a phase increase [Pant,
1993], while VLF amplitude changes can involve increases, decreases, or both [Zigman et
al., 2007; Kolarski & Grubor, 2014]. Even for very large flares with monotonically increasing
X-ray fluxes, the amplitude need not be monotonically increasing, as seen in Figure 10 here
and in Figure 10 of Thomson and Clilverd [2001]. This makes the detection of the flare start
time more problematic when using VLF amplitude techniques. The time delay seen for VLF
amplitude detection of flares may be influenced more by the variable initial amplitude
behaviour, the cause of which is likely to be the combination of low levels of X-ray flux and
pre-existing ionospheric conditions. When X-ray fluxes are large they completely dominate
the chemistry of the D-region, becoming the dominant source of ionisation. However, when
the solar flare fluxes are initially low, the D-region is influenced by the combination of Lyman-
alpha, galactic cosmic rays, and the X-ray fluxes. In this circumstance the electron number
density profile gradient with altitude can become less sharp than when X-ray fluxes
dominate, resulting in increased attenuation for VLF propagation [Mitra, 1974; Wait & Spies,
1964].

Figure 10 provides examples of the onset time detection during two of the flare events where
the calculated fluxes from VLF phase are significantly better than those from VLF amplitude.
The first example event shown in the left-hand column is from 05 May 2015. The figure
shows XL flux, VLF phase, and VLF amplitude plotted sequentially in the left-hand column
with their respective onset times of the solar flare indicated by dashed vertical lines. In this



465
466
467
468
469
470
471
472
473
474
475

476
477
478
479
480
481
482
483
484

485
486
487
488
489
490
491
492
493
494
495

496
497
498
499
500
501

502
503
504
505
506
507
508
509
510
511
512

well-defined solar flare event it can be seen the flare onset time is very similar when using
both XL flux and VLF phase, while the VLF amplitude onset time is significantly delayed
because of the initial reduction in amplitude followed by the subsequent amplitude increase.
We note here that a different trigger algorithm, sensitive to negative as well as positive
amplitude perturbations, would have still failed in this case as the amplitude swings rapidly
from a positive gradient, to negative, and back to positive, over a period of only a few
minutes, thus failing the monotonically changing requirement in the NOAA algorithm. The
result of the delayed onset time determination using amplitude is that the magnitude of the
amplitude perturbation throughout the flare is less than would have been the case if the start
time had been closer to the XL or phase determined times, and thus the calculated flux using
amplitude is lower than the actual XL fluxes (i.e., top left panel of figure 8).

In the right hand column of Figure 10 the XL flux, VLF phase, and VLF amplitude from 25
October 2014 are shown along with their respective determined onset times. In this flare
event case there was a very gradual increase of X-ray flux at the start of the flare, and the
corresponding onset times determined using both phase and amplitude data are significantly
delayed (by ~5 and 10 minutes, respectively) relative to the XL flux time, as a result of the
required factor of 1.4 increase in 4 minutes used as part of the detection algorithm [Veronig
et al., 2002]. Tables 4 and 5 show that both phase and amplitude-based X-ray flux
calculations underestimate the actual XL peak flux as a result of these delayed flare start
times, although the phase-based estimate was closest (M9.3 c.f. X1.0 from GOES).

As noted above, there is typically a larger time delay between the amplitude-determined
solar flare time and that using phase or X-rays. The typical offset for amplitude observations
compared to the X-ray start times can be as long as the ~4 minute delay caused by data
handling and the processing of the X-ray data to produce a solar flare start time. As such,
the amplitude data approach is not just much less accurate than the phase data approach, it
also offers little improvement for nowcasting, when compared with existing satellite data
approaches. It may be that further effort and analysis might improve the time delay for the
amplitude data approach. However, this would not improve the poor estimate of X-ray flux
magnitude. In addition, it is likely that any further effort around improving the time delay in
the amplitude response might also produce similar gains around the phase or X-ray data-
based approaches.

While it is likely possible to identify an algorithm that works better for flare start time than the
simple monotonically increasing test that we applied in this analysis, it is clear that VLF
phase measurements are easier to use than VLF amplitude ones. Further, when the time of
the solar flare is known accurately (as in section 4), our results show that the use of VLF
phase to calculate X-ray flux levels is more reliable, and has less uncertainty in its peak flux
error ranges, than for VLF amplitude.

The regression equations found in this study used NPM Hawaii broadcast VLF phase and
amplitude data during 10 X-class flare events recorded over a 5 year period taken from a
long-running instrument at Scott Base, Antarctica. Successfully applying this technique to
other transmitters and receiving sites will depend on how long the subionospheric VLF
monitoring equipment has been running, and whether X-class flares have occurred during
the operational time. One technique may be to use smaller, more abundant flares, although
there is no guarantee that the VLF response will be the same for smaller X-ray fluxes, and
that would need to be determined. This would be a worthwhile future study. Another
possibility would be to use the US Navy waveguide code, LWPC, and the ionospheric
parameters H’ and g [Wait & Spies, 1964], as determined by Thomson et al. [2005] for a
wide range of flare sizes, to calculate (instead of measuring) the corresponding phase and
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amplitude changes on any proposed subionospheric path. A further approach to consider
would be to express different paths and different transmitter frequencies in terms of the
number of wavelengths along the propagation path, and adjust the regression coefficients
proportionally, and then examine the quality of the linear regression analysis produced
nowcasting fits. This idea was discussed briefly in Lotz and Clilverd [2019], who identified
that the relationship between peak solar flare-induced phase change versus peak X-ray flux
[Thomson et al., 2005] showed the same proportionality when adjusted for the path length -
expressed in wavelengths.

Measurements of VLF transmitter phase requires high receiver phase stability, and signal
demodulation techniques, that are more complex to undertake than straight forward
amplitude measurements. However, networks of VLF receivers already exist in consortia
such as AARDDVARK, SAVNET, and GIFDS [Clilverd et al., 2009; Raulin et al., 2010;
Wenzel et al., 2016] which include high quality phase capability, and good internet
connections required for such a nowcasting product. Ground-based VLF transmitter
observations have the potential advantage of a smaller data processing latency than is
experienced by satellite observations, and the X-ray product can be useful in acting as a
backup measure for satellite measurement systems. Further improvements could be made
by increasing the number of north-south orientated paths, and their longitudinal coverage, in
order to develop a global 24/7 operational product that always undertakes observations on
the dayside of the Earth.

7. Summary

Using linear regression analysis we have investigated the most reliable technique for
determining solar flare X-ray flux from distant VLF narrow-band subionospheric transmitter
signals. The analysis was undertaken on a group of 10 flares that were all X1 or larger,
recorded on an 11 Mm path from Hawaii to Scott Base, Antarctica, over a 5 year period
around the maximum of solar cycle 24. An additional 3 flares were used as an independent
group to test the results of the regression analysis. We have shown that

¢ When the start time of the solar flare is known accurately, the lowest mean square
error regression equation involves VLF phase, F10.7 cm flux from the day before the
flare, SZA at the mid-point of the propagation path, and the X-ray flux level from 5
minutes prior to the flare start time.

e The linear regression analysis equations produced using these parameters can lead
to estimates of the peak X-ray flux that are within a factor of 1.14.

o VLF phase parameters result in 1.5-3 times lower mean square errors at describing
the long wavelength X-ray fluxes during a solar flare, rather than the equivalent short
wavelength fluxes.

o The use of VLF amplitude observations to determine long or short wavelength X-ray
flux levels result in 4-10 times higher mean square errors than when using VLF
phase.

e Normalised linear regression analysis identified that VLF phase is the most important
parameter in the regression, followed by SZA, then the initial solar X-ray flux level
(from 5 min beforehand), with F10.7 cm flux from the day beforehand providing the
least important contribution.
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e Nowecasting of solar X-ray flux using VLF signals requires careful analysis techniques
in order to determine reliable flare start times, thereby maximising the potential of the
VLF method.

This study has shown that the use of VLF transmitter phase perturbation observations
appears to be a promising approach for delivering a nowcasting product that identifies levels
of X-ray flux during solar flares.
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Tables

Table 1. The flares included for analysis in this study, showing the development and test
groups separately, with their date, start and end time, flare magnitude, and the SZA at the

start and end of the event.

Event Date Start time End time NOAA Initial SZA Final SZA
(UT) (UT) Magnitude © ©

Development

Group

A 05-May- 22:06:15 22:15:18 | X2.7 47 46
2015

B 24-Oct- 21:05:55 22:13:24 | X3.1 29 18
2014

C 20-Dec- 00:14:07 00:54:46 | X1.8 18 27
2014

D 13-May- 01:53:52 02:31:44 | X1.7 65 71
2013

E 15-May- 01:20:49 01:58:23 | X1.2 60 65
2013

F 28-Oct- 01:39:22 02:12:42 | X1.0 45 51
2013

G 07-Mar- 00:02:01 00:40:22 | X5.4 27 32
2012

H 06-Jul-2012 | 23:02:36 23:14:02 | X1.1 51 52

I 15-Feb- 01:45:29 02:05:46 | X2.2 39 43
2011

J 06-Sep- 22:13:37 22:23:31 | X2.1 37 36
2011

Test Group

1 25-Oct- 16:49:29 18:19:09 | X1.0 82 63
2014

2 14-May- 00:59:10 01:20:01 | X3.2 56 59
2013

3 29-Oct- 21:43:59 22:00:43 | X2.3 20 18
2013

Table 2 A summary of the linear regression variables, indicating the symbol, and the units

used.

Quantity Symbol Units Comment

Long wavelength X-ray flux IL W m™

(XL)

Short wavelength X-ray flux IS W m? varies during flare
(XS)

VLF phase perturbation Ad Degrees (°) varies during flare
VLF Amplitude perturbation AA dB varies during flare
Solar zenith angle SZA Rad varies during flare
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697

cos(SZA)

cos’(SzZA)
Previous Daily F10.7 cm flux F10.7 W m?Hz' [Note this constant
parameter is notin
SFU]
Pre-flare long wavelength X- ILs W m? constant
ray flux
Pre-flare short wavelength X- | IS5 W m? constant

ray flux




698 Table 3: Mean Square Analysis of the linear regression of VLF parameters against NOAA X-
699 ray flux measurements. The most accurate fit overall is highlighted in bold text, while the
700  best fit for VLF amplitude is given in italics.

VLF parameter X-ray wavelength No Initial Flux 5-min pre-flare flux
classification

PHASE XL 0.035 0.014
PHASE XS 0.073 0.043
AMPLITUDE XL 0.165 0.120
AMPLITUDE XS 0.235 0.153

701
702  Table 4: The calculated peak flux from VLF phase compared with the NOAA classification.

Event Date VLF Phase | NOAA- VLF Uncertainty
phase change | based flare | phase- Range
starttime | (%) Magnitude | based flare
(UT) Magnitude
Development
Group
A 05-May- | 22:06:59 337 X2.7 X3.9 X2.0 - X7.7
2015

B 24-Oct- 21:01:31 294 X3.1 X4.4 X2.2 — X8.6
2014

C 20-Dec- 00:14:59 290 X1.8 X1.9 M9.6— X3.7
2014

D 13-May- | 01:57:00 254 X1.7 X1.8 M9.0 — X3.5
2013

E 15-May- 01:22:21 218 X1.2 M9.4 M4.8 — X1.9
2013

F 28-Oct- 01:45:01 210 X1.0 M9.5 M4.8 — X1.9
2013

G 07-Mar- 00:04:09 319 X5.4 X6.5 X3.3 -
2012 X12.7

H 06-July- 23:03:32 201 X1.1 X1.1 M5.4 - X2.1
2012

| 15-Feb- 01:47:45 291 X2.2 X2.0 X1.0-X4.0
2011

J 06-Sep- 22:14:44 243 X2.1 X1.4 M7.1 - X2.8
2011

Mean X2.2 X2.5 X1.3-X4.9

Test Group

1 25-Oct- 16:54:51 123 X1.0 X1.4 M7.0— X2.7
2014

2 14-May- 01:00:42 231 X3.2 X1.7 M9.0 — X3.4
2013

3 29-Oct- 21:44:35 307 X2.3 X2.7 X1.4 - X5.3




703

704
705
706
707
708
709
710
711
712
713
714
715

2013

Mean

X2.2

X2.0

X1.0-X3.8




716
717

718
719
720
721
722
723
724
725

Table 5: The calculated peak flux from VLF amplitude compared with the NOAA

classification.

Event Date VLF Amp | Amplitude | NOAA — VLF Amp- | Uncertainty
start time | change based flare | based Range
(Ut (dB) Magnitude | flare
Magnitude
Development
Group
A 05-May- | 22:08:59 | 1.7 X2.7 C8.0 Cl1.1- M5.7
2015
B 24-Oct- 21:11:.01 | 2.3 X3.1 X1.8 M2.5 —
2014 X12.7
C 20-Dec- 00:14:59 |54 X1.8 X2.1 M2.9 —
2014 X14.6
D 13-May- | 01:57:00 | 9.7 X1.7 X3.5 M4.9 —
2013 X24.5
E 15-May- | 01:29:01 | 4.8 X1.2 M4.9 C6.9-X3.4
2013
F 28-Oct- 01:45:.01 |54 X1.0 X1.3 M1.8 — X9.6
2013
G 07-Mar- 00:05:59 | 3.8 X5.4 X2.2 M3.1 -
2012 X15.5
H 06-July- 23:05:02 | 4.0 X1.1 M7.1 M1.0 — X5.1
2012
I 15-Feb- 01:48:00 | 7.0 X2.2 X2.2 M3.1 -
2011 X15.6
J 06-Sep- 22:15:43 | 4.8 X2.1 X1.4 M1.9 — X9.7
2011
Mean X2.2 X1.5 M2.0 —
X10.7
Test Group
1 25-Oct- 16:59:01 | 4.1 X1.0 X2.3 M3.2 —
2014 X16.2
2 14-May- | 01:02:52 | 5.2 X3.2 M9.9 M1.4 — X7.1
2013
3 29-Oct- 21:46:00 | 4.5 X2.3 X1.4 M1.9 — X9.6
2013
Mean X2.2 X1.5 M2.0 —
X10.6
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Figure 1. lllustration of effects of solar flares on the ionosphere, and aviation traffic control
services.
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741  Figure 2: A map of the NPM transmitter to Scott Base receiver great circle subionospheric
742  propagation path.
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Figure 3. Example of a sequence of solar flares on 13 May 2013 (including flare E), showing
variations in long wavelength X-ray flux (XL, solid blue line), short wavelength X-ray flux (XS,
dashed blue line), and VLF phase and amplitude from a distant transmitter (red lines).
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(black line) for all 10 development group solar flare events, labelled A to J. Also shown is the
range of flux output from the regression model that is generated with differences of +45° in

phase (dashed red line).
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759  Figure 6. Nowcast XL flux calculated for all 10 development group solar flare event periods
760  using VLF phase, and calculated start time based on phase variation patterns.
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763  Figure 7. Nowcast XL flux calculated for the 3 test group solar flare event periods using VLF
764  phase, and calculated start time based on phase variation patterns. Pearson correlation
765  coefficients are shown.

766

767



768

769
770

771

Development Group

05-May-2015

107}

107

20-Dec-2014
10—4 L
i 10°¢
e 00:14 00:44 01:14 01:44 02:14
=)
o
= 15-May-2013
o 107+
x
=
E /\
>
© 10°®
5% 01:29 01:59 02:29
-
>< T
07-Mar-2012
10}
10°®

00:05 00:35 01:05 01:35 02:05

15-Feb-2011
10+

10°°
01:48  02:18  02:48

10

106

107+

10

104 L

10

10

10

10-4 L

10

Time (UT)

24-Oct-2014
21:11 21:41 22:11
13-May-2013
01:57 02:27 02:57 03:27
28-Oct-2013
01:45 02:15
06-Jul-2012
23:05 23:35
06-Sep-2011
22:15
= Amplitude Calculated Flux
Observed Flux

Figure 8. Same format as Figure 6 but for VLF amplitude-based formulations, and with
calculated start time based on amplitude variation patterns.



772

773
774

775

776

Test Group

25-Oct-2014

Flare: 1

= Amplitude Calculated Flux
Observed Flux

Pearson R=0.901

0 ‘
16:44 17:14

18:14 18:44

1073 ¢ .
10 £

107

14-May-2013
Flare: 2

Fl'earson R=0.978

XL X-ray Flux [log, ,(Wm)]

10°

1
00:54 01:24

1
01:54

1
02:24

103 ¢ w
10 3

10%F

29-Oct-2013
Flare: 3

Pearson R=0.858

10°

21:38 22:08

22:38

Time (UT)

23.08

Figure 9. Same format as Figure 7 but for VLF amplitude-based formulations, and with
calculated start time based on amplitude variation patterns.



777
778
779
780
781

782

=
&
o
=
[
o

25-0ct-2014

! i
. ! 05-May-2015 | . !
o ' Flare: A | o ' Flare: 1
E ! E '
= . H X
= 10* ' = 10 .
o ' o |
= ! = X
3 : 3 :
b : v 1
7 w08 - g0
= . 52 |
- L} - 1
s 1 s [
1 1
! i
108 ———~ 108 !
22:05 22:10 22:15 22:20 16:45 16:50 16:55 17:00 17:05
350 . 120 ™ T ]
c.) ! d.) '
: i 26-0ct-2014
300 ' 100 )
1 1
T 250 ' 7 X
8 I g |
(=] 1 ]
g : :
@
% 150 . @ .
i
£ 100 ' T |
= ' = '
!
L 50 ' L v
i |
0 ! 05-May-2015 .
1 ]
50 ' €0 - .
22:05 22410 22:15 22:20 16:45 16:50 16:55 17:00 17:05
5 =32
a7 €) | | f.) 25.0ct-2014 '
. '
@'33 ! g '
= =.40 \
-39 B |
E E "
= 2 !
£ -40 £ '
< < '
g 41 g 48 !
= Z '
1
42 05-May-2015 i
1
1
43 ! -50 ;
22:05 22:10 22:15 22:20 16:45 16:50 16:55 17:00 17:05
Time (UT) Time (UT)
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Figure 10.
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