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Plain Language Summary

In this work previous analysis of solar flare impacts on the propagation of radiowaves
beneath the Earth's ionosphere is extended. These space weather effects can cause
disruptions to aviation navigation and communications systems, affecting flight routing and
causing passenger delays. Perturbations of signals coming from man-made communication
transmitters in the very low frequency range are used to measure solar flare X-ray flux levels
over a wider range of event sizes than done previously. We have shown that the accuracy of
the determined flare size is dependent on the distance between the transmitter and the
measuring receiver, with longer paths being better. Using only ground-based measurements
to estimate the flare size is a reasonable proxy for satellite X-ray data, suggesting a
technique for an independent solar flare monitoring capability.

Main point #1: Ground-based subionospheric VLF phase measurements of M- and X-class
flare impacts are analysed on N-S and W-E propagation paths

Main point #2: Good agreement is found between the peak XL flux derived using VLF
phase for M- and X- class flares and those measured by GOES

Main point #3: Regression analysis on the two paths shows the flux uncertainties increase
in inverse proportion to the transmitter to receiver path length

Abstract

Solar flares increase the electron number concentration in the day-time ionosphere,
potentially affecting radiowave propagation over several frequency ranges. In this study, we
use ionospheric observations to determine both peak magnitudes and time variations of
solar flare X-rays without using the direct measurement from the flare.. Ground-based
observations of VLF transmitter phase perturbations are compared against measured X-ray
flux levels during solar flares. Flare fluxes derived here from VLF phases on a west-east
subionospheric path are compared with those from a previously analyzed north-south path.
Using a wider selection of solar flares, including M-class flares for the first time, the best fit
equations and root mean square (RMS) errors are computed with improved standard
deviation (SD) uncertainty estimates for the peak fluxes. Good agreement is found between
peak long X-ray wavelength fluxes (XL, 0.1-0.8 nm) derived for M- and X- class flares and
those measured by the GOES satellites. Linear regression analysis on the two paths shows
the uncertainties increase in inverse proportion to the path length. Investigations were made
with a limited set of ‘operational’ parameters that could be used to derive XL fluxes. No



43
44
45
46

47
48

49
50
51
52
53
54
55
56
57
58
59
60
61

62
63
64
65
66
67
68
69
70
71
72

73
74
75
76
77
78
79
80
81
82
83

84
85
86
87
88
89

increases in RMS or SD uncertainty levels were introduced by the removal of satellite-based
regression parameters such as the XL flux level measured prior to the flare onset. As such,
these techniques support the idea of nowcasting M- and X-class flares from entirely ground-
based measurements.

1. Introduction

The D-region is the lowest layer of the ionosphere, extending from about 60 km to 95 km
altitude during day time solar illumination conditions. The region has complex chemical
reactions and multiple sources of ionisation [e.g., Hargreaves, pg 229, 1992]. Solar Lyman
alpha radiation (121.6 nm) is the dominant ionisation mechanism responsible for the
generation of the day-time D-region. However, other sources such as X-rays, EUV, UV, and
galactic cosmic rays are significant at various altitudes throughout the D-region depending
on their energy [Rodger et al., 2007; Thomson et al., 2021 and references therein]. Solar
flares increase the electron concentration in the day-time D-region due to a significant
increase in X-ray flux ionising N, and O, [Mitra, pgl70, 1974]. The ionisation due to both
Lyman-alpha and X-rays is dependent on the Solar Zenith Angle (SZA), with ionisation rates
decreasing with larger SZA. Changes in the D-region can affect radiowave propagation over
several frequency bands of interest to this study, including Very Low Frequency (VLF, 3-30
kHz), High Frequency (HF, 3-30MHz), and Very High Frequency (VHF, 30-300MHz).

Airlines use a combination of line-of-sight VHF and HF radiowaves to communicate between
aircraft and control towers [Cannon et al., 2013]. Long-distance, i.e., trans-oceanic flights
rely on HF communications to provide continuous information exchange throughout the
flights. During a large solar flare HF transmissions can be significantly degraded for several
hours by fading and/or noise, sometimes to the point of a blackout [Redmon et al., 2018].
Disturbances can also extend to VHF communications [ICAO, section 2.4.2, 2018]. As a
result of degraded radiowave propagation during large solar flares, flights may need to be
rerouted and/or rescheduled depending on the severity of the impact on communication and
navigation systems. For this reason, the International Civil Aviation Organization has
identified up-to-date information on space weather as a new operational requirement [ICAO,
section 1.4.3, 2018].

There is a growing list of case studies demonstrating solar flare impacts on aviation and
maritime navigation [e.g., Knipp et al. 2016; Berdermann et al., 2018; Redmon et al., 2018;
Marqué et al., 2018; Sato et al., 2019]. An updated Safety Information Bulletin regarding the
effects of space weather on aviation lists radio blackouts, fading, and diminished reception
on HF and VHF communications as a consequence of solar flares [EASA, 2021]. The
bulletin recommends that solar weather forecasts and nowcasts be used for inflight
situational awareness, and flight management. As of late November 2019, operational
global space weather forecasts are being provided for civil aviation [Knipp and Hapgood,
2019]. As a result of these activities there is renewed interest in the impact of solar flares on
ground-based VLF transmitter signals and the determination of solar X-ray flux levels from
the observed perturbations [e.g. George et al., 2019].

Previous work has shown that VLF radiowaves can be used to investigate the D-region
impacts of solar flares [e.g., Mitra, 1974; McRae and Thomson, 2004; Thomson et al., 2004;
Thomson et al., 2005; Zigman et al., 2007; Kolarski and Grubor, 2014; Wenzel et al., 2016].
Recently, George et al. [2019] investigated the comparative usefulness of VLF amplitude
and phase measurements as an accurate measure of solar flare X-ray flux. Narrow-band
radiowaves received from the transmitter with call sign NPM in Hawaii by a VLF receiver
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located at Scott Base, Antarctica were analysed. A small number of X-class flares were
considered. To determine a relationship between X-ray flux and VLF perturbation levels,
linear regression was performed between the short and long (XS, 0.05-0.4 nm, and XL, 0.1-
0.8 nm, respectively) X-ray wavelengths, VLF perturbation level, and SZA. The best result
was achieved using phase perturbation data to determine X-ray flux levels in the XL range.
Figure 1 shows a schematic that illustrates the systems impacted by solar flare effects in the
ionospheric D-region, namely VLF subionospheric signal propagation, along with aviation
radar systems and air-traffic control (ATC) communication systems..

This study builds on the results of George et al. [2019] in order to identify a technique that is
applicable to a wider range of VLF propagation paths. Using VLF phase measurements flare
X-ray peak flux estimates on a west-east (W-E) orientated path are compared with the
previously analysed north-south (N-S) orientated path. Using a wider selection of solar
flares, which includes M-class flares for the first time, the George et al. analysis for the same
N-S path, NPM to Scott Base is extended. The best fit equations and root mean square
(RMS) errors are computed with improved standard deviation (SD) uncertainty estimates of
the peak fluxes. Analysis is then applied to flare-induced phase perturbations on a long W-E
path across the North Atlantic, and a comparison of the suitability of such paths for X-ray flux
determination is made. Finally, a technique that uses the VLF phase data to identify the flare
start time is evaluated thus providing an independent verification of the solar flare X-ray flux
(and flare class) without the use of any satellite X-ray flux parameters. This work extends
the framework put forward by George et al. [2019] to provide fully-ground based
measurments of the X-ray flux levels associated with large solar flares.

2. Experimental details
2.1 VLF datasets used

Two separate VLF paths are considered, both of which are part of the Antarctic-Arctic
Radiation-belt (Dynamic) Deposition - VLF Atmospheric Research Konsortium
(AARDDVARK) [Clilverd et al, 2009]. The largely N-S orientated path from the NPM
transmitter operating at 21.4 kHz in Hawaii, received at Scott Base, Antarctica is described
in George et al. [2019]. The path length is 11,246 km. VLF amplitude and phase
observations averaged to five seconds time resolution from January 2009 until June 2018
are analysed for solar flare-induced perturbations, although large flare perturbations
primarily occurred during 2011-2015. In the current study we extend our analysis to a West-
East orientated path across the North Atlantic. These are similar VLF amplitude and phase
observations from 2010 until 2019, also averaged to 5 s time resolution. M- and X-class
flares analysed on this path were limited to 2011-2015, with one additional M-class flare in
2017. The path runs from the mid-latitude NAA transmitter operating at 24.0 kHz in Cutler,
Maine, USA to Sodankyla Geophysical Observatory (SGO) in Lapland, Finland, over a
distance of 5667 km. A description of the NAA-SGO data collection details can be found in
Clilverd et al. [2010] and Neal et al. [2015]. Both VLF receivers are UltraMSK software
defined radio systems connected to magnetic field sensing loops. Figure 2 shows a map of
both paths.

Apart from the different orientations of the two paths there are some similarities, namely that
both are predominately all-sea paths, and the transmitter frequencies are separated by only
2.6 kHz (~12%). These similarities suggest that the modal make-up of the radiowaves along
the path from transmitter towards the receiver should be similar, and the phase perturbation
response to solar flare X-ray flux enhancements should be comparable [Thomson et al.,
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2005]. Lotz and Clilverd [2019] related solar-flare peak flux values to phase perturbation
levels on two different paths by expressing the relative path lengths in terms of a wavelength
ratio. The idea was also considered in George et al. [2019]. In the current study, the
wavelength ratio of the NPM-Scott Base path relative to the NAA-SGO path is 1.8, whilst the
ratio of the path lengths in km is 2.0. For this study we contrast the results relating to the two
different paths in terms of geographical path length alone because of the similarity of the
frequencies transmitted.

2.2 Solar zenith angle selection of flares

The flare-induced phase perturbation effects on paths of different lengths, and with different
local time ranges along the paths, can be best compared when the whole path is illuminated
during each solar flare. In order to determine if the VLF path was illuminated when a solar
flare occurred the SZA was calculated using the Solar Geometry 2 (SG2) algorithm [Blanc
and Wald, 2012]. The altitude was set to the altitude of the lower D-region daytime reflection
height, i.e., 65 km, and generated without atmospheric corrections.

Flares impacting either of our two propagation paths were identified as having a fully
illuminated VLF path if the SZA at the transmitter, the midpoint, and the receiver were all
less than 80°. This limit was adopted in order to avoid periods of rapidly changing phase
which occur near sunrise/sunset transitions [McRae & Thomson, 2000; Clilverd et al., 2017,
2020]. This criterion was applied throughout the duration of the flare. Flares with either
missing X-ray data or VLF phase data were not included in the analysis. These selection
criteria resulted in 98 M-class flares, and 6 X-class flares on the N-S NPM to Scott Base
path that could be included in the analysis. A total of 3 X-class flares and 38 M-class flares
met these criteria for flares occurring in the W-E orientated NAA to SGO path. Note that
these numbers are considerably smaller than for the N-S path, despite a slightly longer
dataset being considered for the W-E path. This is due to the nature of the long W-E path,
where it is much rarer for all three of the transmitter, mid-point, and receiver, to all meet our
fully illuminated condition. Note that while the condition for including a flare requires the SZA
restriction to be met at the three locations, the SZA used in the following regression analysis
was taken from only the mid-point of the path (following George et al. [2019]). A full listing of
the solar X-ray flares analysed in the study, including flare onset times, NOAA flare
classification, and SZA information, is provided as supplementary information for the NPM-
Scott Base VLF data set (Table S1) and the NAA-Sodankyla VLF dataset (Table S2).

2.3 Solar Flare start and end times

NOAA currently uses an algorithm to determine the start time of solar flares
[https://www.ngdc.noaa.gov/stp/solar/solarflares.html] which are given with 1 minute time
resolution. The algorithm requires the X-ray flux to exceed B1.0 flare magnitude, increase
continuously for 4 minutes and be greater than 1.4 times the initial value after 4 minutes
[Veronig et al., 2002]. Following the method adopted in George et al. [2019] the high time
resolution (~2 second) data of the GOES X-ray dataset was re-analysed. This was used to
provide more precise flare start times to better compare with the 5 s resolution VLF data,
while still following the same detection algorithm as NOAA. However, to provide some
resilience against temporarily decreasing flux measured at the higher time resolution, times
were re-assessed if the X-ray flux decreased after the initial start time. For slowly rising flare
events the decreasing flux test can result in re-assessed start times that are substantially
delayed relative to the original start times. On average the higher time resolution NOAA start
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times were identified to be about 130 s later than the 1 minute time resolution start times. In
this study the more precise time is referred to as the ‘NOAA start time’.

It is also possible to identify the start time of a solar flare using the VLF phase data itself,
independent of the satellite observations. A similar NOAA-based algorithm was applied with
a few specific modifications made in order for it to work with the VLF phase measurements.
This sort of approach was attempted by George et al. [2019] but that work strictly adopted
the 1.4 times criteria in the same way as the NOAA-based algorithm. However, in this study
a threshold approach is applied that is expected to provide a more reliable start time
estimate - particularly for weaker M-class flares. For the NPM-Scott Base flares, a threshold
of 8° phase increase was adopted. For the NAA-SGO path, the threshold was 4° due to the
path being roughly half the length of the NPM-Scott Base path.

For both VLF paths, there were flares that had start times much later than the NOAA based
start times, mostly due to the absence of clear triggering perturbations in the phase data
around the time of the start of the flare as identified by the NOAA algorithm. This is probably
due to solar flux enhancements being initiated from very low starting levels of X-ray flux,
which did not initially affect VLF propagation enough to cause a detectable phase
perturbation on the paths studied. On average, phase-based flare start times were delayed
by 56 s on the NPM-Scott Base path, and 177 s on the NAA-SGO path, relative to the high
time resolution NOAA start time. However, individual flare events showed substantial
deviations from the average delay value.

The end time of each flare was determined using the same format as the current NOAA
definition, i.e., when the X-ray flux (or phase perturbation) has decreased by a factor of 2
from the peak level.

2.4 Linear regression analysis

Linear regression analysis is used to determine the best fit of parameters that can be used to
describe the time variation of X-ray flux during a solar flare. The parameters analysed here
are the same as those identified by George et al. [2019] based on previous work undertaken
by Thomson et al. [2005] and Cresswell-Moorcock et al. [2015]. The linear regression
between the log of the X-ray XL flux (I.) and the VLF phase perturbation parameter (A®),
includes several other parameters. These are solar zenith angle at the mid-point of the VLF
path, the log of the previous day’s F10.7 cm flux, and the log of the initial GOES XL X-ray
flux level 5 minutes prior to the identified flare start time (denoted here by ILs). We note here
that the F10.7 flux values are expressed in Sl units (SFU x 10%).The phase perturbation is
measured in degrees of phase change from a zero degree starting point set at the flare start
time. A full description of these parameters is given in George et al. [2019]. Section 3 of that
paper discussed the use of a 5 minute delay between ILs and the flare start time. They
found only small changes in regression results when varying the delay range over 2-10
minutes, noting that 5 minutes represented a reasonable delay time in which to obtain X-ray
flux from the GOES satellites. Equation (1) in section 3.1 shows how the parameters are
combined. Note that for the fully ground-based approach described in section 4, the X-ray
flux level 5 minutes prior to the flare start time, ILs, is not used. The general form of the linear
regression equation between the log of the X-ray XL flux (I.) and the VLF phase
perturbation parameter (A¢@) is shown below:

2
LoglO(IL) =AA¢@ +Blogl0(F10.7) +Ccos(SZA) +Dcos (SZA)
+EIoglo(IL5) +constant
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2.5 Calculating Uncertainties

Uncertainties between the NOAA XL X-ray flux and the phase-inferred XL X-ray flux were
calculated in two different ways. The uncertainty in describing the time variation of the
overall flare flux was calculated using data from the start to the end of the flare as
determined using the NOAA start and end times. The uncertainty in the phase-inferred
magnitude of the XL X-ray flux levels at the peak of each flare was also determined.

In order to provide a direct comparison between the error analysis undertaken by George et
al. [2019], a mean square error (MSE) was calculated for each flare from start to finish, using
the regression equations described there. The difference between the log;, of the predicted
X-ray flux and the log,o of the observed X-ray flux was found. A mean square error of 0
indicates a perfect fit between the observed and inferred fluxes. The MSE is expressed in
units of flux squared. However, a more useful measure of error in terms of being described
in X-ray flux units is the root mean square error (RMS), i.e., simply the square root of the
MSE. Smaller RMS values indicate a better quality of the fit. In this work RMS uncertainty
values are reported for the regression analysis equations developed, and express the
George et al. [2019] MSE value in RMS terms in order to provide a comparison of the earlier
work with the results presented here.

The uncertainty of the peak magnitude of the phase-inferred flare flux levels was determined
using the standard deviation (SD, log:o(Wm™)) of the difference in the log,, of the peak X-ray
flux calculated using the regression coefficients, and the log;, of the NOAA/GOES-observed
peak X-ray flux. This technique of determining the uncertainty of the phase-inferred peak flux
through standard deviation is an improvement on the relatively simplistic maximum-
difference error estimate made in George et al. [2019].

3 Results

3.1 NPM-Scott Base [using revised NOAA flare start times]

An example of the VLF data analysed for solar flare-driven perturbations is shown in Figure
3. The plot shows the phase and amplitude variations from NPM — Scott Base in three
different panels. The upper panel compares the time variations of the XL X-ray flux (blue
line) on 22-23 December 2015 with the NPM phase (orange line). A large enhancement of
X-ray flux can be seen during the 24-hour period of the plot, when an M-class flare (flux >10
> Wm™) peaks at 0040 UT, 23 Dec 2015. During the flare event the VLF phase shows a clear
increase from pre-flare levels, rapidly rising to a peak, with values then gradually subsiding
over the subsequent hours. The time of the start of the flare is indicated by a vertical black
line (in all three panels), determined by the NOAA algorithm applied to 5 s resolution X-ray
data as discussed in subsection 2.3. The middle panel shows ~40 minutes of NPM phase
data (red line) and XL flux (blue line) focussed around the time of the M-class flare. The
lower panel shows the same period but with NPM amplitude plotted instead of phase. The
larger short-term variability of the amplitude signal compared to the phase signal is probably
due to high-latitude, small-scale, ionospheric D-region features [e.g., Thomson et al., 2021].
In this example event both phase and amplitude variations follow the XL flux variations
during the flare event, although George et al. [2019] showed that statistically the use of
amplitude measurements is less accurate than using phase as the relationships are not very
consistent from event to event, leading to high uncertainties.

Previous empirical analysis of flare-driven perturbations on the NPM — Scott Base path has
been limited to X-class flares [George et al., 2019]. These represent the most extreme flare
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flux levels, and consequently induce large, relatively easy to measure phase perturbations.
In this analysis the comparison is expanded by also including weaker M-class flares. This
development has the advantage of increasing the number of flare events to study, but many
of the added events exhibit considerably smaller phase perturbation levels (as expected
[Thomson et al., 2005]), leading to potential decreases in the accuracy of the regression fits.

The linear regression coefficient results are shown in Table 1. Coefficients shown in the
table are provided for several flare datasets, each of which will be discussed in detail in the
following sections of this paper and are provided as supplementary information. The
regression analysis parameter coefficients for X and M-class flares on the N-S NPM to Scott
Base path produce the following relationship:

2
Log10(l) = 6.7 x 10°A¢ -0.231l0g10(F10.7) -1.21c0s(SZA) +0.60cos (SZA)
+0.404l0g10(IL,) -7.21

(Eq 1)

Figure 4 summarises the phase-inferred peak XL flux calculated from VLF phase
perturbation levels using equation (1) compared with the NOAA measured peak flux for each
of the flare events identified on the NPM - Scott Base path (blue circle with SD uncertainty
ranges shown as blue error bars). Black vertical dashed lines indicate the lower flux
thresholds for M- and X-class flares. A line of best fit is plotted (yellow line), along with an
x=y line (dashed orange) that would be achieved with an exact match. The line of best fit
and the x=y line agree very well. Also shown is the line of best fit determined by George et
al. [2019] using the 10 X-class flares only, extrapolated into the M-class flare range (red
line). This plot shows two things, firstly that the inclusion of the M-class flares has resulted in
a best fit line that is closer to the x=y line than that generated by X-class flares only in
George et al., and secondly, that it is appropriate to use VLF phase perturbations as a proxy
for solar flare peak X-ray XL flux over a wide range of flux values.

In Table 1 uncertainty values are given in two ways. The first is the RMS uncertainty for the
whole flare period as defined by the NOAA start and end times. The second is the standard
deviation (SD) of the measured and inferred XL flux at the flare peak, which is a useful
measure of the uncertainty in the flare classification [e.g., see George et al., 2019]. The
earlier linear regression analysis of the 10 X-class flares on the N-S NPM to Scott Base path
resulted in a MSE of 0.014 (logio(Wm™))? [George et al., 2019]. This can be expressed as an
RMS value of 0.118 logio(Wm™). Including M-class flares in the linear regression analysis
increases the number of flares sampled from 10 to 104, but also includes smaller phase
perturbations, potentially introducing more uncertainty in the fits. The RMS uncertainty
between the X-ray flux ILand the flux calculated using the regression coefficients IFit is

calculated in the following way:

RMS uncertainty = SQRT[ mean(LoglO(IL)- LoglO(IFit))z]

The uncertainty results for the X-class flare dataset analysed in George et al. [2019] are
compared against the M- and X-class flare values determined in this study via columns (a)
and (b) of Table 1, respectively. Column (b) of Table 1 summarises the regression analysis
coefficient values for the combined X- plus M-class flare dataset on the same NPM to Scott
Base path as analysed in George et al., [2019]. RMS uncertainty in the flare flux increases
by only about 10% compared with the previous X-class only analysis (since, from Table 1,
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10%%%° /10%8 = 1.10). However, Figure 4 shows that the best fit line for X and M-class flares
lies closer to the idealised x=y line than the best fit line from George et al. [2019], suggesting
that the inclusion of M—class flares in the regression analysis helps produce more realistic
regression coefficients. The SD uncertainty of 0.138 logo(XL flux) for the NPM - Scott Base
flares corresponds to a factor of 10%!* = 1.37 implying, for example, that a X1.5 flare would
be within X1.1 to X2.1, which indicates reasonable accuracy. In comparison, the earlier
rather simplistic error range estimate of uncertainty in George et al. [2019] reported a much
larger range of an average flare in that study of M2.0 < X1.5 < X10.7. Table S3 in
supplementary information provides a list of the uncertainty ranges for each flare analysed
on the NPM — Scott Base path, using the linear regression coefficients to calculate the peak
X-ray XL flux levels, and the NOAA flare start times.

The uncertainty values found for the N-S path using M- and X- class flares as shown in
column (b) are taken as the baseline factor for the RMS and SD rows in our further analysis
reported in the following sections. The baseline level being represented by (x1) in bold, i.e.,
a normalised to a factor of 1. In the next section the RMS and SD results for different paths,
and different sets of regression parameters are compared to these baseline values, with the
relative values given in parentheses in each column. Thus the relative values indicate the
factor by which the values have changed compared to the baseline NPM to Scott Base path
using the full set of regression parameters discussed in section 2.4.

3.2 NAA-SGO Jusing revised NOAA flare start times]

In this subsection the differences in undertaking linear regression analysis on solar flares
that impact a long west-east path are investigated. The W-E NAA to SGO path that spans
the North Atlantic from the eastern seaboard of the USA across to Finland is used. In all, 38
M- and 3 X-class flares met the selection criteria requiring whole-path illumination conditions
(see section 2.2). The linear regression analysis results are summarised in column (c) of
Table 1. Comparison with the M- and X- class flare results on the north-south path in column
(b) shows that the regression coefficient for the phase perturbation parameter is larger by a
factor of 11.6/6.7 = 1.7, which is similar to the ratio of the two paths lengths, i.e., 2.0. The ILs
parameter coefficient value is similar to that found for the north-south path, while the other
coefficients are noticeably different in magnitude or sign. The overall flare RMS, and peak
flux SD uncertainties are larger for the W-E path than the N-S path, by factors of ~1.9 and
~2.2 respectively. Note that these ratios are similar to the ratio of the two path lengths. Table
1 includes the ratios of the uncertainty levels in each results box in the form, e.g., (x1.8) to
indicate the value is 1.8 times larger

Figure 5 summarises the phase-inferred peak XL flux, calculated using the coefficients
shown in column (c) of Table 1, compared with the NOAA measured peak flux, for each of
the flare events identified on the W-E NAA to SGO path (blue circle with SD uncertainty
ranges). As before a line of best fit to the data, and an x=y line are plotted. It can be seen
that the line of best fit shows reasonable agreement with the x=y line, although slightly
under-estimating the peak fluxes of the weaker flares, and over-estimating the stronger
flares. The spread of the data points about the best fit line in Figure 5 is larger than that
shown in Figure 4, which is consistent with the larger SD uncertainty value shown, i.e., 0.307
compared with 0.138. In practice this means that using the NAA to SGO phase data a X1.5
flare would be classified within M7.4 < X1.5 < X3.0 compared to the X1.1 < X1.5 < X2.1
range reported for the NPM to Scott Base data. In both Figure 5 and Figure 4 the best fit line
crosses the x=y line at about the same flux level, i.e., at about X1, changing from slightly
under-reporting M-class flares to slightly over-reporting X-class flares. The same behaviour
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is seen for the best fit line from George et al. [2019] shown in Figure 4, which suggests that
such cross-over behaviour may be a feature of the VLF phase measurements and could be
worthy of further study.

4. Operational technique [VLF phase start and end times]

So far in this study advantage has been taken of the availability of satellite-measured X-ray
fluxes to identify the flare start and end times, as well as providing a measure of the XL flux
just prior to the flare. In this section linear regression analysis between phase perturbation
levels and measured XL flux during X- and M-class flare events is repeated, but this time
with flare start and end times determined from VLF phase (see section 2.3), and with no
inclusion of XL flux levels prior to flare start (ILs) in the regression analysis. This effectively
allows an estimate of solar flare XL X-ray flux levels using ground-based observations only
(VLF phase, and F10.7 cm solar radio flux) independent of space based measurements. For
comparison the same flare groups as in section 3 are used. As before, linear regression
analysis is undertaken only on the flares which occur when the whole transmitter — receiver
path is illuminated, with the condition SZA<80° imposed. However, operational identification
of solar flare events using VLF phase would probably require additional checks to
compensate for falsely ascribed perturbations. Improvements in the VLF results could come
from more refined flare start and end time algorithms, although that is not the focus of this
current study. One area of complexity in using VLF observations for flare timing analysis is
due to a time delay by which the flare-induced electron density lags behind the flare flux,
particularly in response to fast changing X-ray flux levels [Zigman et al., 2007]. The influence
of this effect on start and end time determination was discussed in further detail in George et
al. [2019].

Figure 6 shows four examples of the XL flux variations during solar flares. GOES XL fluxes
are shown in orange, while the XL fluxes derived from VLF phase are shown in blue. Two
flare examples from the N-S NPM to Scott Base path (an X-class and an M-class event) are
provided in the left-hand panels. The plot begins at the start time of the flares determined
from the VLF phase perturbation levels, and ends at the NOAA flare end time. The right-
hand panels show X- and M-class flare examples on the W-E NAA to SGO path in the same
format as the left-hand panels. These examples show that the VLF phase data can be used
to reproduce the X-ray flux variations during the flare for both X and M-class flares — on both
paths. At the start times of the flares shown in the figure, the VLF phase XL flux levels are
typically higher than the GOES XL flux levels, and indicate that the VLF paths analysed here
begin to respond to solar flare X-ray fluxes just below 10° Wm?, i.e., just below M1-class
flares. This is a consequence of the equations produced by the regression analysis, where a
0 ° phase perturbation leads to flux levels in the region of 10° Wm™ using the coefficients
given in Table 1 when in operational mode, i.e., columns (d) and (e). In the example given in
Figure 6, the GOES fluxes are initially below this flux level, and only exceed it after some
minutes. Because the pre-flare X-ray flux level is not set by the ILg satellite observations (in
the case of the operational technique) there is potentially a discrepancy between the GOES
and VLF phase-determined X-ray flux levels at the start of the flare. The variation of VLF
phase-based XL flux matches closely to the GOES XL flux throughout the rest of each flare
example.

The results of the linear regression analysis are given in column (d) of Table 1 for the N-S
path, and column (e) for the W-E path. Column (d) shows the values found for the N-S NPM
to Scott Base path without using satellite-provided X-ray fluxes but with ground-based
determined start times. A small change in the scaling factor for A@ occurs relative to the
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NOAA start and end timing analysis which included ILs in that case, i.e., relative to column
(b), but the SZA terms remain essentially unchanged. The most notable difference is in the
increase and change of sign in the coefficient for the solar F10.7 flux, suggesting that this
parameter is compensating for the lack of ILs in describing the state of the D-region
ionosphere prior to the flare event. Despite some changes in the linear regression
coefficients when using flare start and end times based on VLF phase perturbation
measurements, the RMS of the flare XL flux and the SD of the peak XL flux show little
variation (x1.0 and x0.9, respectively) compared with the analysis done using NOAA start
and end times plus ILs satellite observations.

In Table 1, column (e) shows the linear regression results for the W-E NAA to SGO path
using ground-based observations only. Similar adjustments in the coefficients for A
(decrease) and F10.7 flux (increase) are seen in the W-E NAA to SGO path results shown
relative to column (c), the NOAA-based results. As with the N-S path, the flare XL flux RMS
and peak XL flux SD show small improvements compared with the NOAA-based results, but
their relative changes compared with the N-S path values in column (b) remain close to the
ratio of the two path lengths, i.e., x1.8 and x1.7, respectively.

The peak XL flux calculated for each flare event analysed on the fully illuminated N-S path
(upper panel) and the fully illuminated W-E path (lower panel) are shown in Figure 7 in the
same format as Figures 4 and 5. The line of best fit for the flare events on the long N-S path
matches the x=y line closely, indicating the potential for operational flare classification using
ground-based observations alone. For the shorter W-E path, there is a slightly higher SD
than for the longer path, and the line of best fit shows a somewhat increasing divergence at
higher XL flux levels compared to the x=y line.

5. Discussion

The use of VLF phase measurements on a long subionospheric propagation path to infer
solar flare X-ray (XL) flux levels has previously been shown to be more reliable than when
using VLF amplitude measurements [George et al., 2019]. Here the VLF phase data from
two different subionospheric propagation paths are analysed to identify the parameters that
need to be taken into account when extending the technique to a wider range of transmitter
— receiver combinations. However, in deploying a VLF receiver to undertake subionospheric
observations it is often easier for researchers to monitor long West-East or East-West
orientated paths rather than long North-South paths. This is due to the locations of existing
VLF transmitters; for long N-S paths receiver locations become limited to South America,
Africa, Antarctica, and some Southern Hemisphere islands. If one wishes a simpler long path
dominated by sea water, and a high powered highly stable VLF transmitter, the options
become even more limited, strongly favouring Antarctica. Long sea-dominated East-West or
West-East paths open up many locations in the Northern Hemisphere which should be
easier to deploy and operate in than Antarctic locations; hence, one of the reasons for
considering them in the current study.

The two different time series of VLF transmitter phase measurements analysed here have
the advantage of accumulating more than 10 years of data on each path, however only a
small number (<10) of X-class flares occurred during daylight illumination conditions in each
dataset. This provided a limited event sample with which to undertake linear regression
analysis, and would be an obstacle to the use of new transmitter — receiver observational
datasets for X-class flare analysis. However, extending the range of X-ray XL fluxes by a
factor of 10, from just X-class to X- and M-class flares, increases the number of analysable
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flare events by about a factor of 10, but only results in an increase in the linear regression
analysis RMS uncertainty by 10%.

Using different length subionospheric propagation paths to infer XL flux levels has a
potentially larger effect on the RMS uncertainty levels. Two factors contribute to changes in
RMS uncertainty levels, the geographical separation of the receiver from the transmitter, and
the frequency of transmission. Shorter path lengths result in proportionally increased RMS
uncertainty in the inferred XL flux levels. This interpretation is supported by the similarity
between the factor of 1.7 decrease in path length between the NPM to Scott Base path and
NAA to SGO, with the equivalent RMS uncertainty increase of a factor of 1.8-1.9 (see Table
1 values in parentheses). One reason for this increase in uncertainty is likely due to smaller
phase perturbation levels on shorter paths, with a larger influence of any background noise.
A second reason is due to more complex modal makeup on shorter paths as described by
the mode theory of VLF propagation [Wait, 1961]. On long paths during daytime conditions
there is likely to be only one dominant propagation mode (n=1, transverse magnetic). The
response to solar flare-induced changes in the lower ionospheric boundary of the
subionospheric waveguide will be well behaved in the presence of a single propagation
mode. However for shorter paths, more modes will exist, with varying attenuation rate
responses to the changing lower ionospheric boundary conditions during a flare [Wait and
Spies, 1964; Rhoads and Garner, 1967].

Additional potential difficulties in comparing different path responses to solar flares are likely
to occur for E-W or W-E propagation [Crombie, 1958], and for high- versus low-latitude paths
[Thomson et al., 2005, 2018, 2020]. Asymmetric attenuation in the Earth-ionosphere
waveguide is introduced by the Earth's magnetic field because propagation in directions
inclined to the Earth’s horizontal field are non-reciprocal. This results in azimuthally
dependent attenuation. VLF waves exhibit larger attenuation when propagating westward
than when propagating eastward [e.g., Crombie, 1958; Hutchins et al., 2013], potentially
reducing the phase perturbation response to solar flares, thereby increasing the uncertainty
level in derived XL flux. Additional factors such as land conductivity or land/sea conductivity
boundaries [Westerlund et al., 1969; Thomson 1985] can introduce significant mode
conversion, making the propagation response to solar flares more complex and therefore
more uncertain, leading to likely increases in the RMS and SD over the all sea paths studied
here.

This study has shown here that it is possible to estimate XL flux from ground-based
observations alone, effectively providing an operational technique that is independent of
satellite measurements and complementary to them. VLF phase perturbations can be used
to determine the flare occurrence, in combination with the F10.7 cm UV index to compensate
for day-to-day variations in background ionospheric conditions. Analysis shows that the RMS
uncertainties are unchanged or slightly improved compared with the results determined
when including satellite observations. Similar results are found for the flare peak flux
estimates. Typical flare classification SD uncertainties of XL flux, with or without, satellite-
included techniques can be summarised as about +0.14 log;o(Wm) for subionospheric
paths of ~10,000 km and frequency ranges of 20-25 kHz. This uncertainty in the log10(flux)
is equivalent to an uncertainty of a factor of 10°** or about 1.4 in the flux or the flare
magnitude, e.g., an derived M5 flare would have an error range of ~M3.6 to M6.9. SD
uncertainties in the determination of peak flux levels proportionally increase for shorter path
lengths, with about +0.3 log;o(Wm™) for subionospheric paths of ~5,000 km. Note that these
statements apply to subionospheric propagation paths that are primarily all-sea paths, and
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could be substantially different for more complex over-land paths which can exhibit
substantial variations in surface conductivity levels from region to region [Ferguson and
Snyder, 1990].

Although an approximate proportionality of path length change is seen in the linear
regression coefficient for the phase perturbation parameter, the same simple relationship is
not evident in the other coefficients in Table 1, i.e., F10.7, SZA, and ILs_For the satellite-
included regression analysis the coefficients changed by typical factors of 0.3 — 2, and
changed sign, when comparing the long N-S path with the shorter W-E path. However, for
the ground-based regression analysis (i.e., not including the ILs parameter) the coefficients
changed by typical factors of 2 — 4 but without changing sign, when comparing the two
paths. The delicate balance exhibited between the regression analysis parameter
coefficients makes it difficult to predict these coefficient values when converting from a
known path to an unknown one.

6. Conclusions

Using linear regression analysis of solar flare effects on two different subionospheric VLF
phase datasets, both covering more than 10 years of observations, the following is found:

1.) Extending previous analysis on a long N-S path to include M-class flares as well as X-
class flares increases the root mean square (RMS) uncertainty of the derived XL flux over
the duration of the flare by ~10%.

2.) Uncertainty in the derived XL flux at the flare peak on the long N-S path has a standard
deviation (SD) of £0.138 Log;oWm™, allowing reasonable discrimination between the
classification of M and X-class flares.

3.) Good agreement is found between the peak XL flux derived for M- and X- class flares
and those measured by GOES.

4.) The regression analyses on our two paths (NPM-Scott Base, NAA-SGO) show that the
RMS and SD uncertainties increase by a factor of ~2, in inverse proportion to the lengths of
the paths.

5.) Investigations were made of a limited set of ‘operational’ parameters to derive XL fluxes.
No increases in RMS or SD uncertainty levels were introduced by the removal of satellite-
based regression parameters such as ILs the XL flux level measured prior to the flare onset.

The techniques proposed in this study support the idea of independent monitoring M- and X-
class flare X-ray flux levels from entirely ground-based measurements. To provide global
measurements of solar flare flux, observations of VLF phase perturbations on multiple
transmitter-receiver paths will be required. The results determined by this study provide
insight into the likely errors and uncertainties that each path would contribute to such
networks.
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Tables

Table 1. The linear region coefficients, and the uncertainty results for the X-class flare

dataset analysed in George et al. [2019] are compared against the combined X- and M-

class flare values determined in this study for N-S and W-E paths.

Description (@) (b) (c) (d) (e)
George Figure 4 Figure 5 Figure 7 Figure 7
etal., Equation 1 | Table S2 (upper (lower
2019 Table S1 panel) panel)

Path orientation N-S N-S W-E N-S W-E

Path illumination Mid-point | Full Full Full Full

Flare start time NOAA NOAA NOAA VLF phase | VLF phase

detection

No.of flares and X=10 M=98, X=6 | M=38, X=3 | M=98, X=6 | M=38, X=3

type

Path length (km) | 11,246 11,246 5,667 11,246 5,667

Regression

Coefficients for

each measured

parameter

for Phase 6.5x10° | 6.7x10° |11.6x10° [6.3x10° |9.3x10°

perturbation

for F10.7 -0.423 -0.231 0.245 0.576 1.367

for Cos(SZA) -2.64 -1.21 0.63 -1.13 -2.338

for Cos?(SZA) 1.97 0.60 -1.21 0.48 1.772

for ILs 0.698 0.404 0437 |- | -

Constant -9.03 -7.21 2.25 6.51 22.81

Uncertainty

RMS (logioWm™) | 0.118 0.160 0.296 0.158 0.289

(x1) (x1.9) (x1.0) (x1.8)

SD at peak flux | -------- 0.138 0.307 0.130 0.231

(log:oWm™) (x1) (x2.2) (x0.9) (x1.7)
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Figure 1. A schematic that illustrates the systems impacted by solar flare effects on the
ionospheric D-region, namely VLF subionospheric signal propagation, along with air traffic
radar systems and air-traffic control (ATC) communication systems. Communication
degradation, and radar ghosting can lead to ATC service interruptions. .
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Figure 2. Map showing the subionospheric VLF great circle paths used in this study (blue
lines). VLF Transmitters are shown as green dots, while the VLF receivers are shown as red
diamonds. The largely north-south (NS) path is from NPM to Scott Base, while the largely
West-East path is from NAA to the Sodankyld Geophysical Observatory (SGO).
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716  Figure 3. VLF data from NPM - Scott Base observed on 22-23 December 2015. Upper

717  panel. The VLF phase variation over 24 hours (orange) centered on the flare event

718  compared with GOES XL X-ray fluxes over the same period (blue). An M-class flare peaked
719  at 00:40 UT, with a vertical black line indicating its NOAA-determined onset time of 00:23
720 UT. Middle panel. The variation of VLF phase perturbations (orange) and XL flux (blue)

721  during the time period around the flare event. Lower panel. The variation of VLF amplitude
722 (orange) and XL flux (blue) during the time period around the flare event.
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Figure 4. Comparison between the GOES measured XL peak solar flare fluxes with those
derived from the subionospheric VLF data (blue circles), with error bars shown by the blue
vertical lines. This example is for the NPM to Scott Base N-S path, using the NOAA
determined flare start times. The orange dashed line shows a y=x relationship, while the
mustard coloured line shows the best fit straight line between these two parameters for the
104 flares plotted. For contrast, the red line is the best fit straight line relationship for the 10
X-class development solar flares with the data taken from George et al. [2019].
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736  Figure 5. As figure 4, but flares occurring on the largely W-E path from NAA to the
737  Sodankyla Geophysical Observatory (SGO). Once again NOAA-determined start times are
738 used, and the line of best fit is shown for the 41 flares.
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Figure 6. Examples of the time variation between VLF-derived X-ray fluxes and those
measured by the GOES satellite when only ground-based observations are used. The data
shown is from the VLF phase-determined start time. Note the left-hand panels are for the N-
S NPM to Scott Base path, and the right-hand panels for the W-E NAA to SGO path. Flare
classification is indicated in each panel.
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Figure 7. Comparison of the VLF ground based peak X-ray flux magnitudes without any
satellite data involved (i.e., using VLF phase start times) against the GOES satellite
measurements, in the same format as Figure 4. The upper panel is for the N-S path from
NPM to Scott Base, and the lower panel the W-E path from NAA to SGO.
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