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James B. Brundell1, and Neil R. Thomson1

1Department of Physics, University of Otago, Dunedin, New Zealand, 2Department of Physics, Now at University of
Helsinki, Helsinki, Finland, 3British Antarctic Survey (UKRI�NERC), Cambridge, United Kingdom

Abstract A technique for analyzing very low frequency (VLF) radiowave signals is investigated in order
to achieve rapid, real�time detection of large solar �ares, 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 �uxes involved during 10 large solar �are 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 �ares have a 1.5�3 times
lower mean square error when modeling the long wavelength X�ray �uxes than the equivalent short
wavelength �uxes. The use of VLF amplitude observations to determine long or short wavelength X�ray �ux
levels have a 4�10 times higher mean square error than when using VLF phase. Normalized linear
regression analysis identi�es VLF phase as the most important parameter in the regression, followed by solar
zenith angle at the midpoint of the propagation path, then the initial solar X�ray �ux level (from 5 min before
the impact of the solar �are), with F10.7 cm �ux from the day beforehand providing the least important
contribution. Transmitter phase measurements are more dif�cult 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 �are monitoring if satellite
data is not available.

1. Introduction
Solar �ares are the �rst in a sequence of space weather events that have the potential to impact societal tech-
nologies, that is, disrupting GPS, and high frequency (HF) communications, as well as industries using
them, that is, emergency responders, maritime mobile services, and the aviation industry. The
International Civil Aviation Organization (ICAO) identi�es solar �ares and solar storms as potential hazards
that affect communications and navigation and could pose a radiation risk to aircraft crew and passengers
(International Civil Aviation Organization, 2018). The provision of operational space weather information
is a requirement for space weather centers. Early warning of solar �are�induced HF blackout occurrence,
duration, and severity is a requirement for ICAO.

Solar �ares are emissions of visible, ultraviolet, 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 �ares have an onset period last-
ing 10�100 s (Brown et al., 1981) and typically last for around 30 min, with more powerful �ares lasting
longer (Thomson et al., 2004). The electromagnetic radiation released in �ares has wavelengths that
range from 10 km (low to very low frequency radio waves) to 0.01 nm (X�rays and/or gamma rays).
Traveling at the speed of light, the initial solar �are 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 Traf�c Control facilities. An example of
the impact of large solar �ares occurring in September 2017 on technological systems including naviga-
tion services over Europe is described by Berdermann et al. (2018) and Redmon et al. (2018). These stu-
dies report that a large X9.3 �are caused some loss of nominal positioning accuracy for aircraft and
Global Navigation Satellite System (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 �are will occur and how intense the emission will be (Kontogiannis et al.,
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2018). The X�rays produced from a solar �are on the Earth�facing side of the Sun directly impacts the dayside
ionosphere. Following the solar �are 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 & Bornarel, 2006). There is not a straightforward relationship between the intensity of
a solar �are and the severity of the solar proton events and coronal mass ejection effects that follow.
However, analysis of the relationship between solar �are size and the upper envelope of energetic proton
�ux suggests that larger solar �ares are more likely to produce more extreme societal consequences
(Takahashi et al., 2016). Geostationary satellites currently monitor X�ray wavelengths for solar �are
activity. Typically solar �ares are classi�ed according to their X�ray �ux in the 0.1�0.8 nm wavelength
range, termed the long wavelength range (XL). Classi�cation is based on peak �ux, with a logarithmically
increasing �ux scale using identi�ers A, B, C, M, and X covering the ranges from 10�8 W m�2 upward in
orders of magnitude steps. Solar �ares 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 �ares 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 �are�driven HF radio blackout occurrence, duration, and severity is a
requirement for ICAO. Solar �ares of X1 class are identi�ed by ICAO as requiring a moderate space
weather advisory of likely weak HF radio communication, while an X10 �are requires a severe advisory
due to likely HF radio blackout conditions.

Forecasting of solar �are occurrence is an outstanding problem (Georgoulis, 2012; Kontogiannis et al., 2018).
Predictive techniques using morphological methods based on observed parameters, such as photospheric mag-
netograms of solar active regions, have been developed but have low skill scores, particularly for large, infre-
quent �ares (Barnes et al., 2016; Murray et al., 2017). In light of the dif�culties in forecasting large solar �ares it
is imperative that a swift nowcast capability is developed, with the ability to rapidly detect, and classify
enhanced solar X�ray �ux levels (M. Gibbs, personal communication, 19 September 2018). At present there
is a signi�cant data latency in geostationary satellite observations with respect to the �are occurrence, that
is, 2 min to process the satellite data and 4 min for the �are identi�cation algorithm to run (Veronig et al.,
2002). Nowcasting of solar �ares needs to identify when a �are has occurred, when it has reached a disruptive
size, when it has peaked, how large the �uxes are at the peak, and how long the �are effects will last.

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 �ares (Mitra, 1974; Raulin et al., 2010; Thomson
et al., 2005; Thomson & Clilverd, 2001). The X�ray �uxes from the solar �ares cause excess ionization in
the D region, which modi�es 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 �are intensity (e.g.,
Pant, 1993; Thomson et al., 2004; Thomson & Clilverd, 2001), 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 �ux
(Thomson & Clilverd, 2000).

Solar X�ray �ux is too small during quiet times to signi�cantly ionize the D region, and the daytime D region
is primarily produced as a result of the ionization of nitric oxide, a minor neutral constituent, by Solar
Lyman � radiation (121.6 nm). However, during solar �ares X�rays are able to ionize additional constituents,
including N2 and O2 (e.g., Banks & Kockarts, 1973). The extra ionization lowers the effective re�ection
height of the ionosphere for VLF waves, perturbs received VLF transmitter amplitude, and advances the
phase (e.g., Mitra, 1974). Solar �are 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 �ares, good correlations between VLF pertur-
bation levels and solar �are X�ray �ux 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 �ares
(on paths longer than a few Mm) are proportional to the logarithm of the X�ray �ux (McRae & Thomson,
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2004). These D region �are�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 �ares, such as the X45
super �are of 04 November 2003 (Thomson et al., 2004).

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

2. Experimental Setup
A cartoon representation of the pathway from solar �are occurrence to impacts to users on Earth is shown in
Figure 1. Solar X�ray �ux generates excess ionospheric ionization over a range of altitudes from 50 to 150 km
on the dayside of the Earth, simultaneously in�uencing HF radio communications, and satellite GPS
signal quality.

In this study we analyze the phase and amplitude data from the NPM transmitter (Hawaii, 21.4 kHz, 21.4°N,
158.2°W) recorded at the �eld 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 midpoint at 28.9°S, 164.4°W.
We use the midpoint of the path to determine the solar zenith angle (SZA) during solar �ares following
the approach of previous studies (e.g., Cresswell�Moorcock et al., 2015; Thomson et al., 2005). Figure 2 shows
a map of the Paci�c 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 data set of VLF measurements made from January 2009 to June 2018. A
detailed description of this data set can be found in Cresswell�Moorcock et al. (2015). Here 5 s time resolu-
tion amplitude and phase observations were analyzed for the effects of large solar �ares (i.e., X�class)
selected from Geostationary Operational Environmental Satellite GOES�based �uxes from the National

Figure 1. Illustration of effects of solar �ares on the ionosphere and aviation traf�c control services
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