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Abstract

This work presents a summary of the continuous non-stop (hereinafter 24/7) real-time measurement and warning system for EUV
solar activity, which is based on worldwide multifrequency Global Navigation Satellite Systems (GNSS) observations. The system relies
on continuous tracking of the intensity of expected global patterns in the Earth’s ionosphere’s free electron distribution, which are asso-
ciated with solar flares. The paper includes a discussion on the foundations of GNSS Solar Astronomy, along with details on its real-time
implementation that began in 2011. Furthermore, a summary of the corresponding validation is provided, comparing it to external and
direct solar EUV flux measurements obtained from SOHO-SEM. Finally, there will be a brief mention of the ongoing efforts to extend
this technique to detect huge extra-solar sources.
© 2023 Published by Elsevier B.V. on behalf of COSPAR.
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1. Introduction Global Navigation Satellite Systems (GNSS) observations
to track the corresponding response of the Earth’s iono-

GNSS Solar Astronomy refers to the measurement and  sphere. Pioneering works in this field were presented at
warning system for monitoring the EUV flux activity of the  the beginning of the century (Afraimovich (2000),Garcia-
Sun. This system relies on worldwide multifrequency Rigo et al. (2007)). About a decade ago, a mature version
of the technique became available (Hernandez-Pajares

et al. (2012)), coinciding with its implementation and con-
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Fig. 1. Left-hand plot: Example of solar X-ray flux measurements from GOES spacecraft during solar flares on 12-July 14, 2000, extracted from https://
spaceweather.com/glossary/flareclasses.html; right-hand plot: layout summarizing the solar flare geoeffectiveness geometry (extracted from Hernandez-

Pajares et al. (2012)).

et al. (2017)). The system operates with a time resolution of
30 s.

The consistency between indirect solar EUV flux rate
measurements provided by GNSS and direct conventional
EUV flux measurements from instruments onboard solar
probes, such as SOHO-SEM and GOESI5-EUVS, is
demonstrated in the work by Singh et al. (2015). This study
shows the strong agreement with the simple first-principles
based model of GNSS Ionosphere (Hernandez-Pajares
(2022)), which supports GNSS Solar Astronomy. As a
result, the new technique was able to accurately character-
ize the statistical nature of solar flare occurrences by itself
(Monte-Moreno and Herndandez-Pajares (2014)). The oper-
ational implementation of this technique began in 2011 and
has been continuously applied since 2014 without signifi-
cant interruptions.

The paper is organized as follows: after this introduc-
tion, the next section provides a summary of the first-
principle based model that supports GNSS Solar Astron-
omy. Following that, the coverage of the RT GNSS Solar
Astronomy conducted thus far, along with the validation
against the newly available direct measurements of solar
EUV flux in the [26,34]nm range from SOHO-SEM, will
be summarized in the subsequent section. The conclusions
will encompass an executive summary, including the ongo-
ing efforts to extend this technique to extremely powerful
extra-solar active EUV sources. These efforts aim to facili-
tate general real-time GNSS Astronomy in the near future.

2. First principles based model of GNSS Solar Astronomy

A solar flare is an exceptionally powerful energy explo-
sion on the Sun that produces a wide range of electromag-
netic waves, spanning from radio waves to EUV, X-ray,

! https://lasp.colorado.edu/eve/data_access/eve_data/lasp_soho_sem d
ata/long/15_sec_avg/year/

and y-ray radiation. These flares occur when the energy
stored in twisted magnetic fields, typically located above
sunspots, is suddenly released. Solar flares are classified
based on their X-ray flux in the [1,8]A range”, with distinc-
tions between major, mid, and small flares (referred to as
X, M, and C-<class flares, respectively; see Fig. 1).

2.1. SOLERA model: Method for the estimation of the EUV
flux rate

In this section, we present a relationship between the
variations of electron content in the ionosphere and varia-
tions in the EUV flux. This relationship is derived from first
principles and demonstrates an affine dependence, specifi-
cally taking the form of y = ax + b.

Let’s consider the expected extraordinary rate of change
of Vertical Total Electron Content (referred to as V or
VTEC, as described in Hernandez-Pajares et al. (2011)) in
the Earth’s ionosphere due to a solar flare, denoted as
V= %—’t’. For a given solar-zenith angle y, which corresponds
to the Ionospheric Pierce Point (IPP) of the VTEC mea-
surement, the rate of change V can be related to the rate
of change in the source solar EUV flux, denoted as /,
through a projection function C. This relationship takes
into account the geo-effectiveness of the considered spectral
range, denoted as 5. Further details and the graphical rep-
resentation can be found in the right plot of Fig. 1 and in
Hernandez-Pajares et al. (2012).

V:n’-C(x)-]—>6—V:a(t)cosx+b(t)

1
o (1)
where each GNSS transmitter-receiver ionospheric combi-
nation of carrier phases, L; = L; — L,, provide a direct esti-
mation of the VTEC rate as

2 https://www.esa.int/Science_Exploration/Space_Science/What_are_-
solar flares+
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Fig. 2. Left-hand plot: Detrended VTEC rate, V/, vs cosine of solar-zenithal angle, cos y, for a major solar flare and the associated ionospheric super-storm
during October 28th, 2003, precursor flare of Halloween storm (X17.2 flare, day 301, 2003, 39777s of GPS time). Right-hand plot: GSFLAI results
compared with SEM EUV flux rate at [21,34Jnm band, E, provided by SOHO during representative X-class solar flares, and rescaled as
0.502 x E/l.S x 10%/photons/cm?/s (extracted from Herndndez-Pajares et al. (2012)).

. 1 dL;
V=0 @
Being M the ionospheric mapping function at the central
time (Hernandez-Pajares et al. (2011)), Eq. | straightfor-
wardly shows that a(¢) + b(¢) corresponds to the VTEC
rate at the sub-solar point, primarily influenced by the geo-
effective EUV flux rate associated with the flare (Singh
et al. (2015)). This VTEC rate can be computed in the
Sun-illuminated part of the ionosphere by estimating two
global unknowns, @ and b, at each given time ¢ using the
Least Squares method with the removal of outliers. These
estimates are obtained from the available observational
pairs (y;, V)i = 1,N s, which are directly measured at sev-
eral ionospheric combinations of GNSS carrier phases,
typically from over 100 ground GNSS receivers and
+ 10 GNSS transmitters simultaneously in view from each
given receiver, every second (high-rate) or every 30 s. This
results in a large dataset of -+ 100 million observations
worldwide during a given (recent) day. An example of the
VTEC dependence in the ionosphere associated with a
solar flare is shown in the left plot of Fig. 2, following
Eq. 3.

Another approach to solving Eq. 1 involves estimating
only the unknown o after assuming that

cosy+0.2

e Y

(3)
In this context, it is observed that 5 ~0.2-a, and
o =a(l+0.2) represents the sub-solar flux rate. This
value, o, is directly estimated as a single unknown per time
in this approximation. This empirical relationship, depicted
in Fig. | of Singh et al. (2015), is associated with the typical
effective height of a few hundred kilometers at which over-
ionization occurs. With the SOLar Euv flux RAte GNSS
proxy (SOLERA) term (also known as GNSS Solar Flare

Activity Indicator, GSFLAI, see Hernandez-Pajares et al.
(2012)), we will refer to any of these direct estimations,
either a(¢) + b(¢) or a(¢), and it encompasses both one- or
two-unknown-per-epoch models.

Let’s revisit the example that illustrates the performance
of the model in terms of the observed relationship between
VTEC rate and the cosine of the solar-zenith angle, as
depicted in the left plot of Fig. 2. The corresponding
SOLERA measurement is represented by a single point in
the right plot of Fig. 2, corresponding to a GPS Time of
39777 s. This measurement coincides with a major flare
that occurred on day 301 of 2003, just before the Hal-
loween geomagnetic storm. The validity of the measure-
ment is confirmed for the entire time period by
comparing it with SOHO SEM EUYV flux rate measure-
ments in the [21-34Jnm range (for further details, please
refer to Herndndez-Pajares et al. (2012)).

Last but not least, in order to specifically detect signifi-
cant increases in solar EUV flux, we will also examine the
detrended VTEC at various time scales, denoted as ot.

~ V(t—ot)+ V(t+ or)

V() = V(1) - ! )

(formally related to the drift rate, V = —217/&), the
detrended VTEC can be analyzed using the SOLERA
model, resulting in the computation of the corresponding
SOLERAArift index in Eq. 5, similar to Eq. 2 but with
coefficients @ and b referring to the detrended VTEC,
instead of to the VTEC rate:

V=y-C(y)-1—V =al(t)cos y+ b(r) (5)

Then we will refer to any of these direct estimations,
adjusted in a similar way as a and b of Eq. 2, either

a(t) + b(t) or a(r), as SOLER Adrift index.
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Fig. 3. Top-left plot: Direct EUV flux measurements at [21-34]nm provided by SOHO-SEM probe vs GPS time, in seconds of day 121 (01-May) 2023
(https://lasp.colorado.edu/eve/data_access/eve_data/lasp_soho_sem_data/long/15_sec_avg/2023/23 05_01_v4.00). Top-right plot: The corresponding X-
band solar flux at [1,8]A measured by GOES (https://www.spaceweatherlive.com/en/archive/2023/05/01/xray.html). Bottom left plot: GNSS
SOLERAdrift estimation (http://chapman.upc.es/.monitor/2023/121/NRT/SOLERA-drift/), and the corresponding vertical zoom, after removing the
three estimations with error greater than 0.005 TECU.
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Fig. 4. The available GNSS receivers in real-time at 00h03m GPS time, during the same day 121 at 00h03m, of years 2020 (left) and 2023 (right).

Please cite this article as: M. Herndndez-Pajares, A. Garcia-Rigo, E. Monte-Moreno et al., GNSS Solar Astronomy in real-time during more than
one solar cycle, Advances in Space Research, https://doi.org/10.1016/j.asr.2023.12.016



https://lasp.colorado.edu/eve/data_access/eve_data/lasp_soho_sem_data/long/15_sec_avg/2023/23_05_01_v4.00
https://www.spaceweatherlive.com/en/archive/2023/05/01/xray.html
http://chapman.upc.es/.monitor/2023/121/NRT/SOLERA-drift/
https://doi.org/10.1016/j.asr.2023.12.016

M. Herndndez-Pajares et al.

A recent example of the time evolution of SOLERA-
drift, extracted from our RT-TOMION system,

http://chapman.upc.es/.monitor/2023/121/
NRT/SOLERA-drift/on May lIst, 2023 (day 121), is
shown in the bottom left plot of Fig. 3. A closer view of
the smaller SOLER Adrift values, after excluding three esti-
mations with errors greater than 0.005 TECU, can be seen
in the bottom right plot. This can be compared with the
direct SOHO-SEM EUV flux measurements at [21-34]
nm, which are presented in the top left plot of the same fig-
ure. Additionally, the top right plot displays the X-ray
band solar flux with much higher precision. It is notewor-
thy that the RT-SOLERAdrift at 30 s demonstrates high
sensitivity, successfully detecting not only M-class (mid-
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eliminated.
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intensity) flares but also a significant portion of C-class
(low-intensity) flares, consistent with our previous studies
(Singh et al. (2015)).

3. RT GNSS Solar Astronomy coverage and validation

Since the start of the 24/7 service for RT GNSS Solar
Astronomy, over 11,000,000 SOLERAJrift estimations
have been conducted, at a frequency of once every 30 s,
spanning more than one solar cycle (+11 years). The avail-
ability of GNSS receivers in real-time is dynamic and can
undergo slight changes within a given day. Moreover, it
can vary more significantly between different epochs, as
illustrated in Fig. 4.

The histogram of SOLERAJrift values, presented in a
semilog scale (see Fig. 5), clearly shows the tail of the dis-
tribution. It reveals values of up to approximately 0.2
TECU, which correspond to the occurrence of major solar
flares, as exemplified in the recent example depicted in
Fig. 3, where the values surpass the threshold of 0.15
TECU coinciding with the most intense M7.12 solar flare
happening this day. Other flares during this day, beyond
the ones automatically detected and warned by our 24/7
RT system when —SOLERAdrift— is larger than 0.02
TECUs, are also seen: around 15 h, coinciding with an
C7.4 weak flare, around 23.5 h, another C7.4 weak flare,
and around 07 h in agreement with a C5.3 solar flare (see
Fig. 3).

In terms of a new validation check, the left plot of Fig. 6
compares the detrended direct EUV flux measurements
provided by SOHO with the GNSS SOLER Adrift estima-
tion since 2020, focusing on major events that are less
affected by the increased noise resulting from the discretiza-
tion of the current SOHO-SEM EUV measurements (as
seen in the top-left plot of Fig. 3, and the reason to show
them directly, without detrending). The correlation

mid2018-mid2023.dtDetr30s
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Fig. 6. In both plots we represent the most significant relationshipts of the SOLER Adrift index, computed in real-time and with a detrending time interval
of 30 s, in TECUs, vs the detrended EUV SOHO-SEM observations (in photons per squared cm and second) within the spectral range of [26,34]nm
detrended at a time interval of 30 s (left plot), and vs the detrended EUV SOHO-SEM observations in the same units within the spectral range of [0.01,50]

nm and detrended at a time interval of 15 s (right plot).
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observed is quantitatively consistent with previous studies,
such as Singh et al. (2015). To mitigate the impact of dis-
cretization noise in the SOHO SEM measurements, an
alternative approach is to compare SOLERAdrift with flux
rate drift, i.e. detrended, measurements in a wider spectral
band ([0.01, 50]nm), benefiting from higher count numbers
(as shown in the right plot of Fig. 6). However, it is impor-
tant to acknowledge the potential risk of saturation in the
measurements during major flares.

4. Conclusions

The RT GNSS Solar Astronomy product, known as
SOLERAdrift, which has been computed in real-time by
UPC-IonSAT since 2011, is presented in this work. It
demonstrates good performance, exhibiting sensitivity to
major, mid, and small solar flares, with a time resolution
of 30 s. This achievement has been made possible by lever-
aging the real-time GNSS facilities resulting from the inter-
national collaborative effort in GNSS Ionosphere
(Herndndez-Pajares et al. (2009)), which has been extended
to real-time service (Caissy et al. (2012), Liu et al. (2021)).
The evolution of this GNSS Solar Astronomy service could
involve expanding its capabilities to detect and measure
extremely powerful extra-solar sources. This possibility
may become feasible as the initial evidence of the viability
of GNSS Astronomy (Hernandez-Pajares and Moreno-
Borras (2020)) is further substantiated by a new technique
with enhanced sensitivity, which can also be applied in real-
time conditions 24/7.
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