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Abstract

In time scales of minutes the solar subflares and gamma ray bursts, like
GRB221009A, can respectively release, small but close and huge but
very far away amounts of electromagnetic energy, in Extreme Ultraviolet
(EUV), X-ray and γ- ray, among other bands. However the availability of
conventional astronomical sensors for these bands, for instance in EUV,
fundamental to characterize the habitability zone of exoplanets in hosting
stars, is presently very limited or just non existing. At the same time the
satellites of the Global Navigation Satellite Systems (GNSS) are orbiting
the Earth, sending multifrequency signals crossing the Ionosphere, openly
gathered by thousands of worldwide permanent ground-based receivers.
This constitutes an unique sensor of the free electron content distribution,
mainly produced by the Sun EUV and X-ray flux. Here we show how the
tandem GNSS-Ionosphere is able to detect and locate by the first time
the solar subflares and the gamma ray burst sources like GRB221009A,
from the overionization footprint, small but very characteristics and
well predicted by First-Principles. We found, coinciding with the good
blind location of the Sun position, the agreement of the sub-solar event
epochs with the ones from direct GOES and direct SOHO-SEM satel-
lite based measurements in X-ray and EUV bands, respectively. And,
coinciding with the close blind location of GRB221009A source posi-
tion, we have found a good agreement of the peak times in the GNSS
flux proxies vs. the peak times in direct satellite based measurements
in X- and specially γ-ray bands, measured by Solar Orbiter and Fermi
satellites, respectively. Our results demonstrate the very high sensitiv-
ity of this new concept and new associated technique. We anticipate
this work to be a major step for converting GNSS Ionosphere in an
unique omnidirectional real-time 24/7 astronomical sensor in EUV, X-ray
and γ flux, openly available for new potential findings in Astronomy.

Keywords: Solar sub-flares, gamma ray bursts, GNSS ionosphere, small
EUV flux variations

During the last three decades, the Global Navigation Satellite Systems (GNSS)
have become a sounder of the Earth ionosphere with unprecedent spatial and
temporal resolution, opening a new field, the GNSS Ionosphere ([1]). GNSS is
presently disposing of more than 100 Medium Earth Orbiting (MEO) satel-
lites of the GPS, Galileo, Beidou and GLONASS constellations, transmitting
multi-frequency L-band signals gathered from thousands of permanent GNSS



Springer Nature 2021 LATEX template

GNSS Astronomy 3

receivers and crossing the ionosphere. This is typically distributed from around
50 km to 1000 km height, where some predominant air molecules, such as
O2 and NO at the very bottom and mostly O above, are partially ionized
respectively by the X-ray and specially Extreme Ultraviolet (EUV) solar flux,
dependence which are the fundamental roots of the new presented technique.

In this way GNSS ionosphere is able to provide a unique spatial and time
resolution in the estimated global distribution of ionosphere electron content
([2], [3]), either in real-time [4]. And this is quickly improving existing fields,
like precise GNSS positioning [5, 6] and GPS Meteorology [7]. Moreover it
opens new applications, like the potential warning of natural hazard events, e.g.
tsunamis [8], among becoming a fully astronomical instrument, as we present
in this work, by extending the very first research in solar flares [9–11] and
potential detection of stellar superflares [12].

In order to consolidate and extend such result, contributing to definitely
open a new GNSS Ionosphere-based Astronomy window, we have developed a
new GNSS overionization blind model from extraterrestrial sources, the EXtra
SOLar sources search based on EUV, gamma or X-ray radiation RAte drift
from GNSS (hereinafter EXSOLERAdrift-search), much more sensitive than
the previous ones.

Indeed, a first representative example of solar flare and subflare detection
is shown in Extended Data Figure 1, corresponding to the time interval of 02h-
03h UTC of May 22, 2021 (day 142), which includes a weak (C-class) flare (see
top plot in same figure). It can be seen that the p-value validated SOLar source
search based on EUV, gamma or X-ray radiation RAte drift (SOLERAdrift)
index (green points in central plot) and the distance of the EXSOLERAdrift-
search grid center winner to the Sun over the celestial sphere (dark-violet
points in the same central plot) agree well between them and, at the same
time, vs the direct X-ray and EUV band solar flux measurements, provided
respectively by GOES and SOHO-SEM photometers (top and bottom plots in
Extended Data Figure 1).

In particular, it can be seen how the C6.2-class flare ionospheric footprint
is perfectly detected by multi-GNSS at 1 Hz, including the detail of the double
peak only observed in direct EUV flux measurements before 03h UTC. But,
also, the previous extremely weak flare that happened around 02.75h UTC
(B1.7) is perfectly detected in terms of both p-value validated SOLERAdrift
index peak and SOLERAdrift-search distance clearly below 20º, reflected sim-
ilarly in this case, in the direct solar flux measurements in X-ray and EUV
bands.

And regarding the other two extremely weak solar flares with peaks within
02h-03h UTC, which happened around 2.15h UTC, we only see at the begin-
ning and end of the flare, a decrease of the SOLERAdrift-search Sun-distance
below 20º, but practically no significant SOLERAdrift value. This fact is
compatible with the seemenly flat reference EUV flux in this time interval
2.175-2.2h UTC, at the noise level of the available SOHO-SEM measurement.
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Fig. 1 (Extended Data) Time evolution, since 02h to 03h UTC on day 142 of 2021
of: (1) the directly (GOES) measured solar flux in X-ray band (1-minute solar average in
[1, 8]Å, top plot), (2) the indirectly (ionospheric footprint with GNSS) EUV-flux sensitive
SOLERAdrift index and the SOLERAdrift-search distance to the Sun (green and dark-violet
points in central plot), and (3) the directly (SOHO-SEM) measured solar EUV flux rate in
[26,34]nm window (bottom plot).
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The last but not the least in this first representative example: a clear
detection is provided by SOLERAdrift-search around 2.37h in both vali-
dated SOLERAdrift index and distances to the Sun much less than 20º with
SOLERAdrift-search. It is difficult to confirm a counterpart in the direct X-
band flux measurements, but in the direct EUV flux measurements a tiny
increase appears to be apparent from 2.35h to 2.8h UTC, at the noise limit of
the SOHO-SEM flux measurements. This apparent coincidence suggests the
possibility that the indirect GNSS-based technique may achieve a higher sensi-
tivity than the available direct EUV measurements (. 0.01x109 EUV[26-34]nm
photons / cm2 / s).

Next we present the results analyzing a still more challenging scenario, that
occurred during the subsequent hour, i.e., 03h-04h UTC: As it can be seen in
the top plot of Figure 2, first, an extremely weak B4-class flare around 3.55h,
is very clearly detected with GNSS (central plot in Figure 2), in agreement
with a small increase of EUV flux directly observed at the bottom plot.

However, secondly, and among such B-class flare, the direct solar X-ray
flux measurements show small increases, below the flare level, around 3.65h
and 3.85h UTC, also detected in the direct EUV flux measurements at the
bottom plot. It can be seen in the central plot of Figure 2 that both are well
detected with GNSS. But the GNSS method shows two additional validated
flux increases at 3.02h and 3.22h that are in agreement with direct EUV flux
measurements, especially the first but also in the second event at the limit of
the noise of direct measurements. However, both events are not seen in the
direct events in X-ray band flux which is a good example of flux variations
that can happen / can be detected, or not, depending on the electromagnetic
frequency domain.

Gamma-ray bursts (GRBs) are bright flashes of gamma-rays reaching the
Earth. GRBs last typically a ten of seconds, after an initial prompt phase
of less than 100 s, and spectral energy peak on the γ-ray band. They are
considered the most luminous events in the universe, with an energy content
of 1051 ergs. The considered source of the GRB energy is the gravitational
collapse of matter to form a compact object such as a black hole (Gehrels &
P. Meszaros, 2012[13]).

When the new GNSS Ionosphere based astronomical technique is applied
during the October 9, 2022 (day 257), with dt=120s=2*60s detrending time
and multiGNSS measurements under 30s observation cadence, the maximum
of apparent overionization during the whole day is focused within few degrees
from GRB221009A location (see Figure 3). And this is coinciding in time as
well with the GRB event, around 13h20m UTC (i.e. 48000 seconds of day), the
brightest one recorded so far, from the source, presently 2.4 billion-years away.
As a consequence GRB221009A produced an ionospheric response indirectly
detected by VLF/LF signals (Pal et al. 2023[14]), with much lower frequencies,
i.e., much more sensitive, than the the L-band GNSS signals. This makes the
indirect GRB detection throught GNSS Ionosphere measurements extremely
challenging.
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Fig. 2 Time evolution, since 03h to 04h UTC on day 142 of 2021 of: (1) the directly
(GOES) measured solar flux in X-ray band (1-minute solar average in [1, 8]Å, top plot), (2)
the indirectly (ionospheric footprint with GNSS) EUV-flux sensitive SOLERAdrift index
and the SOLERAdrift-search distance to the Sun (green and dark-violet points in central
plot), and (3) the directly (SOHO-SEM) measured solar EUV flux rate in [26,34]nm window
(bottom plot).
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Fig. 3 The EXSOLERAdrift-search result during 9 October 2022 (day 282) is summarized
in the top plot vs time: the green dots represent the distance (in degrees) of the direction with
the highest significant overionization pattern due to any external source, to GRB221009A,
with intensity (in mTECU) represented by the pink crosses. In the bottom plot a vertical
zoom is represented.

During this day, when the Sun is considered, we are able to detect in the
expected way the weeker flares and sub-flares, like the minor ones (C-class)
happened during this day, but not coinciding in time with the GRB221009A
occurrence (see Extended Data Figure 4).

Moreover, it can be seen that the 20-units detrended flux peak focused on
GRB221009A corresponds to the UT time in seconds of approximately 48010 s
practically the starting - growing time of the GRB221009A flux rise following
for instance Figure 2 of Pal et al. (2023)[14]. In this work, as it was commented
above, a signature of GRB221009A in the Earth ionosphere is reported by
means of Very Low and Low Frequency radio signals bouncing at the bottom
part of the ionosphere, such as D-layer below 100 km.
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Fig. 4 (Extended Data) Time evolution, during 9 October 2022, day 282, of: (1) the
directly (GOES) measured solar flux in X-ray band (1-minute solar average in [1, 8]Å, top
plot), and (2) the indirectly (ionospheric footprint with GNSS) EUV-flux sensitive SOLER-
Adrift index and the SOLERAdrift-search distance to the Sun (green and dark-violet points
in central plot).

And applying EXSOLERAdrift-search at 1s time resolution from the global
available network of 1Hz multiGNSS receivers we can see more details (right in
Figure ??), very consistent with direct X-ray and γ-ray measurements provided
respectively by Solar Orbiter STIX (counts at 4-10 keV) and Fermi GMB
(counts 50-100 keV), as it can be seen in Figure 5. Also in the same figure,
we can see in the semi-log plots how the sensitivity to time-shorter increases
for instance in X-ray band, is increased when the detrending time is reduced,
from 120 s to 60 s (second and third plot of Figure 5), reacting similarly as
EXSOLERAdrift-search reacts in front of small variations of X-ray and EUV
solar flux (see Figure 2 and corresponding previous comments).

Also, we have redone the study after replacing the ionospheric effective
height hI of 450 km (F2 layer mostly EUV geoeffective, top plot in Figure 6)
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Fig. 5 Comparison of 1 Hz GNSS proxies, EXSOLERAdrift (in mTECU, pink crosses)
and EXSOLERAdrift-search estimated source distance to GRB221009A (in degrees, green
dots), with direct counts provided every 4 seconds, approximately, by Solar Orbiter X-ray
STIX detector (4-10 keV, blue triangles) and Fermi GMB counts in γ-ray (yellow triangles),
1000 seconds around the second UTC of the day 48000, i.e. 13h20m UTC 09 October 2022,
i.e. the approximate time of GRB221009A event.



Springer Nature 2021 LATEX template

10 GNSS Astronomy

Fig. 6 Comparison of 1 Hz GNSS proxies, EXSOLERAdrift (in mTECU, pink crosses)
and EXSOLERAdrift-search estimated source distance to GRB221009A (in degrees, green
dots), with ionospheric effective height of 450 km (associated with an important influence of
F2 layer, and hence EUV driven overionization of the Earth ionosphere) vs an ionospheric
effective height of 75 km (associated to X- and γ-rays driven overionization, bottom plot),
1000 seconds around the second UTC of the day 48000, i.e. 13h20m UTC 09 October 2022,
i.e. the approximate time of GRB221009A event.

by 75 km (D layer mostly X-ray geoeffective), which would be in principle
the detected perturbed layer by Pal et al. 2023[14], bottom plot in the same
figure). At 120 s of detrending time it can be observed an slightly more intense
EXSOLERAdrift-search signal under hI = 75 km and an slightly reduced
source location error, when it is compared with hI = 450 km. This wwould be
compatible with a higher influence of X- (and γ-) rays in the overionization
vs EUV flux, that might be more affected by interstellar extinction due to the
distance of GRB221009A, similarly as it was demonstrated for the Sun (see
Figure 9 in [9]).

In summary, the 24/7 omnidirectional detectability and measurement of
very small solar flares and very far huge energetic events like the Gamma
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Ray Burst GRB221009A, can be done with a much higher sensitivity than in
previous works (e.g. [11]), thanks to a new GNSS Ionosphere based technique,
which assess the corresponding overionization pattern, detecting and locating
the source.

1 Methods

A solar flare is defined as an extremely high energy explosion on the Sun which
generates a burst of electromagnetic waves (from radio waves to EUV-, X- and
γ-rays radiation), that occurs when energy stored in twisted magnetic fields
(usually above sunspots) is suddenly released.

The solar flares are classified1 by their X-ray flux in [1,8]Å: major , mid
and small (X, M & C-class, see complete definition and description at the
introduction).

Fig. 7 Left-hand plot: Example of solar X-ray flux measurements from
GOES spacecraft during solar flares on July 12-July 14, 2000, extracted from
https://spaceweather.com/glossary/flareclasses.html; righ-hand plot: layout summarizing
the solar flare geoeffectiveness geometry.

1.1 SOLERA model: Method for the estimation of the
EUV flux rate

In this section we present a relationship between the variation of electron
content in the ionosphere with variations of the EUV flux. This relationship
is based on first principles and provides an affine dependence, i.e. of the form
y = ax+ b.

The expected extraordinary rate, of the Vertical Total Electron Content
(denoted as V , aka VTEC, see [3]) at the Earth ionosphere due to a solar
flare, V̇ ≡ ∂V

∂t , for a given solar-zenith angle (or in general, EUV external
source - zenith angle) χ corresponding to the Ionospheric Pierce Point (IPP)
of the VTEC measurement, can be related with the source solar EUV flux
rate, İ, and a projection function C, by means of the geo-effectiveness of the

1https://www.esa.int/Science Exploration/Space Science/What are solar flares+

https://www.esa.int/Science_Exploration/Space_Science/What_are_solar_flares+
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considered spectral range, η′, following (see Figure 7 and [9]):

V̇ = η′ · C(χ) · İ =⇒ ∂V

∂t
= a(t) cosχ+ b(t) (1)

where each GNSS transmitter-receiver ionospheric combination of carrier
phases, LI = L1 − L2, provide a direct estimation of the VTEC rate as

V̇ =
1

M

dLI

dt
(2)

being M the ionospheric mapping function at the central time ([3]). And from
Equation 1 it is straightforward to see that a(t)+b(t) corresponds to the VTEC
rate at sub-solar point mostly due (and proportional by means of physical
parameters) to the geoeffective EUV flux rate associated to the flare [11]. This
can be computed in the source-illuminated ionosphere after estimating at each
given time t two global unknowns, a and b by Least Squares with removal of
outliers2 on the available observational pairs {(χj , V̇j)}j=1,Nobs

, directly mea-
sured at several ionospheric (i.e. geometry-free) combinations of GNSS carrier
phases from typically +100 ground GNSS receivers and +10 GNSS transmit-
ters at each second (high-rate), or at 30 seconds. This brings, for example, on
disposing of a set of Nobs ' 5 · 108 worldwide observations (high-rate) during
the first analyzed day, 142 of year 2021, when multi-GNSS measurements of
+200 worldwide receivers were available. The expected normalized increase of
VTEC in the ionosphere is represented in left hand plot of Figure 8, following
Equation 3 (the source is indicated by a cross).

Other way of solving Equation 1 consists on estimating only the unknown
α after assuming that

V̇ ' α · cosχ+ 0.2

1 + 0.2
(3)

where b ' 0.2 · a, and α = a(1 + 0.2) is the sub-source flux rate, directly
estimated in this approximation as a single unknown per time. This empirical
relationship (see for instance Figure 1 at [11]) is associated to the typical
effective height of few hundreds of km at which the over-ionization occurs.
Under the SOLar Euv flux RAte GNSS proxy (SOLERA) term we will refer
to any of these direct estimations a(t) + b(t) or a(t), and under any of both,
one- or two- unknown per epoch, models. And we will use the term EXtra
SOLar sources search based on EUV, X-ray or γ-ray radiation RAte from
GNSS (EXSOLERA) when we refer to extra-solar sources of EUV (or X-ray
and γ-ray) variations beyond the Sun.

Last but not least, in order to focus on the demanding detection of signif-
icant EUV flux increase from any source far from the Earth, we will consider

2Note that the method for removing outliers, was proposed in [9], which is related to the
RANdom SAmple Consensus (RANSAC) method used in machine learning [15], but the method
proposed in [9] is more robust to long tail outliers.
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the fast detrended VTEC at different time scales δt,

Ṽ (t) = V (t)− V (t− δt) + V (t+ δt)

2
(4)

(formally related with the drift rate, V̈ = −2Ṽ /δt) by applying correspond-
ingly the (EX)SOLERA model:

Ṽ = η′ · C(χ) · Ĩ =⇒ Ṽ = ã(t) cosχ+ b̃(t) (5)

We use the name of (EX)SOLERAdrift for the model summarized in
Equation 5.

1.2 (EX)SOLERAdrift-search model

In order to increase the reliability of the potential detection of small EUV
flux increase events, from the Sun and from potential extrasolar sources, we
introduce the (EX)SOLERAdrift-search model which allows to estimate as well
the position of the potential source, alternatively to previous approaches [12].

Indeed it consists on estimating the fitting parameters from Ṽ , for each
one of the potential source positions defined in a global grid (e.g. with sep-
arations of 10◦ and 5◦ in right ascension and declination in this work), like
the one represented at the right-hand plot of Figure 8, and selecting the one
providing the highest Pearson correlation coefficient after solving the linear
model given in Equation 5. And at the same time we will compute the cor-
responding model indices estimated in such equations pointing directly the
active source for which we dispose of independent direct flux measurements
(the Sun and GRB221009A in this work). We will focus on those fulfilling a
p-value of the null hypothesis below 5%, by assuming a joint probability distri-
bution of both correlated variables x and y not too different from a binormal
distribution (see for instance pages 632 and 633 in [16]). And we will moni-
tor at the same time the distance over the celestial sphere of the estimated
(EX)SOLERAdrift-search source position (the one with highest Pearson cor-
relation coefficient among the global grid of potential sources) vs the active
source for which we dispose of such direct independent flux measurements.

2 Data availability

The GNSS data collected by the International GNSS Service, used in this
study, can be openly obtained at http://cddis.gsfc.nasa.gov after soliciting
the free open access. The GOES X-ray plots have been generated thanks
to SpaceWeatherLive.com facility (https://www.spaceweatherlive.com/en/
archive/.html); And the Solar Heliospheric Observatory (SOHO) Solar EUV
Monitor (SEM) measurements can be downloaded from https://lasp.colorado.
edu/eve/data access/eve data/lasp soho sem data/long/15 sec avg.

http://cddis.gsfc.nasa.gov
https://www.spaceweatherlive.com/en/archive/.html
https://www.spaceweatherlive.com/en/archive/.html
https://lasp.colorado.edu/eve/data_access/eve_data/lasp_soho_sem_data/long/15_sec_avg
https://lasp.colorado.edu/eve/data_access/eve_data/lasp_soho_sem_data/long/15_sec_avg
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Fig. 8 Left-hand plot: Expected footprint over the Earth ionosphere of an increase of an
external source EUV flux, normalized to one at the sub-source point (Equation 3), repre-
sented by a cross (the squares represent two points at a distance of 20◦ in the same celestial
equatorial meridian); right-hand plot: example of distribution of potential external EUV
sources considered in the (EX)SOLERAdrift-search technique (10◦ in right ascension and
5◦ in declination, among potential source at every pole).
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