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[1] A new GNSS Solar Flare Activity Indicator (GSFLAI) is presented, given by the gradient of the
ionospheric Vertical Total Electron Content (VTEC) rate, in terms of the solar-zenithal angle, measured
from a global network of dual-frequency GPS receivers. It is highly correlated with the Extreme
Ultraviolet (EUV) photons flux rate at the 26–34 nm spectral band, which is geo-effective in the ionization
of the mono-atomic oxygen in the Earth’s atmosphere. The results are supported by the comparison
of GSFLAI with direct EUV observations provided by SEM instrument of SOHO spacecraft, for all the
X-class solar flares occurring between 2001 and 2011 (more than 1000 direct comparisons at the 15 s SEM
EUV sampling rate). The GSFLAI sensitivity enables detection of not only extreme X-class flares, but also
of variations of one order of magnitude or even smaller (such as for M-class flares). Moreover, an
optimal detection algorithm (SISTED), sharing the same physical fundamentals as GSFLAI, is also
presented, providing 100% successful detection for all the X-class solar flares during 2000–2006 with
registered location outside of the solar limb (i.e., detection of 94% of all of X-class solar-flares) and about
65% for M-class ones. As a final conclusion, GSFLAI is proposed as a new potential proxy of solar EUV
photons flux rate for strong and mid solar flares, presenting high sensitivity with high temporal
resolution (1 Hz, greater than previous solar EUV irradiance instruments), using existing ground GNSS
facilities, and with the potential use as a solar flare detection parameter.

Citation: Hernández-Pajares, M., A. García-Rigo, J. M. Juan, J. Sanz, E. Monte, and A. Aragón-Àngel (2012),
GNSS measurement of EUV photons flux rate during strong and mid solar flares, Space Weather, 10, S12001,
doi:10.1029/2012SW000826.

1. Motivation
[2] Coinciding with the forthcoming maximum of solar

cycle 24, there has been significant growth in the interest
in better observation capabilities of the increasing solar
flare events, as Space Weather precursors. In particular,
higher accuracy and time cadence of the changes within
the flux of photons are becoming important to achieve a
better understanding of the Sun–Earth interactions (for
instance in the new NASA Solar Dynamics Observatory –
SDO– EUV Variability Experiment [seeWoods et al., 2011]).

[3] So far themainway of obtaining solar flare photon flux
measurements has been direct observation from space
probes, such as the SOHO and GOES, in EUV and X-ray
bands respectively [Judge et al., 1998]. It is also well known
that there is a high geo-effectiveness of the radiation in such
bands (especially in EUV), which generates photoelectrons
in the upper part of the atmosphere, becoming the main
source within the ionosphere [see, e.g., Peterson et al., 2009].
In this context the unprecedented increase in temporal and
spatial sampling resolutions of the ionosphere by means of
theGlobalNavigation Satellite Systems (GNSS), also in real-
time [Caissy et al., 2012], has opened the possibility of indi-
rect solar flare EUV flux rate measurements, being this the
main goal of this study.
[4] In this context, the new GPS Solar Flare activity indi-

cator (GSFLAI) is here presented, built from the GPS sig-
nature of the ionosphere reaction to the solar flare, i.e.,
a sudden enhanced ionization, in existing global ground
networks. GSFLAI is defined as the VTEC rate gradient in
terms of the solar-zenithal angle, and it will be shown that it
is fully correlated with the direct EUV spectral measure-
ments, such as those provided by SOHO probe [Judge et al.,
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1998]. The solar flare activity indicator, GSFLAI, can be
considered complementary to dedicated solar probes, such
as SOHO and GOES (see below), since it provides higher
temporal resolution (up to 1 Hz instead of one measure-
ment every 15 s), with no impact on observations by rela-
tivistic electrons and no additional costs of exploitation of
the existing GPS facilities. Compared with previous works
[such as Afraimovich et al., 2002; García-Rigo et al., 2007;
Zhang et al., 2011], it will be shown that GSFLAI is a fully
quantitative single parameter per time epoch, highly cor-
related with the solar EUV flux rate, which can be easily
computed from the available worldwide distributed GPS
receivers. This is also without the need of receivers close to
the Earth’s sub-solar point (i.e., sun directly overhead), just
over the whole daylight hemisphere.

2. Introduction
[5] Solar flares are sudden enhanced electromagnetic

emissions, which are often associated with explosive
events on the Sun’s surface releasing huge amounts of
magnetic energy and charged energetic particles. In par-
ticular, they are characterized by the emission of radiation
across the whole electromagnetic spectrum, especially in
X-rays and Extreme Ultraviolet (EUV) band. The radiation
in these bands is geo-effective in generating extra photo-
electrons in Earth’s ionosphere, but affected differently by
the locations of flares on the solar disk. X-rays are gener-
ally optically thin in the solar atmosphere, therefore are
almost unaffected by flare locations. EUV bands are,
however, often optically thick in the solar atmosphere.
Absorption of optically thick emissions is greater on the
limb, due to the longer path lengths. Therefore, limb flares
have less enhancement of EUV [Donnelly, 1976], and thus
are less geo-effective than center flares [Qian et al., 2010].
The radiation photons related to a solar flare facing the
Earth produce a sudden enhanced ionization only in the
daylight ionosphere that can be approximated by the
Chapman model, predicting a dependence on the solar-
zenithal angle (SZA or c; see Mendillo et al. [1974] and the
next section). Finally, the associated accelerated energetic
particles (Solar Energetic Particles SEPs and Energetic
Storm Particles ESPs) arrive at the Earth within an interval
between 30 min to many hours or even few days later (see
Tsurutani et al. [2009] for details). Immediately after the
arrival of the enhanced photons flux, associated near-
relativistic electrons could arrive too, with a median delay
of ≃10 minutes [Haggerty and Roelof, 2002; see also Simnett,
1974]. Note that the energetic particles can enter the Earth
through the polar caps and affect the high and middle
latitude ionosphere. In such a case, the increase of ioni-
zation is not a function of the SZA, and hence does not
affect GSFLAI, unlike direct sensors such as the SOHO
Solar EUV Monitor.
[6] On the other hand, the GPS constellation of about

30 Medium Earth Orbiting (MEO) satellites, providing
ranging signals at two L-band frequencies, has become

one of the most successful tools to determine the distri-
bution of free electrons in the ionosphere (see a recent
review in Hernández-Pajares et al. [2011]). Indeed, GPS, and
in general the multifrequency GNSS, provide an unprec-
edented high spatial and temporal resolution in the mea-
surements of the number of free electrons per volume unit
(hereinafter electron density).
[7] In summary, and due to the fact that the X, gamma

and especially EUV radiation are responsible for the ioni-
zation process in the Earth’s ionosphere, it will be shown
how the proposed technique takes advantage of this, in
order to complement the conventional measurements from
space. In this way solar flares can be indirectly but precisely
monitored by measuring the electron content enhance-
ment through dual-frequency measurements from a global
GPS network.

3. Sudden Enhanced Ionization of the
Ionosphere: GSFLAI Model
[8] Due to the short timescale of the impulsive phase of

solar flare photon production (typically up to few tens of
seconds), it can be assumed that the increase of the electron
density in the Earth’s ionosphere (and thus its path inte-
gral, the TEC) is mainly driven by electron production,
rather than loss or migration physical processes. Indeed,
following for instance Equation (5) of Wan et al. [2002], the
variation of the vertical TEC (VTEC), DV, for a given solar-
zenith angle c, is proportional to the solar flux increase
DI(t) for a given geoeffective spectral range:

∂V
∂t

¼ h′ � C cð ÞDI tð Þ ð1Þ

where h′ is the corresponding ionization efficiency constant
(which will depend on the geo-effectiveness of the con-
sidered spectral range). Moreover C(c) represents the cross
section relative to the sub-solar point (C(0) = 1) of a differ-
ential spherical element of atmosphere in order to generate
electron content, which is assumed to be located at the
ionospheric effective height, with regard to the Sun illu-
mination at solar-zenithal angle c. In Figure 1 is a diagram
whereC(c)≃ cos(c) for c≪ 90 deg. It will be shown that this
simple model performs reasonably well for all values of c.
In this regard, it has to be taken into account that the
effective enhanced ionization can be considered located at
a certain height of few hundred kilometers above the sur-
face coinciding with the maximum geo-efficiency of solar
EUV radiation for molecules such as monoatomic oxygen
[Tobiska, 2007]. Consequently a certain enhanced ioniza-
tion for c > 90 deg can be expected, due to the limb illu-

mination up to cmax =
p
2
+ acos

R
R þ h

� �
(this corresponds

for instance to cmax = 104� for h = 200 km; see Figure 1). This
effect is taken into account in the adopted model by
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including an independent term that allows a non-zero
VTEC rate at points with solar-zenith angles c ≥ 90�:

∂V
∂t

¼ a tð Þcos cþ b tð Þ ð2Þ

where a(t) is the enhanced ionization gradient for time t and
a(t) + b(t) represents the estimated enhanced ionization at
the sub-solar point (c = 0). Both terms,G1 ≡ a andG1 ≡ a + b,
constitute two alternative ways of defining GSFLAI. As will
be explained later,G1 compares slightly better thanG2 with
solar EUV flux rate, in such a way that G ≡ G1 will be taken
as the baseline definition in the whole paper.

4. Effect in GPS Measurements
[9] Themost precise ionospheric observation derived from

the dual-frequency GPS phase measurements (L1 and L2) is
the so-called ionospheric combination of carrier phases (LI),
which provides a direct, precise but ambiguous measure-
ment of slant TEC (STEC), S, with a nominal (thermal noise)
measurement error of 0.02 TECU (1 TECU= 1016m�2), which
is typically better than 0.1 TECU when the carrier phase
multipath error is also considered [see alsoHernández-Pajares
et al., 2011]. LI can be expressed in terms of S by means of
equation (3):

LI ≡ L1 � L2 ¼ a⋅Sþ wI þ BI ð3Þ

where S ¼
Z r′

r
Ne⋅dl , a = 0.105 ⋅ 10�17 m3 (the scale factor

relating the STEC to ionospheric delay for LI combination),
wI corresponds to the wind-up effect (small, well known and
easy to correct for permanent stations), BI the ambiguity
term (which cancels out when considering the observation
rate, LI),Ne is the electron density, and r and r′ represent the
receiver and transmitting satellite positions (see the above
mentioned reference for more details).

[10] We are interested in detecting sudden increases of
TEC. In this regard, a simple but effective detrending
method is to perform consecutive differences in time (for
the same satellite-receiver pair) at a high rate (with a sam-
pling rate of 1 Hz). These consecutive time differences at a
high rate do not typically increase the observational error
due to the low-pass (i.e., low frequency) nature of most of
the additive noise present in the signal at 1 Hz (the errors
such as multipath are mostly time correlated at such a
sampling rate). On the contrary, they can reduce the carrier
phase multipath error with variation timescales larger than
one second. In this context, such consecutive time differ-
ences are able to capture quick solar flux increases associ-
ated with solar flares (for larger timescales, larger time
periods can be used as well as double-differences in time,
as is done for studying Traveling Ionospheric Disturbances
for instance in Hernández-Pajares et al. [2012]). Moreover,
the usage of GSFLAI, as result of the fitting of many VTEC
rate values, increases the sensibility of the approach very
significantly, with regard to the single difference mea-
surement discussed so far. This is due to its nature as fitting
(slope) coefficient, merging many simultaneous observa-
tions in the day-hemisphere (ranging between Nobs = 47
and 306 from an increasing number of worldwide GPS
receivers �25 to 92– between 2001 and 2011 (see for
instance Figure 2)). All of these observations have been
selected considering a wide distribution in the daylight
hemisphere, with a solar-zenithal angle range in dayside
hemisphere always greater than 60 deg. and typically
larger than 80 deg. This fact augments the sensibility of
GSFLAI, G1, the solar-zenithal gradient of the VTEC rate, a
rough factor ≃

ffiffiffiffiffiffiffiffiffi
Nobs

p
, i.e., one order of magnitude greater

with regard to STEC rate _S, the input measurement for the
fitting, which definesG1. In other words, the expected error
of G1 is reduced up to about 0.002 TECU/s. This can be
appreciated for representative single-epoch examples (see
Figures 3 and 4), independently of the solar flare intensity.
An additional reduction of theGSFLAI randomerror is also
achieved in this work by smoothing it with a moving
average, a sliding window of 15 s (i.e., expected errors
down to 0.0005 TECU/s thanks to an extra reduction of a
factor of 4 for random errors), in order to be compared with
the SOHO-SEM EUV observations, which use this same
integration interval.
[11] Moreover, this approach allows the removal of the

carrier phase ambiguity (after checking that no cycle-slips
have occurred) apart from filtering out the main part of the
variability that is not due to the sudden electron content
increase. Then, by assuming a simple 2D ionosphericmodel,
for GPS observations taken above a certain elevation cut-off
angle (e.g., 15 deg.), the vertical TEC (VTEC) rate, _V , can be
easily approximated from equation (3) (GPS model):

_V ≡
∂V
∂t

≃
DV
Dt

≃
1
M

DS
Dt

¼ 1
aM

DLI
Dt

ð4Þ

Figure 1. Layout representing the maximum solar-
zenith angle illuminated by the Sun, cmax, the reduction
of sun illumination for a cylinder with base diameter L
for a given solar-zenith angle c, and the typical satellite
receiver geometry for a satellite-zenith angle Z.
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where M ≃ 1
cosZ is the deprojection coefficient from vertical

to slant TEC, dependent on satellite-zenith angle Z (i.e., on
elevation and ionospheric effective height typically taken as
450 km for global VTEC maps [see Hernández-Pajares et al.,
2009]), known as “ionospheric mapping function” (see
Figure 1 and more details in Hernández-Pajares et al. [2011]).
From this model and equation (1), our targeted magnitude,
the solar flux increase DI(t), can be computed.

5. Input Data: Global GPS Network
[12] The input data are provided by the openly available

International GNSS Service (IGS) network of more than 300

dual-frequency GPS receivers (sensitive to the electron
content variability by means of equation (3)), distributed
worldwide [see Dow et al., 2009], becoming a giant iono-
spheric sounder of the main affected species: the free elec-
trons [see, e.g., Hernández-Pajares et al., 2011]. The processed
subset of IGS receivers (from 25 to 92) has been selected
taking one receiver (if any) per each bin of 10 deg. and 5 deg.,
in longitude and latitude respectively, from the IGS high
rate (1 Hz) database (ftp://cddis.gsfc.nasa.gov/highrate).
Currently, it can be seen that the number of worldwide
available stations, with such spatial resolution, is high
enough to increase the accuracy of the proposed approach
significantly, bringing the estimated error evolution to less

Figure 2. Examples of distribution of selected GPS receivers with available data at 1 Hz for
two solar flare events studied in this paper: 80 GPS receivers available for a recent day (216
of year 2011) and 43 for a previous day (corresponding to the Halloween storm precursor),
day 301 of year 2003.
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than 0.001 TECU/s, which is consistent with our expecta-
tions (see section 4).
[13] Any of the selected receivers directly and simulta-

neously observes the STEC in different line-of-sight
directions for several GPS satellites in view. For each
satellite-receiver pair a single _V value can be obtained. As
mentioned above, this implies approximately 300 values of
_V calculated at every second for a network (currently

available) of about 90 receivers, covering in this way most
of the range of values of c.

6. Reference Data
[14] In order to validate GSFLAI as a potential solar flare

activity indicator, two sources of reference data of solar
flare events have been considered. On the one hand, the
X-ray sensor (XRS) instrument on-board theGeosynchronous

Figure 3. Detrended VTEC rate, _V , vs cosine of solar-zenithal angle, cos c, for a major solar
flare and the associated ionospheric super-storm; from top to bottom: day 301 of 2003, precur-
sor flare of Halloween storm (X17.2 flare, day 301, 2003, 39777 s of GPS time), next day, 302 of
2011 (31140 s of GPS time, when Kp index reach the maximum value of 9). The corresponding
regression lines and 2-sigma boundaries are given.
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Operational Environmental Satellites (GOES) [Garcia, 1994],
used for solar flare intensity classification information; and, on
the other hand, the Solar EUV Monitor (SEM) on-board the
Solar and Heliospheric Observatory (SOHO) (see Judge et al.
[1998] for details), which has been the main reference data
used in this work, for EUV solar flux values. Among the sci-
entific community, the classification of solar flares adopted in
the case ofGOESXRS iswidely accepted, also for EUVphoton
flux increases in spite of the questioned proportionality

relationship between the soft X-flare enhancement and the
EUV enhancement during a solar-flare, which can depend
on the duration of the flare [Qian et al., 2011]. Ordered from
less to more powerful, in powers of 10, several classes
named A, B, C, M and X are established according to the
peak of intensity in the X-ray band between 0.1 and 0.8 nm.
For instance, an M5 and X17.2 flares would have an irra-
diance of I = 5 * 10�5[W/m2] and I = 17.2 * 10�4[W/m2]
respectively (further details can be found for instance at

Figure 4. Detrended VTEC rate, _V, vs cosine of solar-zenithal angle, cos c, for two represen-
tative solar flares, with mid and low intensity; from top to bottom: M9.3 flare, day 216 of 2011
(13908 s of GPS time) and C3.9 flare, day 210 of 2011 (44134 s of GPS time). The corresponding
regression lines and 2-sigma boundaries are given.
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NGDC/NOAA in ftp://ftp.ngdc.noaa.gov). Regarding SEM
data, the EUV solar flux measurements provided in the
26–34 nm range are used. This is motivated by both the asso-
ciation with solar active regions of electromagnetic emission
in such range, and its previously mentioned absorption in
the terrestrial ionosphere, mostly by atomic oxygen above
200 km, the dominant species and source of ionization up to
a height of more than 500 km [see Tobiska, 2007]. Moreover
the usage of such band has the advantage of not becoming
saturated in case of extreme solar flare events, which is not
the case of larger spectral bands such as the SOHO central
channel at 0.1–50 nm. Nevertheless, the 26–34 nm spectral
detector performance can be affected by the arrival of Solar
Energetic Particles after the solar flare peak [see Didkovsky
et al., 2007], as is shown in the next section.

7. Solar Flare Events and Results
[15] In order to illustrate the performance of GSFLAI,

two main kinds of results are presented. In section 7.1,
and for a representative set of solar flares with different
intensities and characteristics, the direct measurements of
solar flux rate in EUV are compared with GSFLAI in terms
of the time, in order to show that it can become an indirect
proxy for such physical magnitude during solar flares (see
above). (A time correction is needed to synchronize the
SOHO-SEM with the GPS events, both considered at GPS
timescale. The SOHO detection appeared to be 20–30 s
later (depending on the flare) than that observed through
the ionospheric reaction, in the GPS measurements.) In
section 7.2 the solar flux EUV excess is directly compared
with GSFLAI for all the GOES X-class solar flares that
occurred in the period 2001–2011. In section 7.3 a com-
parison of GSFLAI with GOES X-ray intensity index for
X-class events available since 2001 to 2011 is also presented
to show that a significant correlation exists for stronger
flares, after taking into account the Sun-to-Earth projection
factor associated with the point on the Sun surface where
the solar flare occurred.

7.1. Representative GSFLAI Examples Under
Different Irradiances
[16] A first example in Figure 3 (corresponding to time of

precursor X-class flare of Halloween storm at the top, and to
the first maximum of geomagnetic activity during the same
Halloween storm) illustrates how GSFLAI reacts only to
Solar Flares, and is not affected by the corresponding trig-
gered ionospheric storm, in which heterogeneous VTEC
variability does not match the enhanced ionization model
associated with Solar EUV Flares (equation (2)).
[17] Two additional examples, which are representative

of the quality of the simple enhanced ionization model) are
shown in Figure 4. The examples correspond to two solar
flares peaks of decreasing intensity: M (medium, mid cer-
tainty) and C (common, low intensity and with an even
more uncertain determination) respectively (every plot
is associated with a single GSFLAI number G1, i.e., its
baseline definition as the linear regression slope). The

deviations for a few points (marked as outliers and
removed) from the ideal linear model are mainly produced
by local electron content perturbations and carrier phase
measurement errors.
[18] Now the GSFLAI evolution on time will be shown,

compared with direct measurements of EUV flux rate.
Firstly, once again, one of the greatest solar flare effects
ever detected on GPS measurements, from the point of
view of TEC increase, was considered. It was recorded on
October 28th, 2003 preceding the so-called Halloween
storm. This solar flare was classified as X17.2 by GOES, and
the VTEC enhancement reached more than 20 TECUs,
becoming one of the most widely analyzed in the scientific
literature [see, e.g., Tsurutani et al., 2005]. It is shown in
Figure 5 (top) that the indirect GSFLAI values and direct
EUV rate SOHO SEM measurements correlate well, as do
those for the next X flare on November 4th, 2003 (bottom),
but with GSFLAI and EUV rate values ten times smaller.
An explanation for this discrepancy of one order of mag-
nitude for this case and other very strong solar flares will be
presented in section 7.3, in terms of the different geo-
effectiveness, when the GOES X-ray classification is con-
sidered. Another aspect in the comparisons of GSFLAI
versus EUV flux rate, is the tendency for a lower number of
negative values to be given in the case of GSFLAI with
regard to SEM/EUV flux rate (see for example Figure 5 and
Figure 8 (bottom)). In this context, this result is compatible
with slower recombination rates in the Earth’s ionosphere
compared with the preceding sudden enhanced ionization
effect.
[19] Another different example is a X7.1 solar flare,

reported by GOES on January 20th, 2005. This solar flare is
of special interest because of the relativistic electrons that
reached the Earth less than 10 min later, which produced a
contamination of the SOHO SEM detector providing
wrong readings of EUV starting from t = 24750 s of GPS
time [see Tsurutani et al., 2009, section 2.3]. However, in
Figures 6 (top) and 6 (bottom), it can be seen that GSFLAI
remains unaffected due to its definition as solar-zenith
angle gradient of VTEC rate (see above) generated by the
photons enhancement, since it filters out any influence of
relativistic electrons.
[20] Moreover, there is a kind of recently detected solar

flare with an important emission at L-band affecting the
tracking of the GPS satellites, so, indirectly, they can affect
the capability of measuring the solar flare effect in the
ionosphere due to the reduction of the number of available
electron content measurements. This has happened so far
in one case: December 6th, 2006. But even in this case the
GSFLAI maintained the high correlation with the direct
EUV flux measurement (Figure 6, bottom).
[21] GSFLAI also allows the measurement of many

moderate and some common solar flares (class M and C,
respectively), being highly consistent as well with direct
EUV flux rate measurements for such weaker solar flares.
The examples correspond to August 4th and July 29th,
2011, respectively (see Figures 7 (top) and 7 (bottom)).
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7.2. GSFLAI Versus Direct EUV Flux Measurements
During X-Class Solar Flares in 2001–2011
[22] When comparing GSFLAI with EUV flux rate, it is

remarkable that mainly two conditions are typically ful-
filled for different solar flares, in time and intensity, both in
agreement with the hypothesis and model (equations (1)
and (2); see Figure 8 and Table 1 for all the X-class flares
with available SOHO-SEM EUV data within the 2001–2011
period):
[23] (1) There is almost a linear relationship between

GSFLAI (computed as the solar-zenithal gradient, and

smoothed with a 15-second sliding window), G in TECU/s,
and EUV flux rate, Ė, in m�2 s�1, measured by SOHO-SEM
every 15 s.
[24] (2) The slope of the linear dependence appears to

some extent repeatable with regard to the solar cycle
phase, solar disc location and solar flare intensity: see, for
instance in Table 1, the two yearly periods with more
comparisons: 2003 in solar maximum and 2011 in solar
minimum-middle conditions, where the relationship given
between the SOHO SEM EUV rate Ė and GSFLAI G1 (Ė =
0.502 G1 + 0.040) can be considered as a first calibration
that enables a rough estimate of Ė from G1.

Figure 5. GSFLAI results compared with SEM EUV flux rate at 21-to-34 nm band, Ė provided
by SOHO during representative X-class solar flares, and rescaled as 0:502

1:5⋅108(Ė/photons/cm
2/s2):

(top) October 28th, 2003 (X17.2 class); (bottom) November 4th, 2003 (X28.0 class).
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Figure 6
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[25] And finally, (3), the small observed independent
term in the linear fitting of the VTEC rates to the cosinus
of solar-zenithal angle is an expected feature considering
the initial model and hypothesis. In the future, other
strategies could be adopted to further reduce it to avoid a
predominant bias term for small flares. (Some potential
refinements, that could produce further improvements in
future studies, are: adjusting strictly the observations with

positive EUV rate only (this reduces the independent term
up to 50%) mitigating the effect of a slower recombination
at the ionosphere compared with the flare enhanced ioni-
zation; or adjusting a higher (second) order model, as an
extension of the model represented in equation (2) (this
independent term has been avoided in the rescaled EUV
flux rate for the comparisons versus time shown in
Figures 5, 6, and 7).)

Figure 6. Same plots as the Figure 5 but for the following X-class solar flares of photons: January 20th, 2005 (X7.1 class),
showing (top) a general evolution and (middle) a zoom and (bottom) December 5th, 2006 (X6.5 class).

Figure 7. GSFLAI results obtained for (top) August 4th, 2011 and (bottom) July 29th, 2011
(class M9.3 and C3.9 respectively). The comparison with SEM-EUV data is also represented.
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[26] Moreover, a slightly better fitting ofG1 with the EUV
flux rate has been found in this study, rather than of the
second definition G2 (the estimated _V at the sub-solar
point; shown also in section 3), which justified the main
definition of GSFLAI as the solar-zenithal gradient of _V .

7.3. GSFLAI Versus X-Ray GOES Intensity at X-Class
Solar Flare Peaks
[27] As has been commented above, and following

Donnelly [1976], the X-ray flux reaching the Earth is not

affected by solar atmospheric absorption, compared with
EUV flux that is highly dependent on the flare location
distance to the solar disc center. In this section this point
will be checked. This allows an extension of the definition
of GSFLAI, corrected by the solar disc location of the flare
in a simple way, in order to provide a geophysically con-
sistent parameter.
[28] In Figure 9, the one-to-one global GPS and GOES

data comparison can be seen for all the X-flares occurring
in the same period of 2001–2011, when both kinds of data
were available (a total of 61 X-class solar flares). It can be

Figure 8. (top) GSFLAI versus direct EUV rate measurement (SOHO SEM) in 26–34 nm spec-
tral band, for all the X-class solar flares with available SOHO-SEM data within 2001–2011.
(bottom) A zoomed view. The common linear fit in the corresponding units is also repre-
sented as reference (G/TECU/15 s) = 0.502 ⋅ 10�8(Ė/photons/cm2/s2)/1.5 � 108 + 0.040).
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seen that a much more linear relationship appears, mainly
for stronger flares, when the solar flare location at the
Sun’s surface is taken into account in such a way that a
projection factor toward the Sun-to-Earth direction is
applied to X-flux data, resembling EUV flux absorption
on the solar disc (see above). In particular, this enables
understanding of the small ionospheric reaction to the
stronger X-flare on November 4th, 2003 (already shown in
Figure 5) in terms of a very poor geo-effectiveness, that
occurred very close to the west border of the Sun, as it was
seen from the Earth.

7.4. Solar Flare Detection: SISTED
[29] In this work GSFLAI is complemented with a new

associated detection algorithm, the Sunlit Ionosphere
Sudden TEC Enhancement Detector (SISTED), based on
the same physical foundations. It shows reliable detection
performance of 94% of X-class solar flares during more
than half solar cycle (and 65% for M-class flares). In order
to set up a real-time operational system to study solar
flares, it is necessary to design and implement an efficient
detector, companion of the solar flare EUV photon flux rate
proxy, GSFLAI. In this regard, the new SISTED has been
developed by the authors, based on similar fundamentals,
and on an evolution of a previous detector [García-Rigo
et al., 2008]. The first distinction is the usage of the VTEC
drift rate €V (instead of just the rate as in GSFLAI) for a
better TEC detrending, due to its typical application to GPS
data sampled at 1/30 Hz (instead of each second) in real-
time applications. Then, the output values are classified
according to the SZA that is given at the corresponding
Ionospheric Pierce Point (IPP) location (initially assuming a
thin single layer ionospheric model at a given fixed height,
for instance 450 km). Three SZA regions are distinguished
as an approximation of: (1) the sunlit ionosphere region
(SZA < 70�), (2) the dawn and dusk ionosphere region
(70� ≤ SZA ≤ 110�) and (3) the night-side ionosphere region
(SZA > 110�). At each epoch, the percentage of GPS rays
that are simultaneously affected by a sudden TEC
enhancement for a given threshold is calculated for each of
the SZA regions. These percentages are named Impact

Table 1. Linear Fitting Coefficients of GSFLAI Versus SOHO
SEM EUV Solar Flux Rate Computed Independently for Each
Year With Available X-Class Flares Within 2001–2011a

Year
Number of

Points
G Slope

(TECU/15 s)
G Ind. Term
(TECU/15 s)

2001 125 0.472 � 0.027(5.7%) 0.055 � 0.007(12%)
2002 41 0.421 � 0.016(3.7%) 0.025 � 0.010(41%)
2003 364 0.517 � 0.026(5.0%) 0.056 � 0.008(15%)
2004 37 0.269 � 0.031(11%) 0.036 � 0.002(5.2%)
2005 140 0.689 � 0.047(6.8%) 0.026 � 0.007(26%)
2006 114 0.591 � 0.033(5.6%) 0.038 � 0.005(12%)
2011 264 0.531 � 0.021(3.9%) 0.019 � 0.002(11%)
All 1085 0.502 � 0.013(2.5%) 0.040 � 0.003(8.0%)

aG value is smoothed with the 15-s SOHO-SEM integration time.
During years 2007 to 2010 no X-class solar flares occurred. The units
are TECU/15 s for GSFLAI and photons/cm2/s2/1.5 ⋅ 108 for SEM-
EUV flux rate at [21–34] nm range.

Figure 9. X-ray band solar flare intensity, corresponding to the GOES index for all the X-class
flares analyzed in this work (those with available data between 2001 and 2011) represented
versus the GSFLAI value at the corresponding peak. The red points represent the direct
comparison, and the blue points the comparison after applying a solar-earth deprojecting
factor, in terms of the solar flare occurrence location in the surface of the Sun.

HERNÁNDEZ-PAJARES ET AL.: SOLAR FLARE EUV FLUX RATE WITH GNSS S12001S12001

12 of 16



Figure 10
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parameters (referred to as I1/I2/I3 for the sunlit/dawn&-
dusk/night ionosphere regions). In this context, the €V
threshold to consider a sudden enhanced ionization is
slightly above the level of measurement noise of LI
(see Figure 10 and associated comments), taking into
account (see equation (4)) that (Dt)2 ⋅ €V ≃ �2(V � V̂) ≃
�2M�1(LI � LI), where V and LI are the central values
of the three involved in the double difference in time, and
V̂ and LI are the corresponding means of the two extreme
values for V and LI. A solar flare warning is triggered when,
for instance, €V ≥ 0.01 TECU/30 s, and when I1 ≥ 72%, so
most GPS rays in the sunlit region must be affected by a
sudden TEC increase. In short, there are two filters acting
collaboratively: the filter to declare the individual TEC rate
measurement as “disturbed”, and the second one given by
the degree of the “global disturbance” in terms of solar-
zenithal sectors. Note that the contribution caused by other
sources, such as TIDs or Scintillations, is filtered out, sim-
ilarly to GSFLAI, due to the solar-zenithal dependence
sought in the above defined ratios, and even, in the case of

TIDs, due to the implicit filtering in the individual VTEC
double differences, taken at 30-second intervals (too small
when compared with the targeted TID periods of many
hundreds of seconds [see, e.g., Hernández-Pajares et al.,
2012]).
[30] The obtained results for more than half solar cycle

show that SISTED can detect, in particular, 94% of the
powerful solar flares detected by GOES (X-class) between
2000 and 2006 corresponding to a 5% of false positive
detections, following the GOES records. It is important to
note that the remaining 6% of undetected powerful flares
correspond to occurrences in the solar disc limb with much
less geo-effectiveness (see previous section) or few cases
without location information. This performance as a func-
tion of the detection threshold is summarized by using the
“Receiver Operating Characteristic” (ROC) curve. The
ROC curves of our SISTED detector are depicted in
Figure 10, representing the true positive detection rate ver-
sus the false positive rate, for different curves given by dif-
ferent €V thresholds, and different sunlit impact parameters
(points on a given curve).

Figure 10. SISTED ROC curves representing the true positive rate of solar flare detection (percentage of flares vali-
dated with GOES/FLA records) versus the false positive rate, for (top) X-class flares (percentage of reported flares not
validated) and (bottom) M-class flares, during the days with X-class flares detected by GOES between years 2000 and
2006. Each curve corresponds to a different threshold when considering the measurement “perturbed” (€V ≡ “Vdr” in
the plot legend) and it is built taking into account steps of 2% of the minimum value of the sunlit Impact Parameter
(ranging from 0% to 100%) for each given curve.

Figure 11. Example of recent values of GSFLAI computed in real-time at 30 second interval,
based on double-time difference. The values higher than 0.025 m are highlighted and com-
pared with the real-time IPS warning of solar flares. It can be seen as the X-class flare and
the two M-class flares occurring during these four consecutive days were detected in real-
time, coinciding with the real-time warnings. This is not the case for the weaker C-class,
as was to be expected.
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[31] These results provided by SISTED, an algorithm
designed for solar flare detection directly related with the
solar flare activity indicator GSFLAI, suggest the potential
future usage of GSFLAI in order to become a simple solar
flare detector. Indeed, a first glance can be seen in
Figure 11. This recent example shows the comparison of
the GSFLAI values computed recently in actual real-time
conditions, G1

⋆, from data of the International GNSS Real-
Time Service network [Caissy et al., 2012], against the real-
time solar flare warnings provided by the Ionospheric
Prediction Service (IPS, http://www.ips.gov.au/). (In order
to speed up the process, the VTEC drift rate computed
every 30-seconds (instead of the VTEC rate each second) is
adjusted against the solar-zenith angle.) This run of 4
consecutive days illustrates their typical consistency, not
only for X-class but also for M-class flares, when the 99-
percentile of the G1

⋆ values in the years 2010–2011 (≃0.025
m) is taken into account (red points) as a preliminary
detection threshold.

8. Conclusions
[32] In this paper, it has been shown that the solar-zenithal

gradient of the ionospheric electron content increase
(GSFLAI), measured from a global network of GPS recei-
vers, is an efficient and accurate high rate proxy of EUV
photons flux increase during strong and mid solar flares.
Beyond the higher temporal resolution (1 Hz), GSFLAI has
other advantages complementing the usage of space probe
measurements of EUV rate: GSFLAI is not contaminated by
the ejection of rapid particles from the Sun, and there is
no need for extra investment to have a continuous moni-
toring thanks to the existing permanent global GPS net-
work. Moreover, GSFLAI clearly appears to be also related,
for the stronger solar flares, with the X-ray GOES intensity
when the Sun-to-Earth deprojection factor is applied, from
the solar flare location on the Sun’s surface, being consistent
with the different geoeffectiveness properties of X-ray and
EUV enhanced flux, as pointed out in the above mentioned
works. Another aspect also evidenced in this work is the
expected slower recombination at the ionosphere, com-
pared with its corresponding sudden enhanced ionization.
[33] Apart from that, it has also been shown that a specific

solar flare detector (SISTED), based on the same physical
foundation, performs well, detecting all the X-class flares
with know location outside the solar limb (94% of the total),
and 65% for M-class flares, during more than half solar
cycle. And the first encouraging results of the usage of the
same GSFLAI parameter as solar flare detector, running in
actual real-time conditions, have also been shown.
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(Spanish Ministry of Science and Innovation), and it was done coin-
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