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Abstract—As part of an effort to observe and study ionospheric disturbances and their effects on
radio signals used by Global Navigation Satellite Systems (GNSS), alternative low-cost GNSS-based
ionospheric scintillation and total electron content (TEC) monitors have been deployed over the American
sector. During an inspection of the observations made on 28 August 2022, we found increases in the
amplitude scintillation index (S,) reported by the monitors for the period between approximately
17:45 UT and 18:20 UT. The distributed, dual-frequency observations made by the sensors allowed us
to determine that the increases in S, were not caused by ionospheric irregularities. Instead, they resulted
from Carrier-to-Noise (C/No) variations caused by a solar radio burst (SRB) event that followed the
occurrence of two M-class X-ray solar flares and a Halo coronal mass ejection. The measurements also
allowed us to quantify the impact of the SRB on GNSS signals. The observations show that the SRB
caused maximum C/No fadings of about 8 dB-Hz (12 dB-Hz) on L1 ~ 1.6 GHz (L2 ~ 1.2 GHz) for signals
observed by the monitor in Dallas for which the solar zenith angle was minimum (~24.4°) during the SRB.
Calculations using observations made by the distributed monitors also show excellent agreement for
estimates of the maximum (vertical equivalent) C/No fadings in both L1 and L2. The calculations
show maximum fadings of 9 dB-Hz for L1 and of 13 dB-Hz for L2. Finally, the results exemplify the
usefulness of low-cost monitors for studies beyond those associated with ionospheric irregularities and
scintillation.
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1 Introduction

It is well-recognized that space weather events can impact
technological systems, particularly those that rely on trans-
ionospheric radio systems (e.g., Coster et al., 2021). For
instance, irregularities in the ionospheric plasma density are
an important component of space weather. Ionospheric irregu-
larities cause the diffraction of radio waves resulting in rapid
variations in the amplitude and/or phase of trans-ionospheric
radio signals received on the ground or in space (Yeh & Liu,
1982). Ionospheric irregularities and scintillation represent
major threats to the performance of various civilian and military
systems (e.g., Ishimaru et al., 1999; Kintner et al., 2007; Kelly
et al., 2014). To advance our capability to monitor and study
ionospheric irregularities and scintillation, Gomez Socola &
Rodrigues (2022) developed low-cost GNSS-based ionospheric
total electron content (TEC) and scintillation monitors. While
these monitors are not intended to fully replace commercial
monitors, they are a cost-effective alternative for a variety of
studies. For instance, Sousasantos et al. (2023) used observa-
tions made by these monitors to detect and study an event of
extreme plasma bubbles (EPBs) reaching mid-latitudes.
Recently, a number of these sensors started to be deployed over
the American sector for studies of low and mid-latitude iono-
spheric irregularities and L-band scintillation.

Space weather phenomena are ultimately driven by solar
activity. For instance, a solar flare is a sudden and intense burst
of electromagnetic radiation emitted by the Sun, which can last
from minutes to hours. It is caused by the release of magnetic
energy stored in the solar atmosphere, often in regions of intense
magnetic fields called active regions or sunspots (Bastian et al.,
1998). Another noteworthy solar event is a Coronal Mass
Ejection (CME) which can be described as a sudden and large
expulsion of magnetized plasma from the sun. Often, events
referred to as Solar Radio Bursts (SRBs) are observed accompa-
nying solar flares and CMEs. SRBs can be described as brief peri-
ods when solar emissions in the radio frequency band are
elevated with respect to typical background levels. SRBs are
known to occur over a wide band of frequencies. The primary
mechanism responsible for SRBs that occur around the L-band
region is thought to be plasma radiation. During a solar flare,
for instance, electrons are accelerated from the active region by
magnetic reconnection. The acceleration of the electron beam
through the ambient plasma creates instabilities in the solar
plasma that give rise to plasma waves. These plasma waves
can be converted into electromagnetic waves with frequency
related to the electron plasma frequency. These electromagnetic
waves comprise the SRB (Bastian et al., 1998). In addition to
magnetic reconnection, it has been pointed out that a sufficiently
fast and wide CME could generate a plasma shock by which par-
ticles are driven to high enough energies to excite the plasma
waves responsible for SRBs (e.g., Claen & Aurass, 2002;
Morosan et al., 2021).

If an SRB occurs with significant emission in the L-band
region (1-2 GHz) and with Right-Hand Circular Polarization
(RHCP), it could affect the signals and the performance of
global navigation satellite systems (GNSS). This would occur
as a result of an increase in the background noise levels and,
consequently, a decrease in the Carrier-to-Noise Ratio (C/No)
of the GNSS signals (Klobuchar et al., 1999). For instance,
Cerruti et al. (2008) reported the impact of an SRB associated

with the X6.5 solar flare of December 6, 2006. The SRB
exceeded 1,000,000 Solar Flux Units (SFU) at the L1 frequency
and caused fadings in GPS L1 signals of up to 25 dB. GPS
receivers that are part of the International GNSS Service
(IGS) Network experienced decreases in the number of tracked
signals during the SRB. Further analyses by Carrano et al.
(2009) showed peak positioning errors in the horizontal and
vertical directions of 20 m and 60 m, respectively, for GNSS
receivers during this SRB event.

The occurrence rate of ionospheric irregularities leading to
L-band scintillation is fairly common, particularly at low lati-
tudes during Equinoxes and December solstice, and has been
reported extensively (e.g., Basu et al., 1980; Groves et al.,
1997; de Paula et al., 2003; Valladares et al., 2004; Kintner
et al., 2007; Muella et al., 2010; Moraes et al., 2012; Spogli
et al., 2013; Jiao & Morton, 2015; Correia et al., 2019). SRBs,
however, do not occur as frequently and a limited number of
studies describing their effects on GNSS signals have been
reported. For instance, in 2018, Yue et al. (2018) reported that
only eight SRBs events and their effects on GNSS had been
reported. A review of the literature for this study identified the
following studies describing the impact of SRBs on GNSS sig-
nals: Chen et al. (2005), Cerruti et al. (2006, 2008), Afraimovich
et al. (2008, 2009); Carrano et al. (2009); Demyanov et al.
(2012), Yue et al. (2013), Sreeja et al. (2013, 2014), Muhammad
et al. (2015), Sato et al. (2019), and de Paula et al. (2022).

Here we contribute by reporting the observations of a new
L-band fading event associated with an SRB observed on
28 August 2022. The event was detected by a network of
GNSS-based scintillation and TEC monitors (ScintPi 2.0 and
3.0) distributed over the United States and South America. We
point out that the Owens Valley Solar Array (OVSA) has
observed SRBs and has provided important information about
these events for the American longitude sector (e.g., Nita et al.,
2004). On 28 August 2022, however, the current version of
OVSA (Expanded OSVA — EOVSA) was not operating during
this event. Therefore, in addition to reporting and quantifying
the effects of a new SRB on GNSS signals, the observations also
contribute to L-band solar observations in the American sector.

The report is organized as follows: In Section 2, we describe
the instrumentation used in this study. We provide information
about the measurements available and the location of the instru-
mentation. In Section 3, we present and discuss the observations
and main results. The discussion includes comparisons with
auxiliary satellite measurements and quantification of the SRB
effects. Finally, in Section 4, we summarize our main findings.

2 Instrumentation

The measurements used in this study were made by ScintPi
2.0 and 3.0 monitors. ScintPi 3.0 can be described as a low-
cost GNSS-based ionospheric scintillation and TEC monitor. It
can measure amplitude scintillation on L1 ~ 1.6 GHz and L2
~ 1.2 GHz signals transmitted by the following GNSS
constellations: GPS, Galileo, GLONASS, Beidou, and SBAS.
ScintPi 3.0 can also measure ionospheric TEC. ScintPi 2.0 is a
lower-cost monitor that can only measure amplitude
scintillation on L1 signals transmitted by GPS, Galileo,
GLONASS, Beidou, and SBAS. The reduced cost of these
monitors is due to lower sampling rate (10-25 Hz) and resolution
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Figure 1. Map with the location of the ScintPi monitors that were collecting data on 28 August 2022. The geographic coordinates of the

monitors used in this study are also shown on the right.

of C/No (1 dB-Hz) measurements compared to commercial
receivers. Gomez Socola & Rodrigues (2022) provide a compre-
hensive description of ScintPi 2.0 and 3.0. Additionally,
Rodrigues & Moraes (2019) and Gomez Socola & Rodrigues
(2022) show that, despite the lower sampling rate and resolution,
low-cost monitors can provide excellent estimates of scintillation
severity compared with commercial counterparts.

Scintillation activity is determined by ScintPi 2.0 and 3.0
using high-rate measurements of signal amplitude. Scintillation
activity is quantified by the traditional S, index, which can be
described as the standard deviation of signal amplitude normal-
ized by its average (Yeh & Liu, 1982):

_ ey -y
So= 0

where I represent the amplitude of the GNSS signal, and
the angle brackets represent the ensemble average. Signal
amplitude values come from linearized values of C/No pro-
vided by GNSS receivers. In practice, averages are calculated
in 1-minute intervals. ScintPi monitors and quantifies ampli-
tude scintillation using the S, index. For this study, we utilize
products produced by the ScintPi receivers which include
L1 and L2 S, indices, TEC, and L1 and L2 C/No values.

Figure 1 shows the locations of the ScintPi 2.0 and 3.0 dis-
tributed over the American sector whose measurements were
available for this study. The monitors are hosted by universities,
observatories, and citizen scientists.

3 Results and discussions

On 28 August 2022, the ScintPi 3.0 monitor deployed in
Dallas, US detected a clear increase in the magnitude of the

S4 values. Panels (al) and (a2) in Figure 2 show the L1 and
L2 S, values, respectively, observed on 28 August 2022. The
panels show S, values for all satellites with elevation greater
than 25°. More importantly, they show that the S, indices
reached values as high as 0.5 in both frequencies around
18:00 UT.

L-band scintillation at mid-latitudes is a rare event with
limited observations reported in the literature (e.g., Mrak
et al., 2020; Rodrigues et al., 2021; Ledvina et al., 2002). Addi-
tionally, the observations show a few unusual features. For
instance, increases in the S, value were found to occur simulta-
neously in all signals tracked at the time. Additionally, the
increase in Sy occurred during daytime hours when ionospheric
F-region irregularities were not expected to find favorable
growth conditions.

Further inspection of the C/No measurements also shows
unusual long-lasting deep fadings. This is illustrated in L1 and
L2 measurements for GPS SVID 15 on 28 August 2022 shown
in panels (b1) and (b2) of Figure 2, respectively. GPS SVID 15
was selected to be shown here because it illustrates well the
increases in S, and fadings observed on this day and because
the signals from this satellite are observed by most monitors in
the network. To better illustrate the depth of the fadings, we also
show the C/No for the previous day, 27 August. It can be seen
that the C/No for the L1 signal dropped to about 40 dB-Hz
and that the C/No for L2 dropped to less than 35 dB-Hz during
the time when the S, increases were observed.

Additionally, we found that the fadings were not accompa-
nied by perturbations in TEC which confirm that increases in
S4 were not associated with ionospheric irregularities. This is
illustrated in Figure 2c. It shows, the relative ionospheric TEC
derived from differential phase measurements for GPS SVID
15. The smooth TEC curve does not show any indication of
irregularities during the fading event.
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Figure 2. S, values observed in the L1 (al) and L2 signals (a2) transmitted by GPS SVID 15 and observed by the Dallas ScintPi 3.0 monitor.
S, for signals from all satellites with elevation greater than 25° are shown. C/No values for L1 (bl) and L2 signals (b2) transmitted by GPS
SVID 15. Panel (c) shows the TEC estimated from L1 and L2 phase measurements for GPS SVID 15.

3.1 On the solar activity and associated SRB
of 28 August 2022

The features in the observations made by the ScintPi
monitor in Dallas led us to consider a solar event as the source
of the fadings. We found that, indeed, strong solar activity was
observed around the occurrence of the fadings. They were
related to Active Region 3088 (AR3088) which was associated
with several solar flares and CMEs.

In particular, we noted that two M-Class solar flares
occurred around the time of the fadings on 28 August 2022.
The National Oceanic and Atmospheric Administration
(NOAA) reported an M6.7 class solar flare that started at
15:48 UT, lasted until 16:46 UT, and peaked at 16:19 UT. After
that, a less intense M4.6 flare was reported lasting from
18:20 UT to 18:50 UT, with a peak at 18:32 UT. Figure 3
shows solar X-ray flux measurements made by the GOES 17
satellite on two bands, 0.1-0.8 nm (black curve) and 0.05—
0.4 nm (red curve) between 27 and 29 August 2022. It illus-
trates the high occurrence of solar flares associated with
AR3088. In addition to X-ray solar flares, we also point out
the occurrence of a Halo CME reported by the Large Angle
and Spectrometric Coronagraph (LASCO) at 16:12 UT on
28 August and has a linear speed of 1232 km/s.

During this period of intense solar activity, NOAA also
reported the occurrence of a SRB measuring 230,000 SFU at
1415 MHz (1 SFU = 1072 Wm 2Hz "). The event was
detected by the Radio Solar Telescope Network (RSTN) station
at Palahua, US. The event occurred between 17:13 UT and
19:59 UT with a peak at 18:30 UT.

Estimates of the lower bound of the strength of an SRB
required to affect L1 GNSS signals vary from 40,000 SFU
(Klobuchar et al., 1999) to 10,000 SFU (Demyanov et al.,
2012). Therefore, the SRB of magnitude of 230,000 SFU as
reported by NOAA on 28 August 2022 is well above the
theoretical thresholds for an observable effect. More importantly,
the time during which the SRB was observed (17:13 UT to

19:59 UT) coincides well with the occurrence of the observed
increased S, and fadings (~17:45 to 18:30 UT). In addition to
solar X-ray measurements, previous studies of GNSS signal
fadings observed over the US correlated these events with radio
observations provided by the Owens Valley Solar Array (OVSA)
(Carrano et al., 2009; Cerruti et al., 2006, 2008). Unfortunately,
OVSA was not making observations on 28 August 2022. But
this highlights how GNSS-based monitors such as ScintPi can
contribute to SRB monitoring and space weather studies.

3.2 On the distributed GNSS-based observations

Having access to distributed observations (see Fig. 1) made
by similar instruments allowed us to investigate the spatial
extent of the impact of the SRB on GNSS signals.

Panels (al)—(al3) in Figures 4 show the S4 L1 observations
made on 28 August 2022 by the 13 monitors located at the
11 sites used in this study (see Fig. 1). Again, an elevation mask
of 25° was applied to minimize multipath artifacts. The back-
ground S, values for each sensor can be explained by differ-
ences in the installations. Nonetheless, the receivers in the
network experienced a concurrent enhancement in S, values.
A closer inspection of the data shows that enhancement
occurred between 17:45 UT and 18:30 UT like what had been
observed in Dallas.

To better evaluate the impact of the SRB on GNSS signals,
we also inspected the C/No values measured by all the sensors
listed in the table shown in Figure 1. Panels (b1)-(b13) in
Figure 4 show the L1 C/No signals measured by the stations
on 28 August 2022 for an elevation mask of 25°. The observa-
tions show a similar C/No fading pattern in the L1 signals
observed by all the receivers. Again, the fading occurs simulta-
neously in all receivers between approximately 17:45 UT and
18:30 UT just like what had been observed by the Dallas recei-
vers. A closer inspection of the observations, however, shows
that the maximum fading depth varied from receiver to receiver.
This variation in fading depth is examined next.
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Figure 3. Solar X-ray flux measured by the GOES 17 Solar X-ray Imager on between 27 to 29 August 2022 for wavelengths 0.1-0.8 nm
(black) and 0.05-0.4 nm (red). Two M-class events were observed around the time of the reported SRB (~18:30 UT).
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3.3 On estimates of maximum, zenith equivalent,
SRB fadings

The distributed ScintPi sensors provide us with measure-
ments of the impact of the 28 August 2022 SRB on GNSS
signals for receivers under different solar zenith angle condi-
tions. We now examine the agreement between the distributed
observations by estimating the maximum, solar zenith equiva-
lent, C/No fading that could have been caused by the 28 August
2022 SRB.

Carrano et al. (2009) pointed out that the maximum fading
caused by an SRB can be estimated by taking into consideration
the solar zenith angle (0) and the gain pattern of the GNSS
antenna, represented by a function g(0). More specifically, they
derived an expression for the vertical (zenith) equivalent,
(C/NO)Z(Q), that would have been measured if the GNSS recei-
ver were located at the sub-solar point (6 = 0°). The expression

is given by:
(C/No)' 1] }
(C/No) ’

(2)

Zigy 0 2(0)
(C/No)“(0) = (C/No) {1 +ﬁ

where (C/No)0 represents the C/No that would have been
observed by a receiver without the effects of an SRB. For
our analyses here, we focus on measurements made using
the GPS SVID 15 signals. In addition to this signal being
observed by multiple monitors, the orbit of GPS satellites
allows us to use measurements from the previous day as an
estimate of (C/No)°. The ratio (C/No)%/(C/No) represents the
C/No fade due to the SRB, in linear units. The terms g(0)
and g(0) represent the gain of the antenna at angles 0 and 0,
respectively. Similar to Carrano et al. (2009), we estimated
g(0) using a Gaussian function fitted to gain values provided
by the manufacturer of the antenna (Abracon model
AEAGMK148060-S1575). Estimates of g()) were obtained
for L1 and L2.

For this presentation, we also focus on measurements made
by four stations with solar zenith angles differing significantly at
the time of the SRB. The results are presented in Figure 5 for
GPS SVID 15 L1 and L2 signals.

Figure 5a shows AC/No curves which are computed by sub-
tracting the C/No curve of the previous days (without SRB)
from the C/No curve observed on the day of the SRB, that is,
AC/No = C/No™"& 8 — C/No™"¢ 27, AC/No curves are shown
for receivers located in Presidente Prudente — Brazil (22.12°S,
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51.41°W), Logan — US (41.93°N, 111.43°W), Colorado — US
(38.38°N, 103.16°W), and Dallas — US (32.99°N, 96.75°W).
The solar incidence (or zenith) angles for these stations at
18:00 UT are 49.1°, 37.6°, 31.3°, and 24.4°, respectively. The
calculations took into consideration the variation of solar zenith
angles with time. The results in Figure 5a show the solar zenith
control over the magnitude of the fadings. It shows that as the
local solar zenith angle decreases, the magnitude of the C/No
fadings increases. For instance, at Presidente Prudente where
the solar zenith angle is the largest during the SRB, the maxi-
mum C/No decrease was approximately 5 dB-Hz. In Dallas,
however, where the solar zenith angle was the smallest, the
maximum fading reached almost 8 dB-Hz.

Figure 5b shows the vertical equivalent AC/No curves
calculated using equation (2). The results show an overall excel-
lent agreement for the maximum C/No fadings estimated from
different observations. It also shows a maximum fading depth
of about 9 dB-Hz around 18:15 UT. Furthermore, it provides
unequivocal evidence of the solar origin of the fadings.

Figure 5c provides results for analyses of the GPS SVID 15
L2 signal. Figure 5¢ shows AC/No for the L2 signal measured by
the same four stations of Figure Sa. Again, the results confirm the
overall solar zenith control of the observed fadings with larger
depths in Dallas compared to Presidente Prudente, for instance.
Figure 5d also shows the overall agreement between the zenith
equivalent (maximum) fadings estimated from the four stations.
While the maximum fading at L1 (~9 dB-Hz) occurred
around 18:15 UT, the maximum fading for L2 occurred around
18:35 UT and reached approximately 13 dB-Hz. This can be
interpreted as a result of the different temporal variations of
the SRBs at different frequencies.

4 Summary and concluding remarks

We have deployed low-cost GNSS-based monitors of
ionospheric scintillation and TEC over the American sector with
the goal of studying low and mid-latitude ionospheric irregular-
ities and scintillation. During a routine inspection of the obser-
vations made by a monitor located in Dallas, US, we observed
unusual increases in the amplitude scintillation index (S4)
during daytime hours.

Inspection of observations made by other monitors of our
network showed similar increases in S, during the same time.
Additionally, TEC measurements also made by the monitors
did not show evidence of ionospheric irregularities. The dis-
tributed, dual-frequency observations allowed us to rule out
the possibility of L-band scintillation caused by daytime irregu-
larities such as those associated with sporadic E-layers for
instance (Seif et al., 2017). Instead, they led us to find that
the S, increases resulted from C/No variations caused by a
SRB event associated with two M-class X-ray solar flares and
a Halo CME that occurred on 28 August 2022.

Further inspection of the observations allowed us to quantify
the impact of the SRB. We showed that the SRB caused
C/No fadings of up to ~8 dB-Hz on L1 (~1.6 GHz) signals
and ~10 dB-Hz on L2 (~1.2 GHz) signals observed by the
monitor in Dallas. Calculations using observations made by
the distributed monitors also show good agreement for esti-
mates of the maximum (vertical equivalent) C/No fadings.

The calculations show maximum fadings of 9 dB-Hz for L1
and of 13 dB-Hz for L2.

The results exemplify the usefulness of the ScintPi monitors
for studies beyond those associated with ionospheric irregulari-
ties and scintillation. The instrumentation can contribute with
auxiliary observations of L-band RHCP SRBs and with investi-
gations of the impact of SRBs on GNSS signals. For instance,
the ScintPi array detected the 28 August 2022 SRB when the
Owens Valley Solar Array (OVSA) was not making measure-
ments. In addition to determining fading depths, the high
sampling rate observations provided by the ScintPi monitors also
allow one to quantify the effect of SRBs through the commonly
used S, indices.

The S, values provided by the ScintPi monitors are exam-
ined routinely as part of our search for ionospheric scintillation
events. Therefore, the S, indices can also help to detect SRBs as
they occurred in the case of the SRB reported here. ScintPi
monitors do not perform well in the region of small S, values
(say S411 < ~0.2) as mentioned by Gomez Socola & Rodrigues
(2022) and, therefore, might not be as effective in detecting
fadings caused by weak SRBs. A single station would be lim-
ited to observations during local daytime when the sun is above
the low-gain portion of the antenna pattern, that is, above low-
elevation angles. The low cost of the monitors, however, allows
them to be deployed at different longitude sectors so that SRB
effects can be observed at all universal times.
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public data repository (zenodo.org) at https://zenodo.org/
records/10014974.

The GOES-17 satellite X-ray data used in this study was
made available by the National Oceanic and Atmospheric
Association (NOAA) at https://www.ngdc.noaa.gov/stp/satellite/
goes-r.html. SRB reports were obtained from the Solar and
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