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Abstract

A Solar Radio Burst (SRB) is one of the most severe natural hazards affecting the performance of the global navigation
satellite systems (GNSS). Considering the influence of different threat factors, the GNSS developers upgrade the systems
to amend the accuracy and noise-proof features of the systems. In particular, GPS gradually replaces “old” satellites (GPS
ITA, GPS IIR-A, GPS IIR-B) with new-generation equipment (GPS IIR-M, GPS IIF, GPS III) featured by an increase in the
emitted signal power at L2 frequency and by new civilian codes. In this work, based on examples of the extreme SRB of
September 24, 2011, and the severe SRB of September 6, 2017, we study how such modernization can improve the GPS
system performance during solar flares accompanied by intense SRB. We recorded SRB-related drops in signal strength (S),
which were 7.5/0 dB-Hz for the S1C, 10/7 dB-Hz for the S2X, 17/8 dB-Hz for the S2W and 9/7.5 for the S5/S5X in 2011/2017
correspondingly. The drop in the S2W signal strength for the modernized blocks was comparable in amplitude to those of
the “old” blocks. However, the modernized IIR-M/IIF blocks were featured by about 5 dB-Hz higher signal strength. This
resulted in a double and triple decrease in loss-of-lock density for the IIR-M/IIF satellites in 2011 and 2017, respectively, as
compared to IIA/IIR-A during SRBs. Therefore, the increase in the emitted signal power and new civilian codes potentially
enhance the stability of the GPS operation.
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Introduction

Global navigation satellite systems (GNSS) have been
widely implemented in different fields of industry and trans-
portation. Nowadays, several GNSS are in operation—the
American GPS, Russian GLONASS, European Galileo, and
the Chinese BeiDou. Therefore, requirements for the accu-
racy and reliability of GNSS have continuously grown. The
performance quality of these systems largely depends on the
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propagation medium, i.e., on the ionosphere. Irregularities
of the ionospheric plasma density may significantly affect
radiowave propagation, causing rapid phase and amplitude
fluctuations (radio scintillations), or even cause loss of lock
(LoL) of satellite signals. These may lead to a significant
degradation in system performance, accuracy, and reliability.

Geomagnetic storms are one of the causes of the occur-
rence of the ionospheric irregularities that lead to the wors-
ening of GNSS performance quality. Afraimovich et al.
(2003) showed that, during geomagnetic storms, the stand-
ard deviation in the position determination increased for all
types of GPS receivers. Astafyeva et al. (2014) demonstrated
that the number of GPS Losses-of-Lock increased drastically
during storms and especially during super-storms. Thus, we
are in obvious need of the development of specific space-
weather monitoring services that could lead to improving
current positioning applications based on GNSS (Jakowski
et al. 2005).

A more detailed overview of space weather effects on
GNSS performance and ionospheric total electron content
(TEC) can be found in Coster and Komjathy (2008) and
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Afraimovich et al. (2013). A brief review of solar flare
effects on the ionosphere is provided in Tsurutani et al.
(2009).

Solar radio bursts (SRB) that occasionally accompany
solar flares are among the most severe disturbing natural
factors for satellite radio technical systems. Klobuchar
et al. (1999) predicted that SRBs could affect the GPS per-
formance if the solar flux in the L band frequency range
exceeded a threat threshold of about 40,000 solar flux units
(sfu). Further studies by Chen et al. (2005) and Demyanov
et al. (2013) proved that even weaker solar radio bursts are
capable of causing GNSS malfunction. For instance, Chen
et al. (2005) showed that almost no GPS L2 signals were
tracked around the subsolar area during the October 28,
2003 SRB, although the burst flux density at 1415 MHz
was only 4000-12,000 sfu, which is far below the “threat”
threshold previously suggested by Klobuchar et al. (1999).

Cerruti et al. (2006) investigated the carrier-to-noise
ratio during the September 2005 SRB. They showed that
the maximum degradation at GPS L1 reached about 3.0 dB,
while at the semi-codeless L2 signal degradation of 10.0 dB
was observed.

Carrano et al. (2009) showed that under the direct effect
of 10,000-1,000,000 sfu solar radio emission, the signal-to-
noise ratio (SNR) can decrease by 10-30 dB at the naviga-
tion receiver antenna. Consequently, loss of signal tracking
was detected for many navigation satellites at the earth sunlit
part for a rather long time (up to 1 hour). Carrano et al.
(2009) showed that SNR reduction experienced by a GPS
receiver depends on the solar incidence angle due to the
antenna gain anisotropy.

Muhammad et al. (2015) showed that during the Septem-
ber 24, 2011, extreme SRB event, the GPS carrier-to-noise
density ratio (C/NO) reduced at most by 13 dB at L1 and 24
dB at L2. The C/NO degradation induced the loss of lock at
GPS L1 and L2 frequencies and significant code-tracking
errors. For the same 2011 SRB event, Sreeja et al. (2013)
showed the maximum carrier-to-noise density ratio reduc-
tions of 11.0, 22.0, and 10.0 dB-Hz for the GPS L1C/A, L2P,
and L2C signals, respectively. Degradation in the positioning
accuracy in the PPP regime during SRB flares was revealed
in Sreeja et al. (2014) and Yasyukevich et al. (2018a).

Sato et al. (2019) pointed out that the degradation of
GNSS performance during a flare depends on frequency.
For the September 6, 2017 SRB, the authors recorded the
impact of the burst at L2 and L5 frequencies, but not at L1
frequency. The maximum signal-to-noise ratio reduction of
— 10 dB was observed when the solar radio flux pulsated
around a level of 2000 sfu. An analysis of the flare impact
on the ionosphere and GNSS precise positioning (PPP) and
navigation support services have been performed by Berder-
mann et al. (2018). They revealed that not only the GNSS
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PPP service was affected during the flare, but so was the
EGNOS system.

A sudden increase in the total electron content (SITEC)
caused by intense EUV flux during solar flares is another
potential factor worsening the GNSS in terms of position-
ing accuracy (Matsoukas et al. 1972). SITEC may dramati-
cally affect the positioning precision by GNSS methods,
as was shown in Zhang and Xiao (2005) and Wan et al.
(2005). Sudden rapid growth in TEC (and even more impor-
tantly, its second phase derivative) could also potentially
result in losses of lock. However, only very intensive EUV
events, such as the October 28, 2003 flare, when the SITEC
exceeded 3 TECU/min (Zhang and Xiao 2005), can induce
the TEC to increase high enough to cause LoLs. In com-
parison, the September 6, 2017, flare only caused a TEC
increase of about 1.5 TECU/min in the subsolar sector
(Yasyukevich et al., 2018a, b). Moreover, the ionospheric
density enhancement during the 2017 solar flare depended
on the solar zenith angle: larger enhancement (and larger
SITEC) corresponded to smaller solar zenith angle (Zhang
et al. 2019). Previous work also reported that SITEC played
a secondary role in losses of signal lock (Chen et al. 2005).
Rodriguez-Bilbao et al. (2015) concluded that the SITEC
was a primary source for large errors observed in PPP during
the October 28, 2003 flare, while the cycle slips or complete
signal loss had been attributed to an SRB that took place on
the same day. Sato et al. (2019) and Berdermann et al. (2018)
also concluded that the positioning error referred instead to
the extreme solar ultraviolet than to solar radio interferences.
The authors also noted that a combination of EUV and SRB
impact on GNSS signals is possible.

The power of the radio signal emitted by satellites is one
of the decisive factors that impact the quality of the esti-
mated radio navigation parameters. As shown repeatedly
(Zakharov et al. 2016; Jin and Oksavik 2018), navigation
signal cycle slips occur mainly at the L2 GPS frequency due
to two factors: lower transmitter power at L2 and unknown
code structure of GPS P(Y) code. To improve this issue,
GNSS developers currently upgrade the systems to amend
the accuracy and noise-proof features of the systems by
improving the ephemeris time support, by increasing the
number of navigation signals available to the civilian con-
sumer, and by improving the structure of these signals.
Thus, in the GPS system, the satellites have been one-by-
one replaced with new-generation modernized GPS satel-
lites (GPS IIR-M, GPS IIF, GPS III) that possess improved
characteristics in terms of noise immunity. Another factor in
improving system stability is a receiver hardware advance-
ment. Fortes et al. (2015) showed that hardware receiver
technology advancements decreased the percentage of L2
loss of lock by a factor of 3 considering the hardware/firm-
ware models used in 2002 and 2012.
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This work analyzes how the change in the emitted GPS
satellite signal power affects the system performance sta-
bility during solar flares accompanied by intense SRB. In
addition, we analyze how new civilian codes can increase
the stability of GPS operation during SRB.

GPS signals and their modernization

Currently, GPS satellites can emit 5 civilian ranging codes:
C/A at L1, L2C (M and L codes) at L2, as well as I5 and Q5
codes at LS. The most modern receivers can also semi-code-
lessly track protected P(Y) signals at L1 and L2. Z-tracking
(Ashjaee and Lorenz 1992) is usually assumed to be the
best tracking procedure for the P(Y) signal. The z-tracking
results in equal (or almost equal) signal strength at L1 and
L2. However, there is a 13 dB decrease in signal-to-noise
under semi-codeless z-tracking compared to code tracking
(Hofmann-Wellenhof et al. 2008).

According to the GPS interface control document (IS-
GPS-200J, 2018), the power of the GPS signal emitted by
the modernized satellite blocks, starting with the IIR-M, was
increased to respond to the requirements for the minimum
received signal power at a ground-based receiver. Table 1
lists the minimum power values received at ground-based
receivers for various types of GPS satellites. One can see that
starting with the IIR-M block, the minimum signal power
guaranteed by the system at the L2-frequency increased
by 3-5 dBW. In addition, for GPS satellites equipped with
IIR-M and IIF blocks, there is a possibility to redistribute
the transmitting power between the signals.

In the current research, we study S1C, S2W, S2X and
S5X observables, while the main attention is devoted to the
S1C and S2W because P1C and P2W currently are the main
observables for civilian navigation. S1C stands for the code
C/A tracking at L1, S2W for the semi-codeless L2 P(Y)
z-tracking, S2X for code M+L L2 tracking, and S5X for the
code I+Q L5 tracking.

Table 1 Minimum signal power received at a ground-based receiver
(20.46 MHz receiver frequency band). The information is taken from
Table 3-Va in IS-GPS-200J (2018)

GPS block Channel Signal
P(Y) C/A or L2C
TTA/TIR L1 —161.5 dBW —158.5 dBW
L2 —164.5 dBW -
IIR-M/IIF L1 —161.5 dBW —158.5 dBW
L2 —161.5 dBW —160.0 dBW
111 L1 —161.5 dBW —158.5 dBW
L2 —161.5 dBW —158.5 dBW

Data and method

GNSS data distributed in RINEX format contain S param-
eters (Pestana 2015) that represent the carrier-to-noise
power density ratio (C/NO) or raw signal strength accord-
ing to the RINEX 3.03 specification (ftp://igs.org/pub/
data/format/rinex303.pdf). The archive of the International
GNSS service (IGS, Dow et al. 2019) at (ftp://igs.org/pub/
station/general/igs08.atx) presents the schedule of the GPS
satellite replacements. For the GPS satellite 10 (PRN10),
the replacement of the IIA block with the IIF took place
between August 3 and October 31, 2015.

In this work, we used data from the IGS station ZIM2
located in Switzerland (7.47° E; 46.88° N; Fig. 1). Figure 2
shows the C/NO changes for the GPS signal received at sta-
tion ZIM2, at L1 (S1) and L2 (S2) on April 29, 2015 (blue
dots) and December 27, 2015 (gray and black dots). These
dates were specifically chosen outside the interval of the
satellite replacement. It should be noted that on these days,
there was no hardware update at the receiver. According to
the official IGS information, during that time station ZIM?2
was equipped with the Trimble NETRO receiver and the
TRM59800.00 antenna (http://www.igs.org/).

The observables for station ZIM2 are taken from files in
Rinex3 format. The files contain signal strength observa-
bles for the C/A code tracking and the semi-codeless P(Y)
z-tracking. We compare S2 observables at the same code
(S2W) under z-tracking for both GPS IIA and GPS IIF.
Also, we estimate how the signal strength changes when
we use the civilian L2C (M+L) tracking.

Figure 2 shows a change at L1 of about 1.5-2.5 dB-Hz
when receiving the signal from the modernized IIF satel-
lite and a higher increase of about 3-4.5 dB-Hz for S2W
using z-tracking at L2. The signal strength increases by
8.5-20 dB-Hz for the IIF-S2X (as compared to the ITA-
S2W) using the L2C (M+L) tracking.

The best way to analyze the effect of the boost in the
signal strength would be to compare the received signal
power from one satellite during several radio bursts of
similar intensity. However, this approach is difficult to
implement because powerful radio bursts occur rarely. By
analyzing the data over the recent 20 years, Huang et al.
(2018) found that, within this period, there occurred only
2384 flares in the L-range, of which only 17 may be clas-
sified as severe (10,000 < radio emission flux < 100,000
sfu) and 4 as extreme (radio emission flux > 100,000
sfu). Therefore, in this work, we implement the following
approach: we analyze the received signal strength during a
flare at a chosen station, which records the C/NO for satel-
lites of different generations.

The selected events are the September 24, 2011 (Sreeja
et al. 2013) and the September 6, 2017 (Yasyukevich et al.
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Fig. 1 Geometry of the experiment for the September 24, 2011 (top)
and the September 06, 2017 (bottom) SRBs. The big orange dot
shows the location of the IGS station ZIM2, the black dots show the
worldwide GNSS networks, the red stars show the subsolar points
during the maximum intensity of the solar flares, and the orange line
confines the area with the solar zenith angle less than 60° (solar ele-
vation >30°). Red and blue lines depict the position of the solar ter-
minator at sunrise (red) and sunset (blue) at the moment of the SRBs
maximum emission.

2018a; Berdermann et al. 2018) radio bursts that, accord-
ing to Huang et al. (2018), are regarded as extreme and
severe bursts, respectively. For each flare, we studied the
dynamics for the received signal strength at the main (L1)
and auxiliary (L2/L5) GPS frequencies at station ZIM?2.
The analysis was performed for different-generation satel-
lite blocks. We used the S1C and S2W observables, which
can be obtained from both “old” GPS block ITA/IIR-A and
“new” GPS block IIR-M/IIF. Also, we used S2X observ-
ables to estimate code tracking performance at L2, and
some data on S5X at LS. A Trimble NETRS receiver was
first installed at ZIM2; however, from April 27, 2015, the
Trimble NETR9 version was in operation.

@ Springer

Solar radio burst of September 24, 2011

To analyze the SRB variations, we used data from the Sag-
amore Hill spectrograph that is a part of the Radio Solar
Telescope Network (RTSN) (ftp://ftp.ngdc.noaa.gov/STP/
space-weather/solar-data/solar-features/solar-radio/rstn-
I-second/sagamore-hill/). The September 24, 2011 radio
emission at 1415 MHz started rising at about 12:32 UT and
peaked (114 144 sfu) at 13:05 UT (Fig. 3, red line). Figure 3
shows that the signal strength decreased during the radio
burst at the receiver at both L1 (S1) and at L2 (S2) fre-
quencies. According to the RINEX 3.03 specification (ftp://
igs.org/pub/data/format/rinex303.pdf) a threshold for good
signal tracking is defined as 30-35 dB-Hz. For L1, the C/
NO value threshold for the phase lock to occur is about 28
dB-Hz (Hofmann-Wellenhof et al. 2008). However, special
signal post-processing procedures could lower this value to
20 dB-Hz (Psiaki 2001). Therefore, in this work, we take 20
dB-Hz as the threshold level.

At L1, the received signal strengths S1C for both satel-
lites have similar levels, whereas, at L2, the IIA S2W is
lower than that at the IIR-M. During the flare peak, the ITA
L2 received signal strength S2W drops below 20 dB-Hz,
whereas, for the IIR-M, the minimum values of the received
signal strength S2W is by 5 dB-Hz higher.

Because the elevation angles for the satellites differ, it is
better to compare the received signal strength to the eleva-
tion angle (as it was made in Fig. 2). Such comparison is
presented in Figure 4 for L1 (S1, left) and for L2 (S2, right).
One can see that, for L1, the dependence of the received sig-
nal strength S1C on the elevation angle is almost similar for
the two blocks. During the flare, we observe a sudden drop
of ~7.5 dB-Hz in the signal strength S1C. Such a drop occurs
at different satellites for similar elevation angles. However,
in general, the received signal strength remains sufficiently
high. For L2, however, we observe a difference between
the received signal strength for the two blocks: for ITA, the
strength level is lower at all elevation angles. During the
flare, we observe a decrease in the received signal strength
S2W by more than about 17 dB-Hz for both blocks. Due
to the initially lower signal power, the IIA minimal value
appears below the 20 dB-Hz threshold, which potentially
leads to a greater probability of the signal loss of lock during
flares. Meanwhile, the decrease in the S2X for the PRN29
(the new block IIR-M) is only of 10 dB-Hz.

Thus, during the flare, we observe a sharp drop in the sig-
nal strength of about 7.5 dB-Hz at L1 frequency and of ~17
dB-Hz at L2 frequency when using P(Y) code. However, due
to the initially higher L2 signal power on satellites of new
type, the signal strength during the flare exceeds the strength
of the signal from the “old” satellite. This potentially results
in more stable navigation. The flare-induced drop in the sig-
nal strength at L2 frequency when using the new civil code
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Fig.2 Elevation angle dependence of GPS PRNI10 received signal
strength at L1 (left) and L2 (right) for April 29, 2015 (blue dots, GPS
ITA) and for December 27, 2015 (gray and black dots, GPS IIF) at
ZIM2 station. Black points are for the S1C (left) and S2W (right)
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Fig.3 Solar radio emission at 1415 MHz as recorded by the Saga-
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Fig.4. GPS received signal strength at station ZIM2 at L1 (left
panel) and L2 (right panel) during the September 24, 2011 radio
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is smaller and is comparable with the drop at L1 frequency
(about 10 dB-Hz).

Solar radio burst of September 6, 2017

The September 6, 2017 radio burst accompanied the most
powerful X9.3 flare in cycle 24. The maximum value of
the radio emission flux reached 19604 sfu at 12:04 UT
as obtained from the San Vito radio spectrograph that is
a part of the RSTN (ftp://ftp.ngdc.noaa.gov/STP/space
-weather/solar-data/solar-features/solar-radio/rstn-1-secon
d/san-vito/).

Figure 5 shows the dynamics of the radio emission flux
(red curve). The gray curve shows variations in the received
signal strength at ZIM2 from the GPS satellite PRNOS (IIF);
the blue one does the same for the GPS PRN11 (IIR-A).
One can see that this flare did not affect the measured sig-
nal strength S1C at L1. At the same time, the flare caused
8 dB-Hz decrease in the signal strength S2W at L2. This
result corresponds to those obtained by Sato et al. (2019)
who revealed a decrease in L2, and L5 signal strength up to
10 dB-Hz in the European region. A decrease in L2 signal
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Fig.5 Dynamics of the solar radio emission at 1415 MHz as
recorded by the San Vito spectrograph (red curve) during the Sep-
tember 6, 2017 radio burst and the GPS received signal strength
(thick lines) at station ZIM?2 for two satellites: GO8 (IIF) and G11
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Fig.6. GPS received signal strength at ZIM2 at L1 (left) and L2
(right) during the September 6, 2017 radio burst for two satellites:
PRNO8 (IIR-M, black and gray dots), PRN30 (IIR-A, blue dots).
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strength using civilian L2C code (S2X) is slightly smaller—
about 7 dB-Hz.

Figure 6 shows the dependence of the received signal
strength on the elevation angle. Unfortunately, during the
flare, there were no satellites of different types at similar
elevations. However, one can see significant differences in
the signal-to-noise ratio at L2. The solar flare effect is in a
sharp decrease in the received signal strength at L2. The
PRNI11 (IIR-A) initially shows lower values for the L2W sig-
nal strength (Fig.6, right panel). During the flare, the signal
strength dropped down to the 20 dB-Hz threshold level. Note
that for the PRNOS (IIF), the radio burst effect was recorded
at a higher elevation angle; therefore, a direct comparison
of the signal strength from those satellites during the flare
is incorrect. Note, however, that the flare-driven total signal
strength S2W decrease for both satellites is comparable by
amplitude, i.e., ~8 dB-Hz, and does not change with eleva-
tion. Therefore, if the radio burst occurred for the PRNOS at
the same low elevation angle as for the PRN11, the minimal
threshold for PRNOS signal strength would not be reached
due to the initially higher power of the L2 P(Y) signal
at PRNOS. Signal strength for S2X at PRN 08 is higher,
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(IIR-A). The black curves are for SIC and S2W, blue curves are for
S1C and S2W, and the gray curve is for S2X. Thin lines are the sig-
nal strengths for the reference day (September 5). Orange dashed line
shows the 20 dB-Hz threshold.
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(left panel) and S2W (right), gray dots are for S2X. Orange dashed
lines show the 20 dB-Hz threshold.
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especially at low elevation angles and the flare-related effect
for this signal is weaker.

Thus, increasing the power of the L2 signal emitted from
a satellite can improve the stability of the system against
the solar flare threat. However, the use of the new open civil
code contributes even greater to the enhancement in the sys-
tem stability.

The GPS IIF is equipped with a transmitter emitting at L5
frequency. This enables us to analyze the flare effect on dif-
ferent frequencies for the modernized blocks. Figure 7 shows
the dynamics for the GPS received signal strength at L1 (S1,
black), L2 (S2, gray), L5 (S5, navy blue). The data are for
station ZIM2 except for the L5 data in 2011, when ZIM2
did not record L5 observables. Thus, we find another sta-
tion WTZR (49.14°N; 12.87°E) and put this data on the left
panel (see S5-WTZR). In 2011, a Leica GRX1200+GNSS
receiver with the LEIAR2S5. R3 LEIT antenna was installed
at station WTZR. However, the WTZR data are only pro-
vided in RINEX2 format; therefore we do not have detailed
information on observables S5Q, S5T or S5X. In 2011, only
two satellites were equipped with the IIF blocks: PRNO1
and PRN25. PRNO1 was not visible in the region during
the flare, while signals from PRN25 were captured at a low
elevation of about 15°. Therefore, we used observations
S1C, S2W, S2X from PRN29 (IIR-M), and adjusted S5 from
PRN25 (IIF). To adjust S5 measurements, we increased all
S observables from PRN25 by 5 dB-Hz to match S1C level
from PRN29 and PRN25.

Figure 7 shows the strength level of L5 and L1 sig-
nals. While we do not observe any decrease in the signal
strength in the September 6, 2017 S1C data, the L5 signal
strength drop of ~7.5 dB-Hz is comparable, although less
pronounced, with the L2 power loss. Our finding is in agree-
ment with the results of Sato et al. (2019), who reported the
impact of the September 6, 2017 SRB at GPS L2 and L5
frequencies, but not at L1 frequency. Nevertheless, the use
of code tracking (L5 and L2C) decreases the signal strength
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Fig. 7 Dynamics of the strength of GPS received signal S1C (black
lines), S2W (blue lines), S2X (gray lines), S5X (navy blue) at sta-
tion ZIM2. The solar radio emission data for the September 24, 2011

as compared to semi-codeless tracking (P(Y)). For instance,
during the September 24, 2011 SRB, the L5 signal strength
S5 dropped by 9 dB-Hz. Among the considered examples,
the P(Y) signal (S2W observable) shows the lowest total
power and, therefore, the worst stability during radio bursts.

LoL dynamics during the flares

A decrease in the received signal strength during solar radio
bursts often leads to a greater probability of signal losses of
lock (e.g., Afraimovich et al. 2009). Here, we analyze how
the boost of the emitted signal power at satellites of the new
generation affected the general stability of the system opera-
tion during solar radio bursts. For this purpose, we estimate
the mean density of the GPS signal phase LoL for L1 and
L2 during the considered flares. Our results are based on the
global GNSS network data that included about 5000 (4659
in 2011 and 4939 in 2017) receivers. The global network
includes different global and regional networks such as IGS
(Dow et al. 2009), UNAVCO, SONEL, CHAIN (Jayachan-
dran et al. 2009), EUREF (Bruyninx et al. 2012), and SibNet
(Yasyukevich et al. 2018b). Fig. 1 shows the distribution
of GPS stations that we used in this study. In 2011, data
for almost all receivers were provided only in Rinex2 for-
mat without information on code tracking type. In 2017,
most receivers kept data only in Rinex2 format. Most likely,
Rinex?2 files contained S1C as S1 and S2W as S2, because
if it contained S2X/S2L/S2M as S2, then there was a lot of
missing data for “old” GPS satellites that do not emit mod-
ernized signals. Wanniger (2018) found that 2.7% of GPS
receivers mix L2P(Y)/L2C observations in the Rinex files.
We assume that 2.7% is not high enough and should not sig-
nificantly change the global LoL pattern. Thus, we believe
that in our study, the observed differences in the LoL density
dynamics for “old” and “new” satellites are associated with
the improved emitted signal power rather than with the use
of different codes.

September 06, 2017

60 — s5X s1c— 2x10*
-V- . ~~
7 90 e 3 =
= TS3W et
% 40 - — 1x10 %
w 30 — — Ll:

20 | 0x10°

11.5 12 12.5
UT (hours)

(left panel) and for the September 6, 2017 (right panel) solar flares
are shown in red. On the left panel, we show S5 observable at station
WTZR (S5-WTZR, navy blue).
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We calculated the LoL relative density P;. For this pur-
pose, at a station, the number of LoL N(t) within the selected
time interval ¢ was normalized for the total number of obser-
vations S(7). Then, we averaged over all the GPS satellites
recorded within this interval (M). Further, we calculated the
LoL relative density (percent):

1 Ny,

PT=Mj=1 Tt), (D

We used data from stations located close to the subso-
lar region at the flare instant to estimate the LoL density.
For this purpose, we consider in (1) only ionospheric pierce
points, i.e. line-of-sight (LOS) intersection with the iono-
sphere at 300 km height, having a solar zenith angle below
60°. This area is marked by orange lines in Fig.1. Finally,
we selected only LOS with elevation angles higher than 10°.
As a result, we calculated the LoL density separately for the
modernized and “old” satellites. At each time instant, the
statistics included more than 3000 records for both flares
and for both types of satellites.

Figure 8 shows the estimated LoL densities. At all satel-
lites, the LoL density at L2 significantly exceeded that at L1
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Fig.8 Density of losses of lock at L1 (black curve) and L2 (blue
curve) in the subsolar region during the September 24, 2011 (left)
and the September 6, 2017 (right) solar radio bursts for the modern-
ized (top) and “old” (bottom) satellites. Right scales on the left panels
are for L1 LoL density in 2011. Bold gray lines show the dynamics
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L1 LoL density (%)

L1 LoL density (%)

during the flares. In both cases, the sharp peaks in the LoL
densities corresponded to the radio bursts (vertical dashed
lines). We do not see such peaks on previous quiet days.

During the 2011 extreme radio burst, a sharp increase in
the LoL density at L2 reached 30% of the total number of
measurements at the “old” satellites (Fig. 8 bottom left). For
the newer satellites, the LoL density maximum value at L.2
reached 10% (Fig. 8 top left), which is 20% lower than for
the “old” satellites. At L1, the maximum LoL density during
the flare grew up to 0.6 % for the modernized satellites and
exceeded 1% for the “old” ones. Overall, one may state an
essential degradation of the system operation quality during
this event. However, the increased power at the new satel-
lites reduced susceptibility to SRB even under semi-codeless
treatment.

Figure 8 shows a flare related LoL density increase in
2017, but to a much lesser extent as compared to those in
2011. The maximal values of the LoL density at L2 during
the flare reached about 1.6% at the “old” satellites (bottom
right), and about 0.8% for the modernized satellites (top
right). There was no distinguished effect on L1 LoL density
dynamics for this flare. Lesser LoL density during the 2017
SRB is caused, first of all, by a lower intensity of the radio
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of L2 LoL density on previous days. Vertical dashed lines depict the
SRBs maxima. Note that for the September 24, 2011 SRB (left pan-
els), we selected the Y-scales for L1 and L2 so that the LoL density
levels on the previous day coincided (gray line, top left).
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burst. Another factor is the different duration of the distur-
bance impulse during the flares. Thus, in 2017 the radio flux
exceeded a relative threshold value of 5000 sfu for about 2
minutes. In 2011 the threshold was surpassed for more than
10 minutes with a short second peak of about 1 minute. It
indicates significant differences between the total disturbing
energy amount injected during the flares.

Losses of lock during the September 6, 2017 flare over
the European region were studied in detail by Berdermann
et al. (2018). Their results indicated that “the space weather
event does not coincide with the loss of lock intervals”.
A smaller number of stations (as compared to the current
research) and possibly their better performance could result
in the inconsistency with our results shown in Fig. 8. It is
interesting to note that Yasyukevich et al. (2018a) found no
LoL during the September 2017 flare either. Possible reason
for this difference in our results with previous ones could be
a different set of stations. The main advance of the current
approach is introducing a limit on the solar zenith angle.
As we can see from Fig. 1 there are a lot of GPS stations
in Europe and America, which are on the sunlit part of the
earth. However, most of these stations correspond to low
solar elevation (< 60°). At stations with low solar elevation,
SRB did not impact the losses of lock. Therefore, in previ-
ous studies, adding stations with low elevation could “hide”
the effect. Our new approach allowed us to reveal the effect.

Both the satellite elevation and the solar zenith angle
should influence the loss of lock density: lower signal
strength at low elevation increases the LoL probability,
and so does higher emission flux at low zenith angles. The
top panel in Fig. 9 demonstrates the LoL density at L2
depending on the elevation and solar zenith angles during
the 10-min period around the peak of the 2011 SRB. The
figure confirms that during the flare most of LoLs occur
at low zenith angles, generally less than 40°. It is interest-
ing to note that for this powerful flare we observe losses of
lock at zenith angles around 30°, i.e., even at high satellite
elevations.

Middle and bottom panels in Fig. 9 show the LoL den-
sities at L1 (black curves) and L2 (blue curves) for the
modernized (solid lines) and “old” (dashed lines) satel-
lites. LoLs are calculated for the 10 min periods around
the peaks of the September 24, 2011 (middle) and the Sep-
tember 6, 2017 (bottom) solar radio bursts, respectively.
We do not show here LoL dynamics at L1 during the 2017
SRB, because of a small number of the LoLs recorded
during this event. This did not allow us to obtain reliable
results. During both flares, the LoL density at L2 (for both
modernized and “old” satellites) depends on solar zenith
angle. However, at L1 in 2011 this dependency is not clear
enough. We could use the dependencies to predict losses
of phase lock probability under SRB. The supplemen-
tary materials contain the temporal evolution of the LoLs
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Fig.9 Loss of lock density vs. the satellite elevation and the solar
zenith angle. Top panel shows 2D-distribution of LoL density at L2
vs. the elevation and the solar zenith angle for the 2011 solar radio
burst. Middle and bottom panels shows LoL density dynamics vs.
the solar zenith angle for the 2011 SRB and the 2017 SRB, corre-
spondingly: black marks L1 data, blue marks L2 data, solid lines cor-
responds to the modernized satellites and dashed lines correspond
to “old” satellites. All calculations are made for the 10 min periods
around the SRB peaks.

depending on the solar zenith angle at both modernized
and “old” satellites during the flares. All this also confirms
strong LoL dependence on the solar zenith angle and the
better tracking stability of signals from the modernized
satellites during a flare.
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In both cases, the L2 LoL density decreased more than
twice at the modernized satellites. Hence, one may conclude
that the increased emitted signal power at the modernized
satellites improves the system stability with respect to both
severe and extreme solar radio bursts.

Summary and conclusion

In this work, we analyzed how the increase in the emitted
signal power at modernized GPS satellites affected the sys-
tem operation stability during the extreme (September 24,
2011) and severe (September 6, 2017) solar radio bursts. We
showed that, after the IIA/IIR-A blocks were replaced with
IIR-M/ITF modernized ones, the signal strength S2W at L2
frequency increased by about 3—4.5 dB-Hz at station ZIM2.
Even a stronger increase in signal power was observed for
the modernized L2C code (S2W observables): the increase
reached 20 dB-Hz compared with the IIA S2W. During the
considered solar radio bursts, the navigation signal strength
decreased at L2 and L5 for semi-codeless z-tracking (S2W)
and code tracking (S2X, S5X). Herewith, the L2 signal
under semi-codeless P(Y) z-tracking features the least total
power (S2W) and, thereupon, the worst stability during
the radio bursts. Also, it is S2W that corresponds to the
maximum drop of signal strength during an SRB. During
the 2011/2017 SRBs the signal strength drops were: 7.5/0
dB-Hz for S1C, 10/7 dB-Hz for S2X, 9/7.5 for S5/S5X, 17/8
dB-Hz for S2W for the corresponding SRBs peaks. Thus,
more intensive SRB corresponds to a higher drop in signal
strength. We should note that using civilian codes enables us
to decrease the signal strength drop under solar radio bursts.

Drop in the signal strength S2W for the modernized
blocks was comparable in amplitude to those of “old”
blocks. However, IIR-M/IIF recorded about 5 dB-Hz higher
signal strength. This difference does not depend on the
receiver and antenna type. This potentially results in more
stable navigation.

By analyzing the GPS L1/L?2 signal loss of locks during
both SRBs we showed that the LoL density at L2 at mod-
ernized satellites was lower than that at the “old” satellites.
During the extreme SRB, the LoL density at “old” satellites
reached 30%, which is 3 times higher than at modernized
satellites. The corresponding values for the severe SRB were
1.6% and 2 times. Therefore, the enhanced power of the
emitted signals improves the signal tracking at GPS. During
the September 24, 2017 extreme SRB we also detected an
increase in LoL density at L1 frequency for both types of
satellites. Meanwhile, there was no obvious effect on L1 LoLL
density during the September 6, 2017 severe SRB.

We must emphasize that we did not compare the effects
of the 2011 and 2017 flares in our study. For each case, we
separately analyze the stability of signals from “old” and

@ Springer

“new” satellites received at the same station (respectively, on
the same equipment and software). Also, we do not aim to
determine which mechanism—SITEC or SRB—is prevalent
in producing the LoLs during the flares. Therefore, with-
out entering into an argument about the main impact, our
results prove that the increase in the emitted signal power
at modernized satellites improves the system stability with
respect to the threats from both severe and extreme flares
accompanied by solar radio bursts. Modernized signals also
can improve stability.
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