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Abstract: Equatorial plasma bubbles (EPBs) occur frequently in low-latitude areas and have a non-
negligible impact on navigation satellite signals. To systematically analyze the effects of a single
EPB event on multi-frequency signals of GPS, Galileo, GLONASS, and BDS, all-sky airglow images
over South China are jointly used to visually determine the EPB structure and depletion degree.
The results reveal that scintillations, or GNSS signal fluctuations, are directly linked to EPBs and
that the intensity of scintillation is positively correlated with the airglow depletion intensity. The
center of the airglow depletion often corresponds to stronger GNSS scintillation, while the edge of
the bubble, which is considered to have the largest density gradient, corresponds to relatively smaller
scintillation instead. This work also systematically analyzes the responses of multi-constellation and
multi-frequency signals to EPBs. The results show that the L2 and L5 frequencies are more susceptible
than the L1 frequency is. For different constellations, Galileo’s signal has the best tracking stability
during an EPB event compared with GPS, GLONASS, and BDS. The results provide a reference for
dual-frequency signal selection in precise positioning or TEC calculation, that is, L1C and L2L for GPS,
L1C and L5Q for Galileo, L1P and L2C for GLONASS, and L1P and L5P for BDS. Notably, BDS-2 is
significantly weaker than BDS-3. And inclined geosynchronous orbit (IGSO) satellites have abnormal
data error rates, which should be related to the special signal path trajectory of the IGSO satellite.

Keywords: equatorial plasma bubble; GNSS signals; airglow image; scintillation; multi-constellation;
multi-frequency

1. Introduction

Ionospheric irregularities are the main source of fluctuations and degradation in GNSS
signal quality. When an electromagnetic wave passes through ionospheric irregularities,
the amplitude and phase of the signal flutter up and down violently due to fluctuations in
the refractive index, which is called scintillation [1,2]. Fluctuations or even interruptions
in signals can lead to tremendous increases in errors in precise point positioning (PPP) or
real-time kinematic (RTK) methods [3–6].

At low latitudes and in equatorial regions, equatorial plasma bubbles (EPBs), which are
larger-scale plasma depletion structures developed from the bottom of the F2 layer through
Rayleigh–Taylor instability after sunset, are the most common ionospheric irregularities [7–10].

Remote Sens. 2024, 16, 1358. https://doi.org/10.3390/rs16081358 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs16081358
https://doi.org/10.3390/rs16081358
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0009-0004-8215-7323
https://orcid.org/0000-0001-5130-8185
https://orcid.org/0000-0002-1283-9474
https://orcid.org/0000-0003-4915-8717
https://doi.org/10.3390/rs16081358
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16081358?type=check_update&version=1


Remote Sens. 2024, 16, 1358 2 of 15

The interior of an EPB contains various small-scale irregularities due to a cascade of sec-
ondary instability processes and pre-reversal enhancement [8,11]. Generally, EPBs can extend
thousands of kilometers along magnetic field lines in the north–south direction, drift hun-
dreds to thousands of kilometers in the east–west direction, and reach an apex height of
2500 km [12,13]. The part of the EPB corresponding to the L-band Fresnel scale of 300–400 m
will cause enormous degradation in the GNSS signal intensity and loss of lock [14,15].

As one of the first known effects of space weather, the impact of irregularities on
GNSS has been observed worldwide [16,17]. As early as 1988, Basu et al. [18] analyzed the
global distribution of L-band scintillations. Studies on the Brazilian region showed that
scintillation follows the seasonal distribution of EPBs [19,20]. From another perspective,
the features of carrier phase cycle slip (CS) and GNSS signals loss of locks (LoLs) over
local time, season, spatial distribution, and solar activity dependences closely resemble the
characteristics of ionospheric irregularities/EPBs at low latitudes [21–26]. Many studies
have focused on the spatiotemporal relationship between EPBs and GNSS scintillation
in the climatological scale. However, how the detailed center and edge parts of the EPB
structure affect GNSS signals, and the relationship between the degree of EPB depletion
and the GNSS signal quality, are still not well understood.

As more GNSS frequencies and ranging signals have become available recently, the
response of new frequencies/signal types to the ionosphere has been evaluated to some
extent. Biswas et al. [27] noted that cycle slips occur more frequently and last longer
under strong scintillation (S4 > 0.6) conditions; moreover, GPS L5 is the most robust,
and L2 is the least robust for signal tracking. GPS L2 and L5 are likely to experience
deeper signal fading than L1 is [28,29]. GNSS signals with lower frequencies are more
susceptible to strong scintillations, but the S4 index increases linearly with frequency
under weak scintillation, which has been verified for both the GPS L1, L2, and L5, and
the BDS B1, B2, and B3 frequencies [30,31]. The type of signal modulation may also
affect the scintillation performance, as Galileo E5, which uses Alternative Binary Offset
Carrier (AltBOC) modulation, has the smallest noise level [32,33]. Studies have shown that
GLONASS L1 is better than L2, and Galileo has the best stability [34,35]. However, there is
still a lack of comprehensive and systematic research about the effects of EPBs on multiple
GNSS frequencies/signal types.

In the present work, we directly use all-sky airglow images to visually determine
the EPB structure and depletion degree, and use GNSS measurements to characterize the
corresponding signal quality effects, to investigate the direct correspondence between EPBs
and GNSS signals. The responses of multi-constellation and multi-frequency signals to
EPBs are comprehensively compared and discussed.

2. Data and Methods

In this study, data from an all-sky airglow imager and a GNSS receiver at Zhuhai
(22.35◦N, 113.58◦E) in southern China are used. The all-sky airglow imager is KEO Sentry
4 monochromatic imager. The imager is equipped with five filters, including a 630 nm filter
for imaging the ionospheric density in the F2 region. The 630 nm airglow intensity image is
obtained with an exposure time of 60 s and an acquisition interval of 5.8 min. Assuming an
airglow height of 300 km, each data grid point is projected onto geographic latitude and
longitude coordinates based on the distance and azimuth from the zenith. The radius range
of the valid airglow image is approximately 400 km (approximately 120◦ field of view).
To remove interference from background light sources, the average of the previous seven
images is subtracted from each image. A negative value in the final airglow image means
that the ionospheric density is depleted. Figure 1 shows an example of a post-processed
airglow image at 15:24 UT on 3 April 2022. The unit of the post-processed airglow image is
the same with the intensity value of the original airglow image (from 0 to 65,536, 16 bit),
and we focus on the relative magnitude of airglow value. The characteristics of the EPBs
are clear, and the airglow value can be extracted at a fixed location and compared with
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GNSS observations at the ionospheric pierce point (IPP) location at an effective height of
300 km.
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Figure 1. An example of a post-processed airglow image at 15:24 UT on 3 April 2022. (a) Geographical
distribution of relative airglow values with pseudocolor. The black star represents the location of the
ground station, and the black triangle represents the ionospheric pierce point (IPP) location of BDS
GEO satellite C03 at 300 km. The dashed and dash-dot lines mark the longitude and latitude of the
IPP, respectively. (b) Airglow values at a fixed latitude of 21.2◦ extracted from panel (a). The black
dashed line indicates the airglow value extracted at the fixed IPP.

The GNSS receiver is a Septentrio PolaRx5S ionospheric scintillation monitoring
receiver (ISMR), which records signal messages from multi-frequency and multi-GNSS con-
stellations; generates carrier phase, pseudorange, and carrier-to-noise ratio measurements
with a temporal resolution of 1 s in rinex observation data file; and outputs the S4 scintilla-
tion index with a temporal resolution of 60 s. The STEC is obtained from dual-frequency
carrier-phase observations and converted to vertical TEC (VTEC) [36]. The differential code
bias (DCB) is assumed to be constant daily. The observed TEC is assumed to be equal to the
TEC from the IGS ionospheric TEC map, after which the DCB is obtained [37]. Observations
with elevation angles less than 20 degrees are discarded to mitigate observation errors. The
trend of the daily VTEC variation (VTEC baseline) is obtained by the Savitzky–Golay fil-
ter [38], which is a least-squares smoothing filter to filter high-frequency signal components,
and the deviation VTEC (dVTEC) is subsequently extracted after removing the trend.

In addition, variations in the loss of phase observation and phase cycle slip (CS) are
used to assess the GNSS signal quality. Loss of phase observation is identified as the
absence of a recorded carrier phase due to the low signal strength [39]. Moreover, the G-nut
Anubis v3.6 tool (https://gnutsoftware.com/, accessed on 1 March 2024) has been used to
detect cycle slips [40]. The principles of the cycle slip detection algorithm in G-nut Anubis

https://gnutsoftware.com/
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tool are based on independent linear combinations of triple-frequency undifferenced GNSS
observations [41]. Losses of phase and cycle slips are identified as error epochs in this study.

The EPB events on 3 April 2022 are selected, with a mean Kp of 1.75 and F10.7 of 140.2,
suggesting quiet geomagnetic conditions.

3. Comparison of GNSS and Airglow Data

All-sky 630 nm airglow images can visually display the morphology and motion state
of EPBs [42]. In this section, the combined observations of airglow images and GNSS
measurements are used to investigate the detailed influence of the spatial distribution and
depletion degree of EPBs on GNSS signals.

Figure 2 shows the comparison results of the airglow depletion, S4 index, and deviation
VTEC (dVTEC) for the Galileo and GPS constellations during 12–20 UT on 3 April 2022.
Considering that low elevation data may cause positional uncertainty between the GNSS
signal path and airglow intensity, we select the observations with the highest elevation
angle at each epoch in the airglow image coverage, as shown in Figure 2a,b. Relative
airglow values less than 0, which have been discussed in the data processing section,
are considered to indicate density depletion (i.e., an EPB) and are manually identified to
ensure accuracy. The center of the EPB is with the strongest airglow depletion, while the
edge of the EPB is the start and end of the airglow depletion. As shown in Figure 2c,d,
when the airglows presented depletions, the S4 scintillation index increased obviously and
the dVTEC showed prominent oscillation. Airglow depletions with larger magnitudes
generally resulted in greater S4 values and dVTEC oscillations. In addition, when there
was no airglow depletion, both the S4 index and dVTEC were relatively low. In Figure 2d,
the airglow depletion at 13–14 UT was contaminated by an external light source near
nightfall, which made it difficult to calculate the correct airglow depletion value; this value
is not shown.

The above results in Figure 2 reflect the relationship between EPBs and scintillation to
some extent. However, uncertainties could be introduced from the movement of IPP trajec-
tories of MEO satellites. Due to the orbital design of geostationary orbit (GEO) satellites,
the IPP is considered to be in a fixed state, which provides advantageous conditions for
further comparison with airglow images [43].

Figure 3 shows a comparison between the airglow depletion, S4 index, and dVTEC
observed by GEO satellites. According to the longitude of the IPP, as shown in Figure 3a,
the eight GEO satellites are arranged from east to west. The S4 and dVTEC results of the
GEO satellites also show good agreement with the airglow depletion, as airglow depletion
corresponds to a greater S4 index and stronger dVTEC oscillation. At ~14.5 UT, as shown in
Figure 3b–d, the airglow depletion seems to be interrupted, but scintillations still continue
to appear. After confirmation from the original airglow image, it is found that this actually
corresponds to two separate branch structures of the EPB tens of kilometers apart. The
continuous unbroken scintillations may be due to the tilt of the signal path, which causes
the signal to pass through the upper or lower part of the EPB, even though the IPP is
located between the two branches. Therefore, the duration of airglow depletion is always
less than the duration of scintillation because the signal path may pass through the EPB
at various heights. The combined observations of airglow images and GEO satellite data
clearly reveal the east-to-west zonal motion, depletion evolution, and lifetime of the EPB.
Based on the spatial distribution and motion observed from airglow depletion, the core
part of the EPB structure generally produced a greater S4 value, while the outer part of the
EPB produced a smaller S4 value. For the EPB structure during 16–18 UT in Figure 3b–f
and during 17.5–19 UT in Figure 3g,h, the depletion degree of the EPB gradually decreased.
Correspondingly, the S4 index value and the dVTEC oscillation decreased. Near the end of
the EPB lifetime at ~18 UT in Figure 3e,f or ~18.5 UT in Figure 3g,h, although the airglow
still showed obvious depletion, the S4 index and dVTEC only presented slight changes.
This might be because the irregularity scale sizes of the EPB changed during different life
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periods, and the L-band sensitive scale size of 300–400 m might not be dominant near the
end of the EPB lifetime.
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Figure 2. Comparison of the S4 index (Galileo: L1C, GPS: L1C), airglow depletion, and deviation
VTEC (Galileo: L1C-L5Q, GPS: L1C-L2W) for (a,c) Galileo and (b,d) GPS during 12–20 UT on 3 April
2022. The signal path with the highest elevation is selected among all the satellites at a certain epoch.
(a,b) Distributions of the selected ionospheric pierce points (IPPs, color dots) at an effective height of
300 km. The selected area is at 19◦–23◦N, which is covered by the airglow image. The black stars
represent the location of the GNSS receiver and airglow imager at Zhuhai, China. (c,d) Variations
of the S4 index (orange bar), airglow depletion (blue bar), and deviation VTEC (colored line) as a
function of UT (LT ≈ UT + 7.5). The airglow values are the post-processed airglow values divided by
a constant value (it is 200 in this work). The specific PRNs are also marked in the panels, and the
colors used for specific PRNs are the same in panels (a,c).

Benefiting from the almost fixed position of the GEO satellite, joint observations
reveal some detailed relationships between EPBs and scintillation. The center of the
EPB depletion often corresponds to stronger scintillation, while the edge of the bubble,
which is considered to have the largest density gradient, corresponds to relatively smaller
scintillation instead. From the perspective of the dVTEC obtained from phase observations,
the sharp fluctuations also correspond to the center of the airglow depletion.
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Figure 3. Comparison of the S4 index (BDS: L2I, SBAS: L1C), airglow depletion, and deviation
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(a) Geographical distribution of ground-based station (red triangle) and IPPs (black pentagrams) for
eight GEO satellites. From top to bottom (b–i) are eight GEO satellites distributed from west to east.

4. Signal Quality Assessment

The above results indicate that EPB could induce greater S4 values and TEC oscillations,
and in this section, the influences of EPB on GNSS signal quality are analyzed quantitatively.

Note that the second and third generation BDS are both in operation, and the con-
stellation design for BDS consists of satellites in three different orbits, geostationary orbit
(GEO), inclined geosynchronous orbit (IGSO) and Medium Earth orbits (MEOs). The signal
quality for BDS is further assessed according to different generations and satellite orbits in
this section. Tables 1 and 2 show the detailed information of the satellite lists for BDS-2 and
BDS-3, respectively.
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Table 1. List of the BDS-2 satellites used in this study. The longitudes of the sub-satellite points for
GEO satellites and the longitudes of the intersection of sub-satellite trajectories for IGSO satellites are
shown in the third column.

PRN Satellite Name Longitude (◦E) Lauch Date

C04 BDS-2 GEO4 160 31 October 2010
C05 BDS-2 GEO5 59 24 February 2012
C02 BDS-2 GEO6 84 25 October 2012
C03 BDS-2 GEO7 110.5 12 June 2016
C01 BDS-2 GEO8 144.5 17 May 2019
C06 BDS-2 IGSO1 105.5 31 July 2010
C07 BDS-2 IGSO2 106.5 17 December 2010
C08 BDS-2 IGSO3 105 9 April 2011
C09 BDS-2 IGSO4 95.9 26 July 2011
C10 BDS-2 IGSO5 94 1 December 2011
C13 BDS-2 IGSO6 96 11 October 2016
C16 BDS-2 IGSO7 113.5 9 July 2018
C11 BDS-2 MEO3 - 29 April 2012
C12 BDS-2 MEO4 - 29 April 2012
C14 BDS-2 MEO6 - 18 September 2012

Table 2. List of the BDS-3 satellites used in this study. The longitudes of the sub-satellite points for
GEO satellites and the longitudes of the intersection of sub-satellite trajectories for IGSO satellites are
shown in the third column.

PRN Satellite Name Longitude (◦E) Lauch Date

C59 BDS-3 GEO1 140 1 November 2018
C60 BDS-3 GEO2 80 9 March 2020
C38 BDS-3 IGSO1 119 20 April 2019
C39 BDS-3 IGSO2 118.5 24 June 2019
C40 BDS-3 IGSO3 119.5 5 November 2019
C19 BDS-3 MEO1 - 5 November 2017
C28 BDS-3 MEO8 - 11 January 2018
C21 BDS-3 MEO3 - 12 February 2018
C22 BDS-3 MEO4 - 12 February 2018
C29 BDS-3 MEO9 - 29 March 2018
C23 BDS-3 MEO5 - 29 July 2018
C24 BDS-3 MEO6 - 29 July 2018
C26 BDS-3 MEO11 - 24 August 2018
C25 BDS-3 MEO12 - 24 August 2018
C33 BDS-3 MEO14 - 19 September 2018
C35 BDS-3 MEO15 - 15 October 2018
C34 BDS-3 MEO16 - 15 October 2018
C45 BDS-3 MEO23 - 23 September 2019
C43 BDS-3 MEO21 - 23 November 2019
C44 BDS-3 MEO22 - 23 November 2019
C41 BDS-3 MEO19 - 16 December 2019
C42 BDS-3 MEO20 - 16 December 2019

Figure 4 shows several parameters for the BDS-C03 GEO satellite at B3 frequency band
(1268.52 MHz, C6I, L6I, and S6I). Figure 4a,b show the S4 index, airglow depletion, and
dVTEC, and Figure 4c–e show the carrier-to-noise ratio (C/N0), cycle slip, and loss of lock.
Here, the numbers of CSs and LoLs are classified in 5 min intervals. Apparently, there was
a large fluctuation in the signal as it passed through the EPB. The signal strength decreased
significantly, and many cycle slips and losses of lock events occurred. At the center of the
EPB, the signal experiences more cycle slips and loss of locks.
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Figure 4. Variations of signal quality parameters for L6I (1268.52 MHz) observations from the BDS-
C03 GEO satellite during 12–20 UT on 3 April 2022. From top to bottom are the variations of (a) the
S4 index (L6I) and airglow depletion, (b) the deviation VTEC (L2I-L6I), (c) the signal-to-noise ratio
(C/N0, S6I), (d) the number of cycle slips, and (e) the number of losses of lock as a function of UT.

The above results showed a strong correlation between the S4 index and EPB. Thus,
the S4 index with a certain threshold is used to identify scintillation events during which
the satellite signal passes through the EPB, i.e., only observations during scintillation events
are analyzed. Since the actual S4 index is dependent on the observed elevation, PRN code
features, and type of signal modulation, the S4 threshold value should be set carefully. After
excluding the 20◦ elevation data, the S4 mean values of three GPS signal types on a day
without scintillation events correspond to L1C equal to 0.12, L2W equal to 0.14, and L5Q
equal to 0.08. The three signal types of Galileo L1C, L5Q, and L6C correspond to 0.13, 0.10,
and 0.21 respectively. Due to the difference quiet time S4 for different GNSS constellations
and signal modulations, the threshold here is chosen to be 1.5 times the mean value of the
S4 index for each satellite and signal type instead of a specific value.

Figure 5 shows the number of error epochs and scintillation events with a 1 min
time bin at a single frequency of L1 (GPS, Galileo, GLONASS-1575.42 MHz, and BDS-
1561.098 MHz). The BDS is divided into BDS-2 and BDS-3, since the signal features
are different between these two generations. Each constellation has been subjected to a
mass of scintillation events for more than four hours with a high number of error epochs.
Apparently, there were almost no errors during non-scintillation or quiet periods (10–12 UT).
According to the scintillation intensity (yellow bar), error epochs tended to occur during
strong scintillation periods, which may be caused by large signal intensity fluctuations
and attenuations. For the traditional L1 frequency band as shown in Figure 5, the Galileo
and GLONASS signals provide better stability for signal tracking. Although there are
differences in the number of visible satellites between each constellation, the BDS clearly
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has more error epochs. In addition, the performance of BDS-2 was worse than that of
BDS-3.
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Figure 5. Comparison of the number of error epochs (cycle slip or loss of phase observation, blue
bar), number of scintillation events (S4 > 1.5* averaged S4, orange bar), and corresponding mean S4

intensity (yellow bar) at L1 frequency (GPS L1C, Galileo L1C, GLONASS L1C: 1575.42 MHz, and
BDS-2 and BDS-3 L2I: 1561.098 MHz) band for different constellations. For better comparison with
the S4 index, the error epochs are divided into 1 min time bins. The constellation is marked in the
upper left corner of each subpanel, and the upper right corner indicates the average number of
satellites observed at each epoch.

Figure 6 shows the MEO, GEO, and IGSO results for the BDS. Clearly, IGSO exhibited
the worst stability compared with MEO and GEO, which implies that IGSO signals may be
interrupted in large numbers during EPB transit. This poor quality of IGSO signal might
be related to the signal path trajectory of the IGSO satellite (please refer Figure 10 in [43]);
the signal path reaches latitudes closer to the equator and could suffer significant EPB
depletion. And the orientation of IGSO signal path is easily parallel to the geomagnetic
field direction, which results in strong phase slips [44]. In addition, the performance of the
GEO signals was comparable to that of MEO, although there were more scintillation events
in the GEO signals.
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Figure 6. Comparison of the number of error epochs, number of scintillation events, and corre-
sponding mean S4 intensity for three orbits (MEO, GEO, IGSO) of the BDS at L1 frequency (L2I,
1561.098 MHz). This figure is similar to Figure 5.

To better assess the impact of EPBs on each GNSS constellation and frequency, we
defined a parameter, the error epoch occurrence rate. A scintillation event is thought to be
a signal path crossing the EPB, and the occurrence rate is defined as the total number of
error epochs divided by the number of total epochs during a scintillation event in 1 min.

Figure 7 shows the occurrence rates of the error epochs for the four GNSS constella-
tions. In general, the traditional L1 frequency is better than the L2 and L5 frequencies. The
scintillation behavior of L1, L2, and L5 is generally consistent with strong scattering theo-
ries, which indicate that low-frequency scintillation saturates earlier than high-frequency
scintillation [45–47]. Studies have shown that the average deep fading values of L2 and
L5 are almost twice that of L1, which also indicates that L1 has better stability in a strong
scintillation scenario [29]. However, the sensitivity to scintillations is also dependent on
the signal modulation features. We can also see that the L5 (L5Q, L7Q, L8Q) of Galileo was
better than L1 (L1C) and L2 (L6C), which may be due to the different coding and AltBOC
signal modulation used in Galileo. The signal tracking of GPS-L2L was superior to that
of GPS-L2W, even though they have the same frequency. Among the four constellations,
Galileo performed significantly better than the others, while BDS showed an unusually
high incidence of error epochs. For GLONASS, the occurrence rates were relatively lower,
which is consistent with the findings of previous studies indicating that GLONASS has a
lower hourly occurrence probability of cycle slip than do GPS and BDS [48].
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Figure 7. Occurrence rate of error epochs for (a) GPS, (b) Galileo, (c) GLONASS, and (d) BDS during
12–20 UT on 3 April 2022. The color of the bar indicates the frequency band and the signal types are
marked in x-label. When the S4 index exceeds the threshold, the signal is considered to have passed
through the EPB at this time. The occurrence rate is defined as the total epoch of cycle slips and loss
of phase observations divided by the total epoch in which the signal passes through the EPB in 1 min.

Figure 8 shows the occurrence rates of the error epochs for BDS-2 and BDS-3 and
for different satellite orbits. According to Figure 8a,b, from the results of the common
observation codes L2I and L6I, BDS-3 was significantly better than BDS-2. The unique
observation codes (L1P, L7D) of BDS-3 were also better than the BDS-2/3 common ob-
servation codes (L2I, L6I). For satellites with different orbits, Figure 8c–e show that the
error epoch occurrence rate of IGSO was significantly greater than those of MEO and
GEO. Therefore, the main contribution to the higher occurrence rate of BDS error epochs in
Figure 7 is from the IGSO satellites. As mentioned in Figure 6, the orbital characteristics
of IGSO determine wide latitude coverage and narrow longitude coverage for the signal
path trajectory (please refer to Figure 10 in [43]). On the one hand, the signal path reaches
latitudes closer to the equator and could suffer significant EPB depletion. On the other
hand, the signal path of IGSO is influenced by varying elevations, while the wide latitude
coverage makes it more susceptible to scintillations because the signal path could be nearly
parallel to the geomagnetic field line [44,49]. During EPB events, data from IGSO satellites
need to be used carefully for positioning purposes. However, the new BDS-3 signals L1P
and L5P on IGSO satellites still provide great control of signal tracking (Figure 8e). Overall,
the performance of BDS signal quality is dependent on both the signal modulation and
satellite orbits.
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5. Conclusions

In this work, all-sky airglow images over South China are used to visually determine
the EPB structure and depletion degree, and GNSS measurements are used to characterize
the corresponding signal quality effects. We systematically analyze the effects of a single
EPB event on navigation constellations, including the multi-frequency signals of GPS,
Galileo, GLONASS, and BDS. The results are summarized as follows:

(1) The joint airglow-GNSS observations reveal that the center part of the airglow de-
pletion often corresponds to stronger GNSS scintillation, while the edge part of the
bubble, which is considered to have the largest density gradient, corresponds to rela-
tively smaller scintillation instead. The sharp fluctuations in dVTEC also correspond
to the center of the airglow depletion.

(2) EPBs have significant impacts on GNSS signals, including signal strength degradation,
loss of lock, and cycle slip, and these impacts are dependent on signal modulation
for different GNSS constellations. The overall stability of the L1 band is better than
that of the L2 and L5 bands, and signal tracking stability of Galileo is better than that
of the others. For frequency selection in dual-frequency positioning, L1C and L2L
for GPS, L1C and L5Q for Galileo, L1P and L2C for GLONASS, and L1P and L5P for
BDS exhibit great signal tracking stability and could be better combinations during
EPB events.

(3) The BDS signals are further assessed according to different generations and satellite
orbits. The signal tracking of BDS-3 is more stable than that of BDS-2. The performance
of the IGSO satellites in BDS is far worse than that of the MEO and GEO satellites,
which is likely related to the special signal path trajectory of the IGSO satellite.
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