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Abstract In this study, we focus on the kinematic precise point positioning (PPP) solutions at high-latitudes
during the March 2015 great geomagnetic storm. We aim to discover the mechanism behind the positioning
degradation from the perspective of the impacts of the storm-induced ionospheric disturbance on the global
navigation satellite system (GNSS) data processing. We observed that the phase scintillation dominated

the amplitude scintillation at high-latitudes and the variation pattern of the rate of total electron content

index (ROTI) was consistent with that of the phase scintillation during the storm. The kinematic PPP errors

at high-latitudes were almost three times larger than those at the middle- and low-latitude, which were
accompanied by large ROTI variations. From the perspective of GNSS data processing, the large positioning
errors were also found to be related to the large number of satellites experiencing cycle slips (CSs). Based on
the lock time from the ionospheric scintillation monitoring receiver, we found that a large amount of the CSs
was falsely detected under the conventional threshold of the CS detector. By increasing such threshold, the
kinematic positioning accuracy at high-latitudes can be improved to obtain similar magnitude as at middle- and
low-latitude. The improved positioning accuracy may suggest that the ionospheric disturbance induced by the
geomagnetic storm at high-latitudes has minor effects on triggering the CSs. Therefore, precise positioning can
be achieved at high-latitudes under geomagnetic storms, given that the CS problem is well addressed.

Plain Language Summary Geomagnetic storm is one kind of extreme space weather events, which
disturbs the radio communication and degrade the precision of the global navigation satellite system (GNSS).
Much efforts have been made to study the ionospheric responses to different geomagnetic storms and its impact
on the GNSS performances. During intense geomagnetic storms, the positioning accuracies for stations at
high-, middle- and low-latitudes are likely to degrade. Particularly, the positioning errors are more severe for
stations at high-latitudes due to the more frequent cycle slip (CS) than those at middle- and low-latitudes under
the same storm. In this study, we found that the degraded positioning accuracy at high-latitudes was not only
related to the large rate of total electron content index (ROTI) variation but also to the large number of the CS.
Particularly, we deduce that a large amount of the CSs was falsely detected under the conventional threshold of
the CS detector. The results in the study suggest that the ionospheric disturbance induced by the geomagnetic
storm at high-latitudes has minor effects on triggering the CSs. Therefore, precise positioning can be achieved
at high-latitudes under the geomagnetic storm, as long as the CSs can be well addressed.

1. Introduction

Geomagnetic storms are large perturbations of the Earth's space environment. Such perturbations result from
solar eruptions such as solar flares and coronal mass ejections followed by its transit from the Sun to the Earth
and the subsequent coupling of its energy and mass to the magnetospheric-ionospheric-thermospheric domain
(Kamide et al., 1997). Stronger geomagnetic disturbances usually trigger ionospheric storms, that is, the enhance-
ments or depletions of the ionospheric electron density. The knowledge of ionospheric irregularities has practical
significance for such areas of human activity as positioning, navigation, and timing using global navigation satel-
lite systems (GNSS), and other applications related with space weather (Forster & Jakowski, 2000).
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The ionospheric irregularities can adversely impact the performance of GNSS through the mechanism of the refrac-
tive and diffractive effects (Basu et al., 2002; Knight & Finn, 1998). The refractive effects on trans-ionospheric
radio waves are well-known as ranging errors, having a well-established relationship with the electron density
along the raypath and the frequency of the wave. On the other hand, the diffractive effects are known to be
observed as rapid fluctuations in the signal's amplitude and phase, referred to as scintillation (Kintner et al., 2007,
McCaffrey & Jayachandran, 2019). The ionospheric scintillation affects the GNSS performance by increasing the
noise of the observations and reducing the receiver signal tracking performance (Knight & Finn, 1998). In the
case of phase scintillation, diffraction induces rapid phase shifts, which may exceed the receiver phase lock loop
bandwidth, resulting in phase loss of lock (LoL) (Skone et al., 2001; Sreeja et al., 2011). In contrast, amplitude
scintillation reduces the signal-to-noise ratio and when the depth of such fading exceeds the fade threshold of the
GNSS receiver, signal loss and cycle slip (CS) occur (Skone et al., 2005).

Much efforts have been made to study the impact of the ionospheric irregularities triggered by geomagnetic
storms on the GNSS precise positioning. Afraimovich et al. (2003) investigated the degradation of global posi-
tioning system (GPS) performance in middle-latitude region under geomagnetically disturbed conditions. It was
found that magnetic storm conditions were accompanied by an increase in the spherical standard deviation of the
position errors obtained by the GPS receivers. Focusing on the positioning performance at low-latitudes under
such storms, Lu et al. (2020) and Zakharenkova and Cherniak (2021) found the dual-frequency GPS-based posi-
tioning accuracy degraded at many permanent stations located from low-to middle-latitudes in Hong Kong and
North America, affected by the transported storm-induced plasma depletions and associated irregularities. Luo
et al. (2018) presented the performance dual-frequency and single-frequency precise point positioning (PPP) with
GPS under moderate, intense, and super storm conditions during solar cycle 24 using a large data set collected
from about 500 stations belonging to the International GNSS Service (IGS). The global root mean square
(RMS) maps of GPS PPP results showed that stations with degraded performance were mainly distributed at
high-latitudes, and the degradation level generally depended on the storm intensity. In addition, it was found that
the degraded performance of GPS positioning during geomagnetic storms increased with the severity of iono-
spheric disturbances, which not only lead to the deteriorated ionospheric correction but also to the more frequent
CS occurrence. Yang et al. (2020) presented the first results of storm-induced ionospheric disturbance impacts on
kinematic GPS PPP solutions during the geomagnetic storm of 17-18 March 2015 by taking advantage of over
5,500 stations installed worldwide. The results showed that the overall impact was more severe at high-latitudes,
while PPP degradation at low-latitudes was associated with different types of ionospheric disturbances. Specif-
ically, the PPP degradation at high-latitudes was associated with intense ionospheric plasma irregularities and
storm enhanced density/tongue of ionization structures while that at low-latitudes was related to the penetration
electric field-induced post-sunset equatorial plasma irregularities and the equatorial ionosphere anomalies. In
summary, past researchers showed that under geomagnetic storms, positioning accuracies for stations in high-,
middle- and low-latitude region are likely to degrade. In addition, the positioning errors are more severe for
stations at high-latitudes due to the more frequent CS than those at low-latitudes under the same storm.

However, Juan, Sanz, Gonzalez-Casado et al., 2018 pointed out that at high-latitudes, PPP can be achieved during
the strong scintillation conditions. In this region the size of the irregularities is typically larger than the Fresnel
length, so the main effects on the GNSS signals were related with the fast change on the refractive index associ-
ated to the fast movement of the ionospheric irregularities. Consequently, the main effect on the GNSS signals
was a fast fluctuation of the carrier phase, but with a moderate fade in the amplitude. Therefore, the ionospheric
fluctuations at high-latitudes usually did not produce CSs, being the effect quite limited on the ionosphere-free
(IF) combination. The discrepancy between Juan, Sanz, Gonzélez-Casado et al., 2018 and the aforementioned
references motivated us to further discover the mechanism of the positioning degradation at high-latitudes during
geomagnetic storms.

The St. Patrick's storm on 17 March 2015 was the strongest during the 24 solar cycle. A considerable number of
researchers have investigated the ionospheric disturbances as well as the GPS positioning performance associ-
ated with the great storm (Cherniak & Zakharenkova, 2015; Cherniak et al., 2015; Jacobsen & Andalsvik, 2016;
Jin et al., 2017, 2019; Liu et al., 2016; Mansilla, 2019; Nava et al., 2016; Poniatowski & Nykiel, 2020; Prikryl
et al., 2016; Prol et al., 2021; Yao et al., 2016; Zakharenkova et al., 2016, 2019). Particularly, Yang et al. (2020)
conducted a comprehensive accuracy assessment of the kinematic PPP using more than 5,000 stations around the
world, focusing on the relationship between the positioning degradation and the ionospheric plasma irregularities
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Figure 1. Worldwide distribution of the used permanent stations. The black solid line indicates the magnetic equator. The
red dots represent stations from International GNSS Service, red stars and yellow dots represent ionospheric scintillation
monitoring receiver and global positioning system stations from Canadian High Arctic Ionospheric Network, and purple dots
represent stations from University NAVSTAR Consortium.

in different regions on the globe. Different from the perspective of Yang et al. (2020), we try to discover the reason
behind the positioning accuracy degradation at high-latitudes from the aspect of the impacts of the storm-induced
ionospheric disturbance on GNSS data processing, especially the impacts of CSs.

2. Data and Methodology
2.1. GPS Data

GPS data at a sampling rate of 30 s from more than 750 permanent stations were processed for addressing the
ionospheric disturbance effects on GPS kinematic positioning solutions on 17 March 2015. Among them, about
500 stations that distributed around the world belong to the IGS network and about 200 stations with absolute
magnetic latitude, I3,,l, greater than 60° belong to the network of University NAVSTAR Consortium (UNAVCO).
Particularly, we select 19 GPS stations from the Canadian High Arctic lonospheric Network (CHAIN), which can
operate as dual-band GNSS receivers as well as ionospheric scintillation monitoring receiver (ISMR). Accord-
ing to the magnetic latitude distribution, the high-latitude can be defined as |@,,| > 60°, the middle-latitude as
20° < |@m| < 60°, and the low-latitude as |@,,| < 20°. Therefore, a total number of 300 stations are located at
high-latitudes in the study. The distribution of the permanent stations is presented in Figure 1.

2.2. Magnetic Storm and Ionospheric Disturbance Index

In order to evaluate the level of magnetic activity during the 2015 St. Patrick's Day storm, we used the magnetic
storm index, including the interplanetary magnetic field (IMF) components, the longitudinally symmetric distur-
bances index in the horizontal direction (SYM-H), and auroral electrojet (AE) indices. Besides, the solar wind
speed and pressure parameters were obtained to assess the effect from the solar activity.

To measure ionospheric disturbances at the same stations presented in Figure 1, we used the rate of total elec-
tron content index (ROTI) metrics derived from GPS dual-frequency carrier-phase measurements. The ROTI is
defined as the standard deviation of the rate of total electron content (TEC) and an indicator generally used for
quantifying small-scale ionospheric plasma irregularities (Pi et al., 1997). These disturbances are expected to
generate significant scintillation effects on GNSS signals, in such a way that ROTI values can be related with
the impacts on kinematic PPP solutions throughout our analysis. We computed the ROTI every 5 min with data
sampled every 30 s.
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Table 1

Summary of Data Processing Techniques Used in Our Study

Item

Techniques and implementations

Observations
Processing mode

Sampling interval

Elevation mask angle
Cycle-slip detection

Satellite orbit and clock

Phase center offset

Tonospheric delay

Differential Code Bias

Tropospheric delay

GPS dual-frequency code and phase measurements
Forward
30s
70
Phase Geometry-free and Hatch-Melbourne-Wubbena combination
Fixed with the final products from IGS with an interval of 15 min (orbit) and 5 min (clock)

igs08.atx

First-order effect eliminated by ionospheric-free linear combination

Corrected by P1C1 DCBs from Center for Orbit determination in Europe

The Saastamoinen model for the initial zenith dry and wet delay (Saastamoinen, 1972), along with the
GMF projection function (Boehm et al., 2006), and the wet delay is estimated as constant every 2 hr

Solid earth tide, ocean tide loading, and pole tide IERS Conventions 2010 (Petit & Luzum, 2010); FES2004 (Lyard et al., 2006) for ocean tides

Relativity effect

IERS Conventions 2010

In addition, we used several ISMRs from the CHAIN in the study. The ISMR can provide amplitude scintillation
index S4 and phase scintillation index ¢,,. S4 can be calculated from the satellite signal power or signal intensity
tracked by the receiver, as a normalized standard deviation around the intensity average. The phase scintillation
index o, is characterized by the standard deviation ¢ of the detrended phase (Van Dierendonck et al., 1993). The
S4 and ¢, indexes from CHAIN are provided with an interval of 60 s; the scintillation level can be classified
as weak when 0.3 < S4 < 0.4; moderate when 0.4 < S4 < 0.7; and strong when S4 > 0.7 (Series, 2012; Sreeja
et al., 2020).

2.3. GPS Kinematic Positioning Algorithms

The GPS carrier phase and pseudorange measurements were processed as kinematic PPP solutions by utilizing
routines from the Real-Time Kinematic Library (RTKLIB) (Takasu, 2013). In our study, the kinematic positions
of the globally distributed GPS receivers were computed every 30 s. An elevation cut-off angle of 7° was used
to reduce the multipath effects on the position calculation while that of 20° was adopted to avoid the geomet-
rical effects as well as the multipath effects on the ROTI calculations (Juan, Sanz, Rovira-Garcia et al., 2018;
Pi et al., 1997). The detailed data processing techniques and implementations for GPS dual-frequency PPP are
summarized in Table 1.

Under normal conditions and after a convergence period of about one hour, the kinematic PPP can achieve
decimeter-level accuracy for the receiver with the above processing strategy. In our study, the kinematic PPP
solutions were evaluated by a comparison with their daily solutions in static PPP mode on 16 March 2015; that
is, one day before the storm. The position errors were further examined in association with the storm-induced
ionospheric disturbances.

2.4. Cycle Slip Detection Algorithm

The performance of algorithms to detect CSs, that is, discontinuities on the carrier-phase measurements, is critical
for the positioning accuracy and stability when extreme space weather events occur. Though many CS detection
algorithms have been proposed over the past decades, the TurboEdit algorithm is maybe the most widely used in
GNSS data processing (Blewitt, 1990). Indeed, popular GNSS data processing software, such as GIPSY, Bernese,
PANDA as well as the RTKLIB package used in this study, adopt the TurboEdit algorithm or algorithms based
on TurboEdit (Bertiger et al., 2020; Dach et al., 2015; Liu & Ge, 2003). The TurboEdit algorithm is based on the
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Hatch—Melbourne-Wiibbena (HMW) and Phase-Geometry-Free (PGF) combination observables (Hatch, 1983;
Melbourne, 1985; Wubbena, 1985). The two basic CS detectors can be written as follows:
[1AP + fLAP,
AN =Ap —App————— + A
HMW @1 @2 Amww i+ 12 Enmw W
A(PPGF = i]A(pl - /le(pz = 11AN| — LAN, + (}/ - DAI + Afpc,]:

where A is the difference operator between two consecutive epochs which are separated 30 s in the present study;
P; in the unit of meter and ¢, in the unit of cycle are the pseudorange and carrier phase at the frequency j; j equals to
1 and 2, standing for the GPS L1 and L2 band signal; f;, 4;, and N; are the corresponding frequency, wavelength,
and integer ambiguity parameters; Agywis the wide-lane wavelength of 86 cm; y is the frequency-dependent

multiplier factor with y = (f1/f2)%; Al is the epoch-wise variation of the ionosphere delay at the L1 band;
A¢ is the unmodelled noise from the wind-up effect, the phase center offsets, and variations in the combined
observables.

For the TurboEdit algorithm, the commonly used threshold for the HMW observable is from 1 to 2 cycles of
HMW (where 1 cycle accounts for 86 cm), while the customary threshold for the PGF observable ranges from
0.05 to 0.15 m (Zhang et al., 2014). The RTKLIB package used in the present study, sets as default threshold
of the PGF observable to 0.05 m (Takasu, 2013). We will show in the Results and Discussion section that, with
the default thresholds, the kinematic PPP can achieve accurate and stable performance under ionospheric quiet
conditions.

3. Overview of Magnetic Storm and Ionospheric Disturbance Conditions

Figure 2 shows the variations of the interplanetary and geomagnetic parameters during 16—18 March, 2015. On
the quiet day of 16 March 2015, the magnetic activity was weak with the IMF Bz directing northward most of the
time. The solar wind speed increased gradually from 300 km/s to about 430 km/s during the day, and solar wind
dynamic pressure was mostly less than 10 nPa.

The storm sudden commencement (SSC) was registered at 04:45 UT on 17 March 2015. The solar wind speed
and the dynamic pressure that was recorded by the Advanced Composition Explorer (ACE) experienced a sudden
increase from 400 km/s to over 500 km/s, and from approximately 5 nPa to over 30 nPa, respectively. The
main phase of the geomagnetic storm was triggered by a fast southward turning of IMF Bz with large negative
values of about —20 nT at around 06:00 UT on 17 March 2015. The solar wind speed (~600 km/s) and pressure
(13-25 nPa) increased significantly relative to the quiet previous days. AE reached its first peak value of 981 nT
at ~08:50 UT, and another peak appeared at 13:55 UT. Meanwhile, the SYM-H index attained a minimum value
of =233 nT at 22:45 UT. Then the recovery phase started around 23:00 UT.

On 18 March 2015 and later days, the solar wind speed maintained a relatively large value ranging from 450 km/s
to 700 km/s but dynamic pressure returned to its quiet time level. In addition, IMF Bz fluctuated between north-
ward and southward with a magnitude of around 5 nT.

To assess the ionospheric disturbance conditions, we present the amplitude scintillation, phase scintillation,
together with the corresponding ROTIs indices of four selected stations from the CHAIN in Figure 3. The iono-
spheric condition before the day of the great storm, that is 16 March 2015, is also presented for comparison.

From Figure 3, we can see that the ionospheric variation for the four stations was similar during 16—17 March,
2015. One key feature we can find from Figure 3 is that the phase scintillation was more severe than the ampli-
tude scintillation for the selected stations at high-latitudes. This feature is caused by the nature of the ionospheric
irregularities that the amplitude scintillation occurrence in the polar region was very low (Basu et al., 1985;
Prikryl et al., 2010). In addition, we can find that the variation pattern of ROTI was similar to that of the phase
scintillation for all of the four stations, indicating the effectiveness of the ROTI to describe the ionospheric distur-
bance at high-latitudes. At last, from the point of the phase scintillation and ROTI indices, the ionospheric condi-
tion on 17 March 2015 was more disturbed than that on 16 March 2015, suggesting the effects of the geomagnetic
storm on the ionosphere.
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Figure 2. Variations of geomagnetic conditions during 16—18 March, 2015. (a) The interplanetary magnetic field Bx, By, and
Bz components; (b) velocity of the solar wind; (c) pressure of the solar wind; (d) the geomagnetic symmetric disturbances
index in the horizontal direction index; (e) auroral electrojet AE/AL/AU indices.

To describe the ionospheric variation on a global scale, we calculated the ROTI at the 700 stations. Thus, Figure 4
depicts the global temporal-spatial variations of ROTI as a function of geographic longitude and latitude, from 16
March to 17 March 2015. Since the ROTI is calculated at a 30 s rate over 5 min, the time title above the subfigures
identifies the start time of the window computing the ROTIL.

From Figure 4, we can see that the ROTIs at high-latitudes, including the north hemisphere and south hemisphere,
were usually larger than those in middle- and low-latitude region. During the pre-storm period (before 04:00 UT),
most of the ROTIs at high-latitudes were around 0.4 TECU/min while those in the other regions were below 0.2
TECU/min. Combining with Figure 3, we can find that ROTIs increased from about 08:00 UT. From Figure 4,
we can find that many of the ROTIs increased to the magnitude larger than 1.0 TECU/min at high-latitudes from
10:00 UT. Thus, after the SSC of the geomagnetic storm (04:45 UT), the increased geomagnetic activity led to
ionospheric disturbances of various types, scales, and geographical location.

4. Results and Discussions

In this section, the global kinematic PPP performance during the storm is first presented with focus on the
positioning errors at high-latitudes. Then, we turn our attention to the reason behind the positioning accuracy

degradation.

4.1. Kinematic Precise Point Positioning Performance During the Storm

We conducted the kinematic PPP solutions according to the strategy summarized in Table 1. The distribution
of the 3-Dimension (3D) PPP errors is presented in Figure 5. Since the sampling rate of the GPS data was 30 s,
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Figure 3. Global positioning system amplitude and phase scintillation index and corresponding rate of total electron content
index for four selected stations belonging to Canadian High Arctic Ionospheric Network during 16—17 March, 2015.

we computed the RMS of the positioning errors every 5 min to match the ROTI analysis. The time description
above the subfigures in Figure 5 indicates the start time of the 5 min window to compute the 3D RMS of the
positioning errors. Besides, the time of the snapshots in Figure 5 is consistent with that in Figure 4 to have a
direct comparison.

From Figure 5, we can find that the magnitude distribution of the kinematic 3D PPP errors was basically consist-
ent with the magnitude distribution of the ROTIs. We can see that the 3D PPP errors of most of the stations were
around 0.2 m before the geomagnetic storm (before 04:45 UT). However, we can see notable degradations of
the PPP errors, which can even exceed more than 1.0 m, from the snapshot after 10:00 UT. More importantly,
we can see that the large kinematic PPP errors mostly occurred at high-latitudes, indicating that the accuracy of
the kinematic PPP at high-latitudes was more affected by the geomagnetic storm than that in other regions. This
phenomenon is consistent with the results from Luo et al. (2018) and Yang et al. (2020). In Yang et al. (2020), the
kinematic PPP errors on 17 March 2015 were analyzed in more detail, focusing on the relationship between the
positioning degradation and the ionospheric plasma irregularities in different regions on the globe.

We then quantified the horizontal and vertical positioning errors by separating the stations located at high-, middle-
and low-latitudes. There are about 300 stations located at high-latitudes, 350 stations located at middle-latitudes,
and 60 stations located at low-latitudes. For comparison, the positioning errors on the geomagnetic-quiet day of
16 March 2015 are also presented in Figure 6 and Table 2. To reduce the impacts of the positioning errors during
the initialization period on the accuracy statistics, the positioning errors in the first three hours on 16 March 2015
are not considered.

From Figure 6, we can see that the horizontal and vertical errors of the kinematic PPP solution in the different
regions were quite stable on the geomagnetic quiet day of 16 March 2015. As shown in Table 2, the mean RMS
in the horizontal and vertical component at high-latitudes was a bit larger than that in the other regions, as 9.0 and
10.8 cm, respectively. However, when it came to the geomagnetic disturbed day of 17 March 2015, the mean RMS
in the horizontal and vertical component at high-latitudes increased to 24.0 and 36.1 cm, which was more than
three times worse than the corresponding accuracy on 16 March 2015. In contrast, the accuracy in the horizontal
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Figure 4. Snapshots of global temporal-spatial variations of rate of total electron content index during 16-17 March, 2015. The gray shade indicates the night side. The
black solid line represents the magnetic equator.

and vertical component for the middle- and low-latitude region slightly decreased when the geomagnetic storm
occurred on 17 March 2015.

In addition, comparing Figure 3 with Figure 6, we can find that the variation pattern of the phase scintillation and
ROTT indices in Figure 3 was similar to that of the horizontal and vertical positioning errors at high-latitudes as
presented in Figure 6(a). For example, when the phase scintillation/ROTI indices greatly fluctuated from about
08:00 UT on 17 March 2015 in Figure 3, we can see that both the horizontal and vertical errors increased
almost simultaneously in Figure 6. In the previous research, the notable positioning accuracy degradation at
high-latitudes during the geomagnetic storm was attributed to the significant ionospheric disturbance, as depicted
by the phase scintillation or ROTI indices, at high-latitudes (Luo et al., 2018; Yang et al., 2020). In particular,
Yang et al. (2020) made an overall summary on the physical mechanism behind the remarkable ROTI variation at
high-latitudes, which was related to the storm-induced gradient of the plasma density caused by auroral particle
precipitation and plasma flows. Different from the perspective of Yang et al. (2020), we try to discover the reason
behind the positioning accuracy degradation from the aspect of the impacts of the storm-induced ionospheric
disturbance on GNSS data processing in the following.

4.2. The Reason Behind the Kinematic PPP Accuracy Degradation

We select three stations at high-latitudes to display the detailed statistics from the GPS data processing. Station
CORC is from CHAIN with ISMR observations and the other two stations, as YELL and BACK, are geodetic-grade
receivers from IGS located at the north hemisphere and south hemisphere, respectively.
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Figure 5. Snapshots of kinematic 3D precise point positioning errors on 16—17 March, 2015. The gray shade indicates the night side. The black solid line represents
the magnetic equator.

Taking the results from station CORC as an example, we can see from Figure 7(a) that the maximum RMS in
the horizontal and vertical component can reach 2 m. Comparing Figure 7(a) with 7(d), we can see that when
the phase scintillation and ROTI indices increased around 08:00 UT, 12:00 UT, and 18:00 UT, the positioning
RMS in the horizontal and vertical component increased correspondingly, indicating the effect of the disturbed
ionosphere on the positioning accuracy.

We then turn our attention to the statistical details for the kinematic PPP solution. From Figure 7(g), we can see
that the number of the tracked and used satellites varies from 8 to 12. Most of the time, the position dilution of
precision (PDOP) of the kinematic PPP solution keeps stable around 2, although there existed some fluctuations
for some epochs. Around 08:00 UT, the number of used satellites was above 10 while the PDOP value was below
2, indicating a strong satellite geometry. However, as it can be seen in Figure 7(a), the positioning accuracy at
around 08:00 UT decreased dramatically. Therefore, the positioning accuracy degradation cannot be attributed
to a bad geometry of the observed satellites. In fact, comparing Figure 7(g) with 7(a), we can also see that the
number of CS satellites increased dramatically at around 08:00 UT, 12:00 UT, and 18:00 UT, at the time of which
the positioning RMS error in the horizontal and vertical component increased. In other words, the positioning
RMS in the horizontal and vertical component may be not only related to the phase scintillation and ROTI indi-
ces, but also to the number of the CSs affecting multiple satellites.

In the case of stations YELL and BACK, as shown in the middle and right columns of Figure 7, we can see a
similar performance of the positioning RMS with regard to the phase scintillation and ROTI indices, as well as
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Figure 6. Horizontal (left column) and vertical (right column) errors of kinematic precise point positioning solutions for (a)
high-latitudes; (b) middle-latitudes; (c) low-latitudes on 16—17 March, 2015. The orange area and solid blue lines represent
one-standard-error bands and mean root mean square of the solution errors, respectively.

the number of the satellites experiencing CSs. For example, the positioning error in the horizontal and vertical
component for the station YELL reached a maximum around 10:00 and 14:00 UT in Figure 7(b); meanwhile, we
can see peaks at around 10:00 and 14:00 UT for both the ROTI and the number of CS satellites in Figure 7(e)
and 7(h). Since the occurrence of the remarkable ROTIs at high-latitudes with regard to the different scale plas-
mas irregularities has been analyzed in detail in Yang et al. (2020), we focus on the impacts of the number of
satellites affected by CS on the positioning degradation from the perspective of GNSS data processing.

To further discover the relationship between the positioning accuracy and the number of CS affecting GNSS
satellites, Figure 8 presents the occurrence rate of the CS satellites for over 700 stations on a global scale on
16-17 March, 2015.

As it can be seen from Figure 8, the occurrence rate of the CS satellites for most of the stations on the geomag-
netic storm day of 17 March 2015 was higher than that in 16 March 2015. Particularly, the occurrence rate of the
CS at high-latitudes was larger than that in the other regions. Comparing Figure 8 with Figures 4 and Figure 5,

gtizl;;;tis of the Positioning Accuracy in Different Region on 16—17 March, 2015

Mean RMS (cm) 16 March 2015 Mean RMS (cm) 17 March 2015
Geomagnetic latitude Horizontal Vertical Horizontal Vertical
High 9.0 10.8 24.0 36.1
Middle 49 6.9 7.4 10.0
Low 6.1 9.0 6.8 10.2
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Figure 7. The kinematic precise point positioning (PPP) for stations CORC (left column), YELL (middle column), and BACK (right column) on 17 March 2015 under
the threshold of 0.05 m for Phase-Geometry-Free combination. (a)—(c) presented the horizontal and vertical positioning accuracy; (d)—(f) presented the rate of total
electron content index and phase scintillation indices; (g)—(i) presented the number of the tracked satellites, the used satellites, the satellites with cycle slips, as well
as the position dilution of precision information of the PPP solution (j)—(1) presented the 5-min root mean square of the carrier-phase and pseudorange residuals of the

kinematic PPP solutions.

we can find that the magnitude distribution of the CS occurrence rate was consistent with that of the positioning
error and ROTL. In order to quantify the increase in the CS occurrence rate, we computed the mean occurrence
rate of the CS satellites for stations in the different regions. As a result, the mean occurrence rate of the CS satel-
lites in high-, middle- and low-latitude regions on 16 March 2015 are 15.0%, 14.7%, and 19.6%, respectively. In
comparison, the mean occurrence rate of the CS satellites on 17 March 2015 at high-latitudes is 30.6% while that
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Figure 8. Cycle slip occurrence rate for over 700 stations around the world on March 16 (top plot) and 17 (bottom
plot), 2015.

is 18.4% and 20.3% in middle- and low-latitude region. Therefore, stations at high-latitudes on 17 March 2015
are more affected by the CS satellites.

In PPP processing, once CSs are detected, the Kalman filter re-initializes the estimation of the carrier-phase
ambiguities by increasing the process noise of the estimation and multiplying by zero the last estimated value.
In essence, the Kalman filter “forgets” about the previous ambiguity estimate for that satellite and starts estimat-
ing the new ambiguity, which will be a constant value until a new CS occurs. When multiple CSs are detected
simultaneously, the number of such unknown parameters increases. Therefore, the redundancy of observations
decreases, ultimately reducing the carrier phase residuals, weakening the estimation of all unknowns, and deterio-
rating the positioning accuracy and stability (Nie et al., 2022). This may explain the reason that positioning accu-
racy at high-latitudes deteriorated more seriously than that in other regions due to the high CS occurrence rate.
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Figure 9. Satellite phase lock time on 17 March 2015 for four ISMRs from Canadian High Arctic Ionospheric Network. The
vertical bar represents the number of the loss of lock events while the color bar on the right represent different satellites.

4.3. Cycle Slip Occurrence at High-Latitudes

Aimed at the problem proposed in Moreno et al., 2011 that large ROTI was observed simultaneously with posi-
tioning accuracy degradation for stations in the equatorial region, Zhang et al. (2014) found that the abnormal
blunders and the failure of CS detection algorithms due to the high rate of TEC caused the positioning accuracy
deterioration during ionospheric scintillation conditions. Although the characteristics of ionospheric scintillation
in the equatorial and the polar region are different; for example, the amplitude scintillation favors in the equator
while the phase scintillation favors in the polar region, the explanation for the significant accuracy degradation in
Zhang et al. (2014) gave new insights for the positioning accuracy deterioration at high-latitudes. In fact, through
several stations at high-latitudes, Juan, Sanz, Gonzélez-Casado et al., 2018 reported that ionospheric fluctuations
at high-latitudes usually do not produce CSs. Therefore, the key is to distinguish whether the detected CSs are
true or false.

Fortunately, one additional advantage of the ISMRs used in this study is that they can provide the lock time of the
signal. If the difference of the lock time is larger than the epoch interval, that is 60 s for the GPS Silicon Valley
GSV4004B receiver in this study, it is regarded as the LoL event. By computing the number of the LoL events,
we can infer the number of the actual CSs (Luo et al., 2019). The lock times for all GPS satellites at four selected
ISMRs from CHAIN on 17 March 2015 are presented in Figure 9.

From Figure 9, we find that the total number of the LoL events for stations RABC, FSIC, CORC, and SANC were
34, 34, 36, and 36, respectively. However, under the default threshold of the PGF CS detector, the number of the
CS satellites were 6,457, 6,513, 6,281, and 6,594, respectively. From the point view of using the LoL events to
distinguish the actual CS, we can find that most of the CS satellites were falsely detected. In fact, when the thresh-
old of the PGF observable increased to 0.5 m (Nie et al., 2022), the number of the CS satellites decreased to 87,
70, 85, and 339, respectively. Regarding that the epochs of the GPS observation were twice than that of the ISMR
observation (the sampling rate of the GPS observations is 30 s while that of the ISMR observations is 60 s), the
threshold of 0.5 m for the PGF observable is reasonable. The reasonability of the flexible threshold can also
reflect from the kinematic positioning accuracy.
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Figure 10. Same as Figure 7 but using a threshold of 0.5 m for the Phase-Geometry-Free cycle slip detector instead of the default threshold of 0.05 m.

From Figure 10, we can find that the positioning accuracy in the horizontal and vertical component for stations
CORC, YELL, and BACK improved substantially compared to those presented in Figure 7. Using the threshold
of 0.5 m for the PGF CS detector, the positioning accuracy in the horizontal and vertical component for the three
stations were almost below 0.10 m, as shown in Figures 10(a)-10(c). As expected, we can see that the number
of the CS satellites is substantially reduced, as shown in Figures 10(g)-10(i). With less satellites being flagged
as CS, the kinematic PPP solution need not re-initialize the ambiguities; therefore, the positioning accuracy and
stability are improved.

In order to confirm the applicability of the increased threshold, we reprocessed the 700 stations around the world.
The 3D PPP errors on 17 March 2015 are presented in Figure 11 with the same arrangement than in Figure 5.
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Figure 11. Same as Figure 5 but using a threshold of 0.5 m for the Phase-Geometry-Free cycle slip detector instead of the standard threshold of 0.05 m.

From Figure 11, we can find that most of the time, the 3D PPP errors for most of the stations were around 0.20 m.
The exception was the time of 18:00 UT on 17 March 2015, when we found that the 3D positioning accuracy for
some stations in the south hemisphere can still reach 1.0 m. The reason may be attributed to the inapplicability
of the 0.5 m threshold of the PGF observable at that time. Comparing with Figure 5, we can find that the most
significant improvement occurred at high-latitudes. In the same way, we quantified the horizontal and vertical
positioning errors by separating the stations locating in high-, middle- and low-latitude region, as shown in
Figure 12 and Table 3.

From Figure 12, we can see that both the horizontal and vertical errors for the different regions during the
geomagnetic storm day of 17 March 2015 were almost the same magnitude as those during the geomagnetic quiet
day of 16 March 2015.

5. Conclusions

The present study focuses on the kinematic PPP solution at high-latitudes on the most intense geomagnetic storm
day of 17 March 2015. About 300 stations at high-latitudes were used in the experiment. In order to describe
the ionospheric disturbance induced by the geomagnetic storm, the amplitude scintillation, phase scintillation,
and ROTI metrics were exploited. We then evaluated the kinematic positioning performance at high-latitudes. In
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Figure 12. Same as Figure 6 but using the threshold of 0.5 m for the Phase-Geometry-Free cycle slip detector instead of the

customary threshold of 0.05 m.

particular, we focus on the reason behind the significant positioning accuracy degradation at high-latitudes during
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the storm day. The major findings from our analysis are summarized as follows:

1. We observe that the phase scintillation was more severe than the amplitude scintillation at high-latitudes
during the geomagnetic storm day. And the variation pattern of the ROTI was consistent with that of the phase

scintillation indices.

2. During the geomagnetic storm, the kinematic PPP errors at high-latitudes were almost three times larger
than those in the middle- and low-latitude regions. The large horizontal and vertical positioning errors at
high-latitudes were accompanied by large ROTI values. From the perspective of GNSS data processing, the

12 18 24

large positioning errors were also found to be related to the large number of the CS satellites.

3. Based on the lock time from ISMRs, we find that a large amount of the CSs was falsely detected under the
conventional threshold for the PGF observable. By increasing the threshold, the kinematic PPP accuracy at

Table 3

Statistics of the Positioning Accuracy Under the Threshold of 0.5 m for the
Phase-Geometry-Free Cycle Slip Detector in Different Regions on 17 March

high-latitudes can be improved to a similar magnitude as that at middle- and
low-latitudes. The improved positioning accuracy may suggest that the iono-
spheric disturbance induced by the geomagnetic storm at high-latitudes has
little effect on triggering actual CSs.

2015 CS detection is critical to achieve high accuracy and stability positioning
) Mean RMS (cm) 17 March 2015 Improvement performances during the disturbed ionospheric condition. It seems a good
Gepmagnetlc . . idea to tailor the threshold of the CS detector under the geomagnetic storm for
latitude Horizontal Vertical K . R K
stations at high-latitudes when actual CSs are not likely to occur. However,
High 75.0% 77.6% in the situation that there exists true CSs, increasing the threshold of the CS
Middle 36.5% 34.0% detector will also increase the risk of misdetection of the actual CSs that will
Low 44.1% 41.2% degrade the positioning accuracy.
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