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Abstract Global navigation satellite system (GNSS) precise positioning performance will be strongly
affected under severe ionospheric anomaly conditions. The combination of multi‐GNSS can increase the
available observations and improve the geometry of continuously tracked satellites. This paper focuses on
assessing the positioning performance with the combination of Global Positioning System (GPS),
Global'naya Navigatsionnaya Sputnikova Sistema (GLONASS), and BeiDou System (BDS) around the
St. Patrick's Day geomagnetic storm (9–18 March) in 2015 in Hong Kong. The rate of total electron content
(TEC) index (ROTI) indicates severe ionospheric anomalies before the superstorm, while it was absent
during the main phase of the storm in Hong Kong. Furthermore, strong scintillation events on signal‐
to‐noise ratio (SNR) and multipath (MP) observables are observed during ionospheric anomalies period.
Then the performance of single‐point positioning (SPP) and precise point positioning (PPP) with
multi‐GNSS is shown. The ionospheric scintillation events may reduce pseudorange accuracy but affect SPP
performance a little in this study, while the PPP accuracy is vastly decreased due to the subsequent
reconvergence caused by frequent cycle slip (CS). Compared to PPP solutions with GPS only, the accuracy is
improved significantly with the combination of multi‐GNSS.

1. Introduction

Space weather affects the availability and accuracy of global navigation satellite system (GNSS) positioning,
as it may lead to fluctuations of the radio navigation signals, cycle slip (CS), and loss of lock (LOL) (Ji, Chen,
Wang, et al., 2013, Ji, Chen, Weng, et al., 2013, Prikryl et al., 2015; Liu et al., 2018; Yang & Liu, 2016). The
effects of space weather on GNSS include the influence from ionospheric perturbations and the direct impact
from solar radio bursts (Sreeja et al., 2014; Sreeja, 2016) and solar flares (Berdermann et al., 2018). Solar radio
bursts are sudden intense radio emissions from the Sun in all wavelength and are often associated with solar
flares. It can affect both the Earth's upper atmosphere and propagation of radio waves (Yasyukevich
et al., 2018); it is more frequent and stronger near the solar maximum. The ionospheric perturbations result
in amplitude and phase fluctuations in the received signal (Kintner et al., 2007; Xu et al., 2015; Vilà‐Valls
et al., 2017; Xu & Morton, 2018), a phenomenon known as scintillation. The major scintillation activity is
usually observed during the solar maximum period, near the magnetic equator and in the midnight sector
(Basu et al., 1988: Priyadarshi, 2015).

Several works have attempted tomitigate ionospheric scintillation effects on GNSS positioning accuracy, and
these methods fall into three categories. The first is to adapt the stochastic model based on signal tracking
variances (Aquino et al., 2009; Conker et al., 2003; da Silva et al., 2010). The secondmethod employs the qual-
ity control algorithm to reject the contaminated observations by ionospheric anomalies (Zhang et al., 2014).
The third method is to improve the positioning performance with multi‐GNSS. There will be more and more
available observations, and the positioning accuracy is expected to be improved with multi‐GNSS. Marques
et al. (2018) assessed the precise point positioning (PPP) accuracy under the ionospheric scintillation effects
with multi‐GNSS in Brazil. The positioning accuracy improvements was up to 60% under conditions of
strong scintillation with the combination of GPS and GLONASS compared to GPS alone.
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The St. Patrick's storm in 2015 is the first super geomagnetic storm during the 24 Solar Cycle 24 and has been
gainingmany researchers' attention. Theymainly focus on two folds, that is, the ionospheric response and its
effects on GNSS positioning service. They characterized the ionospheric irregularities of different regions,
such as China (Ning & Tang, 2018; Sun et al., 2017), Norway (Jacobsen & Andalsvik, 2016), India (Yadav
et al., 2016), high‐latitude region (Cherniak et al., 2015), low‐latitude region (Maurya et al., 2018), South
America (Barbosa et al., 2018), African equatorial/low‐latitude region (Amaechi et al., 2018),
European‐African region (Borries et al., 2016), and the global scale. At the same time, they also used differ-
ent instruments or data, including ground‐based GNSS data, ionosondes data, TSX data, GRACE data,
Swarm data, GUVI, Jason‐2, and GPS data on Jason‐2 for understanding the geomagnetic storm
(Astafyeva et al., 2015; Chen et al., 2016; Jin et al., 2017; Kuai et al., 2016; Nava et al., 2016; Prikryl et al., 2016).
Meanwhile, the GPS scintillation events, LOL, and its effects on positioning service during the main phase
were also demonstrated (Jacobsen & Andalsvik, 2016; Jin & Oksavik, 2018; Luo et al., 2018).

As described by Helmboldt et al. (2015), there were many solar flares of varying magnitudes in the runup to
the G4‐class geomagnetic storm of St. Patrick's Day in 2015. Furthermore, Hong Kong is located in the
low‐latitude region; the ionospheric anomaly events peak around March and September (Gao, 2008;
Hlubek et al., 2014; Ji, Chen, Wang, et al., 2013). GNSS receivers in Hong Kong are expected to observe more
anomaly around this period.

This contribution focuses on improving the positioning performance with the combination of GPS,
GLONASS, and BDS around the St. Patrick's storm in 2015 in Hong Kong. After a brief introduction of
multi‐GNSS data processing algorithm, we first demonstrate the space weather and ionosphere conditions
around St. Patrick's Day in 2015 by an overview. Then the ionospheric anomaly effects on GNSS measure-
ments including signal‐to‐noise ratio (SNR) and multipath (MP) observable are shown. Finally, The
single‐point positioning (SPP) and PPP performance with multi‐GNSS and GPS alone are systematically
assessed.

2. Data Sets and Methodology
2.1. The Rate of Total Electron Content Index

For most of the users, the S4 index is not available; the rate of total electron content (TEC) index (ROTI) is
employed to measure the ionospheric scintillation indirectly. The ROTI reflects the fluctuations in iono-
spheric TEC, which denotes ionospheric anomaly presence. It is defined as the standard deviation of the rate
of TEC (ROT) over some time interval (Jacobsen, 2014; Pi et al., 1997); usually, 5 min is adopted.

ROTI ið Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

∑
i

j¼i − N
ROT jð Þ − ROT
� �2s

(1)

where N is the total number of ROT epoch, ROT is the mean value of ROT over N epoch, and ROT is the rate
of TEC change at j time‐epoch. It can be calculated as follows:

ROT jð Þ ¼ TEC jð Þ − TEC j − 1ð Þ
tj − tj − 1

(2)

where tj − tj− 1 is the time difference between the epoch j and j − 1.

The geometry‐free (GF) phase combination is introduced to compute slant TEC (STEC); it can be read as

LGF ¼ Ls
1; r − Ls2; r ¼ −

1

f 21
−

1

f 22

 !
40:3∗1016∗STECþ B (3)

where LGF is the GF phase combination observation; r and s refer to receiver and satellite; Ls1; r and Ls2; r are

the carrier phase measurements in meters at frequencyL1, L2; f is the frequency of the carrier; B¼−λ1

bs1; r þ Ns
1; r

� �
þ λ2 bs2; r þ Ns

2; r

� �
is a constant bias due to the phase ambiguities (Ns

1; r and Ns
2; j) and instru-

ment delay from receiver and satellite(bs1; r and bs2; j); and λ is the wavelength of carrier phase.
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2.2. Code MP Observable

The MP observable is employed to analyze the characteristics of MP effects, which can be expressed as fol-
lows (Wang et al., 2015):

MPj¼Pj −
f 2j þ f 2i
f 2j − f 2i

Lj þ 2f 2i
f 2j − f 2i

Li − B (4)

where subscripts i, j are the carrier frequencies; P is the observed pseudorange; f denotes the carrier‐phase
frequency in Hertz; and B is the sum of phase ambiguity and constant part of hardware delay.

The MP combination is both ionosphere‐free (IF) and GF. After removing the constant term, the residual
mainly contains code MP and noise. Because the MP observable involves both pseudorange and carrier
phase measurements, it is sensitive to CS and LOL.

2.3. GNSS Positioning Models

In this paper, the SPP solution is obtained by utilizing single‐frequency observation; the ionospheric and tro-
pospheric delay are corrected with Klobuchar (1987) model and Saastamoinen (1972) model, and the details
can be referred to Takasu and Yasuda (2009).

The PPP solution in this paper is obtained with dual‐frequency IF combination observations. The GNSS code
and carrier phase IF combination can be defined as (Shi & Gao, 2014)

Pm; s
IF; r¼

1

f 2m; 1 − f 2m; 2

f 2m; 1P
m; s
1; r − f 2m; 2P

m; s
2; r

� �
Lm; s
IF; r¼

1

f 2m; 1 − f 2m; 2

f 2m; 1L
m; s
1; r − f 2m; 2L

m; s
2; r

� �
:

�
(5)

wherem, r, and s refer to the satellite system, receiver, and satellite; and Pm; s
IF; r and L

m; s
IF; r are the pseudorange

and carrier phase IF combination observations.

The IF PPP function model for GPS, GLONASS and BDS can be written as follows (Shi et al., 2017):

PG; s
IF; r¼ρG; sr þ dGorb − c∗dtG; s þ c∗dtGr þmG; s

r ∗T þ ε PG; s
IF; r

� �
LG; s
IF; r¼ρG; sr þ dGorb − c∗dtG; s þ c∗dtGr þmG; s

r ∗T þ BG; s
IF; r þ ε LG; s

IF; r

� �
8><
>: (6)

PR; s
IF; r¼ρR; sr þ dRorb − c∗dtR; s þ c∗dtGr þ c∗dtRsys þmR; s

r ∗T þ ε PR; s
IF; r

� �
LR; sIF; r¼ρR; sr þ dRorb − c∗dtR; s þ c∗dtGr þ c∗dtRsys þmR; s

r ∗T þ BR; s
IF; r þ ε LR; s

IF; r

� �
8><
>: (7)

PC; s
IF; r¼ρC; sr þ dCorb − c∗dtC; s þ c∗dtGr þ c∗dtCsys þmC; s

r ∗T þ ε PC; s
IF; r

� �
LC; s
IF; r¼ρC; sr þ dCorb − c∗dtC; s þ c∗dtGr þ c∗dtCsys þmC; s

r ∗T þ BC; s
IF; r þ ε LC; sIF; r

� �
8><
>: (8)

where G, R, and C indicate the GNSS index (G:GPS, R:GLONASS, and C:BDS); dtGr is the receiver clock of

GPS; and dtRsys and dtCsys are the system time difference parameters for GLONASS and BDS with respect to

GPS, respectively. P, L, and ρ are the pseudorange, carrier phase, and geometry distance between receiver
and satellite, respectively. T is the zenith tropospheric delay;m is tropospheremapping function; B is the cor-

responding IF float ambiguity; ε is the measurement noise; and c is the speed of light in vacuum. dGorb is the
satellite orbit error; dtG,s is satellite clock error.

Then the Bernese5.2 (Dach et al., 2015) and GAMP (Zhou et al., 2018) software are employed to estimate the
related parameters including coordinates, receiver clock bias, the system bias of GLONASS/BDS relative to
GPS, zenith tropospheric wet delay, and ambiguities.

2.4. Data Sets

The GNSS data used in this study were collected from six stations with Trimble NetR9 receiver (from 9 to 18
March 2015, ftp://ftp.geodetic.gov.hk/rinex3/2015/) in Hong Kong (Figure 1). The Kp, Dst, AE indexes, and
X‐ray fluxes were also downloaded to analyze the space weather conditions.
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The Kp, Dst, AE, and its constituents AU and AL were obtained fromWorld Data Center (WDC, http://wdc.
kugi.kyoto-u.ac.jp). The solar flare X‐ray measurements were obtained from the National Oceanic and
Atmospheric Administration (NOAA, https://www.ngdc.noaa.gov/stp/spaceweather.html) in 1–8 Å and
0.5–4 Å wavelength ranges with a time resolution of 3 s. The X‐ray fluxes are measured by the X‐ray sensors
on Geosynchronous Operational Environmental Satellite‐15 (GOES‐15) (Mahajan et al., 2010).

3. Space Weather and Ionospheric Conditions Around the St. Patrick's Storm
in 2015
3.1. Space Weather Conditions

The Kp, Dst, AE, AU, and AL during 09–18 March 2015 are shown in Figure 2. According to the classifica-
tion from Loewe and Prölss (1997), the thresholds of different indexes are shown with dotted lines. For the
Kp and Dst indexes, the four dotted lines are the weak, moderate, strong, and severe storm class; both of
them do not reach the great‐class storm, while the AE, AU, and AL indexes indicate that it reached the
great‐class level several times during the main phase of the St. Patrick's storm.

As reported, the space weather is very complicated duringMarch 2015; manyM‐class solar flares occurred in
the runup to the St. Patrick's super magnetic storm (Helmboldt et al., 2015). Figure 3 shows the X‐ray

Figure 1. GPS stations in Hong Kong.

Figure 2. Geomagnetic conditions in March 2015.
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irradiance measured by the GOES15 satellite, which indicates the occurrence of solar flares. The GOES data
show that one X‐class flare on 11March was exactly X2.2; there were several M‐class flares between 2 and 18
March and many C‐class flares. After 18 March, there are only some C‐class solar flares.

On the whole, the space weather before the St. Patrick's magnetic storm is much more disturbed than that
after the St. Patrick's storm and reached the most disturbed condition on St. Patrick's Day. Especially for
the period between 9 and 18 March, there is at least one M‐class flare in each day, while the Kp, Dst, and
AE indexes show absence of anomalies before 17 March and reached the peak value on 17 March.

3.2. Ionospheric Conditions

Figure 4 demonstrated the ROTI at Stations HKCL and HKKS. The plots indicate high consistency for ROTI
between the two stations. In addition, the significant fluctuations of ROTI can be observed for both stations,
especially on 9 and 11–16 March from 12:00 to 16:00 (local time: 20:00–24:00). During the main phase of the
St. Patrick's magnetic storm (17 and 18 March), there are also jumps for ROTI, but the amplitude is much
smaller than that of the days before in this study. As we know, ROTI indicates small scale irregularities of
the ionosphere. This means there is no significant ionospheric anomaly observed during the main phase

Figure 3. Geomagnetic conditions in March 2015.

Figure 4. GPS ROTI variations measured at HKCL and HKKS.
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of the St. Patrick's magnetic storm in Hong Kong, while severe ionospheric anomalies are detected several
consecutive days before the storm. It is similar to the ionospheric response of African equatorial/low‐latitude
(Amaechi et al., 2018) and the Taiwanese longitudinal sectors (Nayak et al., 2017). Thus, the observed iono-
spheric anomaly may be associated with ionospheric scintillation events.

According to the analysis in section 3.1, all the geomagnetic indexes including Kp, Dst, and AE indicate the
quiet conditions of space weather from 9 to 16 March, except the X‐ray. That is to say, there was absence of
geomagnetic anomaly in Hong Kong, while the anomalies were observed through ROTI and X‐ray flux dur-
ing those days. Comparing Figures 3 and 4, we can conclude that when the X‐ray fluxes reached the peak
value (single X or M flare, or many C flares), there might be also a peak value for ROTI within 1 day for both
GPS stations, especially for X‐ray at 0.1–0.8 nm. In addition, the normalized ROTI of HKKS and X‐ray flux
are shown in Figure 5. The correlation can be observed to some extent, though the occurrence time of peak
value for ROTI and X‐ray flux are not exactly the same. As shown in Figure 5, there might be ROTI anomaly
after 1.0–1.5 days when X‐ray flux anomaly occurred. As we know, the ionosphere is built by absorbing soft
X‐rays and solar extreme ultraviolet (EUV) mainly at wavelengths below 105 nm (Vaishnav et al., 2018).

Furthermore, a daily increased ionospheric anomaly occurrence is expected in the equatorial region during
the start of the equinox period (Steenburgh et al., 2008). In order to confirm that the TEC fluctuations are
associated with solar X‐ray flares, we examined the counts of EUV in March 2015. The anomalies of EUV
counts are observed every day in March 2015 for all the five channels (Figure 6).

The X‐ray and ROTI measurements strongly indicate disturbed space weather during 9–16 March except 10
March, while the Kp, Dst, and AE are less efficient to observe the effect of geomagnetic storm. As a conse-
quence, position solutions are expected to be worst during that period and shown in the following section.

4. Positioning Performance With Multi‐GNSS

In this section, the effects of ionospheric anomalies on GNSS are analyzed, including the fluctuations of
SNR, MP observables, and performance of SPP and PPP with multi‐GNSS.

4.1. Effects of Ionospheric Anomalies on SNR and MP Observables

The signal intensity attenuation led by ionospheric anomaly can be observed with the SNR measurements
(Bong et al., 2015; He et al., 2016; Vadakke Veettil et al., 2017). Even more, the attenuation will affect the
accuracy of pseudorange to some degree. The serious signal attenuation may result in CS or LOL for carrier
phase measurements, which will affect the performance of GNSS precise positioning including PPP and
real‐time kinematic (RTK) positioning. The SNR observable used in this paper is indeed the C/N0 obtained
from RINEX file.

Figure 5. Normalized ROTI of HKKS and X‐rays flux.
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The plots in Figure 7 demonstrate the SNR and MP observables of BDS C01 and C02 at HKCL from 9 to 18
March 2015. The significant scintillation events in both SNR and MP observables are observed except on 10,
17, and 18 March. The observed scintillation events can be grouped into two types: moderate and intense
scintillation according to the fluctuation of SNR observable. The scintillation events with SNR fluctuation
within 10 dB‐Hz are grouped into moderate scintillation; the scintillation with SNR fluctuation more than
10 dB‐Hz are grouped into intense scintillation. As shown in Figure 7, the examples with dotted box is mod-
erate scintillation, the SNR is continuous, and its fluctuation is not more than 10 dB‐Hz. The SNR series with
solid‐line box is regarded as intense scintillation in this paper. The examples of SNR in Figure 7 demonstrate

Figure 7. C01 and C02 SNR and MP observables of BDS at HKCL from 9 to 18 March 2015 (the SNR of B1 was shifted by −10, and the MP observable of B2 was
shifted by 5).

Figure 6. Counts for G15 EUV of March 2015.
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that the intense scintillation is observed every day except on 10, 17, and 18 March from 9 to 18 March 2015,
both for C01 and C02. The occurrence time of SNR fluctuations is consistent with the occurrence time of
ROTI anomalies. The fluctuations of MP are consistent with that of SNR for most intense scintillation cases
both for C01 and C02 except the B1 MP of C01 on 9 March. Furthermore, we found the SNR fluctuations for
B2 frequency is much greater than that of B1 frequency (Figure 7). For example, the SNR fluctuations are
about 10 dB‐Hz for B1, while the maximum fluctuation more than 20 dB‐Hz for B2. The MP observables
of B2 also fluctuated more than MP of B1. That is the scintillation in B2 is more intense than that of B1
for BDS.

Figure 8. G01 SNR and MP observables at HKCL (the MP of L2 was shifted by 5).
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Furthermore, the strange phenomenon observed from Figure 7 is that intermittent scintillation is observed
during the whole day on 16 March from SNR and MP series both for C01 and C02. And the scintillation in
MP series is much more significant than that of SNR, which may be led by CS and LOL caused by other fac-
tors. Figure 8 demonstrates the SNR andMP observables of GPS G01 both for L1 and L2. Significant fluctua-
tions are observed in SNR from 10 to 16 March, while there is absence of scintillation on 17 and 18 March,
the main phase of this storm. The MP is also affected at the same time as SNR, but amplitude is not signifi-
cantly visible in Figure 8. The plots in Figure 9 are the SNR and MP series of GLONASS R11 for the 10 days.
Because satellite orbit repeating period of GLONASS is 8 days (Ray et al., 2013), it cannot observe the scin-
tillation every day for one satellite. During the 10 days, we observed scintillation on 13–15 March. On 16
March, the SNR series show many intermittent fluctuations, and the MP observables also fluctuate during

Figure 9. R11 SNR and MP observables at HKCL (the MP of L2 was shifted by 5).
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the corresponding period. While the GLONASS SNR fluctuation pattern on 16 March (Figure 9) is not
similar to that of scintillation examples and the magnitude of fluctuation is also very small, we think this
fluctuation may be related to MP.

The plots in Figures 7–9 indicate the occurrence time of SNR and MP fluctuations for GPS/GLONASS/BDS
is consistent with the ROTI anomaly period, which mainly occurred between 12:00 and 16:00 (local time:
20:00–24:00) from 9 to 16 March except 10 March. Similar fluctuations are absent during the main phase
of the geomagnetic storm on 17 and 18 March. The MP fluctuations vary with satellite system. The occur-
rence of MP fluctuations for BDS is much more frequent than that of GPS/GLONASS for this case, the
SNR fluctuations do not lead to MP fluctuation for GPS/GLONASS sometimes. The duration and magnitude
of MP fluctuations for BDS is also longer and bigger than those of GPS/GLONASS. Meanwhile, the
Figures 7–9 also show that the scintillation events did not occur for all the satellites at the same time, as
the satellites are distributed in different positions and satellite orbit repeated period varies a lot with satellite
system and type. The MP observable is the GF and IF combination; its fluctuation indicates the pseudorange
error, CS, and LOL. The rapid long‐period fluctuations mainly result from CS or LOL; the others are led by
pseudorange error. For example, the MP fluctuations in Figure 7 are caused by frequent CS and LOL, while
the MP fluctuations in Figure 8b with red dotted box are contributed by pseudorange error led by rapid SNR
fluctuations. We also examined the SNR and MP series of other stations in Hong Kong. The scintillation can
be observed from all six stations every day from 9 to 16 March except 10, 17, and 18 March.

4.2. SPP Performance With Multi‐GNSS

The SPP results are calculated with the RTKLIB software (Takasu & Yasuda, 2009) both for GPS‐only and
the combination of GPS/GLONASS/BDS. Figure 10 demonstrates the SPP positioning error (single‐fre-
quency observation), visible satellite number, and position dilution of precision (PDOP) value with elevation
angle above 10°for GPS‐only and GPS/GLONASS/BDS at T430. During the 10 days, the positioning accuracy
with GPS only is very low (except 18 March), especially during the nighttime (local time). Furthermore, the
positioning accuracy is improved with the combination of GPS/GLONASS/BDS.

Hong Kong is located in the ionospheric crest area from 9 to 17 March, which may lead to large difference
between Klobuchar model and real ionospheric conditions. Then the SPP accuracy with single‐frequency
observation is very low for large uncorrected ionospheric error. Of course, the scintillation may also contri-
bute to the accuracy decrease, but we think it is not the main reason for no significant jump observed during
scintillation time.

Figure 10. SPP results with single‐frequency observations at T430 (G is GPS; GRC is the combination of GPS/GLONASS/
BDS).
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In order to confirm the above analysis, the code IF observation was employed to calculate receiver position.
As the code IF combination eliminates the first‐order ionospheric delay, the positioning accuracy is expected
to be improved even with GPS only. Figure 11 shows the positioning error with code IF observation for GPS
only and GPS/GLONASS/BDS at T430. The positioning accuracy with code IF observation is improved sig-
nificantly compared to the results with single‐frequency observations for GPS only, especially for the period
of 9–17 March. When the code IF observations of GPS/GLONASS/BDS are employed, the accuracy is
improved further as expected. This confirms the large difference between Klobuchar model and real iono-
spheric conditions, which reduce the accuracy for single‐frequency SPP from 9 to 17 March. However, even

Figure 11. SPP results with code IF observations at T430 (G is GPS; GRC is the combination of GPS/GLONASS/BDS).

Figure 12. RMS (unit: m) of SPP for GPS only and combination of GPS/GLONASS/BDS (GRC) with single‐frequency and code IF observations.
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when the code IF observation is adopted, it is difficult to observe the direct relation between the SPP posi-
tioning error and SNR anomalies.

The root‐mean‐square (RMS) of SPP is shown in Figure 12. The statistical results confirm that the position-
ing error is not related to ionospheric anomalies both for single‐frequency and code IF combination results.
For single‐frequency results, the positioning error does not show any clear correlation with ionospheric
anomaly. Meanwhile, the positioning accuracy during 9 to 17 March is much lower than that of 18
March. After checking the global TEC map, the depletion of TEC is observed on 18 March.

Comparing to the results with single‐frequency observations, the positioning accuracy is improved signifi-
cantly with code IF observations both for GPS and GPS/GLONASS/BDS except 18 March. The accuracy is

Figure 13. PPP results with GPS only at six stations in Hong Kong. The positioning error of each station was shifted by
two additional meters except HKCL.
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comparable for positioning results calculated with single‐frequency observations and code IF observations
on 18 March. Furthermore, it is also difficult to observe the direct relationship between positioning error
and SNR fluctuations; it might be that the code MP noise is much higher than the noise generated by
variation in SNR in this study.

The SPP results are rather stable during the ionospheric anomaly period both for GPS only and
GPS/GLONASS/BDS. The fluctuation pattern of SPP solutions is inconsistent with that of ROTI, SNR,
and MP from 9 to 16 March. On 17 March, there is absence of ionospheric anomaly, while the SPP accuracy
is also lower than that of 18 March. After checking the global ionospheric condition, we found that Hong
Kong is located in the ionospheric anomaly crest region from 9 to 17 March. Then we think the difference
between Klobuchar model and real ionospheric conditions may contribute to the SPP accuracy decrease.
The SPP results calculated with code IF combination observations also confirm this conclusion, though
the direct correlation between SPP accuracy and SNR fluctuations is not observed.

4.3. PPP Performance With Multi‐GNSS

In order to obtain high‐precision positioning result with a single station, the Bernese5.2 and GAMP software
are employed to process GPS only and GPS/GLONASS/BDS data, respectively, for kinematic PPP.

The PPP results of six stations at Hong Kong are shown in Figure 13. The obvious jump is observed on 9 to 16
March except 10 March, which is consistent with the fluctuations of ROTI. Different from other stations, a
jump of solutions is also found on 10 March at HKCL. Furthermore, the kinematic PPP solutions of HKCL
fluctuate a lot on 16 March, which results from frequent change of the visible satellite number due to some
other reasons.

Figure 14 indicates the significant effect of space weather on PPP solutions on severe scintillation days. The
strongest effect on PPP is on 13 March, on which the 3‐D RMS is more than 1.3 m for HKCL and more than
1.2 m for T430. As shown in Figure 13, the growth of positioning error is mainly related to the periods of
ionospheric anomalies.

In order to access the PPP performance withmulti‐GNSS under the effect of ionospheric anomalies, the open
source software GAMP is employed to obtain PPP solutions with combined GPS/GLONASS/BDS, which are
shown in Figure 15. As the different data processing strategies is adopted for GAMP and Bernese, the results
obtained with GAMP (Figure 15) demonstrate a short convergence period at the beginning of every day.
Except the convergence and reconvergence period, the systematic shift of positioning results with combined

Figure 14. RMS of PPP with GPS only.
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GPS/GLONASS/BDS is much smaller than that of GPS only (Figure 13). On 9 March, about 1 m jump is
observed from the positioning error series, while there is no similar jump for combined solution.

For other days (12–16 March) and stations, obvious jump can be observed both for GPS only and
GPS/GLONASS/BDS solutions during the scintillation period, while the positioning error of combined solu-
tion is much smaller than that of GPS only. On 13 March at T430, the positioning error of GPS only
(Figure 13) is about 4, 2, and 6 m in north, east, and up directions, respectively. While for
GPS/GLONASS/BDS solutions, they are only 0.25, 0.2, and 0.4 m in north, east, and up directions,

Figure 15. PPP results with GPS/GLONASS/BDS only at six stations in Hong Kong (the positioning error of each station
was shifted by two additional meters except HKCL).
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respectively. The jumps of PPP solutions on 17 March for combined GPS/GLONASS/BDS result from the
reconvergence for the LOL with unknown reason.

The RMS of combined solutions are shown in Figure 16, following the structure of Figure 14 (PPP with GPS
only). The positioning accuracy is much higher than that of GPS only for the strong scintillation days.
During 9, 10, 17, and 18March, it seems that the accuracy of GPS only is relatively higher, which results from
the different data processing strategies of GAMP and Bernese, and we include the solutions during the con-
vergence period for combined solutions in the statistical results (Figure 16).

The fluctuations of PPP solutions are consistent with that of ROTI, SNR (except some unusual jump), and
MP. The PPP positioning performance is strongly affected from 9 to 16 March, while the positioning accu-
racy return back to normal on 17 and 18 March, the main phase of the St. Patrick's geomagnetic storm.
With the combination of GPS/GLONASS/BDS, the positioning accuracy is improved significantly during
the strong ionospheric anomaly days. Figure 17 shows the PPP solutions with GPS only and the number

Figure 16. Statistical results of PPP with GPS/GLONASS/BDS.

Figure 17. Comparison of GPS PPP solutions and GPS CS for T430.
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of GPS CS for each epoch at T430. The direct relation between the PPP jumps and CS occurrence is observed.
When the PPP solutions jump, the frequent CS occurred at corresponding time. The occurrence number and
frequency of CS should be responsible for the duration and amplitude of PPP jumps. The more frequent the
CS is observed, the PPP fluctuations may last longer and the amplitude would be larger. For example, com-
paring to other days, the CS occurrence is much more frequent on 13 and 14 March. Then the longer jumps
of PPP solutions is observed at corresponding period; the amplitude is also much larger than other days.
Thus, the solar flares may increase the ionospheric anomalies, which result in frequent CS. The jumps of
PPP solutions mainly result from the subsequent reconvergence caused by frequent CS.

Overall, severe ionospheric scintillation would affect the GNSS positioning performance, especially for car-
rier phase‐based positioning techniques due to frequent CS. Since the scintillation events will not affect all
the visible satellites, the combination of multi‐GNSS can improve the positioning performance significantly.

5. Discussions and Conclusions

In this contribution, the positioning performance with multi‐GNSS is assessed around the St. Patrick's mag-
netic storm in 2015 in Hong Kong.

As reported, in the runup to the super magnetic storm, there are many solar X‐ray flares, while the anomaly
is absent for Kp, Dst, and AE indexes. After analyzing the ROTI series in Hong Kong, strong ionospheric
scintillation events are observed from 9 to 16 March except 10 March, while there is no significant scintilla-
tion observed on 17 and 18 March. The X‐ray solar flares might increase the ionospheric anomalies in this
study as the TEC is more correlated with X‐ray flux in equatorial and low‐latitude region (Wang et al., 2006).

In order to analyze the effects of scintillation events on GNSS positioning service, the SNR and MP observa-
bles are employed to analyze the CS and LOL of GPS, GLONASS, and BDS carrier phase measurements. The
SNR fluctuates a lot during the ionospheric anomaly period; theMP observable also demonstrates significant
fluctuations at corresponding time due to the frequent CS and LOL and pseudorange error. The SNR andMP
observables of L2 fluctuate more than that of L1, which indicates that the L2 is muchmore sensitive than L1.

Then the positioning performance of SPP and PPP with multi‐GNSS is analyzed. The SPP is not advisable to
observe effect of ionospheric scintillation due to inefficient Klobuchar ionospheric model. The fluctuations
of PPP are consistent with corresponding ionospheric scintillation events both for GPS only and
GPS/GLONASS/BDS. The PPP accuracy is decreased dramatically due to subsequent reconvergence led
by frequent CS and LOL, which results from strong ionospheric anomalies. The maximum daily 3‐D posi-
tioning error is about 1.3 m for GPS only, and the positioning error reaches several meters during strong scin-
tillation period. As expected, the positioning performance is improved significantly with the combination of
GPS, GLONASS, and BDS. The maximum daily 3‐D positioning error is reduced to 0.6 m with multi‐GNSS.

Future work will focus on ionospheric scintillation events detection with geodetic GNSS receiver and further
improving positioning accuracy and availability with robust estimation both for PPP and RTK.
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