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Abstract: Approaching the peak year of the 25th solar activity cycle, the frequency of strong geomag-
netic storms is gradually increasing, which seriously affects the navigation and positioning perfor-
mance of GNSS. Based on the globally distributed GNSS station data and FORMOSAT-7/COSMIC-2
occultation data, this paper explores for the first time the effects of the G4-class geomagnetic storm
that occurred on 23–24 April 2023 on the global ionosphere, especially the ionospheric equatorial
anomalies and F-layer perturbations. It reveals the precise point positioning (PPP) accuracy degra-
dation during a geomagnetic storm. The results show that the ionospheric rate of total electron
content index (ROTI) and near high latitude GNSS phase scintillations index have varying levels of
perturbation during geomagnetic storms, with the maximum ROTI and phase scintillations index
exceeding 0.5 TECU/min and 0.8, respectively. The equatorial ionization anomaly (EIA) shows
an enhanced state (positive ionospheric storms) during geomagnetic storms, and the cause of this
phenomenon is most likely the equatorward neutral wind. The variation of the S4 index of the
FORMOSAT-7/COSMIC-2 satellite reveals the uplift of the F-layer during geomagnetic storms. Dur-
ing geomagnetic storms, the PPP accuracy degrades most seriously at high latitudes, the maximum
MAE exceeds 2.3 m, and the RMS in the three-dimensional (3D) direction exceeds 2.0 m. These inves-
tigations can provide case support for space weather and GNSS studies of the impact of geomagnetic
storms during peak solar activity years.

Keywords: geomagnetic storms; EIA; ionospheric disturbances; ROTI; precise point positioning

1. Introduction

The ionosphere is an important part of the solar–terrestrial space environment and
is a highly variable ionized region. For the global navigation satellite system (GNSS),
ionospheric delays caused by somewhat regular spatial and temporal variations in the
ionosphere can be better solved by numerical simulations or ionosphere-free combination
methods [1–4]. However, the ionosphere does not exist alone in the upper atmosphere; for
example, solar wind–magnetosphere–ionosphere coupling and lithosphere–atmosphere–
ionosphere coupling increase the difficulty of the investigation of the ionosphere. Among
these challenges, geomagnetic storms triggered by strong solar activity are a global magne-
tospheric disturbance phenomenon, which is the most important link in the solar–terrestrial
energy coupling chain [5]. Along with the injection of magnetospheric energy, the iono-
sphere is significantly perturbed, forming ionospheric storms [6]. Ionospheric delay errors
caused by ionospheric storms are very difficult to correct through modeling, and the result-
ing degradation of the positioning performance of the GNSS is exceptionally strong [7–9].
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Investigations of the ionospheric response to strong geomagnetic storms are mostly
developed with case studies [10–14]. In particular, the two geomagnetic storms of the
24th solar active cycle (on March 2015 and September 2017) are the most typical. The
geomagnetic storm of March 2015, also known as the St. Patrick’s Day Storm, was classi-
fied as G4 by the National Oceanic and Atmospheric Administration’s (NOAA’s) space
weather classification system. Different scholars have studied the relationship between
this geomagnetic storm and the ionosphere or its influences on GNSS positioning from
different perspectives. Cherniak and Zakharenkova [15] found a high correlation between
high-latitude ionospheric irregularities caused by geomagnetic storms and auroral activity
based on data from more than 2500 GPS stations. Nava et al. [16] investigated the status of
ionospheric variations in four sectors (Asia, Africa, the Americas, and the Pacific) at low
and middle latitudes during the storms and provided explanations for various types of
phenomena. Jacobsen and Andalsvik [17] observed ionospheric disturbances in northern
Norway (based on the national real-time kinematic (RTK) positioning network) that may
be related to ionospheric polar cap plasma patches and particle precipitation caused by
magnetic reconnection. They also analyzed the performance metrics of RTK and precise
point positioning (PPP) during the storm. Combining GPS and Swarm satellite data, Za-
kharenkova et al. [18] observed large-scale ionospheric plasma irregularities in Russia and
highly structured auroral ionospheric regions extending over 850 km.

The September 2017 coronal mass ejection (CME) and high-speed flow reached near-
Earth space and triggered a strong geomagnetic storm with successive violent disturbances
in the ionosphere [19–21]. Li et al. [22] observed that prompt penetration undershielding
electric fields (PPEF) caused by the southward shift of the interplanetary magnetic field
(IMF) Bz during the storm was responsible for the significant enhancement of an equatorial
plasma bubble (EPB) in the 120◦E/60◦W longitudinal sector. Zhang et al. [23] reported
simultaneous large- and medium-scale traveling ionospheric disturbances (TIDs) at dusk
during geomagnetic storms at subaurora and mid-latitudes. Based on observations from
the U.S. Continuously Operating Reference Station (CORS) network, Liu et al. [24] explored
the total electron content (TEC) of the ionosphere in response to this geomagnetic storm
and found medium TIDs with intensities higher than 2.5 TECU. Wan et al. [25] discussed
nighttime ionospheric behavior during the recovery phase of the geomagnetic storm. They
found that the nighttime ionosphere in the American sector was largely depressed, while
in the Asian sector, only a small TEC increase was observed at nighttime, which was
much weaker than the prominent daytime TEC enhancement in this longitude sector.
Zakharenkova and Cherniak [26] considered the effect of EPB generated by geomagnetic
storms on the PPP in mid-latitudes, especially at 25◦~35◦N, where the three-dimensional
(3D) error of GPS stations rises to the meter scale.

Strong geomagnetic storms occurred infrequently during the early part of the 25th
solar cycle. However, the occurrence of medium geomagnetic storms also had a severe
impact on navigation, communications, and aerospace [27]. For example, the SpaceX storm
event in February 2022 resulted in 38 SpaceX Starlink satellites not being able to ascend to
their assigned orbits and having to re-enter the atmosphere to be destroyed [28]. With the
arrival of the peak year of the 25th solar activity cycle, there has been a gradual increase in
intense geomagnetic storms. Based on the 11-year cycle of solar activity [29], October 2023
was in a phase in the 25th solar activity cycle of increasing intensity of solar activity (sunspot
number and F10.7) that, as of the time of this writing, had already exceeded the peak of
the 24th cycle. Even though many studies have been conducted to analyze the effects
of geomagnetic storms occurring at different times on the ionosphere, the geomagnetic
storm events under this condition still need further investigation. In this paper, based on
the globally distributed GNSS station data and the FORMOSAT-7/COSMIC-2 occultation
data, the geomagnetic storm on 23–24 April 2023 is taken as an example to investigate the
ionospheric disturbances and the PPP accuracy of global GNSS stations during this period.
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2. Data and Methods
2.1. Ionospheric Data

The International GNSS Service (IGS) has established 516 GNSS stations around the
world (as of 25 October 2023), providing a large amount of raw observational data for
geophysical and space physics investigations. Based on dual-frequency observations of
GNSS stations worldwide (see Figure 1) on 23 and 24 April 2023 at a sampling rate of
30 s, the ionospheric TEC of the GNSS stations is solved using a carrier phase smoothing
pseudorange:

< Pi,j + Li,j >= −
[
(λi Ni − λjNj) + 2c · (DCBr,i,j + DCBs,i,j)

]
(1)

TEC =
Li,j− < Pi,j + Li,j > −c · (DCBr,i,j + DCBs,i,j)

40.3 · ( f−2
i − f−2

j )
(2)

where r and s denote receiver and satellite, respectively; i and j denote signals at different
frequencies ( fi and f j); Pi,j is a combination of pseudorange observations; Li,j is a combi-
nation of carrier-phase observations; < · > denotes the average value of a continuous arc
segment; and λi Ni − λjNj is a combination of integer ambiguity. DCBr,i,j and DCBs,i,j are
the differential code biases (DCB) of the receivers and satellites, respectively, both from the
CODE’s (Center for Orbit Determination in Europe) DCB products. The GPS L1 and L2
measurements are used in this paper.
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Figure 1. Global distribution of GNSS stations (dark orange dots) and CHAIN stations (dark blue 
dots) used in this paper. 

  

Figure 1. Global distribution of GNSS stations (dark orange dots) and CHAIN stations (dark blue
dots) used in this paper.

The rate of total electron content index (ROTI) is defined as the standard deviation
of the rate of TEC, which can indicate the extent to which the GNSS measurements are
disturbed by the ionosphere, and is calculated as follows [30]:

ROT =
TEC(t + ∆t)− TEC(t)

∆t
(3)

ROTI =
√
< ROT2 > − < ROT >2 (4)

where ROT is the rate of TEC and < · > denotes the average value of a continuous time
period. In this paper, we used the observation data with a sampling interval of 30 s, so the
time period was set to 5 min. The unit of both ROT and ROTI is TECU/min.

The Massachusetts Institute of Technology (MIT) Haystack Observatory automatically
processes original observations from about 6000 GPS receivers around the world every day,
generating global ionospheric TEC products with a spatial resolution of 1◦ × 1◦ (geographic
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latitude × geographic longitude) every 5 min [31]. Meanwhile, the global ionospheric
maps (GIM) from CODE are used in this paper. The product is calculated from a spherical
harmonic function of 15 orders and 15 degrees, taking 5◦ × 2.5◦ along the latitude and
longitude, with a total of 5183 grid points.

The Canadian High Arctic ionospheric network (CHAIN) is a distributed terrestrial
radio instrument array located in the Canadian Arctic. It includes 25 GNSS ionospheric
scintillation and total electron content monitors (GISTMs) with high time resolution and
6 advanced digital Canadian ionosondes. Each GISTM provides GPS amplitude scin-
tillation index S4, phase scintillation index σφ, and ionospheric TEC data. The CHAIN
provides powerful data support for understanding solar wind–magnetosphere–ionosphere
coupling [32].

The FORMOSAT-7/COSMIC-2 radio occultation mission satellite, jointly developed
by the United States and the Taiwan Province of China, carries an advanced Tri-GNSS radio
occultation system instrument (TGRS), which is capable of receiving GPS and GLONASS
signals, as well as Galileo and BDS signals, and provides measurements of about 5000 occul-
tation events per day [33,34]. The ionospheric amplitude scintillation S4 index is calculated
as follows, where I is the intensity of the signal and < · > denotes the average value over
1 min:

S4 =

√
< I2 > − < I >2

< I >2 (5)

2.2. Space Weather Data

Space weather data are widely used in various types of geophysical and space physics
investigations. The space weather data used in this paper include the IMF Bx/By/Bz
components, solar wind plasma speed, plasma flow pressure, Kp index, Dst index, and
F10.7 index, where the Kp index and the Dst index characterize the degree of geomagnetic
disturbance. According to the NOAA space weather scale, a Kp index from 5 to 9 represents
minor, moderate, strong, severe, and extreme geomagnetic storms, respectively. The
negative Dst index indicates the occurrence of geomagnetic storms, and the larger its
absolute value, the greater the intensity of the geomagnetic storm. Its unit is nT. The Space
Physics Data Facility of the National Aeronautics and Space Administration provided the
space weather data for this paper.

2.3. Precision Point Positioning

PPP is typically based on dual-frequency GNSS observations, and it uses ionosphere-
free (IF) combinations for positioning [35,36]:

Ps
r,IF = ρs

r + c(dtr − dts) + Ts
r + εP (6)

Ls
r,IF = ρs

r + c(dtr − dts) + Ts
r + λIF AIF + εL (7)

where Ps
r,IF is the ionosphere-free combination ( f 2

1 P1 − f 2
2 P2)/( f 2

1 − f 2
2 ) of pseudorange

observations P1 and P2 for signal frequencies f1 and f2, Ls
r,IF is the ionosphere-free com-

bination ( f 2
1 L1 − f 2

2 L2)/( f 2
1 − f 2

2 ) of the corresponding carrier phases L1 and L2, ρs
r is the

geometric range between the satellite and receiver antennas, c is the speed of light, dtr is
the receiver’s clock offset (including the receiver code bias and delay), dts is the clock offset
of the satellite (including the satellite code bias and delay), Ts

r is the signal path delay, λIF is
the ionosphere-free combination of carrier phase wavelengths λL1 and λL2 of signals L1 and
L2, AIF is the nonperiodic ambiguity, and εP and εL are the noises in the measurements.

The RTKLIB software (version 2.4.3) developed by Takasu and Yasuda [37] is widely
used in GNSS data processing. In this paper, RTKLIB software was used to solve the PPP
Kinematic and the solution strategy is shown in Table 1.
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Table 1. PPP Kinematic Processing Techniques.

Items Strategy

Sampling interval 30 s
Frequencies GPS L1 and L2
Filter type Smoother combined solution with forward and backward filter solutions

Elevation mask angle 15◦

Satellite orbit and clock CODE precise ephemeris and precise clock files
Earth tides Solid earth tides, ocean tide loading, and pole tide corrections

Ionospheric delay Ionosphere-free linear combination with dual-frequency measurements is
used for ionospheric correction

Tropospheric delay Estimate ZTD + grad
Receiver reference coordinates IGS SINEX files

Satellite antenna phase center correction IGS20.atx
Differential code bias CODE products (P1C1, P1P2, P2C2 files)

3. Results
3.1. Analysis of Space Weather Disturbances

Figure 2 shows the variations of the IMF Bx/By/Bz components, solar wind plasma
speed, plasma flow pressure, Kp index, Dst index, and F10.7 index for 23–25 April 2023.
As far as the IMF was concerned, the Bx, By, and Bz components were in a calm state
with no large fluctuations until 08:00 UT on 23 April. The solar wind plasma speed was
below 400 km/s, the plasma flow pressure was also at a low pressure, and the values of
the Kp index and the Dst index showed no geomagnetic disturbance. The plasma flow
pressure showed a small increase at 08:00 UT on 23 April, except for the solar wind plasma
speed and IMF Bx component, which did not change significantly. The IMF By component
gradually increased from −4.2 nT to 9.5 nT. The IMF Bz component turned southward, but
not by much. The Kp index gradually increased and exceeded four at 12:00 UT, and the Dst
index also showed a decreasing trend, falling to −35 nT at 12:00 UT.

Unlike a case of typical geomagnetic storms [6], there was no apparent storm surge
commencement (SSC) in this geomagnetic storm and the geomagnetic storm process
appeared to be a two-step process. From 12:00 to 16:00 UT, the Dst index continued to fall,
the IMF By component decreased from 9.5 nT to −3.3 nT, and the Kp index increased to 5.3,
indicating a small geomagnetic storm. At this time, the solar wind plasma speed and plasma
flow pressure still did not show any significant variation. Starting from 16:00 UT, the solar
wind plasma speed started to increase rapidly from 359 km/s to 711 km/s at 21:00 UT, the
plasma flow pressure likewise started to increase from 1.15 to 11.72 at 20:00 UT, and the IMF
Bx component also showed an increasing trend. The IMF Bz component turned southward
from 17:00 UT, reaching −21 nT at 19:00 UT, and then quickly turned northward, reaching
11.8 nT at 21:00 nT. During this process, influenced by IMF and plasma, the Kp index
increased to 8.3, indicating a severe geomagnetic storm, and the Dst index decreased from
−56 nT to −165 nT. The IMF Bx component showed an increasing–decreasing–increasing
trend, and the IMF By showed a fluctuating state of decreasing–increasing. The IMF Bz
component quickly turned southward from 21:00 UT and decreased to −32.4 nT at 02:00 UT
on 24 April, then turned northward and slowly increased to 22.5 nT at 16:00 UT before
finally returning to a calm state. The solar wind plasma speed slowly decreased to about
500 km/s at 21:00 UT on 23 April. The plasma flow pressure first decreased to 8.21 at
22:00 UT on 23 April after reaching its maximum value, and then it increased to 11.33 at
23:00 UT followed by a rapid decrease and then gradually returned to a low-pressure state.
After the occurrence of the severe geomagnetic storm, the Kp index decreased from 8.3 to
6.7, then increased to 8, and finally slowly decreased to a calm state. The Dst index did
not continue to decrease after −165 nT. It increased to −146 nT at 01:00 UT on 24 April,
decreased to −212 nT at 05:00 UT, and subsequently entered the recovery phase of the
geomagnetic storm, returning to a state of geomagnetic calm. Due to this being a rising
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year of the 25th solar activity cycle, the solar activity parameter F10.7 has been maintained
at a level of about 135 sfu during this period.
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Figure 2. Space weather conditions from 23 to 25 April 2023.

3.2. Ionospheric Disturbances

In order to investigate the impact of this geomagnetic storm on the global ionosphere,
we analyzed the TEC response to the geomagnetic storm using ionospheric TEC data
provided by the GNSS receiver network from the Madrigal database. The time resolution
of this product is 5 min, from which we calculated the hours-averaged ionospheric TEC
values over the period of 0 to 23 h. The global distribution of ionospheric TEC hours-
averaged values for 23 and 24 April 2023 is given in Figures 3 and 4, respectively. In order
to visualize the effect of geomagnetic storms on the ionospheric TEC, we processed the
global ionospheric maps of calm days based on the sliding interquartile range method to
generate the global ionospheric TEC anomaly distribution, as shown in Figures 5 and 6.
The calculation method of the sliding interquartile range is from Feng et al. [38].

Combining Figures 3 and 5, it can be found that on 23 April, the ionospheric TEC was
in a relatively normal state before 20:00 UT on 23 April, i.e., the equatorial region had a
significant double crest phenomenon, and there was little variation in the TEC in other
regions. Starting from 20:00 UT, the ionospheric anomalies began to appear, as shown
in Figure 5, which were manifested by the weakening of the TEC near the geomagnetic
equator and the obvious enhancement of the TEC in the EIA double crest and the high
latitude region of the Antarctic, where the TEC value of the EIA exceeded 100 TECU.
The global ionospheric TEC anomaly expanded from 20:00 to 22:00 UT. At 22:00 UT, the
intensity of the EIA reached the maximum value of the day, exceeding that of a quiet
day by about 30 TECU, and the range of the EIA gradually spread to the poles. The
variations of the EIA on 23 April show a highly temporal consistency with the first step of
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the geomagnetic storm process, indicating that this geomagnetic storm also affected the
equatorial low-latitude region.
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Figure 3. Distribution of global ionospheric TEC hours-averaged values on 23 April 2023. The solid 
black line indicates the geomagnetic equator (the same as below). 

  

Figure 3. Distribution of global ionospheric TEC hours-averaged values on 23 April 2023. The solid
black line indicates the geomagnetic equator (the same as below).
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Figure 6. Distribution of CODE TEC error on 24 April 2023.

The global ionospheric TEC distribution and anomalies for 24 April are shown in
Figures 4 and 6, further illustrating the effect of geomagnetic storms on the ionosphere
and the second step in the process of geomagnetic storms. Starting from 22:00 UT on
23 April, the EIA crest and latitudinal range gradually decreased, the positive anomaly
of the northern peak of the EIA disappeared, and the positive anomaly of the southern
crest became weaker until 02:00 UT on 24 April. According to the status of the geomagnetic
activity in Figure 1, this was the beginning time of the second step of the change process of
the geomagnetic storm. Starting from 02:00 UT on 24 April, the crest and range of the EIA
began to gradually increase again, and the double crest gradually changed to a single crest
on the south side of the equator. The single crest of the EIA was close to the maximum at
04:00 UT, and this continued until 06:00 UT. At 08:00 UT, only a small range of positive
anomalies of the south crest of EIA remained. Starting from 06:00 UT, the middle and high
latitude regions of the longitude sector in which the EIA was located exhibited negative
anomalies in the TEC, which continued until 22:00 UT. A phenomenon of weakening TEC
intensity occurs mainly during the recovery phase of geomagnetic storms.

Above, we found the response of the ionospheric TEC to geomagnetic storms in differ-
ent regions. Then, we calculated the ROTI for each station using observations distributed
in more than 400 GNSS stations around the world, as shown in Figures 7 and 8. As can be
seen in Figure 7, the number of GNSS stations with an increased ROTI gradually increased
from 18:00 UT on 23 April, and the ROTI of all GNSS stations in the northern part of North
America and the northern part of Europe increased to more than 0.2 TECU/min at 18:00 UT.
From 18:00 UT to 20:00 UT, the number of GNSS stations affected by geomagnetic storms
increased further, and the geographic latitude of GNSS stations responding to geomagnetic
storms gradually decreased. At 20:00 UT, the ROTI increased to over 0.5 TECU/min at
some GNSS stations in central North America and northern Africa. At 22:00 UT, GNSS sta-
tions with a ROTI exceeding 0.3 TECU/min were mainly located in central North America,
northern Africa, and the polar regions. However, unlike at 20:00 UT, some GNSS stations
had an increased ROTI near the geomagnetic equator in South America. On 24 April,
the ROTI variations of the GNSS stations shown in Figure 8 continued to be affected by
geomagnetic storms, but not as significantly as on 23 April. Starting from 00:00 UT to
06:00 UT, the ROTIs of the perturbed GNSS stations were higher than the 0.2 TECU/min,
and they were mostly located in the central and northern parts of North America. After
12:00 UT, the ROTI of the global GNSS stations tended to calm down.
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Figure 8. ROTI calculated from more than 400 GNSS stations worldwide on 24 April 2023.

Ionospheric irregularities in the polar regions make ionospheric amplitude scintilla-
tions in the polar regions weak [39]. Therefore, we selected ionospheric phase scintillation
index (σφ) data from four GNSS stations in CHAIN to analyze the effect of geomagnetic
storms on the ionosphere in the near high-latitude region. Figure 9 shows the sequence of
mean phase flashes per minute for four high-rate GNSS stations (fsmc, chuc, mcmc, and
edmc) on 23 and 24 April 2023, and also gives the IMF Bz and Dst indices for these time
periods. As can be seen in Figure 9, there was a small fluctuation in the IMF Bz component
from 10:00 UT to 14:00 UT on 23 April, during which all four stations showed different
levels of ionospheric scintillation. Among them, the phase scintillation index of the mcmc
station showed a peak of more than 0.4 at 11:00 UT. From 18:00 UT to 22:00 UT, the IMF Bz
turned northward and the Dst decreased rapidly. The chuc station phase scintillation index
showed an extreme value of more than 0.3 at 18:00 UT. An extreme value close to 0.3 and 0.4
was observed at 21:00 UT for the fcmc and mcmc stations, respectively. The edmc station
did not have any obvious peaks appear, but the intensity of its fluctuations were higher
than that of a quiet time. On 24 April, ionospheric scintillation was observed at the fsmc,
chuc, and mcmc stations from 01:00 UT, which is when the second step of the geomagnetic
storm started. The phase scintillation index at the mcmc station reached 0.4 at 02:00 UT
and it even exceeded 0.8 at the chuc station close to 03:00 UT. During 04:00–06:00 UT, the
four GNSS stations again showed various levels of ionospheric scintillations, and this is also
the period when Dst reached its minimum. During the recovery phase of the geomagnetic
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storm, different levels of ionospheric disturbances continued to occur at the four GNSS
stations, but there were basically no ionospheric disturbances after 12:00 UT.
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Figure 9. The sequence of mean phase scintillation index (σφ) per minute for 4 GNSS stations in
CHAIN on 23 and 24 April 2023.

To explore the response of the ionospheric F-layer to geomagnetic storms in the low
to middle latitude region, we used data from the FORMOSAT-7/COSMIC-2 mission’s
podTc2 product to calculate the position of the substar point at which the occultation
event occurred. Since the F-layer of the ionosphere is the region with the highest electron
density, the variation of parameters in the F-layer ultimately forms the variation of the
ionosphere, but due to the presence of other layers of the ionosphere, some irregular
structures increase the complexity of the ionosphere, especially the phenomenon of the
episodic E-layer. To avoid such anomalies, we selected the S4 data in the L1 band of the
GPS satellites from 200 to 600 km (i.e., the F-layer altitude) for analysis, and the results
are shown in Figure 10.
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given by the FORMOSAT-7/COSMIC-2 products.
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Figure 10 gives the percent of occultation points with S4 indices for the greater than
0.3 of all occultation points for different altitudes from 23 April 2023 to 24 April 2023. We
mainly consider the variations of S4 under the time period of the occurrence of geomagnetic
storms. As can be seen in Figure 11, on 23 April 2023, the number of S4 > 0.3 at different
altitudes started to increase from 08:00 UT. The number of S4 > 0.3 at 200–300 km altitude
was more than 50% higher at 10:00 UT than in the quiet time (02:00 UT). From 16:00 UT
to 22:00 UT, as the Dst index reached the first minima, the number of S4 > 0.3 at all
heights also tended to increase, but in the case of 200~400 km heights, the increase was not
significant. On the contrary, for heights of 400~600 km, the increase in their number was
more than that in the early stage of the geomagnetic storm. During the second phase of
the geomagnetic storm on 24 April 2023, the number of S4 > 0.3 at different heights varied
with the geomagnetic index. At 21:00 UT, the number of S4 > 0.3 increased again, and in
combination with Figure 2, the increase in the number may be due to a sudden increase in
the flow pressure index.
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3.3. Degradation of PPP Accuracy

After a detailed analysis of the ionospheric response during geomagnetic storms, our
focus turned to the investigation of the performance of PPP during geomagnetic storms.
Based on the PPP solution strategy given in the Section 2, we processed more than 400 GNSS
station observations worldwide. The errors in the north (N), east (E), vertical (U), and 3D
directions corresponding to the coordinates of the real GNSS stations were obtained, and
the root mean square (RMS) of the errors was calculated. In this process, we excluded some
of the GNSS stations with positioning anomalies based on the data from a geomagnetic
quiet day (20 April 2023) to visualize the effect of geomagnetic storms on PPP.

Figure 11 illustrates the RMS of the PPP errors on 20 April, 23 April, and 24 April
2023 in the N, E, U, and 3D directions. On geomagnetically quiet days, the PPP in the N
and E directions has an RMS of about 0.3 m only near the magnetic equator, and the RMS
in other regions is less than 0.1 m. The RMS of PPP in the U direction is larger, close to
1.0 m, and is mainly distributed in the magnetic equator and pole regions, while the RMS
is less than 0.3 m in other regions. The RMS of global GNSS stations during geomagnetic
storms in the N and E directions is small, the RMS of GNSS stations in the middle and
low latitudes is below 0.2 m, and the PPP accuracy is mostly in the centimeter level, while
the RMS of GNSS stations in high latitudes is below 1.0 m. However, in the U direction,
the RMS of both middle and high latitude GNSS stations exceeded 1.0 m on 23 April, and
the RMS of the GNSS stations in the polar region even exceeded 2.0 m. The RMS of both
middle and high latitude GNSS stations on 24 April was close to 1.0 m. The degradation of
the positioning accuracy in the vertical direction leads to the degradation of the accuracy
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in the 3D direction. The RMS of the 3D errors of the GNSS stations in the high latitude
region all exceeded 1.2 m on 23 April. The RMS of the 3D errors of the GNSS stations in the
high latitude region on 24 April were lower than that on 23 April, and the PPP accuracy
degraded to the meter level.

Figure 12 shows the mean absolute errors (MAE) of the PPP on 20 April, 23 April,
and 24 April 2023 in the N, E, and U directions for the high, middle, and low latitude
GNSS stations. It is obvious from Figure 12 that during the development of geomagnetic
storms, the positioning errors of GNSS stations at low, middle, and high latitudes fluctuate
to different levels. The GNSS station positioning errors in the low latitude region occurred
between 20:00 UT on 23 April and 02:00 UT on 24 April, with maximum MAEs exceeding
0.2 m, 0.2 m, and 0.5 m in the N, E, and U directions, respectively. The GNSS station
positioning errors in the middle latitude region occurred between 18:00 UT on 23 April and
08:00 UT on 24 April. The MAE maximum in the N direction occurred at 20:00 UT on April
23, with a maximum value exceeding 0.4 m. The U direction showed a maximum value
close to 1.0 m at the same time. However, the PPP MAE at the middle latitude was smaller
than that at the low latitude in the E, N, and U directions on geomagnetically quiet days.
The most obvious fluctuations in positioning errors were observed at the high latitude
GNSS stations, and the significant degradation of PPP accuracy caused by the geomagnetic
storm occurred from 14:00 UT on 23 April to 12:00 UT on 24 April, with the maximum
MAE exceeding 0.8 m in the N direction. The maximum MAE was close to 0.6 m in the E
direction, and the maximum MAE in the U direction exceeded 2.3 m. The GNSS positioning
MAEs in all three latitude bands were affected by the geomagnetic storm, especially more
significantly at high latitudes.
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To further investigate the degradation of the PPP accuracy for GNSS stations in
different temporal and spatial dimensions, the RMS of the PPP errors for 20 April, 23 April,
and 24 April 2023 for the 3D direction are given in Figures 13–15. On geomagnetically quiet
days, the larger RMS in the 3D direction is found mainly in the polar regions and in the
low latitude EIA region. During the time period when no geomagnetic storms occurred on
23 April, the RMS exceeded 1.0 m only in the high latitude region of North America and the
Antarctic region, while the RMS in all other regions was close to that of a geomagnetically
quiet day. Starting at 08:00 UT, the RMS of GNSS stations in the high latitude region
gradually increased as geomagnetic storms began to develop, and the number of GNSS
stations with an RMS exceeding 1.0 m continued to increase. At 20:00 UT and 22:00 UT, the
RMS of the GNSS stations in the high latitude region, the middle latitude region of North
America, and the northern part of Africa were the largest, with the maximum exceeding
2.0 m. On 24 April, the RMS of the disturbed GNSS stations was smaller than the maximum
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on 23 April, which is in accordance with the above that the response of the ionosphere
was smaller during the second step of the development of the geomagnetic storm. After
12:00 UT, the RMS in the disturbed region decreased further. The above variations in the
RMS adequately illustrate the poor effects on GNSS positioning during the development of
geomagnetic storms. The PPP error prior to 08:00 UT on 23 April may have been caused by
the CME event that occurred on 21 April and will not be discussed in detail in this paper.
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4. Discussion and Conclusions

In part of the analysis of ionospheric disturbances triggered by a geomagnetic storm,
we found a significant positive ionospheric TEC anomaly over a wide range of low and
middle latitudes during the main phase of the geomagnetic storm (i.e., from 20:00 UT on
23 April to 00:00 UT on 24 April), a phenomenon referred to as a positive ionospheric
storm. Ionospheric storms caused by geomagnetic storms are categorized into positive
and negative storms, and the physical factors affecting ionospheric parameter changes
during geomagnetic storms include thermospheric circulation, disturbance dynamo electric
fields, penetration electric fields, TIDs, and neutral component changes [40–42]. During
geomagnetic storms, equatorward neutral winds may cause an eastward prompt penetra-
tion electric field (PPEP) to occur during the daytime, moving the EIA crests to higher than
normal latitudes, and thus, positive ionospheric storms are likely to occur in the morning
to noon local time [43]. Based on the global ionospheric TEC product provided by MIT and
CODE, we found a significant enhancement of the EIA during the geomagnetic storms of
23 and 24 April 2023, and the EIA enhancement region was localized in the morning to
noon time. This suggests that the cause of the EIA enhancement that occurred at low and
middle latitudes in this geomagnetic storm was likely to be positive ionospheric storms
caused by equatorward neutral winds. Typically, equatorward neutral winds lift the low
and middle latitude F-layer to higher altitudes, where the recombination process is slower
and therefore the TEC increases [44]. Therefore, we investigated the variations in the F
layer of the ionosphere at low and middle latitudes using the FORMOSAT-7/COSMIC-2
ionospheric scintillation S4 index from 200 to 600 km. We found that ionospheric distur-
bances are more significant at 400~600 km altitude than at 200~400 km altitude during
geomagnetic storms. This further demonstrated that the cause of this positive ionospheric
storm is most likely the equatorward neutral wind.

Based on the observation data from more than 400 GNSS stations around the world,
we calculated the ROTI during quiet days and geomagnetic storm days. We found that
the ROTI during geomagnetic storms was significantly higher than on quiet days, and
found that the ionospheric ROTI variations were consistent with the process of geomagnetic
storms. The ROTI variation of GNSS stations in the high latitude region was the largest, and
the maximum ROTI was more than 0.5 TECU/min. The maximum ROTI in the middle and
low latitude was not more than 0.3 TECU/min. Phase scintillation data from four GNSS
stations in CHAIN showed that ionospheric scintillation of varying levels were observed at
all GNSS stations during geomagnetic storms in near high latitudes, and the largest mean
phase scintillation indices exceeded 0.8.

The ionospheric disturbances induced by geomagnetic storms severely affected the
performance of the GNSS PPP during this period. In particular, the error in the U direction
was the largest, and the RMS exceeded 2.0 m, which led to an increase of the error in the 3D
direction and the degradation of the PPP accuracy. Nie et al. [45] proposed that the reason
for the increase in the PPP error during geomagnetic storms is related to the occurrence
of cycle slips in the observing satellites, and that increasing the threshold value of the
ionospheric scintillation detector can improve the PPP accuracy in the high latitude region.
Luo, et al. [46] fused the ROTI into an elevation angle stochastic model (EAS), which also
improved the performance of the PPP on a global scale during storms. This means that we
can improve the GNSS data processing methods or incorporate perturbation models with a
view to improving the accuracy of GNSS positioning during geomagnetic storms. This is
the direction of our future investigations.

We have investigated in detail the ionospheric disturbances and the degradation of
PPP accuracy during a severe geomagnetic storm that occurred during the rising year of
the 25th solar active cycle. With the arrival of the peak solar activity year, we will consider
the investigation of more cases of GNSS positioning problems caused by ionospheric
disturbance phenomena, which will be of reference value for space weather and GNSS
research during the upcoming peak solar activity year.
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