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Abstract
Ionospheric indices give information about ionospheric perturbations, which may cause absorption, diffraction, refraction, 
and scattering of radio signals, including those from global navigation satellite systems (GNSS). Therefore, there may be 
a relationship between index values and GNSS positioning results. A thorough understanding of ionospheric indices and 
their relationship to positioning results can help monitor and forecast the reliability and accuracy of GNSS positioning and 
support the precision and safety of life applications. In this study, we present the relationship between three indices: Gradient 
Ionosphere indeX (GIX), Sudden Ionospheric Disturbance indeX (SIDX), and Rate of Total electron content Index (ROTI) 
in relation to precise positioning results. We used two approaches: precise point positioning (PPP) and relative positioning 
for long baselines. We focus on GNSS stations located in Europe for two selected geomagnetic storms: March 17, 2015, and 
May 22, 2015. Our results show that in the case of PPP, positioning degradation occurred mainly at high latitudes and was 
mostly caused by rapid small-scale changes in ionospheric electron content represented by SIDX and ROTI. We also showed 
a significant correlation between cycle slips of GNSS signals and ROTI (0.88). The most significant degradations for relative 
positioning for low and medium latitudes were associated with large spatial gradients reflected by the GIX.
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Introduction

The ionospheric plasma affects the propagation of radio 
waves, causing changes in the signal’s polarization, phase, 
and amplitude due to absorption, diffraction, refraction, 
and scattering. These effects also apply to signals received 
from global navigation satellite systems (GNSS), negatively 
affecting the quality of positioning results. The connection 
between the occurrence of ionospheric disturbances and a 
decrease in the accuracy of precise positioning, both relative 
and absolute, has been the subject of numerous studies. An 
early study was conducted by Mayer et al. (2009) using 
data from a dense GNSS network over Germany. They 

investigated spatial and temporal gradients caused by 
ionospheric disturbances and found that sudden variations 
in the total electron content (TEC) could potentially 
reduce the integrity and availability of the Ground-Based 
Augmentation System (GBAS), which is mainly used by 
aircrafts. Moreno et al. (2011) showed that TEC variations 
observed in the equatorial region cause significant 
degradation of dual-frequency positioning. Marques et al. 
(2018) linked the decrease in precise point positioning (PPP) 
accuracy with losses of signal lock and cycle slips effects 
caused by the scintillations. Other studies also reported 
similar findings (Lu et al. 2020; Valdés-Abreu et al. 2022). 
Luo et al. (2018a) also found that single and dual-frequency 
PPP are degraded during geomagnetic storm periods. 
They showed a clear relationship between the Rate of TEC 
Index ( ROTI ) and position errors for high-latitude stations. 
Similar conclusions were drawn by Nie et al. (2022), who 
showed that large ROTI values for high-latitude regions 
cause PPP errors related to cycle slips. For low-latitudes, 
similar studies were conducted by Rodríguez-Bilbao et al. 
(2015), Luo et al. (2018b; 2020), Guo et al. (2019), and Li 
et al. (2022). Wielgosz et al. (2005) presented that large 
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ionospheric gradients could prevent proper modeling of the 
ionospheric delay in relative positioning, causing problems 
with on-the-fly ambiguity resolution and decreasing 
positioning accuracy. Similar conclusions were reported by 
Arlsan and Demirel (2008). They found that large temporal 
gradients negatively affect the positioning and ambiguity 
resolution success rates during high geomagnetic activity, 
especially for the baselines located at high latitudes. That 
was also confirmed by Jacobsen and Andalsvik (2016), who 
investigated positioning errors of the real-time kinematic 
(RTK) and PPP approaches. They found that errors increased 
rapidly during the geomagnetic storm. However, results for 
PPP gave more precise results. It is worth mentioning that 
not only ionospheric disturbances caused by a geomagnetic 
storm can affect GNSS positioning. Carter et al. (2023) 
showed that large- and medium-scale traveling ionospheric 
disturbances from the Hunga Tonga volcano eruption 
influenced the positioning of PPP in Australia. Yu and Liu 
(2021) presented a decrease in positioning accuracy due to 
ionospheric disturbances caused by tropical cyclone-related 
atmospheric gravity waves.

Since ionospheric disturbances may cause positioning 
degradation, there is a need to describe the ionospheric 
state in the best possible way using perturbation indices 
that can be useful for monitoring and mitigating ionospheric 
impact on GNSS measurements. The most used ionospheric 
index is, previously mentioned, ROTI (Pi et al. 1997). It is a 
GNSS-based index developed for detecting and measuring 
ionospheric irregularities and characterization of GNSS 
phase oscillations. To describe the scintillation of the 
amplitude and phase of the GNSS radio signals while passing 
through the ionosphere, scintillation indices like S4 and �

�
 

are commonly used (Forte and Radicella 2002; Kintner et al. 
2007; Hlubek et al. 2014). ROTI can also measure phase 
scintillations (van der Meeren et al. 2015; Clausen et al. 
2016; Yang and Liu 2016; Olwendo et al. 2018). A helpful 
index for investigating disturbed periods affecting GNSS 
positioning is the Along Arc TEC Rate ( AATR ), which 
give information to the Space-Based Augmentation System 
(SBAS) users about availability anomalies (Juan et al. 2018). 
In Jakowski et al. 2012 introduced Disturbance Ionosphere 
indeX ( DIX ), a dual-frequency-based robust and objective 
ionospheric index, which can properly characterize small and 
medium scales temporal and spatial ionospheric variations. 
In 2019, Jakowski and Hoque, expanded this index by 
proposing the Gradient Ionosphere indeX ( GIX ) and Sudden 
Ionospheric Disturbance indeX ( SIDX ) to investigate spatial 
and temporal characteristics of ionospheric perturbations 
better. A comprehensive description of various types of 
ionospheric indices can be found in Borries et al. (2020).

We present for the first time a comparison of three 
indices: GIX , SIDX , and ROTI , with the results of precise 
positioning. We focus on the PPP method and the relative 

positioning of long baselines in Europe. We discuss the 
occurrence of the errors and their connection with the 
analyzed indices. We also discuss the possible causes of 
positioning degradation. The presented results better explain 
the relationship between indices and precise positioning 
errors.

Data and methodology

In our study, we used about 350 GNSS stations located in 
Europe belonging to the EUREF Permanent GNSS Network 
(EPN). The computations were performed using 30-s GPS 
observations. We used two precise positioning approaches: 
dual-frequency PPP and long baseline relative positioning. 
In the first case, the position of all stations was calculated 
using gLAB software (Hernández-Pajares et al. 2010) with 
precise ephemerides and clocks from the International 
GNSS Service (IGS). For the relative positioning, we 
selected representative baselines and computed them using 
three different approaches: (a) single-frequency positioning 
with the Klobuchar model (hereinafter named L1 broadcast), 
(b) single-frequency positioning with global maps of the 
ionosphere from IGS (L1 IONEX), (c) dual-frequency 
positioning where the ionospheric delay was eliminated by 
the ionospheric-free linear combination (Iono-free). We used 
the final IGS ionospheric product, which has a resolution 
of 5° (longitude) by 2.5° (latitude) and is 2 h in time. All 
calculations were performed by applying the kinematic 
method using the RTKLIB software (Takasu and Yasuda 
2009).

Earlier studies (Moreno et al. 2011; Luo et al. 2018b; 
Poniatowski and Nykiel 2020) show that significant electron 
content variations can cause an increase in the number of 
cycle slips and, consequently, decrease positioning accuracy. 
Cycle slip is a discontinuity, apparent as a jump of an integer 
number of wavelengths in the phase measurement caused 
by the receiver’s loss of lock. In our study, a cycle slip is 
considered a single break in phase observations. Both gLAB 
and RTKLIB consider a loss of lock indicator (LLI) flag 
stored in the observational files to indicate epochs where 
cycle slips occurred. They also use a detection method 
based on geometry-free linear combination. Additionally, 
gLAB uses an approach based on the Melbourne-Wübbena 
linear combination (Blewitt 1990). RTKLIB also uses the 
differences between the phase and Doppler measurements 
on both frequencies.

To assess the relationship between the obtained 
positioning results and ionospheric perturbations, we 
chose three different indices. First, we used ROTI , which 
is calculated for each time step t , as a standard deviation of 
Rate of TEC ( ROT  ) for the assumed time window N:
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where ROT  is the VTEC differences between two epochs 
divided by the sampling interval ( Δt):

both ROTI and ROT are expressed in TECU/min. In practice, 
ROTI is determined over a 5-min window in the case of 30-s 
measurements and over a 1-min window in the case of 1-s 
observations, which translates into N values of 10 and 60, 
respectively.

In addition, we used two indices introduced by Jakowski 
and Hoque (2019): GIX and SIDX . GIX was developed to 
provide the magnitude of spatial changes of VTEC in a 
selected area. It can be written as follows:

where ∇VTEC denotes the value of the VTEC gradient 
between two ionospheric pierce points (IPPs); ∇VTEC

X
 , 

∇VTEC
X
 are zonal and meridional gradients, respectively. 

⟨⟩ means average of all values within a specified area. The 
GIX unit is mTECU/km. In our study, ∇VTEC values were 
estimated only between IPPs for the same satellite and 
within the range between 50 and 500 km.

SIDX  , dedicated to describing VTEC time changes 
and expressed in mTECU/sec, can be understood as the 
instantaneous average value of ROT  in a given region 
representing the temporal changes of VTEC in the considered 
area:

In analogy to geomagnetic or solar indices, ionospheric 
indices can help to detect, monitor, and study the 
structure and dynamics of ionospheric disturbances. 
SIDX is calculated on the basis of only two consecutive 
epochs, which makes this index sensitive to average 
temporal variations. Thanks to this, SIDX is well suited to 
instantaneously detect solar flare events at different intensity 
levels, as shown by Jakowski and Hoque (2019). The solar 
flares can significantly affect GNSS positioning, as shown 
by Berdermann et al. (2018). ROTI is computed using a time 
window of observations. By aggregating measurements up 
to several minutes, ROTI represents a mixture of ionospheric 
perturbations: temporal variations and small-scale spatial 
irregularities. On the other hand, GIX is an index that 
describes the characteristics of spatial gradients that are 
part of ionospheric disturbances. GIX is able to detect large 
scale ionization fronts, e.g., during sunrise in the east–west 

(1)ROTI(t) =

√√√√ 1

N

t∑

i=t−N

(
ROT(i) − ROT

)2

(2)ROT(t) =
VTEC(t) − VTEC(t − 1)

Δt

(3)
GIX(t) = ⟨∇VTEC(t)⟩ =

�
⟨∇VTEC(t)2

X
⟩ + ⟨∇VTEC(t)2

Y
⟩

(4)SIDX(t) = ⟨ROT(t)⟩

direction at mid to low latitudes. GIX can also provide 
information on the amplitude and direction of the front, e.g., 
ionization fronts propagating to lower latitudes caused by 
the strong solar wind induced disturbances at high latitudes 
(Jakowski and Hoque 2019). With early knowledge of the 
direction and velocity of the ionization front, it is possible 
to warn users in advance of the front's arrival.

All investigated indices were estimated using self-
developed scripts. We used dual-frequency 30-s GPS 
observations from GNSS reference stations belonging 
to the EPN network. All indices were computed with an 
interval equal to the observations. For ROTI , we used a 
5-min moving window to aggregate enough observations. 
For GIX , calibrated VTEC values were obtained using the 
methodology proposed by Ma and Maruyama (2003).

For our analyses, we chose two geomagnetic storms, 
which differ in characteristics: March 17–18, 2015, and June 
22–23, 2015. Both storms are among the strongest during the 
solar cycle 24. They are characterized by the geomagnetic 
activity index Kp as 8.0, and ionospheric disturbance index 
Dst with peaks as − 223 and -195 nT, respectively.

Results

Here, we show the results of the calculations. Firstly, 
we present GIX  , SIDX  , and ROTI  estimation for the 
analyzed geomagnetic storms. Next, we present results 
and statistics for dual-frequency PPP. Finally, we show 
the coordinates variations for selected baselines estimated 
using different strategies of relative positioning. We also 
discuss the relationship between positioning degradation and 
ionospheric indices.

GIX, SIDX, and ROTI

The values of ∇VTEC and ROT have a large spatial variation. 
Calculation of the GIX and SIDX parameters for the entire 
area of Europe would imply that these indices would not 
reflect the state of the ionosphere in details. Therefore, for 
further analysis, we divided the area into three equal latitude 
zones: 30° N–45° N, 45° N–60° N, and 60° N–75° N. In 
each case, the longitude is limited to between 15° W and 
35° E. The results of GIX , SIDX , and ROTI for the three 
zones for both analyzed geomagnetic storms are presented in 
Fig. 1. Besides, we also show 95-percentile of occurrences 
for each zone.

Both storms show high values of GIX , SIDX and ROTI 
for high latitudes. Disturbances during the main phase of 
the storm in March 2015 lasted from 16:00 to approximately 
22:00. At that time, GIX values were up to 20 mTECU/km 
( GIX

95
 around 45 mTECU/km), SIDX up to 20 mTECU/s 

( SIDX
95

 over 60 mTECU/s), and ROTI up to 2.2 TECU/
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min ( ROTI
95

 around 5 TECU/min). It is worth noting that 
there are clear peaks in the GIX and GIX

95
 values. At the 

same time, peaks can also be seen in the SIDX and ROTI 
values. They were caused by particle precipitation which 
is very common at high latitudes during the geomagnetic 
storm. It causes spatial and temporal variations, which are 
very well reflected through the analyzed indices. However, 
the magnitude of small-scale changes are higher than spatial 
gradients in our cases.

The situation is different for the middle zone (45° N–60° 
N). There is a clear peak in the GIX value of around 25 
mTECU/km and the GIX

95
 around 55 mTECU/km being 

larger than those for high latitudes. At the same time, the 
SIDX and ROTI values are smaller compared to high latitude 

values. Therefore, for this zone, we recorded very high 
values of spatial gradients, the maximum of which was at 
18:00. For the low-latitude zone (30°N-45°N), we did not 
observe significant SIDX and ROTI values. On the other 
hand, GIX reached values of about 15 mTECU/km, which 
suggests the occurrence of moderate spatial gradients, but 
no sharp changes in values are visible here. For the storm in 
June 2015, it is seen that storm’s active phase was shorter. 
The greatest disturbances are observed between 18:00 and 
30:00 (Fig. 1 bottom). At high latitudes, the magnitudes of 
SIDX and ROTI were like those of the storm in March. In 
contrast, the GIX values were slightly lower. There were 
also fewer sharp peaks. Unlike the storm in March, we 
don not see significant mid-latitude disturbance during the 

Fig. 1   GIX , SIDX , and ROTI results for the analyzed geomagnetic storms: March 17, 2015 (top) and June 22, 2015 (bottom). Results are 
presented for three different latitude zones: 30° N–45° N, 45° N–60° N, and 60° N–75° N
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June event. ROTI does not exceed 0.2 TECU/min, and GIX 
values do not exceed 10 mTECU/km. It indicates that for 
the area 45°N-60°N, we found neither significant temporal 
changes in TEC nor large spatial gradients. The situation 
is different for the analyzed low latitude region. We can 
see clear gradients represented by GIX with a value of 20 
mTECU/km, and GIX

95
 has peaks of around 55 mTECU/

km. In contrast, the SIDX and ROTI values do not show 
significant TEC variations. Only ROTI

95
 indicates that there 

were changes of up to 1.2 TECU/min for several stations.

Precise point positioning

Here we present the results of the PPP in which the dual-
frequency measurements eliminate the ionospheric delay. 
However, many studies (Luo et al. 2018b; Poniatowski and 
Nykiel 2020) show that this may not be a sufficient approach 
to avoid positioning degradation during severe geomagnetic 
storms.

Figure 2 shows averaged topocentric coordinates for 
stations in each latitude zone. The values were estimated in 
relation to the reference coordinates from the weekly EPN 
solution. Thus, the results can be interpreted as positioning 
errors. Despite using the ionospheric-free combination, 
positioning degradation is clearly visible, especially for 
latitudes above 60° N. For this zone, during the geomagnetic 
storm in March 2015, we obtained an average absolute error 
of about 0.18, 0.21, and 0.46 m for the North, East, and Up 
components, respectively. However, during the main phase 

of this storm, the maximum values reached about 5.67, 6.37, 
and 23.06 m, respectively. Significant positioning errors 
continued throughout the storm. For latitude zone 45° N–60° 
N, the positioning errors were much lower. The maximum 
values were about 0.18, 0.16, and 0.42 m. It is also seen 
that the period when the positioning accuracy decreased was 
limited only to the hours between 15:00 and 18:00. In the 
low latitude zone, 30°N to 45°N, the magnetic storm has 
no significant influence on the positioning results. Higher 
values at the beginning of each day are related only to the 
initialization time of the PPP method itself.

For stations in the 60° N–75° N sector, we see an 
apparent increase in positioning errors for all components. 
The jump in solutions occurred around 13:30. At the 
same time, there is also a clear jump in the values of 
ROTI  (about 1.5 TECU/min), ROTI

95
 (about 5 TECU/

min), SIDX(± 10 mTECU/sec), and SIDX
95

 (more than 60 
mTECU/sec). By comparing Figs. 1 and 2, we see that 
the increase in errors occurred exactly in the periods of 
SIDX and ROTI  growth and lasted from 13:30 to 23:00. 
It did not fully coincide with the GIX distribution, where 
we observe an increase in values from 10:00. However, 
at 13:00 clear and sudden jumps related to ionospheric 
patches are also visible in the GIX . Therefore, the obtained 
results indicate that the discussed indices can successfully 
detect the ionospheric irregularities/gradients (in this case 
high latitude patches) that cause the degradation of the 
position solutions. In general, ionospheric irregularities/
gradients negatively affect GNSS observations and reduce 

Fig. 2   Dual-frequency precise point positioning (PPP) results for 
different latitude zones for two geomagnetic storms: March 17, 2015 
(left) and June 22, 2015 (right). The lines represent the average 

positioning error calculated for all stations in the zone. Results 
presented in the topocentric coordinates: North (blue), East (yellow), 
and Up (red). The number of stations in each zone is also showed
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their quality (rapid fluctuations in signal amplitudes and 
phases, which can cause even cycle slips and thus loss of 
signal lock).

For the latitude zone 45° N–60°N, positioning errors are 
related to the small-scale TEC variation, evidenced by the 
fact that we see at the same time (15:00–18:00) increased 
values of SIDX and ROTI . There is no clear peak in the 
positioning error related to the large GIX value at 18:00.

For the storm in June 2015, we obtained a similar 
distribution of results. The largest average positioning errors, 
reaching about 2.87, 3.67, and 11.13 m, for the North, East, 
and Up components, respectively, were obtained for the 60° 
N–75° N zone. The positioning results clearly show that 
the storm had a smaller impact on the error values and the 
duration of the positioning degradation. Nevertheless, most 
of the time, we still see significant jumps of several meters 
in accuracy, especially for the altitude component. For zones 
30° N–45° N and 45° N–60° N, the average errors did not 
exceed 0.06, 0.18, and 0.32 m for the North, East, and Up 
components, respectively. These highest values occurred 
only for a short period in the evening hours of June 22.

The relationship between the ionospheric perturbation 
index and positioning errors is similar to the March storm. 
Significant positioning degradation occurred at the time of 
large SIDX and ROTI changes. This is mainly true for the 
high-latitude zone, while no large temporal variations were 
noticed for mid- and low-latitude regions. Even significant 

spatial gradients between 20:00 and 24:00 did not cause an 
increase in errors.

Relative positioning

For the date of March 17, we chose two baselines: one 
between stations POTS (Potsdam, Germany) and AUBG 
(Augsburg, Germany), and the other between the POTS 
and DELF (Delft, Netherlands). The first, about 485 km 
long, is approximately parallel to the direction of the 
VTEC gradients. The second baseline is 595 km long, lying 
perpendicular to the direction of the ∇VTEC (Fig. 3 left). 
The stations were selected at locations where large spatial 
gradients occurred. However, we did not choose the baseline 
from the high latitude to avoid significant degradation for 
the single station (presented above), which could affect the 
estimation of the baseline distance.

Figure 4 shows the positioning results for the baselines 
during the geomagnetic storm on March 17, 2015. For 
better visualization of the results, we show only the values 
of differences from the average length of the baseline in 
the North, East, and Up directions. The figure shows three 
solutions: L1 broadcast (cyan line), L1 IONEX (green line), 
and Iono-free (red line). The statistics of the positioning 
results are presented in Table 1.

Figure  4 (left) presents positioning errors for the 
POTS-DELF baseline. We see an evident degradation of 

Fig. 3   Location of the analyzed baselines on the background of TEC gradients during geomagnetic storms on March 17, 2015 (left) and June 22, 
2015 (right)
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positioning during the active storm phase between 06:00 
and 24:00. We obtained the highest error values for the 
L1 broadcast solution. They amounted to a maximum of 
about −3.46, −4.21, and −4.88 m for the North, East, and 
Up components. The L1 IONEX solution had maximum 
errors of about 2.03, −1.59, and 3.12 m. For comparison, 
the Iono-free solution, treated as a reference, had the largest 

errors of about 2.11, 2.16, and −4.19 m. However, this 
was only for single jumps between 15:00 and 18:00. When 
looking without these jumps, the errors were at most as 
the values of 0.15, 0.13, and 0.41 m for the North, East, 
and Up components. Standard deviations of the solution 
L1 IONEX were significantly lower than for the solution 
with the Klobuchar model. Figure  4 (right) shows the 

Fig. 4   Relative positioning results for two baselines: POTS-AUBG (left) and POTS-DELF (right), during the geomagnetic storm on March 17, 
2015. Topocentric results presented as differences from the average baseline length

Table 1   Statistics of relative positioning results for analyzed baselines. (Max–maximum error; STD–standard deviation)

March 17–18, 2015

POTS (52.37° N, 13.06° E) DELF (51.98° N, 4.39° E) POTS (52.37° N, 13.06° E) AUBG (48.42° N, 
10.92° E)

ΔN [m] ΔE [m] ΔU [m] ΔN [m] ΔE [m] ΔU [m]

L1 broadcast Max −3.46 −4.21 −4.88 5.59 7.20 −9.26
STD 0.64 1.14 0.94 1.58 1.93 2.25

L1 IONEX Max 2.03 −1.59 3.12 −4.72 1.36 4.41
STD 0.44 0.35 0.52 0.99 0.27 0.82

Iono-free Max 2.11 2.16 −4.19 1.97 1.58 3.31
STD 0.15 0.14 0.27 0.11 0.09 0.21

June 22–23, 2015

VILL (40.44° N, 3.95° W) GAIA (41.11° N, 8.58° W) VILL (40.44° N, 3.95° W) MALA (36.73° N, 
4.39° W)

ΔN [m] ΔE [m] ΔU [m] ΔN [m] ΔE [m] ΔU [m]

L1 broadcast Max 5.96 4.62 11.80 47.29 21.93 92.87
STD 0.90 1.06 2.28 6.87 2.37 12.33

L1 IONEX Max 6.56 9.91 17.23 16.58 7.40 21.01
STD 0.95 1.35 2.88 1.52 1.05 2.72

Iono-free Max 1.32 1.92 4.24 1.98 0.96 3.70
STD 0.09 0.12 0.21 0.10 0.10 0.33
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results of relative positioning for the baseline parallel to 
the direction of the gradients—POTS-AUBG. In this case, 
the L1 broadcast solution was also characterized by the 
most significant errors, reaching even about 5.59, 7.20, and 
−9.26 m for the North, East, and Up components. These 
values were higher than for the POTS-DELF baseline. 
Similarly, higher values were also obtained for the standard 
deviation. The L1 IONEX solution also showed higher error 
values, but only for the North and Up components. For the 
eastern direction, it can be assumed that both baselines 
were characterized by similar precision. The maximum 
degradations were about −4.72, 1.36, and 4.41  m, and 
the standard deviations were 0.99, 0.27, and 0.82 m. We 
also obtained similar statistics for the ionospheric-free 
solution. It is worth noting that, in this case, the solution was 
characterized by a smaller number of jumps and a smaller 
magnitude. The maximum error values were about 1.97, 
1.58, and 3.31 m, and the standard deviation was 0.11, 0.09, 
0.21 m.

In the second case, we focused on lower latitudes. 
During the June 22, 2015 storm, TEC had minor temporal 
but more extensive spatial changes, as presented earlier 
in Fig. 1. The GIX index, in this case, reached values of 
about 20 mTECU/km ( GIX

95
 about 50 mTECU/km), which 

was more significant than for higher latitudes. In turn, the 
SIDX and ROTI values were significantly lower. Due to 
this, we can deduce how such large VTEC gradients affect 
the positioning of long baselines. Therefore, we chose two 
baselines located in Spain: VILL (Villafranca, Spain)–GAIA 
(Gaia, Portugal) and VILL–MALA (Malaga, Spain). The 
lengths of these baselines were 398.2 km and 465.8 km, 
respectively. As in the previous case, these baselines have 

different directions—almost perpendicular to each other 
(Fig. 3 right). The positioning results are shown in Fig. 5. 
For the VILL–GAIA baseline (perpendicular to the direction 
of the gradients), we see that the positioning results using 
the Klobuchar model are like those using the IONEX file. 
In both cases, the maximum errors occurred at similar 
times. For the North component, the largest errors occurred 
around midnight and amounted to 5.78 and 6.56 m for the L1 
broadcast and L1 IONEX solutions, respectively. For the East 
component, the degradation of the baseline determination 
occurred at similar times and amounted to about 4.61 and 
3.78 m. In the case of altitude, there are three moments 
where the most significant decrease in accuracy is seen. The 
first occurred around 22:30 and resulted in errors of about 
10.97 and 13.51 m for L1 broadcast and L1 IONEX; the 
second, around 24:00, with values of −11.72 and −17.23 m, 
and the third, around 26:00, where the baseline error reached 
about −8.24 and −9.64 m. As of 30:00, all solutions have 
stabilized. For the broadcast solution, the error values did 
not exceed 0.29, 0.79, and 1.35 m for the North, East, and 
Up components, respectively. For the solution with the 
IONEX model, these values were 0.37, 1.00, and 1.67 m. For 
positioning using the ionospheric-free linear combination, 
we obtained some decreases in accuracy only during the 
intense period of the geomagnetic storm. The values of 
these jumps were the highest for the altitude component and 
amounted to about 3 m. Beyond that, the maximum error 
values were only about 0.17, 0.33, and 0.35 m for the North, 
East, and Up components. The VILL-MALA baseline was 
located parallel to the direction of gradient propagation. 
In this case, the positioning errors were clearly different, 
started earlier, and lasted longer. The period of the greatest 

Fig. 5   Relative positioning results for two baselines: VILL–GAIA (left) and VILL–MALA (right) during the geomagnetic storm on June 22, 
2015. Topocentric results presented as differences from the average baseline length
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positioning degradation occurred from 17:00 and lasted as 
long as 15 h. During this time, it can be observed that very 
large, numerous spikes characterized both the L1 broadcast 
and L1 IONEX solutions. Unlike the previous case, it is 
difficult to discuss the similarity of these two solutions 
here. Both showed significant positioning errors, but the 
distribution and size were different. The maximum errors 
for the L1 IONEX solution were about 16.58, 7.40, and 
21.01 m for the North, East, and Up components. However, 
these values were much larger for the broadcast solution and 
amounted to about 47.29, 21.93, and 92.87 m. Also, the two-
frequency solution was characterized by more jumps than for 
the VILL-GAIA baseline. Apart from the jumps, the error 
values were at a similar level.

Discussion

This section discusses the reasons for the degradation of 
PPP and relative positioning. We present analyses of the 
occurrence of cycle slips, determine correlations with 
ionospheric indices, and analyze the values of ionospheric 
gradients.

Precise point positioning

To answer the question of why large, temporal changes in 
VTEC , represented mainly by the SIDX and ROTI indices, 
degraded the positioning results, we analyzed the occurrence 
of cycle slips. Similarly, we prepared the average value of the 
cycle slip occurrence for the positioning results as a function 

of time for individual sectors. We see that the results 
presented in Fig. 6 coincide with the results of positioning 
in Fig. 2, i.e., an increase in the number of cycle slips causes 
an increase in positioning errors. The highest number of 
cycle slips occurs for the highest latitudes, reaching about 
1.5 cycle slips per station. Dealing with cycle slips requires 
resolving the ambiguity from the beginning or repairing 
it. The first approach causes a decrease in the quality of 
positioning, especially when the determination needs to be 
made for many satellites simultaneously. The second option 
is not easy and often requires complicated algorithms, 
which are not always fully effective. Additionally, cycle 
slips caused by single interruptions in the receiver's phase 
tracking may decrease the number of satellites used for 
positioning. It means that there may not be enough satellites 
to resolve the position. This can be avoided using a multi-
GNSS solution as Marques et al. (2018) pointed out. As 
expected, for latitude zones 30° N–45° N and 45° N–60° 
N the number of cycle slips found for both storms were 
significantly lower. This coincides with the values of 
positioning errors and the distribution of SIDX and ROTI 
indices. However, it is seen that the GIX values for these 
zones were not necessarily consistent with the occurrence of 
cycle slips. This is clearly visible for the 30° N–45° N zone 
during the storm in June 2015, where the GIX and GIX

95
 

values were higher than for the 60° N–75° N zone, and the 
cycle slips number was lower. It is worth pointing out that 
the data gap in the phase observations caused 5–10% of total 
detected cycle slips. The others were found using methods 
implemented in gLAB. During both events, at least 90% of 
detected cycle slips had a value of at least two times greater 

Fig. 6   Average number of cycle slips for different latitude zones for two geomagnetic storms: March 17, 2015 (left) and June 22, 2015 (right).
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than the adopted threshold. Therefore, we can assume a low 
number of falsely detected cycle slips and their insignificant 
impact on our analyses.

To estimate the relationship between the occurrence 
of cycle slips and the temporal variations of VTEC , we 
plotted the number of cycle slips occurrences depending 
on the values of the GIX , SIDX , and ROTI indices (Fig. 7). 
We presented the results for the 60° N–75° N zone, and 
both analyzed magnetic storms. Since SIDX takes positive 
and negative values, we plot its absolute value. We fitted 
a straight line for each case and determined the Pearson 
correlation coefficient. The p-values did not exceed 
1e-6. Therefore, we considered the obtained values to be 
statistically significant. The highest correlation value for 
both storms was obtained for the ROTI  index, as much 
as 0.88 in both cases. Moreover, the parameters of the 
fitted line were very similar in both events: a = 0.949 and 
b = −0.149 for the storm in March 2015 and a = 0.996 and 
b = −0.136 for the storm in June 2015. We also performed 

a similar calculation for the zone 45° N–60° N. Also, in 
this case, we obtained high correlations, 0.79 and 0.73, for 
March and June, respectively. In this case, however, the 
line fit coefficients differed more: a = 0.547 and b = −0.041 
for the storm in March 2015 and a = 0.317 and b = −0.011 
for June 2015. For other indices, the correlations were 
different depending on the event. GIX  had a very high 
correlation during the storm in June 2015 and was 0.79. 
However, in March, it was much lower −0.54. In addition, 
the straight-line fit parameters differed significantly and 
had a larger fit error (Fig. 7). Even lower correlations were 
obtained for the SIDX index, 0.61 and 0.45. For the 45° 
N–60° N zone, the results were even lower and amounted 
to 0.17 and 0.13 for the storm in June and March. In this 
case, GIX  resulted in better scores with 0.44 and 0.66. 
However, these values are lower than those obtained for 
the ROTI . The correlations for ROTI

95
 , GIX

95
 , and SIDX

95
 

are lower because these parameters represent values that 
only occur 5% of the time for a given zone.

Fig. 7   Relationships between different ionospheric indices and average number of cycle slips for stations located in the latitudes between 60° N 
and 75° N. Results presented for two geomagnetic storms: March 17, 2015 (top) and June 22, 2015 (bottom)
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Relative positioning

For relative positioning, we chose such baselines which were 
in the zones where there are large GIX values and VTEC 
time changes, represented by ROTI and SIDX , are relatively 
minor. Thanks to this, we have limited the possibility of 
cycle slips and their impact on positioning results. Figures 4 
and 5 show the results of relative positioning. The Iono-
free shows the level of possible precision for long baselines. 
For the analyzed cases, whose length was between 400 and 
600 km, we obtained an average error value not exceeding 
0.1 m for horizontal components and 0.2 m for altitude. 
These results were affected by spikes observed in the 
afternoon and evening hours during the active phase of the 
storm. The occurrence of these jumps was related to the 
ROTI and SIDX peaks occurring at the same time (Fig. 1). 
These sudden and large VTEC changes caused the cycle 
slips effects, which decreased the precision of baseline 
estimation. However, this does not explain the degradation 
of positioning in L1 broadcast and L1 IONEX solutions. 
In both cases and for both analyzed storms, we see that the 
positioning degradation occurs at different times than the 
increase in ROTI and SIDX values. For the POTS-AUBG 
baseline, we see a jump in the solution after the altitude 
component is already around 12:00. At the same time, we 
see that the GIX for the zone where this baseline was located 
(45°N-60°N) was 13.7 mTECU/km, and the parameter 
GIX

95
 , 24.8 mTECU/km. Similar relationships can be found 

for the VILL-GAIA and VILL-MALA baselines during the 
storm in June 2015.

The GIX shows the average values of gradients for the 
entire zone and represents the periods when the positioning 
errors increased. However, the gradients of individual 
stations/baselines may differ. Therefore, to better look at 
the relationship between gradients and relative positioning 
degradation, we determined the gradients between the 
satellites observed by the stations forming a given baseline. 
The results for both analyzed cases are presented in Fig. 8. 
Each line presented is the gradient value between the VTEC 
values for satellites observed by two stations. The results 
show that the smallest amplitude of gradient values was for 
the POTS-DELF baseline. For one satellite, around 16:00, 
the maximum value was about −56 mTECU/km. Apart 
from this event, ∇VTEC did not exceed 20 mTECU/km. 
This results in the highest precision of this baseline for L1 
broadcast and L1IONEX solutions.

The second baseline analyzed during the storm in 
March 2015 is POTS-AUBG. It was directed parallel to the 
direction of the gradients (Fig. 8). The maximum gradient 
was as much as −85 mTECU/km. If we look at Fig. 4 
(right), it is seen that an apparent decrease in the precision 
of determining the baseline lasted from about 06:00 to 
36:00. During that time, the gradient values exceeded 30 

mTECU/km, with a break between 24:00 and 30:00, which 
is also visible in the positioning results. It is worth noting 
here that for both analyzed baselines, the maximum values 
of ∇VTEC occurred at the same time as the maximum 
values of ROTI  , SIDX , and jumps in Iono-free solutions 
caused by cycle slips.

A similar situation occurred for ∇VTEC analyzed for 
the June 2015 storm. However, gradient values were much 
higher with lower ROTI and SIDX values. This means that 
most of the ∇VTEC were dominated by spatial changes in 
VTEC , not by their temporal changes. For both the VILL-
GAIA and VILL-MALA baselines, we observe that the 
time of occurrence of large positioning errors coincides 
with the time of occurrence of high values of ∇VTEC . The 
maximum ∇VTEC was about 80 mTECU/km in the first 
case. In the second, over 100 mTECU/km. It is also worth 
noting how quickly the values of the gradients changed in 
the case of the VILL-MALA. The values changed from 
−100 to 100 mTECU/km in less than an hour. These 
changes are also very well reflected in the positioning 
results for both single-frequency solutions (Fig. 5, right).

To check why these gradients significantly impacted the 
positioning results, we determined them from the Klobuchar 
model and the IONEX used in the positioning. We did it the 
same way as before. The results shown in Fig. 9 show how 
∇VTEC was reflected in modeling the ionospheric delay with 
a single-frequency solution. It is clear that the gradients have 
been definitely underestimated. In the case of the Klobuchar 
model, which is an empirical model, it can be said that we do 
not see any significant gradients for the analyzed baselines. 
The values do not exceed 10 mTECU/km. The course of 
∇VTEC determined from IGS ionospheric maps for the 
POTS-DELF and POTS-AUBG baseline had a course like 
the real one. However, also in this case, the values were 
significantly underestimated. At the time of maximum 
gradients, the difference between the actual values and those 
determined from the IONEX file was about 50 mTECU/
km. Larger differences were observed for the VILL-GAIA 
and VILL-MALA baselines in June 2015. While ∇VTEC 
exceeded 100 mTECU/km at that time, the values from 
IONEX were not greater than 25 mTECU/km. This means 
that the difference in the uncorrected ionospheric delay 
between the two satellites about 400 km apart was 30 TECU 
(about 4.8 m for L1 frequency). The significant pseudorange 
error for many satellites translated into large relative 
positioning errors. The IONEX data poorly represented 
∇VTEC values because of the small number of stations used 
to reflect local changes in the ionosphere, as well as the low 
temporal (2 h) and spatial resolution (5° longitude by 2.5° 
latitude). Also, global ionospheric maps are generated by 
fitting the spherical harmonics basis function to the GNSS 
data, which smooths out local gradients.
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Summary

We presented results of precise positioning and their 
relationship with the ionospheric indices GIX,SIDX , and 
ROTI  . Our analyses were performed for two selected 
geomagnetic storms in 2015. Our findings and conclusions 
are summarized in the following points:

•	 In the PPP method, large positioning errors were caused 
by multiple cycle slip effects due to the strong temporal 
and small-scale VTEC changes. These changes were 
described by the ROTI , SIDX , and partly GIX indices. 
The increase in positioning errors was found to be 
related to the above-mentioned changes in indices and 
magnitude.

•	 The average value of the number of cycle slips in given 
sectors was strongly correlated with the ROTI index 
and amounted to 0.88 for the 60°N-75°N zone for both 
analyzed geomagnetic storms.

•	 In relative positioning, accuracy spikes can be caused 
by temporal VTEC changes that cause cycle slips to 
occur at one or both stations in the baseline, increasing 
positioning errors. This applies to both single-frequency 
and dual-frequency measurements.

•	 In single-frequency relative positioning, greater errors 
in baseline estimation occurred for baselines parallel to 
the direction of the gradients. This is because neither the 
Klobuchar model nor the data from global ionospheric 
maps can model the size of these gradients properly.

•	 The occurrence of large positioning errors is related 
to changes and size of the GIX index. However, it is 

Fig. 8   Vertical total electron content gradients ( ∇VTEC) between 
satellites observed from receivers within the baselines. On top: results 
for baselines POTS-DELF and POTS-AUBG during the geomagnetic 

storm in March 2015. On bottom: results for baselines VILL–GAIA 
and VILL–MALA during the geomagnetic storm in June 2015. Each 
line represents the gradients for one satellite
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difficult to find an unambiguous relationship between 
the magnitude of GIX and the value of the positioning 
error because it depends on the method of mitigating the 
ionospheric delay and the length of the vector.

•	 Using the GIX and ROTI indices together can help assess 
the positioning quality by both absolute and relative 
methods at one or more frequencies.

•	 The conducted research also shows that there is a need to 
develop ionospheric delay models, which will reduce the 
impact of ionospheric gradients to a greater extent. This 
is extremely important, especially in applications where 
long-baseline positioning is used.
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