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Key Points:  

● Ionospheric disturbances caused high-precision GPS positioning degradation on a global scale 

during the 2015 St Patrick’s Day storm; 

● At high latitudes, severe position degradation was observed around magnetic noon and 

midnight coinciding with plasma irregularities zone; 

● At low latitudes, position errors were due to storm-induced plasma bubbles, EIA enhancement, 

and travelling ionospheric disturbances; 
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Abstract 

The 2015 St. Patrick’s Day geomagnetic storm caused numerous disturbances of the ionosphere, 

particularly, plasma irregularities, large-scale travelling ionospheric disturbances (LSTIDs), and 

equatorial ionization anomaly (EIA) enhancement. This study for the first time quantifies the global-

scale impacts of the ionospheric disturbances on Global Positioning System (GPS) precise point 

positioning (PPP) solutions during this extreme space weather event by taking advantage of 5500+ 

GNSS stations installed worldwide. The overall impact was more severe at high latitudes, while PPP 

degradation at low latitudes was associated with different types of ionospheric disturbances. 

Specifically, our results show that kinematic PPP solutions degraded following an intensified auroral 

particle precipitation during the storm’s main phase (06-23 UT) when up to ~70% of the high-latitude 

stations experienced degraded position solutions in the multi-meter range at 16-18 UT. Around 

magnetic noon and midnight, the storm-induced plasma irregularities caused notable PPP errors (>10 

m) at high latitudes. Interhemispheric differences were observed with a more severe impact seen in the 

Southern Hemisphere, where PPP outage lasted for ~12 hours during the second main phase (12-23 

UT). At low latitudes, post-sunset equatorial plasma irregularities were supressed across most 

longitudes, but large PPP errors (>2 m) associated with storm-induced plasma bubbles were registered 

at the Indian sector at 14-18 UT. The storm-induced EIA enhancement and LSTIDs were responsible 

for the low-latitude PPP degradation at dayside sectors. This study fills the research gap between 

physical and practical aspects of severe ionospheric storm effects.  
 

1. Introduction 

Geomagnetic storms are major disturbances in the Earth’s magnetic field that occur when solar winds 

compress the magnetosphere (Gonzalez et al., 1994). They can last from hours to days and affect global 

dynamics and structures of the Earth’s ionosphere/thermosphere. During geomagnetic storms, there 

are dramatic increases of solar and magnetospheric energy inputs to the upper atmosphere. The energy 

input taking the form of enhanced electric fields, currents, and energetic particle precipitation perturbs 

the ionosphere through high-latitude ionization, Joule and particle heating, ion-drag forcing, and 

disturbed electric field penetration, producing ionospheric storms (Buonsanto, 1999). Investigations 

of ionospheric storm effects are of fundamental importance in space weather research (e.g., Richmond 

and Lu, 2000; Kelley et al., 2011; Liu and Wan, 2018 and references therein) for a better understanding 

of the storm time geospace system. They also have practical significance in quantifying their impacts 

on ground- and space-based technological systems (e.g., Basu et al., 2008; Astafyeva et al., 2014; 

Morton, 2014). 

 

Numerous disturbances in the polar, middle, and low latitude ionosphere have been reported in 

association with ionospheric storms. Ionospheric plasma irregularities, typically characterized as 

enhancements or depletions of the ionospheric electron density, have attracted much interest in the 

study of ionospheric storm effects. Their occurrences in the ionospheric F region are generally 

dominant at high and low latitudes, but behave distinctively during geomagnetic storms. At high 

latitudes, intense plasma irregularities associated with polar cap patches and polar tongues of 

ionization are consequences of enhanced particle precipitation, electrostatic turbulence, and plasma 

instabilities under disturbed geomagnetic conditions (e.g., Tsunoda, 1988; De Franceschi et al., 2008; 

Moen et al., 2013; Cherniak et al., 2015). At low latitudes, equatorial plasma irregularities/bubbles 

(EPI/EPB) are triggered or suppressed during geomagnetically disturbed times, which are due mostly 

to the combined effects of relatively short-lived prompt penetration and longer lasting disturbance 

dynamo electric fields on equatorial plasma drifts (e.g., Martinis et al., 2005; Fejer et al., 2007; Abdu 

et al., 2009; Huang, 2018 and references therein). By contrast, mid-latitude irregularities are less severe, 

and they are usually attributed to expansion of auroral and/or equatorial irregularities under disturbed 
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conditions. It has been suggested that the storm influence on the development of plasma irregularities 

depends on the phase of the storm (e.g., Abdu, 1997), longitudes (e.g., Li et al., 2010b), and varies 

from storm to storm (e.g., Basu et al., 2001). 

 

Large-scale travelling ionospheric disturbances (LSTIDs) are another storm-related disturbance that 

has been investigated extensively. They are generally recognized as ionospheric manifestations of 

acoustic gravity waves generated at the onset of geomagnetic storms by high-latitude sources, such as 

Joule heating, Lorentz forces, or intense particle precipitations (Hocke and Schlegel, 1996). 

Originating from auroral regions, the LSTIDs propagate from high to low latitudes in a global scale, 

and typically have a period of 30-120 minutes and wavelength longer than 1000 km. The signature of 

LSTIDs at low latitudes may create conditions for seeding of equatorial plasma irregularities (e.g., 

Nicolls and Kelley, 2005). Statistical analysis has shown that their occurrences and propagation 

characteristics (e.g., wavelength, phase velocity, period and direction) are closely related to the 

magnitude of geomagnetic disturbances (e.g., Afraimovich et al., 2001; Tsugawa et al., 2004; Ding et 

al., 2008), and show differences between the Northern Hemisphere (NH) and Southern Hemisphere 

(SH). In addition, other disturbances associated with geomagnetic storms have also been studied, such 

as enhancement/suppression of the equatorial ionization anomaly (EIA) process (e.g., Mannucci et al., 

2005; Zhao et al., 2008; Kuai et al., 2016 and references therein). The completely different disturbance 

behavior indicates that the ionospheric storm effects are complex. The increase and decrease in 

electron density during the storms typically represent the simplest classification of ionospheric 

disturbances, known as positive and negative storm effects, respectively. 

 

Much persistent efforts have been made using observations from radio communication/navigation 

systems to associate the observations with the sources and drivers, as well as the coupling between 

regions. On the practical side, however, to our best knowledge, there has not been a comprehensive 

study of ionospheric disturbance impacts during a geomagnetic storm on applications of space-based 

radio systems, such as the Global Positioning System/Global Navigation Satellite System 

(GPS/GNSS). Among ionospheric disturbances, it is generally believed that the ionospheric plasma 

irregularities can adversely impact GNSS applications through two mechanisms: scintillation and 

ranging error. Ionospheric scintillation is due to scattering or diffraction of the signal by the plasma 

structure. Its symptoms are rapid fluctuations in signal amplitude and/or phase (Kintner et al., 2007). 

Ionospheric scintillation can lead to a GPS receiver being unable to track one or more visible satellite 

signals for a considerable length of time (Jiao and Morton, 2015).  The ranging error is due to the steep 

gradient of refractive effects of the ionospheric total electron content (TEC) (Basu et al., 2001).     

 

The gap between the physical and practical aspects regarding ionospheric storm research still remains. 

The aim of this paper is to address this gap by focusing on a simultaneous global overview of several 

types of ionospheric disturbances occurring during a severe geomagnetic storm and their impact on 

GPS positioning solutions for high-precision applications. We focus on the March 17, 2015 storm by 

analyzing 5500+ globally distributed GNSS stations measurements. As the strongest geomagnetic 

storm of the 24th solar cycle so far, a considerable number of researchers have investigated the 

ionospheric disturbances associated with this storm, such as high-/middle-latitude plasma irregularities 

(e.g., Cherniak et al., 2015; Prikryl et al., 2016; Heine et al., 2017), EPBs (e.g., Carter et al., 2016; 

Zhou et al., 2016), LSTIDs (e.g., Yao et al., 2016; Zakharenkova et al., 2016), and other 

positive/negative storm effects (e.g., Astafyeva et al., 2015; Kuai et al., 2016). These studies have been 

carried out at both regional and global scales. A collection of studies about the geospace response to 

this super storm are summarized in Zhang et al., (2017).  

 

The key objective of this study is to ascertain the impacts of the storm-induced ionospheric 

disturbances on kinematic GPS precise point positioning (PPP) from an unprecedented number of 
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globally distributed GPS/GNSS stations. These new results are highly valuable for estimation of 

scintillation threat and prediction impacts of severe geomagnetic storms on GNSS-based kinematic 

applications at different latitudinal zones. Further, it fills the research gap from the point of view of 

global ionospheric storm effects on GNSS applications. 
 

2. Data and Methodology 

2.1 GPS data  

GPS data at a sampling rate of 30 sec from 5500+ GNSS stations are processed for characterizing 

ionospheric disturbances and solving kinematic PPP solutions for 17-18 March 2015. These GNSS 

stations are provided by a number of regional and global networks. Figure 1 presents the geographic 

location of the globally distributed GNSS stations used in this study. It is clear that the coverage of 

GNSS stations in North and South America, Europe, eastern Asia, and Australia is better than that in 

other regions. Among the 5500+ stations, 4791 and 657 stations are in the Northern Hemisphere (NH) 

and Southern Hemisphere (SH), respectively.  
 

2.2 Ionospheric disturbance index 

The GPS data from globally distributed stations provide the measurements of TEC to characterize 

ionospheric density. In the studies of global-scale ionospheric disturbances related to the March 2015 

storm, Astafyeva et al. (2015) used the vertical TEC for studying signatures of positive and negative 

storms around the globe; Zakharenkova et al. (2016) adopted the detrended TEC to derive the LSTID-

related perturbations, while Yao et al. (2016) exploited the rate of change of TEC index (ROTI) and 

the second-order TEC difference operator to investigate the characteristics of TIDs. The number of the 

GPS stations used for this study is greater than that used in these previous studies. 

 

In the present study, we use the ROTI metric derived from GPS dual-frequency carrier phase 

measurements to characterize ionospheric irregularity occurrences. Defined as the standard deviation 

of the rate of TEC, the ROTI is an indicator generally used for quantifying small-scale ionospheric 

plasma irregularities (e.g.,Pi et al., 1997; Cherniak et al., 2014, 2018; Yang and Liu, 2018). Because 

small-scale plasma irregularities are expected to generate significant scintillation effects on GPS 

signals, we use the ROTI to characterize severe ionospheric plasma density irregularities and their 

impacts on kinematic PPP solutions throughout our analysis. In this study, ROTI is calculated at a 30 

sec rate over 5 min. It is mapped onto ionospheric piercing points (IPPs) at an altitude of 350 km. 

 

2.3 Kinematic PPP processing  

The GPS carrier phase and pseudorange measurements are processed for kinematic PPP solutions by 

utilizing routines in the Real-Time Kinematic Library (RTKLIB). RTKLIB is an open source program 

package for GNSS positioning and has been applied for deformation detections caused by earthquakes 

(e.g., Ohta et al., 2012 and references therein). To obtain high-precision kinematic PPP solutions, error 

corrections were made in GPS observations, including those related to atmosphere (ionosphere and 

troposphere), satellite (e.g., clock, orbit and antenna phase offset), receiver (e.g., phase wind-up error 

and antenna phase offset), and geophysical factors (e.g., pole tides, solid earth tides). The ionospheric 

refraction effect is corrected by forming an ionosphere-free linear combination. Under normal 

conditions, a centimeter- to decimeter-level accuracy for the receiver position can be achieved with 

those-above mentioned error corrections. In our study, the kinematic positions of the globally 

distributed GNSS receivers are obtained every 30 sec. An elevation cut-off angle of 20° is used to 

optimize the satellite geometry for the position calculation and to minimize multipath effects on the 

ROTI estimation. The position solutions are evaluated by a comparison with their daily solutions in 
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static PPP mode on 16 March 2015. Their position errors are further examined in association with the 

storm-induced ionospheric disturbances. 

 

3. Results and Discussion 

3.1 Overview of ionospheric disturbances and kinematic PPP error 

The March 2015 storm occurred on the St. Patrick’s Day, 17 March, following a coronal mass ejection 

impact. It has so far been the strongest storm in the 24th solar cycle. Figure 2 depicts the temporal 

variations of selected interplanetary parameters (interplanetary magnetic field (IMF) By, Bz 

components) and geomagnetic indices (Kp, SYM-H, and auroral electrojet (AE) index). Bottom panels 

show the horizontal and vertical components of kinematic PPP errors combined for all considered 

GNSS stations during 17-18 March 2015. The storm sudden commencement (SSC) occurred at ~04:45 

universal time (UT) on 17 March 2015. After 05-06 UT, the SYM-H index started to gradually 

decrease with several minima of -93 and -150 nT at ~09:40 and ~16:30 UT, respectively. At about 

23:00 UT, the SYM-H index reached its minimum value of -233 nT, meaning that the main phase 

lasted for ~17h. After that, the storm went into the recovery phase, which lasted for few more days. 

 

During the main phase of the storm (i.e., 05:00-23:00 UT), the IMF Bz switched between north and 

south before settling for southward between 12:20 UT and 22:30 UT during which the planetary Kp 

index reached a maximum value of 8-. The AE index had several intensification peaks at ~09:00, 

~14:00, and during 17-24:00 UT. The kinematic PPP errors, as shown in Figure 2b-2c, showed a 

significant increase in both horizontal and vertical components during the main phase. The statistical 

standard deviation of the PPP errors generally varied within ±0.1 m before SSC and during the 

recovery phase. During the geomagnetically disturbed period, however, it went up to 1 m, and greater 

values were seen in the vertical component, especially during 16:00-18:00 UT. Our following analysis 

reveals that the degradation in the PPP accuracy are associated with the storm-induced ionospheric 

disturbances. 
 

Figure 3 illustrates global maps of ROTI and kinematic three-dimensional (3-D) PPP errors as a 

function of geographic longitude and latitude, obtained using 5500+ GNSS stations. The maps with a 

3h time resolution present their temporal variations during 17-18 March, and the grey shades on each 

map represent the nightside. Movies S1-S2 and S3-S4 (5 min resolution) in supporting information 

show a more detailed temporal-spatial evolution of the ionospheric plasma irregularities and 3-D PPP 

errors on 17-18 March 2015, respectively. We note that occurrence of strong plasma irregularities 

during the storm coincided with significant degradation of the performance of kinematic PPP, and such 

impacts vary at different time periods of the storm.  During the pre-storm period (00:00-04:00 UT), 

ionospheric plasma irregularities indicated by the ROTI were mainly observed at high latitudes of 

North America and Antarctic, as well as at low latitudes of South America (a typical occurrence of 

intense post-sunset EPIs during March season). After ~04:45 UT, the increased geomagnetic activity 

led to ionospheric disturbances of various types, scales, and geographical location, which can 

potentially contribute to degradations in the PPP solutions.  
 

Some notable features observed during the main phase of the storm are described below, according to 

Figure 3 and Movies S1 and S3. During the three time periods, i.e., 06:00-10:00, 12:30-19:00, and 

20:00-24:00 UT, the high-latitude plasma irregularities expanded equatorward beyond 50°N magnetic 

latitude in both hemispheres. As a consequence, a prominent increase in the 3-D position error extends 

from high down to middle latitudes. The most notable degradations (>1 meter) are found after 13:00 

UT, particularly during 16:00-18:00UT when intensified plasma irregularities were observed 

simultaneously at middle and high latitudes of both hemispheres. The ionospheric response during 

This article is protected by copyright. All rights reserved.



those periods corresponds well with the variations of the AE index, which represents the 

magnetospheric energy input (e.g., Joule heating and Lorentz force) to the polar region. At low 

latitudes, with the exception of localized post-sunset EPIs at Australian and Indian region during 

09:00-18:00 UT, we observe mainly suppression of post-sunset EPIs. However, the position errors at 

equatorial/low latitudes show relatively high values even at local daytime. A large PPP degradation is 

observed during 06:00-11:00 UT and 14:00-20:00 UT at low latitudes of the Asian-Australian and 

America sectors, respectively. 
 

Figure 4 depicts the temporal variations of ROTI and the position errors in corrected geomagnetic 

(CGM) latitude. The CGM coordinates of a given geographic location are determined by tracing the 

magnetic field line from the location to the Earth-centered dipole equator defined by the International 

Geomagnetic Reference Field (IGRF) (Heres and Bonito, 2007). They were defined for the purpose of 

understanding geophysical phenomena within the context of a geomagnetic framework. In this study, 

we use altitude adjusted CGM coordinates to describe the ionospheric disturbances and their impacts. 

The ROTI is mapped at IPP points while the position errors are represented at the stations’ locations. 
 

Clearly, after the storm onset the intense ionospheric plasma irregularities occurred at the auroral 

regions of both hemispheres (Figure 4a). During the main phase, they expanded to lower magnetic 

latitudes. The PPP degradations (Figure 4b) correlate well with the development of auroral plasma 

irregularities during the storm, while at the equatorial region (within ±20° magnetic latitude) large PPP 

errors occurred even during suppression of post-sunset EPIs (Figure 4a). Figure 4c shows the 

percentage of GNSS stations with position errors exceeding 1 meter which strongly correlated with 

the AE index, with a maximum of ~70% being observed at high latitudes during 16:00-18:00 UT. This 

effect mainly related with gradual extension of auroral oval after particles precipitation intensification 

when area of strong ionospheric irregularities cover more stations and affect their position accuracy. 
 

Below, we present the observations at different latitude and longitude sectors for both polar and low-

latitude regions, during and after the storm, to investigate the storm-related impacts on the high-

precision PPP in a more detailed way. 
 

3.2 High-latitude disturbances and kinematic PPP error 

At high latitudes, intense ionospheric plasma irregularities since SSC led to a dramatic increase in the 

kinematic PPP errors, as observed from Figure 3 and Figure 4. We investigated in detail the temporal-

spatial evolutions of high-latitude plasma irregularities at both hemispheres and their impacts on the 

PPP errors with the storm progression by taking advantage of the GPS observations within 40°-90° 

MLAT. 
 

3.2.1 Northern Hemisphere Response 

In the northern hemisphere (NH), there are ~3250 GNSS stations within 40°-90°N MLAT. Based on 

their measurements, Figure 5a-5f depicts the polar view maps of ROTI (a and d), 3-D PPP errors (b 

and e) and occurrence rates of the 3-D error exceeding 1 meter (c and f) as a function of the CGM 

latitude and magnetic local time (MLT) in the NH during and after the geomagnetic storm, respectively. 

Figure 5g-5h presents the PPP error distributions over UT and MLT during and after the storm. Note 

that in each polar map the ROTI is projected onto the IPPs (CGM latitude) at ~350 km altitude, whereas 

the position errors are based on the geomagnetic locations of GNSS stations. Their values are averaged 

in a bin of 5 min MLT x 2° CGM latitude, and the occurrence rate of the large position error (>1m) is 

defined as the number of cases relative to the total number of data points in each bin.  
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The daily ROTI maps for the NH polar region reveal the evolution of plasma irregularities near and 

within the auroral zone. During the storm (Figure 5a), the irregularity oval expanded equatorward and 

poleward in response to disturbed geomagnetic activity. The farthest equatorward edge was detected 

at around 50°N between 15-17 MLT, while the enhanced irregularity intensity primarily registered 

within 60°N, 21- 06 MLT and 11-13 MLT. The enhancement had poleward structure from local noon 

to midnight.  
 

The storm-induced strong plasma irregularities resulted in large errors in the high-precision PPP 

solutions for the ground-based stations (Figure 5b). The PPP degradation occurs in a broader range of 

the CGM latitude (down to 40°N) compared to the ROTI disturbances. This is because the GPS 

receiver positioning solution requires measurements from four or more satellites in view distributed 

within a broader region (~10o latitude and longitude) centered around the receiver.  
 

Position errors >1 m occurred corresponding to the development of ionospheric irregularities within 

the auroral oval (Figure 5c). Their maximum occurrence was mostly at the equatorward edge of the 

nightside irregularities oval around 60°N, as well as within 70°-80°N at 12-18 MLT. After the storm 

(Figures 5d-5f), the plasma irregularities were seen at all MLT sectors, but their regions of impact are 

confined within 70°-80°N on the dayside, while within 60°-70°N on the nightside.  
 

The error distribution summarized in Figure 5g and 5h suggests the UT and MLT dependence of severe 

PPP degradation. As illustrated, the position error generally varied below 2 m, but in the UT frame 

greater errors occur after SSC during the AE intensification periods of 07-12 and 14-24 UT. In the 

MLT frame, PPP error greater than 5 m mostly happened at around magnetic noon, (12-14 MLT) and 

midnight periods (20-24 MLT).  

 

3.2.2 Southern Hemisphere Response 

In the SH, there are ~220 GNSS stations distributed within 40°-90°S CGM latitudes, much less than 

that in the NH. Figure 6 presents the polar view maps of ROTI and PPP position errors (a-f) and the 

position error distributions as a function of UT and MLT (g-h) during 17-18 March in the SH. As 

shown, the occurrence of plasma irregularities in the SH was also detected within and near the auroral 

oval with considerable equatorward and poleward expansions on the storm day. However, their 

evolution and the induced PPP degradation are different from those observed in the NH. 

 

During the storm, the increased intensity of the irregularities (Figure 6a) in the SH was mainly 

observed during the late night 04-06 MLT and in the noon sector of 09-15 MLT, poleward from ~50°S 

MLAT. The oval exhibited a very distinct poleward expansion in the noon sector. Along the intensified 

irregularities patterns, PPP solutions degraded at all MLT sectors and extended to 40°-50°S MLAT 

(Figure 6b). The large position error (>1 m) was observed where the irregularities intensified during 

04-06 and 09-15 MLT (Figure 6c). Due to the lack of GPS stations in the SH, the position degradation 

cannot be observed near the south magnetic pole.  

 

After the storm (Figure 6d), the irregularity oval was weakened and was restricted mainly within 70°-

80°N on the dayside period of 06-15 MLT and within 60°-75°N on the nightside (18-00 MLT). 

Correspondingly, the PPP degradation was confined within 60°S MLAT and the large error (> 1 m) 

mostly occurred in the afternoon sector (18-00 MLT) (Figures 6e and 6f). 

 

Figures 6g and 6h indicate that the PPP error in the SH is below 5 m during the storm, which is greater 

than that (<2 m) observed in the NH (Figures 5g and 5h). Similar features can be observed on the UT 

and MLT dependence of severe PPP degradation (>5 m) on the storm day at both SH and NH.  One 

observation is that severe degradation was prominent during the periods of increased auroral activity, 
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e.g., 07-12 and 14-24 UT. Another common feature is that the most outstanding degradation (> 10m) 

was seen during the noon period (12-16 MLT) and around midnight (20-24 MLT).  

 

3.2.3 Explanations of Observed SH and NH Responses 

Cherniak et al. (2015) first reported the dynamics of ionospheric plasma during the St. Patrick storm 

using observations from ~2700 GPS stations. Some of the patterns of the high-latitude ionospheric 

irregularities observed in this study can be explained based on their analysis. The intense irregularities 

shown in the daily ROTI maps (Figure 5a and Figure 6a) were related to the storm-induced gradient 

of the plasma density caused by auroral particle precipitation and plasma flows. Their poleward 

structure from noon to midnight was associated with the formation of the storm enhanced 

density/tongue of ionization (SED/TOI) structures and further evolution to large-scale polar cap 

patches. The time periods (i.e., 07-12 UT, and 14-24 UT) when notable position degradation (>5 m) 

was seen corresponded with that of rapid increase of intense irregularities associated with enhanced 

auroral particle precipitation. At ~12-13 UT, less position degradation was observed due to the 

decrease of intense irregularities initiated by the northward turn of the IMF Bz. 

 

Severe PPP degradations (>10 m) at high latitudes around magnetic noon and midnight are closely 

coincident with intense high-latitude phase scintillation occurrence associated with auroral particle 

precipitations and horizontal transportation of SED/TOI structures as observed at NH (Cherniak et al., 

2015) and SH (Cherniak and Zakharenkova, 2016). At high latitudes, scintillations are strongly 

controlled by magnetic field activity. During geomagnetic storms, scintillations appear at the edges of 

large-scale irregularities (e.g., SED and polar cap patches) with a steep density gradient (e.g., Mitchell 

et al., 2005; Prikryl et al., 2010; Wang et al., 2016). They have the greatest occurrence around magnetic 

noon and magnetic midnight, as pointed out by several statistical analyses (e.g., Li et al., 2010a; Jin et 

al., 2015). GPS signal scintillation may cause carrier phase measurement cycle slips or receiver loss 

of signal lock. This results in large errors in the PPP solutions. The PPP errors validate the significant 

effects of the scintillation occurrence at high latitude. 

 

3.2.4 High Latitude Spatial Expansion Analysis 

Figures 5 and 6 confirm that the storm-induced plasma irregularities had a significant spatial expansion. 

The spatial expansion can be more clearly observed by examining measurements at two chains of GPS 

stations along longitude in both hemispheres, as shown in Figures 7a and 7b. In the NH, two longitude 

chains are selected at 85°W and 10°E over North America and Europe, respectively. In the SH, the 

two chains were selected along 65°W and 170°E over South America and New Zealand, respectively. 

For each chain, 5-7 GPS stations within 30°-90° geographic latitude (GLAT) were selected.  

 

Figures 7c-7f show latitudinally sliced maps of ROTI as a function of time from 00-24 UT on 17-18 

March 2015, while Figures 7g-7j depict the corresponding variability of the position errors for the 

selected stations. The figure shows that the plasma irregularities were intensified with a significant 

equatorward expansion during the periods of increased auroral activity, i.e., 07-12 and 17-24 UT. 

Correspondingly, the increased PPP degradation or even outages were found. Compared with the NH, 

the PPP degradation was more severe in the SH, despite the sparse station coverage.  

 

In the NH, increased position error was frequently seen at high latitudes during the main phase of the 

storm, but at mid-latitudes it primarily happened after 12 UT. Along the North American chain, the 

ROTI enhancement (Figures 7c and 7g) started at ~07 UT (local night) and continued until the end of 

the storm day. Equatorward expansion to 40°-45°N geographic latitude (50°-55°N MLAT) was 

observed during 07-12 UT and 22-24 UT. This caused the stations above 40°N GLAT to have large 

position errors after SSC. In comparison, along the European chain (Figures 7d and 7h), the ROTI 
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enhancement began after ~12 UT and lasted till ~24 UT. Their expansion was less far equatorward, 

only reaching ~50°-60°N GLAT (45°-50°N MLAT) at ~17-24 UT. However, during 17-24 UT, the 

position degradation was also seen at mid-latitudes below 50°N. After the storm, the PPP solution was 

less degraded, which corresponds to much weaker plasma irregularities within the auroral zone. 

 

In the SH, the South American chain shows larger position errors. The large ROTI along this chain 

(Figures 7e and 7i) started at ~07 UT and had a significant equatorward expansion toward ~60°-70°S 

GLAT over the entire periods of increased auroral activity. This led to an increased position errors 

during 07-12 UT and PPP outage at high-latitude stations from 12 UT to 24 UT. Severe degradation 

happened during 13-17 UT for mid-latitude stations (~30-45°S GLAT and 20-30°S MLAT). Likewise, 

along the New Zealand chain (Figures 7f and 7j), the PPP was degraded during 07-12 UT, and outage 

occurred after ~12 UT during the irregularity expansion (~55°S GLAT). After the storm, the PPP 

solutions along both chains became available, indicating that the storm-induced plasma irregularities 

caused the receiver loss of the GPS signal lock for a long period of time (~12 hours). 

 

Cherniak et al. (2015) emphasized that the observed equatorward expansion at different sectors was 

due to the development of various irregular plasma structures. In the Western Hemisphere (e.g., North 

and South American sectors), the expansion was related to the SED structure formation. The SED 

structure was registered from 15-17 UT on 17 March till 02 UT on 18 March. To highlight the SED 

structure impacts on positioning, we provide the snapshots of global maps of TEC, ROTI, and PPP 

errors with a mark of SED structure at 16:00-21:30 UT in Supplementary Material. It shows the SED  

development (as seen in TEC and ROTI) corresponded with the degradation of positioning. In contrast, 

in the Eastern Hemisphere (e.g., European and New Zealand sectors), it was due to auroral oval 

development. The structured ionospheric plasma inside the auroral oval developed during ~08-15 UT, 

causing intense irregularities. The PPP observations indicate that the development of those 

irregularities after ~12 UT significantly degraded the high-precision solutions. 
 

Particularly, they caused ~12 hour outage of navigation solutions for numerous stations in the Southern 

hemisphere. The PPP outage is likely due to loss of signal lock to multiple scintillation satellite signals 

simultaneously, leading to less than 4 satellites available for positioning. Cherniak and Zakharenkova 

(2016) also noted serious degradation of GPS performance onboard Swarm satellites when they 

crossed the southern polar cap region. They found that at ~18 UT the tracked GPS satellite number 

suddenly decreased to less than 4. This effect was associated with SED/TOI structure occurrence in 

the SH, which was found to be stronger over the South America region than over North America for 

this particular storm. Prikryl et al. (2016) noted that the NH high-latitude scintillation during this storm 

was primarily enhanced in the cusp and SED regions, and in the auroral oval. The highest occurrence 

was collocated with strong ionospheric currents, particularly the poleward part of the westward 

electrojet or near the edge of the eastward electrojet regions.  
 

Interhemispheric differences were found in terms of the impact of plasma irregularities on the PPP 

degradation, as can be concluded from Figures 5-7. This feature is related to the asymmetry in the 

dynamics of plasma irregularities between the two hemispheres. Cherniak and Zakharenkova (2016) 

attributed the asymmetry to changes in the IMF parameters. Using global multi-instrumental 

observations, Astafyeva et al. (2015) concluded that stronger effects of the ionospheric storm should 

occur in the SH, due to the presence of largely positive IMF By component. During the main phase of 

the storm, the IMF By became positive at 11 UT (see Figure 2a), and had positive values during 12-

15 UT, as well as ~17-22:45 UT. When it was positive, there should be stronger upward field-aligned 

currents in the poleward region on the dusk side of the SH; the aurora should be brighter and more 

structured in the SH. In this case, more intense irregularities may occur with a strong density gradient 
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that can cause severe scintillations of GPS signals. Our observation of the PPP degradation (see Figures 

5-7) confirms the stronger effects in the SH.  

 

3.3 Low-latitude disturbances and kinematic PPP error 

At low latitudes, the storm-induced ionospheric plasma irregularities were not as significant as at high 

latitudes. Nevertheless, a considerable PPP degradation was observed on the storm day, over Asia-

Australian (AA) and Central-South America (SA) regions. In this section, we investigate the storm-

related ionospheric disturbance impacts on the kinematic PPP in details for these two sectors. 
 

3.3.1 AA Sector 

In the AA sector (30°S-30°N MLAT and 60°-160°E), we utilized observations from more than 200 

GPS stations. Figure 8a and 8b illustrate ROTI distributions as functions of MLAT and UT and the 

PPP error distributions as a function of UT on 17-18 March 2015, respectively. On the storm recovery 

day, the ROTI was low and the position error was below 2 m. On the storm day during 07-12 UT (local 

daytime), while the ROTI enhancement was not apparent, the PPP error reached above 10 m. Figure 

8b also included the TEC residuals (∆TEC) during 07-12 UT to demonstrate the possible role of LSTIDs 

in the degradation of positioning over this sector. Figure 8c-8j presents the snapshots of ROTI and the 

PPP errors during 07:30-11:00 UT. The ROTI values are color-coded in the unit of TECU/min. PPP 

errors > 0.5 m at a station are represented as black circles and the circle size is proportional to the error 

magnitude. Significant PPP degradation during low ROTI values mainly occurred at ~30°N GLAT 

over the Chinese region, especially during 07:30-09:00 UT.  
 

During the period of 07-12 UT, the AA sector was mainly on the dayside. The PPP degradation can 

be attributed to the EIA and other perturbations. Over this sector, the daytime EIA enhancement started 

after 06 UT as a consequence of eastward PEFs in response to southward turning of IMF Bz (Kuai et 

al., 2016, and their Figure 2). Subsequently, equatorward LSTIDs from the Southern to Northern 

Hemisphere were detected over the AA sector during 09-12 UT (Habarulema et al., 2018 and their 

Figure 3e). Several LSTIDs propagating from high to lower latitudes were observed around 09:40-

11:20 UT in the East Asian sector (80°-140°E) (Liu et al., 2019), as also indicated by the variations of 

∆TEC during 07-12 UT. The large PPP errors (>5 m) during 07-09 UT and 11-12 UT are associated 

with the TEC enhancement and LSTIDs, respectively.  
 

The processes of EIA enhancement and LSTIDs during the storm are associated with rapid changes 

and sharp spatial gradients in TEC. Under those disturbed ionospheric conditions, the higher-order 

ionospheric effects become significant and cannot be not totally corrected by the ionospheric-free 

linear combination in our data processing, thus leading to the PPP degradation.  

 

During the period of 14-18 UT (local night time), the most prominent enhancement in ROTI was 

observed at 5S°-25°N GLAT, which led to significant PPP errors (>5 m). The snapshots illustrated in 

Figure 8k-8r show that the PPP degradation was associated with the occurrence of EPIs over the Indian 

region, as evident in the increased ROTI intensity and the corresponding large PPP errors at 14:30-

18:00 UT (local night) over the Indian sector, along the magnetic equator to middle latitudes.  
 

At low latitudes, the post-sunset plasma irregularities (i.e., EPIs) were absent across most longitudes 

after SSC (see Movie S1). This observation agrees well with previous studies that reported suppressed 

EPIs during the March 2015 storm (e.g., Ramsingh et al., 2015; Carter et al., 2016; Zhou et al., 2016). 

It was suggested by those studies that the absence of post-sunset EPIs was due to the presence of 

disturbance dynamo electric fields (DDEFs) generated by the enhanced magnetic activity, as well as 
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equatorward and westward directed winds. Those forces dominated for many hours in the post-sunset 

hours and suppressed the growth of R-T instability. 

 

In contrast, the two cases of the severe post-sunset EPIs at the Australian and Indian sectors were 

associated with the storm-time PEFs that coincided with the local time of pre-reversal enhancement, 

which favors the growth of R-T instability that gives rise to EPIs (Ramsingh et al., 2015; Kil et al., 

2016). Ramsingh et al. (2015) studied the ionospheric response over the Indian sector during the storm 

and reported a scintillation occurrence during 14-18 UT, extending from the equator to low latitude 

(~26.5°N). Ray et al. (2017) reported maximum position deviations of 5.2 m along the longitude 

direction during 15-16 UT on the storm day. These all support our extensive data analysis results that 

the post-sunset EPIs and associated scintillations caused salient degradation (even >10 m) in the high-

precision GPS positioning over the Indian sector during 15-18 UT (Figure 8k-8r). 

 

3.3.2 SA Sector 

By exploiting observations from more than 100 GPS stations in the SA sector (30°S-30°N MLAT and 

30°-90°W), Figures 9a and 9b illustrate the ROTI distribution dependence on MLAT and UT and the 

PPP error distributions as a function of UT on 17-18 March 2015, respectively. We note a typical 

occurrence of strong post-sunset EPIs over the region before the storm onset. After SSC, the ROTI 

values were quite low, but the position errors had a dramatic increase (even over 10 m) during 08-24 

UT, particularly during the daytime period of 12-20 UT in this sector. The variations of ∆TEC during 

this period suggest the error increase was related to the development of LSTIDs . We note a strong 

suppression of post-sunset EPIs during a similar time (00-05 UT) for the next day in the recovery 

phase. However, after the storm, the ROTI variation revealed storm-induced plasma irregularities in 

the post-midnight/morning period of 08-12 UT. These irregularities caused up to a 10 m PPP error. A 

salient degradation was seen during the post-sunset period of 00-04 UT, but with low ROTI.  

 

Figure 9c-9n shows snapshots of the ROTI variations and the PPP errors with a 30-min time resolution 

during the daytime period of 14:00-19:30 UT.  During this daytime period, the ROTI level was below 

0.5 TECU/min. However, the position degradation occurred for the stations located at the magnetic 

equator, low, and beyond the EIA region. Specifically, at 14-15 UT, large position errors (>2 m) were 

registered near the equator and then at farther south low latitudes (Figure 9c-9e). The errors decreased 

at 15:30-16:00 UT (Figure 9f-9g), then increased again at 16:30-19:00 UT at low latitudes away from 

the equator (both north and south).  

 

The development of notable PPP degradation (>5 m) before 20 UT (see Figures 9i-9n) is consistent 

with the EIA enhancement as reported by Venkatesh et al. (2017). The EIA anomaly was associated 

with PEFs at ~12 UT and a substorm onset at ~17:25 UT. Firstly, they associated PEFs effects to 

enhanced zonal electric fields during 12-14 UT and the F2 layer vertical expansion above the magnetic 

equator. According to Venkantesh et al. (2017, Figure 6), the EIA had a single-peak structure with 

enhanced TEC built-up, reaching its peak near the magnetic equator at ~16:30 UT. After 17:25 UT, a 

new enhancement of the zonal electric field led to a super fountain effect promoting the EIA trough 

(TEC depletion) which appeared above the magnetic equator and two crests over NA and SA. The EIA 

crest located at ~40°S in Brazil, which may be responsible for the notable position errors for the mid-

latitude stations (e.g., 43.2°S) in SA, as shown in Figure 7i. The global maps of TEC and PPP errors 

in our supplementary material also indicate the possible role of the EIA enhancement in position 

degradation over this sector. 

 

Apart from the storm-induced EIA intensification, multiple LSTIDs were registered in the daytime SA 

region (Zakharenkova et al., 2016). With an increase of auroral activity (AE exceeded 2000 nT) at 13-
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14 UT, these LSTIDs were generated at auroral latitudes of both hemispheres during 14-16 UT.  They 

propagated equatorward across the NA and SA sectors and merged near the magnetic equator, as 

indicated by the ∆TEC variations in Figure 9. Some even propagated farther to the opposite hemisphere. 

We found a good agreement between LSTIDs fronts registered during 14-17 UT (Zakharenkova et al, 

2016, Figure 5) and the location of the PPP degradation errors (Figures 9c-9j). It should be emphasized 

that the period of 14-16 UT corresponded to the local morning time when the EIA started to form with 

a single peak build-up, and it was also before the storm-induced intensification of the EIA with two 

distinct crest formations (after 17:25 UT). The large PPP degradation was observed at various locations 

within ±20° MLAT during that local morning time in the absence of ionospheric irregularities (ROTI, 

Figure 9) and in the absence of a developed two-crest EIA structure. This suggests that during 14-17 

UT, multiple LSTIDs which propagated and merged near the magnetic equator during that particular 

time may also have contributed to the observed PPP degradation. 

 

On the recovery day, post-midnight and morning (07-12 UT) EPIs were generated in the SA sector 

(see Figure 9b), which is consistent with that revealed by Zhou et al. (2016) and Carter et al. (2016). 

They suggested the formation of post-midnight EPIs was due to DDEFs effects and the storm-induced 

redistribution of plasma to higher altitudes, which created a steep plasma density gradient favoring the 

R-T instability. Our analysis reveals that occurrence of the post-midnight and morning EPIs also 

coincided with increased position errors over the region. 

 

4. Summary and Conclusions 
We present the first results of storm-induced ionospheric disturbance impacts on kinematic GPS PPP 

solutions during the geomagnetic storm of 17-18 March 2015 by analyzing an unprecedented number 

of ground-based GNSS stations (5500+) available worldwide. In this study, the ROTI metric was 

exploited as the representative indicator of the storm-induced plasma density irregularities. The results 

indicate that in addition to ionospheric irregularity impacts on the PPP degradation, other ionospheric 

disturbances may also contribute to the increased position errors or even position outage under storm 

conditions. The major findings from the global-scale analysis are summarized as follows:  

 

(1) At high latitudes, the PPP solutions were degraded with intensified auroral activity during the two 

main phases of the storm, i.e., 7-12 UT and 14-23 UT. The most significant impacts were observed 

in the second main phase, during which southward turning of IMF Bz lasted for ~11 hours. At 16-

18 UT, ~70% of high-latitude (50°-90°) GNSS stations were affected with a notable increase in 

their position error (>1 m). 

(2)  At high latitudes, the PPP degradation was associated with intense ionospheric plasma 

irregularities and SED/TOI structures. The degradation (>1 m) mostly happened where intense 

irregularities were observed, i.e., nightside equatorward edge and post-noon poleward side in the 

NH; late night and post-noon sides in the SH. The equatorward expansion of plasma irregularities 

led to the PPP degradation even at middle latitudes. 

(3)  Severe position errors (>10 m) were primarily seen around magnetic noon and midnight, which 

coincides well with expansion of the auroral oval of ionospheric irregularities and TOI structure 

occurrence from the dayside. The most notable impact is the PPP outage which occurred during the 

second main phase for high-latitude stations in the SH with a long-lasting outage period of ~ 12 

hours. More severe impacts were seen in the SH, as compared with NH. The interhemispheric 

differences were probably related to the IMF orientation. 
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(4)  At low latitudes, the PPP degradation is not only related to the dynamics of the post-sunset 

ionospheric plasma irregularities, but also the intensification of EIA and propagation of LSTIDs. 

The impact depended on longitudes or local time, and it was not as severe as at high latitudes. 

(5)  During 14-18 UT on the second main phase, the occurrence of PEF-induced post-sunset EPIs 

caused salient degradation (even >10 m) in the high-precision GPS positioning in the Indian sector. 

For the same period in the dayside American sector, the intensification of EIA and propagation of 

LSTID were most likely responsible for the PPP degradation.  

 

Ionospheric disturbances during this severe storm are complex. Better indicators need to be developed 

to relate the ionospheric disturbances with the impact on navigation system performances.  Further 

studies regarding the global impacts of other ionospheric disturbances, such as LSTID and SED/TOI 

should be carried out to attain a better understanding of the role that various ionospheric disturbances 

play in the degradation of GNSS applications when extreme space weather prevails. 
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Figure 1. Geographical distribution of GNSS stations. The black solid line indicates the magnetic equator.  

 

 

Figure 2. Variations of (a) interplanetary and geomagnetic parameters (i.e., IMF By and Bz components, 

geomagnetic activity index Kp, SYM-H index, AE index); (b) horizontal errors and (c) vertical errors of 

kinematic PPP solutions on 17-18 March 2015. The shaded area and solid-color lines in (b) and (c) panels 

represent one-standard-error bands and mean of the solution errors, respectively. The dash line indicates the 

SSC at 4:45 UT. 

 

 

Figure 3. Snapshots of a) global temporal-spatial variations of ROTI and b) kinematic 3-D PPP errors on 17-18 

March 2015. The gray shading indicates nightside. The black solid line represents the magnetic equator.  

 

 

Figure 4. (a) Corrected geomagnetic (CGM) latitude versus temporal distributions of a) ROTI, b) 3-D errors of 

kinematic PPP solutions, and c) percentage of GNSS stations with the 3-D position error exceeding 1 meter (red 

dot line for stations within geographic latitude 50°-90° while green solid line for remaining latitudes) and the 

AE index during 00-24 UT of 17-18 March 2015. The SSC time is represented by the black dash line. The 

separation between 17 and 18 March is indicated by the solid line. 

 

 

Figure 5. Polar view maps of ROTI (a and d), 3-D PPP errors (b and e) and percentage of the 3-D error exceeding 

1 meter (c and f) as well as the UT and MLT distributions of 3-D PPP errors (g and h) for the Northern 

Hemisphere on 17 March (a-c) and 18 March (d-f) 2015. Each polar view map covers 00-24 magnetic local 

time (MLT) and 40°-90°N CGM latitude. log (ocr) represents the logarithm of occurrence rates of the PPP errors 

in each bin (30 minutes) to the base 10. 

 

 

Figure 6. Same as Figure 5, but for the Southern Hemisphere. Each polar view map covers 00-24 MLT and 40°-
90°S CGM latitudes.  

 

 

Figure 7. Time versus geographic latitude variations of ROTI along longitudes (c) 85°W in North America, (d) 

10°E in Europe, (e) 65°W in South America and (f) 170°E in Australia during 00-24 UT of 17-18 March 2015. 

The variability of 3-D PPP errors for selected GPS stations (a and b) along each longitudinal sector is shown in 

the right panels (g, h, i and j, respectively). Labels on the right vertical axis of each panel indicate the CGM 

latitudes. The position results during the period of 12-24 UT for the selected stations in the SH (i and j) are 

highlighted with light blue color. 

 

 

Figure 8. (a) CGM latitude versus UT distributions of ROTI and (b) distributions of 3-D PPP errors during 00-

24 UT for 17-18 March 2015 and variations of  ∆TEC within longitudes between 60°-160°E at 07-12 UT (dashed 

rectangle); (c-r) Snapshots of ROTI variations (colored squares) and 3-D PPP errors (>0.5m, black circles) 

during 07:30-11:00 and 14:30-18:00 UT on 17 March 2015 over Asian and Australian sector. The black solid 

line represents the magnetic equator. 

 

 

Figure 9. (a) CGM latitude versus UT distributions of ROTI and (b) distributions of 3-D PPP errors during 00-

24 UT for 17-18 March 2015 and ∆TEC variations within longitudes between 30°-90°W at 12-20 UT (dashed 

rectangle); (c-n) Snapshots of ROTI variations (colored squares) and 3-D PPP errors (>0.5m, black circles) 

during 14:00-19:30 UT on 17 March 2015 over Central and South American sector.  
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