
1. Introduction
Global Navigation Satellite Systems (GNSS) play a crucial role in modern society thanks to its growing depend-
ence on precise positioning, navigation, timing, and synchronization techniques. The American Global Position-
ing System (GPS) and its Russian counterpart GLONASS are currently in use in this context, along with the 
Chinese BeiDou, the European Galileo, and other regional systems such as the Indian IRNSS or the Japanese 
QZSS. GNSS signals operate in the L-band frequency domain, which falls within the radio spectrum and covers 
frequencies between 1 and 2 GHz. Moreover, to account for ionospheric delays in their measurements, these 
systems employ at least two different frequencies (Teunissen & Montenbruck, 2017). When traveling from a 
GNSS satellite to a receiver either onboard a low Earth orbit satellite or on the ground, signals pass through the 
ionosphere and interact with its charged particles. The presence of irregularities in plasma density is one of the 
ionospheric phenomena that significantly lowers the performance of GNSS. In fact, variations in ionospheric 
electron density can affect both the phase and amplitude of electromagnetic waves propagating through it, and 
thus GNSS signals. In the worst-case scenario, signals might be disrupted, causing the receiver to lose track of a 
transmitting satellite. This type of event is known as loss of lock (LoL), which can result in a decrease in GNSS 
positioning accuracy and the inability to obtain total electron content (TEC) measurements. This last mentioned 
quantity represents an integral measurement of the TEC along the signal path from the satellite to the receiver.

The harmful effects of GPS LoL events have been extensively studied in recent years to determine the most 
affected regions and the circumstances that trigger their onset. They have been discovered to happen more 
frequently under specific conditions, such as increased solar activity (Liu et al., 2017; Pezzopane et al., 2021) 
and geomagnetic storms (Jin & Oksavik,  2018; Zhang et  al.,  2020). In terms of the most affected locations, 
GPS LoLs seem to occur in three distinct magnetic latitude (MLat) bands: one near the magnetic equator and 
the other two at high latitudes, above 50° for the Northern hemisphere and below −50° for the Southern one. 
While the majority of GPS LoL events appear to be linked to equatorial plasma bubbles at low latitudes (Buchert 
et al., 2015; De Michelis et al., 2022), the situation is more complex at high latitudes and no clear explanation 
has been found yet.

At high latitudes, the interplanetary magnetic field (IMF), which is carried to the Earth system by the solar wind, 
is closely related to the macroscopic motion of the ionospheric plasma. The ionospheric convection pattern in 
the plane perpendicular to the magnetic field lines, which corresponds to the horizontal motion of plasma, has 
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been found to be highly dependent on the orientation and magnitude of the IMF. According to Cowley (1982), 
the IMF plays a dominant role in magnetic reconnection on the dayside magnetopause. When the magnetic field, 
which is frozen in the solar wind plasma, meets the Earth's magnetic field in a favorable orientation, energy, and 
momentum can be transferred from the solar wind to the magnetosphere and plasma motion can occur in the 
coupled magnetosphere-ionosphere system. In the ionosphere, the resulting convection motion can be seen as an 
antisunward flow over the polar cap, from the noon sector to the midnight sector, and a sunward return flow at 
lower latitudes, on both the dawn and dusk flanks of the auroral oval zone. That produces a two-cell ionospheric 
flow pattern (Tanaka, 2007), which is more or less fixed with respect to the Sun-Earth line. The most favorable 
orientation for this phenomenon is the southward IMF. When the IMF has a northward component (Bz > 0), a 
noticeable departure from the previously described convection patterns is observed. Although reconnection can 
still occur for positive Bz values, it will take place poleward with respect to the magnetic cusp. This can lead to a 
flow toward the Sun over the polar cap, resulting in smaller and reversed convection cells (Fear, 2021). Further-
more, the region of significant plasma motion is considerably restricted to higher latitudes compared to the south-
ward IMF. In this case, four convection cells are typically observed in the dayside hemisphere, with their size and 
orientation predominantly influenced by the magnitude and sign of IMF By component (Cowley et al., 1991). The 
high-latitude convection pattern can also be influenced by the IMF Bx component. When using the “dipole plus 
uniform field” model, IMF By component produces an asymmetry with respect to the noon-midnight meridian, 
while IMF Bx component creates an asymmetry with respect to the dawn-dusk meridian (Cowley et al., 1991). 
However, in the literature, the effect of the IMF Bx component is often overlooked, and most of the empirical 
functions proposed to describe the solar wind-magnetosphere-ionosphere coupling only consider the Bz and By 
components (Peng et al., 2010). The spiral structure of the IMF leads to a strong negative correlation between Bx 
and By components. As a result, a positive sign of one component is usually associated with a negative sign of 
the other one (Cowley et al., 1991; Karpachev et al., 1995). This means that the effect of the IMF Bx component 
may already be accounted for when considering the By component alone. Therefore, some empirical functions 
used to describe the solar wind-magnetosphere-ionosphere coupling may implicitly include the influence of the 
Bx component, even if it is not explicitly included (Peng et al., 2010).

It has been found that the spatial distributions of plasma density irregularities depend on the IMF orientation 
(Lockwood et al., 2000; Moen et al., 2008; Tsunoda, 1988). For instance, Jin et al. (2019) demonstrated how 
the IMF's By component affects the distribution of the plasma density irregularities in the cusp and polar cap 
regions, resulting in an interhemispheric asymmetry in the spatial distribution of these irregularities. This finding 
agrees with the high-latitude ionospheric convection pattern. Furthermore, it has been shown that when the IMF 
By component is negative, there is a notable difference between the Northern and Southern hemispheres in the 
distribution of ionospheric irregularities near the cusp and in the polar cap region: in the Northern hemisphere, 
the irregularities are more numerous in the postnoon sector, while in the Southern hemisphere they are more 
numerous in the prenoon sector. On the other hand, Jin et al. (2020) studied the effect of the IMF Bz component 
on the ionospheric plasma irregularities. They revealed that negative values of IMF Bz component cause a higher 
concentration of irregularities to occur at lower magnetic latitudes, compared to positive Bz values. Evidence of 
IMF dependence has also been discovered for polar cap patches, which are one of the most important phenomena 
related to high-latitude ionospheric irregularities (Spicher et al., 2017).

The occurrence of GPS LoL events is commonly linked with ionospheric irregularities, which suggests that the 
configuration of the IMF may also influence the development and spatio-temporal distribution of these events. In 
this study, we aim to investigate whether specific IMF configurations can favor the occurrence of LoLs and affect 
their spatial distribution. To explore this relationship, we analyzed GPS LoL events recorded by the European 
Space Agency’s (ESA) Swarm mission between mid-July 2014 and the end of 2021. We examined the distribu-
tions of these events at high latitudes in magnetic latitude/magnetic local time (MLT) coordinates and assessed 
their statistical dependence on the orientation of the IMF. The results were then discussed in detail, taking into 
consideration the reconstructed ionospheric convection patterns obtained via SuperDARN model.

2. Data and Processing Approach
We used data from the Swarm mission, which is an ongoing ESA constellation mission for Earth Observation 
(Friis-Christensen et al., 2008). It consists of three identical satellites known as Swarm A, B, and C, all of which 
are equipped with the same set of instruments that measure electric and magnetic fields, as well as plasma density 
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and temperature. They were launched on 22 November 2013, into two distinct near-polar orbits: A and C are in a 
low-Earth orbit at an initial altitude of about 480 km, while B is in a higher low-Earth orbit at an initial altitude 
of about 530 km. The three satellites are also equipped with Precise Orbit Determination (POD) antennas, that 
are GPS receivers, necessary to precisely locate the electric, magnetic, and plasma measurements (van den IJssel 
et al., 2015). Swarm GPS tracking data are also required to calculate the slant Total Electron Content (sTEC), 
which is the integrated electron density along the line of sight from one Swarm satellite to each GPS satellite in 
its field of view.

For the current analysis, we use the sTEC time-series, collected onboard Swarm A and B, to identify the 
GPS LoL events. It is important to note that sTEC measurements are only possible when both values of the 
ambiguity-corrected carrier phase observations from the POD antenna are available. If one or both values are 
unavailable, two possibilities exist: either the GPS satellite has left the POD antenna's field of view, or a LoL 
event is occurring. To rule out the first phenomenon, we classified as LoL events only interruptions in the sTEC 
time series that lasted less than 1,200 s (Pezzopane et al., 2021). Additionally, because it has been found that LoL 
events lasting 1 s may not actually be real, we excluded them from our data set (Pezzopane et al., 2021). The sTEC 
time-series are Level 2 data that can be downloaded from the ESA dissemination server (ftp://swarm-diss.eo.esa.
int), where they are available at a time resolution of 0.1 Hz until 14 July 2014, when the sampling frequency was 
increased to 1 Hz. We limited our analysis to the period between 15 July 2014 and 31 December 2021. Addition-
ally, we focused on the mid- and high-latitude regions in both hemispheres.

We used IMF Bx, By, and Bz components downloaded from the NASA OMNI Web Data Explorer website (https://
omniweb.gsfc.nasa.gov/form/dx1.html) to see if the IMF has any influence on the occurrence and geographi-
cal distribution of GPS LoL events. The ACE and Wind spacecrafts, which are both near L1 Lagrange point, 
provided the IMF measurements at 1 min cadence. These data are successively time-shifted to the Earth's bow 
shock's nose. The left column of Figure 1 illustrates the distributions of the three IMF components during the 
considered time period. The resulting joint Probability Density Function (PDF) for IMF By and Bz components 
is presented in the first row on the left. The distribution displays two symmetrical peaks with respect to both the 
By = 0 and Bz = 0 axes. Both are centered around the value of IMF Bz = 0, while IMF By ≃ ±2 nT. The joint PDF 
for IMF Bx and By components can be found in the second row of on the left of Figure 1. The distribution displays 
two peaks that are roughly located on the bisector By = −Bx. This behavior can be explained by the spiral structure 
of the IMF, where a positive sign of the IMF By component is often accompanied by a negative sign of the IMF 
Bx component, and vice versa (Karpachev et al., 1995).

To assign appropriate values of the IMF components that could have triggered favorable ionospheric conditions 
for each GPS LoL event, it is necessary to consider the time delay required for the IMF to produce variations 
in the magnetospheric-ionospheric convection system. It is not easy to evaluate this delay since it depends on 
various factors, such as the local time (Murr & Hughes, 2001), the solar wind velocity (Yu & Ridley, 2009), or 
the type of IMF turning (Dods et  al.,  2017; Ruohoniemi & Greenwald, 1996). The high-latitude ionospheric 
convection patterns can be considered as a combination of two time-varying patterns: one resulting from the 
coupling of the solar wind and magnetosphere at the dayside magnetopause and the other from the release of 
energy from the geomagnetic tail. The flows caused by the dayside coupling are more prominent on the dayside 
and typically dominate there. These flows are associated with an expanding polar cap region and exhibit excita-
tion and decay within approximately 10 min after the IMF changes direction to the South and North, respectively 
(Dods et al., 2017; Ruohoniemi & Greenwald, 1996). The flows resulting from the energy release in the tail, 
primarily during substorms, are most intense on the nightside, and are associated with a contracting polar cap 
boundary. These flows are triggered on a timescale of approximately 1 hr after the IMF turns South (Lockwood 
et al., 1990). Therefore, we approximated the time delay by selecting a value midway between the delay that char-
acterizes MLT around noon (few minutes, Dods et al., 2017; Ruohoniemi et al., 1993) and that of the nightside 
(∼1 hr, Lockwood et al., 1990). We decided to assign to each LoL event an average IMF value based on the values 
obtained between 20 and 40 min before the event. This choice appears to be a reasonable timescale for the IMF to 
induce global effects in the high-latitude ionosphere, and it has previously been used for statistical studies (Coley 
& Heelis, 1998; Consolini et al., 2021; De Michelis et al., 2017; Jin et al., 2020; Moen et al., 2015).

We only considered the first 5 s of each of the identified LoL events, which ranged in length from 2 to 1,200 s. 
This decision was forced by the need to be able to accurately identify the IMF orientations that might have led to 
the occurrence of LoL events in the ionosphere. The joint PDF of the By and Bz components, conditioned on the 
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first 5 s of each GPS LoL event, is shown in the first row of the right column of Figure 1. The joint PDF in  the 
first row of the right column of Figure 1 shows a dominant peak located at By > 0 and Bz < 0, indicating that 
LoL events are more likely to occur during periods characterized by a specific IMF orientation. A similar trend 
is observed in the second row of the same column, where the joint PDF of Bx and By values, relative to the first 
5 seconds of GPS LoL events, exhibits a single main peak for By > 0 and Bx < 0. These results demonstrate that 
the IMF patterns associated with GPS LoL events differ significantly from those of corresponding to the overall 
distribution.

3. Analysis and Results
Our analysis began by mapping the LoL events recorded by the Swarm satellites during the selected time interval 
as a function of four different IMF orientations in the geocentric solar magnetospheric (GSM) yz-plane, which 
define four different sectors. Our goal was to investigate whether LoL event occurrences are influenced by IMF 
orientation, and to determine whether there exist any spatial pathways privileged for LoL occurrences, as a func-
tion of IMF orientation. Figure 2 depicts a polar view of these events in the Northern hemisphere. LoL event maps 
were generated by arranging data in quasi-dipole (QD) magnetic latitude (MLat) and MLT. When examining 
phenomena related to horizontally stratified ionospheric currents, the QD coordinate system is preferred over 
other reference frames, according to Richmond (1995), and is therefore utilized in our analysis. Furthermore, 

Figure 1. In the first row: on the left there is the joint Probability Density Function (PDF) of By and Bz obtained from all OMNI data recorded from 15 July 2014 to 
31 December 2021, and on the right there is the joint PDF of By and Bz conditioned on the occurrence of loss of lock (LoL) events. In the second row: on the left is the 
joint PDF of Bx and By obtained from all OMNI data recorded from 15 July 2014 to 31 December 2021, and on the right is the joint PDF of Bx and By conditioned on the 
occurrence of LoL events.
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instead of QD magnetic longitude, MLT is used to display data relative to the position of the Sun. When the 
number of LoL events for each IMF sector identified in the GSM yz-plane are compared, it is possible to see that 
the most populated sector has By > 0 and Bz < 0 (34.7%), while the sector with the most unfavorable conditions 
has By < 0 and Bz > 0 (15.6%). The remaining two are nearly evenly populated (∼25%). The magnetic cusp, which 
is located around the noon meridian at magnetic latitudes ranging from approximately 70°–85° depending on the 
level of geomagnetic activity, is a region that is particularly affected by LoL events. Upon examining the distri-
bution of LoL events in relation to the various IMF orientations, we observe that the maximum relative to the 
cusp shifts toward dawn or dusk, depending on the sign of the IMF By component. This phenomenon is evident 
in both hemispheres.

A magenta curve was added to each of the four polar maps in Figure 2, corresponding to the MLat value of 75°. 
This curve allows us to distinguish two distinct regions: one at higher latitude (MLat ≥ 75°), which includes the 

Figure 2. Polar view of loss of lock events spatial distribution for the Northern hemisphere in a quasi-dipole magnetic latitude (MLat ≥ 50°N) and magnetic local 
time reference frame, for four different interplanetary magnetic field (IMF) sectors in the geocentric solar magnetospheric yz-plane. Maps have been drawn using data 
recorded onboard Swarm A and Swarm B from 15 April 2014 to 31 December 2021. MLat = 75°N can be distinguished by the magenta colored curve. Percentage at 
bottom right of each plot indicates the fraction of events characterized by that particular IMF configuration, with respect to the total number of events.
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polar cusp and polar region, and one at a lower latitude (50° ≤ MLat < 75°), which essentially includes the auroral 
oval. This distinction is useful in comparing our results to previous studies that examined both polar caps and/
or auroral ovals.

Figure 3 provides a detailed examination of GPS LoL events observed in the Northern hemisphere at high lati-
tudes (MLat ≥ 75°) as a function of IMF orientation on the GMS yz-plane. This Figure 3 is composed of four 
panels, each describing different characteristics of the LoLs. Panel a shows the distribution of LoL events as a 
function of By and Bz values. Different colors have been assigned to each sector and the intensity of each color 
corresponds to the number of events. As the color intensifies, the number of LoL events linked to a given pair of 
IMF values increases. The majority of LoL events tend to cluster in the sector with Bz < 0 and By > 0, although 
even the sector with Bz > 0 and By > 0 has a significant number of events as seen in Figures 1 and 2. In panel 
b of Figure 3, we show how the number of LoLs recorded in each IMF sector varies with MLT. To more easily 
distinguish the trend of the number of LoLs with MLT for each IMF sector, the colors of the traces match those 
in panel a. According to the trends reported in panel b, the majority of LoL events takes place near the noon 
sector, confirming the cusp as the region most affected by LoL events. The events distribution is not symmet-
rical with respect to midday, but there is an excess of events in sectors 06:00–12:00 MLT, owing primarily to 

Figure 3. (a) Global Positioning System (GPS) loss of lock (LoL) events distribution at MLat ≥ 75° as a function of interplanetary magnetic field (IMF) By and Bz 
values. Different colors have been chosen for each sector and, within each sector, the intensity of the chosen color provides an indication of the number of events; 
(b) GPS LoL event distributions in each IMF sector as a function of MLT. The colors of the traces match those in the panel (a). (c) GPS LoL event distributions as a 
function of MLT, according to the different sign of the IMF By component; (d) GPS LoL event distributions as a function of MLT, according to the different sign of the 
IMF Bz component.
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events that occur in conjunction with By > 0. This trend is more pronounced in panel c of the same figure, where 
the number of LoL events is reported as a function of the sign of IMF By component, once again as a function 
of MLT. When the IMF By component is positive, LoL events tend to be concentrated at high latitudes in the 
midnight-dawn-noon sector. In panel d of Figure 3, we show the trend of the number of LoL events as a function 
of MLT, considering only the sign of the Bz component. The plot clearly indicates a tendency for LoL events to 
cluster around midday and to increase in the case of a negative value of IMF Bz component.

The same analysis was performed on the LoLs recorded in the auroral oval region (50° ≤ MLat < 75°). The results 
obtained from the analysis are presented in Figure 4. Panels a and b indicate that LoL events tend to occur more 
frequently for Bz < 0. The analysis of the MLT distribution reveals that LoLs tend to occur frequently at night, 
specifically between the hours after sunset and the early morning hours (18:00–03:00). Additionally, several LoL 
events are also observed around noon, which are associated with events occurring on the cusp and extending to 
magnetic latitudes below the 75° threshold set in our analysis. Unlike the patterns observed at higher latitudes, 
the LoL events at these latitudes do not exhibit a preferred MLT path as a function of the sign of By or Bz sign.

The same study was performed in the Southern hemisphere, where there are more LoL events (see Figure 5). 
Here the distributions are even clearer than those of the Northern Hemisphere. The shift of the concentration of 

Figure 4. (a) Global Positioning System (GPS) loss of lock (LoL) events distribution at 50° ≤ MLat < 75° as a function of interplanetary magnetic field (IMF) By and 
Bz values. Different colors have been chosen for each sector and, within each sector, the intensity of the chosen color provides an indication of the number of events; (b): 
GPS LoL event distributions in each IMF sector as a function of magnetic local time (MLT). The colors of the traces match those in the panel (a). (c) GPS LoL event 
distributions as a function of MLT, according to the different sign of the IMF By component; (d) GPS LoL event distributions as a function of MLT, according to the 
different sign of the IMF Bz component.
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events in the cusp region toward dawn or dusk depending on IMF By sign, previously mentioned, is also visible 
here. However, the shift is reversed compared to the one seen in Figure 2 because By's effect is mirrored in the two 
hemispheres. Additionally, the maxima in the cusp are more distinct when Bz < 0. Because there are more events 
in this hemisphere, it is easier to observe another interesting characteristic: LoL events spread over a larger area 
during negative Bz periods, reaching lower magnetic latitudes than during positive Bz periods. Moreover, LoLs 
appear to be favored by a positive configuration of the IMF field's By component, particularly between 21:00 and 
01:00 MLT, at lower latitudes. These features are evident in the results presented in Figures 6 and 7. We analyzed 
the dependence of LoLs on IMF orientation in the Southern hemisphere in the same way as in the Northern hemi-
sphere, considering the events occurring at magnetic latitudes greater and less than −75°.

Figure 6 presents a detailed analysis of the LoL events observed at high latitudes (MLat ≤ −75°) in relation to 
the IMF orientation on the GSM yz-plane. Panel a shows the distribution of LoL events as a function of By and 

Figure 5. Polar view of loss of lock events spatial distribution for the Southern hemisphere in a quasi-dipole magnetic latitude (MLat ≤ −50°N) and magnetic local 
time reference frame, for four different interplanetary magnetic field (IMF) sectors in the geocentric solar magnetospheric yz-plane. Maps have been drawn using data 
recorded onboard Swarm A and Swarm B from 15 April 2014 to 31 December 2021. MLat = −75°N can be distinguished by the magenta colored curve. Percentage at 
bottom right of each plot indicates the fraction of events characterized by that particular IMF configuration, with respect to the total number of events.
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Bz values, indicating that the majority of LoL events cluster in the sector with Bz < 0 and By > 0. In panel b, the 
number of LoLs recorded in each sector is plotted as a function of MLT, revealing that most LoL events occur 
close to noon, confirming the cusp as the area with the highest number of LoL events. The LoL distribution is 
not symmetric with respect to noon, with more events occurring in the time periods between 12:00 and 18:00 
MLT due to events that coincide with IMF characterized by By > 0. This trend is more apparent in panel c, where 
the number of LoL events is shown as a function of the sign of the IMF By component, and then as a function 
of MLT. Here, LoL events tend to concentrate at high latitudes in the midnight-dusk-noon sector when the IMF 
By component is positive. Finally, in panel d, the trend of the number of LoL events as a function of the MLT is 
reported in the panel d, taking only the sign of IMF Bz component into account. This plot clearly shows that LoL 
events tend to increase with negative values of Bz and cluster around noon.

Figure 7 displays the LoL distributions in the area enclosed by the coordinates −75° < MLat ≤ −50°, yielding 
results similar to Figure 4. The early morning and late evening distribution peaks, which correspond to the events 
occurring in the night-side auroral oval, are even more distinct in this instance. Panel c of Figure 7 confirms that 
By > 0 is the most favorable condition for LoL occurrence in the nightside auroral oval region. Additionally, both 
Bz orientations contribute equally during the night; around noon, the peak corresponding to the cusp's lower lati-
tudes, which is favored by negative Bz conditions, can be observed once again.

Figure 6. (a) Global Positioning System (GPS) loss of lock (LoL) events distribution at MLat ≤ −75° as a function of interplanetary magnetic field (IMF) By and 
Bz values. Different colors have been chosen for each sector and, within each sector, the intensity of the chosen color provides an indication of the number of events; 
(b) GPS LoL event distributions in each IMF sector as a function of MLT. The colors of the traces match those in the panel (a). (c) GPS LoL event distributions as a 
function of MLT, according to the different sign of the IMF By component; (d) GPS LoL event distributions as a function of MLT, according to the different sign of the 
IMF Bz component.
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We looked also for any possible correlation between the LoL event's duration and the related IMF conditions. To 
achieve this result, we examined the cumulative distribution of LoL duration, considering both the hemispheres 
together, and divided the events into three different groups of increasing duration. We specifically identified three 
groups by taking into account the distinctive shape of the cumulative distribution (see Figure 8 on the left), which 
is characterized by an extremely high number of LoL events with a time duration (ΔT) of about 18/19 s, as also 
found by Xiong et al. (2018). By setting two thresholds in the cumulative distribution at approximately 9% and 
78%, we divided the events into those with ΔT < 18 s, those with 18 s ≤ ΔT ≤ 19 s, and those with ΔT > 19 s. 
By averaging the By and Bz components in relation to the events that make up each group, we were able to create 
an associated vector in the yz-plane. Figure 8 reports the cumulative distribution of LoL duration on the left, 
with the resulting IMF vectors in the yz-plane on the right. Vectors are colored according to the LoLs' group they 
refer to. According to what is shown in the upper right plot of Figure 1, all three vectors in both hemispheres are 
located in the IV sector. It's worth noting that the green and the orange vectors, which represent the groups of 
events with the shortest and longest duration respectively, have similar module. The purple vector, representing 
approximately 70% of the events, which lasted 18 or 19 s, is associated with a lower IMF intensity in the yz-plane.

As it was evident from the previous analysis, IMF orientation, which is in charge of plasma motions in the high 
latitude ionosphere, has an impact on GPS LoL events. By using the electrostatic potential maps obtained from 

Figure 7. (a): Global Positioning System (GPS) loss of lock (LoL) events distribution at −75° < MLat ≤ −50° as a function of interplanetary magnetic field (IMF) By 
and Bz values. Different colors have been chosen for each sector and, within each sector, the intensity of the chosen color provides an indication of the number of events; 
(b) GPS LoL event distributions in each IMF sector as a function of MLT. The colors of the traces match those in the panel (a). (c) GPS LoL event distributions as a 
function of MLT, according to the different sign of the IMF By component; (d) GPS LoL event distributions as a function of MLT, according to the different sign of the 
IMF Bz component.
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the empirical convection model based on the high-frequency coherent scatter radars of the Super DualAuroral 
Radar Network (SuperDARN) data, we compared the spatial distribution of LoL events on MLat—MLT plane 
to the high-latitude convective cells (Chisham et al., 2007). SuperDARN consists of high-frequency (8–20 MHz) 
coherent scatter radars, which emit a series of radio wave pulses that are transmitted in a beam forward of the 
antenna arrays. In this way it is possible to measure the velocity of the ionospheric convection flow in the radar 
look direction over the polar regions and obtain information on the decameter-scale plasma irregularities in the E 
and F regions of the ionosphere by measuring the Doppler shift between the transmitted signal and the reflected 
one. By combining the line-of-sight vectors from various radars with overlapping fields of view, the radar obser-
vations can cover a wide area and provide a thorough understanding of the motion of plasma in the polar iono-
sphere. We use the “map potential” model developed by Ruohoniemi and Baker (1998), which combines data 
from a statistical model (Ruohoniemi & Greenwald, 1996) to produce a convection pattern over the entire convec-
tion zone that is in the best agreement with the line-of-sight velocity measurements provided by the SuperDARN 
radars. This model, known as the CS10, can reproduce the mesoscale features of ionospheric convection patterns 
at high latitudes for a wide range of solar wind, IMF, and dipole tilt angle parameter values. Thus, for each of 
the four possible IMF orientations in the GSM yz-plane, we generated an average pattern of the high-latitude 
ionospheric convection pattern. Each pattern is obtained considering as input data the root mean squared values 
of Bz, By, and solar wind velocity obtained from OMNI data in the periods associated with the occurrence of LoL 
events, in each selected IMF sector and setting the dipole tilt angle to −10° for Northern hemisphere and 10° for 
Southern hemisphere. Because LoL events typically occur more frequently between September and May, they 
are centered on either local winter or local summer conditions depending on the hemisphere, which is why these 
values for the dipole tilt angle were chosen. Data so generated have been downloaded from the SuperDARN 
Dynamic Model Web Interface (http://sdnet.thayer.dartmouth.edu/models/dynamicmodel.php#SDDM). Figure 9 
displays the electrostatic potential maps generated using the empirical convection model based on SuperDARN 
data and the LoL events in the Northern hemisphere, on the MLat—MLT plane, recorded by Swarm satellites. It 
is interesting to note that the LoL events that occur at the cusp and over the polar cap preferentially appear in the 
space between the two cells, following the plasma motion trajectory toward the night-side, especially when the 
IMF By component is positive. The events that make up the night-side band, on the other hand, typically occur 
at the edge of convective cells, where the flow begins to turn back toward the Sun, moving from lower latitudes 
in the dawn and dusk sectors. A similar pattern can be seen in the Southern Hemisphere, as shown in Figure 10.

We repeated the previous analysis by considering different IMF orientations in the GSM xy-plane. This was 
done to investigate whether there was a specific effect associated with the IMF Bx component. Here we show the 
results only for the Southern hemisphere, where the higher number of events provides clearer insights into their 

Figure 8. On the left is the cumulative distribution of loss of lock (LoL) duration, with two horizontal red lines representing 
the two ΔT threshold values that classified LoLs into one of three groups. The mean interplanetary magnetic field (IMF) 
vector projections in the yz-plane are shown on the right. Each vector is constructed by taking into account the IMF values 
associated with a specific class of LoL events. The green vector represents all LoL events that last less than 18 s. The purple 
vector corresponds to events with 18 s ≤ ΔT ≤ 19 s. Finally, the orange vector is obtained by taking into account the longest 
events (ΔT > 19 s). This diagram combines events that occur in both hemispheres.
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characteristics. However, the results in the Northern hemisphere are comparable. Figure 11 represents the GPS 
LoL events spatial distribution at mid and high latitude, depending on the Bx and By signs. As one can see, the 
configurations with the highest number of GPS LoLs are those in which the signs of the Bx and By components 
are opposite. This reflects the anti-correlation between these two components, which was already observed when 
looking at their joint PDF (see Figure 1's second row) and that is due to the spiral structure of the IMF. The 
configuration with negative values of the IMF Bx component and positive values of the IMF By component is 
more favorable to the occurrence of GPS LoLs, hosting nearly half of the total number of events. The effect of the 
IMF Bx component on the spatial distribution of GPS LoLs appears to be similar to that of the IMF By component 
in the GSM yz-plane. In fact, as shown in our analysis of the Southern hemisphere (results in the Northern hemi-
sphere are comparable), the events in the cusp region shift from dawn to dusk when the Bx component changes 
from positive to negative values. The effects of IMF Bx on the spatial distribution of GPS LoLs are similar to 
those of IMF By in the GSM yz-plane, as shown in Figure 12. This figure presents the LoL events observed at 

Figure 9. Comparison between Global Positioning System loss of lock (LoL) events recorded by Swarm constellation and SuperDARN polar potential maps obtained 
using the statistical convection model CS10. Data are reported as a function of magnetic local time and magnetic latitude in the Northern hemisphere according to 
different interplanetary magnetic field (IMF) orientations in the geocentric solar magnetospheric yz-plane. Color is used to represent electrostatic potential using the 
scale on the right. A black dot is used to represent each LoL event that happened under that IMF conditions.
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high latitudes (MLat ≤ −75°), as a function of MLT and IMF orientation on the GSM xy-plane. Panel a displays 
the distribution of LoL events as a function of Bx and By values, with most events concentrated in the II sector. 
The associated distribution of LoL events as a function of MLT is shown in green in panel b, and it reveals a 
peak shifted toward the afternoon hours rather than being centered around noon. The most intriguing findings 
are presented in panels c and d of the Figure, where the GPS LoLs distribution is reported as a function of MLT 
taking into account the sign of the IMF Bx and By components, respectively. The results obtained for the latitude 
band −75° < MLat ≤ −50° are analogous and, therefore, not shown.

4. Discussion and Conclusions
This paper builds on the observation that GPS LoL events are frequently caused by ionospheric irregularities, 
whose formation and behavior depend on various factors. Previous studies aimed identifying the physical causes 

Figure 10. Comparison between Global Positioning System loss of lock (LoL) events recorded by Swarm constellation and SuperDARN polar potential maps obtained 
using the statistical convection model CS10. Data are reported as a function of magnetic local time and magnetic latitude in the Southern hemisphere according to 
different interplanetary magnetic field (IMF) orientations in the geocentric solar magnetospheric yz-plane. Color is used to represent electrostatic potential using the 
scale on the right. A black dot is used to represent each LoL event that happened under that IMF conditions.
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underlying ionospheric irregularities formation, and the processes that affect their presence and spatiotemporal 
distribution. Theoretical studies and simulations have addressed different instability processes, while analyses of 
their distribution based on MLat, MLT, season, geomagnetic conditions and solar activity have been conducted. 
Given that Pezzopane et al. (2021) have already examined the dependence of GPS LoLs on MLat, MLT, season, 
and solar activity, we decided to investigate the impact on these events of another parameter, which had not yet 
been taken into account: the IMF orientation. We focused on the high-latitude regions, where the IMF has a 
strong influence on the ionospheric plasma dynamics. We analyzed GPS LoL events recorded by the Swarm 
constellation between 15 July 2014, and 31 December 2021. We assigned to each LoL event a mean value of the 
IMF's Bx, By, and Bz components, consistent with the average values of the IMF 20–40 min prior to the LoL event. 
Subsequently, we grouped the LoL events based on their relative IMF orientation in the GSM yz- and xy- planes 
and examined how their distributions in QD MLat and MLT vary with respect to the IMF orientation. In order to 
determine whether specific IMF orientations are associated with the occurrence of LoL events, we first looked at 
the joint PDF between the By and Bz component values for the entire chosen time period. We then compared the 
results to the PDF of the By and Bz values conditioned on the occurrence of GPS LoL events. Following that, we 

Figure 11. Polar view of loss of lock events spatial distribution for the Northern hemisphere in a quasi-dipole magnetic latitude (MLat ≥ 50°N) and magnetic local 
time reference frame, for four different interplanetary magnetic field (IMF) sectors in the geocentric solar magnetospheric xy-plane. Maps have been drawn using data 
recorded onboard Swarm A and Swarm B from 15 April 2014 to 31 December 2021. MLat = 75°N can be distinguished by the magenta colored curve. Percentage at 
bottom right of each plot indicates the fraction of events characterized by that particular IMF configuration, with respect to the total number of events.
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also compared the PDF of the Bx and By values conditioned on the occurrence of GPS LoL events with the PDF of 
the Bx and By values over the entire selected time period. The results of these comparisons are shown in Figure 1 
and it is immediately obvious that the LoL events seem to happen more frequently when the IMF is oriented in a 
particular way. In fact, the traditional distribution of the values in the GSM yz-plane, characterized by two main 
peaks in almost exclusively eastward and westward directions (Haaland et al., 2007), is detectable by examining 
the PDF of the By and Bz values associated with the entire chosen period, which reflects the IMF orientation along 
the Parker spiral. On the same plane, the PDF of the By and Bz values conditioned to the occurrence of LoL events 
has a completely different distribution. LoL events are favored by a specific range of IMF clock-angle in the GSM 
yz-plane, which includes the IV sector (By > 0, Bz < 0) in particular, but also a portion of the I sector (By > 0, 
Bz > 0). The IV sector implies negative Bz values, which enhance magnetic reconnection at the low-latitude 
dayside magnetopause, strongly influencing plasma motions in the polar regions with the formation of the two 
large-scale convective cells. The By sign, on the other hand, influences the location and shape of the cells. The 
most advantageous condition appears to be By > 0. This is also visible in the right panel of the second row of 
Figure 1, where the PDF of Bx and By values conditioned on LoL events is reported. Even on the GSM xy-plane, 
an IMF orientation with a positive By component and a negative Bx component seems to favor the occurrence of 
LoL events.

Figure 12. (a): Global Positioning System (GPS) loss of lock (LoL) events, occurred at MLat ≤ −75°, are represented by circles colored according to the interplanetary 
magnetic field (IMF) sector in geocentric solar magnetospheric xy-plane they belong to. Darker color indicates higher grouping of points; (b) GPS LoL event 
distributions in each IMF sector as a function of magnetic local time (MLT). The colors of the traces match those in the panel (a). (c) Distributions of GPS LoL events 
as a function of MLT and with respect to the IMF Bx component sign; (d) Distributions of GPS LoL events as a function of MLT and with respect to the IMF By 
component sign.
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Figures 2 and 5 represent the polar views of LoL events distribution in QD MLat and MLT, depending on IMF 
orientations in the GSM yz-plane, for Northern and Southern hemispheres, respectively. The shift in MLT of the 
location of the maximum of LoL events, which is visible at high latitude around noon, is a significant feature 
that can be seen in both hemispheres. This maximum relates to the cusp region, where particle precipitation 
may result in the development of irregularities of plasma density, which may result in LoL events. The IMF By 
component sign is clearly a factor in determining where this maximum is located. The maximum for positive 
values of the IMF By component, which is always around noon, tends to move toward dawn in the Northern 
hemisphere and toward dusk in the Southern one. In the case of a negative value for the IMF By component, the 
maximum moves in the opposite direction. This movement of the maximum of LoL events around noon at high 
latitude corresponds with the movement of the cusp region as a function of IMF By sign (Tanaka, 2007). This 
feature is also visible in Figures 3 and 6, where panel c reports the LoLs' MLT dependence, conditioned to the 
sign of By, at those latitudes (|MLat| ≥ 75°), which roughly include the cusp and the polar cap. This feature is 
consistent with recent findings regarding the dependence of polar cap patches on the sign of the IMF By compo-
nent (Spicher et al., 2017). The polar cap patches are plasma density enhancements caused by the segmentation 
of the ionization tongue, whose triggering mechanism is still debated (Clausen & Moen, 2015). Once formed, 
plasma convection transports them over the polar cap. When sorted by IMF By sign, their spatial distribution is 
characterized by a dawn-dusk asymmetry, with a higher number found in the Northern postnoon and prenoon 
sectors for negative and positive IMF By components, respectively. The phenomenon has an interhemispheric 
asymmetry. The strong correlation between the characteristics of polar cap patches and LoL events suggests that 
these plasma density irregularities may be a cause of LoL events. This hypothesis is supported also by Cherniak 
and Zakharenkova (2016) and Xiong et al. (2019), who both investigated the effect of polar cap patches formed 
during the 2015 St. Patrick's Day storm on the GPS receivers onboard Swarm A and B. They discovered that both 
satellites lost contact with several GPSs while crossing different patches. In particular, Xiong et al. (2019) looked 
into why Swarm B lost GPS signal on all eight channels but Swarm A only on four, despite passing through polar 
patches with comparable magnitudes of dense plasma and taking into account that satellites at lower altitudes 
are typically more affected by LoL events. The impact on GPS signal, according to the justification provided, is 
also dependent on where the polar cap patches are located. Swarm B encountered a patch near the cusp, where 
they become more structured and are accompanied by a number of instabilities. Patches become less organized 
and have less impact on the GPS signal after the polar cap's plasma convection. Focusing on the effect of Bz in 
Figures 2 and 5, we can see that the majority of events in both hemispheres take place when this component is 
negative, which occurs when there is a magnetic reconnection at the dayside magnetopause. In this configura-
tion of the IMF, the two cells pattern covers a larger area and descends to lower latitudes, resulting in a higher 
rate of open flux in the magnetosphere and more efficient convection of the high-latitude plasma. In fact, LoL 
events associated with Bz < 0 are distributed over a wider region, both on the dayside and on the nightside, as 
it is particularly noticeable in the Southern hemisphere. Now, if we focus on the QD MLat band that includes 
the nightside auroral oval region (50° ≤ |MLat| < 75°), we can see from Figures 4 and 7 that the IMF By and Bz 
influence on LoLs' MLT coordinate is not straightforward. The only clear feature is a generally higher number of 
events coinciding with By > 0 condition in the Southern hemisphere (see panel c of Figure 7). Then, excluding 
the events happening in the daily hours, which are dominated by the already described behavior followed by the 
cusp's lower part, the events occurring in the night sector do not show a clear MLT dependence on the IMF By and 
Bz components. We wanted also to verify if the IMF orientations had any effect on the duration of a LoL event. 
To do this, after examining the distinctive shape of the LoLs duration cumulative distribution, we divided the 
events into three groups based on their duration and calculated the mean By and Bz components for each group. As 
it was shown in Figure 8, all three obtained vectors lie on the IV sector of the yz-plane. This is consistent with 
the PDF of By-Bz values conditioned on the occurrence of LoL events (see Figure 1), confirming that this type of 
event is favored by a particular IMF orientation. Furthermore, the shortest and longest events appear to be linked 
to a higher module of the IMF projection on the yz-plane, with respect of the events with duration equal to 18 or 
19 s. What was discovered is difficult to understand. However, it appears that there is no correlation between the 
duration of LoL events and the IMF's strength, as the strength field is associated with LoLs of both extremely 
short and longer duration.

Next, we investigate the geographic position of the identified LoL events in relation to high-latitude convective 
cells. The distribution of these events, depicted as black points in Figures 9 and 10, can be seen in relation to 
SuperDARN polar potential maps, which were obtained using the statistical convection model CS10. The shape 
of the dayside cells determines where LoLs cluster, and then they move along the path between the two cells 
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toward the nightside sector. The events in the nighside band seem to take place in areas where the convective 
pattern is characterized by a return flow toward the Sun. This specific spatial location of the LoLs is clearer for 
conditions where By > 0 in the Northern hemisphere (see Figure 9) and Bz < 0 in the Southern hemisphere (see 
Figure 10). However, the behavior of LoLs is unclear in the remaining cases, although a preference for LoL 
distribution along the edges of convection cells is observed in all cases. Each SuperDARN map was created by 
taking the average value of the By, Bz, and solar wind velocity parameters and combining them with all of the LoL 
events from that specific IMF clock-angle sector. As a result, each LoL event may be better represented by a map 
generated using its own unique interplanetary conditions. Last but not least, focusing on the potential contribution 
of Bx to the high-latitude dynamics that generates favorable conditions for LoL events, we found that its impact is 
correlated with By due to the anti-correlation between these two parameters, which is brought about by the IMF 
spiral structure. In fact, we found that the effect of the Bx sign usually corresponds to the effect of the opposite 
sign of By. There is a portion of LoL events for both the Northern (which is not displayed in this work) and South-
ern hemispheres that is roughly 20% of the total and corresponds to the case where Bx and By have the same sign. 
Even though the number of events in this case is insufficient to result in distinct features on the MLat-MLT maps, 
they are significant enough to deserve further investigation.

To summarize, our analysis of GPS LoL events recorded by Swarm satellites between 15 July 2014 and 31 
December 2021, clearly indicates a dependence on the IMF orientation. These events occur more frequently 
when Bz < 0 and By > 0 and their spatial distribution in the QD-magnetic latitude and MLT coordinate systems 
is affected by the signs of By and Bz, with the cusp and polar cap regions showing the strongest effects. This 
interplanetary influence highlights the connection between GPS LoL events and the high-latitude convection 
pattern. It is interesting to note that these events often occur in regions with ionospheric irregularities, primarily 
related to the occurrence of instabilities such as the gradient-drift instability, which arises from the interaction 
between plasma density gradients and electric fields, the Kelvin-Helmholtz instability, which arises from the 
shear between plasma flows with different velocities, and the current-convective instability, caused by a turbu-
lent heating of the plasma due to the passage of a current. All of these instabilities typically take place in the 
cusp, in the auroral oval, and near the dawn and dusk terminators (Greenwald et al., 2002). These instabilities 
can also lead to the development of a turbulent regime in the plasma. Recently, it has been shown (De Michelis 
et al., 2022) that LoL events tend to occur at high latitudes in the presence of electron density fluctuations in 
a turbulent regime, characterized by extremely high values of the RODI index, which is a proxy of the rate of 
change of electron density in the ionosphere. The findings of this work confirm the importance of the presence 
of electron density fluctuations with specific properties as a necessary condition for the occurrence of a possible 
LoL event. These results are part of a better understanding of the mechanisms and triggering factors of LoLs, 
which is helpful in assessing the risk of this phenomenon and mitigating its effects on GNSS systems.
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