
1. Introduction
Our society is becoming increasingly dependent on Global Navigation Satellite Systems (GNSS), such as the 
American Global Positioning System (GPS), the Russian GLONASS, the Chinese BeiDou, and the European 
GALILEO. These systems are fundamental for providing precise positioning on our planet, as well as for the 
timing and synchronization operations at the base of a vast number of activities. For this reason, critical infra-
structures, such as power systems, railway control, maritime transport, civil and military aviation, communication 
technologies, government services, banking and finance systems, depend on the proper functioning of these 
navigation satellite systems (Moldwin,  2008). The crucial importance of a well-performing GNSS is further 
appreciated when realizing the degree of complexity of the interdependence between strategic infrastructures in 
our modern society.

One of the natural factors that contribute most to the degradation of GNSS signals, hindering the accuracy 
and reliability of these systems, is represented by ionospheric irregularities, that affect electromagnetic signals 
propagating through the ionosphere (Kintner & Seyler, 1985; Prikryl et al., 2011; Tsunoda et al., 1985). The 
ionospheric irregularities are plasma density variations that occur on scale sizes ranging between a few meters 
and hundreds of kilometers. Although they show a spatial and temporal distribution that are strongly controlled 
by geophysical parameters such as season, local time, longitude and latitude, they are often linked to disturbances 
of solar origin such as solar flares and coronal mass ejections (Kil et al., 2009; Tsunoda et al., 1985). This means 
that, especially in the case of significant solar events, such ionospheric structures may lead to one of the typical 
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effects of adverse space weather, that is, the degradation, at best, and the interruption, at worst, of the signals 
propagating toward a GNSS receiver. In the latter case, we observe a loss of lock (LoL) that is a condition for 
which a GNSS receiver can no longer track the signal sent by the satellite.

Some ionospheric plasma density irregularities are due to the occurrence of plasma turbulent processes. Turbu-
lence is a phenomenon that each of us can observe directly. The arabesques formed by the smoke of a cigarette or 
the coffee poured into a glass of milk, the swirling motion of a stream or the motion of the meteorological pertur-
bations observed by satellites are only a few of the examples where fluid turbulence is observed (Frisch, 1995; 
Tsinober, 2009). More generally, we can say that the term turbulence means the irregular and random motion 
of a fluid or a plasma. This definition, far from being exhaustive, tries to synthetically express one of the most 
complex and interesting phenomena in physics, that is at the base of a variety of mechanisms in which the 
redistribution of the system energy gives rise to important phenomena profoundly affecting the system itself. 
This happens in many natural systems and can be considered a crucial element also in the Earth's ionosphere 
where different driving mechanisms can trigger a turbulent state (Kelley, 2009). Numerical simulations and in 
situ observations have found that conditions boosting the development of turbulence may be built up in different 
regions of the ionosphere (Hysell & Shume, 2002; Kintner & Seyler, 1985). Indeed, it has been found that the 
F layer at both high and low latitudes can be characterized by irregularities, instabilities and turbulence cover-
ing a broad range of scales. Power spectra are often used to investigate and describe the occurrence of possible 
cascade processes of plasma density irregularities occurring in a turbulent state from large to small scales. In 
these conditions, power spectra are well described by power laws that extend over a wide range of scales and 
their slopes can be evaluated using different measurements covering various wavelength regimes. The analysis of 
electron density data, recorded on the ground and in the geospace at different latitudes, displayed power spectra 
with slopes ranging from 1.5 to 2.5 (Di Mare et al., 2021; Hobara et al., 2005; Jahn & Labelle, 1998; Kelley 
et al., 2002; Labelle et al., 1986; Spicher et al., 2014) although the most commonly reported value is around 1.9 
(Basu et al., 1988; Kintner & Seyler, 1985; Tsunoda, 1988). The reason behind the large scatter in the spectral 
indices is not obvious. Probably an important role is played by the different regions of space where the data are 
recorded, by the instrumentation of satellites, rockets, and balloons used that may not be able to distinguish the 
dimensionality of the turbulent field (Pécseli, 2016) and by the range of the analyzed scale lengths. However, 
instability and turbulence processes certainly play an important role, but they are not the only processes respon-
sible for the onset and evolution of plasma density irregularities (Materassi et al., 2020). For example, it has been 
suggested by Kelley et al. (1982) and later by Tsunoda (1988) that the structured soft-electron precipitation can 
be the cause of the large-scale plasma density irregularities (kilometric scales) at high latitude in the dayside and 
nightside auroral oval and that these irregularities are convectively transported over great distances throughout 
the polar ionosphere by large electric fields. The small-scale irregularities would be the result of the development 
of instabilities acting on the steep gradients associated with these large-scale irregularities.

In the past, many studies related to plasma density irregularities were carried out using data recorded by 
ground-based instruments or instruments installed on board rockets and satellites (Basu et  al.,  1988; Dyrud 
et al., 2006). Recently, interesting results have been obtained by analyzing measurements from the European 
Space Agency (ESA) Swarm constellation (Friis-Christensen et al., 2008), which consists of three identical satel-
lites flying around the Earth in a near-polar orbit at two different altitudes, that is, around 460 and 50 km above. 
Measurements of magnetic field (see, e.g., De Michelis et al. (2019) and references therein) and electron density 
(De Michelis, Consolini, Pignalberi, et al., 2021; De Michelis, Consolini, Tozzi, et al., 2021), along the orbits 
of Swarm satellites, have been used to address the scaling properties of their fluctuations and to unveil some 
interesting features of ionospheric dynamics. These studies have demonstrated the existence of a class of plasma 
density irregularities characterized by both fluctuations and an energy spectrum supporting the role of turbulent 
processes at their origin. In addition, these studies also showed that this class is always associated with very high 
values of the Rate Of change of electron Density Index (RODI), which is a proxy of the fluctuations intensity 
characterizing the ionospheric medium. This implies that, among all the possible ionospheric irregularities, those 
due to turbulent processes seem to be always accompanied by plasma density variations stronger than those 
generated by other mechanisms. This last feature is independent of both latitude and geomagnetic activity.

In this work, we use data recorded on board two of the three satellites of the Swarm constellation (namely, Swarm 
A and Swarm B) to assess the possible dependence of the GPS signals LoL on the presence of a specific kind 
of ionospheric irregularities, and thereby to shed some light on the possible origin of one of the largest space 
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weather effects on GNSS. Our results show that plasma density irregularities 
in a turbulent state characterized by intermittent structures and extremely 
high values of RODI can lead to GPS LoL events.

2. Data
In this study, we consider measurements from the Langmuir probes (Knudsen 
et al., 2017) and the precise orbit determination (POD) antennas (van den 
IJssel et al., 2015) on board Swarm A and Swarm B. These satellites were 
launched on 22 November 2013 in a circular near-polar orbit and are still 
operating. Their inclination is between 87° and 88° while the initial altitudes 
were about 460 km for Swarm A and 510 km for Swarm B. In detail, we use 
electron density (Ne) measurements collected by the Langmuir probes and 
Swarm Level-2 Total Electron Content (TEC) data, which contain time series 
of vertical and slant (both absolute and relative) TEC relative to each GPS 
satellite in view. Data are relative to a period of about 90 months, from 15 
July 2014 to 31 December 2021, have a time resolution of 1 Hz, and can be 
downloaded from the ESA dissemination server (ftp://swarm-diss.eo.esa.int). 
Using Ne time series it is possible to calculate RODI, which is the standard 
deviation of Ne time derivative calculated on a window of fixed width sliding 
along Ne time series. In detail, RODI is defined as
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where ROD (Rate Of change of electron Density) is the time derivative of 
the electron density recorded at time t, and 𝐴𝐴 ROD(𝑡𝑡) is the corresponding 
arithmetic mean in the sliding window. The width of the sliding window 
used for RODI calculation is Δt = 10 s, and due to the 1-Hz sampling rate 
of Ne data, the number of values falling in the window is therefore N = 11. 
For further info on RODI calculation from Swarm Ne data, please refer to 
Pignalberi (2021).

In order to identify a GPS LoL we use the Swarm Level-2 slant TEC (sTEC) 
time series. These are calculated from L1 and L2 ambiguity-corrected carrier 
phase observations contained in the RINEX files from POD antennas. 
Evidently, the sTEC value cannot be calculated whenever L1 and/or L2 are 
unavailable and this can happen when either the GPS satellite is outside the 
field of view of POD antenna, or a LoL is ongoing. Thus, we identify the 
LoL events by looking for interruptions in the sTEC time series for a specific 
GPS satellite, which is identified by the corresponding Pseudo Random 
Noise number (PRN). We choose for interruptions a length from 1 to 1,200 s, 
that guarantees that the identified interruptions are actually LoL and not due 
to the fact that the satellite has gone out of the field of view (Pezzopane 
et al., 2021).

Figure 1 shows an example of LoL events recorded on board Swarm A during 
the St. Patrick storm occurred in March 2015. Specifically, the ascending 
orbit on 17 March 2015 between 13:46:35 and 14:06:50 UT and between 
13:51:16 and 14:21:27 UT, related respectively to satellite PRN  =  9 and 
satellite PRN = 17, is shown. Figure 1 points out that for PRN = 9, sTEC 
cannot be calculated in one segment of the orbit, while concerning PRN = 17 
sTEC cannot be calculated in two segments of the orbit, because of LoL 
events occurring between the GPS receiver on board Swarm A and satellites. 

Figure 1. Examples of Global Positioning System loss of lock (GPS LoL) 
events as identified on 17 March 2015 in the slant TEC (sTEC) time series 
measured by Swarm A during the same orbit (the green arrow indicates 
whether the orbit is ascending or descending), but related to different satellites, 
Pseudo Random Noise number (PRN) = 9 (top) and PRN = 17 (bottom), 
and corresponding Rate Of change of electron Density Index (RODI) values 
calculated from electron density measurements. The magenta and gray belts 
identify the GPS LoL duration. Left panels represent the satellite track in a 
geographic coordinates map, while right panels show the corresponding plot 
latitude versus value (sTEC or RODI). The sTEC plot shows also the elevation 
angle of the satellite at the start (ϵstart) and at the end (ϵend) of the LoL event.

ftp://swarm-diss.eo.esa.int
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It is worth underlining that RODI, shown for the same orbit, significantly increases during the LoL events. This is 
an important aspect of the study because it testifies the fact that the irregularities responsible for the occurrence of 
the LoL event are close to the Swarm satellite. The same happens also for PRN = 1, PRN = 6, PRN = 7, PRN = 28 
and PRN = 30 (corresponding figures can be found in the Supporting Information S1). By examining all the GPS 
LoL events recorded on board Swarm A and Swarm B satellites from 15 April 2014 to 31 December 2021, we 
have found that LoL events have different duration: from a few tens of seconds down to a single second. However, 
a check of LoL events whose duration is 1 s, evidenced that most of them are most likely not real (Pezzopane 
et al., 2021). This is the reason why we removed them from our initial data set and analyzed only all the observed 
events longer than 1 s. Figure 2 reports a LoL statistics showing the number of GPS satellites in the field of view, 
and the corresponding number and percentage of GPS satellites experiencing LoLs. Figure 3 shows instead the 
spatial occurrence of LoL events recorded on board Swarm A and Swarm B during the selected period. Most 
events cluster, in both hemispheres, at low and high latitudes, and their occurrence maximizes along the crests 
of the equatorial anomaly at low latitudes, and inside the auroral oval at high latitudes. It is worth highlighting 
that, even though the used LoL identification method is based on sTEC time series and not on carrier phase and 
pseudo-range time series as done by Xiong et al. (2016); Xiong et al. (2018), the distributions shown in Figure 3 

Figure 2. Loss of Lock statistics for Swarm A (left) and Swarm B (right) in terms of number of Global Positioning System (GPS) satellites in the field of view (top), 
number of GPS satellites in loss of lock (middle), and percentage of GPS satellites in loss of lock (bottom).
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are highly comparable with those found by Xiong et al. (2018). In addition, 
according to Xiong et al. (2016) also our analysis results in a lower number 
of LoL events for Swarm B than for Swarm A, suggesting that the higher you 
go, the more irregularities decrease in number. This is consistent with the 
fact that the plasma environment here investigated is the topside ionosphere 
where the electron density undergoes a nearly-exponential decrease with alti-
tude. Indeed, at Swarm altitudes, the ionospheric plasma scale height is of 
the order or 50–100 km depending on latitude, local time, season, and solar 
activity (e.g., Pezzopane and Pignalberi  (2019); Pignalberi et  al.  (2022)). 
This means that at the altitude of Swarm B, which flies about 50 km above 
Swarm A, the electron density is significantly reduced. More in general, 
after three scale heights (150–300 km) the electron density is reduced by a 
factor 1/e 3 ∼ 0.05, which reasonably suggests that 95% of the topside electron 
density is concentrated in a narrow range of altitudes above Swarm satellites 
and not much further away.

3. Method
One of the most striking features of turbulent signals is the scale-invariant 
character of their fluctuations, which implies the absence of a characteris-
tic scale for the emerging fluctuation structures, that is, the occurrence of 
self-similarity/self-affinity in a statistical sense. A simple way to investigate 
the occurrence of scaling features in a time series is the evaluation of the 
so-called generalized qth-order structure function Sq (Frisch,  1995). It is 
defined as:

𝑆𝑆𝑞𝑞(𝑡𝑡) = ⟨|𝑓𝑓 (𝑡𝑡 + 𝛿𝛿𝑡𝑡) − 𝑓𝑓 (𝑡𝑡)|𝑞𝑞⟩, (2)

where f(t) is the time series, δt is the temporal increment, and 〈…〉 stands for 
a statistical mean. In the case of scale-invariant signals, the qth-order struc-
ture function is expected to scale as follows:

𝑆𝑆𝑞𝑞(𝑡𝑡) = 𝛿𝛿𝑡𝑡
𝛾𝛾(𝑞𝑞)

, (3)

where γ(q) is the qth-order scaling exponent. Studying the structure function 
of a given signal is equivalent to study the scaling features of the moments of 
the distribution of its temporal increments at different temporal scales. The 
final goal is to compute a hierarchy of scaling indices, γ(q), which character-
izes the scaling features of the different moments of the signal increments 
(self-affinity of the signal). The first-order scaling exponent, γ(1), also known 
as Hurst exponent, quantifies the persistent (γ(1)  >  0.5) or anti-persistent 
(γ(1)  <  0.5) character of the fluctuations, while the second-order scaling 
exponent, γ(2), provides information on spectral features of the fluctua-
tions, being the two quantities related via the Wiener-Khinchin theorem 
(Wiener, 1964). Indeed, the scaling exponent of the second-order structure 
function is directly related to the one of the power spectral density, PSD, 
(the Fourier transform of the auto-correlation function) through the following 
relation: β = γ(2) + 1, being β the power spectral exponent Sq(f) ∼ f −β. Here, 
to evaluate the local scaling features we use the Detrended Structure Function 
Analysis (DSFA) method (De Michelis et al., 2015), which has been success-
fully applied to investigate the local scaling features of both the electron 
density (see, e.g., Giannattasio et al. (2019)) and magnetic field fluctuations 
(see, e.g., De Michelis et al. (2017) and references therein) recorded on board 

Swarm constellation. In order to remove the long-scale variations that could prevent the correct estimation of 
the scaling features, this method departs from the traditional Detrended Fluctuation Analysis (Peng et al., 1994) 

Figure 3. Geographic distribution of Global Positioning System loss of 
lock (LoL) occurrence for Swarm A and Swarm B, from 15 July 2014 to 31 
December 2021, as global projection and as Northern hemisphere (from 50° 
N to the North pole) and Southern hemisphere (from 50°S to the South pole) 
polar projections, respectively. Bins are 2.5° wide in latitude, and 5° wide in 
longitude. The black curve in the global projection represents the magnetic 
equator.
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and joins the structure function analysis, traditionally used in turbulence studies, with a detrending function. The 
DSFA method is based on the evaluation of local scaling exponents within moving windows by using the struc-
ture function analysis applied to locally detrended time series. In our case, we consider a window of 301 points 
and evaluate, for each window, the structure function of the electron density. In this way, we are able to extract 
the scaling features of the electron density fluctuations on a local basis, namely the first and second-order scaling 
exponents. This is a fundamental point if we consider that the satellite crosses regions where different physical 
processes changing in space and time occur. To set a window of 301 points means to analyze the features of elec-
tron density fluctuations in a spatial range about 2,400 km-wide, being the orbital speed of Swarm constellation 
of about 8 km/s. Within each window, we investigate time increments, δt, ranging from 1 to 40 s, and associate the 
estimated scaling exponents with the position of the satellite corresponding to the center of the considered time 
window. Under the hypothesis that the transit time of the structure under observation is faster than its evolution 
(Taylor, 1938), the analysis of the time increments from 1 to 40 s corresponds to the analysis of spatial increments 
from 8 to 320 km. This means that we can study the features of the electron density fluctuations occurring in 
the meso-scale domain (i.e., from tens to hundreds of km) that is a particularly interesting domain where several 
processes and phenomena, typical of the high- and low-latitude ionosphere, occur. Indeed, at these scales some 
processes and/or phenomena as polar cap patches, blobs, auroral arcs, field aligned currents and plasma bubbles 
can be observed.

4. Results
Once LoL events have been identified in time and space, as it was described in Section 2, it is possible to investi-
gate what are the features of the ionospheric environment that favor their occurrence. To accomplish this task, we 
consider all the start times of LoL events longer than 1 s and analyze the corresponding local fluctuation scaling 
properties of the electron density measurements. Specifically, the local scaling properties concern the behavior of 
a structure, that is, an irregularity in this case, as a function of the scale at which it is viewed. These features are 
essential to understand and characterize the complexity of the structure (Schmitt & Huang, 2016). In our case, 
they allow us to capture some peculiar features of the local electron density fluctuations and shed light on the 
so-called multiscale dynamics, which characterizes all those complex systems in which a large range of time and/
or spatial scales may interact with each other. The local scaling properties (as inferred from structure function 
analysis), for example, provide information on the persistent or anti-persistent nature of the fluctuations and indi-
rectly on their spectral features. From the presence of persistence or anti-persistence it is possible to infer some 
important aspects of the dynamical physical processes at the origin of the observed electron density fluctuations. 
Fluctuations with a persistent character are typical of systems with a long-range dependence, for which we can 
suppose long-term memory effects of the fluctuations sign. Conversely, fluctuations with an anti-persistent char-
acter exhibit higher noise and more volatility. This means that persistent fluctuations can be associated with the 
formation of large-scale density structures, while anti-persistent fluctuations can be associated with small-scale 
density structures. From the knowledge of the local scaling properties, it is also possible to indirectly infer the 
spectral features of the analyzed time series. These, in turn, allow discriminating among the different kinds of 
instabilities or turbulent processes that originated the observed fluctuations. For example, slopes of the power 
spectrum ranging between −5/3 and −3 are associated with different turbulent regimes like, for example, the 
shear-flow turbulence with a direct or an inverse energy cascade, the turbulence driven by the 𝐴𝐴 �⃗�𝐸 x 𝐴𝐴 �⃗�𝐵 convective 
instability, or the turbulence driven by strong electron density gradient drifts (Kintner & Seyler, 1985). Since LoL 
events are mainly located in two specific regions (equatorial and polar), the analysis is limited to two well-defined 
regions: (a) the mid- and high-magnetic latitudes (|QDLat| > 50°; QDLat being latitude in the quasi-dipole (QD) 
coordinate system (Emmert et al., 2010)), without distinguishing the Northern hemisphere from the Southern 
one; (b) the equatorial belt (|QDLat| < 30°).

Figure 4 displays the joint probability density function (PDF) of RODI and the first- and second-order scal-
ing exponents conditioned to the occurrence of LoL events at mid and high latitudes, analyzing Swarm A and 
Swarm B separately, and considering only the points at which LoL events start. The figure shows that the two 
conditioned PDFs are very similar to each other, as also confirmed by Figure 5, where the conditioned PDFs 
shown in Figure 4 are overlapped. Thus, at mid and high latitudes the features of electron density fluctuations 
associated with LoL events do not seem to be affected by the altitude difference (∼50 km) between the orbits 
of the two satellites. By virtue of this, we decided to merge the two datasets of Swarm A and B, and Figure 6 



Space Weather

DEMICHELIS ET AL.

10.1029/2022SW003129

7 of 14

Figure 4. Conditioned joint probability density function (PDF) of Rate Of change of electron Density Index (RODI) and 
γ(1) (top panels) and γ(2) (bottom panels) analyzing Swarm A and Swarm B separately. Data refer to mid and high latitudes 
(|QDLat| > 50°) and are those calculated simultaneously to the occurrence of Global Positioning System loss of lock events. 
QDLat is the latitude in the quasi-dipole coordinate system.

Figure 5. Overlap of the conditioned joint probability density functions of Rate Of change of electron Density Index (RODI) 
and γ(1) (left panel) and γ(2) (right panel), evaluated using Swarm A and Swarm B data, shown separately in Figure 4.
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reports the analysis already shown in Figure 4 but carried out on the joint data set. The conditioned PDFs of 
RODI and the first- and second-order scaling exponents show that GPS LoL events are mainly associated with 
γ(1) = (0.47 ± 0.12), γ(2) = (0.8 ± 0.2), and RODI > 10 4(cm −3 s −1).

The same analysis is applied to the equatorial belt (|QDLat| < 30°). Figure 7 reports the conditioned PDFs of 
RODI and the first- and second-order scaling exponents obtained considering the two satellites separately, that are 
overlapped in Figure 8. Also in this case the altitude difference (∼50 km) between the orbits of the two satellites 
does not affect the results, so Figure 9 reports the analysis already shown in Figure 7 but performed on the joint 
data set. In this case, differently from the case of mid and high latitudes, electron density fluctuations are mainly 
characterized by a mean value of the first-order scaling exponent γ(1) = (0.64 ± 0.13), suggesting a more persis-
tent character of the fluctuations, and by a mean value of the second-order scaling exponent γ(2) = (1.0 ± 0.2). 
In this case, RODI values are extremely high, even higher than those obtained for mid and high latitude regions. 
However, there is also an additional class of events for which the electron density fluctuations show completely 
different properties: RODI < 10 3.5 cm −3 s −1, γ(1) > 0.6, and γ(2) > 1. This class consists of nearly 25% of all 
recorded events and the values of the scaling exponents associated with the electron density fluctuations suggest 
a different origin for the LoL of the GPS signals.

To better characterize this additional class of events we introduce a pseudo-intermittency parameter (μ) (briefly 
called intermittency in the following), capable of giving us information on the occurrence of anomalous scal-
ing features, that is, on the departure from a linear trend of the scaling exponents γ(q) on moment order q. This 
pseudo-intermittency parameter, μ, is defined according to the following expression,

𝜇𝜇 = 𝛾𝛾(1) − 2𝛾𝛾(2), (4)

so that it is a measure of how the scaling exponents (γ(1) and γ(2)) depart from a linear dependence on q. If μ > 0, 
then the trend of γ(q) is convex. This is exactly what is observed for the occurrence of intermittency in turbulence 
(Frisch, 1995) and is an evidence of a multifractal character of the cascading process (i.e., the energy transfer 
among the scales). Furthermore, the greater the value of intermittency, the greater the non-homogeneity with 
which the energy is redistributed at all the time and/or spatial scales. Figure 10 reports the conditioned joint PDF 
of RODI and pseudo-intermittency (μ) during GPS LoL events considering the joint data set (Swarm A + Swarm 
B) for both mid and high latitudes (left panel) and the equatorial belt (right panel). At mid and high latitudes the 
plasma density irregularities associated with GPS LoL events are in a turbulent state always characterized by a 
certain degree of intermittency. Conversely, in the equatorial belt there are two different families of irregularities 
associated with GPS LoL events, characterized by significantly different values of intermittency. The plasma 
density irregularities with higher intermittency values are also characterized by extremely high values of RODI 
and γ(2) around 1, as can be seen from the three-dimensional plot of Figure 11. Therefore, as it happens at high 

Figure 6. Conditioned joint probability density functions (PDF) of Rate Of change of electron Density Index (RODI) and 
γ(1) (left panel) and γ(2) (right panel) for the joint data set (Swarm A + Swarm B). Data refer to mid and high latitudes 
(|QDLat| > 50°) and are those calculated simultaneously to the occurrence of Global Positioning System loss of lock events. 
QDLat is the latitude in the quasi-dipole coordinate system.
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Figure 7. Conditioned joint probability density functions (PDF) of Rate Of change of electron Density Index (RODI) and 
γ(1) (top panels) and γ(2) (bottom panels) analyzing Swarm A and Swarm B separately. Data refer to the equatorial belt 
(|QDLat| < 30°) and are those calculated simultaneously to the occurrence of Global Positioning System loss of lock events. 
QDLat is the latitude in the quasi-dipole coordinate system.

Figure 8. Overlapping of the conditioned joint probability density functions of Rate Of change of electron Density Index 
(RODI) and γ(1) (left panel) and γ(2) (right panel), evaluated using Swarm A and Swarm B data, shown separately in 
Figure 7.



Space Weather

DEMICHELIS ET AL.

10.1029/2022SW003129

10 of 14

latitudes, also in the equatorial belt, plasma density irregularities with extremely high values of RODI are in a 
intermittent turbulent state.

5. Discussion and Conclusions
Recently, by analyzing the scaling properties of some ionospheric parameters, De Michelis, Consolini, Pignalberi, 
et al. (2021) and De Michelis, Consolini, Tozzi, et al. (2021) identified two distinct classes of plasma density 
fluctuations in the ionosphere characterized by different mean values of both the scaling exponents and RODI. 
Specifically, one of these two classes shows a second-order scaling exponent γ(2) ≤ 1 and extremely high values 
of RODI (typically, larger than 10 3.5 cm −3 s −1). At high latitudes, this class is mainly located inside the auroral 
oval (De Michelis, Consolini, Pignalberi, et  al.,  2021; De Michelis et  al.,  2020). In the equatorial regions, it 
essentially coincides with the so-called plasma bubbles (De Michelis, Consolini, Tozzi, et  al.,  2021), that is, 
electron density irregularities produced after sunset by the nonlinear evolution of the Rayleigh–Taylor instability 
(Kelley, 2009). The scaling properties of the electron density fluctuations of this class suggest their possible 
turbulent state, that is the existence of multiscale fluctuations, which occur over a very wide range of spatial and 
temporal scales, due to a continuous transfer of energy from the injection scales to the dissipation ones. Here, we 
investigate whether the GPS LoL events are somehow linked to this specific class of electron density fluctuations.

Figure 9. Conditioned joint probability density functions (PDF) of Rate Of change of electron Density Index (RODI) and 
γ(1) (left panel) and γ(2) (right panel) considering the joint data set (Swarm A + Swarm B). Data refer to the equatorial belt 
(|QDLat| < 30°) and are those calculated simultaneously to the occurrence of Global Positioning System loss of lock events. 
QDLat is the latitude in the quasi-dipole coordinate system.

Figure 10. Conditioned joint probability density functions (PDF) of Rate Of change of electron Density Index (RODI) and 
intermittency (μ) at mid and high latitude regions (left panel) and equatorial belt (right panel) during Global Positioning 
System loss of lock events considering the joint data set (Swarm A + Swarm B).
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Figure 12 reports a comparison between the features of electron density fluc-
tuations corresponding to the GPS LoL events, as reported in Figure 6, for 
mid and high latitudes and those obtained by considering all the available 
electron density data recorded in the same regions and for the same period 
according to De Michelis, Consolini, Pignalberi, et al. (2021). We note that 
the occurrence of GPS LoL events is associated with the specific class of 
electron density fluctuations, showing a second-order scaling exponent 
γ(2) ≤ 1 and extremely high values of RODI. In addition, RODI seems to 
be a proxy of this class: values of Log (RODI) > 4 are associated with the 
occurrence of LoL events.

Similar results are found also in the equatorial region and shown in Figure 13, 
which displays a comparison between the electron density fluctuation scaling 
properties associated to GPS LoL events, as reported in Figure 9, and those 
obtained in correspondence of plasma bubbles according to De Michelis, 
Consolini, Tozzi, et al.  (2021). These authors showed that plasma bubbles 
are irregularities that present spectral features and RODI values that are 
significantly different from those characterizing the background environ-
ment where they develop.  Specifically, they found that electron density 
fluctuations associated with plasma bubbles fall right into the class show-
ing a second-order scaling exponent γ(2) ≤ 1 and extremely high values of 
RODI. Figure 13 clearly highlights how, in the equatorial belt, the features 

shown by the electron density fluctuations associated with GPS LoL events are really similar to those of plasma 
bubbles. This suggests that in the equatorial ionosphere most of GPS LoL events are triggered by the plasma 
bubbles development. However, about 25% of the LoL events recorded in the equatorial belt do not seem to be 
related to the presence of plasma bubbles. They are characterized by electron density fluctuations with low RODI 
values (log(RODI) < 4) and different scaling properties. Figure 14 shows the distribution in the QDLat-MLT 
(magnetic local time) plane of these GPS LoL events (blue dots). The hours at which most of these events occur 
highlight that they are most likely related also to physical phenomena different from those at the base of the 
plasma bubbles development. In detail, only a small fraction of these events occur under conditions (MLT and 
QDLat values) compatible with the development of plasma bubbles, that are the occurrence in the post sunset 
sector and the appearance in a narrow latitudinal band centered over the magnetic equator of the Earth. Indeed, 
during the day, the high conductance of the E region relative to the F region prevents the appearance of plasma 
bubbles, which are generated by the transport of plasma from the bottomside to the topside ionosphere by the 

Figure 11. Rate Of change of electron Density Index (RODI), intermittency 
parameter (μ) and second-order scaling exponent (γ(2)) values of plasma 
density irregularities during Global Positioning System loss of lock events in 
the equatorial belt (|QDLat| < 30°). QDLat is the latitude in the quasi-dipole 
coordinate system. The joint data set (Swarm A + Swarm B) is considered.

Figure 12. Conditioned joint probability density functions (PDF) of Rate Of change of electron Density Index (RODI) and γ(1) (left panel) and γ(2) (right panel) at 
mid- and high-latitude regions (|QDLat| > 50°) during Global Positioning System loss of lock (LoL) events (the same reported in Figure 6, here shown as blue-scale 
line contours) and the same quantity obtained considering all data and not only those corresponding to a LoL event (here shown as red-scale filled contours). QDLat is 
the latitude in the quasi-dipole coordinate system.
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generalized Rayleigh-Taylor instability. An hypothesis is that these GPS LoL events, associated with electron 
density fluctuations characterized by completely different scaling properties, are triggered by plasma blobs, that 
are mesoscale plasma density enhancements relative to the ambient plasma with longitudinal widths comparable 
to those of equatorial bubbles. These plasma density irregularities, unlike equatorial bubbles, are more frequently 
detected around ±20° – 30° magnetic latitudes (Choi et al., 2012; Haaser et al., 2012; Watanabe & Oya, 1986), 
although they can be also observed at night at low and mid latitudes in association with equatorial plasma bubbles 
(Martinis et al., 2009; Park et al., 2003; Yokoyama et al., 2007).

Moreover, our findings show that both the scaling exponent values corresponding with GPS LoL events in the 
two analyzed regions (mid and high latitudes and the equatorial belt) and the corresponding values of RODI 
depend on latitude, suggesting that the physical processes at the base of a GPS LoL event can change with the 
latitude. Indeed, the values of the second-order scaling exponents are slightly different moving from high to low 
latitudes. Furthermore, also the persistence character of the high/low-latitude fluctuations is different, being the 
first-order scaling exponent below 0.5 at high latitudes (anti-persistent fluctuations) and above 0.5 at low latitudes 
(persistent fluctuations). Another relevant feature is that generally γ(2) < 2γ(1), that is μ > 0, so that the depend-
ence of the scaling exponents of the structure functions on the moment order q is expected to be concave, which 
could be an indication of a multifractal (intermittent) character of the density fluctuations. The different values of 
the first and second order scaling exponents at high and low latitudes suggest that different instability/turbulence 

processes can be at the origin of the ionospheric irregularities' generation. 
On the other hand, we know that, for example, the Rayleigh-Taylor instabil-
ity plays a fundamental role at low latitudes (e.g., Kelley (2009)), while the 
gradient drift instability, the Kelvin-Helmholtz instability, the 𝐴𝐴 �⃗�𝐸 × �⃗�𝐵 insta-
bility and/or the drift wave turbulence, are processes essentially occurring 
at high latitudes (e.g., Tsunoda et al. (1985)). This could be the origin of the 
observed differences in the high-latitude and low-latitude scaling exponents 
values that characterize the electron density turbulent fluctuations during 
the GPS LoL events. Indeed, it has been suggested from theory and plasma 
simulations that different turbulence spectral indices can be associated with 
different density irregularities and mechanisms at their origin. For instance, 
Gruzinov et al. (1996) have shown that a two-dimensional 𝐴𝐴 �⃗�𝐸 × �⃗�𝐵 convective 
turbulence in the early phase displays spectral features similar to the ordinary 
fluid turbulence, that is, β ≃ −5/3, while at later stages the spectral features 
tend to display more steeper spectral exponents (β ≃ −2), and this could be 
the case of the plasma bubbles. Differently, gradient-drift/current-convec tive 
and Kelvin-Helmoltz instabilities are capable of generating turbulence 

Figure 13. Conditioned joint probability density functions (PDFs) of Rate Of change of electron Density Index (RODI) and γ(1) (left panel) and γ(2) (right panel) at 
low latitude (|QDLat| < 30°) during Global Positioning System loss of lock events (the same reported in Figure 9, here shown as blue-scale contours) and the same 
quantity obtained considering plasma bubbles occurrence (here shown as red-scale filled contours). QDLat is the latitude in the quasi-dipole coordinate system.

Figure 14. Low latitude (|QDLat| < 30°) distribution in the QDLat-magnetic 
local time (MLT) plane of Global Positioning System loss of lock events for 
Swarm A and Swarm B, from 15 July 2014 to 31 December 2021 according 
to different log (RODI) values. QDLat is the latitude in the quasi-dipole 
coordinate system.
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spectra characterized by spectral exponents close to −5/3 in the case of direct and inverse cascade (Kintner & 
Seyler, 1985). This could be the case for the high-latitude region where the observed spectral features could be 
associated with irregularities as the plasma patches.

In conclusion, the main result of our study is that when a GPS LoL event is ongoing, electron density fluctuations 
are in a turbulent state characterized by intermittent structures and generally accompanied by extremely high 
values of RODI (>10 4 cm −3 s −1). This is always the case at mid and high latitudes (|QDLat| > 50°), while in the 
equatorial belt this happens in at least 75% of GPS LOL events. This is a significant result that might help when 
implementing empirical models capable of identifying the regions where there are the physical conditions for the 
occurrence of disturbances potentially harmful to the propagation of radio signals.

Data Availability Statement
The results presented rely on data collected by ESA-Swarm mission. We thank the European Space Agency that 
supports the Swarm mission. Swarm data can be accessed at ftp://swarm-diss.eo.esa.int.
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