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Abstract The scaling features of electron density fluctuations during the St. Patrick's magnetic storm
(17 March 2015) are analyzed to try to characterize the possible turbulent nature of the ionosphere during
the development of the geomagnetic storm. The electron density values recorded by two of the three
satellites of Swarm constellation during a period of 7 days (16–22 March 2015) around the storm peak are
analyzed at middle‐ and high‐latitude regions in both hemispheres. The analysis reveals interesting patterns
in the scaling properties of electron density fluctuations and a possible explanation for the occurrence of
high values of the Rate of change Of the electron Density Index (RODI). Indeed, the obtained results seem to
suggest that very high values of RODI, which describes the structuring of the plasma within a fixed time and
is used as an ionospheric disturbance index, are correlated with the antipersistent character of electron
density fluctuations and with the values around 5/3 of the power spectral density scaling exponent. These
features are independent of the different phases of the analyzed geomagnetic storm and seem to support the
idea of a fluid and/or magnetohydrodynamic turbulence as the main responsible of the high values of RODI
recorded at high latitudes in the auroral and polar cap regions.

Plain Language Summary Electron density fluctuations characterizing the ionospheric plasma
during the St. Patrick's geomagnetic storm occurred on 17 March 2015 are analyzed to investigate their
possible turbulent nature. To perform this study, electron density values recorded by two of the three
satellites of the Swarm constellation are considered at middle and high latitudes of both hemispheres
between 16 and 22 March 2015. Results show that electron density fluctuations present interesting patterns
and that high values of the Rate Of change of electron Density Index (RODI), which is used as an ionospheric
disturbance index, may be related to a turbulent dynamics of the ionosphere. Specifically, independently of
the different phases of the analyzed geomagnetic storm, the observed features seem to support the idea of a
fluid and/or magnetohydrodynamic turbulence as the main cause of the high values of RODI recorded at
high latitudes in the auroral and polar cap regions.

1. Introduction

Turbulence phenomena are at the origin of several important ionospheric dynamical processes. They usually
happen as a result of the coupling processes, which characterize the solar wind‐magnetosphere‐ionosphere
system and can significantly affect both the ionospheric plasma dynamics and the energization of iono-
spheric particles. Consequently, the dynamics of physical quantities like electron and ion densities, veloci-
ties and temperatures, and magnetic and electric fields, can display fluctuations occurring on many
spatial and temporal scales, among which a nonlinear transfer of energy can occur.

One of the first review papers focusing on the ionospheric plasma turbulence is the one published in the
mid‐eighties byKintner and Seyler (1985), which proposes and discusses different theories andmodels on tur-
bulence mechanisms, capable of explaining particular behaviors shown in the ionosphere by both the elec-
tron density and the electric field. Beyond this interesting review, it should be stressed, however, that in
the years many other papers have been published on the occurrence of turbulence processes in the
ionosphere. For example, a great attention has been given to the turbulent properties of electric (see, e.g.,
Golovchanskaya & Kozelov, 2010; Heppner et al., 1993; Kozelov & Golovchanskaya, 2006; Tam et al., 2005;
Weimer et al., 1985) and magnetic fluctuations (De Michelis et al., 2015; Golovchanskaya et al., 2006;
Kozelov & Golovchanskaya, 2006) observed at different altitudes and latitudes by ground and space. The
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increased interest in the ionospheric turbulence phenomena (e.g., DeMichelis et al., 2017; Dyrud et al., 2008;
Grach et al., 2016; Pécseli, 2016; Spicher et al., 2015) demonstrates the need to better understand these pro-
cesses and the differentways inwhich they can influence the ionospheric environment. For instance, the gen-
eration and dynamics of ionospheric inhomogeneities and irregularities (see, e.g., Basu et al., 1988; Earle
et al., 1989; Giannattasio et al., 2019) can be affected by turbulence processes occurring in the plasma and this
means that ionospheric turbulencemay play a significant role in the framework of spaceweather. Indeed, the
ionospheric inhomogeneities and irregularities are among themain causes of disturbances in the propagation
of electromagnetic signals in the ionosphere and consequently a better understanding of the turbulence will
be of help to all those systems, such as the Global Positioning Systems (GPS) and Global Navigation Satellite
Systems (GNSS), which are based on the propagation of an electromagnetic signals through the ionosphere.

Ionosondes, incoherent scatter radars, VHF/HF coherent backscatter radars, all‐sky cameras, and GPS sta-
tions are usually used to investigate ionospheric irregularities. However, these ground‐based measuring
facilities, which permit a good investigation of irregularities in the bottomside of the ionosphere, do not per-
mit a good investigation of the topside ionospheric irregularities where in situ observations can be more use-
ful. These can be obtained using instruments on‐board of low‐Earth‐orbit (LEO) satellites. Thus, a good
opportunity to unveil how turbulence affects the ionospheric environment, in generating multiscale plasma
structures and plasma inhomogenities, comes from the analysis of the nature of fluctuations and their multi-
scaling features of the electron density estimated by data as recorded by the European Space Agency (ESA)
Swarm mission.

The Swarm constellation was launched in November 2013 to provide high‐quality measurements of Earth's
magnetic field and associated plasma environment (Olsen et al., 2013). These three identical satellites, which
fly in polar orbit at two different altitudes of about 450 km (Swarm A and Swarm C) and 510 km (Swarm B),
explore the F region of the ionosphere through the measurements of a vector fluxgate, an absolute scalar
magnetometers, and the electric field instrument (EFI), which includes Langmuir Probes (LPs) and a
Thermal Ion Imager for measuring plasma density and temperature (Knudsen et al., 2017).

It is evident that data recorded on‐board LEO satellites give the opportunity to study the ionospheric
irregularities at different latitudinal regions. Here, we focus on middle‐ and high‐latitude regions of both
hemispheres. Indeed, while for the equatorial regions there have been a number of experimental studies
accompanied with analytical models, there has been a much slower progress about studies of the
high‐latitude ionospheric plasma irregularities associated with instabilities and turbulence. This is in part
due to difficult accessibility of these regions and to the complex dynamics of the ionospheric plasma at high
latitudes.

Among some recent papers on high‐latitude plasma density irregularities, Spicher et al. (2015) have clearly
shown how nonlinear wave interactions and coherent mode coupling might play a relevant role in generat-
ing electron density fluctuations at the edge of the polar cap, while in the region where electron precipitation
is dominant, the fluctuations associated with a plasma enhancement are mainly characterized by a more
random nature. All these findings suggest that a clear link between particle precipitation and
turbulent‐like structures exists in these regions. To analyze the ionospheric plasma irregularities and turbu-
lence, a common approach is to study the power spectra of the electron density responsible for these irregu-
larities and, in particular, their slopes, which could give information on the possible mechanism through
which these irregularities are generated. In the high‐latitude F region the analysis of the power spectra of
plasma density fluctuations in the range of scales between several kilometers and tens of meters shows that
spectra are often characterized by a power law with a spectral index around −1.8 (e.g., Basu et al., 1984;
Dyson et al., 1974; Mounir et al., 1991). This suggests that the generation of plasma irregularities in the iono-
spheric polar regions could be associated with the gradient drift instability (e.g., Cerisier et al., 1985; Mounir
et al., 1991) or with the Kelvin‐Helmholtz instability (Basu et al., 1988; Kintner & Seyler, 1985).

In this work data recorded on‐board Swarm satellites are used to get information about the turbulent nature
of the ionospheric plasma at middle and high latitudes in both hemispheres by analyzing the scaling features
of small‐scale fluctuations of the electron density recorded during the St. Patrick's geomagnetic storm of
March 2015, the well‐known St. Patrick's event. It was the strongest geomagnetic storm of the 24th solar
cycle that reached the G4 level on the National Oceanic and Atmospheric Administration (NOAA) scale
(Poppe, 2000). It was characterized by an intense particle precipitation in the polar regions that generated
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both an enhancement in substorm activity and the occurrence of intense ionospheric irregularities during
the main and recovery phases of the geomagnetic storm (Cherniak et al., 2015). This geomagnetic storm
has been extensively investigated in the scientific community, for example, analyzing the ionospheric effects
on global scale (Astafyeva et al., 2015), on the equatorial latitudes of the Indian and nearby regions (Ram
et al., 2015; Ramsingh et al., 2015), on middle and low latitudes (Balasis et al., 2018; Nava et al., 2016). We
analyze this event from a completely different point of view. The main aims are indeed (1) to analyze the
daily patterns of the scaling properties of electron density fluctuations during the development of this geo-
magnetic storm and (2) to investigate a possible relation between them and the occurrence of plasma density
irregularities as described by the Rate Of change of electron Density Index (the so‐called RODI) (Jin et al.,
2019). The main idea proposed by this work is to try to understand if there is a correlation between RODI
and the scaling/spectral features of electron density fluctuations and so if RODI can be used as a proxy for
the occurrence of ionospheric plasma turbulence.

Indeed, RODI obtained by measurements made on‐board Swarm constellation, is a measure of the occur-
rence of irregularities at the Swarm altitude. So, it would be potentially able to give us information about
the nature of ionospheric irregularities achieved at the same altitude. This would give an additional impor-
tance to an index, well known and used in the scientific community, born as a simple measure of the electron
density irregularities and able to identify their presence but not their nature.

2. Data and Processing Approach

The present work focuses on the analysis of the fluctuations of in situ electron density provided by the LPs
on‐board Swarm satellites during the geomagnetic storm occurred on 17 March 2015. Level 1b electron
density data at a rate of 1 Hz for two of the three Swarm satellites (A and B) have been selected from the
ESA ftp repository (https://earth.esa.int/web/guest/swarm/data-access) for a time window of 7 days from 16
to 22 March 2015. According to the “Swarm Level 1b Product Definition” document (available at https://
earth.esa.int/web/guest/document-library/browse-document-library/-/article/swarm-level-1b-product-
definition), we have excluded data flagged as “non nominal” (parameters Flags−Ne and Flags−Te different
from either 10 or 20). Then, all data gaps resulting either from flag selection or from data unavailability have
been filled by “not‐a‐number” values, in order to guarantee the continuity of the time series.

Data are presented in terms of Quasi‐Dipole (QD) latitude (Laundal & Richmond, 2016) and magnetic local
time (MLT) coordinates and reported in polar view daily maps in both hemispheres (from 50° to the mag-
netic pole). In each map, magnetic noon is at the top and magnetic midnight is at the bottom.

Figure 1 shows polar daily maps of the electron density for the Northern Hemisphere covering the selected
time interval. Thesemaps, obtained considering the measurements coming from SwarmA and Swarm B, are
reported together with the temporal trend of two different geomagnetic indices, SYM‐H and AE, which well
describe the geomagnetic activity in the middle‐ and high‐latitude regions during the selected period. These
indices allow to following the temporal evolution of the disturbance of the geomagnetic field recorded on the
groundmainly due to an increase of the magnetospheric ring current and an intense particle precipitation at
high latitudes, which cause a substorm activity enhancement. Due to orbital features, during the analyzed
period Swarm A and B span two different magnetic local time intervals (06:00‐9:00 and 18:00–21:00MLT,
respectively) as it is evident in Figure 1. The same data daily polar maps are drawn for the case of the
Southern Hemisphere in Figure 2. The comparison between Figures 1 and 2 shows the different spatial
extent of data in the two hemispheres, which is due to the different distance of the magnetic poles from
the geographic ones. Polar daily maps of electron density show a well‐known feature characterizing dis-
turbed conditions that is a significant electron density decrease due to compositional changes (Prölss, 1987).

The in situ electron density data have been used to evaluate RODI, which is the standard deviation of the
Rate of change Of electron Density (ROD) in a sliding window of fixed size. This index has been evaluated
according to Jin et al. (2019) and considering a sliding window of 10 s. RODI polar daily maps in QD latitude
versus MLT coordinates are also reported in Figures 1 and 2 for the Northern and Southern Hemispheres,
respectively. From a preliminary inspection of RODI spatial distributions, we may note how the higher
values of RODI (> 3 ×103 cm−3 s−1) are mainly located in the polar cap roughly along the noon‐midnight
sectors, while the auroral oval region seems to be associated with values of RODI <3 ×103 cm−3 s−1. This
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Figure 1. Daily maps of the electron density and RODI in the Northern Hemisphere during the selected time interval (16–22 March 2015) for Swarm A and B.
Maps are in QD‐latitude and MLT coordinate system. In each map, magnetic noon is at the top and magnetic midnight is at the bottom. The concentric
circles represent contours of magnetic latitude, separated by intervals of 10°. The two panels on the left report corresponding values of geomagnetic
indices SYM‐H and AE.
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Figure 2. Daily maps of the electron density and RODI in the Southern Hemisphere during the selected time interval (16–22 March 2015) for Swarm A and B.
Maps are in QD‐latitude and MLT coordinate system. In each map, magnetic noon is at the top and magnetic midnight is at the bottom. The concentric
circles represent contours of magnetic latitude, separated by intervals of 10°. The two panels on the left report corresponding values of geomagnetic
indices SYM‐H and AE.
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could be a relevant aspect to be compared with the average scaling features in the two regions. Wewill return
on this point later in the next sections.

By comparing Figures 1 and 2, no important north‐south asymmetry is visible: neither in electron density
and RODI patterns nor in their temporal evolution during the geomagnetic storm. The only differences
are in the intensity of the variation of electron density and RODI that is slightly more intense in the
Southern Hemisphere than in the Northern one, and in a partial different location of the higher RODI values
on 17 March. We notice that in both hemispheres the period of the most intense irregularity occurrence cor-
responds with the main phase of the geomagnetic storm (occurred on 17 March 2015) when the position of
the irregularities is within an oval around 60° QD‐Lat. That is clearly visible in the Southern Hemisphere.
During the recovery phase of the storm the region characterized by the occurrence of irregularities tends
to shrink in both hemispheres. Indeed, the equatorward expansion of zone characterized by irregularity
stops with the beginning of the recovery phase of the storm when the high values of RODI are mainly con-
fined in an oval within 65–70° QD‐Lat. An interesting signature of the irregularity pattern can be recognized
in both hemispheres, that is, the strongest and most pronounced irregularities, that is, the highest values of
RODI, are oriented in the day‐night direction across the polar cap. The irregularities along this direction are
stronger than those occurring along the auroral border. This means that the gradients of the ionospheric
electron density induced by this geomagnetic storm were related both to auroral particle precipitation (on
the auroral border) and to plasma large‐scale convective motions (in the day‐night direction). Indeed, the
radial structure of the ionospheric irregularities have been associated mainly with the convection pattern
antisunward across the polar cap of the electron density gradients (Cherniak et al., 2015; Cherniak &
Zakharenkova, 2016) and not to the auroral particle precipitation.

3. Data Analysis

To investigate the scaling features of the electron density fluctuations we investigate the self‐similarity/
affinity nature of the measured time series using the qth‐order structure function Sq(ℓ) for different scales
(ℓ). This method consists in evaluating the scaling features of the moments of the signal increments at dif-
ferent spatial scales. Here, we computed the so‐called generalized structure functions of the electron density
that means to compute the qth‐order structure functions as a function of the time delay τ, that is,

SqðτÞ ¼ ⟨jNeðt þ τÞ−NeðtÞjq⟩; (1)

where Ne is the electron density, t is the time, τ is the time delay, and ⟨…⟩ stands for a statistical average.
For a scaling process, a power law behavior is expected, that is,

SqðτÞ ¼ τξðqÞ; (2)

where ξ(q) are the scaling exponents of the structure functions. In the case of simple fractal signals these
exponents are expected to be a linear function of the moment order q, while in the case of more complex
fractal signals they show a departure from such a linear dependence.

Among the hierarchy of scaling exponents ξ(q) the scaling exponents of order q=1 and 2 can be very useful
to quantify some specific features of the signal under investigation. The first‐order scaling exponent ξ(1), also
known asHurst/Hölder exponent H (Hurst, 1956), quantifies the self‐affine features of the signal and, in par-
ticular, the persistence or antipersistent character of the increments. H is a measure of the signal “rough-
ness.” A signal, whose scaling features are characterized by a Hurst exponent value less than 0.5 (H<0.5),
shows an antipersistent character of its increments (a higher roughness than a random Gaussian
Brownian motion), while a signal, whose scaling features are characterized by a Hurst exponent value
greater than 0.5 (H>0.5), shows a persistent character of its increments (Balasis et al., 2006). In other
words, long‐range correlated signals are characterized by a sign persistence of its increments (H>0.5),
while in the case of antipersistent increments (H<0.5) we talk about short‐range correlated signals.
Furthermore, the second‐order scaling exponent ξ(2) is capable of providing an information on the signal
spectral features via the Wiener‐Khinchin theorem. It links the spectral features to the Fourier transform
of the autocorrelation function, to which the second‐order structure function is directly related. In
particular, in the case of a temporal signal f(t) displaying scaling features characterized by a scaling
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exponent ξ(2) for the second‐order structure function, the power spectral density (PSD) is expected to
satisfy the following power law:

PSDðf Þ ∼ f −β; (3)

where

β¼ ξð2Þþ1: (4)

Thus, the investigation of scaling features of the second‐order structure function can provide information on
the spectral features. In passing, we note that in the case of a homogeneous fractal signal the second‐order
scaling exponent, ξ(2), is linearly related to the first one, that is, ξ(2) = c ξ(1), being c a constant. Deviation
from this linear scaling can be associated with the occurrence of anomalous scaling features, that is, with
a multifractal structure of the signal increments.

The study of scaling features may require to adopt some precautions in the case of real signals for which it is
not possible to assume that some specific conditions are satisfied. Indeed, while for simple mathematical sig-
nals the scaling features are generally global, for real signals these properties can acquire a local character
due to their inherent spatiotemporal nonstationarity. This is what happens in the case of satellite observa-
tions because satellites cross different regions observing physical situations that can change in space and
time. To approach the study of these kind of observations, it is necessary to find reliable methods capable
of evaluating the local scaling features in the different regions explored by satellites along their orbits and
under different geomagnetic and interplanetary conditions. The very irregular character of the original
Swarm data, which is a consequence of the strong inhomogeneity of the ionospheric plasma regions crossed
by the satellites, suggests to use a local structure function method to compute their scaling features from sig-
nal increments (see, e.g., De Michelis et al., 2015, and references therein). Indeed, in this case, methods
based on detrending approaches and fluctuation field analyses (Alessio et al., 2002; Carbone et al., 2004;
Peng et al., 1994) could turn out to be inadequate, providing controversial results that are strongly dependent
on the detrending procedure. This has been tested over a wide set of surrogated fractional, fractal, and multi-
fractional time series, which evidenced how to our purposes the use of a local structure function method
returns the best results in terms of local estimation (error less than 10%).

The structure function analysis is commonly used to analyze turbulent fields on a global scale so that, in
order to apply this method locally, we need to implement it on overlapping moving windows and to remove
possible large‐scale variations that can affect a correct estimation of the scaling features. This is the approach
of the detrended structure function analysis proposed by De Michelis et al. (2015). This method is based on
three steps. Let f(t) be a time series evenly sampled at fixed time intervals and fN(t) a portion of it falling in a
window whose size is of N points. The first step of the method consists in locally detrending the fN(t) portion

of the signal by using a polynomial function pkNðtÞ of order k, defining a detrended function gN(t) as follows:

gNðtÞ ¼ f NðtÞ−pkNðtÞ: (5)

The polynomial function is estimated by means of the traditional least squares method. As a second step, the
usual structure function analysis is applied, that is, the scaling features are computed studying the scaling
properties of the qth‐order structure function, Sq(τ), defined on the detrended function gN(t), as follows:

SqðτÞ ¼ ⟨jgNðt þ τÞ−gNðtÞjq⟩ ∼ τξðqÞ: (6)

Here ξ(q) are the scaling exponents, where ξ(1)≡H. The maximum moment order qm that can be locally
evaluated depends on the size of the moving window, which should be at least of 10qm points, being qm
the maximummoment order. Regarding the choice of the degree k of the polynomial used to locally detrend
the times series, we simply remove a linear trend on the selected time window.

The third step consists in defining the dimension of the moving window. Generally, a good window size is
such that N is at least 1 order of magnitude larger than the number of points corresponding to the maximum
scale to investigate. Recalling that we are using 1 Hz data, this means that if we want to study the scaling
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Figure 3. From the left daily maps of first‐order scaling exponent, joint probability distribution between the first‐order scaling exponent and RODI, RODI, joint
probability distribution between the second‐order scaling exponent and RODI, and the second‐order scaling exponent. These daily maps cover the time
interval 16–22 March 2015 (from top to bottom) in the Northern Hemisphere and are in QD‐latitude and MLT coordinate system.
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Figure 4. From the left daily maps of first‐order scaling exponent, joint probability distribution between the first‐order scaling exponent and RODI, RODI, joint
probability distribution between the second‐order scaling exponent and RODI, and the second‐order scaling exponent. These daily maps cover the time
interval 16–22 March 2015 (from top to bottom) in the Southern Hemisphere and are in QD‐latitude and MLT coordinate system.
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features in a range of scales from 1 s up to τ, the expected number of points that define the width of the mov-
ing window should be of the order of N∼10τ. In our case, we consider N=301 that means a moving window
of 301 s. Detrended structure function analysis is applied in this window that is then shifted of 1 point, that
is, 1 s. An accurate error analysis on surrogated data has clearly shown that error on local estimation of the
scaling exponents is ≤10%. The time scales (τ) between 1 and 40 s are analyzed, and the estimated values of
the first and second scaling exponents are associated with the position of the satellite in the instant of time
that corresponds to the center of the considered time window. We suppose that the results obtained in the
time domain are also valid in the spatial one. The idea is that the temporal scales can be related to the spatial
scales and consequently, taking into account the orbital velocity of Swarm satellite (∼7.6 km/s), the range of
fluctuation scales τ corresponds to the range of spatial fluctuations between ∼8 and ∼250 km. This hypoth-
esis is based on the fact that the observed low‐frequency temporal electron density fluctuations in the satel-
lite reference frame are dominated primarily by Doppler‐shifted, and essentially stationary, spatial
variations of the electron density structures. Thus, the time scale τ and frequency fmay be viewed essentially
as spatial scale δ∼vspτ and mode number k∼2πf/vsp with vsp being the spacecraft velocity (e.g., Chaston,
2008; Kintner & Seyler, 1985, and references therein). On the other hand, the range of investigated time-
scales (from 1 up to 40 s) includes time intervals where it can be reasonably assumed that the structures
are mainly frozen, as also reported in some previous papers (e.g., De Michelis et al., 2017; Gjerloev et al.,
2011), where it was clearly shown that in the dayside/nightside sectors structures are nearly stable up to
60/160 s, respectively.

To limit a considerable loss of points as the consequence of the moving window approach, we analyze a sin-
gle time series (electron density values) of 604,800 (number of values recorded per day (86,400) multiplied by
the number of considered day (7)) points for each satellite, so the new time series relative to the first and sec-
ond scaling exponents have only 300 points less than the original one. Clearly, data refer to the entire globe
and to the entire time interval, therefore a selection of the values in the areas of interest, as well as for the day
of interest, is necessary. For this reason, the entire time series of the selected time interval is divided into
daily subsets and for each subset the first and second scaling exponents values obtained considering
Swarm A and B observations during their crossings of the Northern and Southern Hemispheres are consid-
ered, simultaneously. At the end of this process, we obtain 30 crossings (15 crossings per day per each satel-
lite) for each hemisphere. Daily maps are then drown by reducing data on a regular grid using a Gaussian
kernel interpolation scheme.

4. Results

Figure 3 reports the results obtained for the Northern Hemisphere while those for the Southern Hemisphere
are reported in Figure 4. Polar daily maps of both the first and the second scaling exponents for the time
interval 16–22 March 2015 are shown together with the polar daily maps of RODI. All these quantities are
represented as a function of QD‐latitude and magnetic local time. The daily maps of the first‐order scaling
exponent (Figure 3, first column) in the interval [0.2, 0.8] give the opportunity to distinguish regions where
the electron density fluctuations have a persistent character (H>0.5 in red) from those characterized by an
antipersistent one (H<0.5 in blue). The antipersistent character seems to be a typical feature of high latitudes
( > 60°) and the size of the region characterized by this antipersistent nature of the electron density fluctua-
tions appears to increase approaching to and during the main phase of the geomagnetic storm. Conversely,
the persistent character appears to be a typical feature of midlatitudes (<60°) where the values of H are
everywhere greater than 0.5 regardless of the geomagnetic activity level. During the temporal evolution of
the geomagnetic storm, the main feature is essentially the position of the profile defined by values ofH equal
to 0.5, that seems to follow the spatial and temporal evolution of the auroral zone during the selected period.
The daily maps relative to the second‐order scaling exponent (Figure 3, fifth column) show as the iono-
spheric polar regions are characterized by different values in the range between 0.5 and 1.8. Generally,
the regions with an antipersistent character of the electron density fluctuations are characterized by values
of the second‐order scaling exponent less than 1. This means that the scaling exponent (β) of the power spec-
trum of the original signal is less than 2. Conversely, regions characterized by a more persistent behavior are
usually associated with values ξ(2) greater than 1 and consequently with values β greater than 2 at all ana-
lyzed scales. This suggests the existence of different scaling features, which depend on the latitude, MLT, and
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geomagnetic activity level. Similar results are obtained for the Southern
Hemisphere as it is shown in Figure 4.

The ionospheric regions marked by an antipersistent character of the elec-
tron density fluctuations and values of the second‐order scaling exponent
less than 1 seem to correspond to those regions where high values of RODI
are recorded (see Figures 3 and 4, central column). To investigate the pos-
sible relationship between this index and the scaling features of the elec-
tron density fluctuations, the joint probability distributions between
RODI and the first (Figures 3 and 4, second column) and second‐order
scaling exponents (Figures 3 and 4, fourth column) respectively, have
been evaluated. High values of RODI are correlated with an antipersistent
character (H<0.5) of the electron density fluctuations and values of the
second‐order scaling exponent ξ(2) in the range from 0.5 to 0.7 (or β
around 1.66). These features remain throughout the entire development
of the storm and characterize both hemispheres. Low values of RODI
are instead correlated with a persistent character (H>0.5) of the electron
density fluctuations and values of second‐order scaling exponent ξ(2)
greater than 1 (or β>2). The results suggest the existence of two different
families of irregularities whose origin must be sought in different physical
processes. We notice that the relative weight of the two families changes
day after day during the analyzed period. The family of irregularities asso-
ciated with a persistent character of the electron density fluctuations and
values of the second‐order scaling exponent greater than 1 becomes parti-
cularly visible during less disturbed days. It is also possible to notice a
slight difference between the results obtained in the Northern and
Southern Hemispheres. In the Southern Hemisphere this family of irregu-
larities shows a greater joint probability with respect to the Northern
Hemisphere. Conversely, the family of irregularities associated with an
antipersistent character of the electron density fluctuations and values
of the second‐order exponent less than 1 seems to increase in the dis-
turbed period, that is, during the main phase of the geomagnetic storm
and the start of the recovery phase.

A more careful analysis of these two distinct families of irregularities
shows that these are actually associated with different values of latitudes.
High RODI values ( > 103.5 cm−3 s−1) characterized by electron density
fluctuations with an antipersistent behavior and β around 1.66 can be
found at high latitudes mainly in the auroral oval; low RODI values, char-
acterized by electron density fluctuations with a persistent behavior and β
larger than 2 (ξ(2) > 1), can be found at midlatitudes below the auroral
oval. As already underlined in the previous section, looking at the spatial

distribution of the strongest and most pronounced irregularities, that is, of the highest values of RODI, we
remark that they are essentially oriented in the day‐night direction across the polar cap. These irregularities
could be mainly attributed to dynamical processes including high‐speed plasma convection (Cherniak &
Zakharenkova, 2016). This suggests that the turbulent nature of the electron density fluctuations can be
due to a Kelvin‐Helmholtz instability and/or gradient drift instability in those regions characterized by
strong shear flows. Now, for low‐β plasmas (here β= pk/pB refers to the ratio between kinetic plasma pres-
sure pk and magnetic pressure pB) the expected turbulence is 2D and mainly fluid, generated by electrostatic
fluctuations and characterized by a near−5/3 PSD, but the energy cascade is backward in the low‐frequency
range (Kintner & Seyler, 1985). In this framework, shear‐flow‐associated instabilities are the principal
mechanism to generated turbulent fluctuations. However, we cannot exclude that the auroral particle pre-
cipitation could also be another source of the observed turbulent behavior mainly in the Northern
Hemisphere where the high values of RODI tend to be concentrated along the auroral oval border.
Looking at the values of the second‐order scaling exponent ξ(2) associated with the second RODI family

Figure 5. An example of comparison between satellite observations of
RODI with SuperDARN polar potential maps obtained using the
statistical convection model CS10. Data are reported as a function of MLT
and QD latitude for two specific days for the Northern and Southern
Hemispheres. The concentric circles represent contours of magnetic
latitude, separated by intervals of 10°. The black contours are the
ionospheric potential pattern, at 10 kV intervals. The dashed lines refer to
negative values while the continuous lines to the positive ones.
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at values <3 ×103 cm−3 s−1 one can note how this second family is characterized by ξ(2) > 1 (i.e., spectral
scaling exponents higher than 2).These values are generally spatially located outer of the border of the con-
vection zone, where different physical mechanisms could be responsible for the observed scaling features.

Formore detailed study of the spatial distribution of the strongest andmost pronounced irregularities during
this geomagnetic storm, in the context of two‐cell plasma convection, we compared RODI maps with Super
Dual Auroral Radar Network (SuperDARN) polar potential maps obtained using the statistical convection
model CS10 (Cousins & Shepherd, 2010). In this model high‐latitude ionospheric convection patterns are
obtained using average convection patterns derived from the SuperDARN measurements collected over
many years for varying solar wind velocity, interplanetary magnetic field, and dipole tilt angle conditions.
We have evaluated, for each day, the average values of these parameters and derived the corresponding aver-
age convection patterns independently for the Northern Hemisphere and Southern Hemisphere. Of course,
these are average daily patterns that do not describe the real convection patterns characterizing the analyzed
regions. The latter may indeed drastically change with varying interplanetary conditions. The average con-
vection pattern, however, allows to understand where the irregularities described by the RODI are
distributed.

Figure 5 reports a comparison between RODI and SuperDARN polar potential maps obtained using the
statistical convection model CS10. Figure 5 reports the results obtained in both hemispheres in two differ-
ent days, 17 and 19 March 2015, respectively. As we have hypothesized looking at the spatial distribution
of the RODI values, the strongest and most pronounced irregularities during the geomagnetically dis-
turbed days seem to follow the convection patterns. They are mainly localized along the convection pat-
terns that travel across the polar cap from the dayside to the nightside. This result seems to support our
hypothesis according to which the physical mechanisms responsible for the formation of high‐latitude
ionospheric irregularities characterized by high values of RODI can be both the gradient drift and the
Kelvin‐Helmholtz instability, while perhaps the low RODI values' family could be due to a different kind
of turbulent/stochastic process.

5. Conclusions

The high‐latitude ionosphere is extremely rich in plasma irregularities and fluctuations. They are due to a
very long list of processes that depend mainly on the scale of interest. In the spatial scales from hundreds
of kilometers down to some kilometers these irregularities partially depend on the interaction of the
high‐ionosphere with the various magnetospheric regions to which it is connected by magnetic field lines.
Over the past two decades several studies focused on the characterization of plasma density irregularities
and fluctuations at different spatial scales by using both ground‐based observations and in situ measure-
ments on‐board LEO satellites. Our work has to be placed within this framework.

We have studied the nature of electron density fluctuations recorded on‐board Swarm satellites at middle‐
and high‐latitude regions in both hemispheres in order to investigate the self‐similarity/affinity nature of
the measured time series. We have thus looked for scaling invariance in the plasma density fluctuations
(in terms of self‐similarity) supporting the idea that turbulence might play a role in generating plasma irre-
gularities. Based on this idea we have investigated a possible link between the observed scaling features and
the electron density irregularities identified by RODI. Among the different irregularity parameters that can
be derived from the plasma density measurements, RODI is indeed a measure of the electron density varia-
tions that shows a high correlation degree with the pattern of topside ionospheric irregularities
(Zakharenkova et al., 2016).

So, the joint analysis of RODI and of the scaling features of electron density fluctuations recorded by Swarm
A and B gave us the opportunity to locally analyze the small‐scale (both spatial and temporal) fluctuations of
electron density and investigate a possible relation between their properties and RODI in the ionospheric
topside region. The study highlighted two families of plasma irregularities that seem to be associated with
different physical properties. On one hand, there are plasma density variations associated with low values
of RODI that are characterized by scaling properties not supporting the idea of a fluid and/or MHD turbu-
lence as a source of these perturbations. These irregularities mainly occur in the midlatitude regions mainly
below the auroral oval. On the other hand, there are plasma density variations associated with high RODI
values ( > 103.5 cm−3 s−1) and scale‐invariant antipersistent fluctuations that are characterized by spectral
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properties similar to those expected in the case of fluid and/or MHD turbulence. Indeed, in this case, the
second‐order scaling exponent to which the spectral feature is related, ranges from 0.5 to 0.8, supporting a
near 5/3 spectral features (a quasi‐Kolmogorov scaling) of the observed density fluctuations. These irregula-
rities mainly occur at high latitudes in the auroral and polar cap regions and can be caused by direct particle
precipitation and by dynamic plasma processes in the polar ionosphere involving turbulence. In other words
they could be associated with a fluid/MHD plasma turbulence mechanisms generated by Kelvin‐Helmholtz
or shear flow instabilities. We note how the location of these irregularities seems to be associated with the
convection pattern, that is, with the plasma transport across the polar cap as recently observed (Yang et al.,
2016). Conversely, the second family of RODI values could be the consequence of a different turbulent
and/or stochastic mechanism.

Our observations suggest that RODI, which is a proxy of ionospheric irregularities, cannot be generically
considered as a proxy of the occurrence of ionospheric fluid/MHD turbulence. It is nevertheless true that
its highest values ( > 103.5 cm−3 s−1) can give us information on the possible turbulent origin of the plasma
irregularities. However, we cannot exclude that different turbulent/stochastic mechanism could be respon-
sible for the occurrence of scaling (self‐similar) features also in the case of RODI small values. This point
deserves a more detailed analysis that calls for future work.

Data Availability Statement

Swarm data can be accessed online (http://earth.esa.int/swarm).
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