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Abstract The characteristics of turbulent plasma in the winter cusp ionosphere is studied based on
in-situ data from the Investigation of Cusp Irregularities (ICI) sounding rockets. The electron density
fluctuations from ICI-2 and ICI-3 missions have been analyzed for the whole flight, using advanced time-
series analysis techniques. The analysis of the autocorrelation scale is indicative of the turbulence integral
scale and marks the onset of the turbulent cascade from large to small scales in the power spectrum
density of the rocket data. The power spectrum is typical for a turbulent field. The turbulent structures are
persistent in the data, which are quantified by analyzing the Probability Distribution Functions (PDFs)
and their deviations from the Gaussian distribution. The kurtosis analysis indicates the presence of
intermittency. These results are compared with the Local Intermittence Measure - LIM, which confirms
the presence of small scale intermittent structures. The turbulence measured by rockets appears well
developed and covers frequencies between 1 Hz and several hundred Hz. There is a good agreement with
the previous results, suggesting that density fluctuations in the ionospheric cusp agree with the turbulence
framework in which intermittent processes transfer energy across different scales.

1. Introduction

Space plasmas display fluctuations and nonlinear behavior at a broad range of scales, and in most cases
they are in a turbulent state (Bruno & Carbone, 2013; Frisch, 1995; Tu & Marsch, 1995). Despite of many
studies and recent advances in research, many questions related to space plasma turbulence are still open.
Here, we focus on the cusp ionosphere, where the coupling with the magnetosphere and the solar wind
leads to highly dynamic phenomena resulting in plasma irregularities (Kelley, 2009). High-latitude F region
is characterized by irregularities, instabilities, and turbulence (Basu et al., 1994; Carlson et al., 2007; Moen
et al., 2000, 2002, 2002; Oksavik et al., 2012), which cover a wide range of scales, from hundreds of kilom-
eters to a few meters (e.g., Carlson et al., 2007; Tsunoda, 1988). Their presence is considered customarily in
the F region ionosphere. Such irregularities are important aspect of the space weather, and they can disturb
the propagation of trans-ionospheric radio waves, which might impact the increasing human activity in the
polar regions, which often relies on such signals (Bothmer & Daglis, 2007; Carlson, 2012; Moen et al., 2013).

Power spectra are powerful tools in the analysis of turbulence, and they allow to describe how the main
energy cascade develops (Alexandrova et al., 2009; Frisch, 1995; Leamon et al., 1998; Tu et al., 1989). Ion-
ospheric plasma turbulence and irregularities should be described by power laws (Kintner & Seyler, 1985;
Tsunoda, 1988) and a double-slope spectra seem to be common in the high-latitude F layer plasma (Ivarsen
et al., 2019; Mounir et al., 1991; Spicher et al., 2014; Villain et al., 1986). The same behavior is well docu-
mented at low-latitude (e.g., Hysell et al., 1986; Jahn & Labelle, 1998; Kelley et al., 1982; LaBelle et al., 1986).
Several mechanisms are often associated with the spectra observed: the Gradient Drift Instability (GDI) (Ce-
risier et al., 1985; Mounir et al., 1991), due to the differential drifts of ions and electrons on a plasma density
gradient; the presence of strong flow shears suggests the Kelvin-Helmholtz instability (KHI) as a possible
candidate for the generation of plasma irregularities in the polar regions (Basu et al., 1990; Carlson, 2012;
Carlson et al., 2007). Indeed, Basu et al. (1988) showed a tendency for intense irregularities at large scales,
likely due to KHI, to arise in regions with velocity shears. Past observations (e.g., Basu et al., 1988, 1990;
Kintner & Seyler, 1985) displayed a slope a = -5/ 3 ~ —1.67 for the power spectra of the electron density
fluctuations, both for the GDI and the KHI, which is in agreement with linear theory. Basu et al. (1984),
Villain et al. (1986), Mounir et al. (1991), Spicher et al. (2014) presented direct evidence of a steepening of
the spectra at high frequencies measured in the high-latitude F region auroral zone and cusp region. Such
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dual-slope spectra may indicate the presence of two different physical regimes, one where low-frequency
processes are dominating and one where kinetic effects become important.

With the aim to provide an extensive analysis of features of the plasma turbulence in the cusp ionosphere,
data from the ICI-2 and ICI-3 sounding rocket experiments in the high-latitude F-region ionosphere have
been analyzed. In this paper, we carry out advanced time series analysis to characterize turbulence and eval-
uate its statistical properties including intermittency (Bruno et al., 2001; Sorriso-Valvo et al., 1999). For the
analysis, we use several tools to address different aspects of turbulence characteristics, and will show that
in case of this well-developed turbulence, intermittency can be considered an important mechanism for the
energy transfer across different scales.

2. The ICI Data Missions

Sounding rockets can place scientific instruments on board to measure directly specific regions of the ion-
osphere. This allows to collect unique science data. With the possibility to be launched on-demand where
and when phenomena of interest are occurring, in-situ sounding rocket measurements are the most feasi-
ble approach to describe the nature of the plasma structures under various conditions and to provide the
plasma parameters needed to properly evaluate existing models for plasma instabilities. The Investigation
of Cusp Irregularities - ICI sounding rockets are a series of Norwegian rocket experiments that aim to study
irregularities and turbulence in the ionospheric cusp. The high-resolution measurements of the absolute
electron density provided by the multi-Needle Langmuir Probe (m-NLP) (Bekkeng et al., 2010) has allowed
to advance in knowledge by increasing the spatial resolution of the absolute density measurements from
kilometers scales to below-meter scales.

2.1. The ICI-2 Sounding Rocket Mission

The ICI-2 sounding rocket was launched into the cusp ionosphere at 10:35:10 UT on 5 December 2008 from
Ny-Alesund, Svalbard (NYA: 78.9°N, 11.9°E geographic coordinates), and the payload reached apogee in its
nominal trajectory at 328.7 km altitude after 302 s flight time. The rocket flew almost perpendicular to the
Earth's magnetic field and encountered large plasma density enhancements. Details about the space envi-
ronment during the flight and the plasma conditions can be found in Lorentzen et al. (2010).

In this study, we use data from the four-needle Langmuir probe (m-NLP), deployed on booms perpen-
dicular to the ICI-2 payload body (Bekkeng et al., 2010; Jacobsen et al., 2010), with a sampling rate of
5,787 Hz. Figure 1la) displays the electron density N, measured with respect to the time of flight ¢. The
spin modulation due to the rotation of the spacecraft was removed (Jacobsen et al., 2010). The maximum
values (N, ~ 1.1x107"'m™) are reached early in the flight at about = 130 s that corresponds to altitude
h =200 km. Then the density drops to about N, = 0.5x10™"'m™ and throughout the remainder of the
flight, several large-scale density enhancements are observed. Around the time intervals Ar ~ [180,240] s
and Ar ~ [380,430] s of the flight, the electron density varies between 0.5x10™"'m™ and 1-10™"'m™. Fig-
ure 1b shows the corresponding spectrogram of the electron density fluctuations AN, / N,, which is ob-
tained with a Hamming window over four seconds intervals with 75 % overlapping. The horizontal lines are
associated with the spin of the payload and its harmonics. As can be seen, enhanced power spectral density
(PSD) ranging from 1 Hz to several hundreds of Hz occurs in distinct regions in relation to the larger-scale
structures above-mentioned. Using the relative motion between the plasma and the rocket, this may corre-
spond to spatial scales smaller than 10 m (Oksavik et al., 2012).

2.2. The ICI-3 Sounding Rocket Mission

The ICI-3 mission was launched from Ny-filesund (NYA: 78.9°N, 11.9°E, geographic coordinates) at 07:21:31
UT on December 3, 2011 into the cusp ionosphere, where the payload reached an apogee of 354.5 km at the
time of the flight 7 = 312.9s. In the ICI-3 mission three spherical and five m-NLPs were mounted on booms
which were deployed perpendicular to the payload body with a sampling rate of 8680.5 Hz. Figure 2a shows
the electron density measured by m-NLP with respect to time of flight, between ¢ = 150s (A = 236.8km)
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Figure 1. (a) Electron density measured by m-NLP during the ICI-2 mission. (b) Spectrogram of the electron density fluctuations. The plots are given as a
function of time of flight and the corresponding altitude.
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and ¢ = 500 s (h = 202.8km), and using three of the probes (Spicher et al., 2016). The electron density N,
is about three times larger than the one observed during the ICI-2 flight and varies significantly during
the entire flight. Figure 2b shows the corresponding spectrogram of the ICI-3 electron density fluctuations
AN, | N,. The spectrogram was computed in as similar way as for Figure 1. We observe significant PSD
reaching several hundred Hz throughout the flight up to 1 kHz frequencies. An obvious difference between
ICI-2 and ICI-3 is that ICI-2 exhibits enhanced PSD at high frequencies only several localized intervals dur-
ing the flight, while this roughly continuous for ICI-3.
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Figure 2. (a) Electron density measured by m-NLP during ICI-3 mission. (b) Spectrogram of the electron density fluctuations. The plots are given as a function
of time of flight and the corresponding altitude.
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Figure 3. The autocorrelation function (ACF) of the electron density measured by ICI-2 (left panel) and ICI-3 (right panel) as a function of 7.

3. Observations

In order to characterize the properties of the plasma, the electron density has been analyzed using several
tools: the autocorrelation function, which gives useful information about the correlation scale of the field;
the energy power spectrum, which indicates how the energy is transferred between different scales; the
Probability Distribution Functions (PDFs) of the scale-dependent increments, whose deviation from Gauss-
ian will qualitatively illustrate the presence of intermittency; the fourth-order moment, the kurtosis, is able
to measure the flatness or peakedness of a distribution compared to a Gaussian, and the Local Intermittency
Measure (LIM), that helps in identifying the presence of intermittent structures. The time series shown in
Figure 1 for ICI-2 and in Figure 2 for ICI-3 were used for the analysis, specifically, the time period 110 s<t
<480 and 160 s < t <490 s, respectively.

3.1. Autocorrelation Function

The autocorrelation function (ACF) defines how data points in a time series are related, on average, to the
preceding data points (Box et al., 1994), that is, in this context ACF = ([N,(t) — (N )[N,(t + 7) — (N, )]/ o,
where ¢ is the standard deviation of N,, N, () is the time series representative of the electron density and ¢
is the separation time scale. Here < . > is an ensemble average that is, equivalent to a suitably chosen time- or
space-averaging procedure. The ACF can test the self-similarity of the signal over different lag times. We
estimate the correlation time of plasma density 7., which may help identifying the integral length scale of
turbulence. It represents the largest separation distance over which eddies are still correlated, that is, the
largest turbulent eddy size (Matthaeus et al., 2005). Figure 3 shows the ACF versus time scale 7 for the elec-
tron density fluctuations of ICI-2 and ICI-3 data.

Both cases display a roughly parabolic decay near the origin, as observed in the solar wind turbulence (Mat-
thaeus & Goldstein, 1982). The uncorrelated-scale noise level is reached when the ACF starts fluctuating
around zero. The noise level is delimited by the horizontal red dashed lines, corresponding to the values
+1/ e, as customary used in the evaluation of the correlation scale in turbulent phenomena (Bruno & Car-
bone, 2013). The correlation scale 7, is defined as time scale at which the ACF intersects the bands that
delimit the noise level. While for ICI-2 7. = (22 £ 0.2) s and the noise level is well contained between the
values %1 / e, for ICI-3 there are small fluctuations outside the noise band, that is, they are before the ACF
reaches the horizontal line +1 / e. In the right panel, the additional blue dashed line above and below the
red-line limits, have been inserted to include the fluctuations and enlarge the noise bands. Thus for ICI-3,
7, =(16+0.2)s.
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Figure 4. The power spectral density (PSD) of electron densities of ICI-2 (left panel) and ICI-3 missions (right panel). The vertical black dashed lines indicate
the frequency related to the correlation time f,, the frequency related to the ion inertial length f,,, and the gyrofrequency of oxygen ions in the polar ionosphere
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3.2. Power Spectra

Power spectra provide information about the scaling properties of the field fluctuations. Figure 4 displays
the power spectral density (PSD) of ICI-2 (left panel) and ICI-3 (right panel) data. With the aim to represent
how the turbulent cascade develops, we include three characteristic frequencies in the spectrum that delim-
it different ranges of the turbulent regime. From the phenomenological point of view, Kolmogorov (1941)
claims the presence of three separate ranges in the energy spectrum: an injection range, which corresponds
to the large scales of turbulent motions, denoted the driving scale; an inertial range, where nonlinear in-
teractions serve to transfer energy from large to smaller scales; finally a dissipative range, that in which the
energy dissipates. We show these three ranges to assess how the different ranges of the turbulent cascade
may apply to our ionospheric system. On the left side of both panels in Figure 4 we indicate f. =1/ 7,
which readily relate to the corresponding autocorrelation times, where we identify the beginning of the
turbulent cascade at large scales/small frequencies (yellow zone) that delimits the onset of the inertial range
(gray zone). Here a process of fragmentation at large-scale can developed (Kolmogorov, 1941). We find f,
which is the frequency related to the ion inertial length d; = ¢ / @,; = (600 — 900) m, where ¢ is the speed of
light and @i is the ion plasma frequency, averaged for the flight used. By inserting the appropriate values we
obtain: f; = 1.1Hz for ICI-2 and 1.6 Hz for ICI-3. Last, to the right, the frequency fo . = 47Hz, is the gyrofre-

quency of oxygen ions in the polar ionosphere (the Earth's magnetic field B = 5 - 107> T for both flights). We
note that the ICI-2 and ICI-3 power spectra have a break around f € (15 — 47) Hz. These values are located
reasonably between the frequencies corresponding to the ion inertial length and the gyrofrequency of oxy-
gen ions fo ,» Where the kinetic plasma effects are believed to start being non-negligible (red zone), or where
diffusion, drift waves (LaBelle et al., 1986), or wave steepening (Hysell et al., 1986) observed at equatorial
regions can be also relevant for the polar plasma dynamics. Both spectra exhibit a clear double-slope spec-
trum with ¢ = —1.69 at lower frequencies and o, = —2.98 at higher frequencies for ICI-2. Similar values
are found for ICI-3: ¢; = —1.67 and o, = —3.74. The latter slope «, appears steeper than that of the electron
density of ICI-2. These results are in a good agreement with previous studies in literature (Basu et al., 1990;
Mounir et al., 1991; Spicher et al., 2014; Villain et al., 1986). Spacecraft and sounding rocket data commonly
have a weakly stationary nature, which is visualized as a certain regularity in the time series and character-
ized by a constant mean and an autocorrelation function that are not dependent on the absolute time, but
on the time difference r between measurements (Jenkins & Watts, 1968; Pécseli, 2000; Spicher et al., 2015).
Validation of the stationary nature of several intervals of the time series here used can be found in Spicher
et al. (2014, 2015). To verify the results obtained with the power spectra calculation, which requires that
data are locally stationary, we calculated the spectra at a higher cadence (at every 60 s), demonstrating how
the energy cascade typically described by a double slope continues to persist. Table 1 summarizes results for

DI MARE ET AL.

50f 12



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2021JA029150

Table 1
Spectral Indices of the Power Spectra Estimated for Time Intervals of 60 s Each

ICI-2 mission

Time interval A *

(120-180) s —1.67 —2.98
(180-240) s —1.69 —2.86
(240-300) s —1.66 —2.98
(300-360) s —1.69 —3.08
(360-420) s —1.69 —2.88
(420-480) s —1.65 —2.98

ICI-3 mission

Time interval X *

(170-230) s —1.64 —3.68
(230-290) s —1.62 —3.66
(290-350) s —1.62 —-3.74
(350-410) s —1.64 —3.68
(410-470) s —1.67 -3.71

Note: Spectral indices a; and , and correspond to the low- and high-frequency ranges, respectively.

spectral indices @; and @, corresponding to the low- and high-frequency ranges, estimated for time intervals
of 60 s each. The slope at the lower frequencies remains consistent with Kolmogorov's law. The same applies
at higher frequencies, where the values of the slope remain very close to those of the whole.

3.3. Intermittency

The statistics of turbulent fluid flows can be characterized by the Probability Distribution Function (PDF)
over varying scales (Frisch, 1995). For intermittent signals, it is observed that PDFs are scale-dependent. At
large scales the behavior is approximately Gaussian, and as the scale decreases, the wings of the distribution
become increasingly stretched leading to large deviations from the Gaussian (Sorriso-Valvo et al., 1999).
The Gaussianity threshold may be linked to the change of topology of the energy transfer. This implies that
intense fluctuations have a higher probability of occurrence than that they should have if they had Gaussian
distribution (Bruno & Carbone, 2013). This scaling dependence of PDF can be taken as a definition of inter-
mittency (Bruno & Carbone, 2013). We calculate the PDF of increments AN, at different scales 7, standard-
ized by normalizing to their standard deviation o. Figure 5 shows the PDF at different time scales and the
black dashed line represents a reference Gaussian distribution. At large scales PDF displays a shape close to
Gaussian. This behavior is well observed for ICI-3 at large scales 7 = 30.145s and 7 = 3.768 s, while it is less
clear for ICI-2. Then PDF becomes more and more stretched as r decreases (Bruno & Carbone, 2013), and
deviation from Gaussian curve is observed in both datasets, although the effect is more evident for ICI-3.

A way to quantify the deviation from a Gaussian distribution is the normalized fourth-order mo-
2
ment of the increments, the kurtosis (or flatness) K = <Sf > / <S,2> , where 7 is the scale of interest and
SP = <I N,(t+71)—-N, (@) IF > is the structure function of order p of the time series of density measurements
N,(t) (Bruno & Carbone, 2013). The behavior of this parameter at different scales gives an estimate of the
degree of intermittency of a turbulent system, as suggested by Frisch (1995). When the time series are
dominated by intermittent extreme events, we expect high kurtosis according to theory (Frisch, 1995). As
we can observe in Figure 6, the kurtosis initially fluctuates around the Gaussian value K = 3 at large scales,
roughly down to the correlation scale, and then increases as a power law K (/) ~ [*. The power-law fitting
range is generally consistent with the spectral inertial range, slightly shifted toward smaller scales, bounded
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Figure 5. Probability distribution functions of the normalized increments AN'" / & at different time scales 7. The black dotted line is a Gaussian distribution

plotted here as a reference.

by the time related to ion inertial length Ty and the time associated with the gyrofrequency of oxygen

ions T = 1/f " = 0.02 Hz. These values correspond to the frequencies inserted in the power spectra in
order to achieve direct correspondence between different analysis tools employed. The scaling exponent x
gives a quantitative estimate of the intermittency, that is, of the anomalous scaling of the field fluctuations
(Sreenivasan & Antonia, 1997). This value is k¥ ~ —0.358 for ICI-2 and —0.369 for ICI-3. The kurtosis K for
ICI-2 data shows one decade of large-scale fluctuations around the value K = 3 and then it increases when
going toward smaller time scales and tends to saturate. For ICI-3 instead, after an initial oscillation around
the Gaussian value that covers two decades, the growth of the kurtosis is more gentle and the saturation

level is not observed.

To support the observations of the presence of intermittent structures, we calculate the Local Intermittency
Measure (LIM) introduced by Farge et al. (1990). LIM represents the energy content of fluctuations at a
specified scale s and at specified time #, with respect to the average power at that scale or with simple words,
the local activity of the signal at each scale s (Consolini & De Michelis, 2005; Farge, 1992):

~lw () P

LIMs,to - <| W, (1) |2>t

10° : ICI-2 10° : E ¢ ICI-3
L] ! 5 5 i
10* : 10*
. :
~10° - 5 ~10° )
<z . 5 5 Z | 5 §
) : : o] = : : :
10 -0.358 ; 10 - ; -
ko : - : : 5
. . = . —0.369 .
10" " . 10!} \\E\l : :
K=3 : ! s ‘l L K=3 i S g " " omm
: T : w : : T
o . To* L, e o? :To* T, Te
107 107! 10° 10! 10% 1073 1072 107! 10° 10! 102
T T

Figure 6. The kurtosis of the electron density fluctuations calculated using ICI-2 (left panel) and ICI-3 data (right panel), as well as the power-law fit for
the two cases. The horizontal solid green line indicates the Gaussian value K = 3; The vertical black dashed lines indicate the gyro-period related to the
gyrofrequency of oxygen ions, the inertial period z, related to the frequency f,,, and the correlation time z,.
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Figure 7. LIM analysis of the electron density data. (a and c) The electron density data for ICI-2 and ICI-3 respectively. (b and d) LIM analysis given as a
function of time of flight for ICI-2 and ICI-3 and LIM intensity in arbitrary units (see color bar).

where lw(z,)? is the local energy density at the scale g, (I w_(r) I} corresponds to the averaging over time
s o 8y s , P ging

at the same scale s and w,(¢) are the wavelet coefficients for the electron density at scales s and time ¢
(Consolini & De Michelis, 2005; Farge, 1992; Tam et al., 2005). This technique is used to identify intermit-
tent events and is able to estimate the degree of irregularity at different scales. The global wavelet energy
spectrum corresponds to the Fourier energy spectrum smoothed by the wavelet spectrum at each scale
(Farge et al., 1990). In this work the LIM is obtained using wavelet coefficient calculations based on the
Morlet wavelet and adapted from a software provided by Torrence and Compo (1988). Figures 7a and 7c
show the electron density fluctuations and the corresponding LIMs are presented in Figures 7b and 7d. For
ICI-2, we observe large-scale structures, which extend into small-scale structures in several time intervals:
125 <1t <1405,190 < ¢ < 2255,240 <1 <260s,310 < ¢ < 330 s and between 400 < ¢ < 440 s. Structures at
frequencies < 1 Hz and up to 100 Hz are observed in the time intervals indicated above, while between 120
and 240 s the small scale structures reach frequencies up to 1 kHz. For ICI-3, we observe different charac-
teristics of LIM (see again Figure 7d). Large scale irregularities with frequencies between 0.1 and 1 Hz are
observed at times of flight of approx. 140, 170, 200, 220, 270, 320 s and in the final part of the series between
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440 and 500 s. In the latter case, intermittent structures cover frequencies up to 1,000 Hz for almost all the
time interval mentioned above. This is in agreement with the statistical analysis conducted so far which
asserts the presence of a developed turbulence during both flights.

4. Discussion

Through studies of turbulence characteristics, some phenomenological considerations about the energy
transfer and its distribution in a system can be made. The development of turbulence and irregularities
occurs when free energy is redistributed through some instability mechanism and, consequently, both the
source of energy and the instability are coupled (Treuman & Baumjohann, 1997). The density gradients
(usually associated with the polar cap patches), flow shears and particle precipitation (Carlson, 2012; M. Ke-
skinen & Ossakow, 1983; Moen et al., 2013; Tsunoda, 1988) are the three sources of free energy believed to
be dominant in the polar regions. With large-scale variations in the configuration space in the ionosphere,
there are associated macro-instability processes such as the gradient drift instability (GDI) (e.g., Linson &
Workman, 1970) and Kelvin-Helmbholtz instability (KHI) (M. J. Keskinen et al., 1988). Once the energy is
injected at large scales, the non-linear processes are activated, producing a continuous transfer of energy
across scales. From the phenomenological point of view, this corresponds to a process of fragmentation of
large-scale turbulent structures which, by breaking up, produce turbulent structures at smaller scales.

The autocorrelation function (ACF) allows for evaluating the scales at which the turbulent structures are
identified. In our analysis, the behavior of the ACF is typical of turbulent fields, that is, it has a roughly
parabolic shape near the origin, indicating the field smoothness in the dissipative range, followed by a
slower decay toward zero, indicative of the inertial range of turbulence (Pope, 2000). We found values of
the correlation time r = 22 s and ¢ = 16 s for ICI-2 and ICI-3 electron density respectively, corresponding to
structures with scales of tens kilometers. This may be related to the integral length scale of turbulence in
our ionospheric system that represents the largest separation distance over which eddies are still correlated,
that is, the largest turbulent eddy size (Bruno & Carbone, 2013). This is in agreement with the spatial scale
of individual irregularities found in Basu et al. (1990), that can range from tens of km down to meters. By
assuming that Taylor's hypothesis is satisfied and the turbulence is purely spatial and it is isotropic in the di-
rection perpendicular to the magnetic field, the frequencies of the spectra may be related to the wavelengths
when the relative motion of the plasma with respect to the rocket is known (Taylor, 1938). The correlation
time value has been inserted into the frequency PSD through suitable transformations and, as expected, it is
placed in the initial ranges of the spectrum, where the energy cascade is assumed to begin.

One can see that the spectra have similar shapes for both sounding rocket experiments. The spectra in-
tensities are similar at low frequencies, but different at high-frequencies. We can clearly recognize two
power-laws present in the spectra: at low frequencies, the spectra display ; = -5/ 3 = —1.7 consistent with
Kolmogorov's law, then a break appears in the interval f € (15 — 47Hz). These values lay reasonably be-
tween the frequency corresponding to the ion inertial length and the gyrofrequency of the oxygen ions _}g o
where the kinetic plasma effects are believed to start being non-negligible (red zone), or where diffusion,
drift waves (LaBelle et al., 1986), or wave steepening (Hysell et al., 1986) observed at equatorial regions can
be also relevant for the polar plasma dynamics. We estimate that the steepening of the spectra corresponds
to wavelengths A € (21,66) m. This is significantly larger than the Larmor radius of the oxygen ion r = 4
m for a typical ion temperature of 7; = 1000 K. These findings are in agreement with results in Spicher
et al. (2014). At higher frequencies, the power spectrum is &, = —2.98 for ICI-2 and «, = —3.74 for ICI-3.
The latter slope appears steeper and suggests a more complex dynamics in the turbulent cascade in the ICI-3
mission. The PSD is larger for ICI-3 than ICI-2 until about 50 Hz (the break), indicating more irregularities
at these frequencies. It is also important to point out that such results can be affected by the Doppler shift
and should be considered with care (Fredricks & Coroniti, 1976).

The study of PDFs suggests the presence of coherent structures localized in space and time, showing a
non-Gaussian behavior as decreasing scales. This implies that intense small scale fluctuations have high
probability of occurrence and the PDFs appear as stretched exponential functions at the smallest scales.
This scaling dependence of PDFs is a different way to say that the scaling exponents of fluctuations are
anomalous, and they can be taken as a different definition of intermittency (Bruno & Carbone, 2013).
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The kurtosis K, being the fourth order moment of the structure function, measures the flatness or peaked-
ness of a distribution (Frisch, 1995), in comparison to a Gaussian. For a Gaussian K = 3 and a distribution
affected by flatness has K > 3. A time series dominated by intermittent extreme events has high kurtosis.
In our datasets, the scale-dependent kurtosis increases toward high-frequencies, implying the presence of
coherent structures at the smallest scales. In the Navier—-Stokes turbulence, it is often observed that the scal-
ing exponent x = —0.1 (Anselmet et al., 1984). In our study the scaling exponent x ~ —0.358 for ICI-2 and
x ~ —0.369 for ICI-3, which is consistent with a pronounced intermittency.

We finally studied a measure of local intermittency - LIM, as the degree of irregularity dependent on scales.
LIM measures the local activity of the signal at each scale and has been widely applied to identify inter-
mittent events in the solar wind turbulence (Bruno et al., 1999, 2001; Consolini & De Michelis, 2005). We
observe turbulent structures covering the frequency range from > 1 Hz up to hundreds Hz in several regions
of the ICI-2 flight. In data from ICI-3 rocket, one can instead observe the presence of large scales irregu-
larities that gradually extend into small ones and fill most of the time series. This different behavior of the
two missions can already be seen from the spectrograms in Figures 1b and 2b. ICI-2 shows enhanced power
spectral density occurring in distinct regions of the flight, while ICI-3 shows a spectrogram structured dur-
ing the entire flight. These observations and the results of LIM analysis suggest that a developed turbulence
has been observed by both rockets, although there seem to be mechanisms during the ICI-3 rocket flight
that facilitate the fragmentation of eddies toward smaller scales.

Summing up, data from the ICI-3 mission exhibit a steeper power spectrum at high frequencies, the wings
of PDFs at small scales are higher and stretched exponentially more than those of the ICI-2 rocket data,
implying that the ionosphere studied with the ICI-3 sounding rocket is more intermittent. High kurtosis for
both missions is in agreement with the presence of intermittent structures, although the LIM of the ICI-3
dataset reveals the presence of intermittent structures that are present during almost the entire flight. This
is also seen from the PSD comparing Figure 1b with the Figure 2b. This behavior may be attributed to dif-
ferent physical conditions encountered by the two rockets.

ICI-3 sounding rocket flew through an active region and a reversed flow event (Moen et al., 2013; Rinne
et al., 2007), including precipitation and flow shears (Spicher et al., 2016, 2020). These different processes
are features of the active cusp and could provide strong source of free energy for generation and evolution
of various plasma instabilities. In contrary, the ICI-2 sounding rocket encountered regions of strong densi-
ty gradients, which can be associated with polar cap-enhanced density regions and their trailing edges in
particular (Lorentzen et al., 2010; Moen et al., 2012; Oksavik et al., 2012; Spicher et al., 2014). In the light
of the results obtained, we expect that the ionospheric conditions during the ICI-3 sounding rocket flight
could facilitate efficient meso-scale structures that would consequently create small-scale structures. The
observed turbulence is more developed and intermittent. The investigation of these mechanisms at work is
a subject of future work.

5. Conclusion

Plasma irregularities and turbulence are common in the F-region ionosphere, covering a broad range of
scales, from hundreds of kilometers to a few meters. Using advanced time series analysis techniques, the
data from the ICI-2 and ICI-3 sounding rocket experiments were analyzed. By applying the autocorrelation
function we identified the integral scale of the turbulence in the studied ionosphere. The size of such large-
scale structures is of the order of tens of kilometers. We observe double-slope power spectra, in which the
autocorrelation frequency appears located at small frequencies, where the turbulent energy cascade is ex-
pected to start. At higher frequencies the ICI-3 power spectrum density reveals a steeper slope than the one
observed for the ICI-2 dataset, suggesting a more developed turbulence, which can be attributed to different
conditions of the experiment. The study of PDFs confirms the presence of coherent structures, showing
a non-Gaussian behavior toward decreasing scales. Heavy tails are indicative of particularly intense field
fluctuations and are related to the intermittent structures. This is further confirmed by the LIM analysis,
which shows strips of intermittent structures at small-scales. The scaling exponent of kurtosis x ~ —0.358
for ICI-2 and x = —0.369 for ICI-3 have been calculated and can serve as a reference for future studies on
the intermittency in the ionospheric cusp. This study strengthens the idea that that density fluctuations in
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the ionospheric cusp seem to agree with the turbulence framework in which intermittent processes transfer
energy across different scales. Using the methods presented, one can characterize the different levels of
turbulence. These advanced techniques will be used to identify different drivers for the irregularities in the
future works.
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