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Abstract

Solar wind measurements carried out by NASA’s Wind spacecraft before, during
and after the passing of an interplanetary coronal mass ejection (ICME) detected
on 12-14 September 2014 have been used in order to examine several properties of
magnetohydrodynamic (MHD) turbulence. Spectral indices and flatness scaling
exponents of magnetic field, velocity and proton density measurements were
obtained, and provided a standard description of the characteristics of turbulence
within different sub-regions of the ICME and its surroundings. This analysis was
followed by the validation of the third-order moment scaling law for isotropic,
incompressible MHD turbulence in the same sub-regions, which confirmed the
fully developed nature of turbulence in the ICME plasma. The energy transfer
rate was also estimated in each ICME sub-region and in the surrounding solar
wind. An exceptionally high value was found within the ICME sheath, accompa-
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nied by enhanced intermittency, possibly related to the powerful energy injection
associated with the arrival of the ICME.

Keywords: Turbulence; Coronal Mass Ejections, Interplanetary; Solar
Wind; Magnetohydrodynamics

1. Introduction

The dynamics of the solar wind, a plasma flow expanding from the Sun through
the whole heliosphere at supersonic and super-Alfvénic speed (Parker, [1958),
has been extensively explored by spacecraft measurements. Its temporal and
radial evolution remains hard to predict, due to the non-linear interactions and
turbulent behaviour that characterize its fluctuations. The turbulent nature of
the solar wind is a major subject of space plasma physics research, and has
been studied in depth for more than 50 years (Viall and Borovsky, [2020).
Power-law spectra and anomalous scaling of the structure functions of magnetic
field, velocity and proton density have been widely used to characterize the
turbulence and the associated intermittency (for an exaustive account of solar
wind turbulence, see the excellent review by Bruno and Carbone, 2013, and
references therein). However, due to the complexity and variability of the solar
wind environment, several aspects of solar wind turbulence are still being inves-
tigated. Understanding the evolution and properties of solar wind turbulence is
of paramount importance to determine how the solar wind collisionless plasma
is heated during its expansion, and for the transport of energy, momentum and
other invariants in the heliosphere (Matthaeus and Velli, [2011)).

The complexity of solar wind dynamics is further exacerbated in the case
of violent transient phenomena, such as interplanetary coronal mass ejections
(hereafter ICMEs, Howard, 2011} Kilpua, Koskinen, and Pulkkinen,|2017). These
are powerful events of solar origin consisting of the expulsion of plasma and
magnetic field from the corona (coronal mass ejections, CMEs), which then
expand with high speed through the interplanetary space. Their high speed,
often supersonic with respect to the embedding solar wind, produces a shock
wrapped around the expanding magnetic ejecta, which causes compression and
heating of the ambient plasma. The normal structure of ICMEs consists of a
highly compressed and turbulent sheath immediately behind the shock, followed
by a colder, quieter magnetic cloud, which represents the bulk of the expelled
plasma. The speed, size, geometry and magnetic configuration of ICMEs can be
extremely variable, and so do their dynamical properties. Furthermore, the in-
teraction with the inhomogeneous solar wind or other ICMESs also contributes to
determine their expansion speed and other characteristics (Dal Lago, Schwenn,
and Gonzalez, 2003} Wang et al.,|2004; Gui et al.,|2011} Lugaz et al.,2017| Heine-
mann et al.,|2019) Wang, Hoeksema, and Liu, [2020). They represent therefore an
exceptionally complex system for theoretical modeling and experimental studies.
Understanding the way ICMEs propagate from the Sun in the interplanetary
space is also a crucial ingredient of space weather (Temmer, 2021). Indeed,
when ICMEs reach the near-Earth space and the terrestrial magnetosphere,
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the perturbations they produce in the solar wind-magnetosphere coupling can
originate harmful space weather events (Schwenn et al., |2005; Bothmer and
Zhukov, [2007; Pulkkinen et al., [2007, Echer, Tsurutani, and Gonzalez, 2013}
Kilpua, Koskinen, and Pulkkinen, |2017). The possibility of accurate modeling
for the prediction of time of arrival and conditions of ICMEs impacting the Earth
heavily relies on the knowledge of their complex dynamics.

For example, recent studies have highlighted that the interplanetary plasma
turbulence is severely affected by the interaction with ICMEs (see, e.g., Kilpua
et al.,|2021), which in turn feeds back on the ICME propagation. However, the
interplay of ICMEs with the ambient wind turbulence is still largely unexplored
(Sorriso-Valvo et al.,|2021). The aim of this paper is to analyze the turbulent
properties of ICMEs and of the preceding and trailing solar wind, using one
case study measured on 12-14 September 2014 by the Wind spacecraft, and not
yet presented in the literature. The analysis will be based on the scaling of the
structure functions and on the Politano-Pouquet law for isotropic, incompress-
ible magnetohydrodynamic (MHD, hereafter) plasmas (Politano and Pouquet,
1998). This work represents in fact an extension of the analysis performed by
Sorriso-Valvo et al. (2021) using a different ICME measured in 2012, and a
contribution towards a more complete characterization of turbulence within and
around ICMEs.

The structure of this paper is as follows: Section presents the experimental
data and the selected sub-intervals for the study of turbulence; Section provides
the results of the two-points structure function analysis; Section contains the
analysis of the Politano-Pouquet law and of the mean energy transfer rate; finally,
Section ends with a summary and discussion of the results.

2. Description of the data

A fast interplanetary coronal mass ejection was measured between 12 and 14
September 2014 by NASA’s Wind spacecraft. Its turbulent properties and those
of the preceding and trailing solar wind will be studied through plasma moment
and magnetic field measurements. Proton velocities and densities are indicated
by v and n,, respectively, while B represents the magnetic field. The magnetic
field measurements were carried out by Wind’s Magnetic Field Investigation
(MFT) magnetometer (Lepping et al.,|1995). All vector quantities are expressed
in the GSE coordinate system (i.e., pointing the z-axis to the ecliptic north and
being the z-axis directed from the Earth to the Sun).

Measured solar wind parameters during the event are shown in Figure
The top panel displays values of magnetic field components and magnitude,
downsampled to the plasma cadence. The middle panel shows measurements
of proton velocities. The third panel shows proton density and temperature
measured ValuesEl From the figure, it emerges that the structure of the measured

INote that a few instances of artificial spikes were removed manually from the data. In addition,
the public database contains a long sequence of repeated timestamps, associated with constant
values of the plasma moments, which have been also manually removed from our sample.
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ICME is very clear, and the different regions are well separated and recognisable.
The interplanetary shock associated with the ICME arrives at WIND spacecraft
at 15:28 UTC on 12 September and on Figure (1] it is clearly visible by the
sharp gradients in the magnetic field and plasma parameters. Behind the shock,
between 15:28/2014-09-12 and 21:33/2014-09-12 UTC, follows the ICME sheath
consisting of compressed and heated solar wind that has been piled-up from
the expanding magnetic ejecta. It is seen as the high density and temperature
interval relative to the adjacent regions. Behind the sheath arrives the magnetic
cloud of the ICME (23:05/2014-09-12 - 16:27/2014-09-13 UTC), which has strong
magnitude but very low level of fluctuating and slowly rotating magnetic field.
The magnetic cloud’s plasma is very cool and low density, which is typically the
in-situ signature of the magnetic ejecta (Zurbuchen and Richardson, [2006).

Based on such structure, Figure [1| displays six different colour-shaded sub-
intervals, which identify regions in the event with relatively homogeneous statis-
tical properties. Such regions include: (1) a pristine solar wind sample (SW1, red)
of average bulk velocity Vi, = 471 km s~!, followed by (2) another quieter solar
wind interval in the proximity of the ICME shock (SW2, brown, with V,, = 431
km s71); (3) a region of intense fluctuations downstream of the evident shock,
corresponding to the ICME sheath (SH, blue, Vy,, = 652 km s~ 1); (4-5) an ICME
cloud sample divided into two subintervals, one being closer to the leading cloud’s
edge (CL1, green, Vi, = 724 km s~!) and the other corresponding to the trailing
part of the cloud (CL2, yellow, Vi, = 635 km s~!); CL1 is characterized by an
almost constant magnetic field magnitude and CL2 by its smooth decay and that
of the velocity, indicating the ICME expansion; note that the two cloud sub-
intervals are separated by a broad region of relative more intense fluctuations,
which was excluded from the analysis; (6) a solar wind sample beyond the ICME
(SW3, purple), with mean velocity Vi, = 577 km s~!. Care has been taken to
ensure that all of them are long enough in order to be statistically accurate,
via a standard autocorrelation function-based analysis and a convergence study
(Dudok de Wit et al.,|2013).

3. Structure function-based analysis of turbulence and
intermittency

In magnetized plasmas such as the solar wind, the interplay between inertial-
range turbulence and large-scale Alfvénic fluctuations requires the introduction
of parameters that quantify both properties.

Alfvénic fluctuations indicate highly aligned (either correlated or anticorre-
lated) velocity and magnetic field fluctuations, typically associated with Alfvén
waves propagating along the ambient magnetic field. These are conveniently
studied using the Elsasser variables, 2¥ = v + b (Elsasser, [1950), where v and
b stand for velocity and magnetic field (transformed in velocity units through
b = B/,/4mn,m,, being m, the proton mass). The Alfvénic nature of the
fluctuations can be assessed using the cross-helicity, or the mean v-b alignment,
an invariant of the incompressible MHD equations defined as H. = (v-b), where
brackets indicate ensemble average. Dividing by the incompressible fluctuation
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Wind spacecraft, 12-14 September 2014

0
12 Sept. 13 Sept. 14 Sept.

Figure 1. Magnetic field components and magnitude (top panel), proton velocity components
(middle panel) and proton densities and temperatures (bottom panel; the y-axis label scale is
the same for both ny, and T'). Coloured areas represent six selected intervals in terms of their
relative homogeneity; their labels are found in the middle panel and the colour code employed
here will be used in the subsequent graphs.

energy density per unit mass, E = (|v|*> +|b|?) /2, gives the normalized cross-
helicity, 0. = H./E, whose values lie between -1 and 1 (see for example Bruno
and Carbone, and references therein). The balance between magnetic and
velocity fluctuations is also described using the residual energy, ,., which can
be expressed as o, = ({|v]?) — (|b[*)) / ({Jv[*) + (|b|*)) (Bruno and Carbone,
2013).

Standard turbulence models are broadly based on the Kolmogorov phenome-
nological description (K41) of the turbulent cross-scale energy transfer due to
the nonlinear interactions among fields fluctuations (Kolmogorov, . If the
turbulence is fully developed, the nonlinear energy transfer (stemming from the
nonlinear term of the fluid dynamical equations) is the dominant process in the
so-called inertial range of scales, where both the energy large-scale injection and
small-scale dissipation can be neglected. Such transfer generates a cascade of
energy from large to small scale, where it is eventually dissipated (Frisch, .
In the inertial range, the incompressible magnetohydrodynamics (MHD) equa-
tions are invariant under scaling transformations, so that the fields fluctuations
have power-law scaling, A¢ ~ ¢ where A¢ = ¢(t + £) — ¢(t) represent two-
point increments of a scalar or field component, ¢, across a scale £ and h is the
scaling exponent that determines the statistical properties of the fluctuations.
Based on dimensional arguments, the K41 phenomenology predicts the scaling
exponent h = 1/3. The equations’ scale invariance results in kinetic and magnetic
spectra that decay as a power-law of the wavevector, E(1/¢) ~ (1/6)~%, with
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the K41 spectral exponent @ = 2h + 1 = 5/3. In magnetized plasmas, the
presence of large-scale Alfvén waves may slow down the nonlinear interactions
and reduce the turbulence. In this case, phenomenology provides a shallower
scaling exponent, h = 1/4, and the corresponding Iroshnikov-Kraichnan (IK)
spectral exponent, o = 3/2 (Iroshnikov, |1964{ Kraichnan,|1965). An important
feature universally observed in turbulent flows is intermittency. Since the scal-
ing exponent h is not necessarily constant, the energy transfer across scale is
spatially inhomogeneous, resulting in the progressive concentration of energy on
small-scale structures that are intermittently distributed in the volume (Kol-
mogorov, [1962). Such inhomogeneity is associated with the scale-dependent
statistical properties of the fluctuations, whose distribution function changes
from Gaussian at large scale to high-tailed at small scale, accounting for the
small-scale energy accumulation in strong structures. The scale-dependent g-
order moments of the fluctuations, called structure functions, Sq(At) = (A¢?)
(where A¢ = ¢(t+ At) — ¢(t), represent two-point increments across a timescale
At) provide a basic tool to study the scale-dependent statistical properties of
turbulent fluctuations (Frisch,|1995). Customarily, for a time series of turbulent
flows the Taylor hypothesis (Taylor, [1938) links timescales, At, with length
scales, £, via the simple relation ¢ = —V,,,At, so that time increments can
be used to describe the turbulent statistical properties. The Taylor hypothesis is
robustly valid in all samples under study. From the scaling properties of the MHD
variables (e.g., velocity and magnetic field), in the inertial range the structure
functions have power-law scaling, S,(At) ~ At¢. In the K41 or IK descrip-
tion, for which h is constant, the scaling exponents increase linearly with the
structure function order, ¢, ~ hg. Deviation from such linear relation, referred
to as anomalous scaling of the structure functions, indicates intermittency. The
anomalous scaling exponents, (4, are commonly used to quantitatively character-
ize the intermittency (Frisch, Sulem, and Nelkin, [1978| Frisch, |1995). Both K41
and IK models, with their intermittent corrections, provide basic descriptions
of the statistical properties of turbulent fluctuations. More complete specific
descriptions for the solar wind, not used in this work, include the effects of the
anisotropy imposed by the large-scale magnetic field and by the radial expansion
(e.g., see Oughton and Matthaeus, 2020, and references therein).

In this study, the scale-dependent structure functions will be used in order
to obtain information on the Alfvénic properties of the system, the turbulent
energy spectra, and the intermittent character of the fluctuations.

We start by analyzing the Alfvénic properties of the fluctuations, by means
of the structure function-based normalized cross-helicity,

o = [S2(27) = Sa(27)]/[S2(2T) + S2(27)],
and residual energy,
or = [S2(v) — S2(b)]/[S2(v) + S2(0)]

where arguments stand for the traces of the corresponding vectors, e.g. b =
(1/3)(bg + by + b.) (Bruno and Carbone, |2013).
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Figure 2. Structure function-based normalized cross helicity o. (panel (a); absolute values)
and residual energy o, (panel (b)) plotted against different timescales At in each region.

Normalized cross-helicity and residual energy values have been plotted in
Figure against several timescales At for each interval. From the cross-helicity
scaling (panel (a)), it appears that the solar wind before and after the ICME
has relatively strong Alfvénic correlations. On the other hand, the sheath and
the first cloud segment have limited correlations, as expected for the highly com-
pressed plasma downstream of the shock. The negative residual energy (panel
(b)) indicates that the turbulence is characterized by strong magnetic fluctua-
tions. Both results are in agreement with those of Sorriso-Valvo et al. (2021),
suggesting that the overall Alfvénic nature of the turbulent fluctuations of the
two ICME is similar.

The study of the scaling properties of the second-order structure function
Sa(At) provides direct information on the turbulent energy spectra, for it is
related to it through the power law dependence Sy(At) oc At*~1 (Frisch,|1995),
where « is the spectral index. Computed values of Sy plotted against different
timescales for every sub-interval are shown in panels (a)-(c) of Figure |3| For
the vector fields, the trace has been used. Results show a robust power-law
dependence, with the possible exception of the density in the SW2 region (see
panel (c)). Power-law fits (not shown) were performed within timescales roughly
between 10 and 1000 seconds, corresponding to the typical inertial range of solar
wind plasmas of similar characteristics (for comparison, see Bruno and Carbone,
2013} Kilpua et al., 2021} Sorriso-Valvo et al.,|2021)), and several values of the
equivalent spectral index a were thus obtained. The exponents were plotted
versus the solar wind speed, Vg, as shown in panels (d)-(f) of Figure (notice
that, in the following, error bars will indicate the fitting parameters’ standard
deviation obtained from the covariance matrix after a standard x? optimization).

All the obtained spectral indices lie approximately between the usual values
of 5/3 and 3/2, corresponding to the K41 and IK spectra, respectively, which
supports the existence of a turbulent energy cascade. The largest values of «
for the magnetic fluctuations was found in the sheath region (SH). No apparent
dependence between « and the mean solar wind velocity Vi, was found, in
accordance with previous observations (Sorriso-Valvo et al.,|2021), nor between
a and the large-scale cross helicity |o.| (not shown), the latter being evaluated
near the large-scale end of the inertial range.
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Figure 3. Panels (a)-(c): second-order structure function So versus different time scales At
for magnetic field (a) and proton velocity (b) fluctuations averaged over the three components
(indicated as “trace”), and for proton density fluctuations (c), within all six selected intervals
(see different colors and symbols in the legend). Panels (d)-(f): equivalent spectral indices «
versus the mean solar wind speed, Vs, displayed using the same colors and symbols as in panels
(a)-(c). Dotted horizontal lines stand for the usual 5/3 and 3/2 values, corresponding to the

K41 (Kolmogorov,|1941) and IK64 spectra (Iroshnikov,|1964| Kraichnan, |1965)), respectively.

The intermittency of the turbulent fluctuations has been studied via the so-
called flatness F(At) = Sy(At)/S3(At), which provides an effective measure of
the deviation from a Gaussian behaviour (for which F' = 3) of the At-dependent
distributions of the field increments. Experimental evidence in fluid and plasma
turbulence indeed consistently show the emergence of higher tails than those
expected for Gaussian distributions, highlighting the generation of small-scale
intermittent structures (Frisch, . Furthermore, a power law of the kind
F(At) < At~", where k is the flatness scaling exponent, may be expected due
to the scale invariance of the MHD equations within the turbulent inertial range.
Such negative power law is the consequence of the structure functions’ anoma-
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Figure 4. Panels (a)-(c): Flatness F = S4/S2 versus different time scales At for magnetic
field (a) and proton velocity (b) fluctuations averaged over the three components (indicated as
“trace”), and for proton density fluctuations (c), within all six selected intervals (see different
colors and symbols in the legend). Dotted, horizontal lines correspond to the Gaussian value,
F = 3. Panels (d)-(f): flatness scaling exponents, k, versus the mean solar wind speed Vi,
displayed using the same colors and symbols as in panels (a)-(c). Note the different y-axis
range in panel (e).

lous scaling, namely of the deviation from the K41 prediction for their scaling
exponents, (; = hg, in which case the flatness would be constant, resulting in
k=0 (Frisch7 Bruno and Carbone, Carbone and Sorriso—Valvo,
Sorriso-Valvo et al., . The exponent k represents how effectively energy
is transferred across scales, thus being greater values of k related to a faster
formation of small-scale turbulent structures, or to stronger intermittency.
Plotted values of F' against different At are shown in panels (a)-(c) of Figure
for all the selected intervals. Results show that the flatness behaves mostly as
a negative power law within the inertial range, indicating intermittency. Several
values of k were obtained via power-law fits (not shown), being their values
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plotted versus Vi, in panels (d)-(f) of Figure [4| Their values lie between the
typically observed range for space plasma measurements, 0.1—0.5 (Sorriso-Valvo
et al., 201812021 Herndndez et al., [2021| Quijia et al.,|2021). As often found
in space plasmas, magnetic field intermittency is quite consistently higher than
for velocity and density (Sorriso-Valvo et al.,|1999). One of the most relevant
features of Figure|4| easily seen in panel (e), is the exceptionally large exponent
obtained for the velocity in the sheath region (blue), which is much higher than
in the other regions. Such large value indicates an enhanced presence of velocity
fluctuations, generated by the ICME shock. This result resembles that obtained
by Sorriso-Valvo et al. (2021) for the proton density fluctuations and, as we shall
see in the following Section [4] it is linked with a much higher mean turbulent
energy transfer rate within the ICME sheath. As in the case of the spectral ex-
ponents, no clear correlations were found between the flatness scaling exponents
and V., nor between them and the cross-helicity o.. An exception is perhaps the
moderate correlation observed between the intermittency exponent and the solar
wind speed for the proton density (panel (f)), showing that the most compressed
regions (i.e., the sheath and the first cloud section, see also the cross-helicity in
the top panel of Figure@ have also enhanced density intermittency.

The structure-function analysis revealed the presence of well developed tur-
bulence in all of the examined sub-intervals, with the possible exception of the
density in SW2, where the scaling does not extend to the typical two or more
decades as for the other cases. The turbulence is compatible with Kolmogorov or
Iroshnikov-Kraichnan phenomenology, and intermittency is moderate to strong,
being exceptionally strong for the velocity in the ICME sheath region.

4. Third-order moment scaling law

Politano and Pouquet (1998)) derived a relevant exact result for MHD turbu-
lence that replicates the fundamental Kolmogorov’s 4/5 law for neutral flows
(Kolmogorov, [1941) and that has been observed in solar wind plasmas for more
than a decade (Sorriso-Valvo et al.,|2007). Known as the Politano-Pouquet law
(PP law, hereafter), it can be stated as follows:

Y(At) := (Avp, (|Av]? 4 |Ab|?) — 2Aby (Av - Ab)) = ggvswm (D

This law involves mixed third-order structure functions (left hand side in Equa-
tion and arises as a direct consequence of the incompressible MHD equa-
tions, once statistical homogeneity, stationarity, a high Reynolds number and
local isotropy are assumed (see Marino and Sorriso-Valvo, 2023| and references
therein). The PP law describes the turbulent cascade, defining rigorously the
inertial range, and providing information on the mean energy transfer rate (e
in Equation across scales. Avy, and Aby, stand for longitudinal timescale-
dependent increments (denoted with L, in this case referring to the direction of
the bulk solar wind flow, namely from the Sun to the Earth), of the plasma and
Alfvénic velocities, respectively, via A¢r, = ¢r(t + At) — ¢ (t); brackets stand
for time averages over the samples. The linear relation in Equation provides
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a valuable tool to estimate the energy transfer rate of the turbulent cascade,
g, directly from the measurements. In addition, the sign of the energy transfer
rate is associated with the direction of the energy cross-scale flux. A positive
transfer rate indicates a direct cascade, with the energy flowing predominantly
from larger to smaller scales. On the other hand, negative € could be associated
with an inverse cascade, where the energy is mostly transferred from smaller
to larger scales (Politano and Pouquet, 1998 Marino et al.,|2012| Smith et al.,
2009). This can be the case, for example, because of some scale-local energy
input. However, the transfer rate sign can also flip due to local inhomogeneity
or anisotropy (Stawarz et al.,|2011; Smith et al., [2009] Verdini et al., [2015]
Coburn et al., 2015 Hernandez et al., |2021| Marino et al.,|2022), so that the
relation between cascade sign and direction is still an open question (Marino
and Sorriso-Valvo,|2023).

We shall proceed now to study the PP law within this 12-14 September 2014
interplanetary coronal mass ejection. Results are shown in Figure where panels
(a)-(f) display computed values of Y in equation [1| plotted against different
timescales At, for all six selected intervals. Colour-filled (empty) markers indi-
cate positive (negative) values of Y; the latter have been reverted so as to be
represented through base-10 logarithmic axis. The performed linear fits, done
in order to obtain values of the mean energy transfer rates, are also shown,
being the values of € corresponding to positive or negative Y (denoted as e,
and e_, respectively) displayed on the (a)-(f) panels, with their corresponding
fitting uncertainties. Notice that panel (a) provided two estimated e values,
corresponding to positive or negative Ygy1 separately.

The SW1 and CL1 panels clearly show the linear behaviour expected from
the PP law. On the other hand, the linear scaling is not as good in the remaining
sub-intervals. However, in those cases, where the lack of statistical convergence
affects the regularity of the scaling, it is still possible to obtain reasonable
estimates of the mean energy transfer rate. Interestingly, the SW1 interval,
shown in panel (a), reveals a very clear and clean sign reversal at scales of a
few minutes. Similar reversals were observed before in the solar wind (Sorriso-
Valvo et al., [2007). While in some cases those were ascribed to the presence
of anisotropy effects (Stawarz et al.,|2011) or to the switch in the dominance
of inward or outward Elsasser modes (Coburn et al.,[2015), in other cases sign
reversal were found across intervals characterized by the abundant presence of
switchbacks or other structures of size comparable with the scale of the sign flip
(Herndndez et al.,|2021). This might suggest, at least in some cases, that the
sign flip is related to the presence of an energy injection at such scale, which
might be feeding simultaneously a direct and an inverse cascade. Understanding
the actual significance of sign reversals, and more generally of the observed sign
of the cascade, is unfortunately more complex than suggested by the original PP
theoretical result, and deserves in-depth studies that are outside of the scope of
this paper (Marino et al.,|2022} Marino and Sorriso-Valvo, |2023).

Panels (a)-(h) in ﬁgure@ show all computed energy transfer rates, plotted
against the previously studied spectral indices (panels (a)-(c)), flatness scaling
exponents (panels (d)-(f)) and |o.| and Vi, (panels (g) and (h), respectively).
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Figure 5. Panels (a)-(f): mixed third-order moment, Y (At) (Equation, for the six selected
intervals (different colors and symbols). Colour-filled (empty) markers indicate positive (neg-
ative) values. Linear fits (solid lines) were performed in intervals corresponding to the inertial
range. The fitted values of € are shown in each panel (the error being the standard deviation
from the linear fits). Positive and negative energy transfer rates are labeled as e and e_,
respectively.

The order of magnitude of £ (units have been converted to kJ/kg s) is in agree-
ment with values obtained in similar intervals by Sorriso-Valvo et al. .
A notable exception is the sheath region (blue), in which the energy transfer
rate is two orders of magnitude larger than in the other regions (note that, as a
consequence, y-axis in Figure @have been split into two, so as to visually display
the relative much higher value of the sheath region’s ). Such extreme value is
likely due to the strong energy injection at the ICME shock. Furthermore, it
is also related to the much higher intermittency for the velocity, as measured
through the scaling exponent x of the flatness (see panel (e) in Figure . A
similar result was previously observed in a sheath region, where the density
(and not the velocity) displayed strong intermittency (Sorriso-Valvo et al.,2021).
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Figure 6. Panels (a)-(c): absolute values of the computed mean turbulent energy transfer
rates, |e|, versus spectral exponents o for B, v and np in each region. Dotted vertical lines
stand for the 5/3 and 3/2 for K41 (Kolmogorov, and TK64 (Iroshnikov, Kraichnan,
spectra. Panels (d)-(f): || versus flatness exponents, x, for B, v and np, in each region.
Panels (g)-(h): |e| versus |oc| and Vi, respectively. In all panels, error bars correspond to the
linear fit uncertainties. The y-axis have been broken for better visualization, due to a much
higher value of |e| in the sheath region (blue). Legends in every panel (but g) display two
distinct Spearman coefficients, ps and p;', corresponding to the two values (one negative and
one positive, respectively) obtained for € for SW1 (panel (a) of Figure .
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Figure 7. Absolute value of the mean energy transfer rate, |¢;|, displayed for each sub-interval
i = {SW1,SW2,SH, CL1,CL2,SW3} (colors and symbols as in previous figures). The right
y-axis gives the normalized difference between each sub-interval and SW1, (|e;| — |e1])/|e1],
where €1 stands for the positive value for SW1 (see panel a of Figure. The horizontal line
indicates €1 (left y-axis) or 0% variation with respect to e; (right y-axis). Notice that both
y-axes have been split to easily display the higher value for the SH sub-interval. Error bars
represent linear fit uncertainties.

According to the results from those two case studies, the shocked ICME sheath
regions are therefore rich in intermittent plasma structures (seen in velocity or
in density) and, correspondingly, have a higher turbulent energy transfer. Such
turbulent energy might be contributing to the plasma heating resulting from the
strong compression in the sheath (Yordanova et al.,|2021).

Several Spearman correlation coefficients and their associated p-values were
estimated for those pairs of parameters represented in Figure |§| (with the ex-
ception of panel (g)). The Spearman coefficients are displayed in each of those
graphs, being denoted as p; or p7, depending on which (negative or positive,
respectively) value of ¢ from the SW1 region has been taken into account (recall
that SW1 provided two linear fits, corresponding to negative and positive values
of Yin Equation see panel (a) in Figure. Particularly good correlations with
the energy transfer rates were found for the magnetic field spectral exponent
(panel (a)), the velocity spectral exponent (panel (b)) and for the velocity flat-
ness scaling exponent (panel (e)). Moreover, the magnetic field flatness exponent
also shows a good correlation if the outlier value of the sheath is excluded. This
suggests that higher energy transfer rates are associated with steeper spectra and
enhanced intermittency, both being indicative of a more developed turbulence.

Finally, in Figure |7| we explore the variations of the turbulence across the
ICME structure. To this aim, the energy transfer rate, €;, is plotted versus a
sub-interval index, ¢ = {SW1,SW2, SH, CL1, CL2,SW3} (colors and symbols as
in previous figures), representing the succession of regions studied in this paper.
In the same figure, the right y-axis gives the normalized difference between each
sub-interval and the reference value in the undisturbed solar wind preceding the
ICME (SW1), (Je;| — |e1])/|e1], where €; stands for the positive value for SW1
(see panel (a) of Figure([5). The dashed horizontal line indicates the reference
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value, €1 (left y-axis), or 0% variation with respect to €; (right y-axis). The quiet
SW2 and CL1 intervals have reduced cascade rate, associated with the extremely
smooth profiles and low level of fluctuations in those regions. The high value in
the sheath region has been already discussed, and shows clearly the increase of
turbulence associated to the severe plasma compression and driven by the ICME
shock. On the other hand, the trailing portion of the cloud (CL2) and the solar
wind in the wake of the ICME (SW3) show enhanced turbulent energy transfer
rate, up to 50% of the reference value. Although we cannot exclude that such
enhancement stems from statistical fluctuations of the solar wind conditions,
it is also possible that the ICME has injected additional energy in the large-
scale fluctuations, which then feed a stronger turbulent cascade. A statistical
study based on several events will be necessary in order to clarify the possibility
of observing and measuring the modifications of solar wind turbulence due to
ICME crossing.

5. Conclusions

Several parameters associated to turbulent energy cascades have been studied
in the case of the 12-14 September 2014 ICME and its preceding and trailing
solar wind, measured by NASA’s Wind spacecraft. A structure function-based
analysis, involving statistical scale-depending information of the fluctuations,
was performed over a series of homogeneous sub-intervals corresponding to dif-
ferent sections of the ICME event. Computed spectral indices and flatness scaling
exponents showed that turbulence was well-established within all regions. The
Politano-Pouquet law was validated over several intervals, providing values of
the mean energy transfer rates, which carry information on the turbulent en-
ergy flows across scales within the aforementioned regions. Experimental results
showed that a linear scaling was found within and around the ICME cloud, even
though isotropy and incompressibility were assumed while formulating the PP
law. The mean energy transfer rate was exceptionally high in the sheath region,
as a result of a powerful energy injection due to the arrival of the ICME’s
shock. This is possibly related to the detected anomalously high value of the
intermittency for the velocity, suggesting a prominent role of velocity structures
(strong gradients and vortical flows) in determining the properties of the cascade.
Turbulent energy transfer rates in other samples are magnetic field-dominated, as
steeper spectra and larger intermittency indicate. Furthermore, high Spearman
correlation coefficients were found while studying possible dependencies of the
energy transfer rates on the spectral indices for the magnetic field and velocity,
and on the flatness scaling exponent for the velocity, respectively. Most of the
above observations are in accordance with those of the recent first study of
the turbulent cascade within a ICME (Sorriso-Valvo et al., |2021). Finally, a
preliminary observation of enhanced energy transfer rate in the trailing region
and behind the ICME suggest a possible role of those structures in injecting
further turbulence in the solar wind.

All theses results may help to improve our understanding of the turbulent
properties of ICMEs and their expansion through interplanetary space, thus
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providing us with better tools to model their usually harmful interaction with
the Earth’s magnetosphere.
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