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We report a statistical analysis of magnetic field fluctuations in 79 coronal mass ejection-
(CME-) driven sheath regions that were observed in the near-Earth solar wind. Wind high-
resolution magnetic field data were used to investigate 2 h regions adjacent to the shock
and ejecta leading edge (Near-Shock and Near-LE regions, respectively), and the results
were compared with a 2 h region upstream of the shock. The inertial-range spectral indices
in the sheaths are found to be mostly steeper than the Kolmogorov —-5/3 index and steeper
than in the solar wind ahead. We did not find indications of an 7~ spectrum, implying that
magnetic fluctuation properties in CME sheaths differ significantly from planetary
magnetosheaths and that CME-driven shocks do not reset the solar wind turbulence,
as appears to happen downstream of planetary bow shocks. However, our study
suggests that new compressible fluctuations are generated in the sheath for a wide
variety of shock/upstream conditions. Fluctuation properties particularly differed between
the Near-Shock region and the solar wind ahead. A strong positive correlation in the mean
magnetic compressibility was found between the upstream and downstream regions, but
the compressibility values in the sheaths were similar to those in the slow solar wind (<0.2),
regardless of the value in the preceding wind. However, we did not find clear correlations
between the inertial-range spectral indices in the sheaths and shock/preceding solar wind
properties, nor with the mean normalized fluctuation amplitudes. Correlations were also
considerably lower in the Near-LE region than in the Near-Shock region. Intermittency was
also considerably higher in the sheath than in the upstream wind according to several
proxies, particularly so in the Near-Shock region. Fluctuations in the sheath exhibit larger
rotations than upstream, implying the presence of strong current sheets in the sheath that
can add to intermittency.
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1 INTRODUCTION

Coronal mass ejections (CMEs; Webb and Howard, 2012) are
huge expulsions of plasma and field from the Sun that propagate
at supersonic speeds into the heliosphere. When a CME is
sufficiently faster than the preceding solar wind, a fast-forward
shock develops ahead of it. Plasma and field are compressed at the
shock and accumulate ahead of the leading edge of the CME
ejecta to form a sheath region (e.g., Kilpua et al., 2017a). CME
sheaths are large-scale heliospheric structures that are of wide
interest in both fundamental plasma physics and space weather
contexts. Sheaths comprise layers of inhomogeneous plasma and
field (Kaymaz and Siscoe, 2006; Siscoe et al,, 2007) and thus
exhibit highly variable structure with various embedded plasma
waves, discontinuities, and reconnection exhausts (e.g., Kataoka
etal., 2005; Ala-Lahti et al., 2018, 2019). On average, sheaths have
considerably higher solar wind density, dynamic pressure, Alfvén
Mach number, and power in magnetic field fluctuations than the
CME ejecta (e.g., Guo et al., 2010; Kilpua et al., 2013; Myllys et al.,
2016; Kilpua et al., 2019). This compressed and turbulent state
has been invoked to explain why sheaths couple so efficiently with
the Earth’s magnetosphere and drive intense space weather
disturbances (e.g., Tsurutani et al, 1988; Huttunen and
Koskinen, 2004; Myllys et al., 2016; Kilpua et al, 2017b).
Enhanced turbulence in the solar wind can particularly
intensify viscous interaction at the magnetopause and drive
stronger geomagnetic activity (e.g., Borovsky and Funsten,
2003; Jankovicova et al., 2008; Osmane et al., 2015). CME
sheaths differ from planetary magnetosheaths in various ways
(e.g., Siscoe et al., 2007); unlike planetary magnetosheaths, they
share properties of both “expansion” and “propagation” sheaths
and are formed gradually over several days, as the CME
propagates in interplanetary space. The lateral deflection of
solar wind plasma around the CME is relatively reduced and,
as a consequence, plasma and field pile up at the CME nose rather
than flow around it. CME shocks are also generally weaker than
planetary bow shocks. Despite their importance, CME-driven
sheaths are still relatively little studied. In particular, their
formation and small-scale structure are currently poorly
understood, and there is no solid understanding of turbulence
and intermittency in sheath regions.

We briefly summarize below recent works that have
investigated magnetic field fluctuations in CME sheaths in
more detail. Moissard et al. (2019) studied fluctuation power,
anisotropy, and compressibility in 42 CME sheaths using ACE 1 s
magnetic field data. The authors found that, at fluctuation
timescales ranging between 20s and 7.5 min, sheaths have on
average higher fluctuation power, lower anisotropy, and higher
compressibility than in the solar wind ahead or the CME flux rope
behind. Good et al. (2020a) performed a case study of a CME-
driven sheath detected by MESSENGER at ~0.5 AU and then by
STEREO-B at 1.08 AU while the spacecraft were almost radially
aligned. The CME shock was quasi-parallel at MESSENGER and
quasi-perpendicular at STEREO-B; the sheath behind the quasi-
parallel shock closer to the Sun showed greater differences to the
local upstream wind than the sheath at ~ 1 AU behind the quasi-
perpendicular shock. For instance, the sheath at MESSENGER
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exhibited relatively more large-angle fluctuations and higher
compressibility than the upstream solar wind. The inertial-
range spectral slope steepened in the sheath plasma between
MESSENGER and STEREO-B. Kilpua et al. (2020) conducted a
detailed analysis of three sheath regions observed by the Wind
spacecraft at Lagrangian point L1. In contrast to the studies
described above, which investigated sheath intervals globally,
Kilpua et al. (2020) studied three separate regions within the
sheath: a region close to the shock, in the middle of the sheath,
and close to the ejecta leading edge, each 1 h in duration. All three
sheaths had enhanced fluctuations, intermittency, and
compressibility when compared to the solar wind ahead, with
differences being most pronounced close to the shock. The
approach of studying separate sheath subregions was
motivated by the fact that plasma and field properties often
vary considerably within a given sheath and that different
physical mechanisms causing field fluctuations are in action
close to the shock and near the ejecta leading edge. Close to
the shock, field fluctuations are associated with shock
compression and alignment of preceding fluctuations (e.g.,
Neugebauer et al., 1993; Kataoka et al, 2005). In addition,
shock heating produces temperature anisotropy that provides
free energy for generation of mirror mode and Alfvén ion
cyclotron waves (e.g., Ala-Lahti et al, 2018, 2019). Near the
ejecta leading edge, in turn, draping of the magnetic field about
the ejecta can lead to large-amplitude out-of-ecliptic field
variations (Gosling and McComas, 1987; McComas et al., 1988).

It is also an interesting question as to how fluctuation
properties in CME sheaths relate to the driver properties and
upstream conditions. For example, Moissard et al. (2019) found
that the sheaths of fast CMEs encountering turbulent solar wind
and with high Mach number shocks have on average the highest
levels of turbulence and lowest anisotropy in their fluctuations.
For quasi-parallel shocks and high upstream beta, turbulent
energy and anisotropy were both lower. In Kilpua et al.
(2020), the greatest differences between the sheath and solar
wind ahead were found for the event associated with a strong and
fast quasi-parallel shock, but we also note that a slow sheath
behind a weak and quasi-perpendicular shock had enhanced level
of fluctuations. This is in contrast with Good et al. (2020a), who
found very little differences for a slow sheath behind quasi-
perpendicular shock near 1 AU. This could be because Kilpua
et al. (2020), as described above, investigated three separate
regions. Another interesting finding in Kilpua et al. (2020) was
that the region adjacent to the ejecta leading edge resembled
relatively closely the solar wind ahead, in particular, the slower
sheaths investigated.

The spectrum of solar wind turbulence has been extensively
investigated. In the inertial range, slow solar wind shows larger
variability and usually steeper slopes than fast solar wind.
Spectral slopes are often generally close to the Kolmogorov
index (-5/3) near 1 AU (e.g., Smith et al., 2006; Borovsky, 2012;
Bruno, 2019; Verscharen et al., 2019; Chen et al., 2020). The
typical kinetic-range spectral index in the solar wind is —2.8
(e.g., Alexandrova et al., 2013; Bruno et al., 2017; Huang et al.,
2017), but shallower values have also been reported (e.g.,
Sahraoui et al,, 2009). Kilpua et al. (2020) found that, in
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most of the sheath subregions investigated, spectral slopes
departed from Kolmogorov turbulence and also from
Kraichnan turbulence (slope —3/2). Observations did not
match well with the standard p-model of intermittency, but
the extended p-model in its Kraichnan form yielded the most
consistent agreement with the observations and spectral slopes
determined from the spectra. This implies that turbulence in
sheaths is generally not fully developed at the orbit of the Earth,
and/or that current models are not well suited for describing
turbulence in CME sheaths. Kinetic-range spectral indices were
consistently shallower than —2.8, which could imply that the
turbulent cascade is still ongoing (Sahraoui et al., 2010).

Within planetary magnetosheaths, MHD spectral indices close
to —1 have been reported throughout the inertial range at
locations close to the bow shock, with the index steepening
toward the more commonly observed Kolmogorov index
deeper in the magnetosheath (Hadid et al., 2015; Huang et al.,
2017, 2020). The authors suggest that this may arise from the bow
shock “resetting” the turbulence and generating randomly
distributed fluctuations at the MHD scale. Spectral indices in
the kinetic range were shallower than —2.8, close to the bow
shock, but then steepened toward the magnetopause,
approaching the -2.8 value more typically seen in the
upstream solar wind.

Spectral slopes of magnetic field and density fluctuations
upstream and downstream of interplanetary shocks have also
been investigated in detail in some recent studies, with the
emphasis of these studies placed on the role of the shock in
modifying fluctuation properties. For example, Pitna et al.
(2016) and Riazantseva et al. (2017) analyzed high-
resolution plasma data by the Spektr-R spacecraft and
showed that the MHD-range slopes of density fluctuations
were approximately conserved across the shock transition,
while the study by Borovsky (2020) reported that the MHD-
range slopes for magnetic field and velocity fluctuations are
steeper in the downstream than upstream. Pitna et al. (2017)
also investigated the decay of MHD-scale turbulent energy
behind interplanetary shocks, finding that this decay does
not begin immediately after the shock but when the
contribution of kinetic processes becomes negligible.

In this study, we perform a statistical analysis of fluctuation
properties in CME-driven sheath regions. We use high time-
resolution observations from the Wind spacecraft located in the
near-Earth solar wind. The key science questions we pose are the
following: What are distributions of spectral slopes (kinetic and
MHD) in sheaths and how do they depend on the properties of
the sheath, shock, and solar wind ahead? What are the
distributions  of  compressibility,  intermittency, and
normalized magnetic field fluctuations in sheaths? How do
these compare to the equivalent parameters and distributions
in the solar wind and in planetary magnetosheaths? Similar to
Kilpua et al. (2020), we investigate separate regions in the
sheath. This present study focuses on the regions close to the
shock and CME leading edge.

The paper is organized as follows: In Section 2, we describe the
data and methods used, and in Section 3, the results are
presented. Section 4 summarizes and discusses the results.

Sheath Magnetic Field Fluctuations

2 SPACECRAFT DATA AND METHODS

High-resolution magnetic field data from the Magnetic Fields
Investigation (MFI; Lepping et al., 1995) instrument of the Wind
spacecraft (Ogilvie and Desch, 1997) have been used in this study.
The data were obtained from the NASA Goddard Space Flight
Center Coordinated Data Analysis Web! (CDAWeb). The time
resolution of the data varies from 0.046s to 1.84s. For the
majority of events, resolution was 0.092s and all data were
interpolated to this cadence.

The solar wind plasma measurements were obtained from
the Solar Wind Experiment (SWE; Ogilvie et al., 1995)
instrument on-board Wind. These data were available at 90 s
resolution.

Shock parameters were taken from the Heliospheric Shock
database, developed and maintained at the University of Helsinki
(http://ipshocks.fi/; Kilpua et al.,, 2015).

2.1 Methods
Sheath events listed by Kilpua et al. (2019) for the years
1997-2018 with some additional events listed by Regnault
et al. (2020) have been analyzed in this study. OMNI data
were used to identify sheaths in the list given by Kilpua et al.
(2019); a few sheaths with Wind data gaps were excluded, leaving
a total of 79 sheaths analyzed in the present study
(Supplementary Table S1). The duration of the sheaths in
study varied from ~5 to ~20 h, with the mean duration of 10.1 h.
An example of a sheath region in the near-Earth solar wind is
shown in Figure 1. Wind 1 min magnetic field data and 90s
plasma data are shown. The red vertical line indicates the shock,
and the blue vertical line indicates the ejecta leading edge (LE).
We study two subregions (orange-shaded) within the sheath
separately: 1) the Near-Shock region, extending 2h from the
shock into the sheath but excluding the 5 min closest to the shock,
and 2) the Near-LE region, covering 2 h closest to the ejecta but
excluding the 5 min closest to the leading edge. The fixed 2h
intervals were selected for this study (instead of fractional time) to
capture the regions with distinct physical processes likely
occurring closest to the shock and the CME-leading edge and
providing the same statistical conditions. The leading edge times
were adjusted to exclude boundary layers (BLs) that are regularly
observed between the sheath and ejecta (Wei et al., 2003a). These
BLs form due to interaction between the CME ejecta and the
preceding solar wind and exhibit magnetic structure distinct to
that in the sheath or ejecta (e.g., Wei et al., 2003a, Wei et al,
2003b; Zhou et al., 2019). The properties in these subregions are
compared to conditions in the solar wind ahead (SW-Ahead).
This region was selected to extend 2 h into the upstream wind,
ending 1h before the shock. The 1h before the shock was
excluded to avoid foreshock regions that are typically observed
for ~30 min upstream for CME-driven shocks (Kajdic et al,
2012). At the shock, the field magnitude and plasma
parameters jump simultaneously. Compared to the preceding
solar wind and trailing ejecta, the sheath has compressed plasma

'http://cdaweb.gsfc.nasa.gov/
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FIGURE 1 | Example of a CME-driven sheath region in the near-Earth solar wind as observed by the Wind spacecraft on September 12, 2014. The panels show
from top to bottom the following: (A) magnetic field magnitude; (B) magnetic field components in GSE coordinates; (C) solar wind speed; (D) solar wind temperature;
and (E) solar wind density. The red vertical line indicates the shock time and the blue vertical line indicates the ejecta leading edge (LE) time. The orange-shaded regions
show the solar wind ahead (SW-Ahead), Near-Shock region, and Near-LE region, each 2 h in duration.

(i.e., high temperature and density) and large-amplitude changes
in the magnetic field direction and the plasma and field
parameters have high variability. The ejecta leading edge is
marked by clear decreases in plasma density and temperature
and a clear drop in magnetic field variability.

We define magnetic field fluctuations as

6B =B(t)-B(t+1),

where 7 is the timescale of the fluctuation (or timelag between two
sample points) and the amplitude of the fluctuation is 6B = |B].
Fluctuations have been analyzed for successively doubled values
of the base data time resolution of 0.092 s, such that t ranges from
0.092 to 754 s. We note that this approach is particularly suitable
for analyzing CME-driven sheaths (e.g., compared to standard
Fourier analysis, where a global average across the analyzed
interval would be subtracted from all data points) since
magnetic field variability is relatively high and the direction
and magnitude of the field can change over relatively short
time intervals.

The spectral break between the inertial and kinetic ranges is
expected to occur close to the ion cyclotron frequency. In the top
panels of Figure 2, distributions of ion cyclotron times (%) for the
solar wind (SW) ahead, Near-Shock region, and Near-LE region
are shown. The ion cyclotron frequency in the spacecraft frame
derived with Taylor’s hypothesis is given by

vy e(B)

vy 2mm;

¢ —

and f; = 1/f;. Here, (v}, {vs), and {B) are the averages of the
solar wind speed, thermal speed, and magnetic field magnitude,
respectively. We calculate f; values as averages over the
investigated 2h intervals. Figure 2 shows that t; values are
largely >0.2-0.3 s. The three smallest time lags (i.e., 0.092,
0.18, and 0.37s) are thus taken to be representative of the
kinetic range.

We investigate magnetic field fluctuations in the spacecraft
frame rather than the solar wind (plasma) frame. The validity of
the transformation from spacecraft frequency to wavenumber
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thus needs some justification. In this context, the Taylor
hypothesis states that, when the timescales of magnetic field
fluctuations are sufficiently less than the timescale of the
rapidly flowing solar wind, the path taken by the observing
spacecraft through the solar can be considered as an
instantaneous spatial cut (Taylor, 1938; Matthaeus and
Goldstein, 1982). The wvalidity of this assumption can be
assessed with the v4/v < 1 ratio (Howes et al, 2014),
where v, is the Alfvén speed and v is the solar wind speed.
The bottom panels of Figure 2 show the distribution of v,/v
values. It is clear that for all cases, the Taylor hypothesis is valid.

3 RESULTS
3.1 Spectral Indices

The distributions of 6B in each subregion of each sheath were
determined as functions of timelag 7. For each subregion, the
mean values of the distributions, {6B), were plotted vs. the
corresponding 7 values with log-log scales. The slopes were
calculated from linear regression fits to logjo({dB)) as a
function of logo(7). The slopes of these curves are
straightforwardly related to k-space spectral indices (e.g.,
Matteini et al., 2018).

Figure 3 shows the histograms of spectral indices in the Near-
Shock and Near-LE regions for three different timelag ranges
(6-47, 24-188, and 94-754s) in the inertial range, each
containing four values. The pink vertical lines indicate the

median values of the distributions. The Kolmogorov (5/3) and
Kraichnan (3/2) spectral slopes are indicated by cyan and green
vertical lines, respectively.

The histograms show that spectral indices mostly vary within
the interval ~ [-2.0, —1.6] for the inertial range. The spread in
indices increases as the timelag range moves to larger timescales.
At the largest timescales for the Near-Shock region, the
distributions extend to shallower values, reaching ~-1.3.
Otherwise, practically all measured slopes are steeper than the
Kraichnan index and the bulk of the distributions are also at
values steeper than the Kolmogorov index. There is thus no
evidence of —1 slopes in the investigated timelag ranges. The
comparison of the left and right panels shows that there are no
drastic differences between the slopes in the Near-Shock and
Near-LE regions. However, the slopes are slightly shallower in the
Near-Shock region than in the Near-LE region with the median
values closer to the Kolmogorov index (and matching the
Kolmogorov index for the largest timescale range).

It should be noted that the 2 h intervals used here to calculate
the spectral indices include field fluctuations that may have
evolved over considerably different times between different
events and within the 2 h intervals themselves. This effect can
be explored by estimating the time since the plasma was shocked,
given by Borovsky (2020) as At = (AtysVax)/ (Vanx — Vpx). Here,
Venx is the shock speed along the Sun-Earth line, V,, is the
plasma speed in the sheath, and Aty is the time difference
between shock observation and the point within the sheath
investigated at L1. We define here At, using the center point
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of the Near-Shock and Near-LE regions and for V., we use
10 min averages around those points. For the Near-Shock region,
Aty is constant (3,900 s), while for the Near-LE region, it varies
depending on the duration of the sheath. For example, if we take
the shock speed of Vi, , = 522 km/s (the average for our data set)
and assume V), = 480 km/s throughout the Near-Shock region
(a reasonable approximation since the speed typically stays
relatively constant in the sheath), At varies from ~60 min to
25h. There are some obvious sources of uncertainties in this
approach, e.g., it assumes that both Vy, . and V. stay unchanged
from the point where the plasma was shocked to L1 (which can be
a considerable fraction of 1 AU) and radial propagation. In
addition, the shock speed determination can have significant
uncertainties (e.g., Schwartz, 2000). We note that the analysis
is particularly problematic for the Near-LE region. The field and
plasma in that region may not even have been always processed
by the shock but piled up in the sheath during the earlier stages of
the CME evolution when the shock was not there or was
very weak.

The top panels of Figure 4 show the scatter plot of the inertial-
range spectral slopes and At for the timescale 24-188 s. We note
that for a significant fraction of events, At became negative or
unrealistically large (>120 b, i.e, larger than the typical Sun-to-
Earth transit time of a CME). Firstly, the figure shows that At
values are larger in the Near-LE region than in the Near-Shock
region. This reflects that the field and plasma in the Near-LE
region are in a more evolved state (longer time since processing).
Secondly, there is a large variability in the obtained At values for
both regions. However, a weak trend exists for the Near-Shock
region; indices are shallowest when At is small, i.e., when the
plasma was most recently shocked and when the interval was still
dominated by the influence of the shock (consistent e.g. with
Pitna et al., 2017). When the time since the processing increases, it
is likely that various small-scale structures develop in the sheath
(e.g., current sheets) that steepen the slopes. The bottom panels of
Figure 4 show the scatter plot of the inertial-range spectral slopes
and Vg, . Although the scatter is again large for the Near-Shock
region, the figure shows that the steepest slopes are associated
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FIGURE 4 | Scatter plot of inertial-range spectral slopes calculated for the timescale 24-188 s vs. (top panels) the time since the plasma was processed (At) and
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with the slowest shocks, and, conversely, that the fastest shocks
are related to shallower spectral indices. This result is partly a
reflection of the fact that faster shocks are associated with higher
solar wind speeds, which in turn are associated with shallower
spectral indices (e.g., Chen et al., 2013).

The distribution of kinetic-range spectral indices is shown in
Figure 5. Indices were calculated for the three smallest time lags
and for one timelag range only. The blue lines in the figure
indicate the -2.8 slope found in several previous solar wind
studies (see Introduction), and the pink lines give the
distribution medians. The kinetic-range indices vary within
the interval ~ [-2.6, —2.0] with median values at —2.40 and
—2.32 for the Near-Shock and Near-LE regions, respectively.
The figure shows that the measured spectral indices are all
shallower than —2.8. We note that the values could have been
affected by ion cyclotron timescales being close to or even
smaller than the upper limit of the analyzed time range for
some cases, the use of only three points in the calculation, and
the potentially larger relative contribution of magnetometer
noise to these smaller amplitude fluctuations.

Figure 6 shows scatter plots of the inertial-range spectral
index in the sheath vs. various parameters that characterize the

preceding solar wind, the sheath, and the CME driver. The top
two rows show plots for the Near-Shock region and the bottom
two rows show plots for the Near-LE region. Solar wind
parameters include the mean upstream speed (Vipstream)s
inertial-range spectral index (aupsiream)> and plasma beta
(Bupstream) calculated as the average over the 2h SW-Ahead
region (see Section 2.2). Also included are the shock
magnetosonic Mach number (M), shock angle (0g,), ie., the
angle between the shock normal and upstream magnetic field
direction, and the angle, ¢, between the shock normal and radial
direction. The last parameter can be used as a rough proxy of the
spacecraft crossing distance from the apex of the CME (e.g,
Janvier et al., 2015; Savani et al., 2015); small values of ¢ indicate
that the CME is crossed close to the apex, while larger values
indicate crossing through the flank or leg of the CME. Finally,
Viheath gives the mean solar wind speed in the Near-Shock and
Near-LE regions and V., gives the expansion speed of the driving
CME ejecta. The expansion speed is calculated as the difference
between the ejecta leading edge and trailing edge speeds (note that
in some cases, the speed profile in the ejecta increases toward the
trailing edge, giving a positive expansion speed). Pearson
correlation coefficients (cc) are also indicated in each panel.
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First, it is clear from Figure 6 that there are no strong (cc > 0.60)
or moderate (cc = 0.40 — 0.59) correlations. All coefficients show
either weak (cc=0.20-0.39) or very weak to nonexistent
(cc =0—10.19) correlation. Only vague trends can be discerned
for some of the parameters, and this is the case only for the Near-
Shock region: Those sheaths that are preceded by slow solar wind
(Vupstream < 450 km/s) have a larger spread in their spectral indices
than the sheaths preceded by a fast (Vipstream = 600 km/s) solar
wind. The latter are associated with shallower slopes, which are
confined within the range ~ [-1.9, —1.5]. The scatter plot for Vspeath
is very similar to that of Vipstream. The panel dypstream shows that, for
the Near-Shock region, there is a weak tendency for the shallowest
(steepest) spectral indices in the preceding solar wind to
correspond to shallower (steeper) indices in the sheath, but the
spread is significant. For the Near-LE region, in turn, there is only a
very weak (negative) correlation. The dashed line (y = x) highlights
that spectral indices steepen from the solar wind ahead to the
sheath in most cases, both for the Near-Shock and Near-LE
regions. However, there exist a considerable number of events
for which indices become shallower, but these mostly cluster close
to the dashed line.

The spectral indices in sheaths behind the strongest shocks
tend to be shallower and have a smaller spread, particularly so
for the Near-Shock region, while weaker shocks are associated
with a wide range of spectral indices. The majority of
interplanetary shocks at 1 AU are quasi-perpendicular (e.g.,
Kilpua et al., 2015), and this was also the case for the events
analyzed here. Figure 6 shows that they are associated with a
large range of spectral indices. For the Near-Shock region in
particular, quasi-parallel shocks are in turn associated with a
narrower range of spectral indices, ~[-1.9, —1.5]. The angles
between the radial direction and shock normal (¢) are generally
small, indicating that the majority of the events included in this

study were sheaths ahead of CMEs that were crossed relatively
close to the apex. There is no notable correlation between ¢ and
the spectral indices. The cyan dashed and green dash-dotted
lines indicate the Kolmogorov (-1.67) and Kraichnan (-1.50)
spectral indices, respectively.

3.2 Partial Variance of Increments

The partial variance of increments (PVI) method (e.g., Greco
et al., 2008) allows intermittent structures in time series data to be
identified. The time series of the PVI parameter is defined as

pvi— 1Bl (1)

\<[oB[Y

where the field increment 6B is as defined previously. In the
denominator, the average is taken over the interval from 1h
before the start of the SW-Ahead region to 1 h after the end of the
Near-LE region. The results can be affected by the selection of the
interval where the average is calculated. However, a few intervals
were checked (from a few minutes to 2 h), and the results were
very similar. PVI values >3 are considered to be intermittent
structures (e.g., Bruno, 2019; Zhou et al., 2019).

Figure 7 shows the probability distribution functions (PDFs)
for all 79 sheaths at four 7 values, one in the kinetic range (0.18 s)
and three in the inertial range (12, 94, and 754 s). At each 7 value,
PDFs for the SW-Ahead, Near-Shock region, and Near-LE region
are shown separately.

For all timelags considered, the sheath subregions clearly have
higher probability for large PVI values than the solar wind ahead,
suggesting that they contain more intermittent structures. The
Near-Shock region has generally slightly higher probability for
large PVI values than the Near-LE region, except at the very end
of the high PVI tail.
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FIGURE 6 | Scatter plots of sheath inertial-range spectral indices in the Near-Shock region (top two rows) and Near-LE region (bottom two rows) vs. a range of
plasma parameters. The parameters include the upstream wind speed (V{pstream), UpStream spectral index (aypstream), UpStream plasma beta (ﬂupsmm), shock
magnetosonic Mach number (M), shock angle (6s,), angle between the shock normal and radial direction (¢), mean speed in the sheath (Vsheatn), @and expansion speed
of the driving CME ejecta (Veyp). The Pearson correlation coefficients (cc) are included in each panel. The cyan dashed and green dash-dotted lines indicate the
Kolmogorov (-1.67) and Kraichnan (—1.50) spectral indices, respectively.

We note that PDFs in Figure 7 include the values for all  in a few cases. The strongest PVI values > 7 occurred only in
sheaths, meaning that the high PVT tails (particularly at the very =~ about 20% of the Near-Shock and Near-LE regions. SW-Ahead
largest values) could come from a few events only. To explore this ~ completely lacked these strongest PVI values.
possibility, we show in Table 1 the number of the three regions
for which three strong PVI thresholds (PVI = 3, PVI =5, and 3.3 Fluctuation Amplitudes
PVI = 7) were exceeded, requiring that at least 100 samples of =~ Normalized fluctuation amplitudes are defined as 6B/B, where B
0.092s exceeded the threshold during the 2h interval. The  is the magnetic field amplitude calculated over the interval ¢
majority of Near-Shock regions have PVI>3 and PVI>5  (ie., between times ¢ and t + 7). The maximum angular deviation
values and the majority of Near-LE regions PVI >3 values. In  of the magnetic field is 180°, and thus, B/B must be always <2
contrast to the solar wind ahead, strong PVI values occurred only ~ for noncompressible (Alfvénic) fluctuations, while fluctuations in
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FIGURE 7 | PDFs of PV for four different time lags. PDFs for the SW-Ahead (black), Near-Shock (blue) region, and Near-LE (magenta) region are shown. The green
vertical lines indicate the PVI = 3 threshold for intermittent structures.

TABLE 1 | The occurrence of high PVI values.

SW-Ahead Near-Shock Near-LE

High PVI events (7 = 94s)

N (PVI > 3) 7 79 68

N (PVI > 5) 0 61 35

N (PVI > 7) 0 17 14
High 0B/B events (1 = 94s)
éB/B>1 58 76 67
8B/B>~?2 40 59 55
éB/B>2 iRl 36 25

the field with values >2 must be at least partly compressive (see
also discussion in Chen et al., 2015). Note that fluctuations with
0B/B <2 can also be partly compressive.

The histograms of mean normalized fluctuation amplitudes,
(6B/B), are shown in Figure 8 for SW-Ahead, Near-Shock
region, and Near-LE region. No spectral slopes —1 were found
in this study. The (8B/B) values are <1 for all timescales except
for a few Near-Shock and Near-LE regions for the largest
timescale shown (754 s). As shown by Matteini et al. (2018),
the break between the inertial and f~' range occurs when the
{(8B/B) ~ 1. Another feature clearly visible from the figure is that
(6B/B) values spread considerably with increasing timelag.
Figure 8 also shows that the median (§B/B) (magenta lines)
are highest in the Near-Shock region and smallest in the SW-
Ahead region (expect for 7 = 12, for which the smallest values
occurs in the Near-LE region).

There are some large 6B/B values in the sheaths although
the distributions are dominated by 6B/B< 1 for all timescales
investigated. Table 1 also shows the number of cases with §B/B
exceeding three different thresholds for the timelag 7 = 94s.
8B/B> /2 indicates significant rotation of the field direction,
i.e., over 90° for purely rotational fluctuations, while the values
0B/B>2 correspond to at least partly compressional
fluctuations as explained above. The number of cases for
which the thresholds are exceeded is largest for the Near-
Shock region and smallest for the solar wind ahead. In
particular, the differences are clear for §B/B>2. This

threshold was exceeded only for 11 cases in the solar wind
ahead, but in almost half of the cases in the Near-Shock
regions.

The top panels of Figure 9 show (§B/B) in the solar wind
ahead vs. in the sheath. The top left panel shows the results for the
Near-Shock region and right panels for the Near-LE region. The
color-coding of the points indicates the value of the shock
magnetosonic Mach number (Mg,). Pearson correlation
coefficients are shown in each panel. The figure shows that
(6B/B) statistically tends to be larger in the Near-Shock
region than in the SW-Ahead region. The small fraction of
events at or below the x = y dashed line may have been due to
spatial inhomogeneities in the plasma (e.g., events where the
upstream wind happened to contain fluctuations with larger than
usual amplitudes). Although we infer the preshock to postshock
evolution, it should be noted that the comparison is spatial in
strict terms and that different field and plasma (with potentially
different preshocked properties) are probed upstream and
downstream.

The majority of Near-LE regions also have higher (§B/B) than
the SW-Ahead region, but there are more cases when the value is
smaller. For the Near-LE region, the data are uncorrelated, while
there is a weak positive correlation (cc = 0.34) for the Near-Shock
region. The events with the largest (6B/B) have some tendency to
be associated with stronger shocks, but there is no strong ordering
with the shock M,,,;.

3.4 Compressibility

The previous section indicated that sheaths embed at least some
compressible fluctuations. The level of magnetic compressibility
can be approximated with §|B|/JB, i.e., the change in magnitude
as a fraction of the total fluctuation amplitude. Figure 10 shows
the mean value of magnetic compressibility ({§|B|/6B)) in the
same three regions and four timescales as in Figure 8. The lime
vertical lines indicate §|B|/6B = 0.2, corresponding to the cutoff
value found for the fast solar wind by Matteini et al. (2018). The
authors found considerably larger compressibility for the slow
solar wind, consistent with the suggestion that
compressibility limits the value of §B/B in the fast wind.

low
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Figure 10 shows that the level of magnetic compressibility is
larger in the kinetic range than in the inertial range (all <5|B|/dB)
values are > 0.2 in the kinetic range), consistent with several previous
studies in the solar wind (e.g., Chen et al., 2015; Matteini et al., 2018;
Safrankova et al, 2019; Good et al, 2020a). While the median
(8|B|/6B) is similar between all regions investigated, the values
are more spread in the sheath than in the solar wind ahead. In the
inertial range, the SW-Ahead shows a considerable amount of cases
with {(J|B|/8B) values < 0.2 and clearly lower medians than what are
found in the sheath. For both sheaths regions, the majority of cases
stil have (§|B|/6B)>0.2 at all inertial-scale timelag ranges
investigated. In the Near-LE regions, {J|B|/0B) values are slightly
smaller than in the Near-Shock region but still considerably larger
than in the SW-Ahead. This implies that compressibility in the
sheaths more closely resembles that observed in the slow solar wind,
regardless of the compressibility in the solar wind ahead.

The bottom panels of Figure 9 show (J|B|/6B) in the solar
wind ahead vs. the sheath. The vertical line shows the {§|B|/6B) =
0.2 threshold discussed above. Similar to the mean normalized
fluctuation amplitudes, the compressibility is larger in the Near-

Shock region than in the SW-Ahead region for the clear majority
of the cases, while there is a considerable amount of cases with
{6|B|/6B) value smaller in the Near-LE region. For the Near-
Shock region, there is a strong positive correlation (0.69) in the
data, while the correlation is weak for the Near-LE region. There
is again no clear ordering with the shock M,,;.

Finally, in Figure 11, we explore the magnetic field rotation
and compressibility in more detail (see, e.g., Chen et al. 2015). The
top panels show the rotation angle a, defined over timescale t and
at time ¢, as follows:

B(t)-B(t+7) ]
IB(t)|- IB(t+7)|]

The maximum rotation possible is 180°, and a = 0° for purely
compressive fluctuations. The bottom panels show the parameter
X> which gives a measure of the degree to which the magnetic field
changes magnitude during a rotation:

a(t,7) = cosl[

|6B/B — 2sin (a/2)|

x(67) = SB/B
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Here, y =0 for a pure rotation without any change in the
magnitude, while y =1 for a magnitude change without any
rotation.

Figure 11 shows that both a and y values are clearly larger in
the sheath than in the solar wind ahead. This suggests the
presence of coherent structures (current sheets with large
rotations, plasma interfaces, magnetic holes, etc.) and more
compressible fluctuations. There is not much difference in the
values between the Near-LE and Near-Shock regions.

4 SUMMARY AND DISCUSSION

We have performed a statistical investigation of the fluctuation
properties in CME-driven sheath regions. In total, 79 sheaths
observed in the near-Earth solar wind by the Wind spacecraft
between 1997 and 2018 were included in this study. Three
different regions were studied, each 2h in duration: 1) solar
wind ahead (SW-Ahead), 2) Near-Shock, and 3) Near-LE. Near-
Shock and Near-LE regions are within the sheath, the former
adjacent to the shock and the latter adjacent to the ejecta
leading edge.
The key findings can be summarized as follows:

e Sheaths had on average steeper inertial-range spectral
indices than the Kolmogorov and Kraichnan indices.
However, the range of indices was relatively large

(~[-2.2, -1.3]) and was larger for slow sheaths and
sheaths preceded by slow solar wind.

e Pearson correlations between the inertial-range spectral
indices in the sheath and selected shock, sheath, ejecta, and
upstream parameters were mostly very weak or negligible.
Some weak correlations were found only for the Near-
Shock region; fast sheaths behind strong shocks (high M,,)
preceded by faster wind tend to have the shallowest
spectral indices. Weak correlation was also found with
the speed and spectral index in the solar wind ahead.

¢ On average, sheaths had larger normalized magnetic field
fluctuation amplitudes, {§B/B), than the solar wind ahead.
This was particularly the case for the Near-Shock region.
The range and median of {§B/B) values also increased with
increasing timelag.

o A weak correlation in {§B/B) between the SW-Ahead and
Near-Shock region was found, while the data were
uncorrelated for the Near-LE region.

e Sheaths had higher magnetic compressibility, {5|B|/6B),
than the solar wind ahead. For the majority of cases,
(8|B|/6B) values were >0.2. The compressibility was
somewhat higher in the Near-Shock region than in the
Near-LE region.

e A strong positive correlation was found for the
compressibility between the upstream wind and Near-
Shock region, while for the Near-LE region, the
correlation was weak.
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e Sheaths have clearly larger intermittency than the solar wind
ahead. This result is particularly clear in the PVI analysis
showing that sheaths have regular strong PVI values (>3),
consistent with findings of Zhou et al. (2019). Steeper
spectral indices than Kolmogorov’s (and steeper than in
the upstream wind) and the presence of fluctuations
exhibiting large  magnetic  field rotation and
compressibility (larger {J|B|/dB), a and y parameters)
support high intermittency. Intermittency was slightly
higher in the Near-Shock region than in the Near-LE region.

The results of this study confirm many findings of the case
studies by Kilpua et al. (2020) and Good et al. (2020a). Sheaths
have on average enhanced normalized fluctuation amplitudes,
compressibility, and intermittency, and their spectral slopes in the
majority of cases are steeper than Kolmogorov’s. Borovsky (2020)
performed an extensive statistical analysis of magnetic field and
velocity fluctuations upstream and downstream of 109
interplanetary shocks and also found enhanced normalized
fluctuation amplitudes downstream, as well as low correlation

coefficients between the downstream and upstream values. Note
that, however, their work uses partly different approaches as well
as that SIR and CME-driven shocks are combined with
categorization that is based on the type of the solar wind the
shock propagates into. Increased compressibility in the sheaths
when compared to ambient wind was also reported in a statistical
study by Moissard et al. (2019) (performed over the whole sheath
and fluctuations ranging between 20 s and 7.5 min). We note that
the compressibility values we obtained here are generally higher
than those found in the downstream of interplanetary shocks by
Safréankova et al. (2019). The authors also showed that
compressibility of fluctuations (defined as the ratio of PSDs of
perpendicular to parallel magnetic field fluctuations) increased
with increasing plasma beta. The relatively large compressibility
values obtained in our study could also be explained by most
sheaths, being high-beta structures. The increased intermittency
in density fluctuations in terms of substantial deviations from the
Gaussian distribution functions from upstream to downstream of
interplanetary shocks was also reported by Riazantseva et al.
(2017). In agreement, Kilpua et al. (2020) reported stronger
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FIGURE 11 | Probability distribution function (PDF) of (top) rotation angle « and (bottom) parameter y for SW-Ahead, Near-Shock region, and Near-LE region. The
results are shown for four timelags.

deviations from Gaussian distributions for magnetic field
fluctuations for three ICME sheaths.

The observed smaller spread in the inertial-range spectral
indices and shallower slopes, closer to Kolmogorov’s, for fast
sheaths (>=600km/s) than for slow sheaths (<450km/s) is in
agreement with the previous studies in the solar wind in general
(see the Introduction section). The statistical study by Borovsky
(2020) found also steeper slopes downstream than upstream of
interplanetary shocks.

As discussed in the Introduction section, in planetary
magnetosheaths, f~! spectrum is commonly observed at the
MHD scale, with an absence of the Kolmogorov inertial range
close to the nose of the bow shock. This has been interpreted as a
sign of bow shock resetting the turbulence (e.g., Huang et al,
2017). We did not find indication of the ™! spectrum in CME
sheaths. The lack of f~! spectrum could be related to CME shocks
being typically considerably weaker (~2, e.g., Kilpua et al., 2015)
than planetary bow shocks (~5-10). Our study however included
a few stronger shocks (Mach numbers between 4 and 6), and for
those either, no f~! spectrum was found. We point out that the
majority of the events included in this study were cases where the
CME was crossed relatively close to the nose, implying that if the
f7! spectrum would be a common feature of CME sheaths, we
would have expected to detect it. As discussed already in Section
3.1, the results can be affected significantly by the investigated
regions including fluctuations that have evolved over different
times since processes by the shock. Our analysis following the

approach in Borovsky (2020) and comparison of slopes with the
shock speed suggest a tendency that regions most recently
processed by the shock have the shallowest slopes, implying
that structures such as current sheets increasingly develop in
the sheath as the CME propagates forward.

In the kinetic range, spectral slopes varied in the range of [-2.7
—2.0] and were thus shallower than the nominal value reported in
solar wind (~—2.8). Shallower than nominal kinetic-range slopes
could be attributed to continuing energy cascade (e.g., Sahraoui et al.,
2009; see also discussion in the study by Kilpua et al., 2020). The
spread in the kinetic-range spectral indices in turn was smaller than
in the inertial-range indices, contrary to, e.g, a study by Smith et al.
(2006) in solar wind in general. As mentioned in Section 3.1, the
results could be affected by the Wind data capturing only the upper
part of kinetic range, the use of only three points in the calculation of
the kinetic-range slopes, and the magnetometer noise level. In
addition, the shape of the spectrum can change as a function of
the distance from the shock due to exponential decay of the
spectrum, as shown for density fluctuations, e.g., in the study by
Pitna et al. (2017).

Although the lack of MHD-scale spectrum suggest that CME-
driven shocks are not resetting the turbulence at a similar extent
than planetary bow shocks, fluctuation properties in sheaths were
observed to be distinctly different from the upstream. This was
particularly the case for the Near-Shock region. The increased
compressibility and normalized fluctuation amplitudes indicate
that new (at least partly) compressible fluctuations are developed in
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the sheath. This is supported by the general lack of correlation
between the spectral indices in the sheath and preceding solar
wind found in this work and consistent with the results of case
studies by Good et al. (2020a) and Kilpua et al. (2020). These
results are also consistent with Borovsky (2020) who reported
no correlation between the upstream and downstream values of
spectral indices. The present statistical study also confirms the
finding of Kilpua et al. (2020) that the Near-LE region is more
similar to upstream conditions regarding its mean fluctuation
properties. The particularly weak/negligible correlations
between the sheath and shock/upstream conditions for the
Near-LE region suggests that fluctuation properties have
further evolved deeper in the sheath and/or are affected by
processes at the ejecta leading edge. The field line draping
generates field fluctuations and could provide some free
energy for the generation of plasma waves (e.g., Ala-Lahti
et al., 2019), and its importance should increase with the
speed and expansion speed of the ejecta (e.g., Gosling and
McComas, 1987; McComas et al., 1988). No clear trend was
found with either of these with the spectral slopes in the Near-
LE region, but a more detailed comparison of turbulent
properties close to the ejecta leading edge and driver
characteristics would be needed. The correlation between the
shock/upstream parameters and spectral slopes in the Near-
Shock region was also weak at best. We note that for some
parameters investigated, low correlations can be affected by
their values clustering to a relatively limited range. For example,
the strong M,,; > 3 and fast (V, > 600) shocks were related to the
shallowest slopes in the Near-Shock region, but their numbers
were small when compared to weaker and slower shocks. We
also found that in contrast with the planetary magnetosheaths
(e.g., Hadid et al., 2015), spectral slopes in CME sheaths do not
vary significantly from the nose toward the flanks of the CME
ejecta. However, as mentioned above, most events in our study
were sheaths behind centrally crossed CMEs, and therefore, no
strong conclusions can be drawn.

As summarized above, sheaths were found to have a higher
intermittency than solar wind ahead according to several used
proxies. It is an interesting question as to what extent the increased
intermittency in CME sheath is related to intermittency of
turbulent cascade, or is it rather the consequence of the
frequent presence of coherent small-scale magnetic structures in
the sheath, such as currents sheets, reconnection exhausts, and flux
tube boundaries. These coherent magnetic structures could be
“relics from the Sun” (e.g, Owens et al, 2011) or formed
actively by the processes at the CME shock and leading edge as
the CME propagates through the solar wind. Their presence would
be detected as high PVI structures and steepen the spectral slopes.
This could also shed light on another interesting question why
CME sheaths as high magnetic field structures do not exhibit
shallower Kraichnan-Iroshinikov spectral slopes (-1.5). Li et al.
(2012) suggested that the initially Kraichnan-Iroshinikov-type
spectra in the solar wind could steepen due to the presence of
current sheets (see also Borovsky, 2010). Another possibility is that
turbulent cascade is anisotropic giving the ~ —5/3 slope in
perpendicular direction as suggested by Goldreich and Sridhar
(1995). In sheath regions perpendicular to turbulence dominates

Sheath Magnetic Field Fluctuations

(e.g., Moissard et al., 2019; Good et al., 2020b) as is typical in
general in the solar wind.

It is also an interesting question as to how much fluctuation
properties in CME-driven sheaths differ from downstream
regions behind SIR-driven shocks. Both are compressive large-
scale structures in the solar wind but have different generation
mechanisms and differences in their shock properties. Only a
relatively small fraction (~26%) of SIRs has fully developed
leading shocks at the Earth’s orbit (e.g., Jian et al., 2006). SIR-
driven shocks are also typically weaker and slower than the
shocks associated with CMEs and have on average higher
upstream plasma beta (e.g., Kilpua et al., 2015). The higher
plasma beta can affect generation of plasma waves and,
therefore, fluctuation properties.

This statistical study shows that CME-driven sheath regions
have their own distinct magnetic field fluctuation properties that
are partly distinct from planetary magnetosheaths. Except for
compressibility, correlation between downstream values is only
weak or negligible. In addition, spectral indices in sheaths did not
show clear trends with the shock properties. For example, this is
quite different for the case of the terrestrial magnetosheath
downstream with a quasi-parallel and a quasi-perpendicular
bow shock geometry, where there is clear difference between
the turbulence spectral indices, fluctuation levels, compressibility,
and occurrence of current sheets (Yordanova et al., 2020). This
emphasizes the need for more detailed investigation on how solar
wind turbulent properties evolve in the transition through the
shock into the sheath, e.g., by finding cases where the spacecraft
are probing simultaneously the solar wind upstream, the shock,
and the sheath. In addition, multispacecraft encounters within
the single sheath would allow better probing on how spectral
indices and fluctuation properties change with the distance from
the apex of the CME and better comparison with planetary
magnetosheath. Higher-resolution magnetic field data would
also allow probing more extensively the kinetic range in CME-
driven sheath regions. Now, we covered only the upper end of the
kinetic range that likely affects the results. Solar Orbiter (Miiller
etal., 2013) and Parker Solar Probe (Fox et al., 2016) can also shed
new insight into CME sheaths (e.g., Good et al., 2020b) and allow
investigation on how fluctuation properties in CME sheaths
evolve in the inner heliosphere.
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