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A Study of Fluctuations in Magnetic Cloud-Driven
Sheaths

C. Moissard'"", D. Fontaine!'", and P. Savoini!

LLPP, CNRS, Ecole Polytechnique, Sorbonne Université, Université Paris Sud, Observatoire de Paris, Université
Paris-Saclay, PSL Research University, Palaiseau, France

Abstract Interplanetary coronal mass ejections are at the center of the research on geomagnetic
activity. Sheaths, highly fluctuating structures, which can be found in front of fast interplanetary coronal
mass ejections, are some of the least known geoeffective solar transients. Using Morlet transforms, we
analyzed the magnetic fluctuations in a list of 42 well-identified and isolated magnetic clouds driving a
sheath and shock (Masias-Meza et al., 2016, https://doi.org/10.1051/0004-6361/201628571. We studied the
fluctuations inside sheaths by defining two quantities: the power and the anisotropy. With a simple
statistical approach we found that sheaths, in particular, those driven by a fast magnetic cloud,
encountering a highly turbulent solar wind, and forming a high Alfvén Mach number shock have high
levels of turbulent energy (~10 times compared with the solar wind) as well as a low anisotropy
(approximately halved compared with the solar wind) of their fluctuations. On the other hand, the effect of
the shock angle and plasma beta in the solar wind are less straightforward: If the shock is quasi-parallel or
the beta in the solar wind is high, both the turbulent energy in the sheaths and the anisotropy of the
fluctuations are reduced; but for quasi-perpendicular shocks or low beta solar wind the turbulent energy
and anisotropy can take any value.

Plain Language Summary Solar flares are sometimes linked with the emission of
interplanetary structures, which may collide with Earth. When this happens, it can lead to temporary
changes in the magnetic field of Earth and possibly affect human technology. These effects are a subset of
what is known as geoeffectiveness. We do have an idea of which types of structures may or may not have
consequences on Earth, and, for example, magnetic clouds are quite well known for their large impact

on the Earth magnetic field; however, we still struggle to understand the consequences of some puzzling
interplanetary structures called sheaths. These can often be found preceding a magnetic cloud when the
latter is fast enough to generate a shock wave. We think that one of the reasons these sheaths keep having
surprising effects on the Earth's magnetic field is because they, themselves, are not yet very well known.
The present paper aims at characterizing one of the key properties of sheaths: their magnetic fluctuations,
that is, the rapid temporal variation of the magnetic field. We found that those fluctuations are indeed
quite particular in sheaths: They have markedly more energy than in the usual solar wind (about 10 times
more) and tend to change direction all the time. Conversely, in the solar wind, some directions seem to be
privileged and the energy is relatively low. In this paper, we also show that these particular properties of
the magnetic fluctuations are all the more pronounced when the magnetic cloud driving the sheath is
moving faster and when the solar wind in front of the sheath already has strong fluctuations and magnetic
pressure. This work gives us a better insight into the dynamics of the sheath, which may eventually improve
our understanding of their geoeffectiveness.

1. Introduction

It has been extensively shown in the literature that magnetic clouds are the most geoeffective transient
structures found in the solar wind (Kilpua et al., 2017; Wilson, 1987; Yermolaev et al., 2012; G. Zhang &
Burlaga, 1988). This stems from the high probability of a magnetic cloud to present a long-lasting negative
B, component (Burlaga, 1991), which is a well-documented cause of geomagnetic storms (Dungey, 1961;
Gonzalez & Tsurutani, 1987; Gonzalez et al., 1994; Kilpua et al., 2012; Russell et al., 1974; Tsurutani et al.,
1992; Zhang & Moldwin, 2014), the explanation being that it favors magnetic reconnection at the nose of
the magnetopause (Dungey, 1961; Gonzalez et al., 1989; Turc et al., 2014). However, this is not enough, as
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magnetic storms on Earth are not all caused by magnetic clouds, and not all magnetic clouds cause magnetic
storms.

When a magnetic cloud has a velocity higher than the characteristic speeds (sound speed or Alfvén speed)
of the solar wind in which it is traveling, its interaction with the solar wind is likely to form a shock wave
propagating away from the Sun. Between the shock front and the leading edge of the cloud we find a sheath,
which is a highly turbulent region (Kilpua et al., 2017). Huttunen and Koskinen (2004) have shown that,
between 1997 and 2002, 45% of the 53 intense (as defined by the geomagnetic index Dst < —100 nT) mag-
netic storms observed on Earth were caused by a turbulent sheath region or postshock stream, thus exposing
in a particularly convincing way the important role played by interplanetary coronal mass ejection (ICME)
sheaths but pointing out the fact that it is not always possible to separate their effect from the ICMEs follow-
ing them, when there is one. More than half of the magnetic clouds are accompanied by a sheath (Chi et al.,
2016), and the role of these sheaths is increasingly regarded as important (Echer et al., 2008; Kilpua et al.,
2017; Tsurutani et al., 1988). For example, out of the 73 solar storms (defined by Dst < —50 nT) of Solar Cycle
23 (1997 to 2005), Huttunen et al. (2005) identified eight events—composed of both a magnetic cloud and a
sheath—where the magnetic storm was clearly caused by the sheath and not the magnetic cloud. Gonzalez
et al. (2007) found similar results studying Solar Cycle 23: Sheaths were responsible for the generation of
24% of the intense storms (Dst < —100 nT) during the cycle, and magnetic clouds accompanied by a sheath
for 14%.

The reasons that may lead to the geoeffectiveness of sheaths are still unclear. Tsurutani et al. (1990)
emphasized the high probability of a sheath to include southward magnetic field due to the numerous
large-amplitude turnings of the magnetic field. The geoeffectiveness of sheaths has also been suggested to be
linked to their most obvious traits: high density, high dynamic pressure, high magnetic field, high variability
of the magnetic field (Yermolaev et al., 2012), or high Alfvén Mach number (Guo et al., 2011; Kilpua et al.,
2017; Myllys et al., 2016). These traits, especially the high dynamic pressure, high level of fluctuations of the
magnetic field, and high Alfvén Mach number, are known to increase solar wind-magnetosphere coupling
(Kilpua et al., 2017).

Another visible trait of sheaths is their turbulence. Their internal structure, however, is still mostly
unknown, and the role it plays in their geoeffectiveness could be underestimated. Indeed, it is known that
the turbulence in the solar wind plays a role in the efficiency of its coupling with the magnetosphere: For
example, Tsurutani et al. (1988) noted that, surprisingly, some major storms seem to be caused by something
else than a long-lasting southward magnetic field and pointed at turbulence, waves, and discontinuities as
drivers of geomagnetic activity; Borovsky (2003) showed correlations between the amplitude of turbulence
in the solar wind and different geomagnetic activity indices; Jankovicva et al. (2008) did a similar study with
similar conclusions and introduced the anisotropy of the fluctuations in the discussion; Osmane et al. (2015)
compared the ultralow frequency (ULF) fluctuations of the interplanetary magnetic field and the AL index
(amplitude lower for the auroral electrojet index) and concluded that, by enhancing viscous interaction
between the solar wind and the magnetosphere, fluctuations can drive geomagnetic activity. Those studies,
which strongly link the level of turbulence in the solar wind in general with geoeffectiveness, suggest that
the turbulence in sheaths may play a major part in geoeffectiveness.

Before even considering geoeffectiveness, more information is needed to uncover as much as possible about
the waves and fluctuations in sheaths. Only a few studies have been performed on the subject. For example,
Kataoka et al. (2005) evidenced the importance of the shock parameters in influencing the structure of the
sheaths of ICMEs. Kilpua et al. (2013) showed that the power of the ULF waves evolved within sheaths
with respect to the distance with the shock and the leading edge of the magnetic cloud. Shaikh et al. (2017)
found in two cases that sheaths were home not only to turbulence but also to ordered local structures such
as magnetic islands, which are strong candidates to explain multisteps Forbush decreases (a rapid decrease
of the detected galactic cosmic rays). And recently, a statistical study by Ala-Lahti et al. (2018) suggested
that, in sheaths, mirror modes could stem from the shock compression, making the Alfvénic Mach number
the key parameter governing the structure of sheaths.
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Figure 1. Observation from ACE spacecraft of a typical magnetic cloud event, centered on the sheath. From top to
bottom are |B| the amplitude of the magnetic field, B, , , its components, V' the bulk flow velocity, N, the proton
density, T, the proton temperature, and the plasma Beta. On this plot, and for all subsequent analysis of this event: the
solar wind region spans from 14 December 2006 5:04 UT to 14 December 2006 14:14 UT, the sheath region spans from
14 December 2006 14:14 UT to 22:52 UT and the magnetic cloud region spans from 14 December 2006 22:52 UT to 15
December 2006 7:25 UT. Vertical purple bars separate the three different regions of the event, from left to right: the
solar wind, the sheath, and the magnetic cloud. The dashed vertical bar shows another possible choice for the

leading edge.

In the present paper we aim at characterizing the turbulence in the sheaths of magnetic clouds by
considering the following questions:

— How does the spectral content of sheaths differ from the ones of the solar wind and magnetic clouds?
— What are the main parameters influencing the fluctuations in sheaths?

The following paper is organized as follows: In section 2, we present the list of events used as well as the
means to retrieve the corresponding data. In section 3, we present a method to characterize the turbulence in
sheaths, before showing in section 4 how the fluctuations in sheaths differ from those in their surrounding
media. Section 5 draws a picture of what the fluctuations depend on and we conclude with section 6.

2. Data Description

In order to avoid mistaking phenomena arising from the sheaths themselves for phenomena arising from
its interaction with another preceding event, it is important to study well-identified and isolated (far from
any other event) magnetic cloud-driven sheaths. Masias-Meza et al. (2016) built a list containing 44 such
events that we used for the present study. We used the data from the ACE spacecraft and in particular from
the Magnetic Field Experiment with a 1-s resolution measurement of the magnetic field components and
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from the Solar Wind Electron Proton Alpha Monitor (SWEPAM), with a 64-s resolution measurement of the
velocity, density, and temperature (Stone et al., 1998). Both can be downloaded from the website (https://
cdaweb.sci.gsfc.nasa.gov/index.html/). Two of the events (“18 March 2002” and “23 March 2002”) from
Table A.1 of Masias-Meza et al. (2016) do not have available data at 1-s resolution and have therefore been
excluded from the present study.

Figure 1 shows an example of a typical event in the list. After a period of quiet solar wind the satellite encoun-
ters a shock, which marks the beginning of a highly turbulent sheath with high magnetic field amplitude,
high velocity, high density, and high temperature. The time of the shock is easily identifiable by the simulta-
neous jumps of several quantities: We used the date and time given by the IPshock Database (http://ipshocks.
fi/) when the shock is referenced there, and we defined it manually when not. The sheath itself is followed
by a smoothly rotating magnetic field at a low plasma beta: the magnetic cloud. The transition between the
sheath and magnetic cloud is called the leading edge of the magnetic cloud. The time of the leading edge
of the magnetic cloud is somewhat more difficult to define, possibly controversial. It depends on criteria
such as drop of the ratio of the plasma pressure to the magnetic pressure g, drop of the proton temperature
T,, beginning of a smooth rotation of the magnetic field B, and drop of the proton density N,,. Ambiguities
arise when some of these criteria are not satisfied at the same moment. In these cases, we decided on a time
and date for the leading edge ourselves. Because, as illustrated in Figure 1, the area surrounding the lead-
ing edge is not always clearly belonging to either the sheath or the magnetic cloud, we excluded ambiguous
areas and focused only on zones unambiguously belonging to one or the other.

This led, for every event, to the definition of three regions: solar wind (SW), sheath (Sh) between the two
solid lines, and magnetic cloud (MC) after the dashed line as illustrated in Figure 1.

As can be seen in Figure 1, we arbitrarily decided to analyze the data on a duration that depends on the
length of the sheath: If T, is the duration of the sheath, we analyzed the data for a total time of 3 X Tg,,
with the solar wind in the first third, the sheath being placed in the middle, and the magnetic cloud in the
last third. The same choice was made for every event.

3. Method: Analysis of a Single Event

3.1. Definition of the Fluctuations

We defined the fluctuations of the magnetic field as the variation around quantities averaged with the help
of a sliding window (similarly to Tao et al., 2015) of Ty, = 15-min length. The duration of the window has
been chosen to follow the slower variations of the magnetic field while not filtering the faster ones:

1 t+Ty /2
(Byy) () = — / B, (7)dz
854 TW t—TW/Z Y2 (1)

6By, (1) = B, , (1) = (B, )(©)

A good indicator of the nature of the fluctuations is the difference of behavior between fluctuations of the
component of B, which is aligned with the average magnetic field By =< B >, hereafter 6B, and the
fluctuations of the components that are perpendicular to B, hereafter 6B, .

In order to define those two quantities, we produced a moving orthonormal frame as described in equation 2:

_ B
¢ 1Byl
e; X B,

)

1= 7. S
le; X By|

_ Byx(e;xBy)
27 |By x (e; X By)|

In equation (2), for every region, e; is automatically chosen from [e,, e,, ¢,] to maximize the quantity [|e;xB||.
Indeed, if the angle between ¢; and B, is too small, the definition of the frame may be prone to error or high
variability from a time step to the next (Duff et al., 2017). ¢; itself is not perpendicular to B,
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6B, = (B—B,)-b,
6B, =(B-B,)-b, (3)
6B, =(B—B,)-b,

Power (nT?/Hz)

3.2. Spectra
We applied the previous steps to the “14 December 2006” event shown in
Figure 1 and used it to define the tools used in our statistical study.

Following the idea presented in de Wit et al. (2013), we used a Morlet
wavelet transform (Torrence & Compo, 1998) to produce the spectra of
6By, 6B,;, and 6B, ,, respectively noted W(5B,)), W(6B,;) and W(SB,,).

22:00 149 5:38

Figure 2. Morlet wavelets of the 14 December 2006 event. The vertical axis e then defined W, = W(B)), and W, = W(B,,) + W(SB,,) as well

represents the frequency of waves. The horizontal axis represents the time.
The color palette represents the amount of energy per unit volume and

as W = W, + W, , which represents the total energy per unit volume and

per unit frequency of the magnetic field: blue and green represent “low” unit frequency of the fluctuations of B.

energy content, while yellow and shades of red represent “high” energy
content. Toward the top of the figure, the red line represents the
gyrofrequency of protons f. = w./2z based on the value of B.

Figure 2 represents the temporal evolution of W( f, t) for the same event
as in Figure 1 (“14 December 2006”): The horizontal axis represents the
time, the vertical axis represents the frequency, and the colors represent
the intensity W of the fluctuations, (J-m~3 -Hz™!). We can see that the sheath region corresponds with a rise
of W. The green horizontal bar near 107! Hz is due to the satellite spin (Stone et al., 1998). As we averaged
out the low frequencies through equation (1), we can see that the fluctuation spectra contains low power
under 1073 Hz. Then, there are two natural limits for the frequencies:

+ A maximal limit to exclude the spin of the satellite f,,, = 5- 107> Hz < f;,.

« And a lower limit which comes from the definition of the mean field By: f,;, = 2/(15min.) = 3- 1073 Hz
> 2/Ty,. The factor 2 here was arbitrarily chosen to keep the analysis away from mathematical artifacts
due to the edges of the sliding window, which arise below and around 1/Ty,.

Outside of these limits, the spectrum was not considered. Those limits also correspond to what is usually
called the ULF bandwidth, which is relevant to interplanetary shocks (Kajdi¢ et al., 2012), to the study of
sheaths (Kilpua et al., 2013), and to the interaction of the solar wind with the terrestrial magnetosphere
(Alimaganbetov & Streltsov, 2018; Kepko et al., 2002; Osmane et al., 2015). One can also see, at the shock,
approximately at 14:21, that every frequency presents a heightened W. The same thing can be seen around
5:38 when a small structure is encountered in the magnetic cloud. One problem with our definition of
fluctuations (equation (1)) is that it does not apply well to jumps, such as shocks, large discontinuities, or
small-scale structures. The Morlet transform is also particularly susceptible to these sudden changes and
they should therefore be avoided in the analysis.

Figure 3 represents the power spectrum density (PSD) of the magnetic fluctuations and their components,
by integration on time of W( f, t) over time in each different region (solar wind, sheath, magnetic cloud),
excluding the immediate surroundings of the shock and the leading edge. The power spectrum density of
the parallel fluctuations PSD); is represented in green, of the perpendicular fluctuations PSD, in gray and
the total in blue.

1

T,

region region

In Figure 3, we can see two clear trends. First, the fluctuation spectrum has much more power in the sheath
than in the other regions investigated. We also note that the fluctuations in the solar wind preceding the
sheath and in the following magnetic cloud have, on average, a similar power. And second, the gap between
the green and the gray dotted lines is smaller in the middle panel than in the first one, which suggests more
isotropic (or compressible) fluctuations in the sheath. On the other hand, the gap is very large in the right
panel, the parallel power being so low that the total power is almost equal to the perpendicular power: The
fluctuations in the magnetic cloud are very anisotropic (or almost incompressible).
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Figure 3. Spectrum of the fluctuations of the magnetic field (or power spectrum density) on each region of the 14
December 2006 event. The vertical axis represents the energy per unit volume and per unit frequency, and the
horizontal axis represents the frequency. In blue is the total energy PSD, in gray the energy of the fluctuations
perpendicular to the mean magnetic field PSD |, and in green is the energy of the fluctuations parallel to the mean
magnetic field PSD). The cyan vertical bars mark the frequency limits inside of which the analysis was performed. A
blue dashed line represents a linear fit of the spectrum between the frequency limits; the corresponding slope is
reported in the upper-right corner.

3.3. Definition of Relevant Zones

As seen in the previous section 3.2, the Morlet transform, along with our definition of the fluctuations, does
not apply well to jumps. The first consequence is that we did not analyze the data directly close to the shock
or the leading edge of the magnetic cloud. Sheaths are made of a mixture of waves and small-scale structures,
which occasionally form strong jumps. The second consequence, therefore, is that the best we could do was
to avoid any visible and rapid jumps. For example, we show in Figure 4a possible selection of zones avoiding
such jumps in the sheath of the “14 December 2006 event. The first zone, in red, starts slightly away from
the shock and stops just before a rapid drop of B,. The second zone, in pale blue, starts after this drop and
stops before a large rise of both B, and B,. The third zone, in yellow, stops just before a small area where the
amplitude of the mean magnetic field |B,| (in orange) does not follow the rapidly varying magnetic field |B|
(in blue). Lastly, the fourth zone, in blue, stops before a series of large variations of all the components of B.
This choice allowed for a better analysis of the fluctuations without the inclusion of drastic changes.

Also, another type of problem is that some events include some unusual features: For example, there can
be more organized structures within the sheath, some of them resembling flux ropes. The source for this
is currently not understood. Likewise, short, highly turbulent zones can sometimes be found in a magnetic
cloud, or a small area in the solar wind may occasionally be heavily perturbed by the shock. The definition
of zones allowed us to exclude such unusual features from our analysis. No solution has been found yet to
automate this choice of zones, which had to be made manually for every region of every considered event.

It is also possible to perform the analysis without introducing zones and therefore including every discon-
tinuities and unusual features in the calculations. Tests show that this does not affect the general trends for
the power and anisotropy but that the selection of zones enables a better separation of the different regions,
which in turn improves their characterization. For example, without the selection of zones, the analysis of
a magnetic cloud containing a short but strong discontinuity would yield values intermediate between a
magnetic cloud and a sheath, and the same goes for a sheath including a small flux rope.

3.4. Definition of the Power and the Anisotropy of the Fluctuations
We used the wavelets analysis described in the section 3.2 on every zone, and, from it, we computed two

quantities: The power P, . and the anisotropy A,,,.. The power P, . represents the average quantity of
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Figure 4. Here is a zoom on the sheath of the 14 December 2006 event, the sheath is delimited by the two purple
vertical bars. Four different zones (in red, blue, yellow, and purple) were chosen manually to avoid jumps in the data.

energy per unit volume found in a zone between frequencies f,,;,, and f,, ., and is defined as follows:

1 fma.x
P - L / Wt Fdfde )

zone (L,||) — T

zone J Tyone < fmin

The anisotropy A measures the amount by which the measurements differ from the isotropic case:

_ onneJ_ (6)

Azone - 2.P

zone||

The factor 2 at the denominator allows A = 1 to represent the isotropic case, and A > 1 to represent stronger
perpendicular fluctuations than parallel fluctuations.

Each region contains a few zones, and each of these are henceforth characterized by two scalar quantities:

Pone and A, For each region we defined Py, and A 40, @8 an average on the zones in that region:
_ Z[zoneereglon]( zone -P zone)
P region — 2 T
[zoneeregion] © zone (7)
Z[zoneereglon]( zone Azone)
Are ion —
g

Z [zoneeregion] Tzone
These quantities, defined for each region, are noted accordingly (Pgy, Pgy» Pyc> Asws Agn» and Ayc). The
results of this analysis for the “14 December 2006” event are given in Table 1.

Table 1 is a concise and more quantitative way of representing the already mentioned properties of the
fluctuations in the “14 December 2006” event: Compared to the solar wind, there is an augmentation of the

Table 1

Power and Anisotropy of the Different Regions of the “14 December 2006”
Event

Psw Pgn Pye

0.7 1.1 0.1 (nT?)

Asw Agn Amc

5.1 1.5 85.3
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Figure 5. Every event is labeled by a number from 1 to 42 represented on the horizontal axis. The vertical axis is the
value of the power P, which is the average quantity of energy per unit volume for a region of the event. The values of P
vary between 0.01 and 100 nT2. The power of the fluctuations Pgyy in the solar wind preceding the sheath is
represented in blue, Pg;, in the sheath in red, and Py;c in the magnetic cloud in yellow.

power in the sheath (Pgy, < Pg,) as well as a decrease of the anisotropy (Agw > Agp,). The fluctuations have a
totally opposite behavior in the magnetic cloud, where their power drops (Py;c < Pg,), and their anisotropy
increases dramatically (Ayc > Ag,, Agw)-

4. Power and Anisotropy in the 42 Events of Masias-Meza Et Al. (2016)

4.1. Power

Figure 5 presents, on the vertical axis, the values of Pgy, (blue squares), P, (red diamonds), and Py (yellow
dots) for every event, labeled from 1 to 42 on the horizontal axis. We can observe that the values for the
magnetic clouds (Py;c) and the solar wind (Pgy,) are spread over approximately 1 order of magnitude, while
they approximately span 2 orders of magnitude in the sheaths (Pg;,). We see a clear trend that the power of
the fluctuations in the sheaths is higher by approximately an order of magnitude than in the other parts of
the events. The average and standard deviation of the results are provided in Table 2.

In Table 2 we see that the distributions are quite spread, but there is a very clear trend that the sheaths
contain about an order of magnitude more power in their fluctuations than the other regions. Solar wind
and magnetic clouds seem to contain a similar range of power, which may seem quite surprising. We have
no clear explanation but one possibility could be the following: when looking at Figure 1, we see indeed less
fluctuations in the magnetic cloud compared with the solar wind, but this is mostly due to the high value
of the mean magnetic field in the cloud, which may let us think that the fluctuations are smaller, by visual
comparison. Also, it is quite common to plot or talk about the relative strength of fluctuations dB/B,,, which
is indeed lower in magnetic clouds.

4.2. Anisotropy

Figure 6 presents, on the vertical axis, the values of Agy, (blue squares), Ag, (red diamonds), and Ay
(yellow dots) for every event, labeled from 1 to 42 on the horizontal axis. Values of the anisotropy, range
from 1 (isotropic case) to almost 91 (very anisotropic case). The values for each region (solar wind, sheath,
or magnetic cloud) roughly spread over an order of magnitude. We can see that the sheaths tend to have a
lower anisotropy (red diamonds), ranging from ~1 to 13, than the solar wind preceding them (blue squares),
ranging from ~4 to 20. The magnetic clouds (yellow dots) tend to have a much higher anisotropy, with Ay;c
starting from 8 and reaching up to 91. Interestingly, some of the intervals of the solar wind (cyan stars) with
higher values of A actually contain, upon close inspection, flux ropes. Most of these flux ropes are quite

Table 2
Average Power of the Magnetic Field Fluctuations and Its Standard
Deviation in the Different Parts of the 42 Events in Square Nanoteslas

Psw Pgp, Py Unit
0.8+1.0 9.3+10.8 1.0+18 (nT2)

MOISSARD ET AL.

8215



4] . .
100 Journal of Geophysical Research: Space Physics 10.1029/2019JA026952
100

2

o om g m et "

i ® ] e = * AN
2 10m + " -

2 T °* N : . K ™ : 8 HA_SW
é‘ L 'S 0.! m ¢ '. m ¢ o ® !l-‘ ¢A_Sh

o o * . A_MC
®* o N o ® ° ®
L J L =
e * Lo
° L 4
1 L 2
0 5 10 15 20 25 30 35 40 45

Event label

Figure 6. Every event is labeled by a number from 1 to 42 represented on the horizontal axis. The vertical axis is the
value of A, the anisotropy of the fluctuations of the magnetic field. In blue we represent A in the solar wind preceding
the sheath, in red we represent the value of A in the sheath, and in yellow we represent A in the magnetic cloud. In
light blue, we represented the cases where the solar wind preceding the sheath was, in fact, a flux rope.

small and were understandably not identified as magnetic clouds, and one of them was an actual magnetic
cloud (Case 30, in Masias-Meza et al.'s, 2016, list).

The results are summarized in Table 3, which shows that despite quite spread distributions, there is a very
clear trend that the fluctuations in the sheath are much more isotropic than in the solar wind, whereas the
fluctuations in the magnetic cloud are much more anisotropic than in any other region. We also provide
the values of the compressibility, defined as the ratio of the power of the parallel fluctuations over the total
power C = %, and computed using the same method as the power and anisotropy. The compressibility is a
commonly used quantity that represents the same physics as the anisotropy. Indeed, because almost all the
power of the fluctuations is contained in the perpendicular fluctuations, the compressibility and anisotropy
have almost inverse behaviors. Therefore, the last results show that the plasma in sheaths is much more

compressible than in the preceding solar wind and even more so than in the following magnetic cloud.

Our results for the solar wind and magnetic clouds match those of Leamon et al. (1998), who studied the
power and the anisotropy of the fluctuations of a single event, but differ for the sheath. The differences
noted for the sheath are easy to understand: First, Leamon et al. (1998) studied a single event, which may
well have been a sheath with a relatively high anisotropy but still contained within the standard devia-
tion given in Table 3. Second, they were not particularly interested in the sheath and used only a few fixed
1-hr-long windows to describe it: As seen in section 3.3 of the present paper, this is likely to be insufficient
to study the highly complex fluctuations of the sheath. Another paper (Hu et al., 2013) reported variations
from upstream to downstream of interplanetary shocks that are very similar to ours: Lower anisotropy and
increased fluctuation power after the shock were found.

5. Correlations Between Sheaths’ Fluctuations and Events' Main Parameters

So far in this paper, we chose two main parameters to characterize the fluctuations: the anisotropy and
power, A and P. In Figure 7, every event is represented by a red dot in the (Ag,, Pg;,) plane. We can see that

Table 3
Anisotropy and Compressibility: Average Value and Standard Deviation in
the Different Parts of the Events

Asw Agh Amc
10+ 6 5+3 36 + 23
Csw Csn Cymc
0.07 + 0.04 0.15 +0.08 0.02 +0.01
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Figure 7. For every event, a red dot is placed on the diagram shown above with, on the vertical axis the anisotropy in
the sheath and on the horizontal axis the power in the sheath.

the cloud of red dots is not forming any clear pattern: The values of Ag, vary apparently randomly between
1 and 13 regardless of the value of Py, . In other words, the anisotropy does not depend on the power and
therefore is not caused by a strong P. This test is important because it proves the nonredundancy of the
chosen parameters P and A to characterize the fluctuations.

In the previous section, we have evidenced two main characteristics of the fluctuations in sheaths: high
power Pg, and low anisotropy Ag,. We now analyze the dependency of the sheath's fluctuations (as repre-
sented by their power P, and anisotropy Ag,) on the surrounding media. Proxies for the surrounding media
of the sheaths are (see definitions in Appendix A):

« parameters characterizing the solar wind: plasma density Ng,, magnetic field magnitude Bgy,, ion velocity
Vsw- Mach number in the solar wind M3", dynamic pressure in the solar wind P, state of the fluctuations
described by {Pgy, Asw}

« parameters characterizing the shock: Mach number M, the ratio of thermal and magnetic pressure in the
solar wind f,,,,, and the angle between the magnetic field in the solar wind and the shock’s normal 05,

« parameters characterizing the magnetic cloud: Nyc, By, Ve, MYC, Pg’;fl, {Pmcs Amc)

Note that Pgy, Aqw, Py, and Ay were computed on the solar wind and magnetic cloud regions, while all
the other “SW” and “MC” parameters were computed on the “up” and “leading edge” interval as defined in
Appendix A.

Among the different combinations that we tested, we show only the correlations which we deemed
interesting. No clear conclusion could be extracted from the others.

In Figure 8 we compare the fluctuations in the sheaths with the fluctuations in the solar wind that precedes
them, using Agy, and Pgy, as proxies for the state of the fluctuations in the solar wind. We can see that the
anisotropy in the sheath does not depend on the fluctuations already present in the solar wind: Indeed, in
panels (a) and (c), we can see that both solar wind anisotropy and power can correspond to any value of the
anisotropy in the sheath. This is also the case for the power in the sheath, which mostly does not seem to
depend on Agy . Indeed, panel (b) shows that high values of Pg, are not reached when Agyy is high but only
for a hardly significant number of cases, whereas values of Py, span the whole range when Agy, is low. The
correlation between Py, and Pgy, in panel (d) is, on the other hand, stronger. Indeed, a linear fit roughly
indicates a significant link between Pg, and Pgy,, while also making clear that Pgy, is not the only factor
at play (regression coefficient R> = 0.42). This may indicate that the power of the fluctuations in the solar
wind has an effect on the fluctuations in the sheath. It is therefore suggested that highly turbulent sheaths
are preceded by highly turbulent solar wind.

We now concentrate on the effect of the shock's parameters on the sheath's fluctuations. Indeed, the shock,
by dissipating energy, is a priori the main reason for the existence of the turbulent sheath (Kataoka et al.,
2005). We now analyze (Figure 9) the sheath anisotropy and power as a function of the shock’s main
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Figure 8. The four panels represent the state of the fluctuations in the sheath (Pgy,, Ag;, ) versus the state the
fluctuations in the solar wind (Psy, Asw) for every event. (a) Agy, versus Agy. (b) Pgy, versus Agy. (C) Agp, versus Pgy.
(d) Pg;, versus Pgy, a linear regression is made (black line).

parameters M, f,,, and 05, (see appendix for definitions). In Figure 9a we observe that for low values of
the Alfvén Mach number (M, < 4 or s0) Ag, can take on any value. The values of Ag, seem to be more con-
strained at higher values of M,. In panel (b), we see that for M, < 4 or so, most Pg, do not reach higher
values that 10 nT2. At higher values of M, the power tends to be high, which is expected due to the energy
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Figure 9. The two upper panels (a, b) represent the state of the fluctuations in the sheath against the shock's Mach
number with a linear fit in panel (b), the two middle panels (c, d) represent the fluctuations in the sheath against the
Beta upstream of the shock, and the two panels on the bottom (e, f) represent the fluctuations against the 6, . Blue
dashed vertical bars are visual aids showing a rough threshold of M, and .
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Figure 10. (a-1) The 12 panels represent the anistropy Ag, and the power Pg;, of the fluctuations in the sheath plotted
against different velocities. From top to bottom, those velocities are the velocity upstream of the shock, the velocity just
downstream of the shock, the velocity of the leading edge of the magnetic cloud, the velocity of the shock, the
difference between the velocities downstream and upstream of the shock, and the difference between the velocity of

the leading edge and the velocity upstream of the shock.
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dissipated by the shock, and the anisotropy tends to be low. We can see, though, that the regression coef-
ficient of the linear fit in panel (b) is—maybe surprisingly—quite low, indicating that the shock's Mach
number is not the main factor in producing the magnetic fluctuations in the sheath. Rather, it seems that
the value M, ~ 4 serves as a threshold for the state of the fluctuations downstream of the shock. Looking at
panels (c) and (d), one can see that for Bup > 1.1 0rso are associated with a smaller range of values for both
Agp, and Pg;,, whereas almost any type of fluctuations can be found at §,, < 1.1 or so. A possible interpre-
tation is that high f,,, events are plasmas dominated by the physics of thermal agitation, which is isotropic
and potentially containing only weak magnetic fields, whereas low 4, events are dominated by the mag-
netic field, with potentially opposite consequences. Similarly, the range of values accessible to Ag, and Pg,
seems to be constrained by 65,. For 05, < 45° (indicative of quasi-parallel shocks) there is a limited number
of events but the trend shows that Ag, < 7 and Pg, < 15 nT2. Whereas for higher values of 8, (indicative
of quasi-perpendicular shocks), Ag, and Pg, explore the whole range of values. The fact that quasi-parallel
shocks show a relatively low level of turbulence in the sheath is rather surprising (Treumann, 2009) but may
be understood by a low compression by the shock of the magnetic field present in the solar wind due to the
geometry.

We analyze in Figure 10 the dependency of the sheath fluctuations on different velocities relevant to the
events' description (see the appendix). Indeed, the velocity of the event admits several definitions: the veloc-
ity of the solar wind upstream of the shock V,,, the velocity in the sheath downstream of the shock Vg,
the velocity in the beginning of the magnetic cloud V7, and some combinations of the previous velocities:
Vinocks Vdown = Vups Vg — Viyp- On all of the panels we can see a similar pattern: As the velocity increases, Agy,
can take on a smaller range of value, while Pg, tends to increase. This pattern is similar to the one observed
in Figure 9 with M, which is not surprising: The velocities can serve as a proxy for the energy to be dissi-
pated by the shock. The only case where this trend is not observed is in panel g), where Ag, seems to not
be constrained by the value of Vg, It is quite clear on the two bottom panels (k) and (1) that Viz — V,,
presents the best correlations with the anisotropy and power in the sheath. It is also worthy of note that the
magnetic cloud'’s leading edge velocity V ( panels e and f) shows to be also quite a good predictor of the
characteristics of the fluctuations.

6. Discussion and Conclusions

In this paper we focused on characterizing the magnetic fluctuations in magnetic clouds’ sheaths, which are
presently largely unknown. We started from a catalog of 44 isolated magnetic clouds, which are not disturbed
by preceding and following events and identified by Masias-Meza et al. (2016). We mainly used 1-s magnetic
field data from ACE near L1. We applied the Morlet wavelets transform on zones carefully defined in order
to avoid jumps and unusual features in order to estimate the proper power spectral density of components
parallel and perpendicular to the mean magnetic field. Two quantities were computed to characterize the
fluctuations: The total power P and the anisotropy A = ZPTJ- (section 3). It was found that P reaches an average

value of about 10 nT? in the sheaths, significantly exceeding, by a factor of about 10, the corresponding power
in the preceding solar wind and the following magnetic cloud. Conversely, the anisotropy A takes its smallest
values in sheaths, 5 on average and sometimes close to the isotropy level (A = 1), while it ranges around 10
in the preceding solar wind and reaches the largest values in magnetic clouds, 36 on average and sometimes
almost 100 (section 4). In terms of the compressibility defined as C = %, the plasma in sheaths (~ 0.15
on average) is more compressible than in the preceding solar wind (~ 0.07) and much more than in almost
incompressible magnetic clouds (~ 0.02). Section 5 reveals that there is no correlation between power and
anisotropy in sheaths. Therefore, isotropy is not necessarily a consequence of powerful fluctuations. P and
A can be regarded as independent quantities, which justifies the use of both to describe the characteristics
of the fluctuations of sheaths.

We then estimated the role of the surrounding media on the characteristics of the fluctuations in sheaths.
In line with Kilpua et al. (2013), our results show that one of the most significant parameters is the speed of
the magnetic clouds: Larger powers are found in sheaths driven by faster magnetic clouds (V; > 750 km/s),
their velocity V; being estimated at their leading edge. The anisotropy in sheaths also reacts to the cloud
velocity: It can take any value within a wide range from 1 to 14 in sheaths related to slow clouds, but it
is confined in the range 1-5, that is, closer to isotropy when the sheaths are associated with fast clouds.
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Conversely, we found no correlation of sheath characteristics with the amplitude of the cloud magnetic field.
Finally, we can give the following interpretation of the increased power: The enhanced kinetic energy carried
by fast magnetic clouds is dissipated in the sheath, giving rise through turbulent processes to small-scale
structures, such as these powerful magnetic fluctuations observed in the sheaths.

Another significant parameter for the sheath fluctuations is the turbulence of the pristine solar wind
upstream the shock. The magnetic fluctuation power in the sheaths increases with that of the solar wind,
with the most powerful sheaths (typically above 10 nT?) observed after intervals of highly turbulent solar
wind (typically above 1 nT?). Conversely, the sheath anisotropy does not seem to be affected by the solar wind
power or anisotropy. Also parameters such as the solar wind density or dynamic pressure do not seem to
play a role for sheath fluctuations. Therefore, it seems that a high level of magnetic fluctuations preexisting
in the solar wind likely represents a good seed for turbulence in the sheath downstream of the shock.

We estimated the influence of the parameter g computed in the solar wind just upstream of the shock. Below
a threshold value of about 1.1, the fluctuation power and anisotropy in the sheath cover a wide range of val-
ues without any obvious correlation. Above this threshold value of 1.1, both the sheath power and anisotropy
reduce to weak values. In this case, the thermal energy exceeds the magnetic energy and therefore the mag-
netic fluctuations might become a secondary effect, possibly less powerful and guided than in presence of a
strong magnetic field.

We also analyzed the dependency of the sheath's characteristics on the parameters of the shock. We found
that both sheath power and anisotropy correlate only poorly with the shock velocity unlike the cloud veloc-
ity. The shock Mach number appears to be a more relevant parameter separating the events in two groups
apart a threshold value around 4. Below it, the fluctuation power is low and the anisotropy varies over a
wide range, while above it, the sheath fluctuations become more powerful and isotropic. Indeed, the shock’s
Alfvén Mach number acts as a proxy for the energy dissipation at the shock and plays, in this regard, a simi-
lar role to the cloud velocity. The shock angle also seems to play a role. Downstream of a quasi-perpendicular
shock (65, > 45°), both the fluctuation power and anisotropy in the sheaths cover a wide range of values.
Downstream of quasi-parallel shocks (85, < 45°), there is a trend toward more isotropy, which is expected.
However, the fluctuation power goes down to low values, which is the opposite of what we find behind
the terrestrial bow shock (Blanco-Cano et al., 2006; Du et al., 2008; Narita et al., 2006). The low num-
ber of quasi-parallel shocks in our set of data does not allow us to make any conclusion. The latter effect
(low power) might be linked to a weaker compression of the interplanetary magnetic field in quasi-parallel
than in quasi-perpendicular configurations, leading to weaker magnetic fields in the sheath and maybe to
weaker fluctuations. Such an effect would require to be more deeply investigated.

In summary, in clouds’ sheaths, the magnetic fluctuations which are the most powerful and the closest
to isotropy are likely to be driven by fast magnetic clouds with typical velocities larger than 750 km/s as
estimated at their leading edge, interacting with an already turbulent solar wind with a magnetic fluctuation
power typically larger than 1 nT?, and with a high Alfvén Mach number at shock (typically above 4). The
relations with the shock angle and f upstream are a little more complex. Downstream of quasi-perpendicular
shocks and high-f solar wind, the observed sheaths show a trend toward isotropy but also a weak fluctuation
power, while downstream of quasi-perpendicular shocks and low-g solar wind, both fluctuation power and
anisotropy cover a wide range of values.

Interestingly, Leamon et al. (1998) studied an ICME encountering an undisturbed, slow solar wind. The
magnetic cloud in that paper has quite a low speed and a high beta prior to the sheath. Therefore, the sheath
in Leamon et al. (1998) has all the ingredients to present a high anisotropy, and a low power, which is what
the authors found.

In the case of the solar wind, it has been shown that fluctuations with large-amplitude and low anisotropy
imply a good coupling of the solar wind with the magnetosphere (Jankovicva et al., 2008). Our results suggest
that turbulent sheaths preceding magnetic cloud present a high energy content of their fluctuations, as well
as a low anisotropy, which may favor their geoeffectiveness.

Future observational work will be needed in order to further investigate the evolution of fluctuations inside
the sheaths themselves. Indeed, it will be interesting to compare the evolution of the fluctuations of the
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Figure 11. Characterizing the fluctuations in sheaths by two numbers (power and anisotropy), we find that, compared
with the solar wind, sheaths have high power and low anisotropy. This is further enhanced when certain parameters
are found in the magnetic cloud, shock and solar wind surrounding the sheaths.

magnetic field with other fluctuations such as the velocity or dynamic pressure fluctuations. It is also of
importance for geoeffectiveness to estimate the fluctuation characteristics between the different sheath
regions from the shock to the cloud's leading edge (as suggested by Kilpua et al., 2013).

7. Summary

From a list of 42 isolated events (Masias-Meza et al., 2016), we characterized the fluctuations in the three
regions (solar wind, sheath, and magnetic cloud) based on their power and anistotropy, which appear as
two independent parameters. Figure 11 gives a brief summary of the results.

« The fluctuations have much more power in the sheath (Pg, ~9 nT?) than in the preceding solar wind and
following magnetic cloud (Pgy =~ Py ~ 0.9 nT?), by an order of magnitude.

« The fluctuations seem to be more isotropic (and thus more compressible) in the sheath (Ag, ~ 5, or corre-
spondingly Cg, ~ 0.15) than in the solar wind (Agy ~ 10, or Cgy ~ 0.07), and are much more anisotropic
(and thus more incompressible) in the magnetic cloud (Ay;c ~ 36, or Cyc ~ 0.02)

The parameters that have the strongest influence on the power and anisotropy of the fluctuations in the
sheaths of these events, are mainly the following:

(i) the speed of the magnetic cloud,
(ii) the Alfvén Mach number of the shock, as those parameters increase, the power and isotropy of the
fluctuations in the sheath increase.
(iii) the preexisting fluctuation power in the solar wind to which the power in the sheath is roughly
proportional but not the anisotropy.
(iv) the angle between the shock’s normal and the magnetic field upstream of the shock,
(v) the beta of the solar wind,

which have a somewhat more subtle role. # ~ 1 in the solar wind serves as a threshold above which
both the power and the anisotropy of the fluctuations in sheaths drop significantly. Similarly, quasi-parallel
shocks have both low power and anisotropy whereas any values of Py, and Ag, can be found next to
quasi-perpendicular shocks.

Appendix A: Definition of the Events’ Main Parameters

We define in this sections the parameters against which the power and anisotropy of sheath are plotted in
section 5. Some of these parameters depend on upstream and downstream (to the shock) values. We define
the interval of time upstream as Ay, = [fgocx — 30min, £go — 15min] and the interval of time downstream
as Atyoun = [fhoek +15min, £y, +30min]. These intervals are defined as such in order to be the same length
as the sliding window we use for all our averages and away from the transition layers by the same length.
Any quantity Q computed on the interval At,, or Aty is respectively noted Qp, OF Qyoun-
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Figure Al. The three red vertical bands marked “up,” “down,” and “LE” represent the small areas of 15-min length
used to compute most of the event's main parameters. For this particular event “upstream” is defined, manually, away
from the shock to avoid a zone that is not representative of the pristine solar wind ahead of the event.

For a dozen of cases, taking data just upstream and downstream of the shock seemed flawed because of, for
example, the presence of a structure just in front of the shock. In those cases, we defined manually upstream
in the “pristine” solar wind. Any quantity used to describe the solar wind is then computed on the interval
of time At,,.

Another area of interest is just after the leading edge of the magnetic cloud: Atjz = [fieadingedge T
15min, fie,ging eage + 30min]. Quantities representative of the magnetic clouds are computed in the interval
of time At; ;. Any quantity Q computed on the interval At is noted Q.

Those areas are represented in Figure A1l

Parameters describing the solar wind, defined on At
NSW = <N>up
BSW = <|B|>up
Vew = Vup = <|V|>up

w a B (A1)
VA = <VA>up = < ’—MONpmp >up

Mup _ Vup
A T up
VA

Py and Agy are the ones defined in section 3.4
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Parameters describing the magnetic cloud, defined on At .
Nye = (N)Lg
Byic = (IBl)ie
Ve =Vie = Ve
A2)
B (
V,iE =W = ——
v/ HoN,m, LE
\%
MLE = _LE
A LE
Va
Py and A, are the ones defined in section 3.4.
Parameters describing the shock. We use the definitions given at https://ipshocks.fi/documentation to define
the main shocks' parameters: Alfvén Mach (M), plasma beta upstream of the shock (), the angle between
the normal of the shock, and the magnetic field upstream of the shock (8,).
shock normal
h= (Bdown - up) X ((Bdown - Bup) X (Vdown - Vup)) (A3)
|(Bdown - Bup) X ((Bdown - Bup) X (Vdown - Vup))l
shock speed
Nsownvdown - N;pvup .
Vshock = Ndown Nup : (A4)
D —'p
Alfvén Mach number
|Vup ‘R Vshock'
M, = i (A5)
A
Upstream plasma beta
2uokgN (T, + T,)
§ = (B = <°B+> (A6)
up
shock theta
o By, - 1|
0p, = 180 arccos (L) (A7)
7 Byl IRl
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