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The paper reviews the interaction of collisionless interplanetary (IP) shocks with the
turbulent solar wind. The coexistence of shocks and turbulence plays an important
role in understanding the acceleration of particles via Fermi acceleration mechanisms,
the geoeffectiveness of highly disturbed sheaths following IP shocks and, among others,
the nature of the fluctuations themselves. Although our knowledge of physics of upstream
and downstream shock regions has been greatly improved in recent years, many aspects
of the IP-shock/turbulence interaction are still poorly known, for example, the nature of
turbulence, its characteristics on spatial and temporal scales, how it decays, its relation to
shock passage and others. We discuss properties of fluctuations ahead (upstream) and
behind (downstream) of IP shock fronts with the focus on observations. Some of the key
characteristics of the upstream/downstream transition are 1) enhancement of the power in
the inertial range fluctuations of the velocity, magnetic field and density is roughly one order
of magnitude, 2) downstream fluctuations are always more compressible than the
upstream fluctuations, and 3) energy in the inertial range fluctuations is kept constant
for a significant time after the passage of the shock. In this paper, we emphasize that–for
one point measurements–the downstream region should be viewed as an evolutionary
record of the IP shock propagation through the plasma. Simultaneous measurements of
the recently launched spacecraft probing inner parts of the Solar Systemwill hopefully shed
light on some of these questions.
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1 INTRODUCTION

The physical processes connected with the formation and propagation of MHD shocks, the role of
these shocks in acceleration of particles and their coupling to the Earth’s magnetosphere has been
studied for decades. Although many discoveries were made within these areas, the nature of
upstream and downstream fluctuations in the framework of turbulence has been studied less
intensively and basic questions have not been fully addressed yet. For example, what regime of
turbulence, if any, would describe the observed level of upstream or downstream fluctuations, how
intermittent are these fluctuations, etc. Considering that the energy of the downstream fluctuations
can reach levels unmatched in a pristine solar wind, with a potential to couple with the Earth’s
magnetic field, this phenomenon is worthy of further investigations.

Shocks and their drivers have been so far studied in frame of space weather because they are often
associated with significant disturbances of the geomagnetic field–geomagnetic storms. Two major
types of drivers of geomagnetic storms were identified: 1) interplanetary coronal mass ejections
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(ICMEs) that is preceded by a shock and sheaths and 2)
corotating interaction regions (CIRs) where a fast stream from
a coronal hole overtakes a leading slow stream [16, 17, 34, 111].

ICMEs are the solar wind counterparts of coronal mass
ejections (CMEs) observed near the Sun and they play a role
in the variation of the strength of the Interplanetary Magnetic
Field (IMF) during the solar cycle [99]. They are of interest
because, apart of the effects in the geomagnetic field (e.g., [38,
147]), they are responsible for energetic particle events through
acceleration by shocks they drive (e.g., [23, 24]).

Magnetic clouds (MCs), a subset of ICMEs, are formed as
twisted magnetic flux tubes that carry a large amount of magnetic
helicity from the Sun to the interplanetary medium and they
transport significant amount of magnetic flux, mass, and energy
[22]. MCs are responsible for some major geomagnetic storms
[16, 133] because they are often associated with shocks and large
southward IMF [69].

The turbulent region bounded by the shock ramp on one side
and the front surface of a particular ICME on the other side is
called the ICME sheath. Magnetic field fluctuations in the sheaths
can be transmitted from the upstream solar wind and/or
generated within the sheath, due to physical processes at the
shock and due to draping of the magnetic field around the driving
ejecta (e.g., [47, 61, 121]). [122] have simulated and compared
ICMEs and other heliophysical sheaths and have shown that the
sheath of expanding ICMEs (the so-called the expansion sheath
that forms around an object that expands but does not propagate
relative to the solar wind) differs from the sheath formed by the
propagation of steady-state ICMEs (the propagation sheath).
Sheaths have been identified also as important drivers of
geomagnetic storms (e.g., [38, 64, 128, 139, 147]). Southward
excursions of the magnetic field due to fluctuating magnetic fields
in the sheath can occasionally generate super-intense storms (e.g.,
[38, 147]), similarly as can southward fields in the ICME,
especially if this is a magnetic cloud with a flux rope structure.

Geomagnetic storms associated with the other type of large-
scale solar-wind structures, the quasi-steady CIRs (e.g., [8, 146])
are usually only weak to moderate in strength but they are more
frequent than ICMEs, especially during solar minimum [57, 58].
If the relative speed gradients between interacting streams are
sufficiently large, fast forward and reverse MHD shocks form and
Alfvénic fluctuations in the rarefaction region at the CIR trailing
edge may drive prolonged high-latitude activity [63].

In addition, the shock impact angle (i.e., the angle between the
shock normal and the Sun–Earth line) affects the geomagnetic
response. We note that CIRs are generally associated with larger
impact angle, i.e., being more inclined than ICME-driven shocks
[59, 67, 95].

The characteristics of fluctuations in the upstream/
downstream plasma would be of value to understanding the
geoeffectivness of the downstream fluctiations. For example, if
one could predict the character of the downstream fluctuations,
e.g., the IMF Bz component, from the upstream ones, then we can
make a qualitative judgment about the influence of the incoming
ICME on the space weather [47].

As discussed above, the connection between upstream and
downstream interplanetary (IP) shock fluctuations and space

weather effects is a subject of numerous review papers (e.g.,
[63, 64]). However, the nature of the IP shock induced
changes of turbulence has been addressed by a few authors
only. For this reason, the present paper concentrates on these
fluctuations themselves with a focus on observable characteristics.
First, we introduce collisionless shocks and discuss their main
drivers within the heliosphere, ICMEs, and CIRs. Next, we focus
on the nature of upstream fluctuations of quasi-parallel shocks
and downstream fluctuations of both quasi-parallel and quasi-
perpendicular shocks, addressing their turbulent nature and their
spatial and temporal decay. Finally, we summarize the review and
suggest directions for future investigations.

2 COLLISIONLESS SHOCKS

Collisionless shocks arise from the interaction of a large obstacle
with a supersonic plasma flow, where “large” refers to a
characteristic dimension of the obstacle being larger than
characteristic ion kinetic scales and “supersonic” means that
characteristic upstream wave speed Vw, is smaller than the
relative speed of the obstacle and the flow Vflow, i.e., Mach
number, M � Vflow/Vw > 1. The wave speed refers to the group
velocity of either the Alfvén, fast or slow magnetosonic wave
modes. The flow is deflected around the obstacle and at some
distance, a region where the flow is decelerated to the Mach
number below unity is termed the shock front. The thickness of
the shock front is of the order of characteristic kinetic scales [93],
therefore it can be viewed as a discontinuity.

Unlike the hydrodynamic shocks, where we can create,
control, and display the formation of a shock in a controlled
set-up, the collisionless shocks are difficult to study in laboratory
conditions (see references in [6]). The solar wind introduces a
unique environment where we can investigate both
macrostructure and microstructure of these shocks in details.
In last decades, a great progress has been made in the
understanding of shock formation, its characteristic scales,
dissipation rate, an important role of the reflected paricles and
wave-particle interactions and other topics (e.g., [6, 21, 43, 93,
114, 126, 129]).

A standard set of Rankine-Hugoniot (R-H) jump conditions
that couple the parameters of upstream and downstream plasma
of any MHD discontinuity can be derived from the macroscopic
MHD equations (for a full set of the R-H equation see, e.g., [94].
We introduce the two most transparent conditions,

n · [NV]� 0 (1)

and

n × [B]� 0, (2)

where n is the shock normal unit vector, N is the plasma density,
V is the plasma speed and B is the magnetic field vector. Square
brackets indicate that the quantities are conserved across the
discontinuity. We focus on the solutions that exclude contact,
tangential and rotational discontinuities, i.e., the solutions with
the increase of the entropy, normal speed and plasma density
across the boundary.

Frontiers in Physics | www.frontiersin.org April 2021 | Volume 8 | Article 6267682
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One of the most important shock characteristics is its
criticality [81]. For a shock with Mach number above some
critical value, M >Mc, the dissipation mechanism that
supports the shock front (responsible for entropy production,
heating and retardation of the flow) changes [6]. The reflection of
some fraction of the incoming particles back upstream now serves
as an additional dissipation mechanism.

The angle between the shock normal and upstream magnetic
field, θBn, plays an important role in the shock dynamics. An
angle of θBn� 45o serves as a boundary between two types of
shocks: the quasi-perpendicular, θBn > 45o and quasi-parallel,
θBn < 45o shocks. For quasi-perpendicular supercritical shocks,
the reflected particles cannot escape from the shock front into
upstream and they perform one gyration orbit and return back to
the shock. A collective effect of the reflected particles creates a so-
called foot of the shock ramp (e.g., [71]). For quasi-parallel
shocks, particles reflected from the shock escape along
magnetic field lines, stream upstream and via multiple ion-
beam instabilities they significantly affect the upstream (and
thus downstream) plasma, therefore putting R-H relations into
question. One point of view is that the whole region affected by
the reflected particles is generally the shock transition itself, a
highly structured region dominated by wave-particle interactions
with continuously reforming shock ramp. On the other hand,
there certainly should be a region upstream of the shock ramp
that we could call “unaffected”, however, defining the boundary
between the “unaffected” plasma and the shock transition is
difficult. Indeed, observations show that the reflected particles
can travel huge distances into upstream [10]. The waves excited
by a plethora of wave-particle instabilities [42] would deplete the
free energy residing in the non-Maxwellian Velocity Distribution
Function (VDF) and interfere with the waves already present in
the upstream plasma. The behavior of these new-born waves
depends on the parameters of both waves and background
plasma. For example, if the wave has a sufficient amplitude, a
Parametric Instability Decay (PID) may play a major role in its
evolution [25, 125].

In the solar wind, we encounter two types of shocks, fast and
slow IP shocks; the former being more frequent than the later.
The fast shock forms when the upstream speed of the plasma
(relative to an obstacle) exceeds the fast magnetosonic speed
within the upstream. On the other hand, the slow shock forms
when the upstream speed exceeds the slow magnetosonic speed,
while the plasma should not support the growth of fast waves.
Thus, formation of a slow shock requires special solar wind
conditions [95] and therefore, there are only sparse
measurements and reports on them (e.g., [134, 136]) and we
will not discuss them.

A shock that propagates away from the Sun is called forward
shock while the shock propagating towards the Sun in the plasma
frame is called reverse. Thus the jumps of plasma parameters in
the spacecraft frame of reference differ for forward/reverse, fast/
slow shocks. Figure 1 shows the qualitative changes of the
density, pressure, magnetic field strength, and bulk solar wind
speed across the shock in the s/c frame.

These basic characteristics are crucial in understanding
upstream (prior to or shock generated) and downstream
fluctuations in the framework of turbulence. As an example,
one would make a natural conclusion that the upstream medium
of supercritical fast forward quasi-perpendicular IP shocks
cannot be affected by the reflected particles that are confined
to the shock foot. Locally, this should hold true, however, two
factors distort this picture: 1) the level of upstream turbulent
fluctuations, δB/B0 can reach a value of the order of 1 at scales
that are relatively small (l ≈ 0.01AU) compared to the whole
region in which the shock expands into. These fluctuations
change a shock geometry and one can find the reflected
particles far upstream of shock that was at a given time and
location characterized as quasi-perpendicular. These
suprathermal particles then can excite waves that become a
part of the prior upstream turbulence. The upstream medium
can be thus affected by the microphysical processes within the
shock ramp and can influence the level of turbulent fluctuations.
On the other hand, the downstream medium should be

FIGURE 1 | Profiles of the solar wind velocity, V, magnetic field magnitude, B, density, N, and temperature, T, across Fast Forward and Fast Reverse shocks.
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Pitňa et al. Turbulence Upstream and Downstream

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


influenced by the shock even more, e.g., the levels of downstream
fluctuations can be order of magnitude higher than in upstream
[14, 66, 80].

3 ICME VS CIR

Apart from bow shocks arising from the interactions of the solar
wind with, the magnetospheres of planets and comets, two
sources of collisionless shocks in the heliosphere are ICMEs
and CIRs, as noted. Figure 2A shows schematically a
formation of forward and reverse IP shocks associated with a
CIR. The interaction region develops when the solar wind from a
coronal hole interacts with preceding slower solar wind. The
shocks bounding this region are predominantly formed at
distances beyond the Earth’s orbit [112], however, already
developed CIRs can also be found at 1AU [36, 67]. Due to
the average IMF orientation and the overall CIR topology, both of
which follow a Parker spiral [100, 102], shocks that arise from the
interaction of slow and fast winds in the region of stream interface
are mainly quasi-perpendicular fast shocks.

Figure 2B presents a sketch of ICME with a leading fast
forward magnetosonic shock, the sheath region, and the
driver—a flux rope. Unlike the CIR shocks, the ICME-driven
shock fronts form very close to the Sun and can be readily
identified on coronographic images, e.g., of the SOHO mission
[35, 96]. Again, taking into account the average direction of the
Parker spiral, a parallel shock should be formed close to the Sun
(e.g., [45]) and as the shock propagates further into the
heliosphere, the normal of the shock front will be gradually
more perpendicular to the IMF, thus eventually transforming
into a quasi-perpendicular shock. This scenario can be applied for
the CME head whereas shocks (if any) at the CME flanks can be
quasi-perpendicular even near the Sun. However, a majority of
observations come from ∼ 1AU where the angle between the
average magnetic field orientation and velocity is approx. 45o that
is also the transition from quasi-parallel to quasi perpendicular
shock geometry but the IMF fluctuations can change the shock

geometry significantly [132]. Moreover, if a pressure inside ICME
is larger than that of the surrounding solar wind, the reverse
shock can form at the trailing edge of such overexpanding ICME
at larger distances from the Sun as Ulysses observations have
shown [48].

It should be noted that the processes reported in upstream and
downstream of the Earth’s bow shock have also been observed at
ICMEs and/or CIRs (e.g., presence of ULF waves in the upstream
of fast magnetosonic IP shocks [60]). However, the spatial extent
of shocks connected with ICMEs and CIRs is orders of magnitude
larger than that of the Earth’s bow shock, thus, new phenomena
can emerge from the interaction of the pristine solar wind with
these huge structures, such as accumulation of a plasma in front
of a magnetic cloud that drives an ICME shock [63], the
formation of Planar Magnetic Structures (PMSs) within ICME
sheaths [91, 101] and many others.

One could expect that the changing of θBn of ICME shocks as
they move away from the Sun will have consequences on the
nature of downstream turbulence within the sheath region. At
1AU, the leading part of the sheath can be characterized as a
downstream region of the quasi-perpendicular shock, whereas
the sheath region close to the driving CME was affected by shock
passage much earlier when the shock was quasi-parallel (see
chapter 5). These two regions could exhibit different
characteristics because they were shocked at different times
and the trailing region had more time for its evolution.

Considering both ICME and CIR related reverse shocks (see
Figure 1) schematically depicted in Figures 2A,B, there are
virtually no studies that address the changes of fluctuations
from upstream to downstream medium. This is because they
are much less frequent and much weaker than the fast shocks at
1 AU. Nonetheless, they may provide a new insight into the
evolution of downstream fluctuations (see chapter 5.2) because
spacecraft inherently detect first a plasma that was shocked closer
to the Sun (thus it had more time for its evolution) and only later
a plasma that is being shocked more recently. In the case of a
forward shock, the situation is opposite. The difference between
two scenarios is most clearly seen in the reference frame of an IP

FIGURE 2 | (A) Schematics of the Co-rotating Interaction Region (CIR) which leads to a formation of CIR bounded by forward and reverse shocks; (B) A fast
forward shock formation in front of an ICME and a possible reverse shock at the trailing edge of the magnetic cloud.
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Pitňa et al. Turbulence Upstream and Downstream

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


shock: for a forward shock, a spacecraft moves from upstream to
downstream and for a reverse shock, from downstream to
upstream. Therefore, a comparison of the evolution of the
turbulent fluctuations along two paths through a shocked
plasma would be interesting.

Finally, apart from the geoeffectievness of IP shock sheaths, it
is of great importance to understand the nature and evolution of
sheath fluctuations alone. What energy resides within these
fluctuations? What compressibility they exhibit? These and
many other questions arise.

We attempt to answer some of these questions in the following
sections. The discussion above implies that sheaths of CIR driven
shocks are much simple than those in front of CMEs for two
reasons. First, CIR driven shocks are quasi-perpendicular on a
global scale although we cannot rule out local deviations toward
parallel geometry due to variations in the upstream region.
Second, the CIR forward shocks propagate always into the
slow solar wind whereas both slow and fast winds can be
observed upstream the CME driven shocks. In order to cover
the whole spectrum of possible scenarios, we discuss mainly CME
driven shocks in the manuscript.

4 SOLAR WIND TURBULENCE

In this section, we briefly summarize the turbulent nature of the
solar wind fluctuations. We note that this topic is still heavily
debated and it is not yet fully understood. However, the main
properties of the turbulent fluctuations have been established
from decades of solar wind observations, i.e., the character of slow
and fast solar wind plasma andmagnetic field variations and their
evolution with the heliocentric distance (e.g., [18]).

According to the present understanding, the solar wind
fluctuations can be viewed as a system of nonlinearly
interacting Alfvén-like wave packets traveling in opposite
directions [56, 70]. The nonlinear interaction between counter
streaming Alfvén waves of similar wavelengths is responsible for
the generation of Alfvén waves with smaller wavelengths, i.e., the
energy within the Alfvénic fluctuations is transferred to smaller
scales and the fluctuations become gradually more anisotropic
[120]. Furthermore, observations of [9, 39, 85] supported by
theoretical works of [143, 144] suggest that solar wind
fluctuations are dominated by quasi-2D turbulent fluctuations
with a minority “slab” component, meaning that there are two
populations of fluctuations, the first have their wave vectors
parallel to the background magnetic field, B0, while the second
have the wave vectors perpendicular to B0. The ratio of energies
residing within the quasi-2D and slab fluctuations is roughly 4 : 1
(e.g., [9]. Figure 3 shows the composite power spectral density of
magnetic field fluctuations measured by the Helios 2 and Wind
spacecraft [18]. This triple power law is systematically observed in
the solar wind and it is frequently interpreted as follows: 1) on
large scales, where the power spectrum is a power law with the
exponent −1 [19], fluctuations are not yet turbulent and they
become part of the turbulent cascade later on, 2) in the inertial
range, the energy injected from large scales cascades into smaller
scales, exhibiting a power law with the exponent ranging from

−1.5 to −2 [28]. Finally, the cascaded energy reaches the
characteristic ion scales below which a power spectrum
steepens into the power law with even greater variability of
the exponent from ≈ −2 to −4 [74, 115]. It is believed that
within this so-called kinetic/dissipation range, the cascaded
energy is dissipated into random particle motion.

Focusing on the large scale fluctuations in the solar wind, many
authors investigated their characteristics to explain their origin.
Their findings are consistent with the picture that the
fluctuations within the so-called “1/f” range are not a simple
mixture of non-interacting waves, but more likely these waves
may undergo a nonlinear evolution, for example, parametric
decay (e.g., [33, 83] and/or nonlinear cascade (e.g., [25, 131]).
[84] found that the break between the injection and inertial
ranges corresponds to condition δB/B0 ∼ 1, implying that some
process limits the compressibility of the fluctuations at largest scales.
Recently, due to Parker Solar Probe (PSP) and Solar orbiter launches,
much progress has already been made or is expected. [27]
investigated the radial dependence of the power spectra of
magnetic fluctuations with the heliocentric distance employing
PSP measurements and noted consistency with aforementioned
results. Furthermore, the evolution of fluctuations within 1AU in
the framework of Nearly Incompressible (NI) turbulence transport
equations [140] was studied by [2]. Using PSP measurements, they
estimated the evolution of the kinetic energy, correlation length,
density variance and temperature between ∼ 35Rs and 130Rs and
have found a good correspondence with the NI turbulent transport
model that assumed an 80:20 ratio between quasi-2D and slab
turbulent populations.

Within the inertial range, which is usually inferred from the
estimated power spectrum of the magnetic field fluctuations, the
energy flux through the scales ε(l) is constant, i.e., the free energy
that is cascading from the large scales with the rate εinj is equal to
the dissipation rate εk. The physical reason for the existence of the
inertial range is that the energy supplied at the correlative scale (see

FIGURE 3 | Power spectrum of magnetic field fluctuations at 1 AU. The
figure is adapted from [18]; copyright by Springer Nature, licensed under CC
BY 4.0.
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Figure 3) cannot be effectively dissipated. It is transferred into
smaller scales, eventually reaching the scales where, in the case of
MHD turbulence, dissipative processes act and the cascaded energy
is transformed into random particle motion. It follows that the
nature of the inertial range cascade should not be sensitive to the
dissipative processes, at least in the first approximation. The typical
characteristic of the inertial range fluctuations is their anisotropy
[52] in a multiple sense: (a) the power within the fluctuations
perpendicular to the mean magnetic field is larger than the
power within the parallel ones [8], (b) the fluctuations wave
vectors are not populated isotropically within the inertial range
[85] and (c) power spectrum of fluctuations exhibit different scaling
P(k)∝ k−α for different sampling directions [51]. The scaling laws
of power spectral densities of the physical fields (N, B, V, T) and the
relevant anisotropies inferred from spacecraft observations (e.g., [13,
28, 115, 130]), or state-of-the-art computer simulations (see, [40];
and references therein) serve as key factors in understanding the
dynamics of the inertial range. Specifically, they can answer the
questionwhich turbulent framework [98, 144, 149] is consistent with
observations.

It is believed that the dissipative processes that are responsible for
the heating of the solar wind act at the sub-ion range. Therefore,
physics of this range has been studied observationally (e.g., [4, 30,
106, 109, 116]), theoretically [11, 53, 119] and by computer
simulations [40, 49, 54]. Both observations and simulations show
that the transition from inertial to dissipation range corresponds to
the spatial scale of the proton thermal gyroradius ρgp or to the
inertial length of the proton ρip [31, 41]. The character of the
fluctuations at the transition and below these characteristic ion scales
is still an unresolved issue. A natural candidate for the plasma mode
that the fluctuation may exhibit is the kinetic Alfvén wave (KAW)
because it is a continuation of a shear Alfvén wave mode for highly
perpendicular wave vectors, k⊥ ≫ k‖, for which a condition
k⊥ρgpa1 is satisfied. Since the KAW mode is low frequency [11]
wave, i.e., ω≫ k⊥vth,i, vth,i being the ion thermal speed, it exhibits
non-negligible density fluctuations around the scale of ρgp, which are
manifested as a plateau around the transition from inertial to
dissipation range [26, 30, 115]. Recently, a number of authors
[73, 106, 113, 137] shows that the character of fluctuations below
the scale of the proton thermal gyroradius, i.e., kρgpa1, is consistent
with KAW-like fluctuations and recently developed KAW turbulent
phenomenology [11, 148]. However, the nature of the kinetic range
is still heavily debated and alternative/complementary hypotheses
are investigated [15].

Due to large spatial dimensions, the spectrum of fluctuations
as depicted in Figure 3 can be significantly affected by the IP
shocks. In principle, all three power-law segments can change
their slope and amplitude or a power law may not even be formed
and the power spectral density profile could be fitted by an
exponential function [104].

5 IP SHOCKS AND TURBULENCE

An excellent opportunity to illustrate the complexity of the
interaction of turbulence and IP shocks and its dependence on
surrounding environment is presented by an example of three

consecutive IP shocks observed at 1 AU on June 21 and 22, 2015
[46, 78]. We follow [78] and mark the IP shocks as shown in
Figure 4: the first shock (S1) was detected at the Wind spacecraft
at 16:05 UT on June 21, 2015, the second shock (S2) at 05:02 UT
on June 22, 2015 and the third shock (S3) at 18:08 UT on June 22,
2015. Parameters of the shocks are listed in Table 1. One of the
most important factors that distinguish these three shocks are the
upstream conditions. Upstream of S1, the solar wind plasma has
extremely high proton beta, βp ≈ 30 and a very low level of
magnetic field fluctuations. Upstream of S2 seems to be the driver
of S1, i.e., the magnetic cloud. Finally, upstream of S3 looks like
the sheath of S2.

Figure 5 shows the power spectra of upstream and
downstream fluctuations of the magnetic field components, the
magnetic field strength and the magnetic field strength
normalized by the average background magnetic field B0 for
all three shocks at the time scale of 1 h. The intervals used for
computations are shown by color bars in the top panel of
Figure 4. Note that the difference in the fluctuation power
between the downstream of S3 (solid blue) and upstream of
S1 (dashed red) is roughly four orders of magnitude. Focusing on
the changes of levels of fluctuations from upstream to
downstream, one can see that S1 and S3 are similar, i.e., the
enhancement in δB, δ|B|, and δ|B|/B0 is roughly the same, while
the enhancement of these quantities is much less for S2.
Considering an overall level of fluctuations, downstream of S3
is unique because: 1) the IP shock propagates into already
disturbed medium of the S2 sheath and 2) the compression
ratio of this shock reaches the theoretical limit of 4 for
adiabatic index c � 5/3 [6].

5.1 Upstream Fluctuations
As it has been pointed out in Section 2, the upstream regions of
supercritical IP shocks can be substantially disturbed by the
microphysical processes that take place at the shock front.
These processes influence both upstream and downstream
regions. In this section, we discuss upstream fluctuations and
how they are coupled with processes such as shock reformation.

Particles reflected from the quasi-parallel shock escape in the
upstream region and move away from the shock along the
magnetic field lines. These ions interact with the incoming
solar wind through a number of wave generation mechanisms
and plasma instabilities, which basically develop into an extended
foreshock. The complex and highly coupled interaction between
waves and particles in the foreshock, where waves are generated
by energetic particles and, on the other hand, the energetic
particles are scattered by these waves, also defines the
energetic coupling between waves and particles. The coupling
was described in a self-consistent model by [75, 76, 110]. The
main approach of this model is a linear relationship between the
energetic particle energy density and the wave energy density.
The wave energy density is a partial energy density, calculated in
the frequency range that is in resonant condition with the
energetic particles. In other words, the energy density of the
waves and fluctuations is determined by the energetic and/or
accelerated particles. [89] analyzed two upstream ion events and
found a good agreement between the measured and predicted
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wave energy density. In a statistical study by [127]; about 300
events were studied and they found a very good correlation
value of 0.89 between the observed and predicted wave energy
density. This study also demonstrates that the correlation
does not depend on the velocity jump across the event. It has
been shown by [62] that also in the case of interplanetary
shocks, the predicted wave power (spectral) density agrees
well with the observed wave intensity values. Lately, [68, 97]
demonstrated that in the case when a strong Field Aligned
Beam (FAB) is formed at the Earth’s bow shock, the waves
generated by the beam can influence the wave field in the
foreshock region resulting in a significantly higher wave
intensity than usual.

In the context of upstream turbulence generated by the
suprathermal particles, [7] reported that the upstream
magnetic field spectra exhibit a power law scaling of −3/2.
They argued that the estimated power spectra show the
competition of wave growth [76] and turbulent wave diffusion
of the Iroshnikov-Kraichnan weak turbulence theory. Their
finding is consistent with the current models of imbalanced
turbulence [77, 103, 107] that predict the spectral index of
−3/2. In the upstream region, cross helicity σc may be
significantly increased because the energetic ions amplify the
anti-sunward propagating Alfvén waves. Moreover, [27, 28], have
shown that the IMF in the solar wind exhibits −3/2 scaling for
intervals with high cross helicity.

On the other hand, [92] have shown that in the Earth’s
foreshock, power spectra in the wave number domain
extracted from four-point Cluster measurements exhibit
Kolmogorov scaling of −5/3, i.e., P(k)∝ k−5/3. They argued
that the classical concept of an inertial range can be
applicable, i.e., the first waves are excited at low wave
numbers, and then they resonantly interact with other waves,
creating daughter waves that interact again, etc.

A few studies reported observations of ULF waves (spacecraft
frame frequencies 10−2−10−1 Hz) upstream both quasi-parallel
and quasi-perpendicular IP shocks. [10] reported that unlike the
ULF waves in the Earth’s foreshock, where these waves can be
highly compressive andmay steepen into shocklets or Short Large
AmplitudeMagnetic Structures (SLAMS) (e.g., [135]), ULF waves

TABLE 1 | Parameters of the shocks S1, S2, and S3 at 1AU as measured by
Wind; parameters are taken from the database of http://ipshocks.fi. Bd/Bu,
Nd/Nu, and Td/Tu are the ratios of downstream/upstream magnetic field
magnitude, proton number density, and proton temperature, respectively. Vsh is
the shock speed in the spacecraft frame of reference, Mms is the fast
magnetosonic Mach number and K is the time conversion constant estimated
from the shock parameters by Eq. 4.

Bd/Bu Nd/Nu Td/Tu βu θBn Vsh[km · s− 1] Mms K

S1 2.41 2.62 3.82 29.2 84 309 2.3 7.6
S2 1.99 2.2 2.4 1.5 82 424 1.7 6.9
S3 3.34 3.63 6.7 2.2 62 767 4.1 7.9

FIGURE 4 | Bulk parameters of the solar wind during 2 days when Wind encountered three quasi-perpendicular fast forward IP shocks. From top to bottom:
Profiles of the solar wind velocity, Vsw, density, N, thermal speed, Vth, and magnetic field magnitude, B. Dashed vertical lines show IP shock fronts. Colored horizontal
lines mark the intervals for estimations of the power spectra of magnetic field fluctuations in Figure 5. Dashed/solid lines cover 1 h upstream/downstream of each shock
(excluding 5 min adjacent to the shock front).

Frontiers in Physics | www.frontiersin.org April 2021 | Volume 8 | Article 6267687
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upstream of IP shocks are only weakly compressional. The
Alfvénic nature of ULF waves may be explained by a small
average Mach number of the shocks they investigated. Since
their dataset contained both CIR and ICME shocks, they
estimated the extent of the foreshocks for both types. They
found that quasi-parallel CIR shocks exhibit foreshocks with a
small spatial extent Δr ≈ 0.05AU, while for ICME shocks
Δr ≈ 0.1AU. They attributed this difference to the shock
age; CIR shocks form at larger distances from the Sun
(compared to ICME shocks), thus they have less time for
acceleration of particles that are the ultimate source of the
extended foreshock.

A simulation study of [72] focused on the Mach number
dependence of upstream and downstream properties of quasi-
parallel shocks. Other simulation studies (e.g., [20]; and
references therein), have shown that the reformation of the
shock front and its cyclic nature could play a pivotal role in
understanding the downstream fluctuations. Due to the shock
front reformation that is characteristic of high Mach number
shocks, the upstream large amplitude fluctuations are directly
convected into the downstream region. In other words, the energy
of the reflected and accelerated particles is converted into the
downstream wave energy. Even for low Mach number shocks,
ULF waves impact the shock front, change the local θBn and lead
to larger than expected amplification of the wave amplitude.

Focusing on quasi-perpendicular shocks, it is difficult to imagine
how multiple crossings of the shock front (essential for particle
acceleration) could be achieved because the reflected particles return
to the shock in one gyroperiod. However, large amplitude turbulence
that the particle would follow may enhance the cross-field diffusion
[44]. [142] have shown that power-law spectra of energetic particles

upstreamof highly quasi-perpendicular IP shocks can be successfully
explained in the framework of diffusive shock acceleration.

5.2 Downstream Fluctuations
A key relation that connects the time of observation of the
downstream plasma in the spacecraft frame, tsp, with the age
of this shocked plasma relative to the shock passage, tsh was
derived by [105] and it reads,

tsh � tspK , (3)

where K is a time conversion constant that characterizes a
particular shock and it is defined as

K � vsh
vsh − vd · n , (4)

vsh is the shock speed, vd is the downstream solar wind speed and
n is the shock normal. Calculation of K for S1 yields K� 7.6. This
value is not universal, it changes with the shock and wind
parameters. [105] reported an average value of K� 6 for a set
of 174 IP shocks, while [14] proposed to use a value of K� 5.5. A
rough estimation of maximum tsh for S1 yields1

tsh� 5.5 h · 7.6 � 42 h, that is shorter than the propagation time
of the ICME from the solar surface up to L1, tprop≊70 h [46].
Consequently, the downstream region of the IP shock captures
the evolution of the shocked plasma from a close proximity of the
Sun to L1. It suggests that estimations of the power spectrum of
the whole ICME sheath (e.g., S1 sheath in Figure 4) is

FIGURE 5 | Left: Trace power spectral densities of magnetic field fluctuations for upstream (dashed) and downstream (solid) intervals of S1 (red), S2 (green), and
S3 (blue); middle: power spectrum of magnetic field magnitude fluctuations, and right: the same power spectrum but normalized to the average |B| in the particular
interval.

1A rough estimation of the sheath crossing time (tsp� 5.5 h) was inferred from the
density and magnetic field profiles in Figure 4.
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problematic due to its inherent “non-stationarity” in the
following sense: the leading edge of a sheath is a plasma that
has been just shocked, while the trailing edge of the sheath is a
plasma that has been shocked closer to the Sun, tens of hours ago.
Thus, the determined energy levels of the power spectrum at
largest scales seem to lack a proper physical meaning. This leads
to the following question: what is the largest scale at which the
spectrum can be estimated? Later on, we will introduce a
phenomenological argument that addresses this question.

As already mentioned above, two aspects affect the character
of sheath fluctuations, 1) the gradual change of the average
magnetic field that should roughly follow the Parker spiral and
2) changes of the magnetic field direction due to its inherent
fluctuations. The later effect was addressed by [14] who showed
that it might enhance the levels of compressibility of downstream
fluctuations.

The character of upstream and downstream fluctuations
differs for the quasi-parallel and quasi-perpendicular geometry.
Ignoring any complicating factors, the simple condition on
conservation of the normal component (Eq. 2) leads to a
conclusion that upstream and downstream magnetic field
vectors are the same for θBn � 0o, implying that small
deviations in the upstream magnetic field magnitude are not
enhanced by the shock, whereas the perpendicular fluctuations
can be. On the other hand, for θBn� 90o, a shock can enhance
both Alfvén-like (non-compressive) and compressive
fluctuations. This leads to a conclusion that the relative change
of the compressibility, (δB‖/δB⊥)2 is different for these two shock
geometries. A more realistic scenario of oblique shocks was
treated by [88]. They analytically calculated the transmission
coefficients of incident Alfvén wave striking the bow shock on the
basis of hydromagnetic shocks. They deduced that an incident
Alfvén wave excites two downstream Alfvén waves. This process
was consistent with the findings of [79] who used two-
dimensional hybrid simulation of the interaction of Alfvén
waves with the quasi-perpendicular shock. Both studies report
that the fluctuation level of downstream waves is roughly order of
magnitude larger than the level of the upstream fluctuations.
They found that a shape of the shock front is affected by upstream
turbulence, e.g., it exhibits an irregular shape when the upstream
is populated by a mix of Alfvén waves. This confirms the finding
of [5]; who investigated the interaction of turbulence and IP
shock by perturbation analysis of 2D inviscid Burgers’ equation.
They found that a shape of the quasi-perpendicular shock front is
significantly affected by upstream waves which results in complex
downstream state and, moreover, they predict the variability of a
compression ratio for different regions.

The interaction of turbulence and shocks was investigated
both theoretically and observationally by [1, 145]. [1] compared
solutions of equations for a turbulent transport with the
observations of IP shocks by the Wind spacecraft. They
derived four-coupled equations for a perpendicular shock and
six-coupled equations for a parallel shock from the turbulent
transport equations of [141]. In particular, they have found that
the sum of kinetic and magnetic energies within turbulent
fluctuations increases across the shock, while the normalized
cross-helicity can either increase or decrease. Although the

simplified equations are 1D, many important turbulent
quantities like total turbulent energy, cross-helicity, residual
energy can be reasonably estimated. They have found a good
agreement between numerical solutions and observations of both
upstream/downstream fluctuations.

However, the uncertainties in estimation of turbulent energies
from observations are often huge because each upstream/
downstream profile is significantly “noisy” and it may put the
analysis of each particular IP shock into question. An approach
that solves the problem of under-sampling of turbulent quantities
can be based on a large statistical set of IP shocks (e.g., [14]).

[66] studied dynamic pressure and magnetic field fluctuations
in the inertial range via a superposed analysis of sheaths driven by
ICMEs. The authors estimated the power of the fluctuations in
the range of periods 3 − 10min. They observed a mismatch
between the occurrence of the peaks in the ULF power of
magnetic field fluctuations and the peaks in dynamic pressure
Pdyn fluctuations. The ULF power was enhanced at the leading
part of the sheath, while the Pdyn was enhanced at its trailing part.
They attributed this mismatch to the effect of piling of the solar
wind in front of ICME and geometric constraints of the magnetic
field within the sheath. They also analyzed magnetic field ULF
power for each Bx , By , and Bz (GSM) component for the
estimation of space weather effects. The ULF power for Bz and
By showed enhancements at the sheath leading part, while the
ULF power of the Bx component did not. They focused the
analysis mainly on a role of the Bz component and divided 41
sheath regions into various subgroups (fast vs slow ICMEs,
central vs intermediate encounters with ICMEs), and reported
that the greatest difference of power profiles of ULF Bz

fluctuations is between fast and slow ICMEs. While there is a
strong increase of the power towards the shock for fast ICMEs,
slow ICMEs show a relatively flat profile through the whole
sheath.

A different approach in analyzing ICME sheath fluctuations was
used by [90]; they focused on carefully constructed averages of
magnetic field anisotropy A � P⊥/(2P‖), compressibility
C � P‖/(P‖ + P⊥), where P‖ and P⊥ are the fluctuation powers
parallel and perpendicular to a local magnetic field, and total
fluctuation power P, in the solar wind, sheath and magnetic cloud.
They discussed 42 events from the [82] list of well-defined and isolated
magnetic cloud driven sheaths. The frequency range for the estimation
of relevant quantities was set to 2 · 10−3−5 · 10−2 Hz, i.e., similar as in
[66]. The main results of their analysis is that the upstream solar wind
and driving magnetic cloud have similar fluctuation powers
(Psw ∼ Pmc ∼ 0.9 nT2), while the fluctuation power within the
sheath is roughly order of magnitude larger (Psh ∼ 9 nT2).
Moreover, the power anisotropy in the sheaths (Ash ∼ 5) tends to
be much lower than that in the solar wind (Asw ∼ 10) and in the
magnetic cloud (Amc ∼ 36). The authors found a good correlation
(Cor ∼ 0.54) between the power, Psh and the speed of the magnetic
cloud vmc, which can be expected because high-speed MCs drive
stronger shocks [65] with a higher compression ratio that leads in
average to the enhancement of the fluctuation power. A level of sheath
fluctuations, Psh correlates (Cor ∼ 0.42) with the level of upstream
solar wind fluctuations, Psw, consistent with [14] who reported a
similar correlation (Cor ∼ 0.48).
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Perhaps the greatest limitation of the [90] study is the use of
average values because the level of magnetic field fluctuations
generally decreases with the distance from the shock [66, 105].
However, the authors show that significant correlations revealing
true physical phenomena can be found even when one omits a
time evolution within the sheaths. On the other hand, it would be
important to estimate the above mentioned characteristics of
fluctuations in different regions of ICME sheaths, and more
generally, downstream of any IP shock.

Recently [65] addressed the evolution of magnetic field
fluctuations starting from the upstream solar wind and in
three separate sheath regions: near the shock, in middle of the
sheath and close to the ejecta. Each studied interval have 1 h
duration in the spacecraft frame of reference. Their study was
based on analysis of three distinctly different IP shocks observed
at L1 by the Wind spacecraft. They analyzed magnetic field
fluctuation amplitudes, compressibility, spectral properties in
inertial and kinetic ranges, and various intermittency
measures. Their findings are consistent with the previous
studies, e.g., the inertial range spectral indices are mostly
steeper in the sheath region compared to the preceding solar
wind, but not for the case where the IP shock propagates into a
high speed solar wind [14]. However, no ultimate conclusion can
be made because the value of the upstream spectral index is likely
to be influenced by foreshock-related wave activity. They
concluded that the sheath regions exhibit characteristics of
turbulence in the slow solar wind (higher compressibility,
δ|B|/δB(0.2) and suggested that sheath turbulence is not fully
developed.

A number of studies focus on the nature of compressive
fluctuations downstream of IP shocks or/and on the change of
the compressibility from upstream to downstream. The basic
analysis of three IP shocks in Section 5 suggests that the
compressibility defined as δB2/B2

0 is higher in the downstream.
Indeed [14] showed that both δN/N0 and δB/B0 increase across
the shock by a factor of ∼ 1.5 and ∼ 2, respectively. The author
observed the increase for all four distinct types of solar wind
plasma [138] the shock propagates through. They explained the
increase in inhomogeneity (lumpiness) by invoking the spaghetti-
like structure of the solar wind [12]. The main idea is that the
change of average magnetic field vector between adjacent flux
tubes causes the change of the shock θBn which drives the changes
of the compression ratio of the shock. The increase of the
lumpiness was also reported by [104]; who analyzed the
changes of upstream/downstream power spectra of the ion
flux (which served as a proxy for density fluctuations).

Important characteristics of turbulence are spectral slopes.
Recently [14] comprehensively analyzed upstream/downstream
trace-B and Vsw spectral indexes in the inertial range. He has
shown that there is a little correlation between the corresponding
upstream and downstream values (Cor(0.20) for both B andVsw

while there is a small steepening of both spectral indices from
upstream to downstream in average (see Figure 12 in [14]).
Interestingly, when an IP shock propagates into a coronal-
hole-origin plasma, virtually no steepening is observed (based
on 15 shocks). Considering the Alfvén ratio rA (ratio of the kinetic
and magnetic energies of the fluctuations), IP shocks propagating

through each type of solar wind exhibit a decrease of this ratio,
with the greatest reduction occurring for shocks propagating
through plasma of coronal hole origin.

Considering the evolution of the upstream and downstream
spectral slopes of trace-B and Vsw with respect to the distance from
the shock front [14] observed flatter spectra (spectral indices ∼ −1.5)
within 1 h adjacent to the shock front. A similar finding was
reported by [55] who analyzed inertial and kinetic range magnetic
field fluctuations in different regions of the terrestrial
magnetosheath. They showed that closer to the bow shock, the
inertial range power spectra of B exhibit ‘1/f’ scaling. The
flattening reported by both studies is in a qualitative
agreement, though the values of indices are substantially
different. The difference may be elucidated by examining the
spatial/time scales of the fluctuations in these two studies. The
significant difference is between themeasurements of Cluster [55]
and Wind [14]; the Cluster is virtually standing still with respect
to the IP shock front, while at Wind, the downstream fluctuations
are sweeping past the spacecraft at the speed of the downstream
solar wind velocity (with respect to shock front). The
corresponding spacecraft time frame for a simulated Wind
measurement of the magnetosheath region (e.g., at the nose)
can be roughly estimated as tWsp � Lmagnetosheath/vsw. For typical
solar wind conditions, tWsp is in the order of minutes. Therefore,
the whole magnetosheath region would correspond to just a
fraction of the immediate downstream region analyzed by [14]
using Wind. Nonetheless, the qualitative similarity of the
flattening probably indicates a common physical origin.

Finally, we note that the range of upstream spectral indices is
roughly two times wider than the range of the downstream
indices (see Figure 12 in [14]). A similar behavior was shown
by [104] for the spectral index of the ion flux power spectra in the
inertial range (Figure 6). We believe that this is not accidental,
however, there is no explanation for such observation.

5.2.1 Kinetic Range
The properties of kinetic range fluctuations, for example, which
kinetic wave mode they resemble, what power-law scaling they
obey, what levels of compressibility they have, etc., are not fully
established yet, in particular because obtaining observations of
these fluctuations upstream/downstream of IP shocks is
challenging.

The number of studies that have analyzed the downstream IP
shock kinetic range spectra is very limited but there are plenty of
observations of kinetic turbulence in the terrestrial
magnetosheath (e.g., [118]; and references therein). However,
their relevance to the large scale sheaths of IP shocks is limited
due to a small spatial extent of the magnetosheath. Immediately
downstream the bow shock, the character of wave/turbulence
should not be strongly affected by the presence of the
magnetopause. However, deeper in the magnetosheath,
magnetospheric processes like reconnection can influence the
fluctuations and thus we will focus on the studies that investigated
kinetic scale fluctuations closer to the bow shock.

[108] analyzed the 6 years of ion flux measurements of the
Spektr-R spacecraft. In the magnetosheath, they found that the
ion flux power spectra can be divided into three categories, a)
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two power laws separated by a break, b) two power laws with
a bump around the break, and c) two power laws connected
by a plateau (power law with spectral index −1). They
reported that the bumpy spectra are more likely to occur
close to the bow shock and they attributed this bump to
kinetic instabilities such as mirror instability but they were
not able to give a definitive answer due to the lack of
magnetic field measurements. They observed a power law
index of −3.2 in the vicinity of the bow shock, which is
steeper than values reported in the solar wind [30, 115]. This
finding is consistent with [104] who reported that ion flux
spectrum is steeper within the downstream region of IP
shocks.

[104] have shown that the scaling of fluctuations downstream
of IP shocks of the ion flux in the kinetic range can be modeled as
an exponentially truncated power law P(f )∝ a × f b × e−f /f0
(Figure 7), which has not been reported in previous studies of
kinetic-range spectra. A rule-of-thumb for these spectra in the
solar wind is that they obey a power law with the scaling index
that ranges from ∼ −2 to ∼ −4 [74, 115, 116]. An exponential
power law may imply a fundamentally different physical
mechanism that operates at sub-ion scales in the sheaths of IP
shocks.

Employing fast MMS measurements [29] combined
observations and theory to study plasma turbulence at kinetic
scales in the Earth’s magnetosheath. They estimated the spectra of
the magnetic field, density and electric field, and found that just
below characteristic ion scales the spectra follow the predictions
for the kinetic Alfvén turbulence. Namely, the dimensionless ratio
of normalized density and magnetic field fluctuations δn2/δb2

[11, 30, 106] follows the kinetic Alfvén prediction over a wide
range of sub-ion frequencies. Similarly [137] concluded that the
sub-ion fluctuations are consistent with the two-fluid predictions
of KAWs for various dimensionless ratios. [29] proposed a new
mode of KAWs–inertial kinetic Alfvén wave–that arises when the
plasma exhibits temperature anisotropy Ti ≫Te while βi ∼ 1. In
this regime, compressibility of fluctuations below the electron
inertial length increases from the KAW-predicted value toward
inertial KAW-predicted value of ∼ 1 at electron gyroradius. This
wave mode and its nonlinear dynamics could play an important
role in the sheaths of IP shocks since the ions are often hotter than
electrons there.

FIGURE 6 | Upstream vs. downstream spectral indices of inertial range
fluctuations of the ion flux for a set of 34 IP shocks of [104]. Color symbols
show the reliability of estimated slopes (black denotes a more reliable
estimation). The horizontal and vertical lines in the middle mark the
average spectral index of slope1 in the downstream and upstream regions,
respectively. The shorter horizontal and vertical lines denote 2 standard
deviations from the averages of the downstream and upstream spectral
indices, respectively. The plot shows that for more reliable estimated slopes,
the upstream and downstream indices seem to be correlated. On the other
hand, the whole set (34 cases) shows that the spread of the indices is roughly
two times larger in the upstream than in the downstream region. Image
adapted from [104] and reproduced by permission of the AAS.

FIGURE 7 | Upper plot: The power spectral density of the ion flux
downstream of a particularly strong IP shock detected at Spektr-R on
September 12, 2014. The red line shows the fit by an exponentially truncated
power-law model function, g(f ). Lower plot: The ratio of the measured
spectrum, PSDF , and the resulted fit, g. Image adapted from [104] and
reproduced by permission of the AAS.
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Although the solar wind is populated predominantly with Alfvénic
and slow mode fluctuations [117], the mirror mode (MM) waves are
frequently observed in shock sheaths. Due to the quasi-perpendicular
shock compression, ions heat preferentially in the perpendicular
direction which leads to an increase of temperature anisotropy and
the instability threshold (β⊥/β‖ − 1 − 1/β⊥ � 0) can be easily reached.
Several studies identified peak and dip like large amplitude
fluctuations in the Earth magnetosheath (e.g. [123, 124]). [3]
investigated MMs in sheaths of 91 ICME driven shocks and
among other findings, they reported that 1) the key shock
parameter that controls the occurrence of MMs is the Mach
number (higher MA means higher occurrence rate), 2) the
amplitudes of MMs were largest near the shock and (3) MMs are
predominantly dip like structures and occurred in the mirror stable
plasma. They concluded that the source of free energy for MMs is the
shock compression and that MMs found deeper in the sheath are
remnants of MMs generated closer to the shock front.

Since the average duration of MMs (in the spacecraft frame) in
the study of [3] is ΔT ∼ 12 s, their large average amplitude is
A ∼ 3.5 nT, a fact that MMs are compressive structures and their
occurrence rate is higher for high Mach number IP shocks, these
observations may provide a basis for an explanation of the
exponential power spectra reported by [104]. However, a
definitive answer could only be made by analyzing both the
magnetic field vector and number density in IP shock sheaths
with sufficient cadence. Then, the nature of fluctuations (KAWs,
MMs, Alfvén Ion Cyclotron waves, Whistler mode waves) and
their particular contribution to the overall shape of the power
spectrum can be estimated.

5.2.2 Decay of Turbulent Fluctuations
[66] have shown that the power within ULF Bz fluctuations
decreases with a distance from the shock front. Generally,
Figure 8 (adapted from [63]) shows a relatively flat (although

spiky) profile of ULF Bz power in a few hours downstream of the
shock front and then decreases roughly from the middle of the
sheath. This observation is qualitatively consistent with the
findings of [105] who showed that the enhanced power of
downstream fluctuations in the inertial range does not
decrease immediately after the passage of an IP shock.

[105] analyzed a set of 174 fast forward IP shocks with respect
to the evolution of the kinetic and magnetic fluctuations in the
downstream region. They estimated the kinetic and magnetic
energies, Ek and Em, in the fluctuations on the time scale of
30min. A superposed analysis of energy profiles is depicted in
Figure 9. The profile of each shock was normalized by its
immediate downstream value E0. The main difference between
their study and [66] is that the time is transformed into the
natural units for turbulent energy decay, i.e., the eddy turnover
time, τnl. The average energy profile for Ek and Em is very similar
and can be fitted by a phenomenological model function

E(tnl) � (tnl − t0
td − t0

)
n

(5)

where t0 and n are free parameters of the model, while td� 10 is a
constant determined from the profiles in Figure 9. This constant
may be interpreted as an average time that turbulence needs to
adjust itself after the amplification at the shock. The constant
profile up to t � td and a Kolmogorov like power-law in the

FIGURE 8 | ULF power of Bz component of IMF in sheaths of ICMEs
(superposed analysis of sheath profiles that have been re-scaled to 10 h). The
black line in the middle shows the median while the red and blue lines denote
the upper and lower quartiles, respectively. For details, see [66]. The
figure is adapted from [63]; copyright by Springer Nature, licensed under CC
BY 4.0.

FIGURE 9 | Average downstream evolution of the kinetic (red crosses)
and magnetic (blue diamonds) energies for the set of 174 IP shocks analyzed
by [105]. Upper/lower panel shows the evolution in a linear scale/log-log scale,
respectively. E0 signifies that the profile of each shock was normalized by
its immediate downstream value. Corresponding colored lines show the fit by
a phenomenological power law function defined by Eq. 5. Image adapted
from [105] and reproduced by permission of the AAS.
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inertial range suggest that turbulence is in a forced state. This
forcing can have two origins (1) the kinetic processes in the shock
front provide a free energy that can favor an inverse cascade of the
fluctuation energy [105] and (2) the forcing from the large scales
is constant. An important caveat for the constant td � 10 is that
the time scale of 30min for the estimation of the nonlinear time
may not be the proper time scale. One should estimate τnl on the
spatial scale of the injection scale τnl(kinj) that is usually
attributed to the low frequency break in the power spectrum
of the magnetic field (see Figure 3). Invoking a standard formula
for Kolmogorov turbulence, τnl ∼ k−2/3 ∼ f −2/3 and assuming that
the factor of td� 10 comes from the underestimation of the
true nonlinear time, one can estimate the spacecraft frame
frequency corresponding to τnl(finj) using the ratio
τnl(finj)/τnl(f30) � (finj/f30)− 2/3� 10, where f30 is simply the
spacecraft frame frequency that corresponds to the time scale
of 30 min, which yields finj/f30 ∼ 0.03. This implies that the time
scale in the spacecraft frame for the injection scale would
correspond to roughly 15 h. That seems to be an
overestimation of finj, at least for the fast solar wind where
this time scale is usually lower than 1 h. However, in the slow
wind, it may reach such values [19]. In any case, the conclusions
of [105] that the power-law decay in time does not start
immediately after the IP shock front will not change.

One could expect that the turbulent energy within the
enhanced level of fluctuations downstream of the shock
eventually cascades to smaller scales and dissipates into heat.
Consequently, we should observe an increase of the temperature
further in the downstream. The temperature profiles downstream
of three shocks (see Figure 4) show a gradual rise of the
temperature in time for S1 and S2. This rise could be caused
by 1) the turbulent heating due to the enhancement of turbulent
energy at the shock (left panel in Figure 5), 2) it could be just
accidental or 3) caused by some another physical mechanism. A
superposed analysis of 109 temperature profiles by [14] shows
that there is no such an increase even 3 h after the passage of the
IP shock (see Figure 6 in [14]). Our example of three consecutive
shocks in Figure 4 shows that the downstream temperature
profiles can be very different and thus the superposed profile
can depend on the set of shocks used for analysis. In order, to
check downstream temperature independently, Figure 10 shows
the evolution of profiles of the proton temperature T, proton
number density N, magnetic field strength B and specific entropy
S, 5 h upstream and downstream from the shock passage for 174
IP shocks analyzed by [105]. The profiles are qualitatively similar
to those reported by [14]; e.g., a slight increase of the temperature
and density towards the shock front in upstream, roughly
constant temperature and a slight decrease of the density in
downstream. On the basis of the constant downstream
temperature profile, [14] suggested that no new active
turbulence is generated. However, two observational facts: i)
an increased level of turbulent energy and ii) no temperature
increase seems to be in contradiction and should be further
addressed.

An explanation for this discrepancy may be as it follows. A
higher level of fluctuations implies a higher level of the turbulent
cascade rate. However, this onlymeans that the energy is dissipated

with the higher rate while the temperature increase is proportional
to the energy contained within the largest turbulent eddies. In the
solar wind, this scale is of the order of 106 km [87], which translates
into roughly 1 h of data in the spacecraft frame. If one estimates the
power spectrum of fluctuations during the first hour of
downstream plasma, it may be unwise to infer the levels of
turbulent energy contained within the largest scales from such a
spectrum, because the interval is highly non-stationary. Generally,
it is a mix that consists of just shocked plasma, on the one side, and
the plasma evolved by 5 − 6 h on the other side; it is due to the fact
that the time at which the plasma was shocked tsh is usually much
longer than the downstream time of a particular plasma parcel
observation tsp (see chapter 5). A rule of thumb is, tsh� 5.5 · tsp [14,
105]. One may even ask a question, whether the energy in the
injection scale can be estimated. Empirical finding that the
temperature is not increasing with the distance from the shock
[14] may suggest that there is no new turbulent energy added/
enhanced on the largest scale that would eventually heat the
plasma.

On the other hand, the constant temperature profile can be
consistent with the solar wind turbulent heating. Under
assumptions that 1) the heat needed for the non-adiabatic
cooling of the solar wind is provided by the turbulent
cascade and 2) the cooling rate does not depend on the
temperature, the amount of the heat needed for the observed
cooling rate T(r) ∝ r0.8 [37, 50] should increase with a
temperature. The temperature increases across the shock by a

FIGURE 10 | A superposed epoch analysis of 140 fast forward IP
shocks analyzed in [105]. The plot shows average profiles of proton
temperature (red), proton number density (green), magnetic field magnitude
(blue) and specific entropy (orange) for 5 h of upstream/downstream
plasma. Note that the statistical set is reduced from the original set of 174 IP
shocks due to additional requirements on the temperature measurements.
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factor of 4 (Figure 10) and thus the amount of heat that should
be provided by the turbulent cascade to keep the same rate of
non-adiabatic cooling should increase by a similar factor. It
means that the average increase of the fluctuation power and
average increase of temperature would be related. This
suggestion is in line with observations shown in Figures 4, 5.
The thermal velocity Vth increases by a factor of 2 across S1 but
two orders of magnitude enhancement of PSD B is observed
(Figure 5, red lines). This large enhancement of the fluctuation
level leads to a gradual rise of the downstream temperature. On
the other hand, similar enhancement of PSD B across S3 is not
sufficient to support much larger rise of Vth and rather a
decrease of Vth is observed through downstream. These
speculations need an extended statistical study to be
confirmed or rejected. In addition, two aspects that make the
analysis even more difficult are: 1) the ratio of downstream/
upstream temperatures Td/Tu can change with the heliocentric
distance on the spatial scales of interest and 2) the relative
temperature increase with respect to the adiabatic cooling may
be too small to discern it in data on small spatial/temporal scales
of few hours2 (e.g., Figure 10).

5.3 Comment to the Ratio of Characteristic
Time Scales
Further insight into the question of an amplification of
turbulence due to shock passage may come from the
understanding of how this enhancement develops. Generally,
in order to increase the level of turbulent fluctuations, the
simplest and straightforward way how to achieve this, is to
increase it simultaneously for every wave vector. However, the
IP shock is “increasing” the level of fluctuations by an opposite
way. At each moment, only local magnetic field increases. Two
extreme scenarios are: 1) when the characteristic time of
evolution of Alfvénic fluctuations (characteristic eddy
nonlinear time, τnl or characteristic time of decay according
to the WKB prediction) is much larger than the time it takes for
the shock to travel across this fluctuation, then the enhancement
can be viewed as sudden and simultaneous. However, when the
opposite is true, i.e., 2) the fluctuations evolve much quicker
than the characteristic time of IP shock passage, then the
situation becomes more complex.

We can quantify the above considerations by defining a ratio
R: the ratio of the characteristic time of a significant change of
Alfvénic fluctuations, tch, and the time for which an IP shock
sweeps through fluctuations, tsh:

R � tch
tsh

(6)

This ratio can be estimated in the upstream and downstream
regions separately. We introduce a simple considerations for the
both regions, thus illustrating the relevance of R.

In upstream, Ru may be estimated if we identify tch
with the characteristic nonlinear time of turbulent fluctuations,
τunl � 1/(kZu) [86], (Zu)2 is the sum of kinetic and magnetic
energies; and we express tush � 1/(kvuAMA), where vuA is the
upstream Alfvén speed and MA is the Alfvén Mach number.
Thus, Ru � vuAMA/Zu. For a sub-Alfvénic turbulence
(Z ∼ δvsw < vA), RuaMA should then hold. We see that for
large scales, Ru may serve as a proxy for MA. As anticipated,
Ru should be larger than unity even for scales comparable to the
coherence length.

In downstream, Rd may be evaluated in a similar manner,
tch � 1/(kZd) and tdsh � 1/(kvdsh), where vdsh is the downstream
plasma speed in the shock frame. Hence, Rd � vdsh/Z

d. We
know that vdsh < vdA, therefore Rd(vdA/Z

d. Note, that Rd ∼ 1
signifies a change from sub-Alfvénic into super-Alfvénic
turbulence [32]. In general, this condition seems hard to
be ever satisfied in the solar wind, however, for shocks that
propagate into coronal-hole-origin plasma, it may be possible
due to the large levels of downstream fluctuations (see
Figure 14 of [14]). We hypothesize that for some
downstream IP shocks, the regime of super-Alfvénic
turbulence may be relevant.

In the previous paragraphs, we derived the expressions for R in
a convenient reference frame where the shock is stationary.
Focusing on the downstream, we may roughly estimate this
ratio from the spacecraft measurements as it follows:
expression for tch is the same as before, τdnl � 1/(kZd) while tdsh �
tsp · K (Eq. 3), where tsp � 1/(kvdsp), vdsp being the downstream
solar wind speed in the spacecraft frame of reference. Then,
Rd � vdsp/(ZdK). Note that Rd � Rd(k) since Zd � Zd(k).
Assuming Kolmogorov scaling in the inertial range, Z∝ k−5/6,
then Rd ∝ k5/6 and Rd decreases for larger scales. If we directly
evaluate Rd for some average conditions at large scales, e.g.,
K � 5.5, vdsp� 400 km · s−1, (Zd)2� 2000 km2 · s−2, then Rd� 1.6.
Whether the value of Rd corresponds to the injection scale or to
the break between the inertial and injection ranges depends on
specific values of vdsp, K and Zd.

Finally, the question whether the constant energy profile
up to td and the constant temperature profile (Figure 10) are
causally related, remains open. However, in the view of the
new parameter R (Eq. 6), this issue should be investigated in
the future studies. Analyses of the energy and temperature
profiles with respect to the type of a plasma through which an
IP shock propagates, as it was suggested by [14] can help in
this respect.

6 CONCLUDING REMARKS

The interaction of interplanetary shocks and solar wind
turbulence has been investigated for decades focusing mainly
on the particle acceleration and geoeffectiveness of IP shocks and
their sheaths. The nature of the fluctuations alone were addressed
in more detail only recently.

2For example, 3 h in the spacecraft frame translates into ∼ 17 hours for the age of
the shocked plasma (see Eq. 3). Assuming the solar wind speed of 500 km·s−1, then
the shock encountered the plasma at a distance of ∼ 0.8AU. If the whole
temperature increase from 0.8 to 1AU is due to the turbulent heating, we can
estimate the relative temperature increase, Rt � T(1AU)/Ta(1AU) ∼ 1.13, where
Ta(1AU) is the prediction for the adiabatic temperature decrease.
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The key aspects of this interaction have been discussed in this
paper. Considering the changes from upstream to downstream of
quasi-perpendicular IP shocks: 1) enhancement of the power in
the inertial range fluctuations of the velocity, magnetic field and
density is roughly one order of magnitude, 2) IP shock reduces
the Alfvénicity of fluctuations, 3) the power in the inertial range
fluctuations is kept constant for a significant time after the
passage of the shock, 4) lumpiness of fluctuations is enhanced
due to the changing θBn induced by the non-compressive
fluctuations, 5) power spectra of inertial range fluctuations
resemble those in the solar wind, though they are steeper on
average.

A major point of this review is that the downstream region of
an IP shock should be viewed as a history of the IP shock
propagation through the plasma. This simple perspective then
serves as a starting point for the interpretation of the observed
phenomena, it constrains the potential questions and most
importantly it opens new questions about the nature and
evolution of the downstream turbulent fluctuations.

While our knowledge of the processes in upstream and
downstream regions of IP shocks has greatly improved in
recent years, there are still more questions than answers.
Focusing on downstream quasi-perpendicular shocks, the
major open problem is what state/regime of turbulence can be
ascribed to these fluctuations? On one hand, the inertial range
spectra closely resemble those of the turbulent solar wind, while
these fluctuations do not evolve (decay) significantly within many
hours after the shock passage. Closely connected with this issue is
a questionable estimation of the scale of the break between the
injection and inertial ranges and the energy that resides within the
injection scales. Connected to the issue still is a role of the solar
wind expansion: a simple fact that a time for the shock front to
propagate through a structure with the spatial extent of
correlative/integral scale may be smaller than the characteristic
time of evolution of such a structure (WKB/turbulent decay/
other). A ratio of these two time scales may prove to be a useful
tool in future analysis of upstream/downstream IP shock
turbulence.

Finally, understanding the evolution of the IP shock sheath’s
fluctuations using single point measurements is difficult.
Upcoming simultaneous measurements of Parker Solar Probe,
Solar Orbiter and the spacecraft located at L1 will hopefully
provide a unique opportunity to study the aforementioned
evolution of the shock sheaths through the rising phase of the
current solar cycle.
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