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Varying solar wind plays a crucial role in the processes inside the magnetosphere.
Statistical studies generally reveal the geoeffectiveness of solar wind streams of
different origins and types, characterized by various parameters such as dynamic
pressure and magnetic field orientation. However, the predictions of the space
weather are still not completely reliable. Small-scale structures (observed as high-
amplitude variations with frequencies above 0.01 Hz) involved in the turbulent
flow of the solar wind and in the magnetosheath may contribute to the models’
inaccuracies. Spacecraft measurements obtained during last 2 decades provide a
great amount of new information about small-scale plasma processes in near-
Earth space. However, the influence of solar wind on the dynamics of the small-
scale structures in the magnetosheath has been rarely addressed. The present
review summarizes experimental studies on this influence including features of
turbulence around ion scales. The study aims to give a general picture of the
problem and underline the gaps in current understanding of the role of the
dynamics of the small-scale structures and turbulence in the solar–terrestrial
relations.
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1 Introduction

Interaction of the supersonic and super-Alfvenic solar wind (SW) flow with the Earth’s
magnetosphere results in the formation of outstanding bow shock (BS) and a region behind
it filled with turbulent shocked plasma—magnetosheath (MSH). The MSH plasma and
magnetic field are in contact with the Earth’s magnetosphere. Therefore, the analysis of the
MSH processes is of great importance for the exploration of solar–terrestrial relations and
space weather forecasts.

Predictions of the magnetosphere response on the changing SW parameters are usually
based on spacecraft measurements in the Lagrange L1 point (Yermolaev et al., 2010;
Pallocchia et al., 2006; Boynton et al., 2012; Podladchikova and Petrukovich, 2012).
These predictions do not account for alteration in plasma and magnetic field parameters
in the course of passage from L1 to themagnetosphere, including substantial distortion of the
flow in the foreshock region (Sibeck et al., 2008) and inside the MSH (Rakhmanova et al.,
2015; 2016) and changes in the magnetic field orientation in front of the magnetopause
(Šafránková et al., 2009; Pulinets et al., 2014). This approach provides high reliability only for
intensive magnetosphere disturbances such as geomagnetic storms (Petrukovich et al., 2001).
In addition to the statistical approach, models of the solar–terrestrial relations are based
typically on MHD descriptions of plasma flow around the magnetosphere (Spreiter and
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Stahara, 1980; Kartalev et al., 1996; Toth et al., 2005). Though the
MHD description is of great importance for global understanding of
the MSH–magnetosphere system, it cannot reproduce high-
amplitude small-scale variations (Zastenker et al., 2002; 2008;
Hayosh et al., 2006). These variations are characterized by
frequencies above 10−3–10–2 Hz and amplitudes above 5–10% and
occur throughout the MSH (Němeček et al., 2000; Shevyrev et al.,
2003; Lucek et al., 2005; Shevyrev and Zastenker, 2005; Gutynska
et al., 2008; Gutynska et al., 2009; Gutynska et al., 2015). Moreover,
typically, the description of the SW and MSH plasma and magnetic
field is based on validity of the frozen-in hypothesis, which may be
violated for low-speed plasma in the MSH (see Antonova et al., 2012
and references therein). Suggested mechanisms of plasma
penetration through the magnetopause include finite gyroradius
scattering, diffusion, wave-induced diffusion, impulsive penetration,
and magnetic reconnection (Sibeck et al., 1999; Kirpichev et al.,
2017; Fuselier, 2021). However, the presence of small-scale
variations in the MSH favors additional ways for plasma
transport across the magnetopause (Echim and Lemaire, 2002;
Dmitriev and Suvorova, 2015); therefore, they can affect the

magnetosphere processes. Observed discrepancies between
models of the solar–terrestrial relations and reality may be a
result of disregarding processes taking place at the scales around
and below ion gyroradius (small-scale processes) in the MSH.
Recent progress in technology made it possible to use hybrid
models (Karimabadi et al., 2014; Omidi et al., 2014; Palmroth
et al., 2018; Lu et al., 2020) which can successfully reproduce the
basic properties of highly fluctuating MSH environments. Figure 1
presents the comparison of the MHD-modeled MSH (panel A,
adopted from Toth et al., 2005) with results of three hybrid
(electron fluid, kinetic ions) models (panels B–D). Small-scale
structures are clearly captured by latter models, demonstrating
the importance of their consideration. However, the stochastic
nature of turbulent small-scale fluctuations makes them highly
irreproducible both for distinct cases and monitoring of the MSH
parameters. Therefore, in the exploration of mean characteristics of
small-scale structures and turbulence, differences in its features for
various background conditions may give information on when the
existing forecasts would work well and when they should be
corrected to account for processes in the MSH.

FIGURE 1
Magnetosheath density (shown by color) reproduced by (A)MHDmodel (adopted fromToth et al., 2005; figure 13), (B) 2.5-D electromagnetic hybrid
simulations (adopted fromOmidi et al., 2014; figure 10a), (C) hybrid Vlasov simulation (adopted from Palmroth et al., 2018; figure 7a (distributed under the
terms of the Creative Commons Attribution 4.0 http://creativecommons.org/licenses/by/4.0/), and (D) 2D global hybrid simulation (the bow shock
structure is shown, adopted from Karimabadi et al., 2014; figure 13a).
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For a long time, MSH fluctuations have been considered in a
framework of waves (Anderson et al., 1994; Hubert, 1994; Lacombe
and Belmont, 1995; Schwartz et al., 1996). Great contributions have
been made to the understanding of the MSH fluctuations (and are
still in progress) with the help of Cluster mission measurements
(Lucek et al., 2005). Recent measurements by MMS helped to better
understand the small-scale fluctuations and reconnection in the
turbulent MSH plasma (Stawarz et al., 2016; 2022; Vörös et al., 2019;
Yordanova et al., 2020). A number of studies treated the MSH
fluctuations in a framework of turbulence (see Alexandrova, 2008;
Sahraoui et al., 2020; Rakhmanova et al., 2021 and references
therein). Thus, there is a general understanding of sources,
spectral features, and spatial scales of the fluctuations. However,
the effect of the varying SW conditions on the properties of the MSH
fluctuations was addressed quite rarely.

The present mini-review aims to give an overview of recent
studies of the SW influence on the small-scale structures behind the
BS. Here, the small-scale MSH structures/variations refer to
variations of plasma and/or magnetic field parameters, which are
registered by a spacecraft during seconds to minutes. The review
does not discuss reconnection, current sheets, waves, and
instabilities, however, as this topic is far too large and these have
been extensively described before (Retinò et al., 2007; Yordanova
et al., 2016; 2020; Khabarova et al., 2021 and references therein;
Lacombe and Belmont, 1995; Schwartz et al., 1996). Only those
studies have been mentioned here, which include observational
analysis of the SW influence on the small-scale MSH structures.
The authors believe that the review will help find gaps in the
exploration of the space weather forecasts and motivate revision
of available large datasets of high-quality MSH measurements from
this point of view.

2 Basic MSH properties

MSH formation is determined by the interaction of the SW and
the magnetosphere. The basic parameter which influences the power
of variations behind the BS is the angle between the interplanetary
magnetic field and local BS normal—θBN (Greenstadt, 1972;
Shevyrev and Zastenker, 2005). For quasi-perpendicular BS
(θBN > 45°), the low-energy SW ions (namely, protons and alfa
particles, which are dominant in the SW) pass through the BS front
and are advected away from it. Generally, the amplitude of the
downstream small-scale fluctuations (with frequencies 0.01–1 Hz) is
around 7–10% of the mean parameter value in this case (Shevyrev
and Zastenker, 2005). For quasi-parallel BS (θBN < 45°), the SW ions
are reflected from the front, go upstream (forming the foreshock
region), and are simultaneously advected with the plasma flow to the
downstream region. This complex path leads to powerful
fluctuations behind the BS. The amplitude of the fluctuations
behind quasi-parallel BS is typically twice as high as that behind
the quasi-perpendicular BS and reaches 30% for almost-parallel BS
(θBN < 10°) (Shevyrev and Zastenker 2005). Another well-known
difference between the two configurations of the MSH lies in wave
activity. At the quasi-perpendicular BS, significant temperature
anisotropy T⊥>>T‖ arises with respect to the mean magnetic field
vector. Temperature anisotropy leads to excitation of wave processes
and instabilities, with their type depending on local plasma beta

parameter (Lacombe and Belmont, 1995; Schwartz et al., 1996).
Substantial differences in properties of the two configurations of the
MSH imply that they should be considered separately to reveal the
SW influence on the processes there. The foreshock region,
populated with ions reflected from the BS, presents a complex,
highly fluctuating, and anisotropic environment in front of the
quasi-parallel BS (see Blanco-Cano et al., 2006; Sibeck et al.,
2008; Gutynska et al., 2015 and references in these papers).
Effects of the foreshock processes on the downstream MSH
variations combine both foreshock intrinsic processes and pure
SW effects. For this reason, foreshock processes are not focused
on in the present review.

Another property of the MSH parameters is their dawn–dusk
asymmetry which partly represents differences of the flow
parameters behind the different BS types. A number of studies
were focused on the problem of asymmetry in parameters’ values
and MSH thickness (Němeček et al., 2000; Paularena et al., 2001;
Němeček et al., 2003; Longmore et al., 2005; Dimmock and Nykyri,
2013). Generally, the dusk flank of the MSH is characterized by
higher magnetic field magnitude, plasma speed, lower density, and
ion temperature than the dawn flank (Dimmock et al., 2017). Most
of the studies suggested SW speed and direction of the IMF to be the
main parameters which affect the asymmetry.

3 Properties of the MSH fluctuations for
changing SW conditions

A number of studies have tried to reveal if there was a
connection between the MSH fluctuations properties and the SW
parameters. Němeček et al. (2002) analyzed statistics of Interball-1
crossing of the MSH at 30-min intervals, which corresponded to
fluctuations in the range ~[0.001–0.01] Hz. The authors showed the
fluctuation level weakly depends on the IMF Bz component and not
on the SW Alfven Mach number MA and plasma β. However, a
higher level of fluctuations was observed for decreasing the IMF
cone angle, which could refer to the influence of the BS topology.

Gutynska et al. (2009) presented extensive statistics of magnetic
field fluctuations in the frequency range [0.001–0.125] Hz measured
by Cluster and analyzed the correlation properties of these
fluctuations as a function of the SW parameters. Correlation
length of the fluctuations (being 1 RE in average) was shown to
increase significantly for increasing SW velocity, stayed unchanged
for different SW densities, and was slightly higher for southward
IMF compared to the northward IMF. Gutynska et al. (2015)
analyzed properties of density transients (density increase by a
factor of 1.5 and more during 10–60 s) in the dayside MSH and
concluded that they tended to occur during high SW speeds and low
densities. The authors also showed preferable occurrence of the
structures during low IMF cone and θBN angles and concluded that
density transients were often associated with foreshock processes.

Dimmock et al. (2014) studied the influence of the SW velocity
and IMF direction on the distribution of the MSH magnetic field
fluctuations in the frequency range [0.1, 2] Hz and their dawn–dusk
asymmetry based on 6 years of THEMISmeasurements. The authors
concluded that fluctuations with higher amplitudes were observed
for periods of fast SW (with velocities above 400 km/s). Additionally,
amplified fluctuations in the vicinity of the magnetopause and
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absence of dawn–dusk asymmetry were shown for southward IMF.
The authors used a magnetosheath interplanetary medium reference
frame (Verigin et al., 2006) which allowed to account for aberration
and for dynamics of the BS and magnetopause positions with
variations of the SW parameters.

Rakhmanova et al. (2015), Rakhmanova et al. (2016), and
Rakhmanova et al. (2018a) presented a statistical study of the
two-point correlation function in the SW and MSH with the help
of THEMIS data for density andmagnetic field magnitude variations
in the range [0.001–0.01] Hz. The authors suggested that the SW
variations are more likely to stay unchanged during the BS crossing
for higher SW densities and IMF magnitude. Additionally, SW
variations with higher amplitudes were shown to be less modified
in the MSH. No significant dependencies were found on the SW
plasma β, IMF direction, or SW speed.

4MSH jets and their dependence on the
SW parameters

Presence of jets, usually described as transient enhancements of
the dynamic pressure or density, is an important phenomenon in the
magnetosheath as they can lead to local deformations in the
magnetopause and plasma penetration (Lemaire, 1977; Lemaire
and Roth, 1978; Dmitriev and Suvorova, 2015). There are several
causes suggested for their formation including the BS ripples
(Hietala et al., 2009; Hietala et al., 2012) and interaction of the
SW discontinuities with the BS (Němeček et al., 1998; Savin et al.,
2004; Savin et al. 2011; Savin et al. 2012; Dmitriev et al., 2021). A full
overview of the phenomena can be found in Plaschke et al. (2018)
and Dmitriev et al. (2021). Here, we highlight the results referring to
the dependence of the jets on the SW parameters.

Archer and Horbury (2013) analyzed distribution of the high-
amplitude transient (during the time intervals [10, 180] sec)
enhancements of the dynamical pressure inside the MSH and
their dependence on the SW conditions. The authors
distinguished two basic regimes characterized by decrease or
increase of density. The first group was typically observed during
high-IMF cone angles, while the second group occurred
predominantly for low-IMF cone angles. For the second regime
(the most common), the enhancements were more frequent for
increasing solar wind speed, while no dependencies were found on
the IMF clock angle, SW plasma parameter β, or Mach number.

Plaschke et al. (2013) considered SW conditions favorable for jet
formation in the subsolar MSH and concluded that the only
significant factor was the IMF cone angle, which implied that the
quasi-parallel BS was more favorable for jet formation. The authors
used statistics of THEMIS measurements during 2008–2011,
i.e., during solar minimum. Thus, the study included limited
statistics of high values of the SW parameters such as ion
density, speed, and IMF magnitude. Further analysis by LaMoury
et al. (2021) considered enlarged statistics which covered the years
2008–2018 and showed additional SW parameters favorable for jet
formation: SW speed around 300 km/s and 600 km/s, low IMF
magnitude and dynamic pressure, high plasma β, and Alfven
Mach number. The authors considered separately the SW
conditions favorable for jets to reach the magnetopause if they
were formed near the BS. These conditions included low-IMF cone

angle and plasma β, high values of SW speed, IMF magnitude, and
dynamic pressure. Thus, some of the SW properties (namely, the
IMF magnitude) may contribute not only to the processes of jets’
formation but also to their dissipation in the MSH, and the relative
portion of these effects are not clear so far.

The multiple SW factors, which may affect the magnetosphere
and MSH, are not physically independent. Typically, their values are
grouped according to the type of the SW, e.g., an origin of the SW
stream at the Sun (Yermolaev et al., 2009; Borovsky et al., 2019).
Generally, main types of the SW include slow or fast wind,
interplanetary coronal mass ejections (ICMEs), and co-rotating
interaction regions CIRs (or stream interaction regions, SIRs). In
front of the ICMEs or CIRs, compressed regions may be formed
(ICME Sheath or CIR Sheath); some of the catalogs of large-scale
SW phenomena list them as a distinct SW type (Yermolaev et al.,
2009). Different large-scale flows have varying geoeffectiveness
(Borovsky and Denton, 2006; Yermolaev et al., 2012). Recently,
the combination of the SW properties started to be considered as
driving small-scale MSH processes as well. Koller et al. (2022)
compared a list of the ICMEs and SIRs with the lists of the MSH
jets and found clear differences in the jet’s occurrence rate for
distinct large-scale SW types. For SIRs and high-speed streams, the
number of jets was increased by up to 50% compared to the mean
occurrence rate. On the other hand, the occurrence rate was
decreased by 50% for ICMEs and associated Sheath regions. The
authors noted that the study included only those jets which were
aligned with the Sun–Earth line and are, therefore, geoeffective as
they reached the magnetopause. This finding uncovers new
information on geoeffectiveness of the SW events, as ICMEs
and their Sheath regions are typically supposed to cause the most
intense magnetospheric response.

5 Role of the large-scale SW streams in
dynamics of the small-scale MSH
structures

As mentioned in the previous section, large-scale SW structures
have different effects on the small-scale MSH variations. However,
typically their properties are considered as constant during the flow
from the Lagrange L1 point to themagnetopause. At small scales, the
plasma and magnetic field variations embedded in the large-scale
structures could be modified across the BS and inside the MSH.

Turc et al. (2014) presented a study of simultaneous registration
of the magnetic clouds (MCs and ICMEs with strong and regular
magnetic field) in the MSH based on four representative cases. They
have shown that behind the quasi-parallel BS, the smooth rotation of
the magnetic field orientation in the MC may be dominated by the
MSH variations, which results in difficulties in the magnetosphere
response forecasts based on the SW data. Furthermore, Turc et al.
(2017) presented a statistical study on simultaneous variations of the
magnetic field in the MC upstream and downstream from the BS for
82 cases. The Bz component (which is believed to be one of the most
geoeffective factors due to the processes of reconnection at the
magnetopause) was shown to change its sign in theMSH, sometimes
for periods as long as 30 min and more. These cases were observed
for the IMF which lay in the equatorial plane. This result
corresponds well with earlier results by Šafránková et al. (2009)
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who showed statistical differences between the sign of the Bz
component in the SW and MSH. Turc et al. (2017) demonstrated
that if the predominant IMF component was By, both positive and
negative Bz could have equal geoeffectiveness.

Rakhmanova et al. (2018a) tried to connect the modification of
the small-scale plasma structures in the MSH with the type of the
upstream SW flow. Their results showed that during slow
undisturbed SW, the small-scale SW structures stayed unchanged
in the MSH just for 30% of cases. On the other hand, this percentage
was higher by the factor of 2 during periods of the CIRs in the SW,
that is, small-scale variations inside CIRs tend to survive across the
BS. However, for other SW phenomena such as ICME ejecta, the
small-scale variations tended to stay unmodified only for half of the
cases.

Recently, Ala-Lahti et al. (2021) considered passage of the ICME
Sheath through the BS. The authors compared magnetic field
variations inside the Sheath, registered simultaneously in three
points in the MSH, in the SW close to the BS, and at the
Lagrange L1 point. The IMF Bz component was shown to be
enhanced for a set of substructures, which made them more
geoeffective. For some parts of the Sheath, the upstream small-
scale structures survived during the transmission through the BS.
On the other hand, for other periods, there was no correlation
between upstream and downstream variations. The authors showed
that variations with frequencies less than 0.01 Hz had increasing
probability of surviving during passage through the BS.

Thus, the small-scale MSH structures may evolve in a different
way for different large-scale SW types. Statistical relations between
the SW parameters and magnetosphere responses often consider the
SW type as a parameter. Therefore, an additional study of
differences in its effect on the MSH small-scale structures would
help improve predictability of the models.

6 SW effects on the features of the MSH
turbulence and its evolution

Turbulence of the SW has been proposed to be one of the drivers of
the magnetosphere dynamics (see D’Amicis et al., 2020 and references
therein). Changes in the turbulence properties in the MSH for various
SW conditions may be, thus, important for the magnetosphere response
on the varying SW flow. Typically, around ion scales, the fluctuation
spectra of the magnetic field and ion flux/density are characterized by
two power laws with a break both in the SW and MSH; at frequencies
lower than the break (MHD scales), the power law exponent (slope) is
close to −5/3 (so-called Kolmogorov spectrum), while at higher
frequencies (kinetic scales) the slope is around −2.8 (Alexandrova
et al., 2013; Sahraoui et al., 2020; Rakhmanova et al., 2021). Statistical
studies demonstrated modification of the shape of turbulent cascade
around ion scales at the BS and its restoration at the flanks and near the
magnetopause (Gutynska et al., 2009; Huang et al., 2017a; Rakhmanova
et al., 2018b; Rakhmanova et al., 2018c). These statistical studies
addressed the mean parameters and clearly demonstrated non-
Kolmogorov scaling at MHD scales at the dayside MSH regions in
the vicinity of the BS. However, several case studies (Rakhmanova et al.,
2020a; Rakhmanova et al., 2020b) showed differences in the evolution of
spectra between two points inside theMSHand different scenarios of the
spectrum modification at the BS. The authors have suggested that

turbulent cascade may evolve differently for specific SW conditions.
A number of studies considered the influence of the SW parameters on
theMSH turbulent spectra. Gutynska et al. (2009) showed changes of the
mean spectral slopes at the MHD scales from −1.2 to −0.9 with
increasing SW velocity. A statistical study (Rakhmanova et al., 2020c)
showed a tendency to observe typical Kolmogorov scaling at the MHD
scales for high-amplitude variations of the SWdensity and not to observe
Kolmogorov scaling for high SW density values. Also, the authors
showed that the spectral slope at the kinetic scales tended to deviate
substantially from typical values and from theoretical predictions for
northward IMF, while for southward IMF, the slope values were
around −2.8, usually registered in the SW and MSH. The authors
did not find any significant dependence on the SW velocity. On the
other hand, Li et al. (2020) used MMS statistics and suggested no
influence of the SW velocity and IMF Bz value on the evolution of the
turbulence inside the MSH.

The preliminary statistical study of Rakhmanova et al. (2020b)
demonstrated that changes in turbulent cascade at the BS may be
influenced by the large-scale SW type. Recently, Rakhmanova et al.
(2022) presented a set of multipoint case studies, which compared
properties of the turbulent spectra in the SW, in the daysideMSH and at
the MSH flank, taking into account the plasma propagation delays. The
study included 12 cases from three groups of the SW stream types: slow
undisturbed SW, ICMEs, and compressed SW (Sheath and CIRs). The
results demonstrated that for undisturbed SW, the quasi-perpendicular
BS affected the turbulent cascade in a confined region close to the BS,
and the shape of the SW spectra restored at the flank MSH. On the
other hand, interaction of the disturbed SW streams with the BS always
resulted in violation of the Kolmogorov scaling at the MHD scales and
in significant steepening of spectra at the kinetic scales in the whole
daysideMSH. Interestingly, for the ICMEs, the spectra at theMSHflank
tended to have properties similar to those registered in the SW, but for
compressed SW flows, the properties of the cascade at the kinetic scales
were not restored. This result is demonstrated in Figure 2, where slopes
of the spectra in the dayside MSH and in the flank MSH at frequencies
higher (P2) than the ion spectral break are shown versus the same slopes
in the SW for three groups of the large-scale SW types. The panel on the
left demonstrates linear dependence of the turbulence properties
downstream from the BS in the dayside MSH on those in the
upstream region for the three groups of the SW types. At the flank,
the right panel exhibits substantial differences in development of
kinetic-scale turbulence for compressed SW flows.

7 Summary

To date, few works were focused directly on the solar wind
parameters, which influence the small-scale magnetosheath
structures. The present mini-review underlines that

• Varying solar wind conditions contribute to the dynamics of
the small-scale structures inside the magnetosheath; however,
the contribution of this factor is much less examined than the
influence of the foreshock, reconnection, and wave activity.

• IMF parameters (magnitude, Bz component, and cone angle)
and ion bulk speed are most frequently reported solar wind
parameters, which affect the dynamics of small-scale
structures behind the bow shock.

Frontiers in Astronomy and Space Sciences frontiersin.org05

Rakhmanova et al. 10.3389/fspas.2023.1121230

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2023.1121230


• Recently, enlarged statistics of high-quality measurements in
the magnetosheath helped to find additional factors which
contributed to the dynamics of the small-scale structures in
the magnetosheath. These factors were plasma density, ion
parameter β, and Alfven Mach number.

• Ratio between the contribution of the aforementioned factors
and their dependence on each other are still a matter of
investigation; complex factors such as type of the solar
wind flow may be more perspective for further exploration.

Solar wind parameters contribute to the solar–terrestrial relations
not only determining the large-scale dynamics of the magnetosphere
system, but through the changes in dynamics of small-scale MSH
structures as well. A set of small-scale structures, found with the help of
kinetic simulations and reported in the observations, was still not
considered in the context of their relation to the upstream solar
wind conditions. These structures include magnetic islands (Huang
et al., 2017b), magnetic holes (Huang et al., 2016; Yao et al., 2021),
plasmoids (Goncharov et al., 2020), and Alfven vortices (Alexandrova,
2008). A combination of different mission measurements during all
parts of the solar cycle is required to get a full picture of properties of the
small-scale MSH structures, their sources and contribution to the
solar–terrestrial relations. To date, a set of missions with high-
quality plasma and magnetic field measurements, complemented
with realistic simulations, allows for such a complex exploration
(Dimmock et al., 2020). The present review shows what has been
achieved andwhat could be achieved in this scope for understanding the
role of small-scale magnetosheath structures.
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