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Abstract The magnetosheath ßow may take the form of large amplitude, yet spatially local-
ized, transient increases in dynamic pressure, known as Òmagnetosheath jetsÓ or ÒplasmoidsÓ
among other denominations. Here, we describe the present state of knowledge with respect
to such jets, which are a very common phenomenon downstream of the quasi-parallel bow
shock. We discuss their properties as determined by satellite observations (based on both
case and statistical studies), their occurrence, their relation to solar wind and foreshock con-
ditions, and their interaction with and impact on the magnetosphere. As carriers of plasma
and corresponding momentum, energy, and magnetic ßux, jets bear some similarities to
bursty bulk ßows, which they are compared to. Based on our knowledge of jets in the near
Earth environment, we discuss the expectations for jets occurring in other planetary and
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astrophysical environments. We conclude with an outlook, in which a number of open ques-
tions are posed and future challenges in jet research are discussed.

Keywords Jets · Magnetosheath · Foreshock · Bow shock · Magnetopause

1 Introduction

The magnetosphere, the region dominated by the geomagnetic Þeld and conÞned by the
magnetopause boundary (in dark purple in Fig. 1), acts as an obstacle to the solar wind.
In order to circumvent that obstacle, the solar wind has to be decelerated Þrst, from super-
magnetosonic to sub-magnetosonic speeds in the EarthÕs frame of reference. This happens at
the bow shock (in dark red in Fig. 1), located upstream of the magnetopause. The solar wind
deßection occurs between the bow shock and the magnetopause, within the magnetosheath
region.

Across the bow shock, the solar wind plasma is compressed and heated at the expense
of part of the kinetic energy pertaining to its bulk velocity. The changes in magnetic Þeld
and plasma moments are, in principle, well-described by the Rankine-Hugoniot relations.
Their relations yield boundary conditions to the downstream magnetosheath ßow. At the
magnetopause, that ßow and frozen-in magnetic Þelds need to be tangential to the boundary.
Therewith, it is possible to describe the magnetosheath ßow analytically in the framework
of hydrodynamic theory (Spreiter et al. 1966).

This description represents well the average magnetosheath ßow. It does, however, not
take into account the remarkable level of ßuctuations of moments and Þelds that the mag-
netosheath plasma actually exhibits. The level of ßuctuations is highly dependent on the
angle � Bn between the interplanetary magnetic Þeld (IMF) upstream of the bow shock and
the local shock normal direction. Fluctuations are stronger downstream of the quasi-parallel
shock (� Bn < 45� ) than downstream of the quasi-perpendicular shock (� Bn > 45� ).

The quasi-perpendicular shock is relatively thin and well-deÞned. The rather tangential
magnetic Þelds stabilize the shock wave and prevent particles reßected from the shock from
moving upstream in shock normal direction. Upstream of the quasi-parallel shock, instead, a
foreshock region exists (see upper part of Fig. 1), penetrated by shock-reßected particles that
travel away from the shock along the IMF. They interact with the incoming solar wind, gen-
erating waves and large amplitude magnetic structures that steepen and merge into the bow
shock. Consequently, the quasi-parallel bow shock is not quiet and well-deÞned, but patchy
and strongly ßuctuating due to its continuous formation and reformation (e.g., Schwartz and
Burgess 1991; Schwartz 1991; Blanco-Cano et al. 2006a,b).

Despite the downstream plasma being highly ßuctuating as a consequence, signiÞcant
transient enhancements in dynamic pressure or plasma ßux, above the general ßuctuation
level, can regularly be identiÞed. These enhancements can reach values in dynamic pressure
that are on the order of or even noticeably above the upstream solar wind values, although,
usually, the dynamic pressure should be about an order of magnitude lower in the subsolar
magnetosheath than upstream of the bow shock. This review paper deals with these en-
hancements in dynamic pressure, marked with dark blue arrows in Fig. 1, which we shall
henceforth simply call: ÒjetsÓ.

The term ÒjetsÓ is just one out of many that have been used in the past to name similar
phenomena in the magnetosheath. As diverse as the names are the deÞnitions of ÒjetsÓ in
literature (see Sect. 2 for details). Arguably, Nÿemeÿcek et al. (1998) were Þrst in reporting
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Fig. 1 Sketch of the solar
wind—magnetosphere—ionosphere
system. Jets originating from the
bow shock are illustrated and
possible consequences of jets
impacting the magnetopause are
listed. After Fig. 1 in Plaschke
et al. (2016)

jets in the magnetosheath, calling them Òtransient ßux enhancementsÓ. The year of this pub-
lication, 1998, shows that this phenomenon has been subject of research for only 20 years.
Within these 20 years, the diversity in approaches to this subject by different groups, inde-
pendent from each other, has created a puzzle of unconnected reports and Þndings, based on
different deÞnitions of jets and data sets. This review aims at bringing the pieces together to
form a complete picture of our current knowledge and understanding of the phenomenon of
magnetosheath jets.

Jets are a key element to the coupling of the solar wind to the magnetosphere—ionosphere
system. Their relevance stems from both, occurrence and impact. Large scale jets alone, with
cross-sectional diameters of over 2 RE (Earth radii), impact the dayside magnetopause every
6 to 7 minutes on average under low IMF cone angle conditions, i.e., downstream of the
quasi-parallel bow shock (Plaschke et al. 2016). Conditions favorable for the occurrence of
jets and their rates/locations of occurrence are discussed in Sect. 3 in more detail. A review
on the properties of jets, including their scales sizes, is presented in Sect. 4.

A relative majority of jets (though not all of them) are associated with the quasi-parallel
shock. Hence, a review on possible generation mechanisms of jets necessarily has to be
accompanied with an introduction to foreshock structures, which can be found in Sect. 5.
The most promising explanation for the generation of a larger part of the magnetosheath
jets is based on the undulation or rippling of the quasi-parallel bow shock. While passing
the inclined surfaces of a shock ripple, the solar wind should be less decelerated and ther-
malized, though still be compressed, explaining the excess in dynamic pressure with respect
to the ambient magnetosheath plasma (e. g., Hietala et al. 2009). In this picture, the jetsÕ
scale sizes and occurrence should be related to those of the bow shock ripples (Hietala and
Plaschke 2013). As jets can easily propagate through the entire magnetosheath and reach
the magnetopause, they naturally transmit and couple foreshock and bow shock structures
across the entire magnetosheath region to processes at the magnetopause and beyond (Savin
et al. 2012).

Once jets impact the magnetopause, they may lead to a number of consequences, as il-
lustrated in Fig. 1 and detailed in Sect. 6: They produce indentations of the magnetopause,
may launch surface waves on it and/or trigger local magnetopause reconnection. Inside the
magnetosphere, compressional waves may be observed on jet impact, possibly affecting the



 81 Page 4 of 77 F. Plaschke et al.

Fig. 2 First observations of
Òtransient ßux enhancementsÓ
(TFE) by Interball-1, numbered
in panel (e), along with upstream
Wind observations. From top to
bottom: solar wind ion ßux, IMF
cone angle, and Alfv�n Mach
number measured by Wind,
magnetosheath ion ßux measured
by Magion 4 and Interball-1, and
magnetic Þeld strength measured
by Interball-1. After Fig. 1 in
Nÿemeÿcek et al. (1998)

radiation belt electron populations. Even on and from the ground, effects of jet impacts
may be observable in form of ionospheric ßow enhancements, magnetic Þeld ßuctuations,
or throat auroral features. Hence, jets may contribute in multiple ways to terrestrial space
weather, deÞned as environmental conditions in space that may have repercussions on hu-
man activities. As contributors to space weather and carriers of plasma, associated mass,
momentum, and energy, jets bear some similarities to bursty bulk ßows in the EarthÕs mag-
netotail, which they are compared to in Sect. 7.

The occurrence of jets should not be restricted to the terrestrial magnetosheath. Instead,
the phenomenon should be universal downstream of collisionless shocks. In Sect. 8, jets
downstream of other planetary and astrophysical shocks are discussed. We conclude this
review paper with an outlook Sect. 9, in which a number of open questions are posed and
future challenges in jet research are stated.

2 De�nitions

Since the Þrst case study of Nÿemeÿcek et al. (1998), varying nomenclature has been used
throughout the literature to describe transient enhancements in magnetosheath: ion ßux
� mshvmsh (see Fig. 2), mass density � msh (see Fig. 3), bulk velocity vmsh, full dynamic pres-
sure Pdyn,msh = � mshv2

msh, or dynamic pressure based on just one (e.g., x) component of the
velocity Pdyn,msh,x = � mshv2

msh,x (see Fig. 4). Furthermore, such structures have been identi-
Þed using various different criteria, including the physical quantity (or quantities) of interest




















































































































































