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Abstract We investigate localized magnetosheath and solar wind density enhancements, associated
with clear magnetic field changes, and therefore referred to as magnetosheath/solar wind plasmoids,
respectively. Using Cluster data, we show that there are two distinct populations of magnetosheath
plasmoids, one associated with a decrease of magnetic field strength (diamagnetic plasmoids), and one
with an increased magnetic field strength (paramagnetic plasmoids). The diamagnetic magnetosheath
plasmoids have scale sizes of the order of 1–10 RE , while the paramagnetic ones are an order of magnitude
smaller. The diamagnetic plasmoids are not associated with any change in the magnetosheath plasma flow
velocity, and they are classified as embedded plasmoids in the terminology of Karlsson et al. (2012). The
paramagnetic plasmoids may either be embedded or associated with increases in flow velocity (fast
plasmoids). A search for plasmoids in the pristine solar wind resulted in identification of 62 diamagnetic
plasmoids with very similar properties to the magnetosheath diamagnetic plasmoids, making it probable
that the solar wind is the source of these structures. No paramagnetic plasmoids are found in the pristine
solar wind, indicating that these are instead created at the bow shock or in the magnetosheath. We discuss
the relation of the plasmoids to the phenomenon of magnetosheath jets, with which they have many
properties in common, and suggest that the paramagnetic plasmoids can be regarded as a subset of
these or a closely related phenomenon. We also discuss how the results from this study relate to theories
addressing the formation of magnetosheath jets.

1. Introduction

The pristine solar wind does not interact directly with the geomagnetic field, rather it is first decelerated,
compressed, and heated at the bow shock, forming the magnetosheath behind it. The large-scale properties
of the magnetosheath, both pressure [e.g., Lucek et al., 2005] and magnetic field orientation [Lu et al., 2013,
2014], determine the position of the magnetopause. These properties change more or less continuously with
distance from the dayside bow shock and on timescales of the varying solar wind input [e.g., Lucek et al., 2005].

Recently, however, there has been an interest in the presence of small-scale, transient increases in dynamic
pressure (or equivalently, kinetic energy density) in the magnetosheath, which may locally affect the magne-
topause. Such structures have been studied under several different designations: “magnetosheath dynamic
pressure enhancements” [Archer and Horbury, 2013], “antisunward high-speed jets” [Plaschke et al., 2013],
“supermagnetosonic subsolar magnetosheath jets” [Hietala et al., 2012], “transient flux enhancements”
[Němeček et al., 1998], “high kinetic energy density plasma jets” [Savin et al., 2008], and “super fast plasma
streams” [Savin et al., 2012]. In this paper we will simply call the structures described in these and related
papers “magnetosheath jets.”

Magnetosheath jets have been shown to have considerable impact on the magnetopause, where their
surplus momentum may cause severe local deformations of the magnetopause [Amata et al., 2011; Shue et al.,
2009]. These deformations may launch surface [Dmitriev and Suvorova, 2012; Archer et al., 2012] or compres-
sional waves [Plaschke et al., 2009], initiate ionospheric flow enhancements [Hietala et al., 2012], and possibly
penetrate directly into the magnetosphere [Savin et al., 2012]. The increase in dynamic pressure of the magne-
tosheath jets has been reported to be due to either an increase in flow velocity [Archer et al., 2012], in density
[Němeček et al., 1998; Savin et al., 2008; Archer and Horbury, 2013; Plaschke et al., 2013], or in both [Amata et al.,
2011; Archer and Horbury, 2013]. A generation mechanism for magnetosheath jets has not been agreed upon,
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but they are generally believed to be formed at the bow shock, mainly during times of a radially directed inter-
planetary magnetic field [Hietala et al., 2012; Archer and Horbury, 2013; Hietala and Plaschke, 2013; Plaschke
et al., 2013].

Meanwhile, small-scale variations in the magnetosheath have been studied from a slightly different point
of view, in the form of localized density enhancements without any a priori connection to an increase in
the flow velocity. Hubert and Harvey [2000] reported on transient density enhancements with an increase of
35% over the background density and concluded that they can enter the magnetosphere via the mecha-
nism of impulsive penetration [e.g., Lemaire, 1977; Echim and Lemaire, 2000]. Karlsson et al. [2012] studied 56
localized structures where the density was at least 50% higher than that of the surrounding plasma. They con-
cluded that all such structures were associated with some type of magnetic field change (rotation, increase, or
decrease), and they were therefore termed plasmoids, following Bostick [1956]. We will use this terminology
in the present paper. A majority of the plasmoids studied by Karlsson et al. [2012] were convecting with the
background magnetosheath flow. These plasmoids were referred to as embedded plasmoids. A nonnegligi-
ble minority of the magnetosheath plasmoids were associated with an increase in flow velocity of more than
10% and were termed fast plasmoids by Karlsson et al. [2012]. Studies by Gunell et al. [2012, 2014] identified
further fast plasmoids and showed that they at times penetrate into the magnetosphere.

The generation of magnetosheath plasmoids has not been discussed, and it is not known if they are created
at the bow shock or in the magnetosheath, or if they are present in the solar wind and convect through the
bow shock [Karlsson et al., 2012].

Since the plasmoids represent an increase of the local dynamic pressure even when they are not associated
with an increase in velocity, they could be considered a special case of, or at least related to, magnetosheath
jets, depending on the definition used for the jets. A comparison of the properties of the two phenomena is
therefore of great interest. If they are related, they may also have the same or similar generation mechanisms.

The purpose of this paper is twofold. First, to investigate if plasmoids similar to those observed in the mag-
netosheath can be found already in the pristine solar wind and thereby establish whether the plasmoids are
created there or rather at the bow shock and/or magnetosheath. If they are present in the solar wind, it would
indicate that the plasmoids are not closely related to the magnetosheath jets. Second, we wish to further study
the relation between the magnetosheath plasmoids and jets, by investigating and comparing some of their
properties, such as scale sizes and magnetic signatures. (Karlsson et al. [2012] did not consider the nature of
the magnetic variation associated with the plasmoids.) We will also discuss the consequences of this relation
for possible models of the creation of plasmoids and magnetosheath jets.

2. Method

We use data from the following instruments on board the Cluster satellites: Electric Fields and Waves
(EFW) [Gustafsson et al., 1997], the Fluxgate Magnetometer (FGM) [Balogh et al., 2001], and the Cluster Ion
Spectrometry (CIS) High Energy Analyzer (HIA) [Rème et al., 2001]. These instruments provide the quantities
used in this study, namely, the spacecraft potential, the DC magnetic field, and the ion flow velocity and
temperature, respectively. For the magnetosheath plasmoids, we will revisit the data set used by Karlsson et al.
[2012]. For the search of solar wind plasmoids, we will identify times when the Cluster spacecraft are in the
solar wind. With an apogee of 19.8 Earth radii (RE), considerable time is spent in the solar wind during January
to April each year. For this study, we investigate data from the years 2002 to 2006.

For the solar wind plasmoids search, we follow a similar procedure to that which was used to identify
the magnetosheath plasmoids by Karlsson et al. [2012]. Identification of time intervals when the Cluster
spacecraft are in the solar wind can readily be made by inspecting Cluster Quicklook plots (http://www.
cluster.rl.ac.uk/csdsweb/) with particular emphasis on ion energy spectra, floating potential, and ion veloc-
ity. We only consider data temporally separated by at least 1 h from any indication of a transition between
the magnetosheath and the solar wind. We also explicitly check for foreshock signatures and exclude times
when such are present. The spacecraft potential is converted to number density by a standard calibration
(A. Vaivads, private communication, 2010), based on a comparison with the plasma frequency determined by
the WHISPER instrument [Trotignon et al., 2003]. In contrast to how Karlsson et al. [2012] proceeded, we use the
same calibration for all events and do not construct an individual calibration for each event. This introduces
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Figure 1. (a–d) Four examples of Cluster observations of solar wind plasmoids. From top to bottom the panels show
electron density, total magnetic field, the three components of the magnetic field in GSE coordinates, the absolute value
of the ion drift velocity, and the perpendicular ion temperature. All measurements presented are from Cluster 1 (“C1”). In
Figure 1d the determination of the temporal scale Δt and the magnetic field change ΔB described in section 2 is
exemplified.

some uncertainty in the absolute level of the densities, but since we are mainly interested in the variations in
density, this procedure is quite sufficient.

In order to identify localized, isolated plasmoids we establish a background density by running a boxcar aver-
age with the same window width of 500 s as was used by Karlsson et al. [2012]. For a solar wind speed of
400 km/s, this corresponds to a spatial scale of 31 RE . We then identify localized increases of the electron den-
sity over the background by a certain factor. Karlsson et al. [2012] set the lower limit at an increase of 50%. In the
solar wind such a large increase turns out to be rather uncommon, and we have instead set the limit at 30%.
Inspection of solar wind data from the years 2002 to 2006 resulted in the identification of 62 localized den-
sity enhancements. All of these were associated with clear magnetic field variations and are therefore in the
following referred to as solar wind plasmoids. Figure 1 shows four examples of electron density, magnetic
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Figure 2. Four examples of magnetosheath plasmoids in the same format as in Figure 1. “C1” and “C3” indicate
measurements from Cluster 1 and Cluster 3, respectively.

field, plasma flow velocity, and perpendicular ion temperature of typical solar wind plasmoids. All four events

have a very similar appearance, with an anticorrelation between the density and magnetic field strength and

with no change in the plasma flow velocity or perpendicular ion temperature associated with the plasmoids.

(For the solar wind plasmoids presented in Figure 1, we have made an exception to our methodology and

applied a manual calibration using WHISPER data from the same day according to the method described by

Karlsson et al. [2012]).

For comparison, in Figure 2 we show four plasmoids from the magnetosheath, which were included in the

study by Karlsson et al. [2012]. We can note that the magnetic field strength is generally higher for the magne-

tosheath cases, which is normal and due to compression of the solar wind as it crosses the bow shock and field

line draping [e.g., Lucek et al., 2005; Coleman, 2005]. The magnetosheath magnetic field is also more turbulent

than the solar wind field [e.g., Lucek et al., 2005].
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Karlsson et al. [2012] did not consider the nature of the magnetic field signature associated with the mag-
netosheath plasmoids. Closer inspection shows that a large majority of the plasmoids are associated with
either a clear increase of the total magnetic field (which we call a paramagnetic signature), or a clear decrease
(diamagnetic signature). Figure 2a shows an example of a diamagnetic plasmoid. It is not associated with
any clear change in velocity and therefore belongs to the category embedded plasmoids, as defined by
Karlsson et al. [2012]. Figures 2b–2c show two examples of embedded plasmoids with a paramagnetic
signature, whereas Figure 2d is an example of a fast plasmoid, also with a paramagnetic signature.

We have included, in total, 53 magnetosheath plasmoids from Karlsson et al. [2012] in this study. (Three plas-
moid observations were discarded, since they had a complex morphology making it difficult to clearly define
a scale size and magnetic field signature.) For the solar wind, no plasmoid was associated with a change in the
ion flow velocity greater than 10%, and using the terminology applied to the magnetosheath, we may classify
all solar wind plasmoids as embedded.

To compare the magnetosheath and solar wind plasmoids, we determine a quantitative measure of the
magnetic field signature as indicated in Figure 1d: we manually determine a background level of the
magnetic field strength BBG, by averaging over regions of quiet magnetic field, typically 5–10 min before and
after the plasmoid observations. We then note the maximum deviation ΔB from this (with the sign included).
The relative magnetic field change is then defined asΔB∕BBG. We also estimate the scale size of the plasmoids,
by a simplified version of the method used by Karlsson et al. [2012]. We determine the temporal scale sizeΔt of
the event in the spacecraft frame as the time during which the deviation in the density from the background
(determined in s similar way as the magnetic field background) is greater than half the maximum deviation.
(This is again illustrated in Figure 1d.) The temporal scale size corresponds to the time it takes for the structure
to pass over the spacecraft, as it is convected by the solar wind or magnetosheath plasma flow. (The space-
craft velocity is negligible compared to the flow velocities.) We then multiply Δt by the average of the ion
flow velocity v, measured by the CIS HIA instrument over the plasmoid. This product is an estimate of the scale
size l of the plasmoid. We exclusively use data from spacecraft (S/C) 1 and 3 for these determinations, since
the ion moments are not available on S/C 2, and the moments from the CIS CODIF instrument on S/C 4 are
less reliable. Between S/C 1 and 3, we select the one which measures the largest maximum electron density
for the plasmoid, since this is likely to correspond to measurements from a more central part of the plasmoid.
(Karlsson et al. [2012] showed that for spacecraft separations up to 2 RE one of the spacecraft at times is likely
to pass relatively close to the center of the plasmoid, since it is flanked by observations of lower electron
density on either side. Furthermore, the shortest scale size did not depend strongly on distance away from
the center.) This simple method of determining scale sizes of course has larger uncertainties than the more
detailed method of Karlsson et al. [2012], but is quite adequate for showing differences in order of magnitude
of scale sizes of the different types of plasmoids. For each plasmoid observation, we also record the spacecraft
position in the GSE coordinate system, the ion flow velocity averaged over the plasmoid, and the deviation in
perpendicular ion temperature, defined analogously to the magnetic field deviation.

3. Results

In Figure 3 we show the magnetic field change ΔB∕BBG as a function of the scale size l. We indicate by differ-
ent symbols the following plasmoid populations: solar wind plasmoids, fast magnetosheath plasmoids, and
embedded magnetosheath plasmoids. The latter population is subdivided into plasmoids with positive and
negative ΔB, i.e., paramagnetic and diamagnetic signatures, respectively, for consistency with later figures.
(Two plasmoids with negligible change in magnetic field strength were arbitrarily classified as paramagnetic.)
Figure 3 shows a number of clear results. First of all, we note that all solar wind plasmoids are associated
with diamagnetic signatures. For the magnetosheath plasmoids, on the other hand, 72% are associated with
a paramagnetic signature and the remaining 28% with a diamagnetic signature. No clear dependence of the
amplitude on the type of magnetic signature or the scale size can be seen. Second, all fast plasmoids except
one are associated with paramagnetic signatures, with a similar spread in magnitude as the embedded param-
agnetic plasmoids. Third, the scale sizes of the paramagnetic plasmoids, both embedded and fast, are similar,
as are the scale sizes of the solar wind and magnetosheath diamagnetic plasmoids.

In order to quantify this last observation, we plot the distributions of scale sizes for the different populations in
Figure 4. In Figure 4a is shown the distributions for the solar wind plasmoids (dashed red line) and embedded
diamagnetic magnetosheath plasmoids (dashed black line). Figure 4b shows the distributions for the fast
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Figure 3. The relative change in magnetic field as a function of scale size l for all plasmoids. Solar wind (SW) plasmoids
are represented by red triangles, together with the three different types of magnetosheath (MS) plasmoids: embedded
diamagnetic plasmoids (unfilled circles), embedded paramagnetic plasmoids (black circles), and fast plasmoids
(green circles).

Figure 4. Distribution (number of found cases) of scale sizes for the different types of plasmoids. (a) The solar wind (SW)
plasmoids (dashed red line) and embedded diamagnetic magnetosheath (MS) plasmoids (dashed black line). (b) The
distributions for the fast magnetosheath plasmoids (solid green line) and paramagnetic embedded magnetosheath
plasmoids (solid black line).
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Figure 5. Position of different types of plasmoids in xGSE − rGSE space, where rGSE =
√

y2
GSE

+ z2
GSE

is the distance from
the x axis, using the same symbols as in Figure 3. Indicated are also the statistical magnetopause (for moderate solar
wind pressure, [Sibeck et al., 1991]) and magnetosheath [Burgess, 1995] positions.

magnetosheath plasmoids (solid green line) and embedded paramagnetic magnetosheath plasmoids
(solid black line).

The distribution of solar wind plasmoids and embedded diamagnetic magnetosheath plasmoids are very
similar with median scale sizes of 8.3 RE and 9.8 RE , respectively. Even after normalization to observation time,
no reliable conclusions can be drawn from the amplitudes of the distributions, since a more strict criterion on
density enhancement was placed on the magnetosheath plasmoids, as compared to the solar wind ones.

Also, the fast plasmoids and the embedded paramagnetic plasmoids have similar distributions, centered
around scale sizes almost an order of magnitude lower than those of Figure 4a. The medians of the fast and
embedded paramagnetic plasmoids are 1.2 RE and 1.4 RE , respectively. Since these two populations were
found using the same data set and the same search criteria, we can take the difference in total number of

Figure 6. The relative change in magnetic field as a function of ion flow velocity, using the same symbols as in Figure 3.
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Figure 7. Distribution (number of found cases) of relative change in
the perpendicular ion temperature for the different types of
magnetosheath plasmoids. The color coding is the same as that in
Figure 4.

identifications as an indication that the
embedded plasmoids are more common
than the fast ones, even if the statistics are
limited.

The positions of all plasmoid observations
are shown in Figure 5, in xGSE − rGSE space,

where rGSE =
√

y2
GSE + z2

GSE is the distance
from the x axis. Indicated are also the statisti-
cal magnetopause (for moderate solar wind
pressure, [Sibeck et al., 1991]) and magnetos-
heath [Burgess, 1995] positions. All plasmoid
observations are relatively uniformly spread
out over the regions sampled, but we can
take note that the fast plasmoids are only
observed for xGSE ≳ 2RE . Since the x coordi-
nate of a plasmoid is a rough indication of
the time it has spent in the magnetosheath,
this is likely to indicate that the fast plas-
moids brake down to the velocity of the
surrounding magnetosheath plasma or that
they impact on the magnetopause. The lat-
ter explanation would be consistent with the
finding of Karlsson et al. [2012], who showed
that the velocity vector of fast plasmoids
was rotated toward the magnetopause, com-
pared to that of the surrounding flow.

In Figure 6 we show the distribution of plasmoids in total plasma flow velocity and ΔB∕BBG. Again, the fast
and embedded paramagnetic plasmoids in the magnetosheath exhibit a very similar behavior, being present
both for low-magnetosheath plasma flow velocities and quite high velocities. In contrast, the diamagnetic
magnetosheath plasmoids are generally found for the lowest flow velocities. The solar wind plasmoids are
evenly distributed for the typical solar wind speeds of 300–500 km/s.

Finally, Figure 7 shows the distribution of relative perpendicular ion temperature deviation from the
surrounding plasma, for the three types of magnetosheath plasmoids, using the same color coding
as in Figure 4. The solar wind plasmoids show no discernible signatures in the perpendicular ion temperature
and are therefore not shown here. The diamagnetic, embedded plasmoids typically also show little temper-
ature variation, whereas both types of paramagnetic plasmoids have a similar distribution, showing some
perpendicular cooling.

Some of the plasmoid properties discussed in this section are summarized in Table 1.

4. Discussion

It is clear that there exist two distinct populations of magnetosheath plasmoids; one with a diamagnetic
signature, with scale sizes of the order of 1 to a few tens of RE , and one with a paramagnetic signature and an
order of magnitude smaller scale sizes.

Table 1. Plasmoid Properties

Magnetosheath

Solar Wind Diamagnetic Paramagnetic Fast

Magnetic signature ΔB∕B < 0 < 0 > 0 > 0

Fast/embedded embedded embedded embedded fast

Median scale size (RE ) 8.3 9.8 1.4 1.2

Ion temperature signature ΔT⟂∕T⟂ ≈ 0 ≈ 0 < 0 < 0
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The diamagnetic magnetosheath plasmoids have very similar properties to the solar wind ones. Specifically,
apart from the magnetic signature, they have a similar scale size distribution, and a lack of perpendicular ion
cooling. Both the solar wind plasmoids and the diamagnetic magnetosheath plasmas are exclusively embed-
ded in the surrounding plasma flow. Together, this suggests that the diamagnetic magnetosheath plasmoids
originate from the solar wind plasmoids that cross the bow shock and convect downtail in the magnetosheath.

The solar wind plasmoids can likely be identified with structures reported on as “solar wind magnetic holes”
or “solar wind magnetic decreases” [e.g., Turner et al., 1977; Tsurutani et al., 2011]. These are isolated decreases
of the solar wind magnetic field with up to 80%, convecting with the solar wind speed and are associated with
field-aligned increases of density, creating a pressure equilibrium structure [Turner et al., 1977; Burlaga and
Lemaire, 1978; Stevens and Kasper, 2007]. They have temporal scales, in the reference frame of the observing
spacecraft, of a few seconds up to tens of minutes, which corresponds to spatial scales of a few hundred
kilometers up to several tens of RE . The upper cutoff in the distribution of Figure 4a is set by the size of the
moving boxcar window, and the decrease at lower scale sizes may be related to the strict requirement on a
density increase. In any case, the similar distributions between magnetosheath and solar wind diamagnetic
signature strongly suggests that they are the same type of structure.

The relative density increase is typically greater in the magnetosheath plasmoids than in the solar wind ones.
As discussed in section 2, we had to lower the criterion to a 30% increase in order to find a reasonable number
of solar wind plasmoids. This is consistent with the results of Grib and Leora [2015], who modeled how a solar
wind magnetic hole interacts with and passes through the bow shock. We have also checked that none of the
properties of the plasmoids investigated here have a clear dependence on the relative density change of the
plasmoids. We therefore conclude that lowering the limit for the relative density for the solar wind plasmoids,
to study roughly the same number of events as for magnetosheath plasmoids is a valid approach.

No generation mechanism for solar wind magnetic holes has been agreed upon, but theories include
Alfvén wave steepening at high-speed streams [Tsurutani et al., 2002], compression [Tsurutani et al., 2005], or
wave-wave interaction [Vasquez and Hollweg, 1999] at corotating interaction regions, or the concept of mag-
netic mirror mode remnants [Winterhalter et al., 1994]. They, however, also exist during times of quiet solar
wind, without high-speed flows [Xiao et al., 2014]. Possibly several generation mechanisms may be responsi-
ble, something that may be reflected in the fact that solar wind holes may be either “normal” or “linear,” i.e.,
either associated with a magnetic field rotation or not across them [Tsurutani et al., 2011].

In identifying the diamagnetic magnetosheath plasmoids with solar wind magnetic holes entering the mag-
netosheath via the bow shock, it may appear puzzling that their scale sizes are so similar. When passing the
bow shock, any structure should be compressed when the solar wind flow is decelerated. The answer to this
apparent inconsistency lies in the way the scale sizes are defined. In the simplified determination of the scale
size used here, it is the dimension along the magnetosheath flow that is measured. Since the compressed
plasmoids will be oriented according to the bow shock, as was shown by Karlsson et al. [2012], it is only close
to the subsolar point that this will correspond to the shortest scale size of the plasmoid. At other positions in
the magnetosheath the plasmoid will be oriented at some angle to the flow, and the spacecraft will sample
a scale size which is greater than the shortest dimension of the plasmoid. To test this reasoning, we compare
the scale sizes determined in this study to a more careful determination of the shortest scale size using a min-
imum variance method, performed by Karlsson et al. [2012]. The results can be seen in Figure 8, where open
circles correspond to embedded paramagnetic plasmoids and filled circles to embedded paramagnetic plas-
moids. For a majority of the plasmoids the shortest scale size determined by Karlsson et al. [2012] is smaller
than the ones reported in this paper. A full multipoint study of solar wind plasmoids/magnetic holes is outside
the scope of this paper but is an interesting future study. Xiao et al. [2010] argue that linear magnetic holes
have an ellipsoidal shape, with an average major semiaxis of around 3 RE and a minor semiaxis of around 1 RE .
For the normal magnetic holes, however, it is unclear if they have a similar shape or if their shape is modified
during the transit of the bow shock, maybe producing smaller scales than were originally present in the solar
wind. Further study is needed to resolve this question.

In contrast to the case of the diamagnetic plasmoids, for the paramagnetic magnetosheath plasmoids, we
have found no analogous structures in the solar wind. The paramagnetic plasmoids (including both embed-
ded and fast ones) are distributed equally over the whole of the magnetosheath (Figure 5), which points to a
probable generation at the bow shock. Depending on the definition of magnetosheath jets, the embedded
paramagnetic plasmoids may be considered a special case of the former. (Archer et al. [2012], for example,
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Figure 8. Scale size l3D of magnetosheath (MS) plasmoids determined
by the method used in Karlsson et al. [2012] as a function of scale
size l determined in this study. Open circles correspond to embedded
diamagnetic plasmoids and filled circles to embedded paramagnetic
plasmoids. The dashed line shows l3d = l and the dotted line l3d = 0.5l.

define the jets in terms of a jump in
dynamic pressure of 1 nPa, whereas
Plaschke et al. [2013] require an explicit
increase in velocity.) The magnetosheath
plasmoids certainly have many properties
in common with magnetosheath jets. The
latter have been reported by Archer and
Horbury [2013] to have temporal scales in
the spacecraft frame of 12–201 s, with a
median of 34 s. For a typical flow speed
of 200 km/s [Archer et al., 2012], these
correspond to spatial scales of 0.4, 6.3,
and 1.1 RE , respectively. Savin et al. [2008]
report on an average scale size along
the magnetosheath flow of 0.9 RE , and
Plaschke et al. [2013] give a median value
of 0.6 RE . These values are consistent with
the distribution of paramagnetic plas-
moid scale sizes reported here, both for
embedded and fast ones. In contrast to
the diamagnetic plasmoids, the param-
agnetic ones are associated with lower
perpendicular ion temperatures than
those of the surrounding magnetosheath
plasma (Figure 7). This behavior has also

been found for magnetosheath jets associated with density enhancements [Archer et al., 2012; Archer and
Horbury, 2013; Plaschke et al., 2013]. Paramagnetic plasmoids are found for a large spread of magnetosheath
flow velocities, a behavior that is not observed for the diamagnetic magnetosheath plasmoids (Figure 6). This
is again consistent with the properties of magnetosheath jets, which are often observed during times of high
(even supermagnetosonic) general flow velocities in the magnetosheath [Amata et al., 2011].

Magnetosheath jets have been reported to be associated with either an increase of the magnetic field [Archer
and Horbury, 2013; Plaschke et al., 2013], no correlation [Němeček et al., 1998], or a decrease of the mag-
netic field [Archer and Horbury, 2013]. However, Archer and Horbury [2013] show that for jets where the
density enhancement relative to the surrounding plasma is greater than 40%, the magnetic field signature is
exclusively positive, consistent with the behavior of the paramagnetic plasmoids.

All these similarities between magnetosheath jets and paramagnetic magnetosheath plasmoids lead us to
conclude that they are closely related. Archer and Horbury [2013] show that there is a distribution of jet
events, where in one extreme they are associated with a pure velocity increase and no density increase, in
the other extreme associated with the opposite behavior, and with a continuum in between. However, note
that according to their definition of a minimum increase of 100% of the kinetic pressure for a jet, the embed-
ded paramagnetic plasmoids typically do not fulfill the magnetosheath jet criterion. Instead, they can be seen
as weaker, jet-like events. These would be located at the region of the distribution of magnetosheath jets
which Archer and Horbury [2013] call purely density-driven enhancements, in their Figure 3a. (This was indeed
hypothesized by the above authors.) Similarly, the fast plasmoids fit in well in the part of the distribution where
the density and velocity enhancements both contribute to the enhancement in the dynamic pressure.

An unambiguous answer to the question of how magnetosheath jets and plasmoids are formed is not avail-
able, and it is outside the scope of this paper to provide it. We will, however, briefly discuss some of the
proposed generation mechanisms for magnetosheath jets in the context of the present investigation.

Solar wind discontinuities have been suggested as one type of driver of magnetosheath jets, based on simu-
lations of their interaction with the bow shock [Lin et al., 1996; Tsubouchi and Matsumoto, 2005; Archer et al.,
2012]. These simulations, however, show a decrease of the magnetic field strength correlated with the increase
in kinetic pressure and are not consistent with the paramagnetic plasmoids investigated here. Archer and
Horbury [2013] demonstrated that some magnetosheath jets may be signatures of flux transfer events
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[Russell and Elphic, 1979]. However, all these events were associated with a decrease in plasma density. Savin
et al. [2008] suggest that the density enhancements are due to a pileup of magnetosheath plasma driven by
magnetosheath jets. This seems unlikely in our case, since increases in density and magnetic field strength are
seen for both embedded and fast plasmoids. Acceleration by a magnetic “slingshot effect” at times when coro-
nal mass ejections interact with the near-Earth environment has been simulated by Lavraud et al. [2007]. They
show that this can lead to localized regions of accelerated plasma within the magnetosheath. Their results,
however, indicate that the velocities only become high downtail of Earth, which is not consistent with the fact
that the fast plasmoids are exclusively observed for positive xGSE. On the other hand, it is interesting to ask
how jets and plasmoids are affected by local forces in the magnetosheath. Karlsson et al. [2015], using Cluster
multipoint data, studied how magnetic and thermal pressure gradient forces locally accelerate or brake the
plasma in bursty bulk flow events. A similar study performed on magnetosheath jets and plasmoids may yield
interesting results on how these structures eventually will effect the magnetopause.

In a series of papers Hietala et al. [2009, 2012] and Hietala and Plaschke, [2013] suggest a mechanism for mag-
netosheath formation based on small-scale corrugations of the bow shock. These corrugations are possibly
connected with SLAMS (short, large-amplitude magnetic structures) [Schwartz and Burgess, 1991] or as sug-
gested by Savin et al. [2012] with hot flow anomalies (HFAs) [e.g., Schwartz et al., 2000]. At the regions of such
corrugations where the solar wind flow is almost tangential to the bow shock, the flow will cross the bow
shock with almost no braking, in accordance with the Rankine-Hugoniot jump conditions [Hietala et al., 2009].
This mechanism has been verified to some extent by simulations by Karimabadi et al. [2014] and the statistical
study by Plaschke et al. [2013]. However, it is not clear how it can produce the distinct increases in density and
magnetic field associated with the paramagnetic plasmoids. Hietala and Plaschke [2013] suggest that focus-
ing of the flow or the interaction of two flow channels may produce this increase, but it is unclear why such
increases would remain coherent structures far tailward of Earth.

This last observation touches on a general problem. The diamagnetic plasmoids can exist in a pressure balance
between an increase of thermal pressure due to the increase in density and a decrease in magnetic pres-
sure. For the paramagnetic plasmoids, no such pressure balance can exist. One possibility would be that the
plasmoids are associated with fast mode solitons, as suggested by Savin et al. [2008]. They would then propa-
gate with the fast magnetosonic phase velocity with respect to the magnetosheath plasma. This is, however,
not consistent with the fact that the multispacecraft observations of the plasmoids line up very well, when
transformed into the magnetosheath local plasma reference frame [Karlsson et al., 2012], indicating that the
plasmoids have a zero velocity in the plasma reference frame.

Archer et al. [2012] found SLAMS unlikely to be associated with magnetosheath jets. However, the paramag-
netic plasmoids, both embedded and fast, have many properties in common with SLAMS, which are formed in
the foreshock of the quasi-parallel bow shock by nonlinear interaction of ULF waves with reflected, energetic
ions [Schwartz, 1991; Scholer and Burgess, 1992; Giacalone et al., 1993]. Morphologically, SLAMS are isolated
increases in magnetic field magnitude [e.g., Schwartz, 1991], correlated with an increase in plasma density
[Behlke et al., 2003]. They have scale sizes of the order of 0.1–1 RE and are cooler than the magnetosheath
plasma [Schwartz et al., 1992]. Both simulations [Dubouloz and Scholer, 1995] and observations [Lucek et al.,
2008] have shown that they are likely to be oriented according to the overall bow shock orientation, simi-
larly to what was found for magnetosheath plasmoids by Karlsson et al. [2012]. Upstream of the bow shock,
their propagation speed in the plasma reference frame depends on their amplitude [Schwartz et al., 1992],
with smaller amplitude SLAMS having a small propagation speed. In fact, Behlke et al. [2003] have shown
that SLAMS can move with the same velocity as the plasma and interpret this as a nonlinear trapping of the
reflected ions [Akimoto et al., 1991]. Furthermore, SLAMS have been proposed to penetrate the bow shock and
convect into the terrestrial magnetosheath during certain circumstances [Karimabadi et al., 2014]. The same
process has also been reported in the Jovian magnetosheath [Tsurutani et al., 1993]. It is tempting to sug-
gest the following scenario: at times small-amplitude SLAMS will convect with the upstream plasma through
the bow shock. The magnetosheath paramagnetic plasmoids would correspond to small-amplitude SLAMS,
since the latter usually have an increase of the magnetic field of a factor of 2–3 to the surrounding field. These
small-amplitude SLAMS will continue to convect with the magnetosheath flow, due to ion trapping [Akimoto
et al., 1991; Behlke et al., 2003], keeping their identity due to their solitary wave nature. They can be identified
with the embedded paramagnetic plasmoids of this study. Due to the abundance of SLAMS in the foreshock
[Schwartz, 1991], once in a while a small-amplitude foreshock SLAMS may encounter a corrugation in the
bow shock (due to either a large-amplitude SLAMS or an HFA) and cross the bow shock while maintaining a
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velocity higher than that of the surrounding magnetosheath. This will result in a magnetosheath jet, with an
additional increase in magnetic field strength and density. Such a structure could be identified with the fast
paramagnetic plasmoids.

5. Conclusions

In conclusion, we suggest that magnetosheath plasmoids consist of two distinct populations, one with a
diamagnetic signature and scale sizes of the order of 1–10 RE , and one with a paramagnetic signature and
an order of magnitude smaller scale sizes. The diamagnetic population is present already in the pristine solar
wind, and we suggest that they are instances of magnetic holes, reported on earlier, that penetrate through
the bow shock.

No paramagnetic plasmoids are found in the pristine solar wind, and they are therefore likely to be created
at the bow shock. The fast paramagnetic magnetosheath plasmoids can be considered as a subpopulation
of magnetosheath jets, with their increase in kinetic pressure and velocity. The embedded paramagnetic
plasmoids can also be seen as either a subset or a generalization of magnetosheath jets, depending on the
definition of the latter.

If the plasmoids are a subset of magnetosheath jets and have the same generation mechanism, this pro-
vides some clues that may exclude some of the proposed theories for jet generation, as discussed above. In
this context, we have also discussed a possible connection between the paramagnetic plasmoids and the
phenomenon of foreshock SLAMS.
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