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[1] We use Cluster multipoint density measurements, using the spacecraft potential, to
identify localized density enhancements (>50%) in the magnetosheath, and estimate their
three-dimensional morphology and orientation. Typically one dimension of the density
enhancements is shorter than others, is directed perpendicular to the background
magnetic field, and varies from ~0.1 Rg to 10 Rg, with the other two dimensions a
factor 3—10 greater. The density structures are oriented with the longest sides in the
general direction of the bow shock and magnetopause. Examples of density structures
both convecting with the same velocity as the background magnetosheath flow
(“embedded plasmoids™), and convecting with an excess xgsg velocity component
(“fast plasmoids”) are found. Possible importance for the impulsive penetration
mechanism for plasma entry in the magnetosphere is analyzed by comparing the
results to laboratory results, via a parameter scaling. The estimation of the three-
dimensional topology of the density enhancements will enable a comparison with
localized magnetosheath populations inside the magnetosphere, observed earlier, to
determine if these originate from penetrated magnetosheath density enhancements.

Citation: Karlsson, T., N. Brenning, H. Nilsson, J.-G. Trotignon, X. Valliéres, and G. Facsko (2012), Localized density
enhancements in the magnetosheath: Three-dimensional morphology and possible importance for impulsive penetration,
J. Geophys. Res., 117, A03227, doi:10.1029/2011JA017059.

1. Introduction e.g., more likely to occur on the flanks than on the dayside
magnetopause. It is an important task for magnetospheric
physics to evaluate the relative importance and effectiveness
of these mechanisms.

[3] The impulsive penetration (IP) mechanism postulates
the preexistence of localized, coherent magnetosheath
plasma structures with higher density than the surrounding
magnetosheath plasma. In the IP theory, the excess
momentum of these plasma structures allow them to cross
the magnetopause, the position of which is determined by a
pressure balance between the background magnetosheath
plasma and the geomagnetic field. The exact mechanism for

[2] Plasma transport across the magnetopause from the
magnetosheath into the magnetosphere is believed to be
dominantly driven by reconnection during times of south-
wardly directed interplanetary magnetic field (IMF) [e.g.,
Sibeck et al., 1999]. However, at times when IMF is north-
ward, reconnection is absent from the dayside magnetopause,
and other plasma transfer processes may dominate. Such pro-
cesses include finite Larmor radius effects [e.g., Stasiewicz,
1993, diffusion processes [e.g., Sibeck et al., 1999], Kelvin-
Helmbholtz vortices [e.g., Hasegawa et al., 2004], and impul-

sive penetration [e.g., Lemaire 1977; Lemaire and Roth, 1991;
Echim and Lemaire, 2000]. Probably several of these pro-
cesses are active simultaneously with varying importance
along the magnetopause; the Kelvin-Helmholtz vortices are,
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the penetration had not been agreed on, and unambiguous
observational evidence of the IP mechanism is still lacking,
although several observations of localized regions of mag-
netosheath plasma in the magnetosphere boundary layer,
inside the dayside magnetosphere have been reported by
Lundin and Dubinin [1984] and Lundin et al. [2003]. Indi-
rect support for the IP theory comes from extensive obser-
vations in the laboratory of plasma clouds penetrating into
regions of abruptly increasing magnetic fields [Brenning
et al., 2005, and references therein; Echim and Lemaire,
2000, and references therein.

[4] The purpose of this paper is to take a first step in
evaluating the IP theory by using Cluster multipoint mea-
surements to establish the existence and three-dimensional
properties of the postulated localized magnetosheath density
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Figure 1. Electron density measured by WHISPER, as a
function of the spacecraft potential for 6 January 2003.
The color coding is as follows: black, S/C 1; red, S/C 2;
green, S/C 3; blue, S/C 4. Indicated by the dashed line is
the resulting fitted function (see text).

enhancements. Determining the three-dimensional mor-
phology of such structures enables a comparison to labora-
tory experiments via parameter scaling [Brenning et al.,
2005]. Furthermore, when the properties of the magne-
tosheath density enhancements are known, a comparison
with the boundary layer structures can establish if these
structures are identical.

[5] Reports on possible localized density enhancements in
the magnetosheath have been made by several authors.
Nemecek et al. [1998] used INTERBALL-1 and MAGION-4
data to observe 10 transient ion flux enhancements and
estimated their dimension to be ~1 Rg (Earth radius).
Zastenker et al. [2002] used several S/C to verify that such
flux enhancements often convect with the magnetosheath
flow. Magnetosheath pressure pulses have also been repor-
ted in connection with hot flow anomalies [Omidi and
Sibeck, 2007; Facsko et al., 2009], foreshock cavities
[Sibeck et al., 2002], and so-called transient density events
[Hubert and Harvey, 2000]. Other observations of medium
to large-scale density fluctuations have been interpreted as
radial magnetosheath motion [Sibeck and Gosling, 1996,
Seon et al., 1999]. Recently jets of increased kinetic energy
density have been reported by Savin et al. [2008] and Amata
et al. [2011]. Finally, periodic density enhancements have
been reported in connection with both magnetosonic waves
[Shevyrev et al., 2006] and magnetic mirror modes [e.g.,
Constantinescu et al., 2003]. In the last study a three-
dimensional morphology was estimated for one event.

2. Methodology
2.1.

[6] The four Cluster satellites were launched in 2000 in a
polar orbit with a perigee of 4.0 Rg geocentric distance, and
an apogee of 19.8 Rg. We use data from the following
instruments: Electric Fields and Waves (EFW) for deter-
mining the electron density from the spacecraft potential
[Gustafsson et al., 1997], Cluster Ion Spectrometry (CIS)

Instrumentation
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High Energy Analyzer (HIA) [Réme et al., 2001], for the ion
flow velocity and ion temperatures (available for S/C 1 and
3), and the Fluxgate Magnetometer (FGM) [Balogh et al.,
2001], for the DC magnetic field. For CIS HIA we only
consider data from magnetospheric modes. We use spin
resolution (4 s) data, which when measuring structures
convecting with typical magnetosheath velocities corre-
sponds to a spatial scale of a few ion gyro radii. Finally we
use data from the Waves of High Frequency and Sounder for
Probing of Electron Density by Relaxation (WHISPER)
experiment [Trotignon et al., 2003], for calibration of
spacecraft potential density measurements.

2.2. Calibration of Density Measurements

[7] We use WHISPER data to calibrate the EFW space-
craft potential measurements in order to provide high time
resolution, four-point measurements of the electron density.
For event identification, we use a preliminary calibration (A.
Vaivads, personal communication, 2009). Once a specific
event is analyzed, we follow the method of Escoubet et al.
[1997] and Pedersen et al. [2008], in that we establish a
relation between the spacecraft potential with respect to the
electric field probes, V'=V; — V,,, where V is the potential of
the outer surface of the spacecraft, and V), is the probe
potential, which is assumed to be close to the plasma
potential in the dense magnetosheath plasma [Pedersen
et al., 2001]. For each event we fit data from the date in
question using a least squares fit to the sum of two expo-
nentials of the following form:

el e
Ne wHI = Nep€ ' + npje e, (1)

where n,, y; is the electron density determined by WHIS-
PER, e is the elementary charge, and 7.0, 7.1, T, and T,; are
free parameters. If more data is required, or data from the
day in question is not available in the Cluster Active
Archive, we use data from additional dates close to the event
date. During the calibration process, we have not detected
any systematic difference in the behavior between the
spacecraft, and we have therefore only used one set of fitted
parameters for all four spacecraft. Figure 1 shows an
example of electron densities measured by WHISPER dur-
ing 6 January 2003, as a function of the spacecraft potential.
Indicated is the resulting fitted function, using the resultin}g
fit values n.0=29.2 cm >, To, =2.81 eV, n,; = 137.8 cm >,
and T,; = 1.46 eV. These are reasonable values of the fit
parameters, comparable to the results of Escoubet et al.
[1997]. For all calibrations, the resulting parameters had
rather similar values to the example above.

[8] As a check that the calibration procedure has worked
well, for 16 events the resulting density determinations using
the spacecraft potential are compared to electron densities
obtained from manual identification of the plasma reso-
nances triggered by the active WHISPER sounding mode.
Figure 2 shows such a comparison for an event from 5
January 2003, using the calibration parameters above.

2.3. Selection Criteria

[v] We have manually inspected orbits from the time
periods given in Table 1. For these periods, the Cluster
satellites spend an appreciable time in the magnetosheath per
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Figure 2. Density measurements from the calibrated spacecraft potential (shown in red) compared to
electron densities obtained from manual identification of the plasma resonances triggered by the active
WHISPER sounding mode (black), for a time period around one of the selected events at = 61920 s,
using the calibration parameters above. The time ¢ is seconds from 00:00 UT on 5 January 2003.

orbit, and the satellite separations vary between approxi-
mately 0.5 and 2 Earth radii (Rg).

[10] Lemaire [1977] considers a density enhancement of
5% above the background density to be a typical value for a
plasma density enhancement that might penetrate into the
magnetosphere. However, in order to get clear and unam-
biguous results, we define a localized density enhancement
as an increase of the electron density over the background
density of at least 50% (using the preliminary calibration of
the density measurements), where the background density is
determined by a running boxcar average with a window
width of 500 s. For a typical magnetosheath flow velocity of
200 km/s, this corresponds to a spatial scale of 16 Earth radii
(Rg). We further use the following selection criteria to
ensure that the measured density enhancements are really
isolated, convecting structures, and not the signatures of
either the magnetopause or the bow shock moving across the
Cluster satellites, respectively, or by crossings of magneto-
pause surface wave structures:

[11] 1. We inspect Cluster Quicklook plots (see http:/
www.cluster.rl.ac.uk/csdsweb/) with particular emphasis on
ion energy spectra, floating potential, and ion velocity. We
only consider data temporally separated by at least 1 hour
from any indication of a transition between magnetosheath
and solar wind or magnetosphere, respectively.

[12] 2. We do not consider “nested structures,” by which
we mean the signature in, e.g., density that are observed by

the Cluster satellites when the magnetopause passes them in
first one direction, say outward, and then move back in the
opposite direction. For such a magnetopause crossing, the
satellite last observing the outward moving magnetopause
would be the first to observe the inward crossing, and the
other satellites would observe the inward crossing in the
opposite order from the outward crossing. Similar nested
structures can be observed at bow shock crossings, and by
radial magnetosheath motion of the type reported by Sibeck
and Gosling [1996].

[13] 3. The electron density values should be consistent
with typical values of magnetosheath densities. Phan et al.
[1994] give extrema of 5 and 95 cm > for magnetosheath
electron density. The background electron density of our
events vary between 4.1 and 42.5 cm >, which we consider
as consistent with the values given by Phan et al. [1994].

[14] For the time intervals in Table 1 we have found 56
localized density enhancements fulfilling the above criteria.
The event times and some other properties of these events,
which will be described below, are given in Table 2.

Table 1. Time Periods Used in the Study

Start Date End Date
13 Dec 2002 6 May 2003
1 Feb 2005 13 Apr 2005
14 Dec 2005 14 Jun 2006
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Table 2. Details of Plasmoids Identified in the Cluster Data During the Time Periods Given in Table 1*

Minimum Variance

S/C Position Density Analysis S/C Separation
Date uT XGSE (RF) YGSE (RF) ZGSE (RF) Ne max (Cl‘l‘l73) He,max / He,BG ()‘l/)\Z)av Q'max (D) IArlmax (RF)
13 Dec 2002 00:42 0.8 16.1 4.1 14.5 2.60 4.3 223 0.76
15 Dec 2002 22:44 5.0 18.4 -3.2 21.1 2.25 7.1 28.6 0.83
16 Dec 2002 00:33 53 18.1 —4.2 17.1 1.80 1.7 51.4 0.94
16 Dec 2002 12:38 6.0 11.3 —-9.2 16.8 1.54 3.8 20.9 1.75
17 Dec 2002 21:42 3.1 17.3 2.6 529 1.44 3.1 9.1 0.68
23 Dec 2002 10:01 8.0 14.6 -7.2 23.8 1.60 15.8 4.6 1.35
23 Dec 2002 10:12 8.0 14.4 —-7.4 25.1 1.46 10.3 2.9 1.37
23 Dec 2002 10:55 7.9 14.1 —7.6 20.1 1.59 385 4.0 1.42
23 Dec 2002 13:43 7.7 12.1 —8.6 30.7 1.77 3.1 8.3 1.61
23 Dec 2002 15:21 7.5 10.8 -9.1 249 1.56 32 18.0 1.71
23 Dec 2002 16:26 7.3 9.9 -9.4 244 1.43 22 33.1 1.78
27 Dec 2002 01:17 1.8 11.0 6.7 54.1 1.72 44.4 3.8 0.84
27 Dec 2002 01:33 2.0 11.3 6.6 46.4 1.53 10.5 15.6 0.84
27 Dec 2002 01:58 2.2 11.7 6.5 46.1 1.60 1.3 154.0 0.84
27 Dec 2002 02:14 2.3 11.9 6.4 42.8 1.50 3.9 12.0 0.84
2 Jan 2003 03:52 9.1 9.3 —-9.2 35.3 1.45 2.9 37.1 1.72
5 Jan 2003 17:12 —0.5 133 5.8 27.0 1.51 1.8 57.0 0.81
10 Jan 2003 08:48 52 11.0 6.4 44.4 1.37 15.8 7.4 0.83
10 Jan 2003 09:43 6.0 11.7 59 42.7 1.39 7.8 3.7 0.83
9 Feb 2003 10:33 8.2 -0.8 -9.8 26.8 1.50 8.7 6.9 2.04
24 Feb 2003 11:40 9.1 3.9 6.8 15.6 1.44 4.6 25.1 0.82
24 Feb 2003 13:08 10.9 39 6.3 15.4 1.55 1.9 60.6 0.82
7 Mar 2003 13:06 9.0 —4.5 -99 24.7 1.71 4.2 136.0 1.96
7 Mar 2003 17:30 8.5 —4.5 -9.9 22.7 1.58 35 17.8 1.99
1 Apr 2003 06:43 12.0 -39 5.7 36.4 2.63 1.4 101.7 0.81
7 Apr 2003 12:39 4.3 =77 —10.0 58.4 1.40 4.6 17.4 2.04
7 Apr 2003 13:28 35 -7.1 -9.7 58.8 1.40 32 15.7 2.08
1 May 2003 04:16 2.9 —11.7 -9.9 32.8 1.73 1.5 51.9 1.85
1 May 2003 04:36 -1.0 —10.2 -9.9 334 1.88 2.6 54.6 1.87
6 May 2003 00:42 0.9 —10.0 —10.1 60.6 1.87 8.3 10.7 1.98
6 May 2003 00:47 0.8 -99 —10.1 49.8 1.67 2.2 94.4 1.99
6 May 2003 01:45 0.3 —-8.9 —10.0 46.6 1.61 2.7 435 2.04
4 Feb 2005 07:44 11.7 8.8 3.4 19.5 1.70 1.5 57.7 0.21
8 Feb 2005 22:02 8.8 7.0 5.3 21.3 2.07 2.1 57.9 0.23
13 Feb 2005 16:38 9.8 6.3 5.1 38.4 1.37 3.9 294 0.22
13 Feb 2005 16:45 9.9 6.3 5.0 38.3 1.37 2.0 37.1 0.22
8 Apr 2005 08:50 7.6 —10.1 —10.7 24.8 1.59 1.5 78.0 0.35
8 Apr 2005 09:10 7.3 —10.0 —10.8 229 1.58 1.8 15.1 0.36
8 Apr 2005 09:43 6.9 -9.8 —10.8 19.5 1.68 13.2 14.6 0.37
10 Apr 2005 22:57 3.1 7.7 —10.7 48.8 1.78 3.7 11.3 0.49
13 Apr 2005 08:19 2.5 —7.6 —10.6 40.6 2.34 6.4 28.8 0.50
19 Dec 2005 20:55 6.4 6.1 —11.7 50.0 1.38 4.8 16.2 1.44
19 Dec 2005 22:54 59 4.1 —-11.3 51.0 1.37 5.1 24.4 1.70
29 Jan 2006 06:56 9.5 0.7 —11.8 11.8 1.48 2.2 48.2 1.49
2 Mar 2006 05:24 12.7 32 29 43.9 2.18 4.0 20.6 1.53
10 Mar 2006 23:18 1.9 —4.9 —10.1 63.2 1.98 5.7 16.9 1.57
13 Mar 2006 06:30 39 —5.5 —11.1 17.4 1.36 4.6 214 1.37
22 Mar 2006 17:40 42 —6.6 —11.5 12.4 1.80 34 4.1 1.37
22 Mar 2006 17:58 3.9 —6.4 —11.4 17.4 2.52 54 235 1.33
22 Apr 2006 13:34 2.1 -9.7 —-11.9 30.0 2.07 4.9 222 1.65
22 Apr 2006 14:53 1.2 —8.8 —11.8 24.6 1.89 6.9 38.4 1.54
6 May 2006 23:26 -1.8 —7.1 —-11.3 26.1 1.49 9.1 20.5 1.39
3 Jun 2006 20:55 -2.5 —-16.9 -95 8.7 2.13 32 30.2 1.95
4 Jun 2006 03:38 —4.0 —13.5 —11.6 11.9 1.8 9.1 20.7 1.69
8 Jun 2006 17:26 —43 —15.7 —-103 16.3 1.96 3.1 18.9 1.78
11 Jun 2006 00:58 —4.6 —16.2 —-9.8 9.9 1.55 10.4 3.9 L.77

“The columns denote, from left to right, date and universal time for the detections, spacecraft position in the Geocentric Solar Ecliptic (GSE) coordinate
system, maximum density N max, and ratio of maximum density and magnetosheath background density, ne max / Ne,gG, average ratio of eigenvalues for
minimum and medium variations (\;/)\;)ay, maximum angle between minimum variance normal between spacecraft, au,., and maximum spacecraft
separation, |Arl,.. Entries in italics are classified as “fast” plasmoids (see section 3.1).

2.4. Minimum Variance Analysis

refer to the density enhancements as “plasmoids,” following

[15] Manual inspection showed that for all events, the the definition of Bostick [1956]: “plasma-magnetic entity,”
density enhancements were associated with a clear magnetic 1ot necessarily with a toroidal geometry.) Examples of this
field variation. (We shall therefore from now on alternatively ~r¢ shown in Figure 3, where the ratio of electron density to

background electron density (denoted as n./n, ,, in Figure 3)
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Figure 3. Cluster data from four encounters of density enhancements. From top to bottom the panels show
electron density, ratio of electron density to background density, total magnetic field, the three components
of the magnetic field in GSE coordinates, and the three components of the drift velocity in GSE coordinates.
The color coding is the same as in Figure 1. For the velocity only the data from S/C 1 is shown.
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Figure 4. Histogram of number of events versus the devia-
tion from 90° in the angle between the minimum variance
normal ny and the background magnetic field.

magnetic fields (B) and ion velocity (v) for four different
events are plotted. For all plots the Geocentric Solar Ecliptic
(GSE) coordinate system is used. Note the virtually
unchanged ion drift velocity. The first three events are
examples of the isolated density enhancements that make up
the majority of the cases studied here, whereas the last one is
one example out of two events, with large-amplitude quasi-
periodic variations included in this study.

[16] We have performed a minimum variance analysis
(MVA) [Sonnerup and Cahill, 1967] of the magnetic field
for each event. The MVA method is an established tool for
determining the orientation of large-scale boundaries, cur-
rent layers, discontinuities and other transition layers in a
plasma [Sonnerup and Scheible, 1998].

[17] We have applied MVA over the whole event, plus a
small region outside it. The robustness of the result has been
checked by varying the interval slightly. This is a standard
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procedure in analyzing magnetic clouds in the solar wind [e.g.,
Klein and Burlaga, 1982; Bothmer and Schwenn, 1998; Echer,
2006]. It is also standard procedure in auroral physics, when
determining the orientation of field-aligned current sheets. The
result of the MVA is a set of three eigenvectors for each event,
giving the directions of minimum, medium and maximum
variance, respectively, with the minimum variance direction
indicating the normal to the plane of the magnetic field dis-
continuity. The eigenvalues associated with each eigenvector
allows for an estimate of the quality of the eigenvector deter-
mination; the eigenvalues should be well separated.

[18] In the below estimates of scale sizes, we have dis-
criminated between cases with a value of at least 3 for the
ratio between the eigenvalues associated with the minimum
and medium variance eigenvectors, and cases with a smaller
ratio (which we denote as “degenerate”). A consideration of
this ratio is a common criterion for an acceptable eigenvector
determination (a minimum ratio of 2 was recommended in a
study of errors in MVA by Lepping and Behannon [1980]).
For a clear separation of eigenvalues, the minimum variance
direction, ny, identifies the shortest dimension of the three-
dimensional structure associated with the magnetic field
variations.

[19] We also take note of events with an angle between the
MVA eigenvectors ny for the different spacecraft (denoted
by amax) greater than 30°. Such events have a surface with a
curvature which is not negligible on the spacecraft separa-
tion scale.

[20] In Figure 4 we show the distribution of the angle
between the MVA normal vector, and the background
magnetic field, defined as the mean of the magnetic field in a
window with a width of 400 s centered on the maximum
density of the event. The average is taken over all four S/C,
excluding cases which are degenerate, or have > 30°. It
can be seen that for a majority of these cases, this angle is
close to 90°. We now proceed to make a coordinate trans-
formation from the GSE coordinate system to a system
where X' is directed along ny, z' is directed along the pro-
jection of B in the plane perpendicular to iy, and y’ com-
pletes the right-handed system. The orientations are shown
in the conceptual sketch of Figure 5a. We determine iy for
all S/C crossing the structure, and for nondegenerate events

(b)

Figure 5. (a) Schematic representation of coordinate system used in minimum variance analysis. (b)
Schematic of the probing of the plasmoid as is sweeps across the spacecraft.
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Figure 6. The top panel shows the density data as time series. The x axis shows seconds from 00:00 UT,
23 December 2002. The next three panels show the density as a function of the three coordinates, x”, y",
and z". The color coding is the same as in Figure 1. In the third panel an example is seen of the interpo-
lation of the density variation in this direction. From this interpolation the FWHM is determined and used
as an estimate of the scale size in this direction. In the last panel can be seen an example of inconsistent

density variations.

where the difference between any normal is less than 30°,
we use the normal calculated from data from S/C 1 if it is
available, otherwise from S/C 2 (no events are observed by
only two S/C). For degenerate cases, and when
Qmax > 30°, we use the normal calculated for the space-
craft which measures the highest maximum density.

[21] After determining the normal n;, we move into
the plasma frame of motion by the further coordinate
transformation

X =x —v At
y o=y = vyl
z =z — v, At

where the vector v’ is the magnetosheath plasma flow,
normally determined by averaging the HIA velocity (in
GSE) of S/C 1 over a period of 200 s around the maximum

electron density of the event, and transformed into the primed
system. As will be discussed in section 3.1, a majority of the
plasmoids have the same velocity as the surrounding mag-
netosheath plasma, whereas about one fourth of them are
associated with a higher velocity than the surrounding
medium. For the latter, a 12 s average around the maximum
velocity associated with the plasmoid was used. The origin of
the double-primed system is determined by setting the
primed coordinates to zero at the position of S/C 3 at an
arbitrary reference time [c.f. De Keyser et al., 2004]. At
denotes the distance in time from this reference time. The
coordinate system is illustrated in the conceptual Figure 5b. If
the density enhancements are moving with the velocity v,
they should now line up along x". As an example of this
procedure, we show the results of its application on the first
event shown in Figure 3. In Figure 6 we thus show the den-
sity as a function of time and of x”, »", and z". As expected the
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Table 3. Symbols Used for Data Points in Figure 5.
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Method Number Description Plot Symbol
la double extrapolation in one direction, with inconsistency in the other direction solid circle
1b single extrapolation in one direction, with inconsistency in the other direction diamond
2 S/C separation along “inconsistent” direction; lower limit open square
3 extrapolation in both directions solid square
4a size of region probed without any variation in n,; lower limit open triangle, pointing upward
4b same as Method 4a, but for degenerate cases, and for . > 30° open triangle, pointing downward
5 cross-correlation for quasiperiodic structures open circle

density profiles from the four spacecraft clearly line up when
plotted against x".

2.5. Scale Sizes

[22] Although the density profiles line up in the second
panel, they do not have the same maximum value. This can
be interpreted as a spatial variation along the y” and z"
directions, as the spacecraft sample different regions of the
structure when it moves across the spacecraft constellation,
as illustrated in Figure 5b. This will be used to make an
estimate of the 3D topology of the structures.

[23] First, the scale size of the structure in the x” direction
can be conveniently defined as the full width at half maxi-
mum (FWHM) of the density profile with the highest max-
imum (in Figure 6 that will be the profile for S/C 2), where
we set the zero level at the background density around the
structure.

[24] For the scale sizes in the other two directions we can
now make some estimates by the following methods: If the
variation along, e.g., " of the maximum value of the density

030224 (S/C 3)

11:39 11:40 11:41 11:42 11:43
-0.4 1.1 2.7 4.2 5.7

t(UT) 11:37 11:38
x" (Re) -3.5 -1.9

profiles for each spacecraft is consistent with the decrease
from some maximum density along that direction, whereas
no such consistent behavior is seen in z”, we take this as a
strong indication that the scale length of the structure is
appreciably longer in the z” direction, than in the y" direc-
tion. The scale size in the y” direction can now be estimated
by extrapolation, and subsequent determination of the
FWHM, as illustrated in Figure 6. For the scale size along z",
we can get a lower limit by taking the size of the region
probed in the z” direction (defined as the separation between
the points where the two most separated spacecraft where
the density increase drops to half the maximum value). We
will call this method of estimating the scale sizes Method 1a
for the scale size along »", and Method 2 for the “inconsis-
tent” direction along z". For some events it is only possible
to do the extrapolation along y” in one direction from the
maximum, which then provides a lower limit of the scale
size. (This will be called Method 1b.) The roles of y” and z"
may of course be reversed. For some other events, the var-
iations are consistent with a density decrease along both y”

050204 (S/C 1)

-50
t (UT)  07:40 07:42 07:44 07:46 07:48
x" (R) 1.6 1.0 0.4 -0.2 -0.8

Figure 7. Two examples of plasmoids with clearly higher velocity than the surrounding magnetosheath
plasma. From top to bottom, the panels show electron density, total magnetic field, parallel (to B), and per-
pendicular temperatures, and the three components of the velocity in GSE coordinates.
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Figure 8. Position of and velocities projected onto the xy and xz GSE planes, for the 16 fast plasmoids.
The black vectors show the background velocity, and the red vectors the plasmoid velocity.

and z". We still use extrapolation and determination of the
FWHM as an estimate of the scale sizes, but this is of course
a more uncertain estimate (Method 3). For other events, such
as that from 27 December 2002 in Figure 3, there is essen-
tially no variation in maximum electron density between the
spacecraft. The size of the region probed in the y” and z"
directions (similar to Method 2) then provides a lower limit
of the scale size (Method 4a). For degenerate cases and cases
for which oy, > 30°, we proceed as in Method 4a, using the
spacecraft which measures the highest maximum density for
the MVA. We call this Method 4b. Finally, for two cases, the
density enhancements are associated with quasiperiodic
oscillations in the density; an example is seen from 23
December 2002 in Figure 3. For these two cases we construct
the cross-correlation between pairs of S/C. For S/C pairs with
a smaller correlation coefficient than 0.5 we use the S/C
separation along y” and z" as an upper limit of the scale sizes
in these directions. The lowest such estimate along each
direction is used as the final estimate (Method 5). For one
case the correlation coefficient was greater than 0.5 for all
S/C combinations. In that case the largest spacecraft separa-
tion in each direction was used as the estimate of the scale size.

[25] With only four measurement points there are of
course some uncertainties in the estimates of the scale sizes.
The greatest uncertainties are associated with only estab-
lishing a lower limit of the scale size. Such measurements
are represented with unfilled symbols in Figure 9. Further-
more the assumption of a linear decrease of the density from
the maximum is somewhat arbitrary, but nevertheless these

estimates represent a major step forward from single space-
craft measurements. A summary of the methods used, and
the corresponding plotting symbols used in section 3, are
given in Table 3. Starting from section 3, we drop the double
primes from the coordinates.

3. Results

3.1. Velocity of Plasmoids

[26] One question that appears when considering plas-
moids convecting with the surrounding magnetosheath flow
is if this type of density enhancements will actually reach the
magnetopause, or just sweep by it, following the tangential
magnetosheath flow. We have however also encountered
plasmoids with a local velocity different from that of the
surrounding magnetosheath plasma. We have identified 16
plasmoids with a greater than 50% density enhancement,
and a local velocity where the GSE x component shows at
least a 10% increase over that of the surrounding magne-
tosheath flow. Two such plasmoids are shown in Figure 7.
We will denote these plasmoid as “fast plasmoids,” whereas
the remaining ones will be denoted as “embedded plas-
moids.” For the event from 24 February 2003, a density
enhancement with its maximum encountered by S/C 3 at
approximately 11:39:30 UT is seen to be associated with a
large increase (by about a factor of two) in the (negative)
GSE x component of the velocity. In front of the plasmoid an
increase in both the parallel and perpendicular temperatures
can be seen as an indication that the surrounding
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Figure 9. Estimated scale sizes /, /,, and /.. Black symbols represent embedded plasmoids, and red sym-

bols fast plasmoids.

magnetosheath plasma is disturbed by the plasmoid, as it
makes its way through the surrounding medium. Similarly,
the plasmoid encountered by S/C 1 on 4 February 2005 at
close to 07:45 UT is associated with a factor of around three
increase of the velocity in the GSE x direction, and a tem-
perature increase in front of it.
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[27] The velocities of the 16 fast plasmoids are plotted as
red arrows in the GSE xy and xz projections in Figure 8§,
together with their corresponding background flow veloci-
ties in black. There is a tendency for the plasmoids to have a
larger velocity than the background magnetosheath flow
velocity, and to be directed more in the GSE x direction. We
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Figure 10. Location and orientation of plasmoids, illustrated by plotting the projection of the plane per-
pendicular to the minimum variance normal onto the xy and xz GSE plane, respectively, for nondegenerate
events with o, > 30°. The location of the remaining events are plotted as crosses. The same color coding

as in Figure 9 is used.
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interpret this as an effect of the increased inertia of the
plasmoids due to their increased density. Even if they are
originally convecting together with the surrounding magne-
tosheath plasma, as they feel the same acceleration as the
surrounding medium, which produces the smooth, tangential
magnetosheath flow close to the magnetopause, the plas-
moids will still have a considerable velocity component
normal to the magnetopause surface. The velocity increases
in Figure 8 suggest that this velocity component will be of
the same order as the background flow.

3.2. Scale Sizes

[28] In Figures 9a and 9b, we show the shortest scale size
(I,) versus the estimated scale sizes in the y and z directions,
denoted by /, and [, respectively. Embedded plasmoids are
plotted in black, whereas fast plasmoids are plotted in red.
The solid line corresponds to the line /, = /,, and the dashed
line to /, = 101, It can be seen that for most events /, and /,
are a factor 1-10 greater than /., consistent with the deter-
mination of the direction of x by MVA. For plasmoids where
I, has been determined by Method 1a, it is very likely that
they have their longest extension along the magnetic field
direction. They can be visualized as flux tubes, flattened in
one of the directions perpendicular to B. However, from
Figure 9b, it is also clear that for two of the events, we have
a strong indication that it has a shorter extension along B,
than in the perpendicular (to B) direction y.

3.3. Orientation and Location

[29] In Figure 10 we show the location and orientation of
the plasmoids, by plotting the projection of the plane per-
pendicular to the normal n in the GSE xy- and xz planes, for
the nondegenerate cases with ;. > 30°. For reference also
the location of the remaining events are plotted as crosses.
Again embedded and fast plasmoids are plotted in black and
red, respectively. Also indicated are the statistical positions
of the magnetopause for moderate solar wind pressure
[Sibeck et al., 1991], and the magnetosheath [Burgess,
1995]. We note a clear tendency for the structures to orient
themselves in the general direction of the magnetopause or
bow shock. In section 4 we will discuss possible implica-
tions for the generation mechanism for these structures, and
for possible impulsive penetration.

4. Discussion and Conclusions

[30] This investigation has shown the existence of local-
ized density enhancements of over 50% and even over 100%
with scale sizes of the order of 0.1-10 Rg. These density
enhancements, or plasmoids, have one dimension which is
appreciably shorter than the others and directed perpendic-
ular to the background magnetic field, and thus take the form
of flattened flux tubes. There seems to be no systematic
difference in either the scale sizes or the orientations of
embedded and fast plasmoids. The fact that their orientation
is such that the normal to the shortest direction tends to be
parallel to the magnetopause normal, as seen in Figure 10,
has some importance of the potential impulsive penetration
into the magnetosphere. An analysis of laboratory experi-
ments of plasmoid penetration across abrupt magnetic bar-
riers, by Brenning et al. [2005], shows that the penetration or
otherwise, as well as the penetration mechanism can be
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predicted by the plasmoid’s position in a parameter space
(Br,w"). Here B, is the kinetic beta: G, = Wx/Wpy, with the
kinetic energy density of the plasmoid Wy = nm?, and the
magnetic energy density Wz = Bg/2y10, which is to be eval-
uated at the region into which the plasma is trying to pene-
trate, i.e., in our case just inside the magnetopause. w'is a
normalized width, w> = (w/rg;) K/ Wi/ Ws. Here w is the
dimension of the plasmoid, in the direction tangential to the
magnetic barrier, r; is the ion gyro radius evaluated with the
flow velocity, and the magnetospheric magnetic field:
rei = (my)/(eBy), Wiy is the ion thermal energy density;
Wim = (nimivi,h)/z, where v; 4, is the ion thermal velocity,
and K is a numerical factor, determined experimentally,
K =~ 2.3. Any quantities not defined above, have their usual
meanings. Combining experimental results and theoretical
energy considerations, Brenning et al. [2005] determined
boundaries in parameter space for regions of plasmoid
rejection, and penetration by magnetic expulsion via dia-
magnetic currents or self-polarization, where an electric field
E = —v x B is set up within the plasmoid [Wessel et al.,
1988; Echim and Lemaire, 2000; Brenning et al., 2005].
We now try to place the plasmoids of this study into this
parameter space by estimating 3, and w'. For simplicity we
use typical values for magnetosheath and magnetospheric
quantities: By = 50 nT, and a value of the ion temperature
T; = 3.3 x 10°K (= 284 eV), which is an average temper-
ature for the near-magnetopause magnetosheath [Phan et al.,
1994], has been used to evaluate ;. Figure 11 shows the
result of these estimates, with the diamond data points
corresponding to using the maximum scale size of the plas-
moid for w, which should be the most appropriate measure,
since the plasmoids tend to align themselves in the general
orientation of the magnetosphere, as seen in Figure 10. For
comparison data points marked by pluses, indicate a calcu-
lation using the smallest value of the scale size, which usually
is /.. For the drift velocity we use the measured values for the
plasmoids. It is clear that this velocity in many cases will be
tangential to the magnetopause, but as showed in section 3.1
the residual velocity of plasmoids can be as large as, or even
larger than the background magnetosheath flow velocity.
[31] We see that a majority of the plasmoids end up in the
magnetic expulsion region, which shows that according to
the scaling laws determined by Brenning et al. [2005] these
plasmoids have the potential to penetrate into the magneto-
sphere. Here the size of the plasmoid results in a time scale
for the diffusion of the magnetospheric magnetic field into
the plasmoid which is greater than the time scale of the
actual penetration. The reason for this is that the diamag-
netic currents on such large-scale plasmoids are not strong
enough to trigger the instabilities responsible for the fast
magnetic diffusion [Hurtig et al., 2005; Brenning et al.,
2005]. For a three-dimensional plasmoid the penetration
by magnetic expulsion may be associated with localized
reconnection, as the plasmoids deform the magnetopause
magnetic field, locally creating regions of antiparallel
magnetic fields [Ma et al., 1991]. We have here neglected
the fact that the plasmoids have a nonzero magnetic field
in the magnetosheath, something that may affect the
boundary between the regions of magnetic expulsion, and
self-polarization. Furthermore, if the plasmoid penetrates,
after a while magnetic field diffusion will take place, and
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Figure 11. Plasmoid parameters in the parameter space defined by Brenning et al. [2005]. w' is a normal-
ized width of the plasmoid (see text for definition), and (; is the kinetic beta, evaluated with the directed
velocity of the plasmoid, and with the magnetic field inside the magnetosphere. The mechanisms of the
different regions pertain to the situation of penetration at the boundary of the high magnetic field region.
See also text for explanation of symbols. The same color coding as in Figure 9 is used.

the plasmoid can make the transition to a self-polarized
state.

[32] Final experimental verification of impulsive penetra-
tion into the magnetosphere is still lacking, although regions
of localized magnetosheath plasma have been found inside
the magnetosphere on [Lundin and Dubinin, 1984; Lundin
et al., 2003]. The determination of the three-dimensional
morphology of magnetosheath plasmoids made in this
study can help to verify if the localized regions of mag-
netosheath plasma have properties consistent with pene-
tration of such magnetosheath density enhancements.

[33] Plasmoids such as those reported in this paper may
also have importance for solar wind-magnetosphere inter-
action, even when/if they do not penetrate into the magne-
tosphere. They may distort the magnetopause, similarly to
the high-kinetic energy jets reported on by Amata et al.
[2011], and for large plasmoids, the localized change in
density and magnetic field may affect the local reconnection
rate during southward IMF [Borovsky, 2008].

[34] The origins of the magnetosheath density enhance-
ments are beyond the scope of this paper, but we note that
there are three main possibilities; creation in the solar wind,

at the bow shock or in the magnetosheath. A possible gen-
eration mechanism inside the magnetosheath would be the
magnetic mirror instability, although magnetic mirror mode
structures typically have smaller dimensions than those
reported here [Fazakerley and Southwood, 1994; Lucek
et al., 2001; Constantinescu et al., 2003]. The tendency of
the plasmoids to orient themselves according to the direction
of the direction of the bow shock/magnetopause quite far out
in the magnetosheath is indication that the bow shock is the
organizing factor. This points to generation here, or a mod-
ification of structures preexisting in the pristine solar wind.
Some suggested mechanisms for producing localized density
enhancements at the magnetosheath are hot-flow anomalies
[Omidi and Sibeck, 2007; Facské et al., 2009], foreshock
cavities [Sibeck et al., 2002; Turner et al., 2011], and inter-
planetary rotational discontinuities interacting with the bow
shock [Hubert and Harvey, 2000]. A critical test for these
mechanisms is to establish if plasmoids similar to those
reported in the present paper exist already in the pristine solar
wind. A search for such plasmoids in the solar wind is under
way. If no such structures will be found in the solar wind, a
more detailed investigation of the magnetosheath plasmoids,
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such as their relation to magnetic field, temperature sig-
natures, and other properties, is planned.
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