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Abstract. Plasmoids, defined here as plasma entities with abeen observed in several studies in the last decade. A few
higher anti-sunward velocity component than the surround-different terms have been used in the literature to denote
ing plasma, have been observed in the magnetosheath in réhese plasma entities: for example they were called “MS-
cent years. During the month of March 2007 the Clusterjets” by Savin et al.(2009, “jets” by Hietala et al.(2009),
spacecraft crossed the magnetopause near the subsolar pofatipermagnetosonic plasma streams'Sayin et al (2012,
13 times. Plasmoids with larger velocities than the surround-‘dynamic pressure enhancements” Agcher and Horbury
ing magnetosheath were found on seven of these 13 occgd2013 and “plasmoids” byKarlsson et al(2012. We shall
sions. The plasmoids approach the magnetopause and inteuse the term “plasmoid” for a plasma entity with higher ve-
act with it. Both whistler mode waves and waves in the lowerlocity than the surrounding plasma. This is different from
hybrid frequency range appear in these plasmoids, and ththe original usageBostick 1956, but fits within the broader
energy density of the waves inside the plasmoids is highedefinition “a coherent mass of plasma” in the Oxford English
than the average wave energy density in the magnetosheatBictionary Simpson and Weinef989.
When the spacecraft are in the magnetosphere, Alfvénic High energy density jets have been observed in the mag-
waves are observed. Cold ions of ionospheric origin are seenetosheath and shown to be deflected towards the magne-
in connection with these waves, when the wave electric andopause $avin et al. 2008. Magnetopause deformation by
magnetic fields combine with the Earth’s dc magnetic field supermagnetosonic plasma streams has also been reported
to yield anE x B/ B2 drift speed that is large enough to give (Savin et al. 2011). Savin et al.(2012 observed that some
the ions energies above the detection threshold. of the jets appear in connection with hot flow anomalies,
and that there is a significant contribution from supermagne-
onic jets to plasma transport across magnetic boundaries.
Hietala et al.(2009 observed jets in the magnetosheath
during a period when the interplanetary magnetic field (IMF)
was directed outward from the sun. These jets had speeds a
few times above that of the ambient magnetosheath plasma,
1 Introduction and it was suggested that their place of origin is at the bow
shock.Hietala et al (2012 expanded these observations and
The Earth’s magnetosheath is at times a highly structured restdied their influence on ionospheric convection, and they

plasma by either a higher velocity or density or both, have
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caused by plasmoid impact on the magnetopakisdsson  Furthermore, waves can cause diffusion in collisionless plas-
et al. (2012 studied 56 plasmoids in the magnetosheath,mas leading to plasma transport across magnetic fields and
where each had a maximum density at least 50 % above th® magnetic reconnectiogkelman and Pfistet988.
density of the surrounding plasma. A statistical study of sev- The generation of Alfvén waves in the magnetosphere by
eral thousand jets confirmed that these occur during periodsodulation of the solar wind dynamic pressure was studied
with low IMF cone angles — that is to say, when the bow using a magnetohydrodynamic modeygak et al, 1994).
shock is a quasi-parallel shodRlaschke et al2013) —and  The response of the magnetosphere to pressure pulses at the
showed no significant correlation with other solar wind pa- magnetopause was shown to have a low-pass filtering effect
rameters. Similar results were obtained in another statistica{Archer et al, 2013, resulting in magnetospheric oscillations
study @rcher and Horbury2013. on timescales longer than the duration of any individual plas-
Hietala and Plaschk@013 used a model of a magneto- moid impact at the magnetopause. The impact of a plasmoid
hydrodynamic shock to show that ripples on a quasi-parallelon the magnetopause could alternatively be seen as a wave
bow shock can account for the vast majority of the observedoulse causing a localised perturbation of that boundary. The
jets, and that other explanations, such as discontinuities in theransmission of waves from the magnetosheath into the mag-
solar wind, are required only in a few percent of the observedhetosphere was examined by Keyser et al(1999 andDe
cases. Keyser(2000. Waves enable the transport of energy across
Shue et al.(2009 observed both sunward and anti- the magnetopause, where it can be absorbed in resonant ab-
sunward flows in the magnetosheath near the magnetopaussgrption layerse Keyser an€ade720014, and enhanced
and it was interpreted as a jet causing an indentation on thevave amplitudes at the magnetopause can promote diffusive
magnetopause, which, rebounding, turned the flow back imass transporfje Keyser andfadeiZOOlb.
the sunward directiommata et al.(201]) found jets in the Plasmoids impacting on the magnetopause cause that
magnetosheath making indentations on the magnetopaudsundary to move, and this will also move the plasma in the
sunward of the northern cusphue and Cha(2013 showed  part of the magnetosphere that is close to the impact site.
that a decrease in the magnetic pressure on the inside of tfeauvaud et al(2001) observed cold ion populations near
magnetopause is insufficient to explain the inward motionthe magnetopause. These ions were accelerated By-aB
of that boundary and that instead an increased total pressumrift, which made them visible to the ion spectrometer. Oth-
on the magnetosheath side is requir@dnell et al.(2012 erwise they are often hidden in the magnetosphere, because
used data from two of the Cluster spacecraft to show thatheir energy is below the threshold for detection. In the pres-
plasmoids, coming from the magnetosheath, penetrated thence of Alfvén waves, aF x B drift in the fields of the wave
magnetopause, thus entering the magnetosphere on an ocaan bring them to energies above that threshold. Convection
sion when the magnetopause motion was very slow. Magand magnetosonic waves can have a similar effect. Hidden
netopause compression and penetration of magnetosheatiold ion populations can become visible deep in the magne-
plasma into the magnetosphere was foundDiogitriev and  tosphere as a consequence of plasmoids in the magnetosheath
Suvorova(2012. The role of three-wave cascades and tur- that collide with the magnetopaugendré et al(2010 found
bulence in connection with jets and plasma transport at thdow-energy ion populations at the magnetopadgelré and
magnetopause was studied $gvin et al(2014). Cully (2012 surveyed a large part of the magnetosphere, de-
A theory for plasmoids penetrating magnetic barriers wastecting cold (eV) ions in many places, and hypothesised that
published bySchmidt(1960; it was suggested as a process these are an important part in the escape of ions from the
by which plasma can penetrate the dayside magnetopause liarth and other planets.
Lemaire(1977); and it has been studied in both laboratory In this work, we examine Cluster data from the month of
experiments and simulations in the last half century (see foMarch 2007. During that month the outbound leg of the Clus-
exampleWessel et a).1988 Hurtig et al, 2004 Brenning ter orbit crossed the magnetopause close to the subsolar point
et al, 2005 Gunell et al, 2008 2009 Plechaty et a).2013. on 13 occasions. We find plasmoids with larger velocities
Waves, particularly in the lower hybrid frequency range, arethan the surrounding magnetosheath approaching the mag-
reported in those studies, both in the laboratory and in sim-netopause from the direction of the bow shock on about half
ulations. Such waves have also been observed at the magf those days. Sectiahdescribes how the complete data set
netopauseAndré et al, 200J). Also whistler mode waves is searched for plasmoids, and these are identified and tab-
have been observed in this part of space, and such waves hawated. The spatial extent of the plasmoids is determined in
been studied extensively in space and laboratory plasmas; s&ect.3. In Sect.4 we examine in more detail two plasmoids
Stenzel(1999 for a review andStenberg et ak2007), Ten-  that were detected by Cluster 1 on 15 March 2007. One of
erani et al.(2013, Watt et al.(2013, Stenzel et al(2008, these was observed at the magnetopause and the other in the
or Thuecks et al(2012 for a few examples of more recent magnetosheath. We report on the properties of waves inside
work. Waves are of particular interest in plasma physics, aghese plasmoids, and on cold ions that were seen in the mag-
it is through waves that energy is transferred when discretenetosphere immediately after the plasmoid was detected by
particle effects are negligible as a result of Debye shieldingthe spacecraft. In Sed.it is shown that the energy density
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velocity measured by the CIS-HIA instrument; Fp.shows

: \\ : the magnetic field as measured by the Fluxgate Magnetome-
0400 0500 o , o ter (FGM) Balogh et al. 2001); and Fig.2c shows the ion
$0:00 1 : energy spectrum, measured by CIS-HIA. The colour-coded
| C34
| 11:00
; - y differential particle flux, in units of cm? st srtkev—1.
I

quantity in panel (c) is the logarithm of the omnidirectional

P At the beginning of the interval shown the spacecraft was in
the magnetosphere. Then it moved through a region, where it

Figure 1. Orbit of Cluster 1 (black), Cluster 2 (red), and Clus- experienced several magnetopause crossings and being back
ter 3 (green) relative to the planet on 15 March 2007. The Cluster 4 P 9 P 9 9

spacecraft was very close to Cluster 3, and the green line therefor®! the magnetosphere a_ few times, and flna_lly 't_ reaqhed_ the
represents the orbit of both those spacecraft. The left-hand pandfi@gnetosheath. The thick, dashed and solid, lines inZig.

shows ther— plane in GSE coordinates and the right-hand panelMark the beginning and end, respectively, of this region.
shows they—z plane. The dashed black curve (marked “MP”) in the The thick dashed line was chosen at the first instant where

left panel shows a Shue model magnetopause. Axis uniRis. 1 magnetosheath-like plasma was seen. The magnetosheath
plasma is characterised by a lower temperature and a higher
density than the plasma in the magnetosphere. The thick solid
of waves in the 10 to 500 Hz frequency range is higher insiddine represents the time after which no major perturbation
the plasmoids than in the rest of the magnetosheath. InGect.was seen in the displayed quantities.
we report on cold ions that are seen in the magnetosphere in Several short periods can be seen when the observed ion
connection with low-frequency waves and examine the rela-energy spectrum is similar to that in the unperturbed magne-
tionship between these cold ions in the magnetosphere antsheath, but where thecomponent of the velocity is more
plasmoids in the magnetosheath. In S&dhe conclusions negative than, in the magnetosheath — that is to say, where
are discussed. the plasma is moving faster in the anti-sunward direction than
the average magnetosheath plasma does. Sometimes, but not
always, the excursion in, is accompanied by similar excur-
2 Plasmoid observations by Cluster in March 2007 sion inv, andv,. We shall call these structures plasmoids.
We have identified the plasmoids according toitheompo-
During the month of March 2007, the Cluster spacecraftnent of the ion velocity. The start of each plasmoid is marked
crossed the dayside magnetopause 13 times on the ouby a thin vertical dashed line in Fi@, and the end of it is
ward leg of the orbit. The orbits of Cluster 1, 2 and 3 on marked by a thin vertical solid line. We have chosen as a se-
15 March 2007 are illustrated in Fidj. lection criterion that the negative peak of thecomponent
The orbit of Cluster 4 was close enough to that of Clus-of the plasmoid must be more negative than theompo-
ter 3 that the same curve may represent both spacecraft oment of the magnetosheath plasma by a factor of two. Plas-
the scale shown in the figure. The left-hand panel shows thenoids are seen both when the spacecraft was in the magne-
x—z plane in geocentric solar ecliptic (GSE) coordinates andtosheath — for example the one arriving at 19:52:08 UT — and
the right-hand panel shows thez plane. We shall use the when the spacecraft was at the magnetopause as the plasmoid
GSE coordinate system throughout this paper. A Shue modgbassed by. An example of the latter situation is the plasmoid
magnetopause&shue et al.1997) is shown by the dashed line that is first seen at 18:49:49. Just before its arrival, both the
in the left-hand panel. Figuré shows the spacecraft orbits magnetic field and the ion spectra showed the typical magne-
on 15 March 2007, but the geometry is representative for theospheric characteristics, which are a strong magnetic field,
whole month. The magnetopause is traversed approximatelftigh temperature and low density.
5 Rg (Earth radii) from the subsolar point. We examine Clus- We have examined Cluster 1 and 3 data from all the
ter data from all of the 13 magnetopause crossings, restrictd3 outbound orbits during the month and identified plas-
ing the analysis to spacecraft 1 and 3, for which there aremoids where such could be found. On seven of these 13
data available from the Hot lon Analyser (HIA) sensor of days, nhamely 1, 5, 8, 15, 17, 24 and 27 March, plasmoids,
the Cluster lon Spectrometry (CIS) instrumeReme et al.  as described above, were detected. All the plasmoids that
2001). The HIA sensor measures the ion energy spectrumhave been identified are listed in Talle Figures show-
but it does not provide mass resolution. The Composition andng the same quantities as Fig, with the identified plas-
Distribution Function analyser (CODIF), which is also part moids marked, for all outbound magnetopause crossings dur-
of the CIS instrument, does have mass resolution, but in théng March 2007 have been deposited with this article as a
magnetosheath it often experiences saturation. An exampl8upplement. For comparison, magnetosheath and solar wind
of an outbound magnetopause crossing is shown inZig.  data are shown in Tab2
We have chosen data from Cluster 1 on 17 March 2007 for
this illustration. This is the same day that was analysed be-
fore by Hietala et al(2009 2012. Figure2a shows the ion
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Figure 2. lllustration of plasmoid identification in Cluster 1 data from 17 March 2@aylon velocity measured by the CIS-HIA instrument.

(b) Magnetic flux density measured by the FGM instrumé)tOmnidirectional ion energy spectrum measured by the CIS-HIA instrument.

The colour-coded quantity is the logarithm of the omnidirectional differential particle flux, in units ofemt sr1 kev—1. The start of

each plasmoid is marked by a thin vertical dashed line, and the end of it is marked by a thin vertical solid line. The thick, dashed and solid,
lines mark the beginning and end of the region where plasmoids are seen. The velocity and magnetic field are shown in GSE coordinates.

The solar wind speed was measured by the Wind spacebetter described as continuous plasma streams. In this sec-
craft, and the tabulated values are the mean values in the irtion we examine the spatial extent of the plasmoids by seek-
terval when the Cluster spacecraft passed through the transing upper limits to the plasmoid size in the direction of the
tion region where plasmoids were observed, as shown by th8ow and in the direction perpendicular to it. The values we
thick vertical lines in Fig2. A delay of Ax(¢) /v, (¢) resulting  obtain overestimate the plasmoid dimensions, enabling us to
from the Wind spacecraft being located upstream was takeestablish that the majority of the observed structures are in-
into account. Heré\x (¢) denotes the difference between the deed well described by the term plasmoid.

x coordinates of the Wind and Cluster 1 spacecraftarnd) The duration of each plasmoid observation can be used to
is thex component of the solar wind velocity measured by estimate their size in the direction of the flow. For this pur-
Wind. The magnetosheath values were measured by Clugpose the product - max(|v|) of the duration and maximum
ter 1 and 3 as indicated, and are mean values of the first 18peed values in Tablecan be used as an upper limit. For the
minutes each spacecraft spent in the plasmoid-free magnes4 plasmoids in the table, this limit is in a range frorb g
tosheath. to 20 Rg with a median value of @ Rg, which means that in

a majority of cases, the estimated upper limit of the plasmoid
size is less than Rg. It is seen in Fig3b that there can be
large fluctuations irv, within a plasmoid. It is not obvious
whether one should consider two negativepeaks that fol-

In this paper we attribute certain properties to plasmoids. 11OW immediately after each other as two separate plasmoids

is therefore important to show that the observed structureQf S being part of a single plasmoid that shows large fluc-

can be classified as such. In addition to the plasma propeftdations. In such cases, we have counted them as belonging

ties discussed in the previous section, one should also requirté’ the same plasmoid. This may affec_t the size estlma_te. The
that their size is small enough in comparison with the Cros’Spre_ference for larger plasmoids contributes to increasing the
section of the magnetosphere and the thickness of the magStimated size. _ o .
netosheath. If they are larger than the cross section of the 10 form an estimate in the direction perpendicular to
magnetosphere, the diameter of which is abouREQt the the flow we r(_aly on simultaneous measurements by Clus-
region of the dayside where these observations were madde’ 1 and 3. Figura@ shows data taken by these two space-
they should rather be seen as pulses of dynamic pressure fffaft around 19:00 on 17 March 2007. Panels (a) and (b)

the solar wind. If they are much larger than the thicknessSNoW thé GSE components of the ion velocity for Clus-
of the magnetosheath, which is abouRb, they would be ter 1 and 3 respectively. Panel (c) shows the magnetic field

3 Upper limits of the plasmoid size
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Table 1. Plasmoids identified in the data from March 2007. The columns show the first time that the plasmoid was observed; its duration
T; the spacecraft that observed it; the maximum value of the plasma speedy maxithin the plasmoid; the most negativg value; the
maximum density ma); and the mean energy density of the magnéfigs /1.g) and electrideg Peg) fluctuations in the frequency range
10Hz< f <500Hz, measured by the STAFF instrument.

Start T s/c max(v]) min(uy)  maxn) (PBB/10) (€0 PEE)
(s) kms?l) (ms?l (m3 @nm3) @n3)

2007-03-01 02:55:56 41  C3 334 —334 20x10° 19x104 35x10719
2007-03-01 02:56:09 100 C1 359 —354 23x10’ 18x10°14 91x10°1°
2007-03-01 03:10:00 309 C3 335 —289 23x10° 37x10°1% 14x1071°
2007-03-01 03:10:49 174 C1 410 —386 21x107 73x10°15 17x10719
2007-03-01 03:58:49 203 C3 403 369 35x10° 16x10714 13x10°18
2007-03-01 04:01:04 137 C1 394 380 18x10° 18x10°14 13x10718
2007-03-0104:09:59 78 C3 470  —440 21x10° 36x10°1 25x10718
2007-03-01 04:11:18 29 C1 434  —402  23x107 13x10°13 38x10718
2007-03-0104:22:58 76 C3 370 —327 14x10° 32x10°15 12x10719
2007-03-0518:53:21 93 C1 435 —318 18x10’ 38x10°13 30x10°17
2007-03-0518:53:30 45 C3 247  —158  24x10° 42x10°% 42x10°17
2007-03-0518:55:14 313 C1 349  —238 27x107 21x10°13 33x10°17
2007-03-05 18:56:23 144 C3 368 —208 33x10° 13x10°13 47x10°17
2007-03-0518:59:04 79 C3 348  —200 34x10° 34x10°13 32x10°17
2007-03-0519:02:02 21 C3 277 —145 30x10° 39x10°18 37x10°17
2007-03-0519:02:14 25 C1 253 176 24x107 23x10°13 11x10°17
2007-03-05 19:07:57 282 C1 363 —247 22x10° 92x10° 37x10°17

2007-03-0519:12:02 24 C3 446 —298 16x10° 21x10°16 10x10°17
2007-03-0519:15:16 91  C3 418  —231 19x10° 30x10°13 74x1017
2007-03-0519:16:10 67 C1 306 -183 24x10’ 11x10°13 41x1017
2007-03-08 07:44:51 148 C3 106  —93 66x10° 48x10716 15x107°19

2007-03-08 09:03:10 128 C3 196 —130 90x10f 21x10°15 33x10°20
2007-03-1508:00:39 159 C1 404 -394 21x10° 30x108 70x107Y7
2007-03-1508:09:01 58 C1 521  —468  12x 10’ 39x10°13 17x10°17
2007-03-1509:32:57 37 Ci1 368 —336 11x10’ 13x10°18 17x10°17
2007-03-1509:53:58 21 C1 514 —504 13x10° 21x10°13 78x10718
2007-03-1509:55:09 104 C1 587 —523 21x10° 47x10°13 29x10717
2007-03-1510:14:59 71 C1 526 —514 13x10’ 11x1012 15x10716
2007-03-1510:21:05 29 Ci1 444 —441 18x107 84x1013 92x10717
2007-03-1510:23:26 20 Ci1 542 —503 82x10° 11x10712 10x10°16
2007-03-17 17:24:58 50 C3 425 306 20x107 10x1014 75x10718
2007-03-17 17:25:04 74 C1 424 —206 25x107 12x10°% 54x10718
2007-03-17 17:31:23 272 C3 383 —321 23x10’ 57x10°1% 39x10719
2007-03-17 17:32:15 166 C1 394 -199 22x10° 53x10°15 46x1071°
2007-03-17 17:56:19 74 C3 336 —234 18x10° 27x1015 58x10718
2007-03-17 17:58:24 165 C1 415 -383  19x10’ 29x10°15 19x1071°
2007-03-17 17:58:39 108 C3 335 —329 13x10’ 27x10°15 13x10°1°
2007-03-17 18:04:02 177 C3 449  —438 32x10° 74x10°15 94x1071°
2007-03-17 18:04:12 203 C1 464  —395 28x107 1.1x101 48x10°19
2007-03-17 18:13:24 231 C3 499  —491  24x10° 89x10°15 17x10718
2007-03-17 18:13:36 150 C1 498  —493  19x107 13x101 89x1071°9
2007-03-17 18:31:31 260 C3 475 450 18x10° 23x10°15 66x1071°
2007-03-17 18:31:52 215 C1 386 —372 20x10’ 45x10°15 12x10718
2007-03-17 18:49:49 217 C1 361 —340 18x10° 47x10°1® 20x10718
2007-03-17 18:50:32 74 C3 331 —289 19x10" 37x10°15 54x10°19
2007-03-17 18:53:46 116 C3 295 —293 25x10° 11x104 18x10718
2007-03-17 19:02:47 124 C3 330 —303 15x10’ 35x10°1® 85x10719
2007-03-17 19:05:57 33 C1 375 —364 15x10° 34x1015 39x10719
2007-03-17 19:34:54 70 C3 457  —405 16x10’ 30x10°15 15x10718
2007-03-17 19:35:53 25 C1 424 —376 15x107 22x10°15 27x10719
2007-03-17 19:52:08 100 C1 373  —345 17x10’ 31x1015 21x10°1°
2007-03-17 19:52:32 95 C3 480 —458 18x10° 60x10°15 17x10718
2007-03-17 20:14:39 57 C3 320 -183 15x10’ 16x10°15 15x10719
2007-03-24 19:09:55 33 C3 106 -86.4 21x10° 10x10°Y7 35x10718
2007-03-2419:35:13 162 C1 392 —212 38x10’ 45x10°1% 20x10°17
2007-03-2419:37:20 33 C3 299 —130 17x10° 51x10718 20x10°17

2007-03-2420:01:26 29 C1 173 -151  13x10’ 23x10°16 47x10°Y7
2007-03-24 20:04:28 104 C1 214 —171  25x10° 13x10°15 46x10718
2007-03-24 20:07:18 87 C3 244  —160 15x10° 39x10°16 13x10°17
2007-03-27 05:07:03 66 C1 479 —195 20x107 75x10°15 91x10°17
2007-03-27 05:57:37 98 C3 190 -179 50x10° 100x10°15 18x10719

2007-03-27 06:00:50 136 C3 200 —189 62x10° 12x10°1 13x10718
2007-03-27 06:07:35 99 C3 203 —179 49x10’ 15x10°4 63x10°19
2007-03-27 06:13:22 54 C1 197 -190 60x10° 16x10714 12x10718
2007-03-27 06:15:14 111 C3 286 —262 39x10° 11x10° 11x10718

www.ann-geophys.net/32/991/2014/ Ann. Geophys., 32, 92069 2014
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17 March 2007
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Figure 3. Comparison of data from Cluster 1 and 3 on 17 March 20&@)n0on velocity components in GSE coordinates for Clusté€b}lon

velocity for Cluster 3(c) Magnetic flux density for Cluster 3d) Omnidirectional ion energy spectrum. The colour coded quantity is the
logarithm of the omnidirectional differential particle flux, in units of s Lsr1kev—1. The start of each plasmoid is marked by a
vertical dashed line, and the end of it is marked by a vertical solid line. For Cluster 1 these quantities are shown for a longer perd in Fig.

and panel (d) the omnidirectional ion energy spectrum ob-is much more than the 5-9 s that would be expected under
served by Cluster 3. The magnetic field and ion energy specthe assumption of a large perpendicular extent.

trum for Cluster 1 is shown in Fig, although on a dif- During the days when data from the CIS-HIA instruments
ferent timescale. The vertical dashed and solid lines marlon both Cluster 1 and Cluster 3 were available 24 plasmoids
the beginning and end, respectively, of each identified plaswere seen by Cluster 1 and 31 by Cluster 3. Of the 24 plas-
moid during the period shown. This example has been chomoids that Cluster 1 observed, 18 overlapped completely or
sen because both spacecraft were in the magnetosheath, partially with plasmoids seen by Cluster 3, using the plas-
is seen from the magnetic field and ion spectra, and theremoid durations in Tabld. If we allow for a 30s delay be-
fore estimate is not influenced by the response of the magtween the spacecraft, a time confidently longer than the 5—
netopause to the plasmoid impact. At 19:00 the position 0f9s cited above, this number increases to 19. Taking care not
Cluster 1 wasc1 = (11.6; 1.8; 2.5) Rg and that of Clus- to underestimate the plasmoid size, we count overlapping
ter 3rc3=(119; 0.55 1.9) Rg, and the resulting space- observations by the two spacecraft as both of these having
craft separation wascy — rcz = (—1755 7999 4212 km. observed one and the same plasmoid. This means that we
With this separation, and the, values in the plasmoids, a probably overestimate the plasmoid size, as it is likely that in
structure of large spatial extent in the direction perpendicularsome of the cases the two spacecraft each observed different
to thex axis would first be seen at Cluster 3 and then at Clus-individual plasmoids.

ter 1 after about 5-9s. It is possible that the first plasmoid Given that the spacecraft separation in a plane perpendic-
seen by Cluster 1 in Figa is the same one that was seen by ular to thex axis wasS = 1.4 Rg, one may estimate the per-
Cluster 3, which then passed through a smaller part of it. It ispendicular extent of the plasmoids. This was done by assum-
also possible that the two spacecraft observed two differening plasmoids of circular cross section in the plane perpen-
plasmoids. Short of having a large number of spacecraft linedlicular to thex axis that are positioned at random in that
up between Cluster 1 and 3 this is impossible to determine, aplane. The method is illustrated in Fig. The plasmoid is
plasma properties are likely to vary between different parts ofshown by the large black circle with radi&s If Cluster 1 is

the same plasmoid. The two later plasmoids seen by Cluster B the green area, Cluster 3 is also inside the plasmoid, and if
are not seen by Cluster 1, and the last one seen by Cluster 1 Gluster 1 is in the white crescent-shaped region, Cluster 3 is
not seen by Cluster 3. The delay between the last plasmoidsutside of the plasmoid. The probabilipy that both space-

for each spacecraft in the figure is more than a minute, whickcraft see the plasmoid, given that Cluster 1 does, is the ratio
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In the direction along the plasma floMémeek et al.
(1998 found that the dimensions of the plasmoids they ob-
served were “in the range of units a®g”; Plaschke et al.
(2013h estimated the median extent to 4000 km, and the di-
mensions found byArcher et al.(2012 were approximately
1 Re. Considering that we overestimate the parallel dimen-
sion by using the maximum plasma speed inside the plas-
moid instead of integrating the velocity, our estimate is not
in disagreement with the previous authors.

In the direction perpendicular to the flokrcher et al.

C3 (2012 estimated the spatial dimensions from the spacecraft
separation without considering what fraction of the plas-
moids were observed by both spacecraft. Their estimate of
0.2-0.5 Rg is therefore likely an underestimate. Our value of

Figure 4. lllustration of the method by which the perpendicular a 36 Rg radius is an overestimate, and the true value should

plasmoid extent is estimated. The plasmoid is shown by the largébe in between. However, there is a wide spread in the distri-

black circle with radiusk. If Cluster 1 is in the green area, Clus- pution of sizes, as was shown Kgarlsson et al(2012), who
ter 3is also inside the plasmoid. If Cluster 1 is in the white crescent-gpserved a size range spanning frorh Rg to 10 Rg.
shaped area, Cluster 3 is outside the plasmoid. The spacecraft posi-

tions, marked %”, show examples of the two situations.

4 Details of two plasmoids

of the green area to the total area of the circle: We examine two plasmoids that were observed at the
magnetopause and in the magnetosheath respectively on

2R?arccoy55) — 5v/4RZ — §2 15 March 2007. On this date CIS-HIA data were not avail-

PA = T R2 ‘ @ able for Cluster 3. Therefore, the study of these particu-

lar plasmoids is limited to a single spacecraft. Figre

If 18 of the 24 plasmoids observed at Cluster 1 also wereshows a summary of the data obtained by Wind and Clus-
observed by the other spacecraft, we haye= 0.75, as- ter 1 on 15 March 2007. The Wind spacecraft was located
suming that we observed the most likely outcome. Solvingat (x, y, z) = (199 —42, —18) Rg, which means that it takes
Eq. (1) numerically withpa = 0.75 andS = 1.4 Rg, we ob-  the plasma about 31 minutes to move from the Wind space-
tain R = 3.6 Rg, which we take as an order of magnitude craft to the position of the Cluster spacecraft. This delay has
estimate of the perpendicular extent. With the same numbeen taken into account in Fi§, showing all data on the
bers reported above one could use the 31 plasmoids sedbluster 1 time base, which means that the time plotted in
by Cluster 3 and the 18 simultaneous observations to obtaipanels (a) and (b) i&1 = tw + Ax (tw) /vy (tw), Whereny is
pa = 18/31~ 0.58, which corresponds t& = 2.1 Rg. As the wind time baseAx(rnw) denotes the difference between
we are looking for an upper limit we shall use the higher the x coordinates of the Wind and Cluster 1 spacecraft and
value of R = 3.6 RE. vy (tw) is thex component of the solar wind velocity mea-

The conclusion of this section is that the plasma entitiessured by Wind. Panel (a) shows the solar wind magnetic field
considered can be described as plasmoids. The estimatexhd panel (b) shows the solar wind dynamic pressure, both
plasmoid radius ok = 3.6 Rg corresponds to a diameter of measured by Wind. Panel (c) shows the magnetic field mea-
7.2 Rg, which is below the diameter of the magnetopause atsured by the FGM instrument on Cluster 1. Panel (d) shows
the part of the dayside where the observations were madehe bulk velocity of the ions and panel (e) the ion density,
which is aboutR = 10 Re. The plasmoid description is thus both measured by CIS-HIA. Panel (f) shows the electron en-
more suitable than that of a solar wind dynamic pressureergy spectrum measured by the Plasma Electron and Current
pulse. As we are overestimating the size, the majority ofExperiment (PEACE) instrumenighnstone et a11997) for
the plasmoids are smaller thankRg. The median value of energies above 1keV. The colour-coded quantity is the loga-
the plasmoid extent in the direction of the plasma flow is rithm of the omnidirectional differential particle flux, in units
R = 4.9 Rg, which is approximately the same as the thick- of cm 2 s 1 sr1 keV-1. Finally, panel (g) of Fig5 shows
ness of the magnetosheath. This means that at least half difie ion energy spectrum measured by CIS-HIA. Like in the
the plasmoids should at some instant in time be detachedase of the electron spectrum, the colour-coded quantity is
from both the bow shock and the magnetopause. To make thiéhe logarithm of the omnidirectional differential particle flux,
opposite interpretation, namely that of a continuous plasman units of cnt? s~1 sr1 keV—1. The magnitude of the solar
stream, one should require a plasmoid that is much largewind magnetic field showed only small variations, although
than the magnetosheath thickness. its direction varied during the period in question. Also the
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Table 2. Magnetosheath and solar wind data. The solar wind speed and magnetic field were measured by the Wind spacecraft. The mag-
netosheath values are mean values of the first 10 min Cluster 1 and 3, respectively, spent in the magnetosheath after the last plasmoid we
seen.

Date lvswil lums| Bvs
c1 C3 C1 C3

kms ) (kms1) (kms (nT) (nT)
2007-03-01 610 180 168  —.4,12,8.5) £3.4,13,-7.8)
2007-03-03 358 74 58 (11,15, 26) ¢7.6, 16, 26)
2007-03-05 393 116 101 (12,13,-21) (13,—16,—26)
2007-03-08 475 - 67 (1.5;13, 3.6) (0.91-13, 3.6)
2007-03-10 343 125 100 (8.5,25,—6.0) (7.3,-28,-7.2)
2007-03-12 601 191 154  —{4.6,32,—16) (2.7, 33,-17)
2007-03-15 637 180 - H0.72,10-6.3) (-0.5,10,—5.8)
2007-03-17 535 148 102 —2.3,5.6,9.0) £0.89,9.6,7)
2007-03-20 344 54 41  H0.58,17,-2.9) (1.1,17-3.2)
2007-03-22 269 64 55 (3.3;23,-7.7) (1.8,—25,-7.5)
2007-03-24 350 113 73 —H19,—24, 54) (18,—17, 61)
2007-03-27 447 93 76  —3.5,31,4.9) £0.37, 30, 3.8)
2007-03-29 397 86 66  —0.066,25-3.1) (1.5,21-2.3)

solar wind dynamic pressure was relatively constant. Theshows that high-energy ions, from 10 keV and upward, were
Dst and Kp indices showed a moderate geomagnetic activitypresent occasionally during the period when plasmoids ap-
Throughout 15 March Dst was abowve0 nT, and its mean peared. This is seen in Fifg when the observed flux above
value between midnight and noon wad41.75nT. The Kp  10keV is similar to that of the magnetosphere, for example
index was 2 from 03:00 to 06:00; 3 between 06:00 and at 09:04, 09:37 and 10:19, but also at many other times, and
09:00; and 2 from 09:00 to 12:00. about two orders of magnitude higher than that of the mag-
At the start of the interval shown in Fig the space- netosheath after 10:30.
craft is inside the magnetosphere, and as it moves outward it The first and the next to last plasmoids that are shown in
reaches the magnetopause at 08:00:39 UT. This is when wEig. 5 (marked by downward pointing black triangles above
have identified the first plasmoid. After the passage of theFig. 5c) are enlarged in Figé.and7.
plasmoid, the spacecraft found itself in the magnetosphere The plasmoid that was observed at the magnetopause at
again and stayed there until the arrival of the next plasmoidd8:00:39 on 15 March 2007 by Cluster 1 is shown in [Big.
at 08:09:01. In the period between the second plasmoid obThe plasmoid speed was larger than the average magne-
servation and 08:30 a few magnetopause crossings were seésheath speed by more than a factor of two. The velocity
that did not coincide with plasmoid detections. After that was directed mostly in the negatiwedirection. The veloc-
time the spacecraft was in the magnetosheath, away from thiey direction is illustrated by the red arrows in Figwhich
magnetopause. There, several plasmoids were observed unshows position of the Cluster 1 spacecraft (marked by black
about 10:30, and after this time no plasmoids were seen. circles) at 08:00 and 10:21 on 15 March 2007. The posi-
Apart from the defining feature of the plasmoids, that is to tions of the three other spacecraft at 08:00 are marked with
say, that they, component of the velocity (Fighd) reaches  plus signs. The left-hand panel shows e plane and the
a large negative value, we see that the density increases fromight-hand panel shows the— plane. A Shue model mag-
the low levels of the magnetosphere to a level of the or-netopauseShue et al.1997 is shown by the dashed line in
der of the magnetosheath density for those plasmoids thahe left-hand panel. The solar wind parameters used as in-
are observed at the magnetopause. For those that were oput to the Shue model were mean values of measurements
served in the magnetosheath, farther away from the magneby the Wind spacecraft over the period from 08:00 to 08:10
topause, the density is already at magnetosheath levels anoh Fig. 5. The magnetic field direction on the inside of the
while a relative increase can be seen at some plasmoids ihagnetopause is shown by the blue arrows. The velocity that
is less conspicuous. Similarly, a large and rapid change wags shown by the arrow in Fig is the velocity at the time of
seen in the magnetic field only for plasmoids observed at théhe negative, peak in Fig.6b. The magnetic field direction
magnetopause. The high-energy electron spectrum $Big. is an average oB observed by FGM between 60 and 30s
is magnetosheath-like inside the plasmoids, which indicatedefore the arrival of the plasmoid, and it thus represents the
that these were not on the closed field lines of the mag-direction of the magnetic field inside the magnetosphere.
netosphere. The ion spectrum (Ftay), on the other hand,
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Figure 5. Data obtained by the Wind and Cluster 1 spacecraft on 15 March 28p3olar wind magnetic field, (blue), By (green),B;

(red), and B| (black); and(b) solar wind dynamic pressure, both measured by the Wind spacecraft. Rarglshow data from Cluster 1.

(c) Magnetic fieldB, (blue), By (green), andB, (red); (d) ion velocity vy (blue), vy (green), and; (red); (e) ion density;(f) electron

energy spectrum above 1keV, with the colour coded scale showing the logarithm of the omnidirectional differential particle flux in units
of cm2s~1sr1 kev—1; and(g) the ion energy spectrum, where the colour scale shows the logarithm of the omnidirectional differential
particle flux, in units of cm?s 1srlkev-1. The components of the vector quantities in partas (c), and(d) are shown in GSE
coordinates. The vertical lines mark the plasmoids that have been identified in1Talble first and the next to last plasmoids (marked by
downward pointing black triangles above pagehre discussed in the text, and they are shown on a larger scale i Bigd?7.

The magnetic field in the plasmoid is weaker than thatmagnetopause moving in the direction of its normal at a ve-
of the magnetosphere and its direction is variable as idocity v = (—107: 11.4; —15.3) km s 1. The magnetopause
seen in Fig.6a. At the time of the most negatiwg. there  normal is dominated by it component.
was a large component of the plasmoid velocity perpendic- Towards the end of the plasmoid observatignchanges
ular to the magnetic field in the magnetosphere, and, assign and becomes positive. This indicates that the plasmoid
suming that the field is at least approximately in the planemade an indentation on the magnetopause and then bounced
of the magnetopause, the velocity was also largely perback, in the same way as in the observationShye et al.
pendicular to the magnetopause. This is confirmed by ar(2009. This type of magnetopause motion can be compared
analysis of the magnetopause crossing times, determinetb that which is caused by a surface wave as was observed
from the magnetic field data of the four spacecraft (C1by Plaschke et a[20133. With three of the THEMIS space-
crossed the magnetopause at 08:00:53.3; C2 at 08:00:41.6raft, one at the magnetopause and one on either side of it,
C3 at 08:00:28.4; and C4 at 08:00:35.6), which gives athose authors were able to measure the velocity field of a

www.ann-geophys.net/32/991/2014/ Ann. Geophys., 32, 92069 2014



1000 H. Gunell et al.: Waves and plasmoids

C1: 15 Mar 2007 ‘ Cl1: 15 Mar 2007
E 1 i i
k=)
™
==
)
[aa)
2
= 2007
=) 0 ==
o -200(
:>><
=
5107
o —_ —
- -
3 3
= -+ +
2 E A
— —
o T o
g g
Kz 2,
any
=}
>
rn
= =)
) o g
- 2 2
ey =
- = =
es o SN
= = £
E E
=
sy
™
T,
'\ \l HH
=
sy I\ i
— MI“ i
= .v.-l’.ra. .ll

Figure 6. Data obtained by Cluster 1 on 15 March 2007. On the Figure 7. Data obtained by Cluster 1 on 15 March 2007. On the
horizontal axis, time = 0 corresponds to 08:00:39 UTa) Mag-  horizontal axis, time = 0 corresponds to 10:21:05 UTa) Mag-
netic flux density in GSE coordinateéh) ion bulk velocity in ~ netic flux density in GSE coordinategh) ion bulk velocity in
GSE coordinates(c) ion density;(d) omnidirectional ion energy ~GSE coordinates(c) ion density;(d) omnidirectional ion energy
spectrum;(e) the x component ofB measured by STAFF in the spectrum;(e) the x component ofB measured by STAFF in the
0.6 Hz < f < 180 Hz frequency rangdf) power spectral density 0.6 Hz< f <180 Hz frequency rangdf) power spectral density
of | B|; (g) power spectral density ¢£|; (h) propagation angle, i.e.  0f | B|; (g) power spectral density ¢E|; (h) propagation angle, i.e.
the angle betweek and B; (i) ellipticity; (j) degree of polarisation. the angle betweek andB; (i) ellipticity; (j) degree of polarisation.
The vertical dashed lines mark the beginning and end of the plasThe vertical dashed lines mark the beginning and end of the plas-
moid identified in Tablel. The blue curves on pane{s-j) show  moid identified in Tablel. The blue curves on paneftj) show
0.1 fce (upper curve) andiy, (lower curve). 0.1fce (upper curve) andiy, (lower curve).
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Figure 8. Position of the Cluster spacecraft relative to the planet on
15 March 2007. The Cluster 1 positions are markg&ddr the times
08:00 and 10:21, and the positions of the other three spacecraft &.
08:00 are marked “+": red for C2, green for C3, and blue for C4.
The blue arrows show the direction of the magnetic field and the
red arrows show the pIa§m0|d velo'(:|ty direction for.thg pIagmesls March. The timescale is the same as that in 6ig-he dashed
encountered by C1 at 08:00 and 10:21. The magnetic field dlreCtIOI’hne atr = 159 s marks the end of the plasmoid

shown is the mean value in the period from 60 to 30 s before the '
plasmoid arrived at the spacecraft. The left-hand panel shows the
x—z plane in GSE coordinates and the right-hand panel shows the
y—z plane. The dashed black curve in the left panel shows a Shu
model magnetopause.

Figure 9. Electric field measured by the EFW instrument on
the Cluster 1 spacecraft after the first plasmoid observation on

fime of the peak negative,, is illustrated in Fig.8, and it
is in the same direction as for the other plasmoid. The mag-
netic field direction that is shown in Fi®. is again an av-
flage of B observed by FGM between 60 and 30s before

Also there both magnetosheath plasma and magnetospherft],e arrival of the plasm_oid, and_in this case this means that
plasma were observed, but the magnetosheath plasma movhééis a magnetosheath fle|.d that is shown. The density in _the
tangentially along the magnetopause, and the plasma on t asmoid is somewhat higher th_an_that of.the surrouqdlng
magnetospheric side moved back and forth along the magnépagnetosheath, and the magnetlc_flelq exhibits fluctuations.
topause normal. In our case, the dense magnetosheath pIasm.eF'gureSESe and7e show the oscillating: component of

moves along the normal, driving the magnetopause motion at'€ Magnetic field, in the 06 Hz < f < 180 Hz frequency

the point in space where it was detected by the spacecraft. [2nge that was measured by the STAFF (Spatio Tempo-

On the right-hand side of Figd an ion population which ral Analysis of Field Fluctuations) instrumenCdgrnilleau-
is narrow in energy can be seen outside the plasmoid jusWeml'n et al, 1_997)' Panels (f_J_) of Figs6 and 7 show
after the spacecraft re-entered the magnetosphere. This js¥ave propagation parameters in the 10+i# <180 Hz
cold ion population of ionospheric origin. FiguBzshows fre_quency range that were calcula‘ge?d from the STAFF d_ata
the electric field measured by the EFW (Electric Field and using the §|ngular value decomposition method as described
Waves) instrumentGustafsson et al2003) during the period Y Santolik et al.(2003. Spectral powers of and B
when these cold ions were observed. The electric field wad/€"® obtained using Morlet wavelet analysis. In these two
oriented in they direction and peaked at, = 19 mV m-1, figures, panels (f) show the power spectral density of the

which combined with the magnetic field at the time, shown Magnetic field, Pgg, with all three components added to-
in Fig. 6a, yields anE x B/B2 drift velocity with both the ~ 9ether. Panel (g) shows the sum of the power spectral
x andz components near 200 km's This is consistent with  9€NSity, Pee, for the two measured electric field compo-
the measured ion velocity shown in Figh. Thus, the mag- nents. Panel (h) shows the prc_>pagat|on argjie /2 —
netospheric plasma inside the magnetopause is set in motioff /2 — arccosk - .B/ (KIIBD)I, Wh'ch means that = 0 cor-

by the plasmoid impact, and individual particles in the nearresponqls td_‘ being pargllel or antl-pargllel & ando -
magnetopause magnetosphere experience this #&saB ?1/2 to_ it pemg perpendlcular. _Panels 0] §h0w the elllpt_lc-
drift. In Fig. 5g, which shows the ion spectrum on a longer ity, which is d(_aflned as the ratio of the minor to the major
timescale, the cold plasma can be seen to slow down and the?*®S of the ellipse described by the component of the wave

speed up again just before the arrival of the next plasmoid aff@gnetic field, perpendicular to the wave vector. For waves
08:09:01. that are right-hand polarised with respectBathe elliptic-

In Fig. 7 a plasmoid that was detected by Cluster 1 at'y IS Positive. The (j) panels show the degree of polarisa-

10:21:05 UT on 15 March 2007 is shown. It is seen in Fy. tion, which represents the ratio between the polarised part

and d that the magnetic field and ion energy spectrum bottp! the wave intensity and the total wave intensity. The de-
before and after the plasmoid were typical of the magne_gree of polarisation is one for purely polarised waves and
tosheath. Thus this plasmoid was in the magnetosheath, arf " for completely unpolarised waves. The blue curves on

not interacting with the magnetopause at the time of obserP2n€ls (=) show one tenth of the electron cyclotron fre-
vation. The peak negative, value was close to that of the dUeNcY; OLfce, (upper curve) and the lower hybrid frequency

other plasmoid in Fig6. The direction of the velocity, atthe  fih = fpi/,/1+ f%/f&% (lower curve), wherefy; is the ion

magnetopause surface wave that passed by the spacecr
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plasma frequency anfhe the electron plasma frequency. The by the spacecraft just before and just after the plasmoid
electron cyclotron frequency is computed from FGM dataencounter. To answer the question of whether or not a
and the plasma frequencies from CIS-HIA data. The quan-high wave amplitude is a typical property of plasmoids we
tities in panels (h) and (i) are shown only for times and fre- present statistics of all plasmoids that were observed during
guencies where the degree of polarisation is 0.6 or greateiMarch 2007.
since these quantities become unreliable for lower degrees of An analysis of the wave propagation parameters similar
polarisation. to that conducted for the two plasmoids in Settshows

A magnetic field signal was measured inside the plasmoidhat waves in the lower hybrid frequency range are present
that arrived at 08:00:39 UT as is seen in Fdg. The compo-  in all plasmoids in Tabl&. Whistler mode waves are present
nent B, is the one component that is shown. However, theat detectable levels in all plasmoids except those that were
other two components both show a similar pattern. In theobserved on 24 March 2007, when the magnetic field in
case of Fig6, the spacecraft was inside the magnetospherdhe magnetosheath was more than 60nT. That this is sig-
both before and after the encounter with the plasmoid, andificantly higher than on the other days can be seen in Ta-
there the amplitude was much lower. This is seen also in thdnle 2. We have used data from the STAFF instrument to inte-
power spectral density of the magnetic field, which is showngrate the power spectral densities of the magnetic and electric
in Fig. 6f and in that of the electric field in Figog. Two fields for each plasmoid in the frequency range 10Hg <
different signatures can be distinguished in the power spec500 Hz. We add together the contributions from the three
tral density diagram. First, there are fluctuations around thecomponents oB and the two measured componentgiofo
lower hybrid frequency that can be seen in both the electridorm Pgg and Pgg respectively. Then the average is formed
and magnetic fields. These are present throughout the durder each plasmoid, and the result is converted to energy units
tion of the plasmoid. Where the degree of polarisation is highin order to obtain the average magnetiezg/10), and elec-
enough that anything can be said about # /2 inthisfre-  tric, (eg Peg), energy densities for each plasmoids. These val-
quency range, as seen in the lower part of Bly.meaning  ues are included in Table
that these are waves propagating mostly perpendiculBr to As a reference, the wave energy densities measured in the
Secondly, there are short bursts of wave energy around anchagnetosheath are shown in TaBleThese energy densi-
above 01 f.e. While present in both the electric and mag- ties for the magnetosheath are calculated in the same way as
netic fields, they are more easily distinguished in the mag-those of the plasmoid, and the averages are formed over the
netic power spectral density in Figf. Examining panels (h— first 10 min the spacecraft spent in the unperturbed magne-
j) for these bursts we see that they have a high degree of pdosheath, as represented by the vertical thick solid black line
larisation, an ellipticity close to 1, and a low propagation an-in Fig. 2. This means that the plasmoids are not included in
gle. These bursts can therefore be identified as whistler modéhe magnetosheath average, and also that we avoid includ-
waves. In the near-magnetopause magnetosphere — that is itag magnetospheric data that otherwise could interfere when
say, just before and just after the plasmoid observation — sucthere are multiple magnetopause crossings.

whistler mode waves are seen at 3 during a longer pe- The wave energy density data in Tablesand 3 are il-
riod, but with a lower amplitude, than that of the burst inside lustrated in Fig.10. Panel (a) shows the magnetic energy
the plasmoid. density of each plasmoid normalised to the mean magnetic

Also for the plasmoid that was encountered at 10:21:05 UTenergy density in the magnetosheath (as in T&plef the
the oscillatory electric and magnetic energies were larger in-orbit on which it was observed. For reference the mean mag-
side than in the surrounding plasma. This is seen in panelsetosheath energy density is shown in panel (b). Panel (c)
(e—g) of Fig.7. The difference between the power spectral shows the electric energy density for each plasmoid nor-
densities inside the plasmoid and those in its immediate surmalised to the corresponding magnetosheath value, which is
roundings are not as prominent as those of the other plasshown in panel (d). The mean energy densities in panels (b)
moid, which was shown in Fig5, because the plasmoid of and (d) were calculated during the first 10 min each space-
Fig. 7 was surrounded by magnetosheath plasma, which hasraft spent in the undisturbed magnetosheath. To estimate
a higher background fluctuation level. Examining Fiésj, how much the fluctuation level in the magnetosheath varies
itis seen that also in this plasmoid there are bursts of whistlewe divided the same 10 min into 20 shorter intervals of 30s
mode waves at and abovel(e, and low-frequency waves each. We determined the energy density for each of these in-
of mostly perpendicular propagation appear from arofipd tervals and computed the standard deviation of the logarithm
up to about QL fce. of these values. The corresponding energy density is shown
by the error bars in panels (b) and (d). The 30 s interval length
was chosen as it is approximately as long as the duration of a
5 Wave amplitude statistics plasmoid and thus represents a relevant timescale. The hori-
zontal red dashed lines in panels (a) and (c) show where the
The wave amplitudes observed inside the two plasmoids exnormalised energy density is equal to one. Except in a few
amined in Sect4 were higher than in the plasma observed
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Table 3. Magnetosheath mean energy density of the magr@tig /o) and electricieg Peg) fluctuations in the frequency range 10 4z
f <500Hz. The values are computed from data taken during the first 10 min spent in the magnetosheath after the last plasmoid was seen b
Cluster 1 and 3, respectively, on each date shown.

Date (PgB,MS/10) (eoPeE, Mg

c1 c3 c1 c3
@m3) @m3) @m3) @m3)

2007-03-01 ®x 10715 30x10°1® 12x10°19 6.1x10°20
2007-03-03 & x 10716 46x10°16 53x10720 24x10°20
2007-03-05 D x 1014 29x10°14 38x10°18 26x10718
2007-03-08 Bx 10715 30x10°1® 25x10720 17x10°20
2007-03-10 2Ax10°15 13x10°15 12x10°19 57x10°20
2007-03-12 Bx 1015 17x10°1® 82x10°19 50x1071°
2007-03-15 1x 10713 69x10°14 33x10°18 27x10718
2007-03-17 2 x 10715 24x10°1® 52x10720 18x10°20
2007-03-20 Bx 1015 70x10°16 26x10720 22x10°20
2007-03-22 Bx 10715 26x10°1° 37x10°20 54x10°20
2007-03-24 £x101% 20x10°Y7 29x10°19 29x10°20
2007-03-27 PIx 10715 26x10°1° 12x10°19 90x10°20
2007-03-29 Bx 1016 79x10°16 11x10719 42x10°20

cases, the wave energies measured inside the plasmoids ate mass sensitive CODIF detector show that these ions are
larger than the reference magnetosheath values. protons. There is no significant flux of Heor O ions. The
density of the cold population was determined by the Whis-
per instrumentDécréau et al.1997 Décréau et al.2001),

and it is shown by the red curve in Figld. It decreases
slowly from 4 to 2cnT3 showing that a cold ion popula-
tion was present throughout the interval under consideration,

Figure11 shows data obtained by Cluster 1 between 04:15/10m geocentric distances of abouRs to .1ORE' The blue

and 08:00 UT on 15 March 2007. At the beginning of the pe_curve in the same panel shows the density measu_red by CIS-
riod shown the spacecraft was located deep inside the mag:- IA. The Iatt(_ar instrument can only Qetectthe cold ions when
netosphere, as can be seen in RigThe period shown in hew_ener'gy is above threshold. This caused the apparent os-
Fig. 11 ends at 08:00, when the spacecraft first reached thgllqﬂoqs in the blue curve, whereas the true density was not
magnetopause, as discussed in SedEigure11b shows the oscnlqtlng. _The detection j[hreshold of the _CIS-HIA instru-
magnetic field that has been high-pass filtered with3xiB ment itself is 5eV. In addlt!on to _that, the ions must over-
cutoff at 1.4 mHz. A wave at 3—4 mHz is seen throughout theCOMe the spagecraft potgnue}l, which was between 3 and 9V
panel. This is in the Pc5 frequency range, which spans fromdurlng the period shown in Fid.1 2 .

2mHz to 7 mHz. The wave amplitude was low at the start of Thez component of thef x B/B< velocity measured by

the period shown; then it fluctuated, showing higher valuesthe EFW and FG_M instruments is shown_ in Fige _(black
for some time around 05:00, and from 05:55 it remained atcurve) together with thecomponent of the ion velocity mea-

about 5 nT until the magnetopause was encountered at 08:06.ured by C!S—HIAd(rehd cu[]ve). Lh_e a?lreergent b-et\r/;/_e(;n the
The EFW instrument measures two components of the elecVO cur&/gfst_m goo V\;de_pft e cold ion flux ( @'a})r:sh 'gh.
tric field in the spin plane of the satellite. Three electric field E: B | ring 'Ogsk? ' erir;t rr]nas?es rEove with t ;ﬁsame
components in the GSE coordinate system are then compute%r' t ve ocity, and they would therefore be seen atdi er_ent
under the assumption th&t: B = 0. These three components energies by the CIS'HIA de_tector. On_Iy a single cold ion
are shown in Figllc. Also here the wave is seen during the populaﬂo_n can be seen in F@l_a, gpnﬁrmmg the_ CODIF.
same interval as in Fig.1b. The electric field amplitude was observation that there are no significant populations of ions

about 5mV n1! during most of the observation. other than protons. )

In the ion energy spectrum, which is shown in Figa 'V ¢an estimate the Alfvén speed, = B/ Joninp, US-
as the omnidirectional energy flux, patches of cold ions ard"d & density of = 2 x 10° m~3, and a dc magnetic field of
seen during the same period of time as when the wave wa8 = 60 nT, which is the value that was observed at 07:00,
observed in the electric and magnetic fields. The temperatur81d We obtai = 9.3 x 10°ms™. This i close to the ob-
of the cold ion population is approximately 5 eV. Data from served ratio of the electric and magnetic field amplitudes of

6 Low-frequency waves and cold ions
in the magnetosphere
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This motion becomes the source of the Alfvénic waves that
are seen all along the spacecraft trajectory.

7 Conclusions and discussion

Observations of high-speed plasmoids or jets have been re-
ported in recent years by several authors. We have exam-
ined data from two of the Cluster spacecraft obtained dur-
ing the month of March 2007. In this period the spacecraft
traversed the dayside magnetosheath 13 times, and we de-
tected plasmoids on seven of these orbits. Plasmoids are seen
both at the magnetopause and away from it in the magne-
tosheath. The extent of the plasmoids in the direction of the
plasma flow was estimated from their duration and the peak
value of the measured ion velocity within the plasmoid. It
was in a range from.6 Rg to 20 Rg with a median value

of 4.9 Rg. Estimating the magnetosheath thickness to about
5 Rg, we can conclude that at least half of the plasmoids are
smaller than that value. The estimate 0% &g is an over-
estimate as we have not integrated the velocity but instead

Figure 10. Magnetic and electric energy of waves measured by used? -max(|v|) as the extent parallel to the flow. The direc-
STAFF.(a) Magnetic energy density for each plasmoid measured bytion from Cluster 1 to 3 was approximately perpendicular to
Cluster 1 and 3 normalised to the magnetosheath value of the santte direction of the plasma flow. A diameter of abol Re
date;(b) magnetic energy density in the magnetoshe@iielectric ~ based on three quarters of the plasmoids observed by space-
energy density for each plasmoid normalised to the magnetosheatéraft 1 also being observed on spacecraft 3 can be seen as an
value of the same date; aKd) electric energy density in the mag- ypper limit to the spatial extent in this direction. For this pur-
netosheath. The magnetosheath values in pabgland (d) are 56 the two spacecraft were considered to be observing the
shown for all outbound orbits, also those when no plasmoids Were - me plasmoid if there was an overlap in time between the

observed. The error bars indicate the values corresponding to ongN0 observations. In the event that some of these were reall
standard deviation upward and downward of the logarithm of the ) y

energy density computed in 30s intervals. In all panels, observa—t"_vO sep_arate plasmoids appearing at the two space(_:ra_ft, the
tions made by Cluster 1 are marked™and observations made by ~SiZe estimate should be adjusted downward. The majority of
Cluster 3 are markech*®, the former black and the latter green. the plasmoids were smaller than the magnetopause diameter,
which was approximately 1Rg in the region of these obser-
vations. Our estimate is within the range reported<iayls-
the waveAE/AB~GmVm1)/GnT) =10 ms1. We son et al(2012, and it is larger than the estimates by other
therefore assume these waves to be Alfvénic. The electromuthors Némeek et al, 1998 Archer et al, 2012 Plaschke
temperature, measured by the PEACE instrument, was apet al, 2013h). This is expected, since we intentionally over-
proximately 2x 10° K. This leads to a sound speed~ estimated the size in order to confirm that it is reasonable to
VkeTe/mp =13 x 10° ms~1. With an Alfvén speed seven describe the observed structures as plasmoids.
times higher than the sound speed, the phase speeds of theWe have used the component of the velocity to define
Alfvén wave and the fast and slow modes differ by no morethe plasmoids, whered&rlsson et al(2012 used the den-
than 1%, and we cannot distinguish between them. sity, and others have used the dynamic pressure, which is a
The cold plasma that was seen after the impact of a plaseombination of both velocity and density. As processes that
moid at the magnetopause in F&gd is quite similar to that lead to increased density may be different from those that
which is seen in connection with the wave in Fig- They  increase velocity, there is a possibility that studies that use
are both cold populations that undergox B drifts. After different definitions favour the selections of plasmoids that
the impact of the plasmoid in Fi@, the electric field in the are created in different ways. However, plasmoids showing
magnetosphere shown in Figled to drift velocity compo-  enhancements of both density and velocity meet the selec
nents near 200knT$ in both thex andz directions. This  tion criteria of all the studies, creating an overlap between
drift speed that was observed close to the magnetopause walse populations under consideration.
a few times higher than the drift speed that was observed Integrating the power spectral densities of the magnetic
deeper inside the magnetosphere. The picture that emergesd electric fields in the 10 to 500Hz frequency range
is that of plasmoids impacting on the magnetopause that sethows that the energy density of waves is higher inside the
the cold ions in motion through the means of fi B drift. plasmoids than in the surrounding magnetosheath. For the

Ann. Geophys., 32, 9911009 2014 www.ann-geophys.net/32/991/2014/
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Figure 11. Data from Cluster 1 between 04:15 and 08:00 on 15 March 2@)mnidirectional ion energy fluxb) Magnetic field in the
frequency range.4 mHz< f < 0.25 Hz. (c) Electric field for f < 0.25 Hz. (d) Density measured by CIS-HIA (blue curve) and Whisper
(red curve)(e) The GSE; component of the ion velocity measured by CIS-HIA (red curve) and t@mponent off x B/|B|2 computed
from EFW and FGM data (black curve).

electric field spectrum the energy density is higher by a facHarge-amplitude whistler mode waves that modify the plasma
tor of nearly 1000 in some cases, which is seen in Eag. in which they propagate have been seen, and the modification
The waves fall into two distinct categories, namely waves inof the background medium caused the whistlers to become
the lower hybrid frequency range and whistler mode wavesducted Stenzel1999. Among the many processes that gen-
that appear at or above one tenth of the electron cyclotrorerate whistler mode waves are instabilities in plasmas with
frequency. Waves of both kinds appear both inside the plasanisotropic velocity distributions: loss cone instabilities give
moids and in the rest of the magnetosheath, but their amplirise to whistlers wher'; > Tj;, and magnetic field aligned
tudes are higher inside the plasmoids. electron beams excite whistlers through Cherenkov reso-
No effort has been made to model how the observed wavesances $tenzel 1999. We may speculate that when plas-
are generated. However, we note that as the speed of thmoids interact with the surrounding magnetosheath plasma,
plasmoids is higher than that of the surrounding plasma, thend with its magnetic field, electric fields that are parallel to
plasma populations are in relative motion, and there is kinetiche magnetic field are set up at the plasmoid boundaries; that
energy available for conversion into wave energy. In labora-these electric fields accelerate electrons, forming beams; and
tory experiments, currents have been seen to develop nednat the beams, in turn, generate whistler mode waves.
the plasmoid boundaries, and these currents drive lower hy- The presence of whistler mode waves and waves in the
brid waves through a modified two-stream instabilltju¢tig lower hybrid frequency range is a property these plasmoids
et al, 2005. Simulations in the small plasmoid regime (per- have. This does not exclude the possibility of such waves ap-
pendicular width below the ion gyro radius) show that suchpearing in dynamic pressure pulses on spatial scales larger
waves are present throughout the plasmdadir{ell et al, than the cross section of the magnetosphere that could there-
2008. For larger plasmoids one would expect waves to prop-fore not be defined as plasmoids. Wave-induced diffusion
agate from the surface toward the plasmoid interior. plays a role in phenomena such as reconnection and impul-
Whistler mode waves have been seen in the magnetosive penetration. In the latter process in particular, diffusion
sphere near the magnetopause in tube-like structures witprocesses are needed to allow a plasmoid to pass from one
small & 150 km) perpendicular dimensiorSténberg etal.  magnetic environment to another — that is to say, from the
2007. The whistler mode waves we observe inside the plasimagnetosheath into the magnetosphere. It is possible that the
moids appear in short bursts, indicating that they are conwaves that are observed inside and at the boundaries of plas-
fined to narrow structure also in this case. In the laboratorymoids constitute an essential part of the diffusion process that
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enables such structures to penetrate magnetic boundaries.thie plasmoids. When colliding with the magnetopause, plas-
would therefore be of interest to measure the wave-inducednoids cause Alfvénic waves that propagate in the magne-
diffusion in a plasmoid at the magnetopause. The requiretosphere, and in plasma transport across the magnetopause
ment for such a measurement would be that both the elecwave-induced diffusion plays an important role.

tric field and plasma density could be resolved at the wave

frequency. Such measurements were performedibstig

et al. (2004 in the laboratory and byaivads et al.(2004) The Supplement related to this article is available online

in space. They were able to estimate the plasma density frorat doi:10.5194/angeo-32-991-2014-supplement

the spacecraft potential, making use of an internal burst mode

of the EFW instrument. The instrument is in its internal burst

mode infrequently and only for short periods of time. The

coincidence of an internal burst mode and a plasmoid ob-
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