N

N

Shape, size, velocity and field-aligned currents of dayside
plasma injections: a multi-altitude study
Aurelie Marchaudon, Jean-Claude Cerisier, M.W. Dunlop, Frederic Pitout,
Jean-Michel Bosqued, A. N. Fazakerley

» To cite this version:

Aurelie Marchaudon, Jean-Claude Cerisier, M.W. Dunlop, Frederic Pitout, Jean-Michel Bosqued, et
al.. Shape, size, velocity and field-aligned currents of dayside plasma injections: a multi-altitude study.
Annales Geophysicae, 2009, 27 (3), pp.1251-1266. 10.5194/angeo-27-1251-2009 . insu-00365922

HAL Id: insu-00365922
https://insu.hal.science/insu-00365922
Submitted on 28 Jul 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://insu.hal.science/insu-00365922
https://hal.archives-ouvertes.fr

Ann. Geophys., 27, 1251266 2009 ~ "*

www.ann-geophys.net/27/1251/2009/ G An n_ales
© Author(s) 2009. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

Shape, size, velocity and field-aligned currents of dayside plasma
injections: a multi-altitude study

A. Marchaudon?, J.-C. Cerisier?, M. W. Dunlop3, F. Pitout*, J.-M. Bosquec, and A. N. Fazakerley

I aboratoire de Physique et Chimie de 'Environnement et de 'Espace, CNRS et Ugivk@ileans, 3A avenue de la
Recherche Scientifique, 45071 €ahs Cedex 2, France

2Laboratoire de Physique des Plasmas, Ecole Polytechnique, CNRS et UaiRéesit et Marie Curie-Paris 6, 4 avenue de
Neptune, 94107 Saint-Maur-des-Fes<edex, France

SRutherford-Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK

4Laboratoire de Platologie de Grenoble, CNRS et Univeésite Grenoble 1, BP 53, 38041 Grenoble Cedex 9, France
SCentre d’Etude Spatiale des Rayonnements, CNRS et Un#elsiToulouse 3, 9 avenue du Colonel Roche, 31028 Toulouse
Cedex 4, France

SMullard Space Science Laboratory, University College London, Holmbury St Mary, Dorking, RH5 6NT, Surrey, UK

Received: 29 September 2008 — Revised: 6 February 2009 — Accepted: 18 February 2009 — Published: 12 March 2009

Abstract. On 20 February 2005, Cluster in the outer mag- rent sheets and taking into account the velocity of the injec-
netosphere and Double Star-2 (TC-2) at mid-altitude are sittion flux tubes. The results agree nicely, confirming the va-
uated in the vicinity of the northern cusp/mantle, with Clus- lidity of both methods. Finally, we compare the field-aligned
ter moving sunward and TC-2 anti-sunward. Their magneticcurrent distribution of the three injection flux tubes at the al-
footprints come very close together at about 15:28 UT, overtitudes of Cluster and TC-2. Both profiles are fairly similar,
the common field-of-view of SuperDARN radars. Thanks to with mainly a pair of opposite field-aligned currents, upward
this conjunction, we determine the velocity, the transverseat low-latitude and downward at high-latitude. In terms of in-
sizes, perpendicular and parallel to this velocity, and thetensity, the field-aligned currents at Cluster are two to three
shape of three magnetic flux tubes of magnetosheath plasmiémes less intense than at TC-2 for the first two flux tubes,
injection. The velocity of the structures determined from thein agreement with magnetic field line convergence. For the
Cluster four-spacecraft timing analysis is almost purely anti-third flux tube, the intensity is equal, which is explained by
sunward, in contrast with the antisunward and duskward conthe fact that TC-2 crosses the tube on its edge. Finally, the
vection velocity inside the flux tubes. The transverse sizesanalysis of the ion and electron moments at Cluster shows
are defined from the Cluster-TC-2 separation perpendiculathat the field-aligned currents result from a small difference
to the magnetic field, and from the time spent by a Clusterbetween upward ion and electron fluxes.

spacecraft in one structure; they are comprised between 0.
and 2Ry in agreement with previous studies. Finally, using
a comparison between the eigenvectors deduced from a varj:
ance analysis of the magnetic perturbation at the four Cluster
and at TC-2, we show that the upstream side of the injection
flux tubes is magnetically well defined, with even a concave
front for the third one giving a bean-like shape, whereas thel |ntroduction

downstream side is far more turbulent. We also realise the

first quantitative comparison between field-aligned currentsPulsed magnetic reconnection known as Flux Transfer Event
at Cluster calculated with the curlometer technique and with(FTE) at the magnetopause and direct plasma injection in the
the single-spacecraft method, assuming infinite parallel curpolar cusp are responsible for a large part of mass and mo-
mentum transfer from the solar wind to the magnetosphere.
FTEs formed on the magnetopause are dragged by the mag-

Correspondence toA. Marchaudon netic tension at the reconnection point and by the solar wind
m (aurelie.marchaudon@cnrs-orleans.fr) - flow, successively across the Low-Latitude Boundary Layer
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(LLBL) (Eastman et al., 1976), the polar cusp and the plasmaect single-spacecraft field-aligned current estimation in as-
mantle region (Rosenbauer et al., 1975) where they eventusociation with ground-based observations (Marchaudon et
ally disappear. al., 2004b; Bosqued et al., 2005). However, recent studies
The transverse size of FTEs at the magnetopause has beéRinne et al., 2007) have shown that, duriBg dominating
extensively studied during the early years following their dis- Interplanetary Magnetic Field (IMF), FTE electrodynamics
covery (Russell and Elphic, 1978; Saunders et al., 1984; Ricould be more complex, with an asymmetric twin-cell flow
jnbeek et al., 1984) with values between 1 anB2 The pattern for which Moen et al. (2008) suggested two interpre-
capabilities of the four-Cluster spacecraft mission have retations, either in terms of two independent magnetosphere-
cently allowed refined studies of FTE size from 0.3 tB2 ionosphere current loops or in terms of a non-negligible par-
together with estimations of their velocity varying from 70 to allel electric field.
200 km s'! at the magnetopause (Owen etal., 2001; Bosqued Because the Cluster trajectory is spanning higher-altitude
et al., 2001; Sonnerup et al., 2004; Hasegawa et al., 2006yegions than previous missions, recent studies have described
In the high-altitude cusp, the transverse size of reconnectechagnetosheath injections on the tailward side of the cusp
flux tubes has also been estimated with Cluster in the rangand in the mantle. They were associated with lower-altitude
700-1500 km (for the longitudinal extent) with velocities of observations, including ionospheric polar cap patches de-
the tubes between 7 and 20 kmtsduring quiet IMF condi-  tected by the EISCAT Svalbard Radar (ESR) by Lockwood
tions, in agreement with ionospheric conjugate SuperDARNet al. (2001b), PIFs seen by SuperDARN radars and cusp ion-
measurements (Vontrat-Reberac et al., 2003; Marchaudon etteps observed onboard FAST by Farrugia et al. (2004) and
al., 2004a). In the ionosphere, the size of Pulsed lonospheritund et al. (2008). Lockwood et al. (2001b) interpreted these
Flows (PIFs) or Poleward Moving Auroral Forms (PMAFs), injections as fossil remnants of a series of magnetopause re-
recognized as signatures of pulsed magnetopause reconnemnnection pulses. Lund et al. (2008) showed that momen-
tion detected, respectively, from radars and from all-sky op-tum transfer can still occur on these high-latitude injections
tical cameras, has also been extensively studied and is conwia Alfvén waves on old open field lines. In parallel, dayside
patible with the size of magnetopause FTEs mapped into th@uroral observations from all-sky cameras have shown dif-
ionosphere (Sandholt et al., 1990; Lockwood et al., 1990;ferent steps in PMAFs activity during dominant dawn-dusk
Provan et al., 1998; Milan et al., 2000). An important finding interplanetary magnetic field (IMBy,) periods (Sandholt et
of these ground-based observations is that the latitudinal exal., 2004; Sandholt and Farrugia, 2007a, b). In association
tent of these signatures (50—400 km) is in general narrowewith SuperDARN convection maps and low-altitude satel-
than their longitudinal extent (200-2000 km). By contrast, lite passes, these authors also determined the electrodynamic
in the magnetosphere a purely cylindrical or elliptical trans- pattern of the last phase of these PMAFs, characterised by
verse shape has almost always been assumed, apart froanpair of opposite field-aligned currents called C1/C2 whose
Sonnerup et al. (2004) who used a Grad-Shafranov reconpolarity depends upon the sign of the IMF- component.
struction with Cluster data to obtain a map of a FTE crossThese results were consistent with the low-latitude cleft
section at the magnetopause, showing its irregular shape. current/high-latitude cleft current (LCC/HCC) distribution
Many electrodynamic models of Field-Aligned Current initially defined by Taguchi et al. (1993). All these observa-
(FAC) distributions associated with FTEs have been pro-tions are in agreement with the reactivation mechanism of old
posed, such as Lee (1986) with a coaxial distribution, up-open flux by the solar wind-magnetosphere dynamo, as ini-
ward current at the tube centre and downward current on itdially proposed by Stern (1984). They are also in agreement
surface, or Southwood (1987) with a pair of opposite cur-with the idea of two different steps in the lifetime of magne-
rents flowing on each side of the tube with respect to itstosheath injections (or FTES). The first step corresponds to
travelling axis. Cowley and Lockwood (1992) have also newly reconnected field lines mainly triggered by magnetic
suggested a global dayside electrodynamic model, wheréension at the reconnection site with intense dayside magne-
patches of newly open flux created by reconnection push théosheath precipitation and associated auroral emissions. The
open-closed boundary (OCB) equatorward and then moveecond step called fossil corresponds to older reconnected
into the polar cap under the magnetic tension effect at thdield lines reactivated by solar wind flow with lower mag-
reconnection site and the solar wind flow. In this model, anetosheath precipitation and ionospheric convection bursts
pair of opposite FACs also flows on each side of the new(Cerisier et al., 2005).
open flux region. Observations during the past twenty years On 20 February 2005, during a period Bf dominated
have strongly favoured pairs of opposite FACs flowing on IMF, Cluster at high-altitude and Double Star-2 (TC-2) at
the FTE sides and closing in the ionosphere at least partlynid-altitude are situated in the plasma mantle in the vicinity
through a Pedersen current inside the FTE. These resultsf the northern cusp, with Cluster moving sunward and TC-
were obtained from comparisons between modelling and® anti-sunward. Their magnetic footprints come very close
satellite data (Basinska et al., 1989; Escoubet et al., 1992)ogether at about 15:28 UT, over the common field-of-view
from ground-based camera and radar correlated observatiorsd SuperDARN radars. Based on this conjunction, we in-
(e.g. Milan et al., 2000; Oksavik et al., 2004) or from di- vestigate in detail the transverse structure (velocity, size, and
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shape) and the field-aligned current distribution (pattern and Cluster—1 and TC-2 magnetic positions — 20,/02/2005
intensity at different altitudes, particle carriers) associated  73f oL Q.
with old plasma injections from the magnetosheath, during £ ;g

the fossil second step of their lifetime.
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Cluster consists in four identical satellites on an elliptical po-

lar orbit with a perigee of-5 Rg, an apogee of20 R and

a period of~58 h. Double Star-2 has also an elliptical polar

orbit with a perigee of~1.1Rg, an apogee of7 Rg and

a period of~12h. Part of the TC-2 instrumentation is very 250F

similar to the Cluster instrumentation. 200k
Onboard Cluster, the Plasma Electron and Current Experi- 1500 1510 1520 1530 1540 1550

ment (PEACE) (Johnstone et al., 1997) provides the electron o

velocity distribution function every-4 s (spacecraft spin pe- rig 1. Cluster-1 (in black) and TC-2 (in red) positions for the

riod), in the energy range from1 eV to~26 keV. PEACEis  period 15:00-16:00 UTa) Magnetic (AACGM) latitude (MLAT).

composed of a Low-Energy Electron Analyser (LEEA) and (b) Magnetic local time (MLT).(c) Transverse distance between

a High-Energy Electron Analyser (HEEA) located on oppo- Cluster-1 and TC-2, mapped at the ionospheric altitude (200 km).

site sides of the spacecraft, which measure overlapping en-

ergy ranges. In burst mode, the full three-dimensional (3-D)

distribution is available and the resulting density and veloc-curate evaluations of the current density by the curlometer

ity moments are calculated on the ground with a resolutiontechnique and from particle moments.

up to~4s. Onboard TC-2, only one sensor (LEEA design) In the conjugate ionosphere, SuperDARN radars (Green-

of the PEACE experiment is installed. This sensor samplesvald et al., 1995) measure the line-of-sight (I-0-s) velocity

successively a low energy band during a first spin then a higlof the ionospheric plasma in 16 adjacent beam directions

energy band during a second spin, so that data from the fulseparated by 3°3in azimuth. A full scan is completed in

energy range is transmitted during a pair of spins, providing2 min and thus covers 83n azimuth and over 3000 km in

the full three-dimensional (3-D) distribution with a 8 s reso- range with a resolution of 45 km. For this event, data of the

lution (Fazakerley et al., 2005). Stokkseyri, Goose Bay, Kapuskasing and Saskatoon radars
The Cluster lon Spectrometry (CIS) experiment consistsare used to reconstruct the dayside ionospheric convection

in two different instruments: the Hot lon Analyser (HIA) flow patterns, by the “map potential technique” developed

and the COmposition and Dlstribution Function analyserby Ruohoniemi and Baker (1998).

(CODIF) (Reme et al.,, 2001). Both instruments were Finally, solar wind plasma and interplanetary magnetic

switched off on sc-2 so as HIA on sc-4. For this study, wefield data are obtained from the Solar Wind Electron Pro-

use HIA on sc-1 and sc-3 which offers a good energy andion Alpha Monitor (SWEPAM) and the Magnetic Field Ex-

angular resolution without mass resolution and provides theperiment (MAG) on the ACE satellite. These data are used

full three-dimensional energy/velocity distribution (assum- for monitoring the interplanetary medium, with the appropri-

ing all ions are protons) from thermal energies up to aboutate lag to take into account the solar wind propagation delay

32keV gl Since HIA is not available on sc-4, we use from ACE to Earth.

CODIF which offers a medium angular resolution but mea-

sures the full three-dimensional energy/velocity distribution

of the major magnetospheric ions{HHe™, He™ ™ and O") 3  General context

up to about 38 keVqt. Only the proton distribution is used

in this case. The density and velocity moments are calculate@etween 14:00 and 16:00 UT on 20 February 2005, the solar

onboard with a~4 s resolution. There is no CIS experiment wind bulk speed measured by ACE~835 km st leading

onboard TC-2. to a solar wind propagation delay to the Earth~83 min.
Onboard Cluster and TC-2, the Flux Gate MagnetometerAt Earth, from 14:55 to 15:55 UT, the 3 components of the

(FGM) (Balogh et al., 2001; Carr et al., 2005) measures thdagged interplanetary magnetic field are stable, with IB\--

3-D magnetic field vector, with up t9202 vectors st sam-  oscillating betweer-1.5 and—2.5 nT, a dominating IMFB,,

pling. We use data averaged to 4 s resolution. oscillating between-4 and—4.5nT and IMFB; oscillating
During this event, the four Cluster spacecraft are in a regubetween-3 and—3.5 nT (not shown). The lagged solar wind

lar tetrahedral configuration with-a1000 km inter-satellites  plasma parameters are also stable with a solar wind dynamic

separation and are operating in burst mode, which allows acpressure of-1.8 nPa.
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Fig. 2. Overview of the Cluster and TC-2 magnetic field (FGM) and electron fluxes (PEACE) for the 14:55-15:55 UT (@rtodd) X,

Y, Z components and magnitude of the magnetic field at the four Cluster in GSM coordinates (black line for sc-1, red for sc-2, green for sc-3
and blue for sc-4)(e) and(f) Omnidirectionnal electron energy-time spectrograms at Cluster-1 and T¢}12.(j) X, Y, Z components and
magnitude of the magnetic field at TC-2 in GSM coordinates. The dash-dotted lines represent the beginning of each injection.

During this period, Cluster and TC-2 are in a favourable their relative distance mapped to the ionosphere with the Tsy-
magnetic conjunction close to the northern exterior cusp organenko T01 field model (Tsyganenko, 2002a, b) are shown
its afternoonside. At 15:30 UT, Cluster-1, located~&Rg on Fig. 1. The closest approach between Cluster and TC-2
from the Earth 4.7, ~2.0, ~7.4Rg, GSM coordinates) occurs around 15:28 UT at75.5 MLAT and ~13.6 MLT
travels sunward. At the same time, TC-2, located@tl R g in Altitude Adjusted Corrected Geo-Magnetic coordinates
from the Earth £3.0,~1.3,~5.2Rf) travels essentially an- (AACGM).
tisunward. The magnetic coordinates of both spacecraft and

Ann. Geophys., 27, 1251266 2009 www.ann-geophys.net/27/1251/2009/
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Fig. 3. Overview of the CIS-HIA data of Cluster-1 for the period 14:55-15:55(@dJ Omnidirectional ion spectrograngb) ion density.
(c)and(d) X, Y, Z components of the parallel ion velocity and of the perpendicular ion velocity in GSM coordinates. The dashed lines
represent the beginning of each injection.

An overview of magnetic field data and omnidirectionnal injections especially for the ions. High-energy electrons
electron spectrograms of Cluster-1 and TC-2 between 14:5%haracteristic of closed magnetospheric field lines are also
and 15:55 UT is presented on Fig. 2. Cluster-1 ion data forobserved in the anti-parallel direction on several of the in-
the same period are shown on Fig. 3. The ion spectrogram ¢gfection signatures. This mixing of magnetospheric and mag-
Cluster-1 (panel a of Fig. 3) and the electron spectrogramsietosheath plasmas inside the magnetosphere is most likely
of Cluster-1 and TC-2 (panels e and f of Fig. 2) display caused by dayside magnetic reconnection. Each plasma sig-
magnetosheath-like plasma injections, but with a high energyature is also accompanied by a drop of the magnetic field
limit slightly lower than generally observed in cusp plasma magnitude (panels d and j of Fig. 2), indicating a diamagnetic

www.ann-geophys.net/27/1251/2009/ Ann. Geophys., 27, 12536-2009
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@® CLUSTER in the following 1, 2, and 3. TC-2 detects Injections 1 and 2
several minutes before Cluster and Injection 3 several min-
utes after Cluster, setting approximately the time of simulta-
neous observations around 15:20 UT. A more precise method
to estimate the closest conjunction between Cluster and TC-
2 will be presented in Sect. 4.2, confirming accurately our
initial identification of the injections at both spacecratft.

During the whole period of interest, SuperDARN global
convection maps show the typical dayside convection cells
for negative IMF8, and -B;, with a crescent cell at dusk

. ' and a circular cell at dawn, and antisunward and duskward
20/02/2005 * 15:30-15:32 UT plasma flow in the polar cap. These observations are in
agreement with the Cluster ion convection velocities. The
Fig. 4. SuperDARN convection map at 15:30-15:32UT in SuperDARN convection map at 15:30-15:32 UT, between
AACGM coordinates. The black solid lines represent the equipo-Injections 2 and 3 is displayed on Fig. 4. Cluster and TC-2
tential contours and the coloured dots represent the grid point§ootprints (green dot and blue star) are located downstream of
where the convection vectors are determined. The green dot anghe region of plasma entry in the polar cap, close to the con-
the blue star represent the Cluster-1 and TC-2 positions. vection reversal boundary (CRB) of the dusk crescent cell.
The relative position of Cluster and TC-2 footprints with re-

spect to the CRB will be discussed in the next section.
effect and shows significant magnetic gradients on its edges.

The component of the Cluster electron and ion bulk velocities
aligned to the magnetic field is upward during the whole pe-
riod of interest and it exhibits an upward acceleration during
the injections (panel c of Fig. 3). This suggests that these in-
jections are initiated on the dayside magnetopause and then
convected towards the polar cleft/cusp and mantle where &-1 Velocity analysis
majority of ions has already mirrored. The presence of elec-
trons results from the need for quasi-neutrality. These obserwe have analysed independently the motion of flux tubes and
vations are in agreement with statistical observations of upthe convection of the plasma inside these flux tubes in order
ward ion flow on the tailward edge of the high-altitude cusp to emphasize the difference between these two motions.
made by Lavraud et al. (2005). Finally, ion convection veloc-
ities are essentially in the antisunward and duskward dlrec4 1.1 Velocity of injection flux tubes
tion (panel d of Fig. 3), in agreement with the expected polar
cap flow for the prevailing IMF orientation (negative IMF-
B, and B;). These observations suggest that Cluster andAt Cluster, the velocity of flux tubes can be determined from
TC 2 are located in the tail lobe on the dusk edge of the cusﬂhe delays in the observation of similar signatures at the four
proper. Moreover, each plasma signature is observed succegpacecraft (four-spacecraft timing analysis). We have used
sively on the four Cluster spacecraft, confirming that thesemagnetic signatures from the FGM experiment which pro-
signatures are drifting plasma injections and not successiv¥ide a good time resolution and reflect both diamagnetic ef-
back and forth motions of the magnetopause boundary layefects due to plasma injections and signatures of parallel cur-
tailward of the cusp. Cluster low-energy magnetosheath infents. In this analysis, a quasi-planar front moving across
jections similar to those presented above have already beeifie Cluster tetrahedron has to be assumed. We will show in
described by Lockwood et al. (2001b), Farrugia et al. (2004)Sect. 4.4 that this assumption is valid.
and Lund et al. (2008). They were observed even more tail- The flux tubes velocity at Cluster associated with the three
ward than in our event and were identified as old open fluxidentified injections (at 15:05, 15:10 and 15:39 UT, Cluster
tubes reactivated by the solar wind-magnetosphere dynamaime) is shown in the second column of Table 1 (modulus
as already mentioned in the introduction. Thus, the mag-and unit vector in GSM coordinates). For all three injections,
netosheath injections presented in this paper appear as otéle velocity is essentially in the antisunward direction, with
injections observed in the second step of their lifetime. a significant increase in the modulus for Injection 3. This
From electron spectra such as those displayed on Fig. 2, alatter variation reflects more likely the motion of Cluster ap-
identification by eye can be made between similar injectiongproaching the cusp on its afternoon side from the polar cap
seen at Cluster-1 and TC-2. Three main injections are identhan temporal effects related to interplanetary drivers since
tified around 15:05, 15:10 and 15:39 UT, Cluster start timethe IMF and solar wind parameters are stable during the pe-
(15:02, 15:08 and 15:43 UT, TC-2 start time), and numberedriod.

1000 12:00 MLT

m/s

0m/s

4 \elocity and structure of injection flux tubes
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Table 1. Velocity of injections flux tubes and convection velocity at Cluster and mapped into the ionosphere along magnetic field lines and

along the SuperDARN Stokkseyri radar beam with which Cluster is magnetically conjugated.

Event Cluster velocity (km's) and direction (GSM xyz)  Cluster convection velocity mapped to the ionospherelm s
(Cluster time, UT)
Flux tube velocity Convection velocity Convection Component along the radar beam
velocity (>0 towards the radar)

Injection 1 (15:05)  26.240.96—0.16 0.25)  19.4{0.87 0.47—0.14) 680 +590

Injection 2 (15:10)  21.540.920.140.36)  25.040.90 0.43-0.09) 860 +690

Injection 3 (15:39)  39.4{0.96—0.04 0.29) 32.6{0.79 0.51-0.33) 1250 +1060
4.1.2 Convection velocity CLUSTER * TC—=2 * 2005-02-20

CISARRRRRRE RRRRRRRN [RRRRRRRRS T RRRRRARAN [RRRERRRRN ]

The convection velocity measured by the CIS experiment g 3 ]
(panel d of Fig. 3) during the selected injection events is c g
given in column 3 of Table 1. As compared with the flux 2F 0 16-2(15:50) 7
tubes velocity, it shows also antisunward but larger duskward g o #75:40VELOCITY ]
components. This difference supports the idea that the veloc- F o § ]
ity of the flux tubes and the convection velocity inside are not W i o E
equal for this event. These convection velocities, togetherg g <><> ]
with the Cluster positions have been mapped along magnetic: O b o Y Cluster. (c.. of mass)]
field lines to the ionosphere (column 4 in Table 1), using the ‘E E NG 1
Tsyganenko TO1 magnetic field model. During this event, . g & ]
Cluster was magnetically conjugate with the Stokkseyri Su- 1k 2 E
perDARN radar. Because of the inaccuracy of the Tsyga- g TC-2 ]
nenko model at the Cluster position (see Sect. 4.2 below), L (14:40) ; 1
the precision of the field line mapping does not exceed one -2  Relative positions of Cluster and TC—-2 -
or two radar cells. Anyhow, the radar data confirm clearly t in the plane perpendicular to B 1
that Cluster is situated poleward of the convection reversal g : ]
boundary (CRB) which marks the transition between anti- ~ ~2 Fobomn bl
sunward convection in the polar cap and sunward convection -3 -2 -1 « perg (Re) ! 2 3

in the auroral zone. For the velocity mapping, equipotential
field lines have been assumed as suggested by the absenceFi_n 5. Relati i £ TC-2 with t to Clust ire of
the PEACE data of large-scale inverted V structures able to '9. 5. Relative position of T%-2 with respect o tluster centre o

. mass, in the plane perpendicular to the magnetic field for the 14:40—
affect the large-scale convection (Kullen et al., 2008). Dur-15:50 UT period. TC-2 position has been mapped at the Cluster al-

ing Injections 1 and 2, the mapped Cluster convection veloCyjyge, Thex andY axis of the GSM frame have been projected
ity component along the radar beam is 590/690M&ol- oo this plane (green arrows). The blue diamond shows the posi-
umn 5 of Table 1). These values compare well with the Su-tion of TC-2 at the time of Injection 3%15:40 UT). The blue arrow
perDARN radial velocity of 500 ms' (a mean on two beams  represents the velocity of Injection 3.

and two range cells to take into account the uncertainty in the

mapping) measured in the appropriate radar cells at the same

time. However during Injection 3, the noisy radar data do4.2 Analysis of the Cluster-TC-2 conjunction

not allow an accurate measurement of the velocity for com-

parison. These ionospheric observations support that ClusteFhe visual analysis of the electron (and ion) spectrograms

and TC-2 are not in the cusp proper, but in the plasma manen Cluster and TC-2 led us to set the period of correlated

tle region, poleward and duskward of the polar cusp (Newellobservations between 15:00 and 15:50 UT. From Fig. 1, the

and Meng, 1992), where the convection is similar in direc-two spacecraft are situated at the same magnetic latitude at

tion (antisunward and duskward) but slower than in the cuspl5:35 UT, with a separation of 28 min in MLT. Their closest

proper. approach (across the field lines) occurs a few minutes ear-
lier around 15:28 UT. However, in the outer cusp, the mag-
netic field model Tsyganenko (T01) used for calculating the
conjunction parameters is only a rough approximation to the
real field. A discrepancy between the Tsyganenko model and
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Table 2. Delay from Cluster to TC-2 and size of plasma injections at Cluster.

Delay between Cluster and TC-2 (s) Minimum transverse size  Observed duration (s) and longitudinal

Event (Cluster time, UT) Calculated Observed (from PEACE) of the structuke [ size of the structureRg)
Injection 1 (15:05) —200 —165 0.65 150s—-0.8B¢
Injection 2 (15:10) —-170 —140 0.6 230s-0.8¢
Injection 3 (15:39) +205 +255 1.0 300s - R9

Distance/Delay from Cluster to TC—2 15:00 and 15:50 UT, we have calculated the expected delay
S between Cluster and TC-2, based on their velocity given in
Time of Velocity measurement —{400 column 2 of Table 1. Column 2 of Table 2 gives the result

of these evaluations for the three injections and column 3
| gives the delays identified from observation of the Cluster
200 and TC-2 PEACE spectrograms. For all three injections, the
fairly good agreement between the two determinations con-
firms unambiguously the initial association made by eye.

~ 1 -
~ _ Distance _

Distance .
perp to Velocity

4.3 Transverse size of injection flux tubes at Cluster

Distance, Re
o
T
|
o
Time Delay, s

As seen on Fig. 6, a minimum transverse size (with respect

S-mf de‘oy‘ Av ocit 1720 to their velocity) of injection flux tubes can been deduced
shonee along relocty from the transverse separation between Cluster and TC-2.
1 200 Column 3 of Table 2 gives the result of this evaluation for

the three injections observed at Cluster, at 15:05, 15:10 and
— DU 15:39 UT. They are comprised between 0.6 andRiz0 In
15:20 15:40 16:00 o : o )
Time, UT addition and independently, the longitudinal size (along the
velocity vector) of each injection has been evaluated from the
Fig. 6. Components of the relative TC-2 position vector along duration of its crossing by one Cluster spacecraft (Table 2,
and transverse to the velocity of Injection 3 (blue diamond) andcolumn 4), giving values between 0.6 and R£. These val-
mapped at the Cluster altitude (solid lines). The dotted line showsues are coherent with previously published values obtained
the mapped distance between the two spacecraft. The scale on thi®/ other methods (e.g. Owen et al., 2001; Bosqued et al.,
right gives the expected delay between observations at Cluster angpQ1).
TC-2.

735 PR N
14:40 15:00

4.4 Detailed shape of injection flux tubes

the measured field components reaching 50% is observed gthis event also offers the possibility to study the shape of the
the Cluster position. So, we have recalculated the field lineinjection flux tubes seen both at Cluster and at TC-2. It has
through TC-2 and up to the Cluster altitude with a “fitted” been shown by Marchaudon et al. (2006) that the discrimina-
field obtained by adding the discrepancy observed at Clustetion between planar and tubular structures can be tested for
to the Tsyganenko model. Figure 5 shows the relative posieach spacecraft by a variance analysis of the transverse com-
tion of the two spacecraft (with the centre of mass of Clusterponent of the magnetic signal. This discrimination is also
at the origin of coordinates) in the plane perpendicular to theessential in the determination of the parallel current from a
magnetic field. The irregular trajectory of TC-2 in this dia- single-spacecraft (see Sect. 5.1). A planar front results in a
gram reflects the fluctuations of the magnetic field directionlinear polarisation of the magnetic signal and is revealed by a
at Cluster. The direction of the velocity observed at the timelow value of the ratio of the intermediate to the largest eigen-
of Injection 3 (blue diamond) is also indicated. values of the covariance matrix of the signal (variance ratio
Figure 6 shows the two components of the relative TC-r) and by a stable direction of the eigenvector associated with
2 position vector, along and transverse to the velocity de-the largest eigenvalue of this covariance matrix (polarisation
termined for Injection 3. Knowing this velocity, the longi- vectorv).
tudinal component gives also an evaluation of the expected Figure 7 displays the variance ratio for each Clus-
delay between the observation of similar features at Clusteter spacecraft and for two time intervals, one just before
and TC-2. For each of the three injections observed betweethe nominal conjunction (period 15:02-15:14 UT including
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Magnetic variance — Cluster 20/02/2005
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Fig. 7. FGM variance ratio between the intermediate and largest eigenvalues of the covariance matrix of the magnetic signal for each Cluster
spacecraft (black line for sc-1, red for sc-2, green for sc-3 and blue for €e)4p (d) for the 15:02-15:14 UT period (Injections 1 and 2).
(e)to (h) for the 15:37-15:45 UT period (Injection 3).

Injections 1 and 2 on the left-hand side) and one just afterstructure of the blob. Such an analysis which has been pos-
(period 15:37-15:45UT including Injection 3 on the right- sible for the forward front revealed totally impossible for the
hand side). Similarly, panels (a) and (e) of Fig. 8 display thebackward side of the structure because it was not possible
variance ratio- measured at TC-2 for Injections 1 and 2, and to identify safely any similar features on the four spacecraft
Injection 3 respectively. Although the ratiois quite vari-  (high r and variablev). This suggests a backward side of
able, indicating a variety of structures, it shows several shorthe blobs more turbulent than their front side. A sketch of a
periods wherr is below 0.25. These periods are accompa-possible transverse shape of the plasma blob is illustrated in
nied by a stable polarisation vectoi(not shown). Such pe- Fig. 9b. For the first time, the detailed shape of an injection
riods occur in particular around the beginning of each injec-flux tube was described, with a well defined front and a more
tion seen at Cluster and at TC-2, as defined with PEACEturbulent backward side. This asymmetry between the two
electron fluxes (dash-dotted lines on Figs. 7 and 8). Thesides may be the result of an instability of the backward side
results are clear especially for Injections 2 and 3, confirm-of the convecting flux tube (Keskinen and Ossakow, 1983),
ing quasi-planar current structures and validating the quasibut may also result from the time history of the injection it-
planar assumption used in the four-spacecraft timing analysiself, leading to a different structure of its front and backward
(Sect. 4.1). sides. For Injections 1 and 2, a well defined front and a tur-

In the variance analysis at each of the four Cluster, Wherpulent backward ;ide are still vjsible, but the shape analysis
the polarisation is quasi-linear, the polarisation veetgives could not be applied due to their smaller extension.
locally the direction of the front of the structure. However,
these directions differ slightly at the different spacecraft. By
fitting these directions with a circle in the plane perpendicu-5 Field-aligned currents in injections flux tubes
lar to the magnetic field, the radius of curvature of the front
can be determined. Figure 9a illustrates the result of thisAt Cluster, we have tested and compared the results of differ-
exercise for the beginning of Injection 3, indicating a con- ent methods to calculate FACs: first from magnetic data by
cave forward front of the structure, with a radius of 0R38 the curlometer technique and also by the single-spacecraft
The concave shape of the forward front suggests a bean-likenethod, and then from particle moments. At TC-2, only the
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Variance, parallel currents and electron fluxes — TC—2 20/02/2005
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Fig. 8. TC-2 FGM variance ratie and field-aligned currents deduced from the single-spacecraft method with zero sheet velocity (upward
currents are positive), and TC-2 PEACE energy-time electron spectrograms in the parallel and anti-parallel difegttor(sl) for the
15:00-15:14 UT period (Injections 1 and 2¢)to (h) for the 15:43—-15:50 UT period (Injection 3).

single-spacecraft method is usable, but it allows to compare With only one spacecraft, cud in Ampere’s law cannot

FACs at different altitudes. be calculated safely. However, an estimation of the field-
. aligned currents is still possible by assuming that the cur-
5.1 Calculation methods rents are distributed in infinite parallel sheets, reducingtzurl

) o . . to a gradient along the normal to the current sheet. This
With Cluster, it is possible to calculate the current density ,athod fails if the previous assumption is not valid, or if the
over the spacecraft tetrahedron volume from Ampere’s laW.gagljite orbit is parallel to the current sheet. No uncertainty
This method, called curlometer, is presented e.g. in Robertan pe calculated with this method. However, as stated in
et al. (1998) and Dunlop et al. (2002) and consists in calcu-gect 4.4, the variance ratioand the polarisation vectar
lating the projection of the current density on the normal to yeqyced from the covariance matrix of the magnetic signal
each face of the tetrahedron and thus to reconstruct the avefyarchaudon et al., 2006) allows to identify planar current
age current over the spacecraft volume. This method is acgrctures: if the polarisation vecteris stable and the vari-
curate only if the tetrahedron configuration is regular. In our 5 ce ratior is low (less than 0.25), then the current struc-
case, the tetrahedron configuration is_ almost perfectly regulag o is planar and the single-spacecraft method is valid. An
and although the spacecraft separation is largt000km), oyen more important problem with this method is to estimate
it remains always smaller than the transverse size of the ing,o ¢\rrent sheet velocity (equivalent to the velocity of the
jections (-0.6-2R), thus allowing these injections to be g,y the) and to take it into account in the FAC calculation.
seen almost simultaneously by the four spacecraft. For the\; o,y (jonospheric) altitudes, this velocity can be neglected
curlometer, uncertalnt_lgs have been estlmated_ by COMParingomnpared with the spacecraft velocity), contrary to mid- or
the total current densities calculated by c_hoosmg a d'ﬁe_re”high-altitude, where plasma injections can move much faster
reference spacecraft. In our case, two different calculationgpap, the spacecraft motion. Forgetting this velocity in the
show similar profiles confirming the stability of the method Fac calculation can give erroneous current polarity and/or
a_nq the amplitude variations betwegn the two indicates a Préhtensity, as shown theoretically by Lockwood et al. (2001a)
cision of~35% on the current density. and observationally with Cluster (Bosqued et al., 2005; Mar-

chaudon et al., 2006) and with the ST-5 mission (Slavin et
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Fig. 9. (a)Polarisation direction at each Cluster spacecraft at the beginning of Injection 3 (15:40 UT) in the plane perpendicular to the
magnetic field. The relative position of TC-2 is indicated by a star/diamond symbol, with the centre of mass of the Cluster tetrahedron
at the origin. TheX andY axis of the GSM frame have been projected onto this plane (green arrows). The blue arrow represents the
velocity of Injection 3 (~15:40 UT).(b) Sketch of the transverse shape of Injection 3 deduced from the magnetic variance analysis, and of
the electrodynamics of the structure. The black arrows represent the convection velocity, the bold black arrow represents the velocity of the
flux tube, the green dashed arrows represents the convection electric field. The blue dots and red crosses represent upward and downwal
FACs.

al., 2008). For the present case, FACs have been calculatesl2 Observations
over 7 points measurement, in order to get a smoothing com-

parable to the curlometer method and only where the sheet 5 1 At Cluster
direction is not parallel to the satellite orbit (data gaps), and
initially with zero sheet velocity. In a further step, these FAC S
values have been corrected with the velocity of the flux tube':Or each injection, we compare the Cluster FACs deduced

obtained from the four-spacecraft timing, directly at Clusterfrom the curlometer t'echnique with thoge from t.he single-
and mapped at the right altitude for TC-2. spacecraft method with zero sheet velocity, applied to each

An important difference between the curlometer and thesatellite. Figure 10 shows FACs calculated by both meth-

single-spacecraft methods is that the former gives a time resst for Injections 1 and 2 (period 15:02-15:14 UT) on the

olution equal to the data sampling, while the latter which Ieft-rr]]and_ S;:dfl andd f%r an?JCtlon 3 (period 15:37_15.:45 UT)d
is based on a sequence of measurements, provides temporal the r'g t-hand side. pwar _(I:_lrjlrrebnts'an'e posfltlve r?n
smoothing. Both are equivalent only for stationary convect- ownward currents are negative. The beginning of each in-

ing current sheets evaluated with the same spatial resolutioﬂ.ecnor_‘ determined f“’”? PEACE electron fluxes is m_arked by
Finally, field-aligned currents can also be obtained from & Vertical dash-dotted line. We have chosen an arbitrary zero

particle measurements. With Cluster in burst mode, accuye'OCity of the flux tubes in the single-spacecraft calcula-
tions, because the velocity is different for each injection (see

rate electron and ion densities and velocities can be calcuS a1 dd i i : tant Ki
lated from 3-D distribution. Examples of ion and electron : ect. 4.1) and does not necessarily remain constant, making

FACs in the mid-altitude cusp and their associated uncertainlt difficult to plotaccurate currents during a long time inter-

ties (~35-40% for electrons ane40-50% for ions) have val. The global current profiles obtained by the curlometer
been reported in Marchaudon et al. (2006) and by the four single-spacecraft calculations are remarkably

similar. The comparison is better at the beginning of the in-
jections where, as indicated by the variance analysis reported
in Sect. 4.4, the infinite current sheet assumption is more
valid (low variance ratio- and stable polarisation vectoy.

As described in detail below, the profiles show principally for
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Parallel currents — Cluster 20/02/2005
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Fig. 10. FGM field-aligned currents calculated with the curlometer method (pink line) and with the single-spacecraft method with zero sheet
velocity (black line for sc-1, red for sc-2, green for sc-3 and blue for sc-4). Upward currents are p¢ajtiege) for the 15:02-15:14 UT
period (Injections 1 and 2Jf) to (j) for the 15:37-15:45 UT period (Injection 3).

each injection a pair of downward/upward FACs, despite dif- A remaining problem is the arbitrary zero velocity of
ferent current extensions, intensities and the existence of sulihe flux tubes (or sheet velocity,;,) chosen in the single-
structures. The curlometer profile which assumes a constargpacecraft calculations which leads to an erroneous scaling
current over the tetrahedral volume is smoother and showsf the current by this method. Here, the Cluster velocity com-
fewer sub-structures. ponent normal to the current sheet plane (~2.6kms™1)

The current structure of Injection 1 is the simplest with iS opposite in direction and about 10 times smaller than the
all current calculations showing a pair of downward/upward velocity component normal to the sheléy, in each injec-
FACs. The current structure of Injection 2 shows alsotion. It results in a velocity of the observer relative to the
this pair of downward/upward FACs, with however an up- sheet {;.—V;;,) in the same direction as the Cluster veloc-
ward/downward FACs pair embedded in it, clearly seenity Vs, but much larger. Consequently, the currents calcu-
on sc-1 and sc-2, smoothed on sc-3 and the curlometelated with a zero sheet velocity have the right polarity but
(15:10:30-15:11:30 UT, curlometer time) and split in two an overestimated intensity. From Fig. 10, this is clearly the
successive small upward/downward pairs of FACs on sc-4case. All profiles are similar, as discussed earlier, but with a
Finally, Injection 3 has the most complex structure, with strong difference between intensities given by the curlome-
two successive pairs of downward/upward FACs (15:38:35ter and the single-spacecraft methods, with curlometer cur-
to 15:40:55 and 15:40:55 to 15:42:45 UT, curlometer time).rents systematically smaller. For each injection, we esti-
Moreover, the two strong downward currents embedded inmate the ratio between the currents calculated by the single-
the first pair of FACs are clearly separated on each of thespacecraft method with zero sheet velocity and by the cur-
four spacecraft, but collapse into a single negative cur-lometer:J,,(1-sat,V;,=0)/J;,(curl) and compare it with the
rent with two distinct peaks with the curlometer (15:38:35- ratio between the currents calculated by the single-spacecraft
15:40:25 UT). A third downward current is also recorded by method with zero sheet velocity and with the velocity of the
sc-2 and sc-4 around 15:41 UT. To summarize, a majority offlux tube calculated by the four-spacecraft timing method
the current sub-structures can be recognised on each of tH&ect. 4.1): J,/(1-sat, Vs, =0)/J,/(1-sat, Vs, #0). This last
four spacecraft and even for some of them on the curlometefatio is equivalent to the ratiol{.—V;,)/Vs. which can be
current, which imply that their extension remains of the orderévaluated independently. The results are presented in Table 3
or larger than the Cluster separation. and show that the two ratiag,(1-sat, V,,=0)/J,,(curl) and

Ann. Geophys., 27, 1251266 2009 www.ann-geophys.net/27/1251/2009/



A. Marchaudon et al.: Properties of dayside plasma injections 1263

Jy/(1-sat, Vy,=0)1J,,(1-sat, Vs, #0) are fairly close. Since in each injection. It results in a velocity of the observer rel-
the curlometer current is supposed to be accurate, it conative to the sheetW{,.—V,;,) opposite to the TC-2 velocity
firms the validity of the single-spacecraft method once theV,.. Consequently, the currents calculated with a zero ve-
right sheet velocity is included. The fact that the rafjo(1- locity of the injections have a wrong polarity in addition to
sat,V,,=0)/J,,(curl) is however slightly larger than the ratio an incorrect intensity. We calculate again the ratio between
Jy/(1-sat, vy, =0)/J,,(1-sat, Vi, #0) can be explained again the currents calculated by the single-spacecraft method with
by the smoothing of the curlometer current over the tetrahezero sheet velocity and with the velocity of the flux tube cal-
dral volume. The real peak intensity of the FACs at Cluster isculated by the four-spacecraft timing method at Cluster and
then~0.01-0.015:A m~2 for Injections 1 and 2 and0.01-  mapped at TC-2 altitude along magnetic field ling's;(1-
0.012u.A m~2 for Injection 3. sat, Vy;,=0)/J,,(1-sat, V,;, #0) (equivalent to the analytic ra-
Finally, we have also calculated ion and electron field-tio (Vic — Vii)/Vs). The results are shown in the last two
aligned currents at Cluster from the 3-D particle distributionscolumns of Table 3. This ratio is negative for each injection,
measured by CIS and PEACE (not shown). The ion cur-confirming the wrong polarity of the currents calculated with
rent is upward between 0.1 and .8 m~2 inside the injec-  zero sheet velocity. The real FACs at TC-2 have opposite
tions, and carried by upward ions in the 100—1000 eV energysigns to those plotted on Fig. 8 and in consequence, the main
range. The electron current is downward betwedénl and  pair of FACs of each injection at TC-2 is downward/upward
—0.3pAm~2 inside the injections, and carried by upward as for Cluster. In terms of intensity, once this ratio is taken
electrons in the 20-200 eV energy range. These two oppositi#to account in the current calculation, the real peak intensity
currents are of the same order, leading to a smaller total curof the FACs at TC-2 i$~0.035.A m~2 for Injections 1 and
rent, in agreement with magnetic calculations. Because th& and~0.012uA m~2 for Injection 3.
electron and ion currents suffer large uncertaintiegt0%
(Marchaudon et al., 2006), and compensate for a large part, 8.3 Discussion
quantitative comparison (profile and intensity) between mag-

netic and total particles FACs is impossible. 5.3.1 Validity of calculation methods

522 AtTC-2 We have made the first quantitative comparison of FACs at

For each injection, magnetic FACs at TC-2 are also calcy-Cluster calculated by two different methods: the curlome-

lated by the single-spacecraft method with zero sheet velocEer technique and the single-spacecraft method assuming in-

ity. On Fig. 8, panel (b) shows TC-2 field-aligned currents f'ﬂge Eiﬁﬁlhceurrggjze?:;!{n trr(])?'ge:r?;s'nstiﬁn%% w:rza\ée
for Injections 1 and 2 (15:00-15:14 UT) and panel (f) for In- show 9 u protres ! sites re-

jection 3 (15:43—15:50 UT). Again, upward currents are pOS_markably similar f_or_the three |qject|on_s, if the velocity of the
current structure is integrated in the single-spacecraft calcu-

itive and downward currents are negative. The beginningI i M sinaly. th . : tis
of each injection determined from PEACE electron fluxes tirtl)r;venoi;etrfgr\?;ris;%g,ratﬁ;ﬁ:mngfzmgyrse?;?; (s)azg ]%Cr'
s marked by a vertical dash-dotted line. The global cur- FACs obtained with the single-spacecraft method. This re-

rent profile of each of these 3 injections shows a pair of up- . ) L
ward/downward FACs. A localised downward current is ob- SUlt means that the threshold at 0.25 for this variance ratio is

I L . bably too restrictive and can be increased. It also shows
served at the very beginning of Injection 1 and several paird> ) .
Y Deg g ) Pal S hat the two different methods work equally well and gives

of small-scale FACs are embedded in the main pair of FACs . . . ;
for Injections 2 and 3. _speC|aI credit to the S|_n_gle-spacecraft method, whose valid-
The polarity of the main pair of FACs is opposite at TC- ity has rarely been verified.
2 and at Cluster for the 3 injections and the TC-2 cur-
rent intensity is larger than at Cluster, even if we take
into account the field line convergence between both alti-
tudes. Moreover, the comparison at TC-2 between magneti¥Ve also realised the first quantitative comparison of FACs at
FACs and PEACE electron fluxes shows that upward curtwo different altitudes in the magnetosphere with remarkably
rents are associated with dominating upward electron fluxesconsistent results.
This is particularly clear for the periods 15:12-15:14UT, In terms of structure, the main downward/upward pair of
15:43:30-15:45:45 UT. These apparently inconsistent result§ACs is well identified for each injection at Cluster and at
are caused again by the arbitrary zero sheet velocity used ifC-2. Even several small-scale structures embedded inside
the single-spacecraft calculation which leads in this case tdhe injections at TC-2 and at Cluster appear correlated. Thus,
an erroneous estimation of the current polarity. Here, thethe sub-structures of Injections 2 and 3 show similar profiles
TC-2 velocity component normal to the current sheet planeat TC-2 and Cluster-1. However, the small upward current at
Ve (~1.5kms™1) isin the same direction but about 10 times the beginning of Injection 1 observed at TC-2 (15:02:15 UT,
smaller than the velocity component normal to the sliggt  in real polarity) is not seen at Cluster.

5.3.2 Comparison between Cluster and TC-2
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Table 3. Velocities of the injections at Cluster and TC-2, ratio between FACs calculated without and with sheet velocity and ratio between
FACs calculated without sheet velocity and from the curlometer.

Event (Cluster time, UT) Cluster TC-2
' Vi Jy/(L-sat,Vy,=0)/  J;/(1-sat,V,=0)/ Vi Jy/(1-sat,Vy;,=0)/
(kms™1) J, (1-sat,Vy;,#0) J,/(curl) (kms) J,(1-sat,V,,#0)
Injection 1 (15:05) 26.2 ~10 12-15 14.0 ~—7
Injection 2 (15:10) 215 ~9 12-15 11.9 ~—6
Injection 3 (15:39) 39.4 ~16 18-20 17.6 ~—13

In terms of intensity, the currents at TC-2 are between twoobserved here are fossil signatures observed in the plasma
and three times larger than at Cluster for Injections 1 andmantle downstream of the cusp (Lockwood et al., 2001b;
2. This is consistent with current conservation in convergingLund et al., 2008), their motion is governed mainly by the
magnetic field lines. On the other hand, TC-2 and Clustermagnetosheath flow and a majority of ions of magnetosheath
currents have the same intensity in Injection 3. But PEACEorigin has already mirrored (net upward flow). How the as-
spectrograms on Fig. 2 show clearly that TC-2 electron fluxessociated electron population with such high energies can be
are also smaller than Cluster electron fluxes, suggesting thahaintained in these injections (they should have already es-
Cluster crosses deeper inside Injection 3 while TC-2 crossesaped the magnetosphere) is still an open question, but is
more its edge. This can explain the relatively weak currentbeyond the scope of this paper.
intensity measured by TC-2 for this injection.

. . 6 Conclusions
5.3.3 FAC pattern and patrticle carriers ust

Thanks to a conjunction between Cluster, TC-2 and Super-

A main pair of FACs, upward at low-latitude and downward DARN close to the northern polar cusp, we determine the
at high-latitude, is well identified in each injection at Clus- velocity, the transverse sizes, perpendicular and parallel to
ter and at TC-2. This result agrees with the LCC/HCC dis-this velocity, and the shape of three magnetic flux tubes of
tribution described by Taguchi et al. (1993) and the C1/C2magnetosheath plasma injection. The velocity of the flux
distribution described by e.g Sandholt and Farrugia (2007atubes determined by the Cluster four-spacecraft timing anal-
b) for negative IMFB,, periods, in which a pair of opposite ysis, is almost purely antisunward, in contrast with the an-
parallel currents flows on each side of an old reconnectedisunward and duskward convection velocity inside the flux
flux tube tailward of the polar cusp. However, the obser-tubes. The transverse sizes are defined from the Cluster-TC-2
vation of small-scale sub-structures by Cluster and TC-2 inseparation perpendicular to the magnetic field, and from the
the injections shows that their internal structure can be mor@ime spent by a Cluster spacecraft in the structure; they are
complex than a simple current pair as proposed in the C1/CZomprised between 0.6 andkz in agreement with previ-
and LCC/HCC models and could result from the turbulentous studies. Finally, using a comparison of the eigenvectors
downstream side of these injections. We have shown (seg@educed from a variance analysis of the magnetic perturba-
Sect. 4.1.2 above) that the plasma convection inside eactjon at the four Cluster and at TC-2, we show that the up-
injection (duskward and antisunward) differs significantly stream side of the injection flux tubes is magnetically well
from the velocities of the injection flux tubes (almost purely defined, with even a concave front for the third one giving
antisunward). This difference allows to explain the polar- 3 bean-like shape, whereas the downstream side is far more
ity of the current pair, first downward then upward observed,turbulent. We also realise the first quantitative comparison of
by TC-2 and Cluster, as illustrated on the bean-shaped fluield-aligned currents at Cluster calculated from the curlome-
tube schematic of Fig. 9b. Because ionospheric observationgr technique and from the single-spacecraft method, assum-
are too sparse, it was not possible to draw a complete eledng infinite parallel current sheets and taking into account the
trodynamic picture of these injections and to check whetheelocity of the plasma injection flux tubes. The consistency
they are isolated structures with ionospheric closure of parbetween the two results confirms the validity of both calcula-
allel currents occurring totally inside the flux tubes. tion methods. Finally, we compare the field-aligned currents

From Cluster data, we show that the parallel currents re-distribution of the three injection flux tubes at two different
sult from a small difference between upward electron andaltitudes, Cluster and TC-2. The profiles look similar, with
ion fluxes, implying a net upward flow of the particles in- mainly a pair of opposite field-aligned currents, upward at
side the injections. In general, downward flow is expectedlow-latitude and downward at high-latitude. In terms of in-
inside magnetosheath injections. However, as the injectiongensity, the FACs calculated at Cluster are two to three times
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less intense than at TC-2, in agreement with magnetic field=arrugia, C. J., Lund, E. J., Sandholt, P. E., Wild, J. A., Cowley,
line convergence, apart for the third flux tube, where the in- S. W. H., Balogh, A., Mouikis, C., Mbius, E., Dunlop, M.
tensity is similar. This can be explained by the fact that TC-2 W., Bosqued, J.-M., Carlson, C. W., Parks, G. K., Cerisier, J.-
crosses the edge of the third tube. Finally, we calculate the C- Kelly, J. D., Sauvaud, J.-A., ancRe, H.: Pulsed flows at
ion and electron currents from Cluster particle moments and the high-altitude cusp poleward boundary, and associated iono-

: . spheric convection and particle signatures, during a Cluster —
show that the FACs are carried by upward ions and electrons. FAST — SuperDARN- Sgndrestram conjunction under a south-
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