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Abstract. From 23:10 to 23:50 UT on 18 March 2004, interplanetary space (e.Bussell and Elphic1978 Cowley
the Double Star TC-1 spacecraft detected eight flux ropest al, 1982 Gosling et al. 1990.

at the outbound crossing of the southern dawnside magne-
tOanS?' A notable guide field existed |n5|d§ aII.ropes. In the le in-situ evidence for the occurrence of reconnection at the
mean time the Cluster spacecraft were staying in the magne-

tosheath and found that the events occurred under the condé—tzl(ez'g'osl(_)Rﬂnoezrgfe?ta?l;gg% ngil(r;?uent dézlpriggt];alorlljseas%irns
tion of southward IMFB, and dominant negative IMB,. ’ ’ ! 9

. . o ... about the large-scale spatial and temporal nature of reconnec-
There are six ropes that appeared quasi-periodically, with g P P

repeated period beina aporoximately 14 min. The last ﬂux%on remain unclear. For example, it is not yet known where
P P g app y ' reconnection first occurs when a noticeable interplanetary

o 10 ek e magnetcfeld (NF), s preent. I o known either

The 18 March, 2004 event is quite similar to the multiple ﬂux'whethe_r reconnection at th_e MP is |ntr|n3|ca_\lly intermittent

rope event observed by Cluster on 26 January 2001 at thor cqntmuous. The relative mportgncg of gntl-parallel recon-
ection vs. component reconnection is still an unsolved out-

northerp duskside high-latitude magnetop_ause. A detallecétanding question. Frequent observations at the MP of flux
comparison of these two events is made in the paper. Pret-

- o X ransfer events (FTEs) have been interpreted as signatures of

liminary studies imply that both of these multiple flux TOPES i1 termittent reconnection. Measurements of flux ropes also

'?r:/:g: zi?:leenlqof/ilj-lt;fitgg)edrl:];ed bty component reconnection %trovide some clues to evaluate the validity of component or
Y gnetopause. anti-parallel reconnection models at the Mgd(inerup et al.

Keywords. Space plasma physics (Magnetic reconnection)1995 Phan et al.2004 Pu et al, 20053b).

— Magnetospheric physics (Magnetopause, cusp, and bound-

ary layers; Solar wind-magnetosphere interactions)

While single-spacecraft measurements have provided am-

The apogee of the Double Star TC-1 satellite and the Clus-
ter 1l are both in the solar wind during spring and late win-
ter (Liu et al, 2005. This provides excellent opportunities
) to investigate reconnection at the dayside MP. From 23:10
1 Introduction to 23:50 UT on 18 March 2004, the TC-1 spacecraft de-

M i i tth i MP)is th .tected eight flux ropes at the outbound crossing of the south-
agnetic reconnection at the magne opause (MP) is the mai rn dawnside magnetopause. A notable guide field existed
process for the solar wind plasma to access the magnetq-

h d for th tospher ficles t i tcinside all ropes. The first six flux ropes occurred quasi-
sphere and for i€ magnetospheric particies to escape 1o ngeriodicaIIy with a repeated period being approximately 1—
Correspondence taC. J. Xiao 4 min. This event is quite similar to the multiple flux rope

(cjxiao@pku.edu.cn) event observed by Cluster on 26 January 2001 at the northern
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(By component) existed inside all ropes. The spectrum of
ion fluxes (Fig.2a) show clearly that flux ropes 1-6 are mag-
netospheric boundary layer events and ropes 7 and 8 are lo-
cated in the magnetosheath boundary layer. In literature the
occurrence of flux rope is often referred to as FTE of which
the time interval lasts for about 2 min, on average, whereas
X / the first six flux ropes appear only for less than 1 min, with
\K W — apparently smaller peaks in thBy variations. For this rea-
son we refer the last flux rope as an FTE to distinguish it

O L from the other seven, though the terms flux ropes and FTEs
Cluster TC-1| have often been used interchangeably.
18.-9,6) |[SRSREEE DTN Table1 shows the axis orientations of all flux ropes in the
GSM coordinates obtained by the minimum variance analy-
| sososilesmocs i sis (MVA) of the magnetic field. By and large, the flux ropes

- are along the dawn-dusk direction, because the y-component

Fig. 1. The locations of TC-1 and Cluster spacecraft from 23:10 to 'S domln_ant in _aII orientation vectors(and® are the cor-
23:50 UT on 18 March 2004. The shape of the magnetosphere i€€SPONding azimuthal angle and polar angle, respectively).
produced by OVT Ifttp:/ovt.irfu.s¢. The deHoffmann-Teller (HT) velocities of these ropes are

also listed in Tablel. A well-defined HT frame exists in
each event, since all residual electric fields are very small
duskside high-latitude magnetopauB@gqued et a).2001; (E(HT)/E(0)<8%). This means that all these flux ropes,
Huang et al.2004 Phan et al.2004 Pu et al, 20053. A to a certain extent, were time-stationary during TC-1 cross-
preliminary comparison of these two events is made in theings. Note that the HT velocity yt of all events is south-
paper. ward. This indicates that the magnetic reconnection locations
where the flux ropes were generated are to the north of the
satellite. We will discuss this point later.

N

2 Observations

In this study, we use 4-s resolution data from Fluxgate Mag-3 Discussion and conclusions
netometer (FGM)RBalogh et al, 1997 Carr et al, 2005 and
Hot lon Analyzer (HIA) Réme et al.1997) on board TC-1 ~ From 23:10 to 23:50 UT on 18 March 2004, the TC-1 space-
and Cluster. The Double Star TC-1 orbit has an apogee otraft detected seven flux ropes and one FTE during the out-
~13.4R (RE, the radius of the Earth), a perigee of 577 km, bound crossing of the southern dawnside magnetopause. Six
an inclination of 28.25, and a period of 27.4 h. Further de- of the flux ropes appeared quasi-periodically, with a repeated
tails of the TC-1 instrumentation and orbits are giverLby ~ period being approximately 1-4 min. The FTE appeared a
et al.(2005 and references therein. few minutes later. This multiple flux rope event is quite sim-
Figurel shows the location of the TC-1 and Cluster space-ilar to the event observed by Cluster on 26 January 2001 at
craft during the outbound crossing of the southern dawnsidehe northern duskside high-latitude magnetopause which has
MP from 23:10 to 23:50 UT on 18 March 2004. TC-1 GSM been analyzed in detail bgosqued et al(2001) and Phan
position was (7.5, -5.5, =5.&)¢. In the mean time the Clus- et al. (2004. Eight flux ropes and one FTE in the magne-
ter spacecraft were staying in the magnetosheath at (18.Qpsheath boundary layer and magnetosheath have been de-
-3.1, -6.2Rg (GSM), which worked as a good monitor of tected by Cluster from 11:10-11:34 UT. The magnetic field
the IMF and solar wind plasma states. and plasma observations by four Cluster satellites are all sim-
Figure2 shows the TC-1 outbound crossing of the south-ilar during that interval. Figur8 shows the measurements of
ern dawnside MP. The southward IME, and noticeably  energetic proton flux by RAPIDWilken et al, 1997, mag-
negative IMF B, measurements by Cluster spacecraft arenetic field by FGM and plasma velocity by CIS on board C3
shown in the bottom of the figure; colors are as in thein the MP boundary normal coordinates (LMN). One sees
other panels: black for the x-component, green for the y-that eight flux ropes appeared quasi-periodically with a re-
component and red for the z-component. The velocity, denpeated period being approximately 72 s and an FTE appeared
sity and temperature of the solar wind plasma are listed or8 min later. The detailed analysis of this multiple flux rope
the right of this panel. The magnetic field and plasma veloc-event has been done tyuang et al.(2004 and Pu et al.
ity observed by TC-1 are showed in both GSM coordinates(20053. It is of interest to note that in the 26 January 2001
(Figs.2e, f) and magnetopause boundary normal coordinategvent and the 18 March 2004 event, the repeated frequen-
(LMN) (Figs. 2c, d). The masks in Fig2 show the intervals cies of flux ropes are both much shorter than the averaged
of eight flux ropes events with a clear reverse (-/+) bipolaroccurrence period of the FTE (about 8-11 min), and that an
By signature. This is consistent with the fact that the TC-1FTE rope appeared later after the multiple flux ropes. An
position was southward of the equator. Notable guide fieldeven more interesting feature is the fact that \the of all
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Fig. 2. Overview of the TC-1 and Cluster measurements on 18 March 2004. The bottom panel shows magnetic field measurements from
Cluster and the rest of the panels are from TGa):spectrum of ion flux(b) plasma pressure and magnetic presdiaied) magnetic field

and plasma velocity in the LMN coordinatée;-(h) magnetic field, plasma velocity, density and temperature in the GSM coordinate system.
The yellow masks show the flux ropes and the blue mask shows the FTE.

flux ropes in 18 March 2004 event is southward, while in the indications for the quasi-periodic appearance of flux ropes
26 January 2001 event it is northward. This might provideare seen. Perhaps more detailed studies on local conditions
some clues for study on the reconnection processes that geat the reconnection sites are needed.

erated the flux ropes and FTE in the two cases. The IMF and The IME and solar wind conditions in the 18 March 2004

;olar wind plgsma parameters of these two gvents are IiSteQnd the 26 January 2004 cases are quite close. Therefore,
mer?bIe.Z. Itis seen that_ the'll\/.IIF "’_‘r_]d SOW V\I"nd (r:]OHdI'[IOﬂS these two events should have a similar reconnection scenario
0 the t\r/]vo e\éents are qwt_e g'rg' ar, in Part'gllj a;,t € II\BL; and global signatures. Flux ropes in these events are both
IS southward, accompanied by a nopcea € _awn\{\lfgr moving poleward; the projections ®y1 onto the GSM (y,

No apparent difference in the solar wind conditions is foundz) plane are more or less opposite to each other. These imply
during th\(/evlnrt]ervalls 0|f< n;uluplr:a quxI ropgsdan:j FTE Ln both that the X-lines, where the flux ropes were produced, are lo-

Ievgnts. ed. ave 100 ed atrt1 € sg ar W'g plasma beta, Vezateq in between the TC-1 and Cluster positions on the low-
ocity, IMF direction and other observed parameters. NO it e MP, with almost the same tilted angles with respect
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Table 1. The axis orientation antly 7 of the flux ropes in the GSM coordinates.

Event Interval (UT) Axis orientation ¢, ©) Vgt (km/s) E(HT)/E(0)
1 23:14:31-23:15:24 (0.163, 0.795, 0.585) (78.4,54.2) (118, -116, —26) 0.073
2 23:17:16-23:18:09 (—0.430, 0.883, -0.192) (115.9,79.0) (171, -3, -211) 0.027
3 23:18:23-23:19:08 (-0.311, 0.627, -0.714) (116.4,-44.4) (140, 74, -186) 0.037
4 23:22:52-23:23:25 (0.473, 0.851, 0.230) (60.9, 76.8) (-142, -90, -134) 0.026
5 23:26:12-23:27:09 (0.237, 0.774, -0.587) (73.0,-54.1) (—234, 96, -233) 0.057
6 23:27:13-23:28:10 (0.626, 0.762, 0.166) (50.6, 80.4) (-188, -30, -139) 0.025
7 23:36:03-23:36:47 (0.289, 0.891, 0.355) (72.3,69.2) (=200, -59, -166) 0.067
8 23:44:32-23:48:28 (0.159, 0.930, -0.332) (80.3,-70.6) (139, -92, -117) 0.032
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Fig. 3. The multiple flux rope event observed by Cluster (C3) on 26 January 2001. The panels, from top to bottom are: the flux of energetic
protons, the magnetic field and the velocity of plasma in the MP boundary normal coordinates (LMN). The eight vertical dash lines mark the

flux ropes and the light green shadow masks the FTE.

Table 2. Average values of the IMF and solar wind plasma parame-

to the equatorial plane. This is consistent with the compo-

ters for 18 March and 26 January events. The arrow means that th€Nt merging model with negative IMB; and By (Cowley

parameter changes with time.

Parameter 18 March 2004 26 January 2001

Bx (nT) -05— -1 -1 - -2
By (nT) —6 -5 - -4
Bz (nT) -3 -2 > -4
Vx (km/s) -350 -350

n (cm—3) 45 7.0

etal, 1976 Sonnerup et /1981 Gosling et al.1990. The
component reconnection model suggests that when a non-
zero IMF B,, is present, MP reconnection for southwatd
takes place preferentially in the subsolar region along an X-
line passing through the subsolar point with a tilt, depending
on the orientation of the IMF. Based on these arguments and
our MVA and HT analysis, we draw a suggestive diagram in
the GSM (y-z) plane in Figd to show the global view of a
pair of flux ropes in events 18 March 2004 and 26 January
2001.
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