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Abstract. We present data from both ground- and space-in this sector. At later times the reconnection site and cur-
based instruments for a substorm event which occurred oment system had moved towards dawn, to be located more
5 October 2002, with an expansion phase onset time otentrally in the midnight sector.

02:50 UT determined from the ground magnetometer data

During this substorm, the Cluster spacecraft were Iocatet{<
around 15Rz downtail, 8Rg from midnight in the pre-
midnight sector and just R above the equatorial plane (in
GSM coordinates). At expansion phase onset the Cluster
spacecraft were located in the plasma sheet, tailward of a )
near-Earth neutral line and detected a significant time delay-  ntroduction

of 6 min between the tail fiel&, component becoming neg- There are currently two main categories of substorm onset
ative and the subsequent detection of Earthward flows. This u y : gon u

is explained by the formation of a tailward-directed travel- model which have been developed. The first of these is the

ling compression region initially Earthward of the spacecraft; near-Earth neutral line model (NENL; Baker etal., 1996, and

. ferences therein). A modified NENL model has also been
7min later the Cluster spacecraft entered the plasma sheét i .
boundary layer; they rerﬁained in and close topthe plasmé)roposed by Shiokawa et al. (1998). The cross-field current

sheet boundary layer for around 15 min before exiting to the'nS’tablllty model (CCI) proposed by Lui (1996), and refer-

lobe. The spacecraft then re-entered the plasma sheet 30 mif ceS therein, is the second main category of substorm onset

after onset. Earthward then tailward directed currents de-tthdel' Eagh enﬁompassgst;hree phases:hthe grEIJ_vr;/th ,\Fl’giﬁ’_e’
tected in the plasma sheet boundary layer after onset indi- € expansion pnase, and the recovery phase. €

cate that the Cluster spacecraft encountered the dawnwar%mdel suggests the spontaneous reconnection of antiparallel

and duskward portions of the reconnection flow as;sociatednagneuc field lines at around 20 to 8@ from Earth in the

current system with Region 1 sense, respectively. The re[nagnetotall (Nagai et al., 1998), as a result of the magnetotail

connection site and current system were initially skewed to_loadlng that occurs due to dayside reconnection during the

wards the pre-midnight sector, consistent with previous ob-grOWth phase of the substorm. Closeq magnetic field lines
f the plasma sheet are reconnected first and then followed

servations that found the majority of substorm onsets Iocatecgo)y the open field lines of the tail lobes. Newly-closed field

Correspondence td\. Draper lines are returned to the dayside, while tailward of the recon-
(email: ncd8@ion.le.ac.uk) nection site field lines remain connected to the interplanetary

eywords. Magnetospheric  physics  (Magnetosphere-
onosphere interactions; Magnetospheric configuration and
dynamics; Magnetotail boundary layers)
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Fig. 1. Northern Hemisphere polar cap within 60 deg at 03:00 UT on 5 October 2002 in geographic coordinates. Magnetic local times (MLT)
refer to 03:00 UT locations. Shown in blue are six of the nine SuperDARN radar fields of view from which data are used in this study. In
green are the locations of the CANOPUS magnetometer stations, in red those of the Greenland magnetometer stations. The Cluster footprin
is shown in orange.

magnetic field (IMF). The reconnection of field lines in this in equal numbers by Geotail (Slavin et al., 2003). Travel-
region decreases the current in the central plasma sheet, diSng compression regions (TCRs) are intensifications of the
turbing the current flow. Excess current is therefore divertedobe magnetic field caused by the movement of plasmoids
away from the inner current sheet region and redirected intawithin the magnetotail. The presence of the plasmoid forces
the substorm current wedge (SCW; McPherron et al., 1973)the lobe magnetic field lines to compress around it, and these
The SCW consists of field-aligned currents directed both intocompressions appear to move as the plasmoid moves through
and out of the ionosphere, which are closed in the ionospheréhe tail. TCRs can be detected as perturbations in the north-
by a westward auroral electrojet and in the tail by a dawn-south component of the magnetic field, usually bipolar in na-
ward directed current. The modified NENL model involves ture, reflecting the motion of the plasmoid, and by simulta-
braking of high-speed, Earthward ion flow in the region of neous enhancements in the intensity of the tail field magni-
the Earth’s magnetic field that is more dipolar than furthertude. They are typically detected for a few minutes at a time,
downtail. This ion flow is diverted, producing a dawnward and both Earthward and tailward-moving TCRs have been
inertia current at the boundary between dipolar and tail-likeobserved; Slavin et al. (2005) showed that 20% of TCRs de-
fields. As flux pile-up continues, this boundary moves tail- tected by Cluster within 285 of Earth were tailward di-
wards; in the modified NENL model, it is at this boundary rected whilst the rest were Earthward directed.
that the SCW is formed. The CCI model suggests that current disruption in the
A consequence of the formation of a NENL together with near-Earth current sheet at the start of the expansion phase
the distant neutral line is the formation of a region of entirely of the substorm is caused by the onset of an instability and a
closed magnetic flux, or plasmoid. At distances greater tharhigh level of magnetic field fluctuations. The SCW is formed
~30 Rg downtail plasmoid-type flux ropes from H); long and diverts current into, and back out of, the ionosphere,
have been detected travelling mostly tailward as found inand the NENL is formed further downtail (at around 20
ISEE and Geotail studies (leda et al., 1998). Between 20 antb 30Rg) as a result. This then allows reconnection of
30Rg downtail smaller flux ropes of 1 to Bg in diameter  magnetic field lines in the magnetotail.
have been detected travelling both Earthward and tailward
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Field-aligned currents (FACs; Potemra, 1979; Stern, 1983Xl., 1998). The near-Earth (6/:) downtail conditions were
consist of two coupled systems: the Region 1 currentsjnvestigated for this event using magnetic field data from a
which flow into the ionosphere from the magnetotail in the Geostationary Operational Environmental Satellite (GOES-
post-midnight sector, and out of the ionosphere in the pre-8) spacecraft (Nagai et al., 1982) and energetic proton and
midnight sector; and the Region 2 currents, which are oppo<lectron flux data from a Los Alamos National Laboratory
sitely directed and occur in the ionosphere at lower latitudes(LANL-01A) spacecraft (Belian et al., 1978).

The Region 1 currents are located along the outer edge of the Data from two ground-based magnetometer chains were
plasma sheet, while the Region 2 currents are located welhlso used in this study: the Canadian Auroral Network for
within the plasma sheet. These currents couple the magnetahe Open Program Unified Study (CANOPUS; Rostoker et
sphere to the ionosphere and are a consequence of drag imat., 1995) and the Greenland magnetometer network (Friis-
posed on ionospheric plasma particles, colliding with neutralChristensen et al., 1985). The CANOPUS magnetometers
particles, as the magnetic field lines with which they are as-are located in west-central Canada (green crosses on Fig. 1),
sociated are pulled over the polar caps (Cowley, 2000). Thevhile the Greenland magnetometers are located along the
eastward and westward electrojets meet in the Harang diseastern and western coasts of Greenland (red crosses on
continuity region, where the Region 1 and 2 currents becomeFig. 1). Magnetometer stations of particular interest are la-
hard to distinguish. belled. Unfortunately, data from other magnetometer sites

Hence, in the NENL model substorm onset is initiated by located between CANOPUS and Greenland were not avail-
spontaneous reconnection of magnetic field lines at aroundble to provide more comprehensive coverage of this region
20 to 30R g downtail, while in the CCl model itis the current  of the ionosphere, as they were either located at too high a
disruption closer to Earth that is the initiator of substorm on- latitude to detect the substorm onset, or had no data available
set. In this paper we examine observations from a large numfor this interval.
ber of instruments collecting data in the solar wind, magneto- Ground-based data were also used from six of the
sphere and ionosphere in order to determine the developmemorthern Hemisphere HF radars (Kodiak, Prince George,
of a substorm on a large scale. We pay special emphasis oRykkvibaer, Hankasalmi, Saskatoon, Stokkseyri; depicted in
the observations in the tail by Cluster relating the currentsblue in Fig. 1) of the Super Dual Auroral Radar Network

measured there to the overall substorm cycle. (SuperDARN; Greenwald et al., 1995) radar array. These
line-of-sight velocity data were used to obtain ionospheric
flows.

2 Instruments

Data from various instruments on the four Cluster space3 Data description
craft were used in this study. The Fluxgate Magnetome-
ter (FGM; Balogh et al., 1997) provided information about 3.1 Ground magnetometer data, SuperDARN radar data,
the magnetic field, while the Cluster lon Experiment (CIS; and IMF conditions
Réeme et al., 1997) and Plasma Electron and Current Experi-
ment (PEACE; Johnstone et al., 1997) instruments providedrigure 2 shows data from two selected CANOPUS mag-
information about the low energy ions (0.02eV to 30keV) netometer stations, Island Lake (ISL, 64.ddvariant lati-
and electrons (0.7 eV to 30 keV), respectively. The Researchude; 21:00 MLT at 03:30 UT) and Pinawa (PIN, 60298
with Adaptive Particle Imaging Detectors (RAPID; Wilken 21:00 MLT at 03:30 UT), and from the Narsasuaq (NAQ,
et al., 1997) instrument provided high energy electron (40 t066.31; 01:30 MLT at 03:30 UT) Greenland station for 5 Oc-
400 keV) data from the Imaging Electron Spectrometer (IES)tober 2002, from 02:30 to 04:30 UT. Shown are the X and
instrument. At the time of interest the Cluster spacecraftZ components of the magnetic field at each station, and the
were located at around B downtail, 8Rg from midnight X and Z components filtered between 20 and 200 s, providing
in the pre-midnight sector and around2 above the equa- information on the presence of Pi2 wave activity. The filtered
torial plane at a separation ofl Rg; Cluster 1 was located X component of the magnetic field first detected Pi2 waves
closest to midnight, Cluster 2 furthest from midnight, Clus- at 02:50 UT, and this time is taken as that of substorm expan-
ter 3 closest to the equatorial plane, and Cluster 4 was locategion phase onset in the absence of optical data for this event.
farthest downtail. Figure 1 presents the position of the mag-At 02:52 UT a decrease in the X component at the ISL sta-
netic footprint of the Cluster 1 spacecraft on 5 October 2002tion and a positive increase in the X component at PIN were
between 00:00 and 06:00 UT (orange line) mapped using theletected. The PIN station also detected a decrease in the Z
Tsyganenko 1996 model (Tsyganenko and Stern, 1996). component of the magnetic field at this time, whilst ISL de-
Supporting data are available from a number of othertected a gradually decreasing Z component. Given that both
sources. The solar wind conditions for this event were de-4SL and PIN were located at the same local time we conclude
tected using the magnetometer instrument (MAG; Smith etthat ISL detected a westward electrojet, and was equatorward
al., 1998) and Solar Wind Electron Proton Alpha Moni- of the centre, whilst PIN detected the edge of the eastward
tor instrument (SWEPAM; McComas et al., 1998) on the electrojet. The NAQ station detected Pi2 pulsations from
Advanced Composition Explorer spacecraft (ACE; Stone et02:52 UT. The X component of the magnetic field decreased
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Fig. 2. CANOPUS and Greenland magnetometer data for 5 October 2002, from 02:30 to 04:30 UT, for the Island Lake (ISL), Pinawa (PIN)
and Narsarsuaq (NAQ) stations. Panels depict: X component of magnetic field; Pi2 filtered (period band 20 to 200s) X component; Z
component of magnetic field; Pi2 filtered Z component. Substorm onset at 02:50 UT is indicated by the vertical dashed line.

from 02:53 UT, indicating detection of the westward elec- Line-of-sight velocity measurements from six of the Su-
trojet. At onset, the Z component of the magnetic field wasperDARN radar array (Kodiak, Prince George, Pykkvibeer,
negative, increasing and turning positive around 8 min afterHankasalmi, Saskatoon and Stokkseyri) were available for
onset. This indicates that the centre of the westward electhis interval. They were combined using the map potential
trojet was located poleward of the NAQ station at onset, andanalysis technique (Ruohoniemi and Baker, 1998) to produce
equatorward of the NAQ station from 8 min after onset. large-scale global convection maps at two-minute intervals



N. Draper et al.: Cluster magnetotail observations of a tailward-travelling plasmoid 3671

05 Oct 2002 F

1000 06 nT

1000 06 T

a) 02:50:00 - 02:52:00 UT b) 03:14:00 - 03:16:00 UT c) 03:20:00 - 03:22:00 UT

Fig. 3. SuperDARN map potential plots for 5 October 2002 in the Northern Hemisphere polar cap within 60 deg (geographic coordinates)
with IMF value and direction indicated. Noon local time is at the top of the (#)t02:50 to 02:52 UT(b) 03:14 to 03:16 UT(c) 03:20 to
03:22 UT.
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Fig. 4. ACE MAG and SWEPAM data for 5 October 2002, from 01:30 to 03:30 UT, lagged by 66 min. Top panel depicts MA@ data:
By, B; components of magnetic field and the total magnetic field, in GSM coordinates. Bottom panel depicts SWEPAM data: total velocity
and dynamic pressure.
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GOES 8 MFI 5 Oct 2002 3.2 Near-Earth instruments
0250UT 0256UT

Figure 5 shows magnetometer data from the GOES 8 space-
craft for 5 October 2002, from 02:30 to 04:30 UT. In GSM,
this spacecraft was located ®p downtail, 3.4Rg from
midnight in the pre-midnight sector and within Ry of

the GSM equatorial plane in the 22:00 MLT sector. The
satellite is located north of the magnetic equator. A slight
increase in the latitude angle of the field, (where tan
A:BZ/\/(B3+B}2,)), is observed at 02:50 UT and is followed
by a stronger increase at 02:56 UT, indicating dipolarization
of the magnetic field at 6.8 downtail. This is the signa-
ture of expansion phase onset at this location in the magne-
tosphere.

Particle data from the Synchronous Orbit Particle Ana-
lyzer instruments (SOPA; Belian et al., 1992) on the LANL-
01A (located in 04:00 MLT sector at 03:00 UT), —02A
(08:00 MLT at 03:00 UT), —97A (10:00 MLT at 03:00 UT)
and 1991-080 (16:00 MLT at 03:00 UT) spacecraft are shown
in Figs. 6 (50-315keV electrons) and 7 (50-400keV pro-
tons) for 5 October 2002, from 00:00 to 06:00 UT. The space-
craft located closest to the magnetotail at substorm expansion
o phase onset is therefore LANL-01A. The electron data show
“OM a plasma injection at this spacecraft at 02:51 UT, with dis-
20 persed injections resulting from this event detected at other

- 3 spacecraft at later times, most notably at the spacecraft lo-

03* %3T 03 04" 04 047 cated at 16:00 MLT (1991-080). The proton data show an

increase in the dispersed injection at all spacecraft, occurring

earliest at 02:55 UT at the spacecraft located at 16:00 MLT
(1991-080).
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Fig. 5. GOES 8 magnetometer data for 5 October 2002, from 02:30
to 04:30 UT.By, By, B, components of magnetic field, total mag-

netic field, and lambda, where tar B./,/(BZ+B2), are shown. ,
3.3 Cluster data overview

3.3.1 Cluster particle data

over the period of interest. At substorm onset, no strongThe ion data from the CIS instrument on Cluster 1, 3 and

flows were detected in the pre-midnight sector (see Fig. 3a)y4 are shown in Fig. 8 for 5 October 2002, from 02:30 to
However, intensification of ionospheric flow occurred in the 04:30 UT. Note that the CIS instrument on Cluster 2 was
midnight sector to~800 ms! from 03:14 UT (24 min after  not operational. The plots show the low energy (0.02eV to

onset; Fig. 3b), and t6-1000 ms ! from 03:20 UT (30 min  30keV) ion density,V, andV, velocity components (GSM
after onset; Fig. 3c). coordinates) and plasma betaghkT, /B?, calculated from

CIS and FGM data). Figure 9 shows low energy electron
The IMF conditions for this event are shown in Fig. 4. (0.7 eV to 30keV) flux data from the four PEACE instru-

These are data from the MAG and SWEPAM instrumentsments, and Fig. 10 shows high energy electron flux data (20
on the ACE spacecraft for 5 October 2002, from 01:30 toto 400 keV) from the four RAPID-IES instruments.
03:30 UT. They are lagged by 66 min to take into account the The CIS instrument detected an ion density-@f.1 cnt3
time between the solar wind being detected at the spacecraliefore the substorm expansion phase onset at 02:50 UT,
and it reaching the Earth’'s magnetopause. This lag is foundndicating that the Cluster spacecraft were located in the
using the technique of Khan and Cowley (1999). The IMF plasma sheet. The PEACE and RAPID-IES data corrobo-
conditions around onset time were generally steady, ®ith rate this: the PEACE instrument detected a differential flux
negative for around 45 min prior to onset (apart from a smallof ~0.5 countsstcm=2sr1keV—1 in the 1 to 10keV en-
northward excursion around 15 min prior to onset). After on- ergy range, while the RAPID-IES instrument detected a dif-
set the IMF conditions remained steady wikh negative.  ferential flux of~2.7 counts st cm—2sr1kev—1 in the 40-
The solar wind velocity was-400kms™?® for the interval,  to 400-keV range. At 02:57 UT they entered the plasma
and the dynamic pressure underwent a graduated increasheet boundary layer, as the density began to decrease and
from ~0.9 nPa to~1.1 nPa over-40 min. It is worth not- fast Earthward-directed beams (composed primarily of pro-
ing that the data show no evidence for substorm triggering. tons) in theV, component of velocity were detected by the
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LANL Geosynchronous Electron Data (LoE)
October 5, 2002 (2002278)
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Fig. 6. LANL low energy electron data for 5 October 2002, from 00:00 to 06:00 UT.

CIS instruments. Such beams are the signature of the plasmiato the plasma sheet than the other spacecraft. At 03:30 UT
sheet boundary layer (PSBL, e.g. Baumjohann et al., 1988)the plasma instruments on the Cluster spacecraft detected
These beams became tailward-directed from 03:08 UT unplasma densities close to those before onset, indicating that
til 03:14 UT, but had plasma characteristics similar to thethey re-entered the plasma sheet at that time. This was ac-
Earthward-directed beams. The PEACE data show that theompanied by further PSBL beam signatures detected by the
spacecraft did not exit swiftly from the PSBL, but remained CIS instrument, directed mainly Earthward.

in it for around 15 min before entering the lobe at 03:14 UT.
Cluster 3, which was located closest to the equatorial plane

detected the smallest decrease in density and the smalleg}Ct the spacecraft as initially in the plasma sheet, when

lasma beams. This is consistent with Cluster 3 bein furtheP asma beta is close to 1. Plasma beta decreases at all
P ' 9 spacecraft at 02:57 UT when the spacecraft enter the PSBL,

The plasma beta plots for the three spacecraft clearly de-
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LANL Geosynchronous Proton Data (LoP)
October 5,2002 (2002278)
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Fig. 7. LANL low energy proton data for 5 October 2002, from 00:00 to 06:00 UT.

fluctuating between-10~4 and 1 at spacecraft 1 and 4 and top four panels of Fig. 11b. Starting 02:51 UT (1 min af-
between~102 and 1 at spacecraft 2, then show a clear tran-ter onset), there was a decrease in the x component of the
sition to the lobe at 03:14 UT when plasma beta is less thaimagnetic field from~33 nT to~26 nT over a 4-min period.
102 at all spacecraft. There is another clear transition atOver this same period, the z component of the magnetic field
03:30 UT when the spacecraft re-enter the plasma sheet, withlso decreased, from0nT to~—6 nT, and then recovered to

plasma beta recovering tel at all spacecraft. ~0nT. All spacecraft detected the decrease at virtually the
same time with detailed analysis revealing that Cluster 4,
3.3.2 Cluster Magnetic Field Data located farthest downtail, detected the negative turning of

B, last; the recovery was also detected slightly earlier by
The Cluster FGM data are shown in panels 1 to 4 of Fig. 11aCluster 1 than by Cluster 4. Usually, dipolarization of the
and in more detail for the 02:40 to 03:10 UT interval in the
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Cluster CIS 5th October 2002
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Fig. 8. Cluster CIS ion data from spacecraft 1, 3 and 4 for 5 October 2002, from 02:30 to 04:30 UT; density, x and y velocity components
(GSM coordinates) and plasma beta are shown for each spacecraft.

magnetic field at substorm expansion phase onset is charac- The current densities calculated from the magnetic field
terized by a decrease of the x component of magnetic fieldare shown in panels 5 to 7 of Fig. 11a. These are calculated
accompanied by a positive increase in the z component ofrom FGM data from all four spacecraft, with an indication
magnetic field (e.g. Baumjohann et al., 1999). Thereforeof the accuracy of the calculation given by the divergence of
the signature detected in this case was not associated witB (panel 8). When the divergence Bfis close to zero, the
dipolarization. values calculated for the current densities are reliable. Prior
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Fig. 9. Cluster PEACE electron energy data from all spacecraft for 5 October 2002, from 02:30 to 04:30 UT.

to onset a current density 6f0.8x10~° Am~—2 was detected  to a peak value of—2.7x10~2 Am~—2. Examination of the

in the y direction, indicative of the cross-tail current at the magnetic field data shows that these currents were associ-
location of the Cluster spacecraft. This current was mainlyated mainly withB, varying in the z direction, rather than
due to a difference of the x component of the magnetic fieldB, varying in the y direction.

in the z direction. The spacecraft detected a total magnetic

field of ~30nT prior to onset, indicating a changeBq of ) )

~60 nT across the plasma sheet inside Cluster. Typically, thé  Discussion

current sheet thickness would be arounils This implies . o .
a total current of~60 nT / (1ox5 RE), of ~2x10-° Am~2. The substorm expansmnphase onset tlmln_g forthls subst'orm
This is of the order of twice the value deduced from the EGM S taken as 02:50 UT. This is from the earliest Pi2 pulsation

data, and is consistent with a spacecraft location away fronfi€tection at the PIL\I anhd 'SbL magngtomgtir ste;\]tions of th(ej
the centre of the plasma sheet (where the current density igANOPUS network. It has been deduced that the westwar

reduced). A few minutes prior to onset this current den- electrojet was located poleward of the ISL station and located
sity is lost, but the total magnetic field remains the Same,equatorward of the NAQ Greenland station after onset. Com-

indicating that the total current within the plasma sheet hadining these observations constrains the substorm electrojet
remained the same to the region shown by the shaded area in Fig. 12. This re-

gion was in the pre-midnight sector during this interval of the
When the spacecraft crossed into the plasma sheet boungubstorm and extended over 4 h of magnetic local time.

ary layer from the plasma sheet at 02:57 UT, predominantly Prior to substorm expansion phase onset the current den-
Earthward-directed/, current densities were detected by sities calculated from the magnetic field measurements at
the spacecraft to a peak value o2.3x10°°Am~2. At the Cluster spacecraft indicated a value/pcurrent around
03:30 UT, the spacecraft crossed the plasma sheet boundahalf the probable average in that region. This small value of
layer from the lobe back into the plasma sheet, and this timecross-tail current indicates that the spacecraft were located
mainly tailward-directed/, current densities were detected, away from the centre of the plasma sheét.then returned
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Fig. 10. Cluster RAPID-IES electron energy data for 5 October 2002, from 02:30 to 04:30 UT.

to ~zero a few minutes before onset while the total magnetica near-Earth neutral line, with a decrease in the x component
field remained constant. This is consistent with the rapidof magnetic field and increase in the z component. Here
thinning of the current sheet within the plasma sheet dur-B, increased very slightly then strongly decreased, and
ing the growth phase of the substorm, leaving the spacecrafB, decreased, becoming strongly negative for 7 miB,
located above this thinned current sheet. remained reduced when the spacecraft entered the plasma

At 02:51 UT, 1 min after substorm expansion phase onset,s’heet boundgry Igyer, blﬂ? recovgred to it_s original valu_e
the Cluster spacecraft detected a signature not consistel‘i’tf ~1nT. Th's_ S|gqature is consistent with the formatlo_n
with substorm expansion phase onset in the magnetic fielé’f a recor!nectlon site Earthward of the spacecraft, creating
data prior to exiting the plasma sheet to the plasma sheet Plasmoid whose centre was tailward of the spacecraft
boundary layer. At onset one would expect to see a classid/Nich then formed a TCR, as illustrated in Fig. 13a. Thus

dipolarization signature for a spacecraft located Earthward Opnly fields with a negative z component were observed as
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Fig. 11. (a)Cluster FGM data for 5 October 2002, from 02:30 to 04:30 B{I,. By, B, components of the magnetic field (GSM coordinates),
the total magnetic field/y, Jy, J; components of the current (also GSM coordinates) Bland plasma beta are shown, with shaded areas
representing regions of magnetosphere;

the TCR formed and then departed tailward. The tailwardindicates that the spacecraft entered the PSBL at that time;
motion is corroborated by the order in which the spacecrafttheir location is illustrated in Fig. 13b. There was therefore
detected the TCR: the spacecraft farthest downtail, Cluster 4a significant time delay (6 min) between the measurement
detected the TCR last. The formation of this plasmoid of a negativeB, and the subsequent detection of Earthward
resulting in a TCR under the spacecraft places the spacecrafiows which is accounted for by this scenario. Figure 13c
tailward of a near-Earth neutral line, and positiBg con- illustrates the departure of the plasmoid downtail. From
firms that the spacecraft were above the plasma sheet centr@3:08 UT the beams were tailward and detected mainly
in the PSBL. Analysis of the timings for the peak®y, the by Cluster 1 and 4, indicating that the beams were located
negative turning ofB, and the peak irB;,,; revealed that only on the outer edge of the plasma sheet and not further
the TCR was travelling a+200kms L. This is around one into the plasma sheet where the Cluster 3 spacecraft was
quarter the values described in Slavin et al. (2005), but mayocated. The tailward beams indicate that the spacecraft
be accounted for by the fact that the TCR was still in its may have detected PSBL particles that were mirrored at the
early stages of formation. Immediately after the plasmoidEarth and returned to the location of the spacecraft during
departed downtail an@, returned to small positive values, time-dependent behaviour of the plasma sheet, but further
the spacecraft all detected a decrease in plasma densities astlidy is required to determine whether this is the case. From
a sustained increase in plasma velocities for up to 10 min ahere the spacecraft exited to the lobe. At 03:30 UT, the
Cluster 4. The Cluster 3 spacecraft, located closest to thepacecraft re-entered the plasma sheet from the lobe, again
equatorial plane, detected the weakest beams and smallestossing the PSBL, and detected increased densities and
decrease in plasma density. This began at 02:57 UT, andligh-speed Earthward plasma beams. Taguchi et al. (1998)
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Fig. 11. (b)zoomed view for the 02:40 to 03:10 UT intervadly, By, B, andB;,;,; Cluster FGM data from the four spacecraft and density,
Vx, Vy andV; CIS data from Cluster 1.

examined the midtail lobe TCRs relative to onset during At around 03:05 UT a largd, current density, predomi-
substorm events and interpreted “the Batphase preceding nantly in the Earthward direction, was detected at the Cluster
the south tilting interval” in the same way as for this spacecraft as they left the plasma sheet. A predominantly
event: “being due to the close proximity to the growing tailward J, current density was detected upon re-entry to
plasmoid bulge just prior to plasmoid ejection down the tail”. the plasma sheet at 03:30 UT. These currents are due to a
difference of the y component of the magnetic field in the
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18 MLT

09 MLT
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Fig. 12. Northern Hemisphere at 03:00 UT on 5 October 2002 in geographic coordinates; shaded area indicates region of substorm electrojet
during substorm.

z direction, rather than being due to the difference of the
8 ~0255 UT 7 = Cluster spaceeraft z component in the y direction. This suggests that these
Earthward- and tailward- directed currents are flowing in a
sheet at the boundary of the plasma sheet, in the interface
between open and closed field lines. Such sheets of current,
having the sense of “Region 1” field-aligned currents, have
been observed in substorm simulations (e.g. Birn and Hesse,
1996), with an explanation which is illustrated in Fig. 14.

Figure 14a shows the x-y plane of the magnetosphere, with
open field lines above the plasma sheet depicted by dashed
blue lines. The dashed red line in the y direction repre-
sents the reconnection line which occupies the central part
of the tail, shown symmetric about midnight for the simplest
case. The dashed red lines with arrows depict plasma stream-
lines away from the reconnection line, representing the paths
followed by the ends of the newly-reconnected closed field
lines. These imply that &, velocity component should be
present in the downstream flow, carrying the newly-closed
field lines away from the reconnection region in the midnight
Fig. 13. (a)location of spacecraft within magnetopause around sector towards both dawn and dusk, as required to distribute
02:55 UT; (b) location of spacecraft around 03:00 UE) location  the newly-reconnected flux broadly through the closed field
of spacecraft around 03:05 UT. region. The dawnward and duskward motion causes the re-
connected field lines to twist in direction in the plasma sheet
as shown by the black solid lines, the twist in the North-
ern Hemisphere being towards dawn on the dusk side, and
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towards dusk on the dawn side, and vice versa in the South-
ern Hemisphere.

The consequent shear B, at the surface of the plasma
sheet is associated with a field-aligned current directed to-
wards and away from the Earth which has the sense of the
“Region 1" current, i.e. Earthward at dawn, and tailward 0 27 Plasma sramine
at dusk. This is shown in Fig. 14b, where we show a cut N T Recommetiontine
through the y-z plane in a region just Earthward of the re- .
connection line. The pre-existing plasma sheet is located
on either side of the lozenge-shaped portion of the recently-
reconnected plasma sheet, which is enhanced as a result of
the increased flux of closed field lines within it. A projec-
tion of these newly-closed field lines onto this cross-section
is depicted by the black lines; the shear in thecomponent
between plasma sheet and lobe can clearly be seen. This re-
sults in the current flow along the surface of the plasma sheet,
which is depicted by circled blue crosses (current into the b)
page) and dots (current out of the page). The current system
is closed in the ionosphere and on the magnetopause.

At 03:05 UT, the Cluster spacecraft were located in the @@ Lobe
northern boundary of the plasma sheBt (s positive) and g
detected an Earthward current, which places them in the
northern, dawnward portion of the scenario presented above.
However, the spacecraft were actually locatelz8from
midnight in the pre-midnight sector, from which we con-
clude that the reconnection site and consequent current sys
tem were skewed to the pre-midnight sector at this time. Pre-
vious observations show that substorm onsets are often lo- z
cated in the pre-midnight sector (e.g. Nagai et al., 1998). J
The V,, velocities observed by the CIS instrument were in- ¥y
deed mainly negative (i.e. dawnward) during this interval, as
then expected (see Fig. 8). Following this, the spacecraft exi
to the lobe. Upon re-entry at 03:30 UT, they detect a tailward
current in the lobe-plasma sheet boundary, agaty &rom
midnight. This then places the spacecraft in the northern,
duskward portion of the reconnection structure, from which{he magnetotail, and since they all occurred within just one

we conclude that the reconnection region and current systerminute of each other it is not possible to distinguish the loca-
had become more centrally-located in the tail by this time, tjon of initial onset for this substorm. Furthermore, the large
as may be expected. The sense of tpellow measured by |ocal time extent of this event suggests that this was the onset
CIS had also changed to become small but mainly duskwarg the full expansion phase rather than a spatially localized
directed. . ~ pseudobreakup.

The question of which substorm onset mechanism is re- |t js worth noting that there was a further intensification
sponsible for this substorm event is one that is difficult to re- o this substorm at03:15 UT detected by the ISL and PIN
solve. The substorm onset was taken as 02:50 UT, the time ghagnetometer stations. There was also a dipolarization at
which Pi2 pulsations were detected at the PIN magnetometegaostationary orbit detected by the GOES spacecraft at this
station located at 21 MLT and the development of awestwardime, and this is also related to the intensifications of iono-
electrojet. The westward electrojet subsequently developegpheriC flow out of the polar cap depicted in the map potential

at NAQ near midnight a few minutes later. The Pi2 pulsationsp|ot for 03:14 to 03:16 UT (Fig. 3b). The Cluster spacecraft
were simultaneous with a small dipolarisation at the locationyyere |ocated in the lobe at this time. and no dipolarization

of the GOES 8 spacecraft in the 22:00 MLT sector in geo-\yas detected at their location.

stationary orbit, which was followed 5 min later by a larger

dipolarization. Just one minute after onset at 02:51 UT, the

Cluster spacecraft detected the formation of a TCRRE5 5 Conclusions

downtalil, in the pre-midnight sector. At the same time there

was an electron injection detected by the LANL-01A space-In this paper we have brought together several data sets
craft, in the 04:00 MLT sector in geostationary orbit. Thesewhich give a good overview of the conditions in the iono-
signatures were detected at very widely spaced locations isphere, near-magnetosphere and magnetosphere during a

Magnetopause

Reconnected field line

/ Magnetopause

I:ig. 14. (a)cut through x-y plane of magnetosphefta); cut through
y-z plane of magnetosphere.
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substorm event on 5 October 2002. Despite not resolving the W., Schwingenschuh, K., and Kivelson, M. G.: The Cluster mag-
guestion of which mechanism was responsible for the sub- netic fields investigation Space Sci. Rev., 79, 65-91, 1997.
storm onset in this case, many other interesting findings hav&aumjohann, W., Paschmann, G., Sckopke, N., Cattell, C. A., and
been presented. The magnetometer data set determines theCarlson, C. W.: Average ion moments in the plasma sheet bound-
time of onset as 02:50 UT: the time when Pi2 pulsations were_ &/ 1ayer, J. Geophys. Res., 93, 11507-11520, 1988.

first detected for this substorm. The location of the substormPadmiohann, W., Hesse, M., Kokubun, S., Mukai, T, Nagai, T.,
electrojet is constrained using the magnetometer data, and and Petrukovich, A. A.: Substorm dipolarization and recovery, J.

. . . ; : Geophys. Res., 104, 24 995-25 000, 1999.
LANL particle data infer the time at which plasma were in- gojian R D. Baker D. N. Higbie, P. R., and Hones, E. W.: High-

jected at geosynchronous orbit. A smajlcurrent detected resolution energetic particle measurements atRg:6 2 high-
before onset is lost a few minutes prior to onset. This in-  energy proton drift echoes, J. Geophys. Res., 83, 4857-4862,
dicates that the spacecraft detected the rapid thinning of the 1978.

plasma sheet under the spacecraft prior to onset, i.e. duringelian, R. D., Gisler, G. R., Cayton, T., and Christensen, R.: High-
the growth phase. The negative z component of the magnetic Z Energetic Particles at Geostationary Orbit During the Great
field at substorm onset coupled with a large time delay be- Solar Proton Event Series of October 1989, J. Geophys. Res., 97,
fore detection of Earthward flows is most easily explained 16897-16906,1992. o o

by the formation of a tailward-moving plasmoid, produc- B|r_n, J_. and _Hesse, M.: Deta|I§ of curre_ntdlsruptlon and diversion
ing a TCR at onset. The near-Earth neutral line therefore " Simulations of magnetotail dynamics, J. Geophys. Res., 101,

15345-15 358, 1996.
formed sqmewhere Earthward .Of the Cluster spacecraft a&owley, S. W. H.: Magnetosphere-ionosphere interactions — a tu-
their location of~15Rg downtail. Importantly, the Clus-

. . A torial review, in: Magnetospheric Current Systems, edited by:
ter spacecraft detected Region 1 currents during this inter- Ohtani, S., Fujii, R., Hesse, M., and Lysak, R. L., Geophys.

val flowing at the surface of the plasma sheet. In contrast to Monograph 118, AGU Publ., Washington, USA, 91-106, 2000.
the usual SCW picture, these Region 1 currents were assriis-Christensen, E., Kamide, Y., Richmond, A. D., and Mat-
ciated mainly withB,, varying in the z direction, rather than sushita, S.: Interplanetary magnetic field control of high-latitude
B, varying in the y direction. Initially these currents were electric fields and currents determined from Greenland magne-
predominantly Earthward-directed as the spacecraft left the tometer data, J. Geophys. Res., 90, 1325-1338, 1985.
plasma sheet, then later were tailward-directed as the spacéireenwald, R. A., Baker, K. B., Dudeny, J. R., Pinnock, M., Jones,
craft re-entered the plasma sheet. These findings indicate - B~ Thomas, E. C., Villain, J.-P., Cerisier, J.-C., Senior, C.,
that the Region 1 currents were initially skewed towards the anuise, C., Hunsucker, R.D., Sofko, G., Koehler, J., Nielsen,
- E., Pellinen, R., Walker, A. D. M., Sato, N., and Yamagishi,
pre-midnight sector, and later became more centrally-located

S . . . X H.: Darn/SuperDARN: a global view of the dynamics of high-
about the midnight sector. This is consistent with previous | 4+ de convection Space Sci. Rev., 71, 761-796, 1995,

findings that place substorm onset in the pre-midnight sectof;gpeg Jr., E.W.,, Baker, D. N., Bame, S. J., Fedman, W. C., Gosling,
of the magnetotail. J. T., McComas, D. J., Zwickl, R. D., Slavin, J. A., Smith, E. J.,
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