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Abstract. We report multi-spacecraft and ground-based ob-when mapped to the ionosphere). These two activations of
servations of a “sawtooth” event on 20 November 2007. Forthe electromagnetic wave were identified, corresponding to
this event, data from three THEMIS, two GOES, and four the pseudo onset and the major onset. On the other hand,
LANL spacecraft are available as well as those from ex-the dipolarisation at geosynchronous 0 h MLT was observed
tensively distributed ground magnetometers and all-sky im-only after the major onset, despite its closer location to the
agers. In the present paper we focus on the spatial extentsentre of the auroral activity in terms of the MLT; this indi-

of the electromagnetic and particle signatures of the firstcates that the inner radial limit of the dipolarisation region
“tooth”. In this event, auroral images and ground magneticat the pseudo onset was tailward of geosynchronous altitude
bays showed two activations: a pseudo onset and a maat 0h MLT. The outer radial limit of the electron injection
jor onset (we use the term pseudo onset since the formeregion was also found at10Rg by conjunction measure-
auroral brightening did not significantly expand poleward). ments with THEMIS satellites. These radial distributions are
Ground magnetic bay observations indicate that the subnot significantly different to those expected for usual sub-
storm current wedge (SCW) developed after the major onsestorms.

In an ammuthglly W'de. region 0#14-3h MLT. Similarly, Keywords. Magnetospheric physics (Electric fields; Ener-
broad magnetic _bay dlstrlbut!on was observed also for thegetic particles, trapped; Storms and substorms)
pseudo onset prior to the major onset. Furthermore, aroun

the pseudo onset, magnetic dipolarisations were observed
from 0.5 to 5h MLT. These observations illustrate that, dur-
ing sawtooth events, activities following not only the ma-
jor onset but also the pseudo onset can extend more widel

1 Introduction

buasiperiodic oscillations of energetic particle flux (EPF),

L . . . o Yhe so-called sawtooth event, were identified more than ten
netic field fluctuations embedded in the dipolarisation trend ears ago (e.g., Borovsky et al., 1993: Belian et al., 1995).

were seen at 0.5 and 2.5h MLT. In particular, comprehensiv he recurrent EPF variations have a periodicity of 2-3 h and

plasma and field data from THEMIS showed the presence . .
. . . can last more than five cycles (Huang et al., 2003a; Hen-
of a long-excited weak magnetosonic wave and an impul- y Y :
. : ! . derson et al., 2006b). Each “tooth” consists of a sharp flux
sive large-amplitude Alfen wave with an earthward Poynt- increase and a subsequent gradual decrease near the geosyn
ing flux at around the eastward edge of the SCW; the lat- g g geosy

ter was sufficiently strong for powering aurora (140 m\&/m chronous region, associated with magnetic dipolarisation.
y gtorp 9 Although the sudden EPF increase can also be seen dur-

ing isolated substorms, the most significant phenomenolog-
ical difference between sawtooth events and isolated sub-

Correspondence tdS. Kasahara storms is that the former has larger longitudinal extents in
BY (kshr@stp.isas.jaxa.jp) EPF dispersionless enhancement (Henderson et al., 2006a).
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Furthermore, it is well known that the azimuthally broader
distributions are also seen for magnetic dipolarisation (Cai z
et al., 2006) and magnetic bays on the ground (Kitamura et <
al., 2005). Based on a statistical study with GOES data, Cai«
et al. (2006) argued that the dipolarisation is seen from 16 h &
to 4h MLT, and the initiation is in the sector between 22h
and O h MLT. Kitamura et al. (2005) deduced the substorm
current wedge (SCW) of a full width (at full maximum) of
~12h in MLT from ground-based magnetometer data. In
their events, the centres of the SCWs were seen between 18h 2 [
and 3 h MLT. The above results are more or less consistent in_
a sense that these substorm signatures are seen over a bro@ _
azimuthal range, although it is also known that their appear-~ 10® {
ances are not globally simultaneous (see Henderson et al.g
20063, b). s L

Whereas the global scale, conspicuous morphologies are3 10
well established, weak activities and short time-scale sig- N
natures have been very often ignored due to the long time-
scale nature of sawtooth events. For instance, in the previ- 10 |
ous studies, pseudobreakups (pseudo substorm onsets) dur-
ing sawtooth events have not been focused on. It is gener-
ally thought that pseudobreakups are short-lived, weak, and
small in the scale size (cf. Ohtani et al., 1993; Nakamura et
al., 1994). On the other hand, under a definition that pseu-Z
dobreakups are substorm-like activities that are not associ-
ated with a significantX2°) poleward expansion, Aikio et § -
al. (1999) reported that pseudobreakups did not differ from ‘ ‘ ‘ ‘ .
usual substorm breakups in the longitudinal extent. This re- R 20 21 22 23 24 25
sult casts a question of whether pseudobreakups extend over Day of November 2007
the wider-than-usual range during sawtooth events. Such an
issue, however, has not been examined due to the inconspic-
uousness of the weak activities during sawtooth events.  Fig. 1. Sawtooth-like variations of energetic ions (top two panels)

Another issue that has not been extensively addressed @hd electrons (middle three panels). The flux values are plotted
low-frequency (e.g., Pi2 range) disturbances of the electro€very 19 min.. Vertica! broken lines are drawn for visual aid. The
magnetic field and plasma in the near-Earth plasma sheety™# indexis also displayed at the bottom.
around geosynchronous orbit. Although ground Pi2 waves
have been observed over a substantial extent in the azimuthal )
direction including high latitudes, (e.g., Henderson et al.,2 Observations
2006b), the corresponding oscillations in the plasma sheet
have not been examined around geosynchronous altitude; thd1 Instrumentation
absence is caused by the lack of electric field instruments and
the sufficient time resolution of plasma measurements. THEMIS is a constellation of five satellites (Angelopoulos,

In the present paper, we report the multi-spacecraft obser2008). Each satellite has an equatorial orbit and observes
vations around geosynchronous orbit, as well as the grounthe inner magnetospheric region at every pass. In the present
observations, focusing on the first “tooth” of a sawtooth eventpaper, we utilised data obtained by THEMIS-C (THC), -D
on 20 November 2007. The fortuitous spacecraft configura{THD), and -E (THE). THC was the only THEMIS satel-
tion provides the spatial extents of the magnetic field vari-lite that was located near the nightside geosynchronous re-
ations and energetic particle injection regions. In additiongion during the event, while THD and THE were in the dawn
to the LANL and GOES data, THEMIS at postmidnight sector at a radial distance 6flORz. We used low-energy
geosynchronous altitude provides a full set of particle andparticle data obtained by the Electrostatic Analyzer (ESA,
field data, which enables detailed analyses of the electromagVicFadden et al., 2008) and energetic particle flux data ac-
netic field variations associated with the global disturbance. quired by the Solid State Telescope (SST). The electric field

and magnetic field data are obtained by the Electric Field
Instrument (EFI, Bonnell et al., 2008) and the Fluxgate Mag-
netometer (FGM, Auster et al., 2008), respectively.
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Fig. 2. Solar wind parameters obtained by ACE. The data are shifted by 50 min forward. From top to bottom, the solar wind speed, dynamic
pressure, and three components of the magnetic field in the GSM coordinate system.

The LANL and GOES satellites are at geosynchronous or- Figure 2 displays the solar wind parameters in the GSM
bit, and their coordinated (i.e., azimuthally distributed) ob- coordinate system obtained by ACE. The data are shifted
servations provide a global picture at ®p. The LANL by 50min forward in order to see their effects on the
satellites acquire plasma data with electrostatic analysergarth’s magnetosphere. The solar wind speed was moder-
(Bame et al., 1993), from which the magnetic field direc- ate (~470km/s) throughout the sawtooth event. Weak sud-
tion can be deduced (Thomsen et al., 1996), and also obsenaen change of the dynamic pressure was seer0at35 UT,
energetic particles with the Synchronous Orbit Particle Ana-but there was no significant change prior to the initiation of
lyzer (SOPA, Belian et al., 1992). The GOES satellites mea-the first tooth {09:00 UT). Before the first tooth onset, the
sure the magnetic field. interplanetary magnetic field (IMR}, was moderately neg-

In order to monitor the solar wind, we used the data ob-ative (~—5nT), with a strongly negativé, (~—20nT) and
tained by the Solar Wind Electron, Proton, and Alpha Moni- Small By (0-5nT). After 09:35 UT, the strongly negatie
tor (SWEPAM, McComas et al., 1998) and the Magnetome-Persisted untir~15:00 UT, although several northward ex-
ter instrument (MAG, Smith et al., 1998) onboard the ACE cursions were seen. The prolonged southward IMF period
spacecraft. ACE was located about 283 upstream of the ~ oughly corresponds to the duration of the sawtooth event.
Earth during the event studied here. Figure 3 demonstrates the auroral activity for this event.

Auroral and magnetometer data were obtained from/t ~09:04:30UT, weak brightenings were seen at KIAN

THEMIS Ground-Based Observatories (GBO, Mende et al.,2nd WHIT. Although not shown here, a keogram for KIAN

2008: Russell et al., 2008). We also used magnetometer da{10s 2@ slight poleward expansion that subsided soon
from other stations (INTERMAGNET) (~09:05 UT). Since this activity was not followed by a large-
' scale expansion, we regard it as a pseudobreakup (or pseudo

) onset; cf. Aikio et al., 1999, and references therein). From

2.2 Global context and ground observations the auroral images, the major expansion onset time was de-
termined to be~09:07:30 UT. A possible relation of the prior

Figure 1 shows the sawtooth event on 20 November 2007activity (i.e., what we call pseudobreakup) to the major on-
Recurrent flux enhancements and gradual decreases aet is discussed later. As shown below, both of these two
geosynchronous orbit were seen. The event occurred duringctivities coincided with the magnetic bay appearances at
the main phase of a moderate magnetic storm (with a mini-ground stations. After the major onset, the breakup arc sig-
mum Sym# index of ~—65 nT, as shown in the bottom of nificantly expanded poleward, as observed at KIAN (21.5h
Fig. 1). In the present study, we focus on a substorm evenMLT), FYKN (22.5h MLT), INUV (23 h MLT), and WHIT
that corresponds to the first “tooth” of the sawtooth event(23h MLT). On the other hand, the discrete arc was not
(started at~09:00 UT). clearly observed at GILL (2.5 h MLT).

www.ann-geophys.net/27/3825/2009/ Ann. Geophys., 27, 382832009
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Fig. 3. Selected auroral images obtained by ground observatories. The time step is not constant. The pseudobreakup was seen at KIAN anc
WHIT at ~09:04:30 UT, followed by the major onseta09:07:30 UT and the subsequent poleward expansion. Some activities were also
seen in the postmidnight sector. In the last two panels, the KIAN station is replaced by the FYKN station for better visibility.

Geomagnetic field variations observed at selected station89:12:00 and 09:24:30 UT) are shown in Fig. 5a, and both il-
are shown in Fig. 4. The top and bottom panels are for statustrate the typical signature indicative of the SCW: the mag-
tions at geomagnetic latitudes of60° and <60°, respec- netic field X component peaked at the centre of the distribu-
tively. Small negative (positive) bays at the higher (lower) tion with a gaussian-like shape, and the bipolar Y-component
latitudes first appeared at the pseudo ons€9(04:30 UT,  structure with positive values on the westward side. These
the vertical solid line). The bays became much more signif-are well explained by the pair of the downward and upward
icant after the major onset (09:07:30 UT, the vertical brokenfield-aligned currents (FACs) on the eastward and westward
line) at all stations shown in the figure, although the initi- sides, respectively (McPherron et al., 1973). The positive
ations at most stations were delayed min from the first  bays were observed at14-3h MLT at 09:12 UT. We fit-
signature at KIAN (21.5h MLT) at 09:07:30 UT. ted the X-component distributions with Gaussian, and the
full width at half maximum (FWHM) was determined to be

In order to illustrate the local time distribution of magnetic . . .
. : .5hin MLT. The SCW's relatively broad width compared
bays and its development, we plotted magnetic bays at Iov&3 . . . .
A P P g Y to those in isolated substorms4h in MLT) is consistent

latitudes in Fig. 5. Data from ground stations (geomagnetic " . . .
latitudes of<60°) in the Northern Hemisphere were used, with the previous results (Kltamurq et ia.l., 2005; Clauer et' al.,
and latitudinal dependence of bay depths was corrected usin 006). Furthermore, we note the significant eastward shift of

SCW, whose centre moved 8 h in MLT in ~10 min.
the method of Sun et al. (1998). The upper and lower pan- € SLW, .
els, respectively, show the deviations of the magnetic fieldgue W':/?E?_ OI ég?zi%\évj_:_'ghﬂy decreased (the FWHM was
X (or H) and Y (or D) components; the reference time is n atb9.e4. )-

09:04:30 UT. The bay distributions after the major onset (at

Ann. Geophys., 27, 382884Q 2009 www.ann-geophys.net/27/3825/2009/
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2.3 Plasma flow, dipolarisation, and injections around

K AN(215 65°) geosynchronous orbit

The satellite orbits in GSM coordinates during 08:00 to
] 10:00UT are shown in Fig. 7. The LANL satellites were
located in the postnoon (LANL-02A, LO2 hereafter), dusk
] (LANL-97A, L97), midnight (1989-046, L89), and dawn
(1994-084, L94) sectors. GOES-11 (G11) and GOES-12
(G12) were in the midnight and dawn sectors, respectively.
THC was on outbound pass and in the postmidnight sec-
tor. THD and THE were in the dawn sector with a larger
radial distance, and also outbound. Theplane of Fig. 7
also illustrates the model magnetic field lines (Tsyganenko,
2002a, b) on the THC pass for 09:00, 09:10, and 09:20 UT,
: as a rough guide. An input parameter that is responsible
-...KNY(18.0, 25°) P for the model cross-tail current intensity was tuned for each
S S time to reproduce the measured magnetic fields. In the right
P e and bottom panels of Fig. 7, ion flows perpendicular to the
~~.-HON(22.5, 21.7°) 1 background magnetic field are represented by arrows, every
T 10 min from 08:00 to 10:00 UT, and every 30 s for the period
i HOTS(1.0, 55°) of bursty flows (09:00-09:14 UT, being smoothed by running
averaging over 200s). Out of the bursty flow period, the du-

\V\w\ rations after the major onset (09:07:30 UT) are displayed by

the grey arrows. THD and THE observed flows-di00 km/s
before 09:00 UT, while the flow speed became less after the
8:00 8:30 9:00 9:30 10:00 major onset time (09:07:30 UT). The flow direction was pre-
uT dominantly sunward. On the other hand, duskward-dominant
flows were observed by THC before the major expansion
onset. After 09:07:30 UT, the flow vector rotated equator-

Fig. 4. Variations of the magnetic field X or H component observed - and earthward, suggestive of the satellite motion across
at selected ground stations. The top panel is for the stations with

geomagnetic latitudes (MLat) gf60° (400 nT/div), while the bot- a flqw vortex (cf. Keiling et- al., 2009). .

tom is for the ones with the MLat60° (20 nT/div). The station Figure 8a—c shows the ion flows perpendicular to the am-

codes, their MLT around 09:00 UT, and MLat are displayed. The bient magnetic field and the x B drift velocities observed

solid and dotted vertical lines represent the approximate pseudo orBy THC. In order to obtairE; in the spacecraft frame (in the

set time (09:04:30 UT) and the major onset time (09:07:30 UT), re-direction of the spin axis), we assumé&dk B=0. In these

spectively. panels, it is seen that the ion flows were in rough agree-
ment with the E x B drift before 09:13 UT. The large dis-

o ) agreement after 09:13UT would have been caused by the
The bay distribution after the pseudobreakup (but prior tocontamination by energetic electrons. Penetrating particles

the major onset) is shown in Fig. Sb. Although the amplitude anq the bremsstrahlung process generate spurious signals in
was small €1 nT), the pseudo onset bays show significantiye whole energy range, resulting in the underestimation of

azimuthal extent, comparable to the major onset bay distriyhe velocity. lon flows at THD and THE were also consistent
bution. The east-west component distribution (the bottomyity the £ x B drift, although not shown here.

panel) was rpughly blpo_lar,. while some fine structures were Figure 8d presents magnetic field variations at G11
superposed in the premidnight sector.

~0.5h MLT), THC (~2.5h MLT), and G12{4.5h MLT),
Magnetic field Pi2 oscillations (period of 40-1505s) are( ) ¢ ) t )

shown in Fig. 6. At the major onset (09:07:30 UT), the ampli- PY plotting elevation angles (tan(Br/\/ Bj+B5) and
tudes suddenly and significantly. In a closer look, slight am-tan~(H,//H2+H?)) as a measure of dipolarisation. Here
plifications were also seen at the pseudo onset (09:04:30 UT)we used VDH coordinates for THEMISY is antiparallel
However, the earlier signatures were evident only in the dusko the Earth's dipole axis (positive northward), denotes
and premidnight sectors (i.e., at KNY, KIAN, GAKO, WHIT, the azimuthal direction (positive eastward), ahdompletes
and PINA). The absence in the other stations would be duehe orthogonal coordinates and is positive outward from the
to the smallness of this activity. centre of the Earth. For the GOES magnetic field, we used
the coordinates comprised of the northwak), ( perpendic-
ular to the satellite orbit plane), the earthwa¥d, ( normal

" GAKO(22.5,64°)

WHIT(23.0.64%)

e, -
- e, RN

(400 nT/div)

GILL(2.5, 65°)

X or H Component

(20 nT/div)

DLR(2.5,39°)
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Fig. 5. Longitudinal distributions of the magnetic bays at low-latitude stations associatetaitie major onset an@) the pseudobreakup.
The variations of the H or X components from 09:04:30 UT are shown in the top panel, while those of the D or Y components are in the
bottom panel.

to H,), and the eastwardd,, normal toH, and H, compo- tial dipolarisation region that initiated around the pseudo on-
nents). The elevation angle at THC was smaller than thoseet. This absence of the dipolarisation in the midnight sec-
at G11 and G12; this indicates the fact that THC was locatedor (at L89) and the presence in the postmidnight and dawn
rather northward of the magnetic equator, compared to G1kectors is apparently inconsistent with the aurora that was
and G12. THC (2.5h MLT) observed the initiation of dipo- more active in the dusk and premidnight sectors. This issue
larisation almost simultaneously with the pseudo onset (ais discussed later (in Se@&.2). Due to the poor time resolu-
09:04:30 UT). Similarly, G11 (0.5 h MLT) detected the initi- tion (86 s), the presence of the rapid magnetic field variations
ation of magnetic field change at09:04:30 UT. Then, after (e.g., dips, such as those observed by G11) was not examined
09:07:30 UT (the major onset time), an intermission of dipo- for LANL data.

larisation and a subsequent_quradic dips occurred, super- Figure 8f and g shows EPF variations for ionsl40 keV)
posed on the gradual dipolarisation trend. G12 (4.5h MLT) 5.4 "electrons +130keV), respectively, observed by the

also detected a slight increase in the elevation angle aroung,]ree LANL satellites and THC. Prior to the pseudo on-
the major onset (the signature began earlier than the majofe; | 89 and L94 continued to observe the almost constant
onset). fluxes at levels 0f~150 (cn? srkeV sy ! for ~140 keV ions

~ 1 ~
Figure 8e shows the magnetic field elevation angle at Loz2nd~500 (cnfsrkev S)_“ for ~130keV elecitrons. We call
(~14h MLT), L97 (~19 h MLT), L89 (~0 h MLT), and L94 these reference values “pre-injection levels” of the above en-

(~6.5h MLT), inferred from the low-energy plasma temper- €r9Y channels around nightside geosynchronous o'rbit, since
ature anisotropy (cf. Thomsen et al., 1996): only reliable the constant_ levels persisted for more than 1_h_ prior to the
electron data are plotted (the criteria argj/T, <0.85 or onset (see Fig. 1). L97 also observed the pre-injection levels
>1.15 and 0.9% T, /Tiig<1.07; T =T4, Tmig=T2, andT is before the gradual decrease due to the gro_wth_—phase plasma
the average of» and Ts, whereT:, T, andTs are the three sheet thinning (see the flux levela07:00 UT in Fig. 1). For

eigenvectors produced by the diagonalisation of the temperi©nS: L02 (14h MLT) detected a higher level, probably due
ature matrix andry is most different to other two values). to the_ observation at a different drift shell from other LANL
L89 (0 h MLT) observed magnetic dipolarisation that started Satellites.

at ~09:09 UT, while other LANL satellites did not observe  After the major onset, L89 (0h MLT) observed ion and
any significant increase of the elevation angle around the onelectron enhancements over the pre-injection levels. At the
sets. The initiation was delayed from those at G11 and THOocation of L97 (19h MLT), the ion flux enhanced over
(09:04:30 UT), indicating that L89 was away from the ini- the pre-injection level, while the energetic electron flux

Ann. Geophys., 27, 382884Q 2009 www.ann-geophys.net/27/3825/2009/
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* * ral activations at 09:04:30 UT and 09:07:30 UT, note that the

: KNY (18.0, 25°) _ggc_)synchronoys injection time r.elatiye to the auroral breakup
0.5 nT/div initiation is typically —2 to +8 min (Liou et al., 2001). For
other flux data, variations were small and/or complex and
thus it is difficult to find clear correspondence with two au-
roral activities.

For the identification of energy-dispersive and dispersion-
o less injections, we plot the energetic particle fluxes observed
FINA(Z.5, 59°) by LANL for various energy channels in Fig. 9. Vertical solid
] lines indicate the timing of the initiation of the significant
flux increase at the highest energy channels shown here. It
is seen that the flux recoveries and enhancements at L97 and
L89 were dispersionless (both for ions and electrons), while
enhancements at L02 and L94 were rather energy-dispersive.

HOTS (1.0, 55°)
1 nT/div

Filtered H or X component (40-150 s) [nT]

KIAN(21.5, 65°) The second rise of L97 ion flux was overlapped by the first
10 nT/div enhancement09:13 UT).
In Fig. 10, we plot the variation of the energetic particle

GAKO}2.2_5, 64°) fluxes (blue for~140 keV ions and green for130 keV elec-

10 nT/div trons) after the injection (filled for 09:11:30 UT and open
] for 09:17:00UT), in order to roughly show the azimuthal

WHIT(23.0, 64%) extent of the energetic particle injection regions. The val-

10 nT/div ues were normalised by the nightside pre-injection levels

described above. Only for LO2 (14h MLT), the flux at
o 08:00 UT was used as a reference value instead of the night-
FSMI (1.0, 67°) . L ; ) .
i 5 nT/div side pre-injection levels, since it observed a different pre-
- 1 injection level. The broadening of the azimuthal widths from

o 09:11:30 UT (filled) to 09:17:00 UT (open) was mainly due
MWVWW‘MW\/\/\/M GILL(Z, 657) to the energetic particle azimuthal drift; it is strongly indi-
1 i 1 cated by the energy dispersions shown in Fig. 9.
8:45 9:00 9:15 9:30 It should be noted that in Fig. 10 the flux variations of
ut pseudo-onset origin and major-onset origin may have been

mixed, due to the difficulty of clear separation. Nevertheless,

Fig._6. Pi2 (40—15(_) s) oscillations at selected ground stations. The,:ig_ 10 roughly shows the flux enhancement region during
station codes, their MLT around 09:00UT, and MLat are shown.this substorm event.

The solid and dotted vertical lines represent the approximate pseudo

onset time (09:04:30 UT) and the major onset time (09:07:30 UT), ) ] ) o
respectively. 2.4 Particle signatures and dipolarisations observed by

THEMIS

(>100keV) recovered to the pre-injection level without a Figure 11a shows magnetic elevation angles observed by
significant net increase. L94 (6.5h MLT) observed a gradualTHC (green), THD (red), and THE (blue). The elevation
flux enhancement of electrons with energy dispersion (showrangle of THC is identical to that plotted in Fig. 8d. THD
later). The ion and electron fluxes at THC (2.5h MLT) and THE also experienced the elevation increase in the same
started to increase around 09:04:30 UT and temporarily susmanner as THC did, despite their distance from the centre of
pended with the intermission of the dipolarisatior0Q:08—  the magnetic bays and the injection regions. The initiation
09:10 UT, see Fig. 8d). After 09:10 UT, the energetic electronwas earlier at THD and THE09:03 UT), while the varia-
flux at THC significantly enhanced over the pre-injection tions were very similar. It should also be noted that the in-
level. The ion flux also rose slightly compared to the pre- crease of the elevation angle started at THD and THE earlier
injection level. than at G12 (4.5 h MLT geosynchronous altitude), suggesting
Some of the energetic particle fluxes varied in two stageghat the dipolarisation propagated earthward.
(Fig. 8f and g). The L97 ion flux first enhanced over the Figure 11b displays the energy-time spectrograms for
pre-injection level by 09:10UT, and the second increaseelectrons obtained by THC. The energetic electron flux en-
started at~09:13 UT. The L89 electron flux slightly dipped hancement from~09:11 to 09:13UT was dispersionless,
at ~09:06 UT, followed by the significant enhancement at while more significant increase was seen after 09:13 UT with
~09:11 UT. These are likely to correspond to the two auro-considerable energy dispersion. This indicates that THC was
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Fig. 7. (a)and(b) Orbits of the satellites in GSM coordinates from 08:00 UT to 10:00 UT on 20 November 2007. THEMIS-C, D, and E were
outbound at the corresponding time. Green dotted lines in the panel (a) indicate the model field lines on which THEMIS-C was located at
each time. Right and bottom panét3, (d), (e), and(f) are enlargements of the THEMIS orbit, with ion flows (perpendicular to the magnetic
field) shown by arrows.

inside the electron injection region, although the peak of thethe radial profile of the sawtooth-time injection is similar to
electron-enhanced region was rather westward. non-sawtooth injections.

After 09:15UT, THD and THE also observed energetic
electron injections with energy dispersion (Fig. 11c and d).
The flux levels of the energetic electrons30keV) at THD | ot ys now focus on the electromagnetic field variations ob-
and THE were much lower than those at THC. Similarly, the o /eq by THC. The top panel of Fig. 12 shows the mag-
flux level was lower at THD than at THE. These facts in- atic field data. The vertical solid and broken lines indicate
dicate that the enhancement of the energetic electron fluf,a times of the pseudobreakup (09:04:30 UT) and the major
is_ lesser at larger radial distances from the Earth (see alsg et (09:07:30 UT), respectively. Large-amplitude fluctu-
Fig. 7). ations in all three components of the electromagnetic field

The outer radial limit of the energetic particle flux en- were prominent. It is important to note that these fluctua-
hancement has been suggested observationally (e.g., Friedigbns started at-09:01 UT; it is more than 3 min prior to the
et al., 1996) for non-sawtooth substorms. Furthermore, thg@seudobreakup (at 09:04:30 UT).
similar location of the outer limit around 10—y, from the Another distinctive feature is the drastic change of the
Earth was well reproduced in substorm-injection simulationsB, component after 09:04:30UT. It provides important
by Birn et al. (1997b, 1998). Therefore, it can be stated thainformation on the FAC. The first pair of the increase

2.5 Electromagnetic fields at THEMIS-C
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flux increase initiation at the highest energy channels shown here.

. ) . The L89 ion flux for 75-133 keV was not obtained for this period.
Fig. 8. (a—c)Three components of thE x B velocity and the ion

velocity perpendicular to the ambient magnetic figlt). Elevation

angles of the magnetic field obtained by GOES and T{e{Eleva- : . . .
tion angles of the magnetic field obtained by LANE. and(g) En- rent system associated with the plasma sheet expansion (i.e.,

ergetic ion and electron fluxes. The times of the pseudo substorrr'ihe relative motion of the spacecraft was reversed to equator-

onset (09:04:30UT) and the major onset (09:07:30UT) are indi-Ward)' o .
cated by the solid and dotted black lines, respectively. The electric field disturbance began before 09:04:30 UT

(Fig. 12b), similar to the magnetic field. Large-amplitude

fluctuations were seen, and one of the most prominent spikes

of the E, component £09:09:30 UT) was coincident with
(08:58-09:03 UT) and decrease (09:03-09:07:30 UT) of thethe spike of theB, component, indicating its electromagnetic
By is a signature of the typical FAC pair of the upward field- nature.
aligned (R2) current and the downward field-aligned (R1) Pi2 range fluctuations of the electromagnetic fields and
current (cf. Fujii et al., 1994). THC was moving outward Poynting flux §; andS_, for the components parallel and
(poleward) and thus first observed the R2 current (repreperpendicular, respectively, to the ambient magnetic field)
sented by theB, increase), which was located equatorward are shown in Fig. 12c, d, and e (the pass band is 40-150s).
of the R1 current, and then observed the R1 current (repreSome oscillations started to grow a09:01 UT, as men-
sented by theB, decrease). A jump of th&, component tioned above. Before 09:03UT, however, the amplitudes
at 09:07:30 UT indicates the enhancement of the downwardvere small, and the Poynting flux was negligible. After
current. The large-scale positive slope after the major on09:03 UT (yet prior to the pseudobreakup), the Poynting flux
set 09:07:30 UT indicates the poleward motion of the cur-became larger, and the parallel component was toward the
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100 ——r—r—r—r—r—r—+—+———————— netic fluctuation is not likely to be associated with the quasi-
’ dection o o static field-aligned current, and this fact supports our conclu-
//" sion that the fluctuation is Alnic.
100 b filled: 09:11:30 UT / \ i It should also be noted that the Pi2 wave profile at GILL
open: 09:17:00UT  / (2.5h MLT) did not show similar amplification with that of

the Alfven wave at THC (started at 09:08:30 UT and ended
at 09:10:30 UT). Thus, the correspondence between the ob-
served Pi2-range waves in the magnetosphere and the iono-
sphere is unclear for this event. However, it is likely that the
Alfv én wave observed by THC was launched at around the
equator, since no negative (i.e., equatorward) Poynting flux
was observed.

The presence of the slow-mode magnetosonic (MS) wave
is also indicated by the anticorrelation between the ion pres-
sure and the magnetic pressure (the bottom panel of Fig. 12).
Here the ion pressure was calculated from the low-energy ion
Fig. 10. Longitudinal distribution of the energetic particle flux nor- data obtained 'by the ESA; the energetic particle flux (SST
malised by the pre-injection levels. lons-el40keV and electrons ~ data) was not included because of the lack of the complete
of ~130keV are examined. calibration for moment calculation. However, judging from

the preliminary data, contribution to the total ion pressure
from the SST energy range does not substantively change
Earth (note that positive value means earthward). At aroundhe result. The slow-mode MS wave was initiated well be-
09:04:30 UT, the peak value of the parallel Poynting fluy (S  fore the pseudo onset time and continued over the displayed
was ~0.01 mW/nf. Since the magnetic field strength was time period.
~70nT and~56 000nT at THC and the ionospheric map-  |n summary, the large-amplitude electromagnetic field
ping point, respectively, the observed flux is multiplied by flyctuations in the perpendicular directions are well ex-

800 if we scale it along converging magnetic field lines to the pjained by the Alfien wave, while the presence of the slow-
ionosphere, and thus the Poynting flux becomes 8 Mim  mode MS wave is also indicated.

the ionosphere.

More significant Poynting flux began at 09:08:30 UT.
The peak was found at-09:09:30UT; the value was 3 Discussion
~0.17 mW/n?, and became 140 mWArwhen mapped to
the ionosphere. 3.1 Longitudinal extent of magnetic bays

The E-to-B ratio 0~0.8 mV/m/nT corresponds to the ve-
locity of ~800km/s. If this electromagnetic fluctuation is We illustrated the two magnetic bay developments; one is the
Alfv énic, this value should agree with the local Alfvspeed. weak signature at 09:04:30 UT (we call it pseudobreakup),
Assuming that all ions are protons, the in situ Afvspeed and the other is the more salient signature after 09:07:30 UT
can be calculated with the magnitude of the magnetic field(the major onset).
of ~70nT and the density of1 cm2 to be 1400 km/s; it is For the period after the major onset, we have shown the
much larger than the observed E-to-B ratio. However, it islocal time distribution of the magnetic north-south (X or H)
well known that the near-Earth plasma sheet is oxygen-richand east-west (Y or D) deviations in Fig. 5a. The single bump
especially for storm times. The observed E-to-B ratio agreeshape of the north-south deviations and the bipolar structure
to the the Alf\en speed with 15% oxygen ions (in the num- of the east-west components are in agreement with the SCW
ber density), and this content is typical during storm timesmodel (McPherron et al., 1973). The negative excursion of
(cf. Balsiger et al., 1980). Therefore, the large-amplitudethe north-south component at the edge of the Gaussian-like
electromagnetic fluctuation aroundd9:09:30 UT can be ex-  distribution is attributed to the fact that the station was east-
plained by Alf\en wave. In addition, we confirmed that the ward (westward) of the downward (upward) FACs. The wide
E-to-B ratio in the frequency domain increased with the fre- distribution (FWHM~6.5 h in MLT) seen in this eventis sim-
guency above-0.1 Hz (not shown here); this is a well known ilar to the previous results (Kitamura et al., 2005; Clauer et
signature for kinetic Alfén waves (e.g., Stasiewicz et al., al., 2006).
2001). On the other hand, the E-to-B ratio in the Pi2 range of In addition to the wide distribution of the magnetic bays,
0.8 mV/m/nT corresponds to the conductivityel S, which  we found the eastward shift of the distribution. Figure 5a
is rather small to be interpreted as the Pedersen conductivitghows that the centre of the SCW moved eastward ®f in
around the eastern edge of the SCW (Gjerloev et al., 2000MLT in about 10 min, while the longitudinal extent became
and references therein). Therefore the observed electromaglightly narrower. This result contrasts with the conclusion of

Normalised flux

MLT [hr]
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Fig. 11. (Top) Magnetic field elevation angles at THEMIS-C (green), D (red), and E (blue). (Bottom) The electron energy-time spectrograms
obtained by SSTs and ESAs.

Kitamura et al. (2005); they examined six SCWs in the saw- The downward FAC at 2.5h MLT was observed by THC
tooth event on 18 April 2002 and concluded that the peak ofat the pseudo onset. This is consistent with the interpretation
the SCW did not move for the time scale of tens of minutes.that the magnetic bays represent the large-scale SCW system.
The present result is rather similar to the result of Hender-

son et al. (2006b). The appar.ent SCW eastward shift may, ,, Spatial extent of dipolarisation
correspond to the eastward shift of the plasma sheet activity
and/or the topological change of the magnetic field.

A significant result here is the broad azimuthal extent of G11 (0.5h MLT), THC (2.5h MLT), and G12 (4.5h MLT)
pseudobreakup magnetic baysl The pseudobreakup everﬁg)served the initiation of magnetic field dipOIarisationS
often show small scale size (e.g., Ohtani et al., 1993; Nakaaround the pseudobreakup (09:04:30UT). THD and THE
mura et al., 1994). Although Koskinen et al. (1993) presemedalso observed magnetic elevation increases in the dawn sec-
an event in which the ionospheric active region covered sevior (~4.5-5h MLT) that started before the pseudobreakup.
eral hours of magnetic local time, it was still comparable Following the major onset (09:07:30 UT), L89 (0 h MLT) fi-
to usual isolated substorms. In our event, however, the azbally observed the initiation of geosynchronous dipolarisa-
imuthal extent of the pseudobreakup magnetic bay distribution (with the delay of 1-2 min from the major onset). Dipo-
tion was about twice as broad as those in usual substorms. larisations at G11 (0.5 h MLT), THC (2.5h MLT), G12 (4.5h

MLT), THE (4.5h MLT) and THD (5 h MLT) also continued
after the major onset.

www.ann-geophys.net/27/3825/2009/ Ann. Geophys., 27, 332832009
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The dipolarisation from the midnight to the dawn sec- study by Aikio et al. (1999), the longitudinal extents of pseu-
tor started around the pseudobreakup (09:04:30 UT). It waslobreakup phenomena were comparable to usual substorms.
well before the major expansion onset (09:07:30 UT) and the The present observations, however, demonstrate the wider-
dipolarisation at the L89 location (0 h MLT). than-usual extent of dipolarisation and magnetic bays asso-

The absence of the pseudo onset dipolarisation at L89 caniated with a pseudobreakup; the widths were comparable to
be explained in terms of the radial distribution. It is likely those during sawtooth-time substorms. Although the mag-
that the midnight dipolarisation (Oh MLT) started slightly netic field Pi2 fluctuations at ground stations were weak and
tailward of L89. This interpretation is consistent with the not clearly observed over the wide azimuthal range, magne-
fact that a typical location of the dipolarisation initiation re- tospheric electromagnetic disturbance was observed by THC
gion isX~—7 Rg——10Rg (Miyashita et al., 2009). Almost (2.5 h MLT) around the pseudobreakup (09:04:30 UT) with a
the same discussion can be found in Ohtani et al. (1993)small earthward Poynting fluxs(~0.01 mW/n?). The initi-
in which a significant dipolarisation was absent at geosyn-ation of the electromagnetic disturbance wa80 s prior to
chronous orbit inside the SCW. the pseudo onset, which is of the order of the Alfvtran-

In summary, the dipolarisation region around the pseudcsit time. These results indicate that pseudobreakup events
onset was observed betweerd.5 and~5h MLT, and it  during sawtooth events can extend over broad longitudinal
engulfed the satellite at Oh MLT after the major onset fange, and suggest that the plasma sheet prior to the major
(09:07:30 UT). The western edge of the dipolarisation regiononset is unstable over the wide azimuthal range during the
after the major onset was eastward of 19 h MLT at geosyn-Sawtooth events, in comparison with usual substorms.
chronous altitude. The dipolarisation region was pronounced
far outside geosynchronous orbit at least in the dawn secto8-5 Dawn-to-dusk electric field

and the same is also suggested in the midnight sector. ) N
The earthward flows (i.e., the positivg andv,, and nega-

tive v;) were observed by THC from09:05 to~09:09 UT,
and they were due to thE x B drift for components perpen-
dicular to the ambient magnetic field (Fig. 8a—c). However,

In _F'g' 10, the dlscrepancy between the |njecthn prOfIIeSthe earthwardE x B velocity was only comparable to the az-
of ions and electrons is clearly seen. Such a split structure

was previously documented (Reeves et al., 1991; Birn et alz?iqu;r;afliglzk;?tég; t:ihifngzglggbigg—kig krr)na/rstfcifesH'gnt]r_]e
1997a; Thomsen et al., 2001). The split can be attributed t P geosy L

. ) i i Sin et al. 1961), and the ratio of thE x B velocity to the c/g

the curv'ature/gradlent' (.c/g)' drift of energetic particles. drift velocity is rather smaller in the stretched magnetic field

The dispersionless injections were observed at19hand Oyt enderson et al., 2006b). Thus, it is not surprising that
MLT for ions, an_d a_t Oh and 2.5h MLT for electrons. The the ion flux at THC had little enhancement compared to the
centre of these distributions roughly corresponds to the SCW, ¢ iniection level (Fig. 8f) and the significant electron flux
centre. The location of the centre further supports the Strong.nhancement at THC was brought only via the injection in
dipolarisation in the premidnight sector tailward of geosyn- the midnight sector (Fig. 8g), although the weak dispersion-
chronous orbit, which was discussed in S8c2. less injection was also seen (Fig. 11b).

The outer limit of the injection region was indicated by o, the other hand, significant dispersionless injections of
the simultaneous measurements with THC, THD, and THEgnergetic ions and electrons were observed by satellites in

the farther satellites away from the Earth observed the lesghe qusk to midnight sectors. This difference from the post-
enhancement of the energetic electron flux. This is similar tomidnight (the THC location) sector is attributed to the in-
the suggestion by Friedel et al. (1996) and simulation resultengity of the dawn-to-dusk electric field: it is likely that the
by Birn et al. (1998). Although their studies did not focus jnqyctive electric field was much stronger near the centre of
on sawtooth events, our result illustrates that their results cag, o injection region (the premidnight sector). However, it is

3.3 Spatial extents of the injection regions

also be applied to sawtooth-time injections. difficult to address the relationship between the injection re-
_ gions and the dawn-to-dusk electric field distribution, since
3.4 Pseudobreakup during the Sawtooth event there were no electric field measurements in the premidnight

sector for the present event.
Magnetospheric and ionospheric activities following pseudo-
breakups (pseudo substorm onsets) are typically observed iB.6 Electromagnetic field fluctuation at THEMIS-C
a rather narrow longitudinal range, compared to those after
usual substorm onsets (e.g., Ohtani et al., 1993; Nakamurd@here are intense debates about whether sawtooth events
et al., 1994). Although Koskinen et al. (1993) reported aconsist of substorms or other magnetic disturbances. Lee
pseudobreakup event that displayed the ionospheric activitet al. (2004) examined four sawtooth events and discussed
extending over several hours of magnetic local time, the exthat the observed signatures are unlikely to be those of sub-
tent was still comparable to usual substorms. Similarly, in thestorms and rather they are directly driven by solar wind
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pressure increases. Lyons et al. (2005) also emphasised the The THC observation in the present event showed the dras-
importance of the dynamic pressure effect; they argued thatic electromagnetic fluctuations near the eastward edge of the
the merging of the substorm component and pressure-drivebroad SCW. The separation from the centre of the SCW was
component is essential for the wide azimuthal extents of the~5.5h in MLT. This fact implies that inner-magnetospheric
aurora and other signatures such as the current wedge. On tigasma sheet activity, such as the slow-mode MS wave and
other hand, there are many studies concluding that sawtootthe large-amplitude Alfén wave, are seen over a broad az-
events are mainly composed of substorms with the wider subimuthal range.
storm signatures (e.g., Huang et al., 2003b; Lui et al., 2004; On the other hand, the radial distribution of such elec-
Henderson et al., 2006a). tromagnetic fluctuations during sawtooth events is still un-
The present event is categorised as the latter, since no dynown. Lui et al. (2004) surveyed the behaviour of the mag-
namic pressure increase was found in the solar wind aroundetotail (X <—20Rg) during a sawtooth event, and found
the onset, and the electromagnetic field fluctuations observethat there were some sawtooth activations that were not ac-
near geosynchronous orbit prior to and after the major onsetompanied by any significant electromagnetic fluctuations in
(09:07:30UT) were very similar to those reported as sub-the plasma sheet. The result led the authors to the argument
storms in the literature. Maynard et al. (1996) studied sixthat the plasma sheet activity is localised even in the saw-
substorms with CRRES data<{%.<7), and for all events tooth event. Since the observation by Lui et al. (2004) was
they found the dusk-to-dawn excursions of the electric fieldconducted more than 1&g tailward of geosynchronous or-
prior to the substorm expansion onset. Such a signature walsit, future studies for the radial extent of the plasma sheet ac-
also seen in our event. The dawnward electric field (a fewtivity that coverX ~—10-15Rg during sawtooth events are
mV/m, similar to the result of Maynard et al.) was seen be-required.
fore 09:04:30 UT (Fig. 12).
Erickson et al. (2000) also noted similar eastward dips
of the electric field~1-10 min prior to the initiation of the 4 Summary
SCW formation in other CRRES data sets. Furthermore,
they showed the significant earthward Poynting fluxes thatVe examined a sawtooth event with multiple spacecraft and
appeared just after the intensification of the magnetic baysthe aid of ground stations. We restricted our analysis to the
Also in the present event, such a signature was observed bfjst “tooth” of the event, and our focus is on the spatial dis-
THC (Fig. 12). The earthward Poynting flux suddenly en- tributions of particle signatures and field variations, as well
hanced at 09:08:30 UT. The peak value was capable of powas fine structures and short time-scale signatures embedded
ering aurora (140 mW/f mapped to the ionosphere). The in the sawtooth event.
large Poynting flux was Alfgnic, while the slow-mode MS From ground observations (auroral and magnetome-
waves were also seen. ter data), two activations were illustrated. The first
The above authors argued that the initiation of dipolari- magnetic bays and auroral brightening were observed at
sation and weak magnetic bays are prior activities that lead~09:04:30 UT, which we call pseudo onset (breakup). The
to the explosive onset, which is characterised by the intenséecond (deeper) magnetic bays and auroral breakup ac-
earthward Poynting flux and more significant bays. From thiscompanied by the poleward expansion were initiated at
point of view, the prior activity in our event, which we call ~09:07:30 UT, which we regard as the major onset time.
pseudobreakup, can have significant relation with the major The magnetic bays after the major onset showed the wider-
onset, rather than the independent activity. In fact, the obthan-usual azimuthal extent-(4-3h MLT) and the centre
served initiation of dipolarisation and shallow magnetic baysaround 21 h MLT (later shifted to Oh MLT). Furthermore,
during the prior activity (from 09:04:30 UT) are similar to the magnetic bay distribution associated with the pseudo on-
those after the “local onset” in Erickson et al. (2000), fol- set (or the prior activation) also extended over the wide mag-
lowed by the explosive onset. netic local time range, although the magnitude was rather
Maynard et al. (1996) and Erickson et al. (2000) showedsmall. We also observed magnetic dipolarisations around the
electric field data predominantly near the substorm onset repseudo onset (09:04:30 UT) in the postmidnight and dawn
gion in the premidnight sector. In fact, for isolated sub- sectors (between 0.5h MLT and 5h MLT). These observa-
storms, intense electric field disturbances are expected to bigons indicate that the pseudobreakup activity (or it can be
observed only near the onset region. For sawtooth-times, ogalled prior activity) develops over a broad azimuthal range
the other hand, it is natural to expect electric field fluctuationsduring sawtooth events. It suggests that during sawtooth
to be observed azimuthally far from the centre of the SCW,events the plasma sheet prior to the major onset is unstable
since magnetic dipolarisations and the SCW show broad disever a broad longitudinal range compared to isolated sub-
tributions in MLT. However, the electric field around geosyn- storm cases.
chronous orbit has not been extensively addressed due to the The dipolarisation at geosynchronous orbit at 0 h MLT was
lack of the electric field instrument. observed only after the major onset, while dipolarisations in
the postmidnight and dawn sectors continued. The absence
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Fig. 12. (a) (b) Magnetic and electric field components measured by THEMIgE,(d), and(e) filtered (40-150s range) fields and
Poynting flux, andf) the magnetic and plasma pressures. The pseudobreakup (09:04:30 UT) and the major onset (09:07:30 UT) are indicated
by vertical lines.

of the dipolarisation at geosynchronous altitude before the Injection regions of the energetic ions and electrons were
major onset indicates that the inner radial limit of the dipo- displaced against each other; the dispersionless injection was
larisation region did not reach the geosynchronous satellitebserved at 19 and 0 h MLT for ions and at 0 and 2.5h MLT
at the local midnight around the pseudo onset. for electrons. The conjunction measurements by THC, D,
and E revealed that the outer limit of the electron injection
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region was located around K}, which is similar to what is solar proton event of October 1989, J. Geophys. Res., 97, 16897—
expected for non-sawtooth cases. 16906, 1992.

THC observed the electromagnetic field fluctuations andBelian, R. D., Cayton, T. E., and Reeves, G. D.: Quasi-periodic
associated Poynting flux around the pseudobreakup and the global substorm generated flux variations observed at geosyn-
major onset, despite its location-5.5h eastward of the Eﬂhrg_noussort:lt,én: Space Pg:\smis: C&upllng BSetweer: Sgga'ld"?‘tn((jj

.z ealium Scale Processes, Geo S. Monogr. Ser., vol. , edite
SCW Cemre.)' Th? p.resence of SIOW_r.nOde .MS and @dfv by: Ashour-Abdalla, M., Chang,pT.y, and Dugenbery, P., pp. 143—-
waves was identified; the earthward field-aligned Poynting 148, AGU, Washington. D.C., 1995.
flux ,(140 mw/nt when mapped to _the ionosphere) of the Birn, Jl., Tholmsen, M. F.,lBorO\,/sky, J. E., Reeves, G. D., McCo-
Alfvén wave was seen after the major onset. mas, D. J., and Belian, R. D.: Characteristic plasma properties

In this study, we could not address the azimuthal distri-  during dispersionless substorm injections at geosynchronous or-
bution of the equatorial electric fields especially around the bit, J. Geophys. Res., 102(A2), 2309-2324, 1997a.
centre of the injection regions, and thus further studies are reBirn, J., Thomsen, M. F., Borovsky, J. E., Reeves, G. D., McComas,
quired to acquire the overall picture of sawtooth events. Mul- D. J., Belian, R. D., and Hesse, M.: Substorm ion injections:
tipoint observations of field/particle instruments with other ~ Geosynchronous observations and test particle orbits in three-
suitable alignments (e.g., another THEMIS satellite around dimensional dynamic MHD fields, J. Geophys. Res., 102(A2),
premidnight geosynchronous region as well as more tailward_. 2325-2341, 1997b.
regions), will unveil spatio-temporal relationships between 5™ J» Thomsen, M. ., Borovsky, J. E., Reeves, G. D., McCo-

fields and particles during sawtooth events more comprehen- o> D. J, Belian, R. D., and Hesse, M.. Substorm electron
P 9 P injections: Geosynchronous observations and test particle sim-

sively. ulations, J. Geophys. Res., 103(A5), 9235-9248, 1998.
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