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Ground and satellite observations of substorm
onset arcs

K. Shiokawa, K. Yago, K. Yumoto, K. Hayashi, D. G. Baishev, S. I. Solovyev, F. J. Rich,
and S. B. Mende

Abstract: Auroral features and associated particles and fields assiigated for three auroral substorms (pseudo-
breakups) observed at 19-20 MLT on December 30, 1994 andb€rct and 31, 2000. We identified the substorms
using Pi 2 wave packets, positive/negative H variations idt/trigh-latitudes, and auroral brightenings in aurorabges
obtained by a ground all-sky camera and by the IMAGE FUV imagke DMSP satellites crossed brightening arcs
during the Pi 2 pulsations in the field-of-view of the grouraimera at Fort Smith (67 MLAT), Canada, and Tixie (66
MLAT), Russia. The crossings were 1-2 hours duskside of tagranset local time. The brightening arcs were located
at the equatorward boundary of the region 1 current and irstimevard convection region. The arcs corresponded to
inverted-V accelerated electrons. From these obsengtiva suggest that the arc brightening occurs in the innanma
sheet at the inner edge of the region 1 current source in thasd convection region.

Key words. auroral initial brightening, precipitating particlesgien 1 current, sunward convection.

1. Introduction [2], [23], and [20]) and of the detailed structure of the neco

nection region (e.g., [24] and [27]). The mismatch betwden t

An auroral substorm is a manifestation of a magnetospherig s : A
o ; uroral initial brightening (inside 10-154} and the reconnec-
substorm, which is a fundamental disturbance that relehses tion region (20-30 R) may be explained by considering the

energy store_d in the magnetosphe_re to the ionos_phe(e. Fhe aking of Earthward flow launched from the reconnection re-
set mechanism of magnetospheric substorms is still controgion as a generator of auroral brightening ([31]). [26] &9

\égz)sdlfalféieﬁ):c%Sglegcig?)/rlrilvin\g.t ;slgcfol\r!r?l'”ntﬁl, N(Ij%fg.be d that the two mechanisms (near-Earth instability andmec
' VIEW). Su : y ! ection) may operate simultaneously in a coordinated way.

using the following two models. . . ; S -
The first is the near-Earth onset model, in which some in- Particle and field signatures of the auroral initial brigtite

ol ) ; . may be a key to identifying the source location of the brighte
stability in the nightside near-Earth plasma sheet ins@iR - : ;
causlelgzla Subst(l)?m (Ie.g., [17], [18], ?12]’ and [5]). 'Il'hefagi[ ing in the magnetosphere, and may help to verify the differen

the auroral substorm starts from the most equatorward ay¢ (e models. For that purpose, several authors have compared au-

L .~ roral images and satellite particles and fields ([28]: marid
1] and [19]) supports this idea. [21] showed that the |cwati . .
E)f]the aLro]r)aI inl?tFi)aI brightening \Evas] mapped inside 15 R scanning photometers and DMSP, [8]: ground auroral images

the magnetosphere. However, field-line mapping of the aliror and FAST, and [22]: satellite auroral images and FAST]. €hes

brightening region to the magnetosphere is always ambiguouStUd'eS indicate that the onset arc is located in the midaife p

because of the tailward-stretched magnetic field configurat grr]éhi?] tehqeu?nttoerr\:vsagcijoﬁdgrzcci)f ittgﬁoﬂergtr%nn pSrECIpletglttilr?gﬂrhgglo
that is present during the substorm growth phase. precip gion, sugg

The other model of substorm onset is the near-Earth neutrglolgrce '.f Ic:ﬁated n th_e |nn(tar5).art of.theltplasma Sht?Et'm.
line (NENL) model, in which the magnetic reconnection at 20- espite these previous studies, simultaneéous obsenattion
30 Ry, in the tail causes the substorm (e.g., [14] and [3]). Theauroral images and in situ plasma data at substorm onsat is st

NENL formation at radial distances of 20-3Q;Rs supported verytllml']Eed.tI)ntthe ";S'i’tw? reporte(]il sw;}ultaneous (rjn%su"r
by observations of the statistical flow-reversal locatiergy, ments ot substorm brightening arcs for three ground-s&ie
conjunction events, using auroral images and in situ gartic

field-aligned current, and plasma convection data. Dueéo th
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[33] used the cameras for a detailed comparison of substorid = 219 Rg was almost continuously southwarg Q to —5

arcs with Pi 2 pulsations.

nT), andBy was duskward 5 nT) for 0930 — 1100 UT. In

Using auroral images over 4 years (1997-2000) at TIK andhe keogram, the equatorward boundary of the auroral zone
one month (December 1994 - January 1995) at FSM, we searajradually shifts equatorward during the plotted intergalin-

simultaneous observations of substorm-associated darcsa

dicated by the vertical dashed line, an auroral intensiioat

detected by the ground all-sky camera and auroral partidde a took place at~1004 UT (18.5 MLT at TIK) at the equatorial

field data obtained by the DMSP satellites in the field-ofavie

boundary of the auroral zone at66°MLAT (~72°GLAT).

of the cameras. Only three events were available duringlwhicThe DMSP F12 satellite crossed the arc at this time, as shown
DMSP crossed the brightening arc within 10 min of the bright-later. An equatorward-drifting aurora was observed siamilt

enings. This fact indicates the difficulty of obtaining sitan-
eous ground and satellite observations of substorm brigrige
arcs.

October 31, 2000
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Fig. 1. Interplanetary magnetic field (IMF) variations obtained by
the ACE spacecraft, time variations of auroral intensityainorth-
south meridian obtained by the all-sky camera at Tixie (TIK)
and H-component magnetic field variations at TIK, Chokuhdak
(CHD), Moshiri (MSR), Canberra (CAN), and Adelaide (ADL) in
the magnetic meridian of TIK, for the substorm brighteningre
of October 31, 2000. The magnetic field data are shown as 50
nT/division for TIK and CHD, and 8 nT/division for MSR, CAN,
and ADL. The vertical red-dashed line indicates the time nhe
the DMSP F12 satellite crossed the brightening arc, as shiown
Figure 2.

eously poleward of the brightening arc. However, auroral ex
pansion was not observed in the keogram. Small magnetic field
variations were seen in the high-latitude magnetogram$<at T
and CHD at this time. Pi 2 pulsations with a coherent phase
structure were identified in the midlatitude magnetic fiedtled

at MSR, CAN, and ADL. These features indicate that this au-
roral brightening is categorized as a pseudo-breakup. Amaj
substorm took place at1020-1040 UT, as characterized by
an auroral expansion at TIK, high-latitude magnetic field-va
ations and midlatitude Pi 2 pulsations.

All-sky Camera Data at Tixie (October 31, 2000)
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Fig. 2. Auroral images obtained at Tixie. Geographic north (N)
and geomagnetic north (MN) are indicated in the 1003:06 UT
image. Geographic latitude and longitude are indicatechén t
1004:06 UT image. The orange squares indicate the footpfint
the DMSP F12 spacecraft at an altitude of 120 km.

Figure 2 shows ground auroral images (1000 kn1000
km) obtained at TIK from 1003:06 to 1004:49 UT. The im-

Figure 1 is an example of IMF and ground auroral and magages have been converted from the original all-sky cootéa

netic field data during the ground-satellite conjunctioerevlt
shows interplanetary magnetic field (IMF) variations oiéai
by the ACE spacecraft, auroral intensity variations in atmor

to geographical coordinates by assuming an auroral adtitdid
120 km. Geomagnetic north (MN) is 1Wwestward from geo-
graphic north (N). The image center is the zenith of TIK. The

south meridian (keogram) obtained by the all-sky camera a@range squares indicate the footprints of the DMSP F12 space
TIK, and H-component magnetic field variations at the CPMNCcraft at an altitude of 120 km.
stations at TIK, Chokurdakh (CHD), Moshiri (MSR), Canberra InFigure 2, an auroral arc extends from east to west at 1963:4
(CAN), and Adelaide (ADL) ([38]), for the substorm event 1004:49 UT at a latitude of PAl, which is the equatorward
on October 31, 2000, which was reported by [37]. IMF databoundary of the auroral region. The arc completely expamds t
is shifted 63 min by taking into account the travel time from the west at 1004:49 UT. The arc width is less than 1 degree in
the ACE spacecraft to the magnetopause. The all-sky imagégtitude. The DMSP footprint crosses the western edge of the
are converted to geographical coordinates, assuming anedur brightening arc from low to high latitudes at 1004:06 UT. Two
altitude of 120 km. The keogram shows auroral intensity-vari auroral arcs in the NW-SE direction can be seen poleward of
ations at a geographical longitude of TIK (12855. this brightening arc. They show continuous equatorward mo-
In Figure 1, IMF Bz measured by the ACE spacecraft at tion, as shown in Figure 1.
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g =':uﬁ“'7i"‘--' Fig. 5. Magnetic field, ion drift, and precipitating ion and
4300 pei electron data obtained by the DMSP F15 satellite at 1046:00—
Uk AR093:00 03:20 03:41 1051:00 UT on October 24, 2000. The vertical red-dashed line

and horizontal red lines indicate satellite crossings afHiening

arcs. The upward and downward arrows in the top panel irglicat

Fig. 3. Magnetic field, plasma speed, and precipitating particle  directions of the large-scale field-aligned currents irgérfrom

data obtained by the DMSP F12 spacecraft at an altitude of 840 the magnetic field data (after [34]).

km at 1003:00-1006:29 UT on October 31, 2000. From top to

bottom, magnetic field, plasma speed, electron (black) and i ening arc corresponds to an electron inverted-V structutie w

(red) energy flux (eVicrs sr), average energy (eV), and electron a peak energy of1 keV at the equatorward edge of the elec-

and ion energy spectrograms. The dashed red line indicates tron precipitation region. The latitudinal width of the ened-

the time (1004:06 UT) when the DMSP footprint crossed the V structure is less than 1 degree, which is consistent with th

brightening arc, as shown in Figure 2 (after [37]). observed arc width at Tixie. Itis located3® (in latitude) pole-
ward of the equatorward boundary of the ion precipitation re
gion and~ 6° equatorward of the poleward boundary of the

pp— electron precipitation region. The inverted-V structwsaiso

- I located at the middle part of the energetie 1 keV) ion pre-

cipitation region.

ER0x In the top and second panels of Figure 3, we show magnetic

field and ion drift velocities for the component perpendictid

the DMSP spacecraft’s trajectory in the horizontal plartee T

component can approximately be regarded as east-west com-

ponent. For the magnetic field data, eastward magnetic field i

tensity increases (downward field-aligned current) fromdo

latitudes up to 66.3VILAT, and then decreases (upward field-

13

DMSP-F10 Dec.30, 1994

IONS

ELECTRONS
o

bl A -

ELEC
brid

LOG ENERGY (EV)
(8]

% aligned current) to 72MILAT. This feature is a typical pair of
- region 1 and 2 currents in the dusk sector ([15]). The auroral
sils particles associated with the brightening arc (indicatgthie
MILT 0 , 2 b3 ‘ Dec 30 vertical dashed line) are located at the equatorward edtieof
%{LSFIEG THUJAPL upward region 1 field-aligned current, with a local enhance-

ment of the current intensity.
Fig. 4. Precipitating particle data obtained by the DMSP F10 _The plasma velocity data obtained by the ion drift meter in-
spacecraft at an altitude of 840 km at 0410:30 UT — 0414:29 uT dicates that the whole region plotted in Figure 3 correspond
on December 30, 1994. From top to bottom, electron (black) an (O the westward (sunward in this local time) convectionoegi
ion (red) energy flux (eVichs sr), average energy (eV), and The brightening arc at 66°BILAT is located in the middle of
electron and ion energy spectrograms are shown. The Jertica this sunward convection region. The arc corresponds tc_)ai Ipc
red-dashed line indicates the time (0411:48 UT) when the BMS enhancement of velocity shear from west to east, which is a
typical feature of auroral arcs (e.qg., [4]).
Figure 4 shows the particle data for another ground-stelli
The DMSP spacecraft is in circular polar orbit, and it ob- conjunction event obtained by the DMSP F10 spacecr_aft from
serves precipitating electrons and ions, ion drift velesitand ~ 0410:30 UT t0 0414:29 UT on December 30, 1994. This event

magnetic field variations at an altitude of 840 km. These dat¥/as reported in detail by [36] as the conjugate ground-gatel

from 1003:00 to 1006:29 UT on October 31, 2000, are showrPbservation of a substorm brightening arc Fiuring a pseuelo_on
in Figure 3. As shown by the vertical dashed line, the bright-S€t observed at FSM. As shown by the vertical red-dashed line

footprint crossed the brightening arc (after [36]).

(©2006 ICS-8 Canada
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the brightening arc corresponds to a clear electron indevte 3. Summary and Discussion
structure with a peak energy of3 keV near the equatorward We have shown particle and field features associated with

edge of the electron precipitation region. The invertedr\c N . :
turg has a latitudinal l\Dlvidthpoful degrge and is located about Zg)uroral initial brightenings for three auroral substorpesudo-

- kups) observed at 19-20 MLT on December 30, 1994 and
degrees poleward of the equatorward boundary of the ion pr rea ) .
cipitation region and-5 degrees equatorward of the poleward ctober 24 and 31, 2000. The DMSP satellites crossed bright-

boundary of the electron precipitation region. It is alsceted ening arcs in the field-of-view of the ground all-sky cameras

at the poleward boundary of the energetic1 keV) ion pre- f‘" t?? cros:?;]ngts; Wﬁ;e 1-2 hours dusk3|dedotf t?r? mamvor(ljset
cipitation region. The greatestion energy flux region isted ocal ime. The brightening arcs correspond 1o the invele

about 1 degree equatorward of the inverted-V structure. FO@ccelerated e_Ieptr_ons at or near the equatorwa_rd edge of the
this event, magnetic field and plasma drift data were not-avai ©/C7ON Precipitation region. They were located just paiel
able. of the main ion precipitation region. They were located near

Figure 5 shows the particle and field data for the third greun&he equatorward baundary of the region 1 current, in the sun-

satellite conjunction event obtained by the DMSP F15 space"-vard convection region, and in the localized turbulencéoreg

craft from 1046:00 UT to 1051:00 UT on October 24, 2000.°" 10N drift velocity.

This eventwas reported in detail by [34] as the conjugateigle

satellite observation of a sequence of substorm brighgearics. region 1 current
During a 30-min interval at 1020-1050 UT, three Pi 2 wave
packets and associated auroral brightenings are obsdrlied.
DMSP F15 satellite crossed the brightening arc just after th
third brightening in the field of view of TIK. The DMSP F15
satellite crosses the most equatorward are-4048:15 UT,
which brightened at the second Pi 2 onset. Intense acceler- O“Veci\o“
ated electrons are observed around this time (1048:06+1248 N
UT), as indicated by the vertical dashed line. Ther 2048:40—
1049:20 UT the satellite enters the region of westward-edjray
auroras, which is brightened at the third Pi 2 onset. Tworiede

V type accelerated electrons are observed around this 1i6#3(30—
1049:20 UT), as indicated by the horizontal red bars in Fegur

5. The energy of these accelerated electrons reaches 10 keV.
These accelerated electrons are located in the region bf hig
energy ion precipitation, which can be recognized at 62-68

region 2
current

<&
&

magnetopause

MLAT (1047:00-1049:30 UT). boqndalry og téle
In the top panel of Figure 5, large-scale upward and down- Ziizzts an

ward field-aligned currents are observed, as shown by tle& bla
arrows. They are probably the region 1 (upward) and region 2
(downward) field-aligned currents in the evening sectos]j[.1
The brightening auroras indicated by the dashed line and h
rizontal bars are located in the region 1 upward field-akbne
current. The ion drift data indicates that the plotted idér
is mostly in the westward (sunward) convection region ekcep
for the latitudes higher than the electron precipitatiogion
(>70 MLAT). The ion drift velocities in the onset arcs (indic-
ated by the vertical red-dashed line and horizontal ba@ysh

d:_ig. 6. Schematic picture of the observed features of the
substorm brightening arc mapped to the equatorial plandief t
magnetosphere. The observation was made at 1-2 hours deisksi
of the main onset local time. The brightening arc is locatetha
equatorward edge of the region 1 upward field-aligned ctiiren
the sunward convection region.

Figure 6 illustrates the observed features of the brighten-

intense turbulences with peak-to-peak amplitudes uplto00 . X
m/s, while the background convection velocity is rather kvea N9 @€ mapped to the equatorial plane of the magnetosphere.
' For all the three events, the observations were made 1-Zhour

It is noteworthy that the most equatorward arc (dashed,line)

which brightened after the second Pi 2 pulsation, is locate uskside of the m‘?‘i” onset local time. The brightening arc ex
at the equatorward edge of the region 1 current. This arc i ended from the nightside just after the ground Pi 2 pulsatio

located in the sunward convection region, where the convec—he arc was located at the equatorward edge of the region 1

tion velocity suddenly decreases from lower latitudes tnbr Elj'ﬁ\iga:‘gjc?ill?-aleli?se?hg: ;Leeng'gstgteoiléﬁ\;vsag fhoeml;?)%t#%rgrngol fth
latitudes. This decrease in convection velocity correslgdn 99 ¥

- : - region 1 and 2 current drivers in the magnetosphere.
converging poleward-directed Pedersen currents, whialdvo . L9 .
give rise to the upward field-aligned currents of the arcsThi According to MHD theory, the major field-aligned current

decrease in convection velocity may also correspond to thglq;/e;f]:jntg'rﬁ n;?gln\?;(r);%girgﬁrlgvsirﬁ'g; '(neert'atféfg"g?['l' 1
duskward extension of the Harang discontinuity, though thﬁhe’ ressurep radient force in the lon itudir?é{l direct 'f
velocity does not turn to negative. The intense westwarid dri P 9 9

at 59-62 MLAT (1046:30-1047:20 UT) is probably the Subau-Tdnight to both evening and morning sectors possibly gener
roral lon Drift (SAID) associated with the high geomagnetic ates both the region 1 and 2 current systems ([32])'.bUt main
activity (e.g., [10] and [9]) drives the region 2 current due to the inward gradient of the

magnetic field. The partial ring current due to the gradiet a

(©2006 ICS-8 Canada
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curvature of the magnetic field also drives the region 2 curReferences

rent system (e.g., [16] and [7]). These considerations &sigg

that the region 2 current drivers mainly act in the dipoladfie  1-

region. The temporal development of the flow shear of the in-

crease in westward flow with increasing latitude (inner pért ~ 2-

the sunward convection belt) can also cause the region 2-down

ward current system in the evening sector. On the other hand3:

the temporal development of the flow shear of the decrease in
westward flow with increasing latitude can drive the region 1
upward field-aligned current in the evening sector. Thisoeg

1 type flow shear is expected in the plasma sheet from the outef-

part of the sunward convection region to the antisunward con
vection region near the tail flank, as shown in Figure 6. The

magnetospheric source of the most equatorward brighteningp.

arc is located at the boundary of these two current drivers.

[34] discussed the implication of the above observed factsi 6.

relation to the substorm models. The brightening arc is prob
ably not connected directly to the lobe reconnection. Haxev

these observations cannot differentiate between nedn-Bar 7.

set models, i.e., flow braking ([30] and [31]), IMF northward
turning and associated convection inhomogeneity ([18]) a

near-Earth plasma sheet instability ([17], [6], and [25]pw- 8.

ever, we would like to draw attention to the fact that the most
equatorward arc that brightens at the substorm onset istnot a
the equatorward edge of the auroral oval and associated field

aligned current systems, but that the region 2 current syste g,

exists equatorward of the brightening arc.

It should be noted that our measurements were made 1

hours duskside of the main onset longitudes. For all theethre

events, the auroral arcs come from the east (nightside)ein thy 4

field-of-view of the ground cameras. This motion is differen
from that in the onset region, where aurora simply brightgns
the equatorward-most arc and expands poleward (e.g., fiL] an

[19]). [22] have shown, using the FAST particle data, that th ;5

auroral brightening at the onset longitude is caused byasupr
thermal electron precipitation. This fact suggests thttaex-
act onset longitude the brightening arc may not be the iadert
V accelerated electrons.
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