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Abstract. We present synoptic observations of the 21 De-

cember 2006 substorm event by the THEMIS ground-

based All-Sky-Imagers, the ISUAL CCD Imager aboard the

FORMOSAT-2 satellite, the geosynchronous satellites and

the ground-based magnetometers, and discuss the implica-

tion of the observations. There are three subsequent arc

breakups with time separation of <1 min during the substorm

expansion phase. In particular, we investigated the mode

number of the substorm arc bead-like structure and the con-

current behavior of the arc intensity, the westward electro-

ject intensity, and the ground Pi2 pulsation amplitude. Prior

to each arc breakup there was a clear azimuthally-spaced

bright spot structure along the arc with high mode number

(∼140–180) and the arc intensity increased together with the

westward electrojet and the ground Pi2 pulsation amplitude

under the arc. The Pi1 perturbations observed under the arc

appeared at or after the arc breakup started. This suggests

that the Pi2 pulsation is related to the arc formation. The Pi2

pulsation may be caused by the kinetic ballooning instability

(KBI) that is excited in the strong cross-tail current region.

The longitudinal extent of the earthward expansion front of

the substorm dipolarization region at the geosynchronous or-

bit is estimated from timings of the energetic proton and elec-

tron injections and is roughly located between ∼19.50 MLT

and ∼23.00 MLT, which is consistent with the corresponding

longitudinal extent of the auroral substorm activity.

Keywords. Magnetospheric physics (Auroral phenomena;

Storms and substorms)

1 Introduction

Decades of research have demonstrated that the substorm is

a significant dynamical process of energy storage and release

in the magnetosphere and ionosphere. However, the mech-

anism of substorm onset, which is most critical for under-

standing the dynamics of the plasma sheet and correspond-

ing auroral activities from the growth phase to the expansion

phase, still remained controversial.

The debate often raged over where, when, and how the

substorm occurs in the magnetosphere. Observations and the-

ories have so far led to two main morphological substorm

models to describe the substorm onset and expansion pro-

cesses: the near-Earth onset model (e.g., Lui et al., 1992; Lui,

1996) and the near-Earth neutral line (NENL) model (e.g.,

Baker et al., 1996). The NENL model asserts that the mag-

netic reconnection initiated outside 15 RE in the magnetotail

produces fast bursty bulk plasma flows which arrive at the

near-Earth region with flow braking to cause substorm on-

set (e.g., Angelopoulos et al., 1992; Shiokawa et al., 1998).

The near-Earth onset model proposes that some instabilities

are initiated in the near-Earth plasma sheet to cause substorm

onset and subsequent expansion (e.g., Lui et al., 1991; Roux

et al., 1991; Samson et al., 1992; Cheng and Lui, 1998; Lee

et al., 1998; Cheng and Zaharia, 2004; Cheng, 2004; Do-

bias et al., 2004; Lui, 2004; Saito et al., 2008). In particular,

the theoretical calculation of ballooning instability in the 3-

D magnetospheric equilibrium that models the growth phase

magnetosphere showed that the low-frequency instability in

the Pi2 frequency range has the maximum growth rate in the

strong cross-tail current region, and the most unstable bal-

looning mode field line region can be traced to the ionosphere
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in the transition region between the Region 1 and Region 2

currents (Cheng and Zaharia, 2004; Cheng, 2004).

The auroral arc formation and breakup are the manifesta-

tion of magnetospheric dynamics in the ionosphere, and are

considered the most reliable substorm indicator (Liou et al.,

1999, 2000; Lyons et al., 2002; Meng and Liou, 2004; Aka-

sofu et al., 2010). Thus, detailed observations of the substorm

auroral arc formation and breakup are essential to provide

understanding of the physical mechanism of substorm onset.

The POLAR Ultraviolet Imager (UVI) and the IMAGE Far

Ultraviolet (FUV) Imager have provided global auroral im-

ages over the whole polar region, but typically with 1 min

or longer time resolution and spatial resolution of 40 km for

UVI and 60 km for FUV at apogee. Because the growth of

substorm arcs typically lasts ∼1–3 min or shorter prior to

breakup and the arcs have bright spot structure of <10 km,

auroral observations with high temporal and spatial resolu-

tion are important to explore the structure and dynamical

evolution of the substorm arc formation and breakup. More-

over, high resolution ground magnetic field observation un-

der the auroral arc should provide additional information on

the nature of the substorm auroral arc.

In this paper we present detailed observational features

of an auroral substorm event that occurred over Alaska and

western Canada on 21 December 2006. The auroral substorm

evolution and its magnetic field features were observed by

the THEMIS Ground Based Observatory (GBO) with un-

precedented spatial resolution of ∼1 km at magnetic zenith

and temporal resolution of 3 s cadence All-Sky-Imager (ASI)

images and 2 samples per second ground magnetometer data

(e.g., Angelopoulos, 2008; Mende et al., 2007, 2008), and by

the CCD Imager of ISUAL (Imager of Sprites and Upper At-

mospheric Lightnings) (e.g., Chern et al., 2003) aboard the

FORMOSAT-2 satellite, which provided optical observation

of the substorm, arc vertical structure from the side with a

high cadence of 1.4 s with 1 s exposure and a high spatial res-

olution of ∼2 km pixel−1. It is to be emphasized that ISUAL

is the first space-based imager that observes vertical images

of auroral activities with such high resolutions.

In the 21 December 2006 substorm event there were three

subsequent arc growth and breakups before the full auroral

expansion. Each arc growth lasted ∼1 min or shorter. When

the arc appeared, the ground Pi2 pulsation (40–150 s period)

was also observed under the arc simultaneously. Prior to each

arc breakup, the arc showed azimuthally-spaced bright spots

along the arc (Voronkov et al., 1999; Donovan et al., 2008;

Liang et al., 2007, 2008; Uritsky et al., 2009; Sakaguchi et

al., 2009; Henderson, 2009; Rae et al., 2009a, b, 2010) and

the arc intensity increases with the Pi2 amplitude for sev-

eral tens of seconds. The relationship between auroral onset

and Pi2 pulsation was also studied by Kepko and McPher-

ron (2001) and Rae et al. (2009a, b, 2010). The advantage of

the present work is that we make use of simultaneous auroral

observations by the ground-based THEMIS ASIs with the

broad-band filter and the space-based ISUAL CCD Imager

with the 630.0 nm filter. Both the ground-based and space-

based observations show comparable spatial and temporal

resolutions of the substorm arc. In particular, the exponen-

tial growth rate of the substorm arc intensity was similar in

both the broad-band auroral observation (in GAKO observa-

tions) and the ISUAL 630.0 nm auroral observation during

the arc intensification prior to the arc breakup. We have also

investigated the mode number of the bead-like structure of

the substorm arc and the concurrent increase of the arc in-

tensity, the westward electrojet intensity, and the ground Pi2

pulsation amplitude.

The temporal correlation between the arc intensity and the

Pi2 amplitude suggests that the Pi2 pulsation is related to

the substorm auroral arc formation. Pi1 (1–40 s period) pul-

sations were observed several tens of seconds after the arc

breakup started, indicating that the Pi1 pulsations are not

the cause of arc formation and growth, but rather are the

consequence of the arc intensification and breakup. Because

in satellite observations Pi2 pulsations are usually observed

prior to onset of substorm dipolarization in the plasma sheet

and Pi1 pulsations are observed at or after the substorm on-

set (e.g., Takahashi et al., 1987; Roux et al., 1991; Cheng

and Lui, 1998; Shiokawa et al., 2005), the Pi1 and Pi2 waves

observed by satellites in the near-Earth plasma sheet and by

ground-based magnetometers located under the arc may be

the same phenomena. Because arc emission structures with

high azimuthal mode number were observed along the in-

tensifying arc, the instability (in Pi2 frequency range) re-

sponsible for producing the substorm arc must also have

high azimuthal mode number. The westward electrojet is pro-

duced concurrently with the auroral arc and is confined in-

side the auroral arc, which supports the theory of the Cowl-

ing channel effect (e.g., Boström, 1964; Fujii et al., 2011;

Yoshikawa et al., 2011) in the production of westward elec-

trojet. From the energetic particle injection observed by the

geosynchronous satellites, the azimuthal extent of the dipo-

larization region is consistent with the region of substorm

auroral activity, which suggests that the auroral substorm re-

gion maps along field lines to the dipolarization region in the

magnetosphere.

In the following we first describe the auroral substorm

arc formation, growth and breakup. Then, we describe the

ground magnetic field features under the substorm auroral

arcs. Then, we describe the dispersionless energetic particle

injection observed by geosynchronous satellites. Finally, a

summary and discussion is given, and the kinetic ballooning

instability is considered as the key mechanism that causes the

substorm auroral arc formation, growth and breakup.

2 Observation overview

The 21 December 2006 substorm event started at ∼08:27 UT.

Before the substorm, the solar wind had a steady

speed ∼700 km s−1, a dynamic pressure ∼1.88 nPa, and a
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Table 1. Locations of the THEMIS All-Sky-Imager sites used for

the 21 December 2006 substorm event study.

Site Abbrev. MLAT MLT

Kiana KIAN 65.08◦ 20.93

Gakona GAKO 63.38◦ 21.97

White Horse WHIT 64.01◦ 22.61

southward interplanetary magnetic field ∼2 nT. The Dst and

Kp indices were −28 nT and 3+ at 08:00 UT, respectively.

The AU and AL indices with 1 min resolution during this

interval are shown in Fig. 1a. The AL index started to de-

crease significantly from ∼ −400 nT at ∼08:28 UT, indi-

cating a noticeable growth of westward electrojet associ-

ated with the substorm (Wien and Gordon, 1975). The sub-

storm aurora appeared at ∼21.00 MLT and ∼65.5◦ MLAT

and lasted for ∼30 min. The AL index reached its lowest

value of ∼ −970 nT at ∼08:34 UT and then returned to the

quiet time level of ∼ −100 nT at ∼08:55 UT.

The substorm auroral activities were over Alaska and

western Canada. The auroral substorm was observed by

three ground-based THEMIS ASIs located at Kiana (KIAN),

Gakona (GAKO), and White Horse (WHIT) and their lo-

cations are listed in Table 1. The auroral substorm was

also observed from the sideway by the ISUAL CCD Imager

aboard the FORMOSAT-2 satellite in a sun-synchronized or-

bit at ∼890 km altitude with 99◦ inclination angle. When

the FORMOSAT-2 satellite moved from south to north at

∼20:00 MLT, the track of ISUAL field-of-view (FOV) pro-

jection overlapped with part of the FOVs of THEMIS ASIs at

GAKO and WHIT. There was an evident negative H-bay ob-

served by the ground-based magnetometers, located roughly

along the Alaska-Canada border region. Dispersionless ener-

getic particle injections associated with the substorm were

also observed by the geosynchronous satellites 1989-046,

1994-084 and LANL-97A with 60 s temporal resolution. To

estimate these geosynchronous satellite locations relative to

the substorm dipolarization region, their field line footprints

are mapped to the ionosphere based on the T96 magnetic

field model at ∼08:28 UT and are marked as solid triangles

in Fig. 1b. The field line footprint of the LANL-97A geosyn-

chronous satellite was located in the early evening sector

(∼19:00 MLT) and the field line footprints of the 1989-046

and 1994-084 geosynchronous satellites were located in the

pre-midnight sector (∼23:00 MLT). Figure 1b shows the lo-

cations of the ground-based magnetometers (solid dots), the

field line footprints of the FORMOSAT-2 satellite (empty

squares) and the ISUAL FOVs (trapezoids), and the FOVs

of the THEMIS ASIs (circles). The auroral substorm activity

was located in the local time sector from 19:00 to 23:00 MLT.

(a)

(b)

Fig. 1. (a) AU and AL indices during the 21 December 2006 sub-

storm; (b) Locations of the ground-based All-Sky Imagers (ASIs,

shown as grey solid circles) at KIAN, GAKO and WHIT, mag-

netometer sites (shown as dark solid circles) at Kaktovik (KAK),

Bettles (BET) and College International Geophysical Observatory

(CGO), Gakona (GAK), Anchorage (ANC), and Homer (HOM),

and field line footpoints of geosynchronous satellites (LANL-97A,

1994-084, 1989-046 shown as solid triangles) and FORMOSAT-2

satellite (shown as squares). Large circles are the FOVs of the ASIs.

The FOVs of ISUAL aboard the FORMOSAT-2 are shown as trape-

zoids.

3 Observation by THEMIS All-Sky-Imagers

Figure 2a and b shows the auroral substorm activity ob-

served by the ground-based THEMIS ASIs located at KIAN,

GAKO, and WHIT. The entire sequence of images is given

in supplementary material Animation S1. Before the au-

roral substorm started at ∼08:27:09 UT, there was a pre-

existing arc located at ∼66◦ MLAT which remained undis-

turbed and extended azimuthally in the FOVs of these three

ASIs. At ∼08:26:36 UT, there was an east–west localized

faint aurora spot located on the equatorward side of the

pre-existing arc in the KIAN FOV. The faint aurora prop-

agated westward to the edge of KIAN FOV, but its lo-

cation is still on the poleward side of the substorm ini-

tial initiation arc. Then, the substorm initiation arc was ob-

served at ∼08:27:09 UT with several identifiable brightening

spots along the brightening arc on the equatorward side (at
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Fig. 2a. Evolution during 08:27:00–08:28:00 UT of the 21 Decem-

ber 2006 auroral substorm event observed by the THEMIS ground-

based All-Sky-Imagers located at KIAN, GAKO, and WHIT.

∼65.5◦ MLAT) of the pre-existing arc in the western part of

KIAN FOV. The arc intensified exponentially and then broke

up into two arcs at ∼08:27:48 UT. The lower breakup arc re-

mains at the original arc latitude, but the upper breakup arc

quickly moved poleward to the pre-existing arc latitude at

∼08:28:00 UT. Then, the poleward-side breakup arc quickly

brightened and extended eastward into the GAKO ASI FOV

and then to the WHIT ASI FOV. As the breakup arc ex-

tended eastward, its intensity also increased exponentially

with bead-like structure brightening spots along the bright-

ening arc during 08:28:09–08:28:33 UT, and these brighten-

ing spots were approximately equally spaced along the arc.

At ∼08:28:36 UT, the poleward-side brightening arc again

broke up in the eastern part of the FOV of the KIAN ASI

into two arcs. The poleward-side breakup arc continued to

intensify, but does not show bead-like structure clearly. The

identifiable brightening spots along the arc were clearly ob-

served in the ISUAL observation (see Sect. 4). Subsequently,

at ∼08:29:06 UT a strong arc intensification was observed in

the GAKO and WHIT FOVs, and at ∼08:29:27 UT it broke

up. Note that the third arc breakup was observed in the FOVs

of the GAKO and WHIT ASIs even after the breakup arc ex-

pansion started at ∼08:29:12 UT in the FOV of the KIAN

ASI. Subsequently, the full substorm expansion unfolded in

the FOVs of these three ASIs. The timings of the appearance

Fig. 2b. Evolution during 08:28:15–08:29:27 UT of the 21 Decem-

ber 2006 auroral substorm event observed by the THEMIS ASIs

located at KIAN, GAKO, and WHIT.

Table 2. Timings of auroral substorm arc onset and subsequent arc

breakups for the 21 December 2006 substorm event.

Time (UT) Feature of Auroral Substorm

08:27:09 Substorm initiation arc appears at ∼65.5◦ MLAT

08:27:48 First arc breakup

08:28:36 Second arc breakup

08:29:27 Third arc breakup

of the substorm initiation arc and the subsequent three arc

breakups are summarized in Table 2.

For this substorm event, the initial substorm arc appeared

at ∼08:27:09 UT and subsequently there were three sep-

arate auroral arc breakups at 08:27:48 UT, 08:28:36 UT,

and 08:29:27 UT. Before each arc-breakup occurred, there

were azimuthally-spaced bright spots along the exponentially

brightening arc. As shown in Fig. 3a the distance between

the bright spots is ∼115 km (the azimuthal mode number is

∼145) in the KIAN ASI image at ∼08:27:33 UT. Figure 3b

shows the evolution of the average arc intensity (in unit of

KIAN ASI detector counts) of the initial substorm arc ini-

tiated at ∼08:27:04 UT, and the arc first grew with an expo-

nential growth rate of ∼0.021 s−1 until 08:27:15 UT and then

intensified with a larger growth rate of ∼0.13 s−1 until it sat-

urated after 08:27:35 UT (Elphinstone et al., 1995; Voronkov

Ann. Geophys., 30, 911–926, 2012 www.ann-geophys.net/30/911/2012/
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(a)

(b)

Fig. 3. (a) Auroral substorm initiation arc form appeared in the FOV

of the THEMIS ground-based ASI located at KIAN for the 21 De-

cember 2006 substorm event, and (b) the temporal evolution of the

average arc intensity.

et al., 2003; Donovan et al., 2008; Liang et al., 2007, 2008;

Sakaguchi et al., 2009; Rae et al., 2009a, b, 2010). Note that

in determining the breakup arc intensity we have separated

the arc intensity from other regions. Before the second arc

breakup occurred, the azimuthal mode number of the bright-

ening arc spot structure is ∼170 at 08:28:18 UT as shown

in Fig. 4a. During this period the average arc intensity grew

exponentially with a growth rate of ∼0.16 s−1 as shown in

Fig. 4b until the second arc broke up at ∼08:28:36 UT. The

brightening spots in the third arc was not clearly seen in the

ASI images, but was observed clearly by the ISUAL CCD

Imager aboard the FORMOSAT-2 satellite which will be de-

scribed in Sect. 4. These observations suggest that an insta-

bility with high azimuthal mode number are responsible for

producing the discrete substorm arcs with amplitude grow-

ing exponentially until nonlinear effects set in to break up

the arcs.

(a)

(b)

Fig. 4. (a) Auroral arc form observed by the THEMIS ASIs located

at KIAN, GAKO, and WHIT for the 21 December 2006 substorm

event, and (b) the temporal evolution of the average arc intensity.

4 Auroral substorm observation by

ISUAL/FORMOSAT-2

The 21 December 2006 auroral substorm was also observed

by the ISUAL CCD Imager aboard the FORMOSAT-2 satel-

lite in the overlapped FOV region of GAKO and WHIT from

08:28:12–08:30:00 UT. The entire sequence of ISUAL im-

ages is given in supplementary material Animation S2. The

ISUAL CCD Imager provided clear images of the bright-

spot structure during the arc intensification and the third

arc breakup at ∼08:29:27 UT as shown in Fig. 5, which

shows the representative auroral images in the pre-midnight

sector from 08:28:26 UT to 08:29:46 UT observed by the

ISUAL CCD Imager at 630 nm filter band, with FWHM of

6 nm (small panels) and their ground projections in the mag-

netic coordinate (large panels). The arc ground projection

was performed by assuming the brightest emission altitude

at ∼100 km and the projected ground location is similar to

the THEMIS ASI measurement. This is reasonable because

>1 keV electrons can deposit most of their energy down to

∼100 km height (Meier et al., 1989; Shiokawa and Fuku-

nishi, 1990) and the N2(1PG) emissions at 625.3 nm and

632.3 nm (Chamberlain, 1961) can contribute more signifi-

cantly in the 100–120 km height range in intense aurora arcs

www.ann-geophys.net/30/911/2012/ Ann. Geophys., 30, 911–926, 2012
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Fig. 5. Auroral arc evolution and breakup of the 21 December 2006 substorm observed by the ISUAL Imager on board the FORMOSAT-2

satellite.

than the 630 nm atomic Oxygen emission that peaks at 200–

250 km height.

The FORMOSAT-2 satellite takes 14 revolutions per day

in a sun-synchronized orbit at ∼890 km altitude with 99◦

inclination angle. Its orbit is approximately at 10:30 LT

over the dayside equator and 22:30 LT over the night side

equator. The ISUAL CCD Imager points eastward of the

FORMOSAT-2 satellite orbit when it was in the northward

moving direction on the night side. The footprints of the

FORMOSAT-2 satellite are shown as squares and the corre-

sponding FOV regions of the ISUAL CCD Imager as trape-

zoids which are approximately at local pre-midnight from

22:00–23:00 MLT as shown in Fig. 1b. The FOV of the

ISUAL CCD Imager is 20◦ (horizontal) × 5◦ (vertical) and

the image data has 516 × 128 (pixels), which corresponds to

a spatial resolution of ∼2 km pixel−1 and can reveal the fine

structure of substorm breakup arcs. The photon counts are

translated into intensity based on the laboratory instrument

calibration before the satellite launch (Mende et al., 2005).

The ISUAL CCD Imager was operated at a cadence of one

image every 1.4 s with 1-s exposure.

From Fig. 5 no active aurora was observed in the ISUAL

FOVs in the beginning. But a few seconds later an arc ap-

peared at ∼65.5◦ MLAT with a width of less than 0.1◦ in

latitude. Subsequently, approximately equally-spaced bright

spots appeared along the arc. The bright spots were first

identified at ∼08:28:19 UT and continued from 08:28:19 to

08:29:05 UT. The distance between the bright spots was es-

timated to be ∼96 km (or an azimuthal mode number of

∼173) from the ISUAL arc image at ∼08:28:34 UT as shown

in Fig. 6a. After ∼08:29:30 UT the arc intensified and ex-

panded until it broke up into several parts. It is noted that the

Ann. Geophys., 30, 911–926, 2012 www.ann-geophys.net/30/911/2012/
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(a)

(b)

Fig. 6. (a) Auroral arc structure observed by the ISUAL Imager

aboard the FORMOSAT-2 satellite, and (b) the temporal evolution

of the average arc intensity.

arc evolution and its breakup time approximately coincided

with the arc observation by the GAKO and WHIT ASIs as

shown in Fig. 2. Figure 6b shows that the average arc lumi-

nosity grew exponentially from 08:28:12 UT with the growth

rate ∼0.12 s−1 and then the arc breakup at ∼08:29:30 UT.

This growth rate is close to the arc intensity growth rate of

∼0.16 s−1 observed by the GAKO ASI as shown in Fig. 4b.

Note that the observed arc intensity growth rate varies

from ∼0.13 s−1 for the KIAN arc (m ∼ 145, shown in Fig. 3),

∼0.16 s−1 for the GAKO arc (m ∼ 170, shown in Fig. 4), and

∼0.12 s−1 for the ISUAL arc (m ∼ 173, shown in Fig. 6).

The predicted growth rate of the KBI instability is on the

order of O(1/10) of the ion magnetic drift frequency which

depends on the azimuthal mode number, and plasma temper-

ature and magnetic field gradient ad curvature in the plasma

sheet where the KBI is located. Thus, the predicted KBI

growth rate depends on the location of the substorm arc, the

most unstable azimuthal mode number and the plasma con-

dition. Therefore, the growth rates for these different arcs are

reasonably similar and are consistent with the KBI theory.

5 Auroral substorm arc and westward electrojet

Akasofu et al. (1965) reported that the westward electrojet

is rapidly intensified along the brightening arc in the iono-

sphere. Its magnetic signature on the ground is a sharp de-

crease (called a negative bay) in the north-south (H) com-

ponent of the Earth’s magnetic field. In order to explain the

intense auroral electrojet, Boström (1964) proposed the gen-

eration of a Cowling channel by a strong increase of the

Fig. 7. The H-component and Z-component of 1-s resolution mag-

netic field (relative to the background dipole field) measured at mag-

netometer sites from west to east at KIAN, GAKO, and WHIT.

ionospheric conductivity, which is proportional to the pre-

cipitating electron flux. The Cowling channel can be con-

sidered as a highly uniform conducting, east–west elongat-

ing strip embedded in a larger, but much less conductive re-

gion. When a uniform primary westward electric field is im-

posed on the strip, a primary northward Hall current is driven

across the strip. Due to the steep gradient of the conductivity

at the north–south edges of the strip, part of this Hall current

may flow out to the magnetosphere as a field-aligned current,

but the excess Hall current accumulates positive (negative)

charges at the northward (southward) boundary of the strip.

These charges give rise to a “secondary” southward polariza-

tion field, which drives a secondary southward Pedersen cur-

rent to balance the primary northward Hall current. The sec-

ondary electric field also drives a secondary westward Hall

current (a strong westward electrojet) in the Cowling chan-

nel. The effect of the northward Hall current prevented from

flowing, thus resulting in the setup of a polarization elec-

tric field, was first investigated by Cowling (1932), and the

“Cowling conductivity” was first named by Chapman (1956).

The Cowling channel has been studied theoretically and ob-

servationally (e.g., Baumjohann and Treumann, 1996; Fujii

et al., 2011; Yoshikawa et al., 2011).

In auroral arcs precipitating energetic electrons with en-

ergy >1 keV can deposit most of their energy down to ∼100–

150 km altitude (Meier et al., 1989; Shiokawa and Fukunishi,

www.ann-geophys.net/30/911/2012/ Ann. Geophys., 30, 911–926, 2012
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Fig. 8. The growth of the westward electrojet current associated

with the arc at KIAN (upper panel) and the arc at GAKO (lower

panel), which is proportional to Bh (the decrement of the H-

component magnetic field relative to the background dipole field)

measured by the ground magnetometer underneath the arc.

1990), thus the westward electrojet can be narrow in both

latitude and altitude in the brightening arc. Moreover, the

observed arc azimuthal structure indicates that the conduc-

tance is non-uniform along the Cowling channel which com-

plicates the electrojet structure. This effect should be consid-

ered in future studies.

When a westward electrojet flows in the arc in the northern

aurora zone, Bh (the H-component (positive in the northward

direction) magnetic field relative to the background dipole

field) decreases, and Bz (the Z-component (positive in the

upward direction) magnetic field relative to the background

dipole field) increases on the poleward side of the arc and

decreases on the equatorward side. As shown in Fig. 7, both

Bh and Bz at KIAN located at 65.08◦ MLAT, which is lo-

cated on the equatorward side of the substorm initiation arc

located at ∼65.5◦ MLAT, started to decrease when the arc

was formed at ∼08:27:09 UT, indicating a westward electro-

jet was formed and intensified together with the substorm ini-

tiation arc. After the first arc breakup at ∼08:27:48 UT, the

new arc started to move poleward and extend eastward, and

Bh, but not Bz, at GAKO and WHIT also started to decrease.

However, after the second arc-breakup (at ∼08:28:36 UT)

was observed in the eastern part of the KIAN ASI FOV, both

Bh and Bz at KIAN, GAKO and WHIT started to decrease

rapidly because they were all located on the equatorward side

the brightening arc and westward electrojet. After the third

arc-breakup (∼08:29:27 UT) occurred in the FOVs of GAKO

and WHIT, the auroral substorm started to fully develop, and

Bz at GAKO and WHIT decreased further.

Next, we show the temporal correlation between the arc in-

tensity and the westward electrojet current, which is roughly

proportional to Bh (the decrement of the H-component

magnetic field relative to the background dipole field H-

component) measured at the ground magnetometer station

underneath the electrojet. Figure 8 shows the evolution of

Bh at KIAN (upper panel) and GAKO (lower panel). It is

interesting to note that Bh at KIAN increased exponentially

with the growth rate of ∼0.031 s−1 from ∼08:26:40 UT,

which is before the substorm initiation arc appeared at

∼08:27:04 UT (shown in Fig. 3b) observed by the KIAN

ASI. Similarly, Bh at GAKO increased exponentially with

the growth rate of ∼0.021 s−1 from ∼08:27:50 UT, which

is before the exponential growth of the GAKO arc intensity

starting at ∼08:28:04 UT (shown in Fig. 4b). However, Bh at

GAKO saturated after ∼08:28:10 UT, but again started to in-

crease exponentially with the growth rate of ∼0.028 s−1 from

∼08:28:40 UT when the second arc breakup was observed at

∼08:28:36 UT.

The results indicate that the exponential growth of the

westward electrojet current is correlated with the exponen-

tial growth of the arc intensity although at different growth

rates. The exponential growth of the westward electrojet cur-

rent started before the arc was observed by the ASI. The tim-

ing difference is probably because the background light noise

and sensitivity of the ASI in observing the weak arc emis-

sion in the very early phase of arc formation. Thus, it is rea-

sonable to speculate that the westward electrojet is produced

concurrently within the auroral arc. This supports the theory

of Cowling channel effect on the production of the westward

electrojet.

6 Ground Pi1 and Pi2 pulsations and auroral arc

intensity

Pi1 and Pi2 fluctuations also exist in the ground-based mag-

netic field data, and we examine the relative timing of these

fluctuations with the substorm arc. Because the H- and Z-

components of the ground magnetic field contain the ef-

fects of the substorm westward electrojet, we analyze the D-

component (in the east–west direction) of the magnetic field

perturbation which is least affected by the westward electro-

jet.

To accurately extract the Pi1 and Pi2 waves, we use

an improved Hilbert-Huang Transformation (HHT) method

(Huang et al., 1998, 1999, 2003, 2009; Wu and Huang,
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Fig. 9. The HHT analysis of the D-component magnetic field mea-

sured at the KIAN magnetometer site. The dashed lines indicate the

timings of substorm initiation arc and the first arc breakup.

2004, 2009) to analyze the geomagnetic field data. The HHT

method decomposes the nonlinear data into a linear super-

position of intrinsic mode functions (IMFs) labeled as C1,

C2, C3, etc. Each IMF represents different frequency be-

havior, where the frequency and amplitude vary with time.

Then, the nonlinear “instantaneous frequency” and the “in-

stantaneous amplitude” are computed for each IMF to obtain

the amplitude-frequency-time spectrogram, which allows for

exploring the physical mechanisms in nonlinear and nonsta-

tionary processes. The HHT method has advantages over the

Fourier transform and Wavelet transform methods.

Figure 9 shows the D-component magnetic field at the

KIAN magnetometer site and its HHT decomposition results.

The fifth panel from the top shows the original D-component

magnetic field data. The top 2 panels show the HHT de-

composition components (C1 and C2) that contain the Pi1

and higher frequency fluctuations. The third panel shows the

HHT decomposition component (C3) that contains the Pi2

fluctuations. The fourth panel shows the HHT decomposi-

tion trend that represents the background field variation asso-

ciated with the westward electrojet. The bottom panel shows

the amplitude-frequency-time spectrogram of the Pi1 and Pi2

fluctuations (C1, C2, and C3). It is clear that the Pi2 pertur-

bations started to grow almost simultaneously with the ap-

Fig. 10. The HHT analysis of the D-component magnetic field mea-

sured at the BET magnetometer site. The dashed lines indicate the

timings of the first and second arc breakup.

pearance of the substorm initiation arc at ∼08:27:09 UT. The

higher frequency Pi1 perturbations appeared at the first arc

breakup at ∼08:27:48 UT.

After the first arc-breakup in the FOV of the KIAN ASI,

the poleward moving breakup arc started to extend eastward

to the FOVs of the GAKO and WHIT ASIs at ∼08:28:00 UT.

The poleward-side arc was located roughly between the lat-

itudes of the BET and CGO magnetometer sites. Thus, we

examine the magnetic fluctuations at these two sites to see

whether the breakup arc brightening is related to Pi2 per-

turbations. Figures 10 and 11 show the D-component mag-

netic field and its HHT decomposition results (arranged in

the same way as in Fig. 9) at the BET and CGO magnetome-

ter sites, respectively. It is clear that at the BET site the Pi2

perturbation started to grow at ∼08:27:48 UT, which roughly

coincided with the eastward extension of the poleward-side

arc to the GAKO FOV at ∼08:28:00 UT. The Pi1 perturba-

tions started to grow at ∼08:28:36 UT, which is about 50 s

later than the appearance of the Pi2 perturbation. Similarly,

from Fig. 11 the Pi2 perturbation at the CGO site started to

grow at ∼08:28:00 UT and the Pi1 perturbations started to

grow at ∼08:28:30 UT, which is about 30 s later than the ap-

pearance of the Pi2 perturbation.
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Fig. 11. The HHT analysis of the D-component magnetic field mea-

sured at the CGO magnetometer site. The dashed lines indicate the

timings of the first and second arc breakup.

From the ground magnetic field data and HHT analysis

results shown in Figs. 9–11 we suggest that the Pi2 pertur-

bations are related to the arc formation and intensification.

Because the Pi1 perturbations are observed after the Pi2 per-

turbations grow to larger amplitude, which is about several

tens of seconds after the Pi2 perturbations are excited, the

Pi1 pulsation is probably not the main cause of substorm arc

formation and intensification and breakup. Because Pi2 pul-

sations are also observed in satellite observations prior to the

onset of substorm dipolarization in the plasma sheet and Pi1

waves are also observed at or after the substorm onset (e.g.,

Takahashi et al., 1987; Roux et al., 1991; Cheng and Lui,

1998; Shiokawa et al., 2005), the Pi1 and Pi2 waves observed

in the near-Earth plasma sheet may be the same phenomena

as those observed by ground-based magnetometers located

under the arc.

Finally, we determine the temporal correlation between

the arc intensity and the Pi2 amplitude during the arc in-

tensification phase. Figure 12a shows the temporal evolution

of the substorm initiation arc intensity observed by KIAN

ASI and the absolute value of the Pi2 D-component mag-

netic field amplitude at KIAN, which is underneath the sub-

storm initiation arc during the arc intensification phase. It is

(a)

(b)

Fig. 12. (a) The temporal correlation between the intensity growth

of the substorm initiation arcs observed by KIAN ASI and the ab-

solute value of the Pi2 D-component magnetic field observed by the

ground KIAN magnetometer which is just underneath the breakup

arc. (b) The temporal correlation between the intensity growth of

the substorm initiation arcs observed by GAKO ASI and the abso-

lute value of the Pi2 D-component magnetic field observed by the

ground CGO magnetometer which is just underneath the breakup

arc.

clear that after the appearance of the substorm initiation arc

at ∼08:27:09, the growth and saturation of the arc intensity

and Pi2 amplitude are almost concurrent before ∼08:27:50.

Figure 12b shows the temporal correlation between the arc

intensity observed by GAKO ASI and the absolute value of

the Pi2 D-component magnetic field amplitude observed by

the ground magnetometer at CGO during the second arc in-

tensification phase, and the consistent growth and saturation

behavior between the arc intensity and the Pi2 amplitude is

clearly seen. Thus, the temporal correlation between the arc

intensity and the Pi2 amplitude further supports the relation

between the Pi2 wave and the substorm auroral arc forma-

tion.
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Table 3. Timings of energetic particle injection observed by geosyn-

chronous satellites for the 21 December 2006 substorm event and

the field line footprints of these satellites based on the T-96 model.

Time Field line footprints of observing Energetic particle

(UT) geosynchronous spacecraft observation

08:28:40 LANL-97A First proton flux

(65.5 MLAT, 19.11 MLT) enhancement

08:29:30 1989-046 Electron injections

(63.5 MLAT, 23.15 MLT)

08:29:45 1994-084 Electron injections

(63.4 MLAT, 22.96 MLT)

7 Energetic particle injection at geosynchronous orbit

To determine whether the substorm region in the plasma

sheet is consistent with the auroral activity in the magnetic

local time domain, we investigated the energetic particle in-

jection observed by the geosynchronous satellites. The sud-

den increase of energetic particle flux over a wide range of

energy is called the dispersionless energetic particle injec-

tion. It is often observed at the geosynchronous orbit and in

the radiation belt during magnetospheric substorms (Arnoldy

et al., 1969; Baker et al., 1982). During the substorm expan-

sion phase, the magnetic field dipolarization region in the

equatorial plane expands both earthward and tailward and

particles are swept earthward by the E × B drift due to the

dawn-dusk electric field associated with the magnetic field

dipolarization and gain energy via the betatron acceleration

process (e.g., Zaharia et al., 2000). While particles are swept

earthward by the E × B drift, protons drift westward and

electrons drift eastward via the magnetic gradient and curva-

ture drift motion out of the dipolarization region. Thus, when

the dipolarization region expands to the particle drift shell

where the observation satellites are located, energetic parti-

cles will be observed by the satellites. Because the particle

magnetic drift velocity is proportional to the particle kinetic

energy, there will be time delay in the observed particle in-

jection depending on the particle energy if the observation

point is outside the dipolarization region in longitude. Thus,

from the time delay we can estimate how far the observation

satellite is away from the expansion front of the dipolariza-

tion region in the same particle drift-shell.

In Fig. 13 the top panel shows the energetic proton in-

jection observed by the LANL-97A geosynchronous satellite

starting at ∼08:28:40 UT, and the middle and bottom panels

show the dispersionless energetic electron flux enhancement

observed by the 1989-046 geosynchronous satellite starting

at ∼08:29:30 UT and by the 1994-084 geosynchronous satel-

lite starting at ∼08:29:45 UT. If we assume the magnetic field

can be approximated by the Tsyganenko’s T-96 model, then

as shown in Fig. 1 the field line footprint of satellite posi-

tion was at ∼19.11 MLT and 65.5◦ MLAT for the LANL-

97A satellite, and at ∼22.96 MLT and 63.4◦ MLAT for the

Fig. 13. The energetic particle injection observed by geosyn-

chronous satellites during the 21 December 2006 substorm event.

1994-084 satellite, and at ∼23.15 MLT and 63.5◦ MLAT for

the 1989-046 satellite. The timings of energetic particle in-

jections observed by these 3 synchronbous satellites and the

field line footprints of these satellites based on the T-96

model are summarized in Table 3.

From the top panel in Fig. 13 the 250–400 keV proton flux

enhancement observed by the LANL-97A satellite started at

∼08:28:40 UT and the 75–113 keV proton flux enhancement

started at ∼08:29:00 UT. From the dependence of proton

injection timing delay on particle energy, at ∼08:28:32 UT

the western edge of the dipolarization expansion front is es-

timated to reach ∼6◦ east in the proton drift-shell longi-

tude to the LANL-97A satellite location if we assume that

it took ∼8 s for the 400 keV protons with magnetic drift ve-

locity of ∼500 km s−1 to reach the LANL-97A satellite at

∼08:28:40 UT. This magnetic drift velocity is consistent with

the estimated value based on the T-96 field. This can approx-

imately account for the timing differences in the observed

proton flux enhancement for different energies that it took

∼28 s for the 110 keV protons to reach the LANL-97A satel-

lite at ∼08:29:00 UT. Although we have no auroral obser-

vation west of the FOV of the KIAN ASI, it is reasonable to

assume that at the geosynchronous orbit the substorm auroral

activity could expand westward to ∼6◦ (or 24 min in MLT)

east to the LANL-97A satellite footprint at ∼08:28:32 UT to

account for the observed energetic proton injection.
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On the other hand, the electron injections for all energy

channels (50–500 keV) were observed by the 1989-046 satel-

lite at almost the same time at ∼08:29:30 UT, which is the

starting time of the full substorm expansion as observed in

the FOV of the WHIT ASI. Thus, the 1989-046 satellite was

located in the substorm expansion region. However, the elec-

tron injections in all energy channels were observed by the

1994-084 satellite almost simultaneously at ∼08:29:45 UT,

which indicates that at ∼08:29:45 UT the substorm dipolar-

ization front has expanded earthward and reached near the

1994-084 satellite location, which is located closer to the

Earth than the 1989-046 satellite. Thus, the dipolarization

region covers a longitudinal range of ∼4 h in MLT at the

geosynchronous orbit. The above estimation of the expan-

sion of the dipolarization region to the geosynchronous orbit

is consistent with the region of the substorm auroral activ-

ity observed by THEMIS ASIs. This also supports that the

auroral substorm region maps along field lines to the dipolar-

ization region in the magnetosphere.

8 Summary and discussion

In this study we have presented the main observational fea-

tures of an auroral substorm event occurred on 21 Decem-

ber 2006. The event is studied by using high temporal and

spatial resolution observations by THEMIS GBO (3 s ca-

dence and 1 km resolution at magnetic zenith for All-Sky-

Imagers and 2 samples per second for ground magnetome-

ters), the ISUAL CCD Imager aboard the FORMOSAT-

2 satellite (1.4 s cadence and 2 km pixel−1 resolution), and

the geosynchronous satellites. Prior to the auroral substorm,

there was a pre-existing arc which remained undisturbed.

Then, a faint aurora appeared on the equatorward side of

the pre-existing arc at 08:26:36 UT and propagated westward

to the edge of KIAN FOV when the substorm initiation arc

was observed at ∼08:27:09 UT on the equatorward side lat-

itude of the faint aurora. This faint aurora may be related

to the north–south streamers as suggested by Nishimura et

al. (2010) and Lyons et al. (2010, 2011) and it may corre-

spond to some flow in the magnetosphere. It is expected that

the streamer flows and other magnetospheric plasma trans-

port processes un-identifiable by the ASI auroral observa-

tions may bring plasma to the substorm onset region in the

near-Earth plasma sheet, and contribute to the build-up of the

plasma pressure and its gradient. Then, the kinetic balloon-

ing instability can occur due to the enhanced plasma pressure

gradient and magnetic field curvature and drive parallel elec-

tric field to accelerate electrons along the field lines into the

ionosphere to produce substorm aurora arcs. The azimuthal

bead-like structure of the substorm arc should correspond to

the azimuthal mode structure of the KBI. The azimuthal arc

structure is observable as the parallel electric field amplitude

of the KBI grows during the arc intensification.

Before the full auroral substorm expansion onset, three

subsequent auroral arc breakups took place with short time

separation of ∼1 min, which is much shorter than several

minutes reported in typical auroral substorms (e.g., Morioka

et al., 2010; Saito et al., 2010). Prior to each arc breakup,

azimuthally-spaced brightening spot structures were ob-

served along the arc with arc intensity growing exponen-

tially. The azimuthally-spaced bright spot structure has the

azimuthal mode number of ∼100–200. The arc intensity has

the growth rate of ∼0.1 s−1. We also analyzed the magnetic

field data that are measured by the ground magnetometers

located under the arcs, and we found that the Pi2 pulsations

appeared almost simultaneously with the arc formation and

the Pi2 amplitude grew together with the arc intensification

prior to arc breakups. Thus, it is highly possible that the Pi2

perturbations are related to the arc formation. The Pi1 pertur-

bations are excited after the Pi2 pulsations grow to larger am-

plitude, and co-exist with Pi2 perturbations in the expansion

phase (Samson, 1982; Lester, 1984; Cheng and Lui, 1998;

Lessard et al., 2007; Morioka et al., 2009, 2010). Thus, Pi1

pulsations are not directly related to the arc formation.

The ballooning mode has been proposed to explain the

substorm onset and Pi2 waves observed in the strong cross-

tail current region (e.g., Roux et al., 1991; Cheng and Lui,

1998; Lee et al., 1998; Cheng and Zaharia, 2004; Cheng,

2004; Dobias et al., 2004; Saito et al., 2008; Henderson,

2009). The ballooning modes are destabilized by the free en-

ergy of plasma pressure gradient that is in the same direc-

tion of magnetic field curvature. The increase in the pres-

sure gradient in the near-Earth plasma sheet region due to

the enhanced plasma convection (Erickson, 1992) can lead

to further thinning of the plasma sheet, and increase of the

magnetic field curvature (Zaharia and Cheng, 2003).

Based on the ideal MHD model, the ballooning modes

with very large perpendicular wave number (or very high

azimuthal mode number ∼O(100)) have been shown to

be unstable even for low plasma β(β ≤ 1) in the central

plasma sheet for 3-D disturbed time magnetosphere equilib-

ria (Cheng and Zaharia, 2004). However, from satellite ob-

servations (e.g., AMPTE/CCE observations) substorms are

initiated when the plasma β in the central plasma sheet is

well above unity (Lui et al., 1992; Cheng and Lui, 1998; Za-

haria and Cheng, 2003; Saito et al., 2008). Moreover, the un-

stable ideal MHD ballooning mode is purely growing and has

no real frequency and no parallel electric field so that elec-

trons can not be accelerated into the ionosphere by the ideal

MHD ballooning modes to produce auroral forms. Thus, ki-

netic effects must be included in the theoretical analysis of

ballooning modes.

It has also been demonstrated that by including the kinetic

effects of trapped particles, finite ion Larmor radii, wave-

particle resonances and finite parallel electric field, the crit-

ical plasma β for unstable ballooning modes is greatly en-

hanced over the ideal MHD theory prediction (Cheng, 1982a,

b, 2004; Cheng and Lui, 1998; Cheng and Gorelenkov,
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2004). In particular, the kinetic effects of trapped electron dy-

namics and finite ion gyroradii have large stabilizing effects

so that the instability β threshold at equator becomes much

larger than unity. However, the wave-particle resonance ef-

fect between the kinetic ballooning instability (KBI) and ion

magnetic drift allows the release of the pressure gradient free

energy and makes the KBI unstable with a plasma β thresh-

old comparable to the observed values in the plasma sheet.

Our preliminary KBI calculations showed that the most un-

stable KBIs are in the strong cross-tail current region that

maps to the ionosphere to form an auroral arc form simi-

lar to the ideal MHD calculation results (Cheng and Zaharia,

2004). The azimuthal mode number for the most unstable

KBIs is on the order of 100–300 due to the ion gyroradius

effect. The KBI parallel electric field can accelerate elec-

trons along the field lines into the ionosphere to produce the

substorm arcs with azimuthally-spaced bright spot structure.

The KBI frequency is on the order of the ion magnetic drift

frequency, which is in the Pi2 frequency range in the near-

Earth plasma sheet (e.g., Takahashi et al., 1987; Roux et al.,

1991; Cheng and Lui, 1998; Shiokawa et al., 2005) and on

the ground under the substorm arcs.

Based on the KBI theory for substorm onset, one expects

that the KBI amplitude (perturbed electric field and magnetic

field) grows exponentially and then saturates by nonlinear

effects. Because the Pi2 magnetic perturbations in the near-

Earth plasma sheet and on the ground underneath the sub-

storm arcs often show exponential growth before the auro-

ral arc breakup and then saturate afterward, it is reasonable

to consider that the Pi2 instabilities observed in the plasma

sheet and on the ground are of the same KBI process. Then,

we would expect the arc intensity to grow together with the

Pi2 amplitude prior to the arc breakup. This is confirmed by

the observed temporal growth correlation between the arc in-

tensity and the Pi2 amplitude as shown in Fig. 12.

The observed poleward movement of the poleward side

breakup arcs and their subsequent breakup can be explained

by the transport process caused by the turbulence produced

by the KBI (Pi2 pulsations) and associated Pi1 pulsations in

the plasma sheet. When the KBI grows to large amplitude

(corresponding to arc intensification), the Pi2 and associated

Pi1 pulsations can form an EM turbulence and cause plasma

transport which relaxes the local plasma pressure gradient by

transporting plasma pressure from the higher pressure side

to the lower pressure side (on the tailward side). When some

plasma pressure is moved to the tailward side of the pressure

profile flattening region, the pressure gradient in the tailward

side becomes steeper. As the plasma transport process pro-

ceeds, the pressure relaxation region becomes wider, and the

tailward side steep pressure gradient region (where the KBI

is unstable) moves tailward, which corresponds to the pole-

ward moving breakup arc in the ionosphere. When the pres-

sure gradient in the tailward side region of the plasma pres-

sure flattening region becomes steeper, the KBI can be more

intensified and can subsequently cause further breakup of

the poleward moving arc in the ionosphere. Similar process

can occur in the second poleward moving breakup arc after

082833. Together with observations and analysis results of

the high azimuthal mode number bead-like arc structure and

the concurrent exponential growth of the arc intensity and the

ground Pi2 pulsation amplitude prior to the arc breakup, the

KBI theory provides very reasonable interpretation of the oc-

currences of the brightening arc bead-like structure and arc

breakups.

In summary, we have examined the 21 December 2006

substorm event in details. The proposed KBI can reason-

ably explain many observational features of the 21 Decem-

ber 2006 substorm event. In particular, the Pi2 perturba-

tions are explained as the signature of the KBI, which is

excited in the near-Earth plasma sheet and accelerates elec-

trons into the ionosphere to produce arcs. When the KBI

grows to large amplitude, it causes plasma transport to relax

the plasma pressure profile and thus the current disruption.

The higher frequency Pi1 perturbations excited typically af-

ter arc breakups are not directly the cause of substorm arc and

breakup. However, we caution that instability mechanisms

other than the KBI should also be examined for the expla-

nation of the unstable Pi2 pulsation prior to substorm onset

(e.g., Lui, 2004), and more careful theoretical and simula-

tional investigations are needed to reach the final conclusion.

Supplementary material related to this article is

available online at: http://www.ann-geophys.net/30/911/

2012/angeo-30-911-2012-supplement.zip.
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