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[1] On 26 February 2008, the THEMIS satellites observed two substorms that occurred at
about 0405 and 0455 UT. Angelopoulos et al. (2008) made a comprehensive study of the
second event. In this paper we display detailed features of the two substorms with
emphasis on the first. In both substorms, a distinct auroral intensification occurred during
the earliest stage of onset, about 1 to 2 min after midtail reconnection began. This initial
intensification was weak and localized and thus had the signatures of a pseudobreakup.
In both substorms, a second, major intensification occurred next in the substorm onset
sequence, followed by rapid and extensive poleward expansion. This second
intensification had the features of the major expansion onset and was nearly coincident
with observations of earthward flows and magnetic dipolarization in the near‐Earth tail.
During the growth phase of the two substorms, open magnetic flux accumulated in
the polar cap; in the expansion/recovery phase the polar cap open flux was quickly
reduced. These observations are in agreement with the assertion that tail reconnection
initiates the initial pseudobreakup and the ensuing major expansion and releases and
transports energy to eventually cause near‐Earth dipolarization and the expansion phase
onset of these two substorms.

Citation: Pu, Z. Y., et al. (2010), THEMIS observations of substorms on 26 February 2008 initiated by magnetotail
reconnection, J. Geophys. Res., 115, A02212, doi:10.1029/2009JA014217.

1. Introduction

[2] Magnetospheric substorms have long been the focus
of solar‐terrestrial physics. The main unsolved issue is the
mechanism that triggers the substorm expansion onset. A
number of working models have been proposed; the near‐
Earth current disruption (NECD) model [e.g., Lui, 1996] and

the near‐Earth neutral line (NENL) model [e.g., McPherron,
1991; Baker et al., 1996; Baumjohann, 2002] are among the
most popular. In the NECD model, local instabilities [Lui et
al., 1990] cause current disruption (CD) at X ∼ −(8–10) RE,
leading to dipolarization and current wedge formation; the
CD region then expands tailward during the substorm
expansion phase. The NENL model assumes that magnetic
reconnection (MR) occurs in the region of −20 > X > −30 RE,
producing the tailward moving plasmoid and earthward
bursty bulk flow. The earthward flows transport magnetic
flux and energy toward the near‐Earth region to cause
substorm onset. Besides, the synthesis scenario of MR and
CD [Pu et al., 1999, 2001; Zhang et al., 2007] suggests that
flow braking might yield conditions favorable for
instabilities near the inner edge of the plasma sheet, causing
substorm onset. In addition, substorms have been showed to
often initiate with two steps: an initial onset (of a pseudo-
breakup) and a major onset (of the expansion phase)
[Nakamura et al., 1994; Mishin et al., 2000, 2001; Baker et
al., 2002; McPherron, 2004]. The substorm onset timeline
should provide a reference frame for organizing substorm
onset phenomenology, thereby resolving the debate about
substorm onset triggers.
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[3] The THEMIS mission [Angelopoulos, 2008] was
designed to resolve the NECD versus NENL controversy by
employing five satellites and ground‐based all‐sky aurora
imagers and magnetometers to observe substorm onset time
history. The five probes were put into near‐equatorial orbits
with periods that are multiples of each other to determine the
onset and evolution of substorm instability. In some cases,
THEMIS observations suggest that MR in the midtail
plasma sheet triggers substorm activities [e.g., Runov et al.,
2008]. The explosive process responsible for substorm onset
is characterized by fast unloading of magnetic energy in the
midtail [Sergeev et al., 2008]. On the other hand, the mea-
surements supporting substorm initiation by instabilities in
the near‐Earth plasma sheet have also been reported [e.g.,
Liang et al., 2008]. Recently, Angelopoulos et al. [2008]
studied timing and the causal relationship in the substorm
event that occurred at ∼0455 UT on February 26, 2008 using
THEMIS in situ and ground‐based measurements. They
reported that midtail MR was observed at least 2 min before
auroral substorm expansion, and about 3 min before near‐
Earth CD, and concluded that these results demonstrate that
substorms are likely initiated by tail MR. The February 26,
2008 event has attracted attention in the substorm commu-
nity [Lui, 2009; Angelopoulos et al., 2009; Zhou et al.,
2009].
[4] In fact, there were two substorms with expansion

phase onsets at about 0405 UT and 0455 UT on 26 February
2008. During the two events, the THEMIS satellites were all
in/near the plasma sheet. Angelopoulos et al. [2008] made a
comprehensive study of the second case. In this paper we
present detailed features of the two substorms with emphasis
on the former. We show that two auroral intensifications

occurred during the earliest stage of the two substorms; the
first, weak intensification appeared about 1–2 min imme-
diately after the midtail MR onset, and the second, major
intensification occurred within about one min when earth-
ward flows and magnetic dipolarization were observed in
the near‐Earth tail. During the growth phase of the two
substorms, the polar cap open magnetic flux accumulated;
while in the expansion/recovery phase the polar cap open
flux was quickly released. The accumulated and released
open fluxes were both considerably less than in moderate
substorms. It is thus very likely that weak tail MR resulted
in the two small substorms observed on 26 February 2008.
[5] The paper is organized in the following manner: in

section 2 we describe the data set used in the study; section
3 presents detailed observations; sections 4 and 5 discuss
substorm timing and its relationship with tail MR; and
section 6 gives a brief summary.

2. Data Set and Instruments

[6] From 0330 to 0530 UT on 26 February 2008, the
THEMIS probes were located in/near the plasma sheet and
aligned along the Sun‐Earth line. In this study, we use the 3 s
spin‐integrated ion data from THEMIS/ESA [McFadden et
al., 2008] and magnetic field data from THEMIS/FGM
[Auster et al., 2008]. The auroral images are obtained from
the THEMIS ground‐based array of 20 all‐sky imagers
(ASIs) with a time resolution of 3 s and spatial resolution of
1 km [Mende et al., 2008]. The ground‐based magnetic field
data are acquired from 21 THEMIS fluxgate magnetometers
(GMAGs) [Russell et al., 2008]. These GMAGs measure the
magnetic field with 0.01 nT resolution at 2 samples/s. The
auroral electrojet (AE) index is calculated from these

Figure 1. Positions of THEMIS probes in the GSM coordinates at 0400 UT with representative field
lines based on the T‐96 magnetic field mode [Tsyganenko, 1995].
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GMAGs measurements. In addition, magnetic field mea-
surements from 109 ground‐based stations at magnetic
latitudes F > 40°(not shown in the paper) are used to
estimate the polar cap magnetic flux Y employing the MIT2
technique [Mishin, 1990; Mishin et al., 1997, 2001, and
references therein]. Data from 27 of those stations distrib-

uted around the northern hemisphere auroral zone are
applied to calculate the westward auroral electrojet current
Jw. During the 2 h interval of interest, the four Cluster
(C1‐C4) spacecraft stayed in the near‐Earth solar wind
(X ∼ 17RE). Four second spin‐integrated observations of
magnetic field and ions from C3 are adopted as a monitor of

Figure 2. Two hour (0330–0530 UT) observations of two substorms on 26 February 2008. Shown are
the IMF in front of the dayside bow shock measured by Cluster 3; the simultaneously measured X com-
ponent of the solar wind velocity Vx and the solar wind number density N; the AE index obtained based
on the magnetic field measurements of 21 THEMIS fluxgate magnetometers (GMAGs); Pi2 pulsation at
the high‐latitude GILL station (66.18°N, 332.78°E); Pi2 pulsations at the midlatitude FYTS (55.765°N,
35.281°W) station; the polar cap magnetic flux Y created by dayside reconnection calculated based on
magnetic field measurements from 109 ground‐based stations at magnetic latitudes F > 40°; the westward
electrojet current Jw obtained based on the magnetic field measurements from 27 stations around the
northern hemisphere auroral zone; the three geomagnetic components at the SNAQ station; the magnetic
field and flow velocity observed by THEMIS/P1.
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solar wind conditions. The GSM coordinates and geomag-
netic latitude and longitude are used throughout the paper
for displaying spacecraft positions and locations of ground‐
based auroral imagers and magnetometers, respectively.

3. Observations

3.1. Overview of Observations

[7] Figure 1 shows a 3‐D view of THEMIS spacecraft
positions at ∼0400 UT with the projection onto the X‐Z

plane in the GSM coordinates. The magnetic field lines are
drawn based on the T96 magnetospheric model
[Tsyganenko, 1995]. All THEMIS satellites were located in
or near the plasma sheet with P1 at (−21.9, 4.35, −2.72) RE,
P2 at (−17.40, 5.03, −2.88) RE, P3 at (−10.60, 4.21, −1.84)
RE, P4 at (−9.77, 4.88, −1.61) RE and P5 at (−4.48, 5.28,
−0.16) RE. Figure 2 shows 2 h (0330–0530 UT) observa-
tions of the IMF in front of the dayside bow shock, number
density N and the X component of the solar wind velocity
Vx, THEMIS AE index, Pi2 pulsation at the high‐latitude

Figure 3. (a) Magnetic field and flow measurements of four THEMIS probes during the time period of
(0330–0530 UT). Shown are plots of the geomagnetic H component at the RANK station and the mag-
netic field and plasma velocity measured by P1, P2, P3 and P4. (b) Magnetic field and flow measurements
of four THEMIS probes during the 10 min time interval of (0357–0407 UT). The first and second panels
show the THEMIS AE index and geomagnetic H component at the RANK station, respectively. The for-
mat is the same as in Figure 3a.
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GILL (66.18°N, 332.78°E) and midlatitude FYTS (55.765°
N, 35.281°W), polar cap magnetic flux Y, westward elec-
trojet current Jw, H component excursion at the SNAQ
station (66.45°N, 356.99°E), magnetic field and flow
velocity observed by THEMIS/P1. It is seen that the IMF BZ

remains negative until ∼0448 UT with ∣Bz∣ < 2 nT and that
solar wind N and Vx remain essentially unchanged. Figure 2
indicates that two substorm dipolarization/expansions took
place at ∼0405 and ∼0455 UT. Closely associated with each
dipolarization/expansion are enhancement of the AE index
and Jw current, rising and falling of the open flux Y, a burst
of Pi2 pulsation and a negative H excursion. It is quite ev-
ident that two sets of substorm expansion phase activities
occurred separately during this 2 h period. Figure 3a shows
the magnetic field and flow measurements of four THEMIS
probes during the same time interval as in Figure 2. Plotted

are the three geomagnetic components at the RANK station
(72.41°N, 335.74°E), the magnetic field and plasma velocity
of P1, P2, P3 and P4. It is clear that P1 encounters two
independent flow reversals, and P3 and P4 observe two
near‐Earth dipolarization events following the arrival of
earthward flows. Figure 3b plots the measurements of P1,
P2, P3 and P4 during the 10 min interval from 0357:00 UT
to 0407:00 UT. As mentioned above, all THEMIS data used
in drawing Figures 2, 3a, and 3b are with 3 s time resolution.
For ease of comparison with the ground‐based measure-
ments, we have shown the THEMIS AE and the H com-
ponent of the magnetic field at RANK in the first and
second panels of Figure 3b, respectively.
[8] Angelopoulos et al. [2008] have shown explicitly the

initial auroral phenomena of the 0455 UT substorm at GILL.
We will display in more detail the auroral activities of both

Figure 3. (continued)
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substorms in sections 3.2 and 3.3. It is worthwhile to
mention that the auroral brightenings/expansions in the 0405
UT substorm appeared approximately 1 h earlier than those
in the 0455 UT substorm and disappeared before the second
substorm started its growth phase (see below).

3.2. The ∼0405 UT Substorm

[9] A relatively stable auroral arc extended across the sky
from GILL to SNKQ prior to the 0405 UT substorm. The
auroral arc first started to intensify at 0400:21 UT at SNKQ
and began a slight poleward expansion at 0401:21 UT. A
second, stronger auroral intensification began at 0403:30 UT
closer to midnight and rapidly/extensively expanded pole-
ward at 0404:30 UT. The arc continued to brighten and
expand afterward. We regard the first brightening as the
initial intensification and the second brightening/expansion
as the major auroral intensification/expansion of this event.
Figure 4 illustrates the auroral arcs at SNKQ (right) (66.45°
N, 356.99°E) and GILL (left) at five selected times: 0400:09
UT (before the initial intensification), 0400:33 UT (after the
initial intensification), 0401:42 UT (after the first, local
expansion), 0403:42 UT (after the major intensification) and
0405:15 UT (after the major expansion). A negative H‐bay
started at 0404:30 UT at RANK and arrived at a maximum
of 44 nT at ∼0415 UT. The THEMIS AE index also rapidly
increased at 0404:30 UT. High‐latitude GILL and midlati-
tude FYTS (55.76°N, 35.28°W) magnetometers recorded
Pi2 onset at ∼0402 UT and ∼0406 UT, respectively. The
GILL and FYTS pulsations arrived at a maximum of 1.0 nT
at ∼0411 UT and 1.7 nT at ∼0411 UT, respectively. Y
rapidly decreased from 42.54 × 107Wb at ∼0407 UT to
20.22 × 107Wb at ∼0415 UT. The westward auroral elec-
trojet current Jw increased from 48 kA at ∼0405 UT to
139 kA at ∼0415 UT. In addition, at (−4.48, 5.28, −0.16) RE

P5 observed a weak energy‐dispersed ion injection of 50–
200 keV ions near the midnight geosynchronous altitude
(not shown).
[10] In the meantime, the THEMIS spacecraft first located

in the inner and midtail found evidence of midtail MR.
THEMIS/P1 at (−21.9, 4.35,−2.72) RE stayed in the dense
and hot plasma sheet for 1 h, meeting earthward ion flows
(∼100–240 km/s). At 0358:27 UT, a tailward flow with a
maximum speed of ∼300 km/s and negative Bz started at P1
location. Meanwhile, the midtail plasma sheet was getting
thinner, the spacecraft then moved toward the southern lobe.
Beginning at 0405:16 UT, the flow became earthward with
Vx ∼ 400 km/s and positive Bz; see Figure 3b. According to
the classical MR picture, this reversal of Vx and Bz implies a
nearby crossing of the MR region from the tailward side to
the earthward side [Phan et al., 2000]. Furthermore, we
have projected the measured magnetic field and velocity
vectors into the current sheet coordinated system (L, M, N)
(not shown here), where L, M and N represent the direction

Figure 4. Auroral brightening of the ∼0405 UT substorm
at (right) SNKQ and (left) GILL at five selected times:
(a) 0400:09 UT (before the initial intensification), (b) 0400:
33 UT (after the initial intensification), (c) 0401:42 UT (after
the first, local expansion), (d) 0403:42UT (after themajor inten-
sification), and (e) 0405:15 UT (after the major expansion).
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of maximum, intermediate and minimum variation of the
magnetic field, respectively [Sonnerup and Scheible, 1998],
and the angle between positive N and the Z axis is less than
90° so that N is normal to the current sheet upward. In
Figure 3b it is shown that while Vx (VL) and Bz reverse their
signs and Bx (BL) remains negative, By (BM) changes from
positive to negative. This is in agreement with the fact that
the spacecraft was encountering the Hall‐quadrupole mag-
netic field near the diffusion region of ongoing MR [Arzner
and Scholer, 2001; Øieroset et al., 2001; Pu et al., 2005],
and that the MR site was retreating from the earthward side
of P1 to the tailward side. Moreover, Nagai et al. [2001]
have shown that when a spacecraft encounters the MR
region, it sees field‐aligned accelerated electrons flowing
out near the separatrix. The associated electron bidirectional
anisotropy provides an additional evidence of ongoing MR

which has been regarded as a good indicator for in situ MR
observations [e.g., Øieroset et al., 2001; Deng et al., 2004;
Owen et al., 2005; Manapat et al., 2006; Nakamura et al.,
2006; Angelopoulos et al., 2008]. This appears to be of
particular importance when the plasma sheet is thinned. Two
events on 26 February 2008 we studied are just the case
where P1 was originally away from the central current sheet
[Angelopoulos et al., 2009]. We have analyzed the P1
measurements of the electron bidirectional anisotropy dur-
ing the period of ∼0356 UT to ∼0407 UT. From 0356:01 UT
to 0358:31 UT as the spacecraft stayed deep in the tailward
outflow region, no anisotropy was seen. From 0358:34 UT
to 0401:46 UT when P1 came toward the tailward side
separatrix and detected tailward bulk flow and negative Bx

and Bz, higher‐energy (200–4000 eV) electrons were found
to stream mostly tailward (PA ∼ 0°) with a higher flux,
while lower‐energy (10–100 eV) electrons were seen to
stream mostly earthward (PA ∼ 180°) with a lower flux.
Later from 0401:49 UT to 0405:13 UT when the spacecraft
entered the inflow region detecting northward inflow, no
bidirectional anisotropy was observed. Further later from
0405:16 UT to 0408:04 UT when P1 was passing through
the earthward side separatrix and moved into the earth-
ward outflow region, it was found that higher‐energy
(200–4000 eV) electrons were streamed mostly earthward
(PA ∼ 180°) with a higher flux, whereas lower‐energy (10–
100 eV) electrons were streamed mostly tailward (PA ∼ 0°)
with a lower flux. Figure 5a shows the first observation of a
weak electron bidirectional anisotropy averaging from
0358:34 to 0358:37 UT. Figures 5b and 5c show more
pronounced anisotropies averaging from 0401:16 to 0401:
19 UT (as P1 was in the tailward outflow region not far from
the separatrix) and averaging from 0405:34 to 0405:37 UT
(as P1 had moved into the earthward outflow region near the
separatrix), respectively. This is consistent with the picture
that the spacecraft observed the tailward retreating Hall
structure near the MR diffusion region [see Nagai et al.,
2001, Figure 1]. Auxiliary material Figures S1–S13 show
this retreat process in more detail.1 It is of interest to note
also that as the MR region moved to the tailward side of P1,
the spacecraft encountered earthward flow, along with a
decrease of Bx and an increase of Bz. This dipolarization
signature was obviously caused by flux transport/pileup
associated with ongoing retreating MR. All these results
strongly suggest that MR occurred earthward of P1 at least
at or before 0358:34 UT.
[11] Nevertheless, measurements by P2 at (−17.40, 5.03,

−2.88) RE show neither the clear Hall‐By field, nor the
related electron bidirectional anisotropy. The position of P2
(further away from the central current sheet and midnight)
could explain these deviations from the typical Hall sig-
natures of collisionless MR. Note that P2 did not see flow
and flux transport/dipolarization signatures, either. One
feature, however, that supports the occurrence of MR is the
prominent thinning of the tail current sheet [Arzner and
Scholer, 2001] starting at ∼0557:45 UT, which was best
seen by the spacecraft as a strong decrease in the Bx com-
ponent of the magnetic field. Therefore from P1 and P2

Figure 5. Bidirectional anisotropies of energetic electrons
associated with Hall effect observed by P1. (a) The first
P1 observation of electron bidirectional anisotropy averag-
ing from 0358:34 UT to 0358:37 UT, when P1 was tailward
of the reconnection site. (b) A typical electron bidirectional
anisotropy averaging from 0401:16 UT to 0401:19 UT,
when P1 was in the tailward outflow region close to the
separatrix. (c) A typical electron bidirectional anisotropy
averaging from 0405:34 UT to 0405:37 UT, when P1 had
passed through the separatrix moving into the earthward
outflow region.

1Auxiliary materials are available in the HTML. doi:10:1029/
2009JA014217.
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measurements it is reasonable to expect that a MR event
took place at X > −21.9 RE at least at or before 0358:34 UT.
[12] The onset of earthward flow was first detected by P4

at (−9.77, 4.88, −1.61) RE at 0404:16 UT, accompanied by a
highly fluctuated magnetic field. P3 at (−10.60, 4.21, −1.84)
RE observed the flow arrival at 0404:48 UT, 32 s later than
P4. A sudden increase in Bz, which we interpret as mag-
netic dipolarization, occurred at 0404:48 UT at P4 and
0404:51 UT at P3. No bidirectional anisotropy similar to
Figure 5c is found during dipolarization.

3.3. The ∼0455 UT Substorm

[13] Angelopoulos et al. [2008] carefully studied the
substorm at ∼0455 UT. The electron bidirectional anisotropy
of collisionless MR was observed by P1 at 0450:28 UT;
later P2 also observed MR signatures at 0450:38 UT. The
first auroral intensification occurred at 0451:39 UT at GILL
and slightly expanded poleward at 0452:21 UT. P3 saw
earthward flow at 0452:27 UT and dipolarization at
0453:05 UT. The high‐latitude Pi2 began at 0452:00 UT
andmidlatitude Pi2 at 0453:05UT.Meanwhile, with a careful
inspection one can see that the ASI at SNKQ observed the
second stronger intensification at 0453:03 UT and subse-
quent rapid/extensive expansion at 0453:48 UT. Afterward
the arc continued to brighten and expand. As in the previous
case, we refer to the first, weak brightening as initial auroral
intensification and the second brightening/expansion as
major auroral intensification/expansion of this event.
Figure 6 shows the auroral activities at SNKQ (right)
(66.45°N, 356.99°E) and GILL (left) at five selected times:
0451:24 UT (before the initial intensification), 0451:51 UT
(after the initial intensification), 0452:42 UT (after the first,
limited expansion), 0453:15 UT (after the major intensifi-
cation) and 0454:54 UT (after the major expansion).
[14] In Figure 2 one sees that the negative H‐bay at

RANK started at ∼0454 UT and arrived at a maximum of
178 nT at ∼0501 UT. The THEMIS AE index arose at
∼0454 UT; Jw increased from ∼0455 UT to a maximum of
199 kA at 0507 UT; Y decreased from 41.83 × 107Wb at
∼0455 UT to 23.85 × 107Wb at ∼0515 UT. In addition, P5
observed an energy‐dispersed ion injection of 50–200 keV
ions near the midnight geosynchronous altitude (not shown).
[15] It is worthwhile to note that the auroral arc in the

0405 UT substorm had moved equatorward and become
quiet by ∼0435 UT, and AE, Jw, Pi2 and H excursion all
had reduced to very small values at ∼0435 UT. Therefore,
the 0405 UT and 0455 UT substorms manifest two separate
events. Moreover, Y started to increase again at ∼0435 UT,
reached the peak at ∼0453 UT, and then reduced two min-
utes later. Thus the MR onset at 0450:03 UT and the
0455 UT substorm activities seem to be related not to the

Figure 6. Auroral activities of the ∼0455 UT substorm at
(right) SNKQ and (left) GILL at five selected times: (a) 0451:
24 UT (before the initial intensification), (b) 0451:51 UT
(after the initial intensification), (c) 0452:42 UT (after the first,
limited expansion), (d) 0453:15 UT (after the major intensifica-
tion), and (e) 0454:54 UT (after the major expansion).
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0405 UT substorm, but rather to reaccumulation and rere-
lease of magnetic flux in the tail lobes after that event.

4. Time History and Causality of Substorms

[16] Angelopoulos et al. [2008] have illustrated the time
history of the ∼0455 UT substorm activities [see
Angelopoulos et al., 2008, Table 1]. The initial auroral
intensification appeared 96 s after the inferred MR onset (or
71 s after the MR effects at P1) and 48 s ahead of earthward
flow at P3. Therefore, as the authors suggested, the initial
brightening cannot be caused by the near‐Earth flux pileup
of MR flow; rather, the MR generated kinetic Alfven waves
and their accelerated electrons might explain the observa-
tions [Angelopoulos et al., 2008]. On the other hand, the
major intensification and major expansion of the auroral arcs
occurred 36 and 81 s after the flow onset at P3, respectively.
Moreover, both dipolarization at P3 and midlatitude Pi2
started 38 s following the flow onset at P3, and the rapid
increase of THEMIS AE, enhancement of Jw and high‐
latitude negative H‐bay began both about one min later.
Thus, as Angelopoulos et al. [2008] noted, flux pileup and
substorm current wedge (SCW) formation may be respon-
sible for the near‐Earth dipolarization and major onset of the
expansion phase.
[17] Now we turn to the timing of the ∼0405 UT sub-

storm. The bidirectional anisotropy of Hall electrons at P1
(at 0358:34 UT) implies that MR occurred earthward of P1
at least at or before 0358:34 UT. One hundred and seven
seconds after P1 detected the electron bidirectional anisot-
ropy, the SNKQ ASI observed the initial auroral brightening
at 0400:21 UT. High‐latitude Pi2 pulsation took place 99 s
later at ∼0402 UT. At 0403:30 UT the ASI at SNKQ observed
the major auroral intensification. P4 and P3 observed the
onset of earthward flow at 0404:16 UT and 0404:48 UT,
respectively. The major auroral expansion, the rapid increase
of THEMIS AE and the high‐latitude negative H‐bay
occurred at 0404:30 UT, as well. At nearly the same time
P4 and P3 detected magnetic dipolarization at 0404:48

UT and 0404:51 UT, respectively. Immediately after that
at ∼0505 UT Jw started to enhance. About one minute
later at ∼0406 UT the midlatitude Pi2 pulsation began.
These substorm timings are summarized in Table 1. Note
that the time resolution associated with THEMIS mea-
surements in Table 1 is 3 s.
[18] It is easy to find that the time history of the ∼0405 UT

substorm is similar to that of the ∼0455 UT substorm in two
respects. First, the initial auroral brightening appears around
two minutes immediately after midtail MR, followed
promptly by Pi2 pulsation at high‐latitude stations. Using
the T96 magnetospheric model [Tsyganenko, 1995], we
projected P1 and P2 locations at 0405 UT to the ionosphere
and found that the probe foot points lie within 0.5 h of the
meridians of SNKQ and GILL. We thus infer that the
midtail MR near ∼X ∼ −20 RE (possibly through the related
kinetic Alfven waves and their accelerated electrons) initi-
ated the initial auroral brightening of the ∼0405 UT sub-
storm, as in the case of ∼0455 UT substorm suggested by
Angelopoulos et al. [2008]. Second, the major intensifica-
tion and major expansion of auroral arcs, magnetic dipo-
larization at P4 and P3, rapid increase of the THEMIS AE
index, the enhancement of Jw and the beginning of the high‐
latitude negative H‐bay were all observed within about one
minute. More interestingly, all these expansion phase sig-
natures started concurrently within about one minute of the
onset of earthward flow at P4 and P3. A reasonable inter-
pretation would be that all these activities shared a common
source: the SCW formation associated with the flow braking
[Shiokawa et al., 1997, 1998; Pu et al., 1999, 2001;
Baumjohann, 2002]. This appears to be in agreement with
the scenario that the earthward flows caused by midtail MR
transport magnetic flux and energy to eventually cause the
near‐Earth substorm expansion onset [Baker et al., 2002;
Cao et al., 2008]. Note that the MR event detected by P1 at
∼0358 can be the cause of the major auroral brightening and
dipolarization at P4 and P3 only if the signal propagation
speed was much lower than the local Alfven speed. As
shown in Figure 3b, the peak of the flow at P1 was just
about 300 km/s, considerably lower than the local Alfven
speed. In addition, in this event P3 and P4 may not be at the
best position to detect the flow braking/SCW. For instance,
P4 observed the onset of earthward flow and magnetic
dipolarization 26 s and 3 s earlier than P3, respectively,
although the location of P4 was about one RE closer to the
Erath than P3 (mostly in the X direction). Besides, one
more minute delay of midlatitude Pi2 at FYTS could be
due to that the station was somewhat away from the foot
point of the SCW/CD location.
[19] It is worth noticing that the timing and causality of

these two substorms strongly support the two‐step scenario
of substorm initiation [Nakamura et al., 1994; Mishin et al.,
2000, 2001; Baker et al., 2002; McPherron, 2004]. Multiple
intensifications are a common feature of substorms
[Rostoker et al., 1980]. If these occur before the onset of the
expansion phase, they are called pseudobreakups [Koskinen
et al., 1993; Nakamura et al., 1994; Mishin et al., 2000; Ge
et al., 2008]. Pseudobreakups are characterized by week
auroral arcs that are short‐lived and quite confined in lati-
tude. Some pseudobreakups also have signatures of highly
localized dipolarization without CD expansion [Ohtani et
al., 1993]. Nakamura et al. [1994] and Mishin et al.

Table 1. Time Sequence of Signatures of the 0405 UT Substorm

Event
Observed Time

(UT)
Time Delay

(s)

Start of tailward flow with Bz < 0 at
P1

0358:29

Reconnection effects (electron‐Hall)
at P1

0358:34 0

First auroral intensification 0400:21 107
First auroral expansion onset 0401:21 167
High‐latitude Pi2 onset at GILL ∼0402 ∼206
Second (major) auroral

intensification
0403:30 296

Earthward flow onset at P4 0404:16 342
Earthward flow onset at P3 0404:48 374
Second (major) auroral expansion

onset
0404:30 356

Negative H excursion at RANK 0404:30 356
Rapid increase of THEMIS AE 0404:30 356
Dipolarization at P4 0404:48 374
Dipolarization at P3 0404:51 377
Enhancement of westward electrojet

current Jw
∼0405 ∼386

Midlatitude Pi2 onset at FYTS ∼0406 ∼446
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[2000, 2001] suggested that substorms often have two dis-
tinct onsets. The first (named the initial onset) manifests the
start of pseudobreakups. The second (called the major onset)
represents the beginning of the expansion phase. During the
expansion phase, auroral arcs expand significantly poleward
and west‐eastward and dipolarization/SCW evolve globally.
Obviously, in two events studied in this paper, the first and
second auroral brightenings indicate the initial and major
substorm onsets, respectively. Furthermore, the polar cup
open flux can be represented as the sum Y = Y1 + Y2, where
Y2 is the quasi‐permanent part of Y, determined by MIT2
data for quite conditions before the substorm, and Y1 is a
variable part flux controlled by the IMF [Mishin et al.,
2001]. It has been known that the balance between day-
side MR and nightside tail lobe MR (TLR) determines the
amount of the variable polar cap flux Y1 [Cowley and
Lockwood, 1992] and that TLR of open field lines pro-
vides most of the flux and energy required for fully devel-
oped substorms [Baker et al., 1996]. In the two events under
consideration, it is determined with the MIT2 data that Y2 ≈
20.0 × 107 Wb. Rapid drop of Y/Y1may then serve as an
indication of TLR and evolution of the expansion phase.
Russell [2000] and Mishin et al. [2000, 2001] thus proposed
that the initial onset/pseudobreakups correspond to MR of
the closed field lines in the plasma sheet (PSR); while at the
major onset/beginning of the expansion phase, MR has
evolved to open field lines in the lobes. Figure 2 shows that
in the first and second event under consideration, Y/Y1

started to rapidly decrease at ∼0407 UT and ∼0455 UT,
about 3 and 2 min later than the major auroral brightening,
respectively. Thus in these two substorms the initiation of
the expansion phase might be related to either the TLR of
open field lines while dayside MR was continuing to
transport magnetic flux into the polar caps, or to the PSR of
closed field lines followed very soon by TLR. In either case
TLR was operating to support most energy dissipated during
the expansion phase. Apparently, the aforementioned fea-
tures of the two events strongly support the two‐step initi-
ation scenario of substorms.

5. Reconnection and Substorm Intensity

[20] In the literature, some authors regarded substorm
activities as low and moderate if AE < 300 nT and the
maximum AE ∼ 500 nT, respectively [e.g., Speiser et al.,
1996; Immel et al., 1997]. In Figure 2 one sees that the
AE index maximums during the two events were ∼80 nT
and 203 nT. The highest Jw current in the two substorms
reached 139 kA and 199 kA, much less than (500–1000) kA
for moderate substorms [Mishin et al., 2008]. The ampli-
tudes of two negative H‐bay were ∼40 nT and ∼178 nT,
comparable to (100–300) nT in low‐intensity substorms
[Kamide and Akasofu, 1974; Lui et al., 1976]. With such
low substorm‐related signatures, both events should be
referred to as weak substorms.
[21] In view of both the NENL paradigm and the synthesis

scenario of MR and CD, substorm intensity is virtually
determined by the amount of flux and energy released by
TLR. It is then reasonable to expect that the MR processes
initiating the two substorms would be weak. There are two
commonly used methods to estimate the MR rate: measuring
the tangential electric field along the MR line, or the ratio of

the inflow velocity Vin to the asymptotic Alfven speed VA

[Priest and Forbes, 2000]. Here we apply the latter
approach based on measurements of P1. The key issue is to
subtract the flapping effects from the observed Z component
of the flow velocity. Supposing that MR is symmetric with
respect to the upside and downside of the current sheet, in
the MR rest frame of reference the plasma velocity would
then contain no Z component at the center of the current
sheet. We take the average of Vz measured as ∣Bx∣ < 2 nT to
be the flapping velocity. For the 0455 event, the flapping
Vz0 is calculated as ∼18.4 km/s. The mean Z component of
plasma velocity hVzi in the inflow region is ∼47.8 km/s,
thus Vin should be hVzi − Vz0 ∼ 29.4 km/s. The asymptotic
VA may also be obtained with the magnetic field and plasma
density in the inflow region. With observed h∣B∣i = 17 nT
and hNi = 0.15 ∼ 0.25 cm−3, VA can be estimated at ∼(750–
970) km/s. These results give a low limit of a fast MR rate of
∼(0.030–0.038). A similar approach leads to an MR rate of
∼(0.04–0.05) for the 0405 event.
[22] Low intensity substorms and weak MR seem to be

closely associated with the relatively smaller amounts of Y1

created by dayside MR and DY1 released by tail lobe MR
during substorm expansion. The maximum Y1 during the
both events were ∼22.0 × 107 Wb in both substorms, sub-
stantially lower than ∼(40–60) × 107 Wb for moderate
substorms [Pu et al., 2006; Boakes et al., 2009]; the released
fluxesDY1 in the two events were ∼22.0 × 107Wb and 18.0 ×
107 Wb, also considerably less than (30–40) × 107 Wb of
moderate substorms [Pu et al., 2006]. The related solar wind
input power "′ into the magnetosphere can be estimated
as "′ = Y1

2 × Vx/(m0ST) [Mishin and Falthammar, 1998;
Mishin et al., 2001], here m0 = 4p × 10−7 H, ST = 6 ×
1016 m2 is a statistically empirical constant [Mishin et al.,
2001]. With Vx ∼ 380 km/s (see Figure 2), we have "′ ∼
2.4 × 1011 W for the both substorms at AE maximums.
For a comparison, Akasofu’s lower threshold for a substorm
power is 1.0 × 1011W [Akasofu, 1977]. Obviously, these are
consistent with the picture that tail lobe MR manifests the
ultimate mechanism responsible for the main substorm
expansion.

6. Summary

[23] THEMIS observations of two substorms on 26 February
2008 reveal that both were closely related to midtail MR and
possess the following features:
[24] 1. A first, weak auroral intensification appeared about

1–2 min immediately after the midtail reconnection onset,
followed by very limited poleward expansion of the arcs.
[25] 2. The second, major auroral intensification occurred

(within about 1 min) when earthward flows and magnetic
dipolarization were observed in the near‐Earth tail; soon
afterward the brightening region extensively expanded
poleward.
[26] 3. During the growth phase of the substorms, the

polar cap open magnetic flux accumulated; whereas in the
expansion/recovery phase the polar cap open flux reduced
quickly.
[27] 4. The AE index, west electrojet current, amplitudes

of the negative H‐bay and Pi2 pulsations were all less than
those in moderate substorms. The MR rates in both events
were close to the low limit of fast MR. The solar wind input
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power into the magnetosphere, the polar cap open flux
created by dayside merging and that released by tail lobe
MR were all small in comparison with those for moderate
substorms.
[28] These observations are in agreement with the asser-

tion that tail reconnection initiates the initial pseudobreakup
and the ensuing major expansion and releases and transports
energy to eventually cause near‐Earth dipolarization and the
expansion phase onset of these two substorms.
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