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Abstract. On 16 July 2008, two pairs of consecutive bursts Keywords. Magnetospheric physics (MHD waves and in-
of Pi2 pulsations were recorded simultaneously across thatabilities; Solar wind-magnetosphere interactions; Storms
THEMIS ground-based observatory system. Wavelet transand substorms)

formation reveals that for each high-latitude pair, the domi-
nant frequency of the first burst is higher than that of the sec-

ond. But at low latitudes, the dominant frequency does not )

change. It is suggested that both pairs result from fast magl  Introduction

netospheric cavity waves with the second burst also contain-

ing shear Alfién waves. INTERMAGNET magnetograms at AS reviewed by Baker et al. (1996), substorm disturbances
auroral latitudes showed magnetic variations affected by twdn the near-Earth magnetotail commonly include energetic
recurrent electrojets for each pair. The ground-based magparticle injections, the formation of a current wedge, auro-
netometers and those at geostationary orbit sensed magnefig! breakups, high latitude magnetic bays and Pi2 pulsations.
perturbations consistent with the formation of the substormThe latter disturbances are the impulsive and damped geo-
current wedge. Four consecutive enhancements of energetf@agnetic oscillations with a frequency band of 6-25mHz
electron and ion fluxes detected by the THEMIS probes in(corresponding to a period 40-1505) (see Baumjohann and
the dayside magnetosphere appeared in the later afternodalassmeier, 1984; Yumoto, 1986; Olson, 1999, and refer-
and then in the early afternoon. The horizontal magnetic€Nces of therein). In addition, Pi2 bursts can occur succes-
variation vectors had vortex patterns similar to those inducedively in a sequence (e.g. Saito, 1969; Clauer and McPher-
by the upward and downward field-aligned currents duringfon: 1974) in association with the variations of the interplan-
substorm times. The hodogram at nicstations had a po- etary magnetic field (IMF) (e.g. Cheng et al., 2005, 2009a,
larization pattern similar to the one induced by the substormP)- Determining how these successive bursts are triggered
current wedge for each Pi2 burst. The mapping of grounda”d their relation to the onset of auroral activations is still an
Pi2 onset timing to the interplanetary magnetic field (IMF) important and unresolved topic.

observations shows that they appear under two cycles of Over the past four decades, two prevailing and competing
north-to-south and then north variation. CLUSTER 4 in the Scenarios, the near-Earth neutral line (NENL) model (e.g.
south lobe observed wave-like magnetic fluctuations, probHones, 1984) and the current disruption (CD) model (e.g.
ably driven by near-Earth reconnection, similar to those onLui, 2000), have been proposed as explanations for the devel-
the ground. These two observations are consistent with th@pment and occurrence sequence of hydromagnetic distur-

link of double-onset substorms to magnetotail reconnectiorPances in the near-Earth magnetotail during substorms. Both
externally triggered by IMF variations. models are famously in disagreement on the cause of sub-

storm onsets. The NENL model suggests the neutral line for-
mation to be the substorm cause and the CD model attributes
the near-Earth current disruption instead. Importantly neither

Correspondence taC.-C. Cheng of these models directly address why substorm-like activa-
BY (cccheng@nfu.edu.tw) tions can have a sequence of multiple onsets. More recently,
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Fig. 1. The locations of the ground-based observatories for the THEMIS mission and four INTERMAGNET observatories for this study.
The sign + denotes the INTERMAGNET observatory with a three-letter abbreviation and thethigiTHEMIS station with a four-letter
one.

to explain these double-onset observations (e.g. Mishin et On the other hand, earlier studies (Caan et al.,, 1975;
al., 2001), Russell (2000) discussed aspects of the near-EartficPherron et al., 1986; Sergeev et al., 1986) reported that
neutral point that were implicit in the original neutral point substorm onsets are associated with northward turning of the
model by Russell and McPherron (1973). The neutral pointiMF. Subsequent work (e.g. Lyons, 1996; Hsu and McPher-
model is similar to the NENL model but emphasizes the nec-ron, 2002, and references of therein) suggested that north-
essary localized nature of the onset of time-varying recon-ward IMF turning could play the role of a trigger in sub-
nection at the near-Earth neutral point, especially as manistorm onsets. However, Morley and Freeman (2007) argue
fested in flow bursts. Russell (2000) refined the near-Earththat northward IMF turning is not necessary for substorm
neutral point model by noting that the distant and near-Earttonset. We note that these studies test whether every IMF
neutral points interact. The interplay between the two neutrahorthward turning leads to substorm onset. Their conclusions
points in the magnetotail creates two onsets, one when recorcome from single-satellite observations with an assumed so-
nection at the near-Earth neutral point begins on closed fieldar wind propagation time delay.
lines within the plasma sheet, and the second when the near- Unlike previous works, the present study focuses on two
Earth neutral point reaches the open flux of the tail lobes,double-onset substorms occurring under two IMF variation
magnetically linking to the outer neutral point and releasingcycles of north-to-south and then north. For each substorm,
the plasmoid (Russell, 1974). In this model, the timing of the first onset does not have to occur with external triggering.
the second substorm onset is controlled by the distant neufo lessen the uncertainty of using a single-satellite observa-
tral point that in turn is controlled by the northward turning tion, we adopted the approach used by Cheng et al. (2009a,
of the IMF. This scenario in which the IMF variation goes b) that the incident IMF observed by the satellite in the up-
from north-to-south and north again, has been shown to bgtream region is mimicked as propagating~+d AU just
consistent with the systematic observations of the IMF andn front of bow shock (corresponding to XGSM17.0Rg)
consecutive Pi2 bursts by Cheng et al. (2002a, b). Howeveryith minimum variance analysis (e.g. Weimer et al., 2003)
these studies did not have the more comprehensive welland then compared to the in-situ observation just in front
coordinated measurements in space and on the ground thaf the Earth’s magnetopause. Hence, this approach can as-
are available now. These observations can provide furthegertain the association of double-onset substorms with IMF
verification of the wave modes of consecutive Pi2 bursts andariations.
their connection with the impulsive onsets in the near-Earth Recently, the instrumentation deployed by the THEMIS
magnetotail in response to the IMF variations during double-iission (Time History of Events and Macroscale Interac-
onset substorms. tions during Substorms; see Angelopoulos, 2008), includes
auroral imagers, ground magnetometers and space-borne
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Along-east-coast stations 16 July 2008
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Fig. 2. The H- and D-components at the ground stations along the East Coast of North America from 02:50 UT to 03:50 UT on 16 July 2008.
The vertical dashed lines denote ground Pi2 onsets. The letter F denotes the first substorm and the letter S denotes the second one. For ea
substorm, two consecutive Pi2 onsets are marked with a serial number, respectively.

measurements. Owing to the Earth’s annual orbit aroundnidnight sector, respectively. The CLUSTER 4 probe was

the Sun, the THEMIS probes are not always in the mag-located in the south lobe of the nightside magnetosphere.
netotail. Thus their apogees can be in the dayside, flankhese observations together with complementary upstream
and tail regions. During the dayside acquisition phase, theand ground measurements provided us an opportunity to
THEMIS probes can detect the incident solar wind condi- study the link between consecutive Pi2 bursts, the impulsive
tions just in front of the dayside magnetopause, while theonsets in the near-Earth magnetotail and the IMF variations
nightside magnetospheric responses can be monitored usirgduring double-onset substorms.

auroral and/or magnetic measurements on the ground as well

as other conjunction probes. From 02:50 UT to 03:50 UT on i

16 July 2008, two pairs of consecutive Pi2 bursts occurred si2  Data presentation

multaneously at the THEMIS ground magnetometers. Mean—2 1 Ground magnetic measurements
while, four THEMIS probes were in the dayside except the ™

THEMIS-C probe in low orbit moving into the nightside. g 1 shows the locations of THEMIS ground observato-
THEMIS-A, THEMIS-D and THEMIS-E probes were orbit-  (ja5 marked with an asterisk and four INTERMAGNET sta-

ing in the afternoon sector and the THEMIS-B probe, pro-yjong marked with a plus sign. Figure 2 shows the time series
vided the IMF measurements at XGSM25.0Rg, ina dis- 4t the H- and D-components from high to low latitude sta-

tance upstream of magnetopause that left little uncertainty ag,g along the East Coast of North America from 02:50 UT

to arrival time. The geostationary satellites GOES 11 andy g3:50 UT on 16 July 2008. One can see that there were
GOES 12 were moving in the dusk sector and in the pre<, pi2 pursts successively occurring at 02:54 UT, 03:05 UT,

www.ann-geophys.net/29/591/2011/ Ann. Geophys., 29,691-2011
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Mid-L stations 16 July 2008
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Fig. 3. In the same format as Fig. 2, except for the niidtations neaf. = 4.

03:28UT and 03:44 UT, respectively. By comparing to the at GBAY (CGM lat. 60.6) has a weak one at the F1 and
INTERMAGNET magnetograms shown in the later section S1 onsets. For the F2 onset, the H-component at KUUJ first
during the time of interest, one can see that two Pi2 pairdluctuated without a clear magnitude change and then had
occurred in two distinct periods of aurora-related electro-negative bay-like perturbations after 03:07 UT. In contrast,
jet activations corresponding to two consecutive substormsGBAY and CHBG sensed the weak negative bay-like pertur-
each having double onsets. Hence, the letter F denotes thegations after the F2 onset. The H-component at DRBY and
first substorm and the letter S the second substorm in thi€ OYS initially had weak negative bay-like perturbations and
study. Moreover, for each substorm, two consecutive onsetpositive bay-like ones 3 min after the F2 onset. As for the
are marked with a serial number. The vertical dashed lineS2 onset, the magnitude of the H-component at three low-
denotes each onset. In this study, the time separation bdatitude stations tended to slightly decline. At KUUJ and
tween Pi2s is~11 min for the first substorm and16 min GBAY, the H-component became enhanced prior to the S2
for the second substorm, respectively. The separation besnset and then had weak negative bay-like perturbations after
tween the F2 and S1 burstsi23 min. The detailed descrip- 03:46 UT. Hence for each substorm, the magnitude of the H-
tion of THEMIS ground observatories and instrumentationscomponent becomes more enhanced at lower latitude stations
is given by Russell et al. (2008) and accessible at the websitat the first onset than at the second onset. In addition, the
(http://themis.ssl.berkeley.edu/instrumgmags.shtml H-component at higher latitude stations has a more clearly
One can find from F|g 2a that in contrast to the posi_ negative bay than that at lower latitude stations. As for the
tive bay-like fluctuations at CHBG (corrected geomagnetic D-component in Fig. 2b, the Pi2 amplitude at KUUJ and
(CGM) latitude 59.4), DRBY (CGM lat. 54.4) and LOYS ~ GBAY became larger than that at other low-latitude stations.
(CGM lat. 50.3), the H-component at KUUJ (CGM lat. Moreover, the D-component at KUUJ and GBAY has a more
66.9) has a clearly negative bay-like perturbation and thatclearly negative bay than that at other low-latitude stations.

Ann. Geophys., 29, 59841, 2011 www.ann-geophys.net/29/591/2011/
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Wavelet transformation of H comp. at THEMIS stations along east coast
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Fig. 4. The wavelet transformation of the H-component at the THEMIS ground stations along the East Coast of North America from
02:50 UT to 03:50 UT on 16 July 2008. The vertical dashed lines denote ground Pi2 onsets.

These magnetic disturbances resemble the ones affected lmpmponent at PINA initially fluctuated and then had a weak
the downward field-aligned current in the right wing of the positive magnetic bay. PGEO sensed the wave-like perturba-
substorm current wedge (e.g. Sakurai and McPherron, 1983J}ions without any clear magnitude change. GBAY had wave-
Thus, these ground observations signify the occurrence of théke perturbations accompanied by a decline in background
downward field-aligned current linking to the westward elec- magnitude after the F1 onset. As for the F2 onset, both
trojet in the auroral ionosphere as those during substorms. GBAY and CHBG have negative bays in contrast to PGEO
To verify the above inference, we also examined the(CGM lat. 59.2) and PINA (CGM lat. 60.9) with positive
ground magnetometer data at the niidtations. In the same ones. After the S1 onset, the H-component at CHBG and
format as Fig. 2, Fig. 3 shows the time series of the H- andGBAY has a more clearly wave perturbation than PGEO and
D-components at the mid-stations neal. = 4. Note that  PINA. But as for the S2 onset, four ground stations appear to
the PINA data is from the CARISMA array, the instrumenta- simultaneously sense a very weak but clear fluctuation. It is
tion details of which can be found in Mann et al. (2008) and noteworthy in Fig. 3b that the D-component at GBAY has a
on the websiteHttp://www.carisma.ca As for the F1 on-  negative bay-like perturbation but a positive one at PINA, lo-
set, CHBG recorded a strong positive magnetic bay in thecated westward in a longitudinal separation from GBAY, for
H-component different from three other stations. The H-each substorm. This indicates that the upward field-aligned

www.ann-geophys.net/29/591/2011/ Ann. Geophys., 29,691-2011
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Wavelet transformation of D comp. at THEMIS stations along east coast
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Fig. 5. In the same format as Fig. 4, except for the D-component.

current is located near PINA during the formation of the sub-In contrast, the power enhancements at KUU3(6.50) ex-
storm current wedge (SCW) confirming the SCW formation tend over a broader frequency than those at other stations.

occurring at each Pi2 onset. On the other hand, Fig. 2 shows that for each Pi2 burst along
the East Coast the waveforms at KUUJ=£ 6.50) seem out
2.2 Spectral analysis of phase with those at the stations at lower latitudes. But

from GBAY (L =4.16) down to LOYS [ = 2.48), their
Since the spectral analysis of Pi2 bursts at the stations in thevaveforms are almost in the same phase. The detailed Pi2
same meridian can provide the information on their sourcephase relationship can be clearly discerned from the wave-
mechanisms and location, we turn to perform the waveletform comparison after removing the ambient magnetic field.
transformation of consecutive Pi2s at the THEMIS obser-These Pi2 phase relationships can also be seen in the wave-
vatories along the East Coast of North America during theform comparison shown in Figs. 6 and 15. It is well ac-
time of interest in this subsection. Figure 4 shows thecepted (e.g. Olson, 1999, and references of therein) that the
wavelet transformation of the H-component from 02:50 UT H-component of the ground magnetometer can sense the
to 03:50 UT on 16 July 2008. There are four clear power en-compressional component of fast mode waves propagating
hancements for each station with the same frequency bandcross the ambient magnetic field to the Earth without any
around 0.01 Hz (corresponding to the period 100 s) in Fig. 4.

Ann. Geophys., 29, 59841, 2011 www.ann-geophys.net/29/591/2011/
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phase change. Moreover, fast mode waves can be trapped i  Along-east-coast stations 1 minDIv 16 July 2008

T T T T T T T T lﬂ‘l T T T T T T T T T
the magnetospheric cavity and result in a cavity resonance i‘i./\ , ' ©
- 2 W
KUUJ

with 180 of phase change in the H-component from high
to low latitudes across the plasmapause footpoint (see Lin et

\

al., 1991; Cheng et al., 1998). The dominant frequency of _ i i f

. . L2 gay VA /
the H-component at five stations along the East Coast merid2 [ "L/ A
ian is the same as that of the compressional component fok | ‘m \Y

| ™

a fast magnetospheric cavity mode. The dominant frequency” wvw L %waw W \
is close to the second harmonic frequency of plasmaspheric [ orav="{ / [V / | /2™ oFe
cavity mode reported by Takahashi et al. (2003). The discus- '
sion of why our interpretation of the wave mode is different
from theirs is left to a later section. Moreover, one can find
from Fig. 4 that the distribution of power enhancements at
DRBY (L =2.96) and LOYS { =2.48) is more centered

at the frequency~0.01Hz than that at KUUJL(= 6.50),
GBAY (L =4.16) and CHBG [ = 3.87) spreading to less
than 0.01 Hz. This implies that Pi2s at DRBYX £ 2.96) and
LOYS (L =2.48) can be dominantly fast magnetospheric
cavity resonances but those at KUUD £ 6.50), GBAY

(L =4.16) and CHBG [ =3.87) may be a mixture of fast
magnetospheric cavity resonance and shearéhlfinodes

as Itonaga and Yumoto (1998) suggested. In the same for-
mat as Fig. 4, Fig. 5 shows the D-component. One can see

from Fig. S that for the first Pi2 pair, the power enhance- gig ¢ (a)The H-component at the THEMIS ground stations along
ments of D-component at KUUJ seem to have a broader anghe East Coast of North America for the F1 and F2 bursts on 16 July
higher frequency band than those at low latitudes. Except foro08. The blue trace denotes the F1 burst and the red trace the F2
GBAY having the dominant frequeney0.01 Hz, the power  burst. The blue horizontal line denotes the distinct wave period of
enhancements of D-component of four other stations at th¢he F1 burst and the red horizontal line the F2 buistin the same
second onset seem to expand to lower frequency band in adormat as(a), except for the D-componenfc) In the same format
dition to the dominant frequency band at the first onset. ButaS(d), except for the S1 and S2 bursigl) In the same format as
for the last pair, the power enhancements of D-componenfC): except for the D-component.
seem to be unchanged at the frequen®/01 Hz except for
KUUJ (L = 6.50) having a broader and higher frequency
band at the first onset than that at the second onset. The conmg to 16.6 mHz) less than that of the F2 burgt6 s (cor-
parison of Fig. 5 with Fig. 4 shows that the pulsation powerresponding to 15.1 mHz). For four other stations, the dis-
enhancements after the F1 and S1 onsets appear to be intiact wave period of the F1 burst 1884 s (corresponding to
broad band with a centered frequency~e®.01 Hz but the  11.9mHz) close to that of the F2 bursB0s (correspond-
dominant frequency band is less than 0.01 Hz for the F2 andng to 11.1 mHz). As for the D-component of the first sub-
S2 onsets. storm shown in Fig. 6b, the waveform of the F1 burst at
To further verify the findings from the wavelet transfor- KUUJ becomes more perturbed with high frequency than
mation, we have compared the waveforms of the two Pi2that of the F2 burst. For the F1 burst, the waveform at GBAY
bursts for each substorm. After removing the ambient mag{ooks monochromatic in contrast to those at four other sta-
netic field, each pair of Pi2 bursts are compared over a timdions bearing irregular ones. As for the F2 burst, KUUJ and
interval of 12min. Fig. 6 shows the waveforms of H- and GBAY sensed clear waveforms but three other stations still
D-components for each pair. For each substorm, the waverecorded irregular ones. At KUUJ, the distinct wave period
form of the second burst is shifted right to let its first peak of the F1 burst is~90s (corresponding to 11.1 mHz) less
align with that of the first burst. The blue trace denotes thethan that of the F2 burst108 s (corresponding to 9.2 mHz).
first burst and the red trace the second burst, respectivelyror four other stations, the distinct wave period of the F1
The vertical line denotes the adjacent amplitude peak of H-burst is~108s (corresponding to 9.2 mHz) less than that
and D-components and the horizontal line the distinct waveof the F2 burst~144 s (corresponding to 6.9 mHz). One
period of each burst, respectively. For the first substorm incan see from Fig. 6¢ and d that the H- and D-components
Fig. 6a, the waveform of the H-component at KUUJ looks of the S1 and S2 bursts have Pc-like waveforms except for
like broad band perturbations different from those at otherKUUJ sensing damped perturbations. For the H-component
stations having monochromatic-like ones. At KUUJ, the at KUUJ, the distinct wave period of the S1 bursti§0s
distinct wave period of the F1 burst is60s (correspond- (corresponding to 16.6 mHz) less than that of the S2 burst
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~96 s (corresponding to 10.4 mHz). For four other stations,2.3 INTERMAGNET magnetograms
the distinct wave period of the S1 bursti§g4 s (correspond-
ing to 13.5 mHz) the same as that of the S2 burst. As for theSince the THEMIS keograms were not well suited for sub-
D-component at KUUJ, the distinct wave period of the S1 storm characterization during the time of interest, we turn to
burst is~132 s (corresponding to 7.5 mHz) less than that ofthe INTERMAGNET magnetograms at auroral latitudes to
the S2 burst~156s (corresponding to 6.4 mHz). For four determine whether aurora-related electrojet activations oc-
other stations, the distinct wave period of the S1 burst iscurred at each ground Pi2 onset in this subsection. Fig-
~84 s (corresponding to 11.9 mHz) the same as that of theure 7 shows the X- and Z-components at BLC (CGM lat.
S2 burst. As a result, the waveform comparison of H- and73.#, long. 328.9), IQA (CGM lat. 72.%, long. 14.7),
D-components at each burst is consistent with the findingd=CC (CGM lat. 68.4, long. 333.4), NAQ (CGM lat. 65.6,
from the wavelet transformation. This shows that the domi-long. 42.6), and FRD (CGM lat. 485 long. 358.8) from
nant frequency band of ground Pi2s at the first onset become82:30 UT to 04:00 UT, respectively. Since RANK (CGM
higher than that at the second onset for each substorm. It ikt. 72.3, long. 335.9) is close to BLC, the X- and Z-
well known that nightside Pi2 waves excited by the impulsive components at RANK are also shown in Fig. 7 for com-
source in the magnetotail can propagate across the magnetparison. The locations of five INTERMAGNET observato-
spheric cavity in fast modes and along the geomagnetic fieldies are shown on Fig. 1. For detailed instrumentations of
lines to the ground in shear ABn modes (e.g. Cheng et al., the INTERMAGNET observatories we refer to the website
2004, 2009a, b). Hence, the dominant frequency of groundhttp://www.intermagnet.oljg The dashed vertical lines de-
Pi2s depends on their source location and traveling path thatote ground Pi2 onsets. One can see from Fig. 7a that the
is determined by the cavity size, the length of the field linesX-component at FCC started to decrease and at FRD, to in-
and the plasma density in the magnetosphere. In other wordgrease at-02:54 UT. Later, the X-component at NAQ first
their source location at the first onset can map to the Earth atlecreased prior to those at BLC, RANK and IQA sharply
lower latitudes than that at the second onset. dropped at~03:28 UT. But FCC and FRD observed en-
According to Russell (2000), reconnection at the near-hancedX at the same time. At03:44 UT, the X-component
Earth neutral point in the closed field in the plasma sheetappeared to clearly decrease at BLC, RANK and IQA in con-
leads to the first onset. Later, the second onset results frortrast to other stations. Figure 7b shows that the Z-component
reconnection at the near-Earth neutral point progressing fromat NAQ decreased prior to those at FCC and FRD declined
the closed field lines of the plasmas sheet onto the opemt ~02:54 UT. The decrease ifi at FCC further intensified
field of the lobes due to the unchanged pressure between thet ~02:57 UT. Subsequently, the Z-component at FCC de-
closed field lines in the plasma sheet and those in the taitreased prior to the declines of NAQ and FRD-@3:04 UT.
lobes. It is possible that the source for the first onset couldn contrast, at that time, BLC and RANK sensed a strong
be closer to the Earth than that for the second one. Fast waved enhancement. A#+03:25UT, the Z-component at FCC
and shear Alfén waves can result from magnetic reconnec-increased and those at NAQ and FRD decreased. These fea-
tion at the near-Earth neutral point. Since the plasmapaustures further intensified at03:28 UT while BLC observed
is not a fixed boundary, not all fast waves from the tail arean enhanced. Finally, the Z-component at BLC declined
trapped in the plasmaspheric cavity. For the first onset, fasbefore 03:44 UT, followed by slight enhancements at IQA
waves bouncing between the near-Earth neutral point and thand FCC. These INTERMAGNET observations suggest that
Earth can be transmitted through the plasmapause at a nodee westward electrojet first activated over FCC at the F1
to excite a magnetospheric cavity resonance mode duringnset as evidenced by the decrease in the H-component at
their duration time. But for the second onset, shear &ifv 02:54 UT. A subsequent decrease in the H-component ob-
waves bouncing back along the open field lines in betweerserved at FCC revealed a further intensification of westward
the auroral ionosphere and the tail lobes can drive field lineelectrojet occurred at03:04 UT. There was an additional
oscillations over the duration of their source. Reconnectionactivation over BLC and RANK occurring further poleward
can cause the field line configuration and magnetospheriat ~03:08 UT. While a second positive H-component excur-
cavity size to change more drastically than the plasma dension and related D-component signatures at lower latitude at
sity. Owing to the unchanged plasma density on the path 0/~03:28 UT appear to be consistent with a second substorm
the Pi2 waves, their frequency can be dominantly affected byonset, one may argue that it could be a simple intensification
the cavity size and the field line length. The frequency of theof the westward electrojet portion of the original wedge seg-
cavity-mode Pi2 is higher than that of the shear Ahwaves  ment, the onset of which was02:54 UT. TheX andY polar-
as the cavity size is less than the field line length. This mayities and magnitudes at FRD (Y-component not shown in this
be the reason why the dominant frequency of ground Pi2s astudy) for the~02:54 UT onset and the03:28 UT intensi-
the first onset can be higher than that at the second onset. fication look similar to those in Fig. 2, indicating they take
place in roughly the same longitude range. Further inspec-
tion of the NAQ magnetogram suggests the westward elec-
trojet much further east intensified-a03:28 UT, one would
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expect that the wedge westward electrojet occurred at the latfhus, four aurora-related westward electrojets occurred in
itude of the original onset and intensified some distance poletwo distinct periods in which the first one is related to the
ward afterwards. Moreover at the S1 onset, the X-componentirst substorm and the latter the second substorm, identified
at BLC and RANK decreased. The Z-component at BLC from variations of the AL index shown in the later section. To
increased and that at RANK initially increased and then deustify our argument of two double-onset substorms, we note
creased. This suggests that the westward electrojet is close the observations on the websitettp://aurora.iar.nagoya-u.
BLC and expands equatorward toward RANK. As for the S2 ac.jp/southpoléthat auroral breakups with expansion move-
onset, the X-component at BLC decreased and that at RANKments (not shown in this study) occurred over the South Pole
increased. The Z-component at BLC decreased prior to that each Pi2 onset. According to Rostoker (2002), the char-
S2 onset and that at RANK decreased with a larger magniacteristic feature of auroral breakup after substorm onset is
tude post the S2 onset. This indicates that the westward ele@ brightening accompanied with both poleward and equator-
trojet is at higher latitude than BLC and expands equatorwardvard movements. In contrast, there is a tendency in Fig. 7
toward RANK. for the aurora-related westward electrojet at the first onset to
Without comparison to two discrete pairs of Pi2s simul- appear at lower latitude than that at the second onset for each
taneously occurring at lower latitudes, one may have a viewactivation period. This feature is consistent with the findings
that these four onsets are simply a continuation of the subby Cheng et al. (2005) with the meridian scanning photome-
storm that started at02:54 UT, and the activity occurs at ter data. Namely, the above tendency in the INTERMAG-
the poleward edge of the (already) expanded auroral bulgdNET magnetograms justifies the inference on the source sites

www.ann-geophys.net/29/591/2011/ Ann. Geophys., 29,691-2011
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19:00LT. Also, GOES 12 orbited into the pre-midnight sec-
tor in the time corresponding to 21:30LT to 23:00LT. The
detailed locations of GOES 11 and GOES 12 can refer to
Fig. 8. In Fig. 8, the dashed trace denotes the nominal mag-
netopause for reference. Their magnetic data with a time
resolution of 0.512s are used to compare to ground obser-
vations. The magnetic field at GOES 11 and GOES 12 is
defined as:Hp, perpendicular to the satellite orbital plane
(or parallel to the Earth spin axis in the case of a zero-
degree inclination orbit)He, perpendicular tdHp and di-
rected earthward; andn, perpendicular tddp and directed
eastward. From Fig. 9, one can see that magnetic distur-
bances at GOES 11 and GOES 12 simultaneously occurred
atthe F1 and S2 onsets. As for the F2 onset, magnetic distur-
bances first appeared in thn component and later simul-
taneously intensified in the three components at both GOES
satellites. For the S1 onset, one may argue that the magnetic
variations seen by both GOES satellites around the onset time
are not discernible from the background level. By close in-
spection, one cannot deny there were clear wave-like per-
turbations in the three components at GOES 12 in contrast to
those in theHeandHn components at GOES 11. The vertical
dashed lines in Fig. 9 denote the onset time of ground Pi2s.
The top three panels of Fig. 9 show that magnetic distur-
bances at GOES 11 varied with a larger magnitude at the sec-
ond onset than that at the first onset for each substorm. From
Fig. 9d—f, one can note that GOES 12 observed two strong
magnetic fluctuations like substorm-related dipolarizations at
the F1 and F2 onsets. As for the last two onsets, the magnetic
field at GOES 12 seems to have larger amplitude of wave-
like fluctuations as expected to be affected by the SCW at
the S1 onset than that at the S2 onset. Figure 9f also shows
that the magnitude of thelp component at GOES 12 was
enhanced at a time delay to the first onset and was sustained
throughout the end of the second substorm time. Hband

Hn components varied simultaneously with each Pi2 onset in
Fig. 9d and e. One can also see from Fig. 9b and e thatthe
component had a wave-like fluctuation after each Pi2 onset.
Except for the F2 onset at GOES 12 shortly followed by a de-

Fig. 8. The locations of THEMIS-A, THEMIS-D, THEMIS-E,
GOES 11, GOES 12, and CLUSTER 4 in G$8) X-Y and (b) X-Z crease irHn, the magnitude of theln component increased
coordinates from 02:50 UT to 03:50 UT on 16 July 2008. The four after three other onsets. According to Sakurai and McPher-
THEMIS ground stations at mid and the nominal magnetopause ron (1983), theHn or east-west component increases in the
(dashed trace) are marked for reference. west side of the upward field-aligned current in the left wing
of the SCW and decreases in the east side. Hence, magnetic
disturbances at geostationary orbit resemble the one affected
of two Pi2 bursts for each substorm through the spectral analpy the upward field-line current in the left wing of the SCW.
ysis in the aforementioned subsection. These observational results are consistent with the above in-
ference on the SCW formation using ground magnetometer
2.4 Geostationary observations data during the time of interest.
In this subsection, we examine if the magnetic variations af-2.5 Energetic particle injections
fected by the SCW formation occurred at geostationary orbit
at the onset time of ground Pi2 bursts. From 02:30UT toFrom Fig. 9b and e, one may note that at the S1 onseHithe
04:00 UT, GOES 11 moved from the afternoon sector intocomponent at GOES 11 and GOES 12, had Pc-like fluctu-
the dusk sector in the time corresponding to 17:30LT toations and not impulsive substorm-related ones. One may
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Fig. 9a, except for GOES 12. The vertical dashed lines denote ground Pi2 onsets.

argue that they can be induced by the convective electroensets was stronger than that at the F1 and F2 onsets. The
jets flowing from dawn toward midnight. In this subsec- delay time for S1 and S2 is shorter than that for F1 and F2.
tion, we further scan the energetic particle measurements biikewise, Fig. 11 shows that the enhancement of energetic
THEMIS probes to see if there was other supporting evi-ion fluxes followed by the onset of ground Pi2s. For the en-
dence for the SCW formation, such as energetic particle in-hancement in the energetic ion fluxes, the delay time at F1 is
jections from the magnetotail at each onset. From Fig. 8,~5 min longer than~3 min for the energetic electron fluxes.
one can see that except for THEMIS-A in the afternoon sec-By contrast, the energetic ion flux first appeared at THEMIS-
tor, THEMIS-D and THEMIS-E moved close to the pre- D at~03:00 UT and spread to THEMIS-E &03:05UT and
dusk flank from 02:50UT to 03:50UT. Figure 10 shows thento THEMIS-A at~03:07 UT. Atthe F2 onset, THEMIS-

the spectral plots of energetic electron fluxes detected byD detected a stronger intensity-a03:07 UT that was simul-
THEMIS-A, THEMIS-D and THEMIS-E. In the same for- taneously observed by THEMIS-E and THEMIS-A with a
mat as Fig. 10, Fig. 11 shows energetic ion fluxes. Note-delay time~2min. As for the S1 and S2 onsets, the en-
worthy in Fig. 10, the energetic electron fluxes become en-ergetic ion fluxes seem to increase prior to the ground Pi2
hanced after each ground Pi2 onset. Upon close inspectiomgnsets. This may be due to the late energetic particle flux
the first two enhancements in the energetic electron fluxes arenhancements caused by the first substorm. Consequently,
almost simultaneously observed by THEMIS-D, THEMIS- THEMIS-D first observed four consecutive enhancements of
E and THEMIS-A at~02:57 UT with a delay time~3 min energetic electron fluxes and later they were subsequently
from the F1 and F2 onsets. The enhanced flux intensityseen by THEMIS-E and THEMIS-A. Since energetic particle
seems the largest at THEMIS-D, moderate THEMIS-E andinjection is a well-known signature for substorm onset (e.g.
the smallest THEMIS-A. The flux intensity at the S1 and S2 Baker et al., 1996), their source can be substorm-related and
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Fig. 10. Energetic electron injections observed by THEMIS-A, Fig. 11. In the same format as Fig. 10, except for energetic ion
THEMIS-D and THEMIS-E probes from 02:00 UT to 04:00 UT on injections.
16 July 2008. The vertical dashed lines denote ground Pi2 onsets.

CGM longitude 310 by the upward field-aligned current.
located at the near-Earth magnetotail. These THEMIS probeas for the F2 onset at 03:08 UT, the magnetic vortex pat-
observations indicate that for the two pairs of onsets, magtern becomes the one dominantly affected by the downward
netic disturbances at geostationary orbit can be affected byield-aligned current. The top right panel of Fig. 12 shows
the SCW formation resulting from energetic electron injec- the magnetic vortex pattern at the S1 ons€8:29 UT like

tions similar to those at substorm onsets. the one dominated by the upward field-aligned current. As
. . o for the S2 onset at 03:45UT, the magnetic vortex pattern
2.6 Horizontal magnetic variation vectors does not seem strong compared to those at three other on-

sets, but does resemble the one affected by the downward
To justify the link of ground Pi2s to the SCW formation, we field-aligned current. As a result, the plots of the horizon-
have plotted the horizontal magnetic variation vectors con-tal magnetic variation vectors once again manifest that, for
sisting of H- and D-components, removed from their 12 min this event, the ground Pi2 onsets are closely tied to the SCW
running means, sensed by all the available THEMIS obserformation.
vatories to simulate the equivalent current vector like those
adopted by earlier studies (e.g. Glassmeier, 1987; Untied2.7 Hodogram analysis
and Baumjohann, 1993). Figure 12 shows the horizontal
magnetic variation vectors in corrected geomagnetic latitudeEarlier studies (e.g. Lester et al., 1983, 1984, 1989) sug-
versus corrected geomagnetic longitude at each Pi2 onsegested that mid-latitude Pi2s have the characteristic polar-
The black circles denote the locations of the ground stationsization pattern affected by the SCW formation. In this
The dot-centered circle denotes the assumed location of theubsection, we have performed the hodogram analysis of
upward field-aligned current and the cross-centered circle th&HEMIS Pi2s at midL at a longitudinal separation to fur-
downward field-aligned current. At 02:55UT (correspond- ther verify their link to the SCW formation. The ground
ing to the F1 onset), there are two magnetic vortex patterndrodogram includes the perturbed H- and D-components. The
of which the first located at CGM lat. 60.@nd CGM lon-  hodogram pattern is identified as clockwise (CW) polariza-
gitude 360 resembles the one affected by the downwardtion and counter-clockwise (CCW) polarization along the di-
field-aligned current and the other about CGM lat. 8&0d rection of the ambient magnetic field. Figure 13 shows the
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Pi2 onsets on 16 July 2008. The dot-centered circle denotes theig. 13. The hodogram of four Pi2 bursts at four midTHEMIS
assumed location of the upward field-aligned current and the crossstations. The asterisk denotes the starting point. CCW denotes
centered circle the downward field-aligned current. counterclockwise polarization.

wave polarizations at the mifl-THEMIS stations at four dif-  Pi2 bursts. The horizontal solid (dotted) line marks the
ferent longitudes. At the top of each hodogram column istime interval of growth (decay) in AL magnitude. The first
the corrected magnetic longitude of the nlidFHEMIS sta-  growth began at+02:54 UT and continued te03:14 UT fol-
tions. One can see from Fig. 13 that the wave polarizationowed by decay te~03:22 UT. The second growth was from
is CCW at the midL stations for each Pi2 burst. Moreover, ~03:22UT to~03:38 UT and then decay from03:38 UT
their polarization pattern is the same as one another and pde ~03:48 UT. In other words, there are two similar variation
larized with the direction of the major axis toward the SCW cycles of growth-to-decay for both periods. According to
center. These observational results are consistent with Fig. Rostoker (2002), a substorm activity can be recognized from

of Lester et al. (1984). the growth and subsequent decay of the AL index. Hence,
a pair of ground Pi2 bursts occurring in a cycle of growth-
2.8 AL index and IMF observations to-decay in the AL index can be regarded as two onsets in

a single substorm. By mapping the Pi2 onset timing to the
To verify if four consecutive onsets are correlated with onesatellite observations, one can find from Fig. 14 that the IMF
another in a series and externally triggered, we have alswariations in the upstream region shiftecrtd AU appear to
looked at the AL index provided by the World Data Cen- be the same as observed by THEMIS-B during the time of in-
ter for Geomagnetism at Kyoto University in Japan and theterest. Since the magnitude of the INBf; stayed around 4 nT
IMF observations just in front of the Earth’'s magnetopause.larger than that of the IMIB; less than 2 nT, the IMF clock
Figure 14 shows the AL index, the IMF clock angle, the IMF angle remained low, 9Qat each onset. Itis worth noting that
By, and the IMFB; sensed by the ACE satellite in the up- in Fig. 14d and g, there are two distinct IMF variation cy-
stream region shifted to the location of the Earth~dtAU cles of north-to-south and north again for both double-onset
(corresponding to XGSM-17.0Rg) and by THEMIS-B at  substorms. For the first variation cycle, the IMF remained
XGSM ~25.0Rg from 02:00UT to 04:00UT on 16 July horizontal until 02:35UT and afterwards turned southward
2008. Details of instrumentation and measurements of théhrough the F1 onset and then had northward turning prior to
fluxgate magnetometer on board THEMIS-B can be foundthe F2 onset. As for the second variation cycle, the S1 and
in Auster et al. (2008). In this study, growth and decay S2 onsets occurred as the IMF stayed south and followed by
mean decrease and increase in the AL index, respectivelya northward turning. The growth in AL magnitude prior to
From Fig. 14a, one can see two distinct periods of AL varia-S1 began right at the end of decay in AL magnitude after
tions of growth-to-decay during the occurrence time of four F2. This may be due to a short excursion time of the IMF
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turning northward. Without comparison to AL, one may ar- set is~9 min. Since the solar wind speed wa§70 kms!

gue that the IMF variation cycle for the last two onsets canduring the time of interest, the IMF propagation time from

be described as south-to-north and then south. According td HEMIS-B at XGSM~25.0Rg to the Earth’s magnetopause

Russell (2000), double substorm onsets can occur when this ~3 min. In other words, the time interval10 min of the

IMF undergoes a variation cycle of north-to-south and northIMF turning southward is not longer thanl2 min to sup-

again. Moreover, the first onset appears in a period time aftepress the S2 onset. Hence, it is plausible that the S2 onset

the IMF switches to south from north. Hence, we suggest thecan be explained by the Russell (2000) model.

IMF variation cycle for S1 and S2 to be north-to-south and According to Russell et al. (2003), the maximum recon-

north again. nection rate can occur for a low clock angle that is away from

due south. In addition, Grocott et al. (2005) reported Super-

As for the AL variation shown in Fig. 14a, one may note DARN observations of the nightside ionospheric flows as a

the lack of a subsequent growth after the S2 onset opporesult of reconnection in an asymmetric tail under influence

site to the enhanced growth post the F2 onset. Moreover ipf IMFE By. Hence with mapping of the Pi2 onset timing,

Fig. 149, the IMF sensed by THEMIS-B has been southwarcthe observational results at the subsolar magnetopause and

for ~10min prior to the S2 onset in contrast to the case of THEMIS-B suggest that double-onset substorms can be ex-

the F2 onset with a relatively short time that can be not longternally triggered in association with the IMF variations.

enough to inhibit the further onset. One may hereby argue

that the S2 onset could be not the Russell-model type. Lyons

et al. (1997) suggested that the mean delay time between

magnetopause contact and an IMF trigger and substorm on-
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Fig. 15. The waveforms at the THEMIS ground stations along the East Coast of North America for four Pi2 bursts compared to magnetic
fluctuations sensed by GOES 12 and CLUSTER 4 satellites. The solid traces denote the H-component at the THEMIS ground stations. The
dot-dashed trace denotes tHp component at GOES 12. The dotted and dashed traces denddg_B8E and Bz GSE components at
CLUSTER 4, respectively. The vertical dashed lines denote the most same peaks in the waveforms seen by the THEMIS ground stations
along the East Coast.

3 Discussion the link of ground Pi2s with other substorm signatures in the
nightside magnetosphere. Thus by adopting multipoint ob-
servations by the THEMIS mission, the present study is more

As mentioned in the introduction, previous studies by Chengcomprehensive than early studies examining the relationship

et al. (2002a, b) discovered the association of substorm onpetween multiple onsets of nightside substorm-related distur-

sets with the IMF variations by using only consecutive Pi2 hances and the IMF variations. More importantly, the 16 July
bursts. For a typical substorm process in the near-Earth mag008 event demonstrates an unprecedented global picture of
netotail as Baker et al. (1996) pointed out, the SCW forma-the dynamic process of two double-onset substorms in re-

tion, auroral breakups and magnetic bays at high latitudes argponse to two distinct IMF variation cycles of north-to-south
the common hydromagnetic disturbances in addition to Pi2and north again.

pulsations. More ground and space observations (e.g. Mishin

et al., 2001; Cheng et al., 2005) demonstrated that night- In this study, two pairs of Pi2 bursts appeared simul-

side disturbances can have two or more onsets during a sultaneously at the available THEMIS ground observatories
storm sequence. However, these early studies did not havigom 02:50 UT to 03:50UT on 16 July 2008 (see Figs. 2—

well-coordinated measurements for further verifications of3). Based upon the same dominant frequency band from
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Fig. 16. Waveforms for the mid: stations neal. =4. Comments of caption to Fig. 15 apply.

the wavelet transformation and the same wave phase amortgrval and amplified 50 times for the first three bursts and
THEMIS ground stations, four Pi2 bursts are identified as100 times for the last burst. For each Pi2 burst along the East
a fast magnetospheric cavity mode and not as a plasmaszoast, the waveforms at KUUL & 6.50) seem out of phase
pheric cavity mode. To further justify the above inferences,with those at the stations at lower latitudes. From GBAY
we have also performed the waveform comparison at the stalL. = 4.16) down to LOYS ( = 2.48), their waveforms are
tions around the East Coast of North America by removingalmost in the same phase.

the ambient magnetic field. Likewise, the magnetic fluctu- Like the waveforms at KUUJI( = 6.50), the magnetic

ations sensed by GOES 12 and CLUSTER 4 satellites uctuations at GOES 12 seem out of phase with those at the

included to compare to those at the ground stations. Fig-,_.. )
: stations at lower latitudes for the most same peaks of each
ure 15 shows the waveforms of H-component (solid trace)

. ~’ground Pi2 burst. Moreover, for the F1 burst, magnetic fluc-
at the ground stations along the East CoastHp&ompo tuations at GOES 12 had a period-eP4 s from 02:55UT

nent (dot-dashed trace) at GOES 12, andBRESSE(dot- "> 58 T Jook like those at KUUJL(= 6.50). But for

ted trace) an@z GSE(dashed trace) components at CLUS- the F2 burst, KUUJL = 6.50) observed the same higher fre-

TER 4. The vertical dashed lines denote the most same peaks f . lsati . L h
in the waveforms at the ground stations along the East Coasguency of magnetic pulsations occurring 2 min prior to those
at GOES 12 from 03:09 UT to 03:12 UT. The dominant pe-

Note that the amplitude of Pi2s_ atkuul €6.50)is 8 .times iod of ground Pi2s is~100 s and the location of GOES 12 is
larger than those at Iovv_er Iantudes. The magneyc data} aéeyond the nominal plasmapause. Since the pulsation ampli-
GOES 12 are low-pass filtered with running mean in 40 s N~ des at KUUJL = 6.50) are much larger than those at lower
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Fig. 17. Waveforms for the lowL stations. Comments of caption to Fig. 15 apply.

L stations, their source can be located at the magnetotail baitive Pi2 bursts for this event can be a fast magnetospheric
yond the plasmapause. Moreover like those at GOES 12, theavity mode.

EV;\:JOI;Z]: diLErLljl’[-:foge:a??(?v)\/gresetgiggzre'Ipr{ei;u;(ragigr;witsh During the time of interest, CLUSTER 4 was located at
' about (-13.0,—-12.0, —11.0)Rg in GSM coordinates cor-

consistent with the broader frequency extent of the power ; ; . i
enhancements at KUUL (= 6.50) than other lowet. sta- responding to be in the south lobe (see Fig. 8 for the loca

tions (see Figs. 4-6). In the same format as Fig. 15, Figs. lémns). The magnetic data at CLUSTER 4 are low-pass fil-

and 17 respectively shows the waveforms of H-componentered with & frequency less than 25 mHz. From Fig. 15, one
at the midZ stations neal. =4 and the lowL stations. By can find thaBy GSEand Bz GSEcomponents have wave-

contrast, the waveforms of Pi2s at midand lowL stations like fluc'tuatlons.at eqch ground Pi2 onset. By contrast, the
fIL{ctuatlon amplitude in thBy_GSEcomponent seems larger

are almost in the same phase as those along the East Co%ﬁan that in theBz GSEcomponent. The trend of the fluc-

except for PINA ( =4.02) and RMUS [ =2.91) having rﬁuation amplitude in thd8y_ GSE component looks similar

a_shorter period f_or the F1 burst only. These are consiste {0 those on the ground. Since CLUSTER 4 was closer to
with the observational results by Cheng et al. (2009a), thadawn than to midnight. one mav arque that it can be af-
THEMIS Pi2s have the characteristics of the fundamental gnt, y arg

: . . fected by the large scale convection electrojet in the morn-
magnetospheric cavity mode resonances witlf X8(phase . .
change from high to low latitude across the plasmapause (seI([:‘1g sector. We found that the IMAGE magnetometer stations
Lin e?al 19919 Chena et al. 1998 ZOOO)pHencep Consecyvere close to the meridian of its footpoint. Via the website

N ' 9 N ' ' ’ (http://Iwww.geo.fmi.fi/imagg one can see that the 1U index
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(corresponding to AU) had the wave-like variations similar to we suggested. The other difference is that their phase rela-
those seen by THEMIS stations at each Pi2 onset. Their amtion is determined by comparison of one ground station to
plitudes are also smaller than those of THEMIS Pi2s. Thissingle-satellite observations rather than using more ground
suggests that their sources can be located around midniglitata from an array like the THEMIS observatories. Moreover
and not dawn. SincBy_ GSEandBz GSEcan represent the from Figs. 16 and 17, one can see that the magnetic fluctu-
transverse and compressional components respectively, thaions at PINA £ =4.02) and RMUS [ = 2.91) look like
wave-like magnetic fluctuations in the south lobe can be fieldthose seen by CRRES in space and not sensed by Kakioka
line oscillations in the mode of shear Aéfa waves drivenby (L = 1.26) on the ground. As for these similar magnetic
fast waves resulting from the impulsive source in the near-perturbations at THEMIS ground stations, the waveform and
Earth magnetotail. For this event, the duration of groundwave period~29 s of the pulsations at PINAL(= 4.02) are
Pi2s is about 6-12 min longer than the travel time betweerclose to those seen by GOES 12 but different from those at
the auroral ionosphere and their presumed source site in thRMUS (L = 2.92) with a shorter period-14 s. This implies
magnetotail. It is well known (e.g. Russell and McPherron, that some higher frequency pulsations are not global phe-
1973) that the near-Earth impulsive source in the magnetotaihomena and may be caused by other localized sources. Thus
can be as close asl0 Re from the Earth. If the Alfén speed  for lack of satellite observations in the inner magnetosphere,
is ~1000 km s, the travel time between auroral ionosphere it remains unknown why Pi2 bursts for this event occur in
and the presumed source site could be 2—-3 min, much lesa different wave mode from those studied by Takahashi et
than 6—12 min determined from the duration time of groundal. (2003).
Pi2 bursts. For example in Fig. 2b, the D-component at Moreover, the mapping of ground Pi2 onset timing to the
GBAY apparently shows the longest duration timé&2 min IMF observations shows that they successively appear in a
at the S1 onset and the shortest esfémin at the S2 onset. pair under two variation cycles of north-to-south and then
Thus, shear Alfén waves bouncing back along the open field north (see Fig. 14). The wavelet transformation of H- and
lines in between the auroral ionosphere and the tail lobes caB-components at the stations along the East Coast of North
drive field line oscillations to form standing waves in the du- America shows that the dominant frequency band of the first
ration time of their source. Since the plasmapause is not &i2 onset seems higher than that of the second onset for each
fixed boundary, not all fast waves from the tail are trappedsubstorm (see Figs. 4-5). According to Russell (2000), the
in the plasmaspheric cavity. During their duration time, fastinterplay between near-Earth and distant neutral points in
waves bouncing between their tail source site and the Eartlthe magnetotail can lead to two onsets as the IMF under-
can be transmitted through the plasmapause as a node to egees a single variation cycle of north-to-south and to north
cite a magnetospheric cavity resonance mode. Hence, it iagain. The first onset occurs when the IMF turns southward
reasonable to infer their source location with frequency com-for a time period and reconnection at the near-Earth neutral
parison of both Pi2s for each substorm. point first begins on closed field lines within the plasma sheet
In this study, the wave period of Pi2s can be identified with which can map to lower latitudes below the auroral zone. The
a time interval between the most similar adjacent peaks in thether onset commences when the IMF has northward turn-
H-component seen by ground stations along the East Coasitag and the near-Earth neutral point reaches the open flux
In addition to the distinct Pi2 period shown in Fig. 6, one can of the tail lobes mapping to higher latitudes over the auroral
find from Fig. 15 that they are about 60s, 72s and 84 s forzone. This suggestion is consistent with the INTERMAG-
the F1 burst. For the F2 burst, the wave periods are abouNET magnetograms on 16 July 2008 that aurora-related elec-
845s,90s, 102 s and 108 s. The wave periods of the S1 burstsojet at the first onset occur at lower latitudes than those for
are about 74 s, 84s, 90s and 102s. For S2 burst, the wavhie second onset in each cycle (see Fig. 7).
periods are about 74 s, 78 s, 84 s and 108 s. Statistically, their For this event, no observations in the inner plasma sheet
wave periods are 7@+12.0s for the F1 burst, 96+10.9s are available for testing the inference from ground obser-
for the F2 burst, 854+11.7 s for the S1 burst and 85+ vations that at the second onset magnetotail reconnection
15.2 s for the S2 burst, respectively. Despite having no fixedreaches the lobes. One may argue that two pair of Pi2 bursts
discrete periods, they are consistent with the conclusion frontan be associated with four substorms and not two double-
the wavelet transformation shown in Figs. 4-5 that the samenset substorms instead. According to Rostoker (2002), sub-
dominant frequency band is centered at 0.014200 s). storm activity can be recognized from the growth and sub-
According to Takahashi et al. (2003), two harmonic fre- sequent decay of the AL index. Hence, we examine the AL
quencies of Pi2s are-7mHz (~142.8s) and~12 mHz index to see if there is the geomagnetic activity in response
(~83s) with comparison of the ground data at Kakioka to the dynamic change resulting from magnetic reconnection
(L =1.26) to the CRRES observations around the plasma-at the near-Earth neutral point during successive substorms.
pause. Although the second harmonic frequency is the samlt is noteworthy in Fig. 14a that there are two similar varia-
as the one sensed by THEMIS ground stations, Takahashi éion cycles of growth-to-decay and growth again right after
al. argued that they result from plasmaspheric cavity resothe beginning of the decay for both periods. Since the on-
nances and not from a fast magnetospheric cavity mode aset of the second growth is close to the beginning of decay,
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they can be regarded as double onsets in a single substormd. Summary and conclusion
Namely, the second growth can be interpreted as a signature
of magnetotail reconnection reaching the lobes. Hence, thi©n 16 July 2008, four successive Pi2 bursts occurred si-
further justifies that four Pi2 bursts can be regarded as thenultaneously at the ground-based observatory system for
occurrence indicators of two double-onset substorms. the THEMIS mission. Wavelet transformation shows a new
Alternatively, theHp component at GOES 12 moving in characteristic feature that for each pair at high latitudes the
the pre-midnight sector was enhanced after the F1 onset andominant frequency band of the first burst becomes higher
was sustained through the S2 onset (see Fig. 9f). These maghan that of the second one. But at low latitudes, their
netic disturbances at geostationary orbit are different fromdominant frequency band appears to be unchanged. Both
the other types of geomagnetic activity in relation to the cur-pairs predominantly result from fast magnetospheric cav-
rent disruption. Without in-situ observations tailward of geo- ity waves and with the second burst also containing shear
stationary orbit, we cannot rule out the possibility that the Alfvén waves. INTERMAGNET magnetograms at auroral
current disruption could occur elsewhere and not be seen biatitudes showed magnetic variations affected by two recur-
GOES 12 during the time of interest. For the F1 and F2 on-rent electrojets for each pair. The ground-based magnetome-
sets, however, ground Pi2 waveforms clearly appeared prioters and geostationary orbit sensed magnetic perturbations
to enhancedHp variations sensed by GOES 12 (see Figs. 9fresembling the ones affected by the SCW formation. For the
and 15) affected by the SCW formation. For the two pair two pairs of onsets, four consecutive enhancements of ener-
onsets, THEMIS-D orbiting to the dusk flank first detected getic electron and ion fluxes first were detected by THEMIS-
four consecutive enhanced energetic electron and ion fluxeP situated in the dusk flank and then subsequently seen by
that later measured by THEMIS-E and THEMIS-A in the THEMIS-E and THEMIS-A in the afternoon sector. The
afternoon sector (see Figs. 10-11). Moreover, the horizonhorizontal magnetic variation vectors, consisting of H- and
tal magnetic variation vectors showed the patterns resemb-components, had the vortex patterns similar to the ones
ble the ones dominantly affected by the upward field-alignedinduced by the upward and downward field-aligned currents
current at the first onset and by the downward field-alignedduring substorm times. The hodogram at nligitations had
current at the second onset for each substorm (see Fig. 12 polarization pattern consistent with the one induced by the
The hodogram of THEMIS Pi2s at mid (see Fig. 13) substorm current wedge for each Pi2 burst. These observa-
and geostationary observations verify the SCW formation.tions display two recurrent occurrences of double-onset sub-
These observational results, consistent with the early studgtorms.
by Glassmeier et al. (1988), also suggest that the magnetic In the meantime, the THEMIS-B probe at XGSM
enhancements at geostationary orbit and on the ground can25.0Rg on the sunward side of the magnetosphere ob-
be caused by the SCW formation. According to Shiokawa etserved the same two IMF variation trends with a low clock
al. (1998), the SCW formation can be due to braking of fastangle as those in the upstream region shifted to just in front
flows or bursty bulk flows resulting from magnetic recon- of Earth’'s magnetopause. The mapping of ground Pi2 on-
nection in the near-Earth magnetotail. Recently, Kepko etset timing to the IMF observations shows their double re-
al. (2004) showed that the onsets of both nightside Pi2 pul-currences under two variation cycles of north-to-south and
sations and magnetic bay variations were simultaneous witthen north. The wave-like magnetic fluctuations observed by
auroral brightening. They argued that these are driven by th€LUSTER 4 in the south lobe and expected to be driven by
flow bursts in the magnetotail. near-Earth reconnection, look similar to ground Pi2 wave-
Since the duration of fast flows is a few minutes, Kan forms. In short, this THEMIS event study reveals the plau-
(1998) proposed a globally integrated substorm model insible link of two recurrences of double-onset substorms to
which fast flows are driven by patchy-bursty 3-D reconnec-magnetotail reconnection externally triggered by IMF varia-
tion that appears to be more likely a natural mode of spon-ions.
taneous reconnection in the magnetotail than single X line
steady 2-D reconnection. However, we do not find suchAcknowledgementsThe THEMIS data were obtained via
stochastic behavior. To explain the double-onset observacDAWeb and AIDA at NCU, Taiwan. The CARISMA magne-
tions, Russell (2000) improved the near-Earth neutral pointometer array is operated by the University of Alberta, funded by
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