Ann. Geophys., 27, 2192204 2009 ~ "*

www.ann-geophys.net/27/2191/2009/ G An n_ales
© Author(s) 2009. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

In-situ observation of ULF wave activities associated with substorm
expansion phase onset and current disruption

J. Liang®2, W. W. Liu %, E. F. Donovar?, and E. Spanswick

1Space Science Branch, Canadian Space Agency, St-Hubert, Quebec, Canada
2Department of Physics and Astronomy, University of Calgary, Calgary, Alberta, Canada

Received: 15 October 2008 — Revised: 8 April 2009 — Accepted: 8 May 2009 — Published: 13 May 2009

Abstract. In this paper we present two substorm eventswaves are typically representative of the plasma instability
with coordinated ground-based and in-situ THEMIS obser-modes responsible for transient magnetospheric reconfigura-
vations, and focus our interest on the wave activities in Piltions, among which the substorm expansion phase (EP) on-
and Pi2 bands from minutes before the substorm expansioset and the accompanying current disruption (CD) process
phase (EP) onset to minutes after the local current disrupare outstanding examples. Magnetic field fluctuations with
tion (CD). We find that Pi2 band (40-100s) wave appearswide frequency range during substorm intervals have been
1-2 min before the substorm onset and last over the entiréinvestigated by many researchers based upon different space-
EP interval, while higher-frequency wave within Pil band craft measurements and analysis approaches (Holter et al.,
(10-30s) emerges within few tens of seconds after the ERL995; Lui and Najmi, 1997; Sigsbee et al., 2002; Shiokawa
onset, intensifies during the local CD, and fades afterwardset al., 2005; Saito et al., 2008a, b; Lui et al., 2008). As a
The pre-onset Pi2 waves are attributed to a ballooning modenethodological preparations as well as noteworthy predeces-
which acts as the seed perturbation to the substorm EP orsors to this study we refer the readers to Holter et al. (1995)
set process. The azimuthal wavenumber estimated from thand Saito et al. (2008a, b) for an example of the use of
Doppler shift nature of the ballooning mode is consistentwavelet analysis on a time-frequency decomposition of ULF
with the longitudinal “wavelength” inferred from the onset wave components, and the efforts to discern observed wave
auroral structures. The Pil waves appearing within few tensomponents in terms of known plasma modes. The elec-
of seconds after the EP onset are interpreted as supportive afic/magnetic field oscillations with period 45-65 s observed
a two-fluid instability mode of thin current sheet investigated during the most active period of a substorm EP are inter-
in an accompanying paper (Liu and Liang, 2009). During preted as standing Alénic modes trapped in an equatorial
the local CD, broadband wave activities from Pi2 band tocurrent layer (Holter et al., 1995). On the other hand, one
well above the ion gyrofrequency are observed, suggestingpecific type of Pi2 waves at60 s period emerging 1-3 min
the coexistence of various plasma instabilities featuring dif-prior to the EP onset was suggested by Saito et al. (2008b)
ferent frequency ranges. as a manifestation of ballooning mode which was dubbed by
many as the candidate instability leading to substorm EP on-
set (Pu et al., 1997; Erickson et al., 2000; Cheng, 2004). The
other major classes of the onset-related instability, the cross-
field current instabilities (CCIs) (Lui et al., 1991) are kinetic

in nature and characterized with frequency range between the
ion gyrofrequency and the lower hybrid frequency; therefore
in a typical thin current sheet configuration the CCIl wave

Qltrzzlow frequenc;y l(UILF) V\/tqves havet Ionr(]; pee?] re_COg'oband is largely above the Pil range. Arnoldy et al. (1998)
nized as an essential element In magnetospheric pnysics. |Hvestigated the Pil band waves/pulsations from space and
global scales the waves provide a key link between differ-

nt maanetosphericlionospheric regions: on local le th round observations; in many events they identified an abrupt
€ aghetosphericiionospheric regions, on local scale tensification of Pil waves from GOES measurements in

conjunction with the start of the local dipolarization. In an
Correspondence tal. Liang event study Lessard et al. (2006) found that the observed
BY (jliang@phys.ucalgary.ca) Pil waves at GOES are compressional in nature and thus
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presumably a fast mode. The existence of Pil wave activi{o investigate the ULF wave activities during substorm EP
ties accompanying the local CD process were also revealednset and local CD. We then discuss the nature of the ob-
in many other above-cited studies, though their theoreticakerved wave modes with different time-frequency character-
interpretation remains somewhat lacking so far. istics and their possible interaction with the local current
While the above studies unambiguously revealed the abunsheet. In particular, the Pi2 band (40-100 s) wavésnin
dance of ULF wave activities at Pil/Pi2 bands in a sub-preceding substorm EP onset is attributed to the ballooning
storm onset process, some deficiencies in their experimentahode (Cheng, 2004; Saito et al., 2008b), while the Pil band
approaches prevented the clarification of the characteristi¢10—-30s) waves intensifying in close conjunction with EP
wave modes in more detail. For example, (a) in many of theonset and local CD are consistent with the theoretical pre-
above studies there is none or only low-resolution global au-diction of a two-fluid MHD instability mode of thin current
roral observations such that the substorm EP onset, which isheet recently studied by Liu and Liang (2009).
a key epoch in the entire disturbance, could not be properly
determined with requisite precision. It is common that the
local CD recorded by a single satellite, contingent upon its2 THEMIS observations
location with respect to the place of onset, lagged the initial
EP onset by several minutes; such time delay can signifiThe main instruments used in this study are the THEMIS
cantly affect the interpretation of the observed wave modeground-based all-sky imager (ASI, see Mende et al., 2008 for
i.e., locally excited or remotely triggered through propa- locations and instrumental details) and the Fluxgate Magne-
gation; (b) There is no spatial and propagational informa-tometer (FGM, see Auster et al., 2008) as well as the Elec-
tion of the wave based solely upon single-satellite observatrostatic Analyzer (ESA, see McFadden et al., 2008) onboard
tions, limiting the efforts to characterize the wave mode andof the probes. Before delving into observations we briefly
compare with theoretical expectations (e.g., viz the disperexplain two key epochs repeatedly mentioned in this paper,
sion relationship). Saito et al. (2008a) proposed a MHD fit-the substorm EP onset and the local CD onset. The EP on-
ting method to estimate the propagational information basedaet (also known as “auroral” onset) is determined from the
upon single-satellite measurements, which only works forglobal auroral observation and identified as the initial bright-
frequency much lower than the ion gyrofrequency (valid for ening of an auroral arc; the local CD onset is marked by the
Pi2 band but questionable for Pil), and with assumption ofstart of a strong and abrupt magnetic dipolarization, typically
slow and incompressible ambient flows, which is likely vio- with >10nT change irB, (when the probe is off the neutral
lated during substorm EP intervals. sheet) within tens of seconds, accompanied with a substantial
Multi-satellite observations of ULF waves were imple- drop of total pressure.
mented successfully in the Cluster mission (e.g., see Vol-
werk, 2006). There is little doubt that the NASAs Time 2.1 13 March 2007 event
History of Events and Macroscale Interactions during Sub-
storms (THEMIS) mission ushered in a new era of substormDonovan et al. (2008) reported a small substorm event on 13
studies. While the primary objective of THEMIS mission is March 2007. This auroral breakup has a relatively smooth
a timing between the mid-tail disturbance (e.g., fast flows)start of intensification from 05:07 to 05:08 UT while the best
and the near-Earth disturbance (e.g., CD) in a substorm seestimation of the onset time is about 05:07:45 UT. The ini-
quence, THEMIS has another remarkable feature in that itial brightening occurred on the part of the growth phase arc
provides an unprecedented opportunity of coordinated in-siticlosest to a proton aurora arc. Azimuthal wave-like inten-
and ground-based observations of the seconds-scale dynarsification structure (longitudinal modenumbef20) arose
ics of substorm process, and thus is particularly suited for thealong the arc during the EP. THEMIS satellites were in the
study of ULF wave activity. In general, satellite observations coast phase during this event in a pearls-on-string formation
may Yyield the temporal characteristic such as wave frequencysee Fig. 1 in Donovan et al., 2008, for probe location). The
and growth rate (in terms of instability), while ground-based ESA was only operational at TH-A, the outermost of the
auroral observations with 3-s cadence not only provide thethree clustered probes D/B/AL{8.5), with unreliable ion
most accurate way of EP onset timing to establish a referflow data. The top three panels of Fig. 1 give the FGM mea-
ence epoch for the wave activity, but also have unmatchedurements from TH-D/B/A probes. The magnetic fields are
capability to provide the spatial structures, such as the lonplotted in VDH coordinates, where the H axis is antiparallel
gitudinal wavelength, of substorm intensifications (Liang etto the Earth’s dipole axis, the V-axis is radially outwards and
al., 2008). Global ASIs and multi-satellite conjunctions also is parallel to the magnetic equator, and the D-axis completes
complement each other to yield useful propagational infor-the right-hand orthogonal system. The CD is clearly man-
mation of the substorm disturbances (Donovan et al., 2008)ifested by a precipitous drop d@f, component on all satel-
As an illustration of the above-advocated research stratlites in a sequence BD-B->A. An abrupt decrease of total
egy, we will present in this paper two substorm events withpressure (bottom panel) was also seen on TH-A concurrently
coordinated in-situ and ground-based THEMIS observationsvith the B, drop at 05:08:45 UT, confirming a substantial
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Fig. 1. THEMIS observations for 13 March 2007 event. The first three panels give the magnetic fields in VDH coordinates from TH-D (red),
TH-B (green), and TH-A (black) probes. The 4th to 6th panels show the ion number density, ion temperature and total pressure on TH-A,
respectively.

reduction of cross-tail current intensity. This sequence was Since the main interest of this paper is the ULF wave ac-
examined by Donovan et al. (2008) in conjunction with the tivity in the Pil and Pi2 bands, we apply a Savitzky-Golay
ground ASls and found to indicate a dominantly radial prop-filter (Savitzky and Golay, 1964) to separate out the “ambi-
agation of CD fronts with an outward speede100km/s.  ent” field variation before the wavelet decomposition. Since
Panels 4 and 5 show the ion number density and temperthis procedure is applied throughout this study, we illus-
ature. It is interesting to note that, of all the macroscopictrate its use in Fig. 2. The observed magnetic field compo-
plasma parameters the ion temperature exhibits the most dyrents in shown in black lines, and the “ambient” field varia-
namic variations in 1-2 min prior to the EP onset and localtions obtained from 60-point (in 3-s data interval) Savitzky-
CD. It dropped from~3keV to slightly below 1keV after Golay smoothing are shown in green lines; their difference
05:06 UT, and rose back te5 keV after the local CD, in an is subject to a Morlet wavelet analysis for time-frequency
oscillatory pattern. decomposition shown in the scalograms. The procedure is

www.ann-geophys.net/27/2191/2009/ Ann. Geophys., 27, 212814-2009
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THEMIS—D B—field and Wavelet Scalogram

90 " " T -]
—~ 80— \m/\—\\f\/\j |
- C ]
= L |
& L M/\ ]
70— \/\,‘_\_\/\ ]
C WI\*‘
607 = 9
- -] .
10; i
@
o
Re) = —
5 L u
o - =
> - -
o = | —— =
100 F— —
- - 0.3
10— ey —
- ‘/"\V_,r\\ J
C / S VP R S
S S J =T ~3
< o= ]
= B \\«/\,\\\i\/ y -
om | —
_0k— ]
F ‘ : 7 6
- -] .
10; |
@
bl
Re) F -
5 L |
o | - —
o - -
m - -
100 — =
o i ‘ o2
10— A‘/\’\/ e T
C pAp NN a
= N ]
S ]
- L B
om | —
_0k— ]
F ‘ : 7 6
- - .
10; =S
=
- L "
° - o
@ L -
a |- -
- = =
m = |
100 F— -
, . . 0.2
0503 0506 0509 0512 0515
Time (UT)

Fig. 2. The figure is grouped int8,,, B; and B;, components observed on TH-D. In each group the upper plot shows the observed magnetic
field component (black), the “ambient” field variation (green) obtained from Savitzky-Golay smoothing. The bottom panel shows the wavelet
scalogram of the magnetic field components. Two vertical lines indicate the EP onset time and the local CD onset time, respectively.

equivalent to a high-pass detrending filter but in our expe- Figure 2 shows that after05:06 UT, ULF wave activity
rience works better in the presence of large-amplitude stepfirst enhanced at period range 60—-100s. Such gradual inten-
wise “jump” (i.e., the dipolarization) in the raw data. While sification occurred around 1 min before the substorm EP on-
there is no straightforward way to entirely separate the aliaset (first vertical line). Those Pi2 waves formed a continuous
of those transient “jumps” from the actual wave components,band lasting for many minutes, with strong intensification af-
the guideline applied throughout the study is: when in doubt,ter the local CD onset. Higher frequency components in Pil
check with the original data whether the “waves” are visually band emerged in conjunction with the substorm EP onset.
noticeable. Looking back into the original data we confirm those waves
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THEMIS—A Wavelet Scalogram 2007-03-13
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Fig. 3. Wavelet scalogram of the magnetic fields observed on TH-A. Two vertical lines indicate the time of EP onset and local CD onset
time, respectively.

are realistic since the small-amplitude oscillations at 10-202.2 13 February 2008 event

periods are obviously embedded in all magnetic field com-

ponents. Seen from the scalogramByf(azimuthal) compo-  The second substorm event of interest occurred around
nent, the Pil waves appear in a stepwise manner. Roughlg'07:00UT on 13 February 2008. During the event inter-
concurrent with the substorm EP onset, the upper frequencyal TH-A and C are on the dusk flankside magnetosphere,
band abruptly extended t00.05 Hz (20 s); while shortly af- and TH-B reside in the mid-tail/(~30) lobe. We shall fo-

ter the local CD onset the wave bands further extended tUs on two probes in the near-Earth plasma sheet, TH-D and
>0.1Hz. Those higher-frequency Pil waves, however, is in-E, Which were close to each other in terms of radial distance

termittent and shorter-lived compared to their Pi2 counter-While separated by0.9 R in azimuth (see the top of Fig. 6
part. for exact coordinates). The satellite geometry thus implies
Figure 3 shows the scalogram of TH-A magnetic field. that the time delay between TH-D and E we shall repeatedly
The overall pattern resembles that from TH-D, i.e., the lead-See in a few pieces of observations hints an azimuthal (west-
ing Pi2 band waves that appeared before to the onset andard) expansion of the onset-related instability.
lasted over the entire EP; the emergence of a higher fre- Figure 4 gives an overview of the event from auroral and
quency mode immediately after the EP onset and local CDMagnetic observations. The top panel is the keogram of
The only difference is that the CD onset lags that of TH-the THEMIS ASI, while the other three show the magne-
D by ~24 s and thus the appearanceﬁ_l Hz waves oc- tometer observations from Fort Churchill, Gillam and Rabbit
curred later according|y_ Another noteworthy feature is thatLake stations. This substorm event is not intense in terms of

the emergence of the60 s period waves is roughly concur- ground magnetic disturbances00 nT) but with very well-
rent with the ion temperature drop from ESA survey men- defined auroral breakup feature, with estimated onset time at

tioned above. 06:57:45:3 s from THEMIS ASI observations.

www.ann-geophys.net/27/2191/2009/ Ann. Geophys., 27, 2Z12814-2009
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Fig. 4. The first panel show the keogram of THEMIS GILL ASI; The rest panels shows the magnetograms from FCHU, GILL and RABB
stations. Black, green and red lines denote the H, D, and Z components of the ground magnetic field.

Figure 5 gives a series of selected images revealing thgitudinally wave-like aurora structures and their prominent
initial brightening and subsequent expansion of the substornwestward expansion. New structure appeared successively
aurora obtained from THEMIS ASI at Gillam. The iono- westto the previous one, hinting at a propagating wave mode
spheric footprint of TH-D and E estimated from Tsyganenko- associated with the substorm expansion. Little eastward ex-
89 model are also plotted for reference. The activation begampansion was found. The azimuthal “wavelength” estimated
on a preexisting arc at 66.8ILAT which had been slowly  from the longitudinal separation of the intensified structures
intensifying within a couple of minutes before the onset, re-is about 1.6—2.4MLON, or 70-105 km in terms of the spa-
flected in the ground magnetogram as a slow decrease of Hial distance. After 06:08:15 UT poleward auroral expansion
component since 06:55 UT. The major brightening began afas well as moderate eastward expansion began to develop.
ter 06:57:45 UT. In the typical of EP onset as illustrated in The poleward expansion was far from uniform along the ini-
Liang et al. (2008), the intensification quickly evolved into a tial breakup arc, instead, a segment longitudinally close to
number of azimuthally-spaced spots longitudinally centeredTH-D was first significantly elevated in latitude while the
about TH-D, which became quite visible at 06:57:54 UT. In rest only slightly broadened by 06:58:33 UT. Embedded az-
the following frames we provide the evolution of those lon- imuthal wave-like structures were still quite visible but with

Ann. Geophys., 27, 2192204 2009 www.ann-geophys.net/27/2191/2009/
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5930 U

Fig. 5. A series of auroral images showing the auroral breakup and expansion. The footprints of TH-D (eastern one) and TH-E are labeled
in asterisks.

somewhat larger wavelength as compared to, e.g., the prdahe disruption in the magnetosphere and the auroral breakup
vious 06:58:09 frame. The poleward expansion graduallyin the ionosphere) of1 min, the initial onset would be rea-
evolved westward toward TH-E; a distinct aurora bulge wassonably placed at~8 Rg. Although there is no distinct dif-
formed by 06:59 UT. Active intensification and overall ex- ference in terms of the start time of CD between TH-D and
pansion continue to proceed in the following minute and theTH-E, the rise ofB, is stronger and more abrupt on TH-D,
auroral bulge expanded beyond®@8LAT at 07:00 UT. while milder and more gradual on TH-E, implying that TH-
Figure 6 gives the in-situ observation from TH-D and E D_was presumably Ipcated closer to Fhe center of the current
probes. In this event the full set of THEMIS instruments disruption reglon_whlch can be pgrtlylnferred fromthe abqve
were operational, including FGM, ESA, and EFI. The first auroral ob§ervat|ons. The fo!lowmg f[hree panels give the ion
three panels give the magnetic fields. All satellites are soutt{OW Velocity. \We see no hint of either earthward or tail-
of the neutral sheet (sincB, <0). The local CD was ob- ward fast rovys prior to the onset. Together_wnh the ground
served on TH-D/E by a strong decreaseRyf| as well as the ASI obsc_ervgtlons that there was no dlscern.|ble poleyvard au-
total pressure (the 9th panel) &07:00 UT, about 2.2 min roral activation and/or streamer structure mlnutes_prlorto the
after the auroral onset. If we apply the outward CD propaga_breakup we conclude that thl§ substorm was not likely a con-
tion speed of~100 km/s estimated from the pervious event, S€duénce of reconnection-driven fast flows.
and assume an Al@énic travel time (i.e, the delay between

www.ann-geophys.net/27/2191/2009/ Ann. Geophys., 27, 212814-2009



2198 J. Liang et al.: ULF wave activities associated with substorm

m—g (=11.3,0.42,-3.23) (—11.4,0.30 —3.25) (—11.3,0.18,-3.25)
20
£ oF » { §
~ — / /\\/ \/\/ NN NV T
@ —20= / —

N A g

w
Bl M ‘ ]
—~ 10— _
- L i
;g B 12 Z \/\ \, /\/\1\/\ /\f\( WA W ‘J\\/\J\/W\Nv\ f,_/\\/“\/ “v\fwM/—«w««\,w-::
38 | -
10—

= N ”\N/\,JM
£ = I _/\W'J\]\l\/\/\ f\\/\lj\/\l\/\ﬁm" k‘/\/\"/_ﬂ\\/’\,w ]
8 ol _ -
8 * ; ‘ ‘ =
% 200 : —
i S W Y (1Y W
ek ——— ‘ ‘ ;
Q 200 — —
é o ?’\r VA ARA A AN SN Ay DA mm\w""‘ WA \JWWVWVN NURIIVO */"7{
2 —200 i— /\/VJ\/U\’J —i
1 — ;
3 200 — : Mk =
[ S—— WWMMMMMWW Y -
S -200 ; é
e | w i
[yl s .
£ 0.4 W J, .
; Z z j T OAMAYA A s M M.v ”\/“’W /\N “"WW
0.l ; | i
E 4 %‘A“”’NWWVW LA M AT P A y, ""/\WV WW\M/ oAy W‘\/v/v‘\VMV"\\I\IV\/\\M,M‘MJH-’\M\/"MM_Phh"%
L N

o
s e}

(@]
03

'MX

VSt DO A

I
4>

o
SN

;NWWW VWV\VMAWJ\ hy Wd\ \HM\M\/‘”’ VJV\ WVNN'W PN NSy

O

(E+ViXB)Y (mv/m) Piot (nPa)

|
~

0650 0655 Q0700 Q0705 0710 0715
Time (UT)

Fig. 6. THEMIS observations for 13 February 2008 event. From top to bottom are the three magnetic field components in GSM coordinate,
ion flow velocities in GSM coordinate, ion number, ion temperature, total pressure and the DSL-Y compoBent;of B from TH-D
(black) and TH-E (green) FGM, ESA & EFI observations.

Panels 7 and 8 give the ion density and thermal temper~06:57 UT the ion temperature dropped from 4 to 1 keV as
ature. We again see that in a couple of minutes prior toseen on THEMIS D, and restored te4 keV immediately
the local CD onset the most noticeable variation of plasmafollowing the current disruption at07:00 UT. The ion tem-
parameters comes from the ion temperature. Starting fronperature drop was also seen on TH-E but was less dramatic in
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Fig. 7. Wavelet scalogram of the magnetic fields observed on TH-D and E. Two vertical lines indicate the time of EP onset and local CD
onset, respectively.

www.ann-geophys.net/27/2191/2009/ Ann. Geophys., 27, Z1814-2009



2200 J. Liang et al.: ULF wave activities associated with substorm

THEMIS SCM Wave Power 2008-02-13 frequency above the ion gyrofrequeneyQ.5 Hz prior to the
2048 T T T local CD and~0.14 Hz shortly afterwards for this event), it
T 512k Il would be of particular interest to investigate the waves at
Z 1ogll Il such high frequency. The THEMIS searching coil magne-
i tometer (Roux et al., 2008) is capable of providing magnetic
SR 1 field fluctuations/waves up to 4kHz. The THEMIS FBK
i S Il dataset contains the post-processed wave power at 2, 8, 32,
2, i e T T 128,512, and 2048 Hz and is presented in Fig. 8. We see that
2048 - | | | | | - intensification of waves with frequeneyl Hz, together with
N o512k d the upper edge of Pil band (6-10s) shown in Fig. 7, started
Z iosll il only in the very vicinity of the local CD onset (within tens of
2 . I seconds), and disappeared after the large-amplitude dipolar-
i i il ization was over after-07:06 UT. The observations indicate
= that high-frequency instability such as the CCls might be a
2L ! ! L L ! i viable candidate for the CD excitation, but is only a local and

0654 0657 0700 . 0703UT 0706 0709 0712 immediate process with little spatial propagation; otherwise
ime (UT) one would expect to observe the waves at times other than
the local CD, as a remotely propagated effect from other CD

Fig. 8. THEMIS SCM measurements of the high-frequency wave ! . . . .
g 9 d y sources, which will be discussed in the next section.

power on TH-D (upper panel) and TH-E (bottom panel).

the drop level and lagged that on TH-D, again hinting a west-3 Discussion
ward propagation effect. The bottom panel shows the elec-

tric field in the plasma frame of referend€+u; x B, which  Through two substorm events with coordinated ground-
would be zero in the ideal MHD approximation. Only the Y- pased and in-situ observations, we have identified a few key
component in a despun satellite (DSL) coordinate is showngeatures of ULF wave activities a few minutes before and af-
which is approximately along the GSM-Y direction during ter the substorm EP onset and local CD. We revealed that a
the event interval. It is interesting to note that, concurrentpis pand wave (40-100s) usually appears 1-2 min before the
with the ion temperature drop there is a substantial wave-likesypstorm EP onset, while higher-frequency wave, nominally
deviation from the frozen-in-flux condition. The observation gt pi1 pand (10-30's), emerge within few tens of seconds af-
indicates the presence of non-MHD process minutes prior ter the EP onset and intensifies during the local CD. Those
the local CD. features are repeatable in many of substorm events we sur-

Figure 7 gives the wavelet scalogram of the FGM data forveyed (e.g., Liu et al., 2008). The readers are also referred
TH-D/E. The results show an overall similarity to Figs. 2 and to Lui and Najmi (1997) and all events presented by Saito et
3. Around 06:57UT1 Pi2 band at period 40—60s emergesal. (2008a, b) to see similar features, e.g., the leading Pi2
mainly on theB, (and weaker orB;) component, hinting waves and intermittent Pil waves accompanying the local
that the wave is likely Alfénic in nature. We notice again CD. This paper, in conjunction with a number of other re-
that the initial enhancement of the Pi2 wave activity waslated studies by Liu et al. (2008); Liu and Liang (2009), and
close in timing to the commencement of the ion temperatureLiang et al. (2008), is part of our efforts to thread all the key
drop effect but preceded the EP onset and local CD. Highewave characteristics, in-situ and ground observed, toward a
frequency component at20 s period quickly emerged sub- synthesis of plasma wave modes responsible for the substorm
sequently, almost concurrent with the EP onset on TH-DEP onset and local CD.

and a few tens of seconds later on TH-E as seen omBthe  The Pi1 band waves arising with the substorm EP onset
component. We look back to Fig. 6 and confirm conspic- and local CD coexist with the Pi2s but exhibit totally differ-
uous wave oscillations appearing @ component at the  ent temporal behavior. Examining the spectrum we can first
EP onset. Even higher frequency component at pefibds  e|iminate the possibility that the Pil is merely a high-order
emerged in conjunction with the local CD. Similar to the pre- harmonics of the Pi2, for otherwise they must have similar
vious event we again notice that the waves at Pi2 range Wergsmporal pattern which is patently not so. We then elimi-
more continuous and long-standing, while the waves at Pilnate the possibility that the observed Pil wave is merely a
range were more intermittent and shorter-lived. Doppler-shift of the preexisting Pi2 band; for otherwise the

The FGM data used above are limited by the spin-Pil would replace the Pi2 as the main band. All evidences
resolution and thus the wave analysis is subject to a Nyquistincontrovertibly suggest that the Pil and Pi2 bands are char-
frequency 1/6 Hz. Since the CCls (Lui et al., 1991), anotheracteristic of fundamentally different plasma wave modes ini-
main branch of onset instability candidate, are featured withtiating at different stages of a substorm.
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The wave activity of our interest starts with the appear-flow «, on both TH-D and E is stable at 4G km/s from
ance of Pi2 band 1-2 min before the substorm EP onsetESA measurements. We thus obtain an estimation of 1750—
In event 1 with multi-satellite geometry an “inside-out” se- 2700 km as azimuthal wavelength. We estimate the longi-
quence of substorm expansion and waves was unambiguudinal mapping factor as°421100 km based upon the T-89
ously identified (Donovan et al., 2008). In event 2 we do hotmodel according to the actual satellite positions. The above
have any evidence of fast flows prior to the onset either. Thisvalues well match the longitudinal wavelength 1.6°2r¢
leads us to believe that the waves stem from internal instaferred from ground ASI observations at around 06:58 UT in
bility. The emergence of Pi2 band waves a few minutes be-event 2, with a nominal Alfénic transit lag of~1 min. The
fore the substorm dipolarization onset was at times reveale@onsistency suggests that the longitudinal wave-like struc-
from the GOES measurements (Holter et al., 1995; Arnoldytures during the initial auroral brightening as a common fea-
et al., 1998). Pi2 waves at60s period 1-3min prior to ture reported by Liang et al. (2008) are possibly manifesta-
the substorm EP onset were also identified from GEOTAILtions of the growth of a ballooning mode. A more general
measurements by Saito et al. (2008b), and proposed as thaurvey of similar events with conjugate ground-based and in-
manifestation of the ballooning mode. In the following dis- situ THEMIS observations is undergoing and will be the con-
cussion we shall follow this notion, although we admit that tents of future publication. We realize though, there are other
there are other Pi2 generation sources, particularly after theandidate mechanisms to account for the quasi-periodic au-
EP onset when the Pi2 band noticeably broadened, such asraral structures. For example, the large-sale auroral spirals
standing Alf\enic mode trapped within current sheet (Holter (A~100—400 km, see Murphree et al., 1994) and small-scale
et al., 1995). Our observations are consistent with Saito etwroral curls x~1-8km, see Trondsen and Cogger, 1998)
al. (2008b) except that in their event$0 s period pre-onset were interpreted as the manifestation of a shear flow-related
waves are most prominent @ component since their event Kelvin-Helmholtz instability. We particularly note that the
selection criteria ensured that the satellite (GEOTAIL) is lo- wavelength range identified by Murphree et al. (1994) is on
cated very close to the neutral sheet, while in many THEMISaverage larger than, but certainly might overlap with, that
events the satellite is fairly off the neutral sheet such thatfrom our THEMIS onset observationg{40-130 km, see
the pre-onseB, waves become more pronounced, consis-Liang et al., 2008). We acknowledge that so far our identi-
tent with what would occur as a result of the Adfvic nature  fication of the ballooning mode is somewhat tentative, and
of the ballooning mode. The ballooning is in principle a cou- we do not deny the possibility of the K-H instability being a
pling between the slow mode (which releases the free energgandidate mechanism for the observed auroral structures. We
embedded in the plasma pressure distribution) and the she&ereby point to one other possibility that the K-H instabil-
Alfv én mode (which transfers the energy to the ionosphere)ity may coexist and couple with the ballooning to become a
In terms of the magnetic effect, the ballooning mode near‘shear flow ballooning mode” (Moronkov et al., 1997, 2000).
the equatorial highg plasma sheet acts to modulate the mag- The ballooning instability has been considered by a num-
netic field curvature and thus affect mostly tRg compo-  ber of researchers as the underlying mechanism of rapid thin-
nent, while remote effects via Alén waves and the accom- ning of the current sheet within the final minutes prior to its
panying FACs dominate away from the neutral sheet. Theredisruption (Liu, 1997; Cheng, 2004). Physical detail of such
fore one should expect that for satellite off the neutral sheeinteraction is not entirely clear so far. We showed in two
the B, component from in-situ observation best manifestedevents that the ion temperature underwent a precipitous drop
the Alfvénic nature of the ballooning mode and its interac- from 3-4 keV to~1 keV following the appearance of the bal-
tion with the local current sheet. Furthermore, owing to its looning mode. From our survey of THEMIS events we find
Alfv énic nature the ballooning mode may drive FACs (Pu etthat the ion temperature drop (ITD) minutes prior to the lo-
al., 1997) that possibly related to the very initial brightening cal CD onset is a common feature when the probe is at the
and structuring of the breakup arc. current sheet boundary. This feature is interpreted as an in-

As a low-frequency mode the ballooning “wave” observed dication of a dramatic current sheet thinning such that the
a satellite is typically a Doppler-shifted, wi~k,-u, in probe underwent a transition from the plasma sheet into the
the satellite frame of reference, whérgandu, denote the  boundary layer and/or the lobe. When the thinning proceeds
azimuthal wavevector and the ambient azimuthal flow, re-to the order of thermal ion gyroradius kinetic effects arise.
spectively. Under this notation Saito et al. (2008b) inferred The deviation from the frozen-in flux condition revealed by
the azimuthal wavelength of the ballooning mode to be 600-the bottom panel of Fig. 6 again gives clues that the current
3000 km, comparable to the ambient ion gyroradius. Inter-sheet has been thinned to an ion kinetic scale. We also note
estingly, Liang et al. (2008) using THEMIS ASI observa- that in event 2 a few negative wiggles on the Y-component
tions independently derived roughly the same wavelength esion flow u,, appeared after the arrival of the ballooning mode
timate. We shall test this correspondence in event 2 with ion(~06:57 UT) and maximized in magnitude at the local CD.
flow observations. On the first emergence of the balloon-Those negative excursions of are consistent with the in-
ing mode before 06:57 UT its frequency is centered at 50—cidence of a wave train of quasi-electrostatic electric field
60 as seen from Fig. 7; by that time the ambient aziumthalpointing towards the neutral sheet, forming out of a charge
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separation due to the ion demagnetization in an extremelyeral much slower. In both events reported (and also in many
thinned current sheet (e.g., Asano et al., 2003). The quasisimilar events form our survey) the Pil waves appear within
electrostatic wave is also frequently observed minutes beforéens of seconds after the substorm EP onset, indicating that
the local CD onset, and is proposed as a manifestation of théhe propagation delay from the onset location to the satellite
interaction between the kinetic ballooning mode and the lo-roughly matches the Alnic travel time to the auroral iono-
cal current sheet (Liu et al., 2008). A statistical study on thesphere. The local CD, however, is often observed as lagging
ITD effect, the quasi-electrostatic electric field, and their pos-the substorm EP onset by minutes (e.g., Liu et al., 2008). The
sible relationship to the ballooning mode from 20 substormobservations suggest that the tailward propagation of CD and
events are the contents of separate paper (Liang et al., 200%hat of the Pil waves must travel at different speeds. Assum-
Eventually, sudden collapse of current/magnetic field occurdng the wave and the CD are of the same origin (i.e., the on-
along a segment of the TCS which becomes unstable and iset place) and both propagate tailward, we have the following
subject to abrupt disruption, as a result of above interactiormathematical relationship,

process.

Recently, Liu and Liang (2009) applied the Hall-MHD (TPit=TEPO+TALt)*Vpir = (Teo—TepotTait)*Vep (@)
equation set to the perturbation of a one-dimensional equilibwhere Tpj1, Tcp denotes the arrival time of the Pil waves
rium thin current sheet (TCS), and investigated analyticallyand the CD from in-situ observation,, respectivellypo is
and numerically the eigenvalue problem, involving the fre- the EP onset time determined form the auroral observation,
quency, the growth rate, and the azimuthal waveve&tordf and Tay; is the Alfvénic travel delay.Vp;1 and V., denote
the instability mode of a TCS. They found that the instability the propagation speed of waves and the CD front, respec-
threshold is highly contingent upon of the profile (more ex- tively. We use TH-D observation in event 2 for sample cal-
actly, the second-order derivative) of the ion azimuthal drift culation. Seen from Fig. 5 that TH-D was located longitudi-
across the thickness of the TCS; the presence of a quasnally within the initial onset region as well as center of the
electrostatic E-field and/or a drop of ion temperature at thepoleward-expanding auroral bulge (disruption region) thus
current sheet boundary both make the TCS more prone to inkttle azimuthal propagation delay is expected (see discus-
stabilities. This two-fluid instability mode of Liu and Liang sion below). The local CD occurred at 07:00 UT while the
(2009) is characterized with period range 10-30's, well con-EP onset was at about 06:57:45 UT, seen fromBhe&om-
sistent with the observations presented above. We shall terrmponent scalogram the 15-25 s period waves appeared within
itas TCS mode hereafter. Such Pil mode is propagational; in~10 s after the onset. Assuming a typical valefgf =1 min
satellite observations it reveals themselves first as a remotelin the near-Earth tail, we obtain from Eq. (¥pi1~3Vcp.
propagated effect presumably from the onset origin, and thefThe wave propagation is thus much faster than the CD front
occurring in-situ when the local CD is excited. propagation. Using the valuB:p~100 km/s inferred from

The tailward propagating feature of the TCS mode is notevent 1, we may reasonably place the onset origltré R
handled in the current theory in Liu and Liang (2009) due and obtain a wave propagation speed-@00 km/s, compa-
to the neglect ok, (i.e., tailwise wavevector) for the sake of rable to other estimated rarefaction wave speed from theo-
mathematical simplicity. We however, speculate the possibil-ries and observations (Ohtani, 1993; Saito et al., 2008a). The
ity that when a TCS mode propagating outward from its ini- variability of Alfvénic travel time should not drastically alter
tial excitation region (i.e., the onset place) it may degeneratehe above estimation. An extension of the theoretical work
via mode conversion to other wave modes, which is essentiabf Liu and Liang (2009) to take into account finite will be
for these Pil waves to be remotely detected either earthwardarried out in the near future.
or tailward of the onset origin. For an earthward propaga- For the two events presented the probes under investiga-
tion one may expect that the Pil waves are coupled into dion were longitudinally close to the onset meridian as in-
fast compressional mode, which may account for the obserferred from the global auroral images. The scenario undoubt-
vations of Pil waves on GOES satellites at geosynchronouedly becomes more complicated for probes longitudinally
distance (Arnoldy et al., 1998). In an event study Lessard eaway from the onset sector such that the azimuthal propa-
al. (2006) provided evidences that the GOES Pil waves wergation effect may also play a role. In event 2 we have noted
compressional in nature. Similarly, it is reasonable to expecthat common wave bands aroun@0 s period were seen on
that those Pil waves may also couple to rarefaction wavesoth THEMIS probes, almost concurrently with the EP onset
during its downtail passage. It has long been speculatedn TH-D but obviously lagged on TH-E. For a more quan-
that the initial disturbance at the onset location emanates #tative estimation we cross-correlate the wave power be-
tailward-propagating rarefaction wave and produces a chaitween 0.05:0.01 Hz on two probes during 06:57-07:00 UT,
effect to make the downtail current sheet become more unand obtain a delay of33s from TH-D to E. TH-D and E
stable (Lui, 1991). However, while those waves may act asare separated mainly in Y-direction by0.9Rg; the small
a catalyst the successive evolution of the local current sheeget non-negligible tailwise separation.2 Rg) between the
and magnetic field structure towards eventual destabilizationprobes would contribute-4 additional seconds using the
which determines the propagation of the CD front, is in gen-above-estimated tailward propagation speed. We thus infer
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a duskward propagation speed-e150 km/s. Caution must 1. We confirmed the result of Saito et al. (2008b) on the
be taken in that the timing on the,-wave component can- emergence of Pi2 band waves 1-2 min prior to the sub-
not be used to estimate the azimuthal prorogation speed of  storm EP onset. Such waves were tentatively attributed
the wave itself, but more likely represent a spread speed of  to the ballooning mode that may act as the seed per-
the source of the wave. Coincidentally, Liu and Liang (2009) turbation leading to subsequent activities including the
predicted an azimuthal phase velocity of 100—200 km/s of the EP onset. In our scenario the ballooning mode interacts
TCS mode. While it is reasonable to conjure that the ob- with the local current sheet and aids in its extreme thin-
served duskward expansion of the Pil wave sources is partly  ning in final minutes before the local CD, with some
attributed to the azimuthal propagation of the TCS mode in salient symptoms such as the ion temperature drop at
our theoretical context, a direct comparison between them  the current sheet boundary (Liang et al., 2009) and de-
is unjustifiable from the methodology. Nevertheless, the in- viations from the frozen-in flux condition (i.e., ion de-
ferred azimuthal propagation speed of the CD or the TCS magnetization). The interaction makes the local current
mode are higher than that of the dipolarization at the geosyn-  sheet more prone to disruption.

chronous orbit{70km/s, see Liou et al., 2002). Their speed
difference leads to the prediction that for GOES satellites far
away from the onset sector the appearance of the Pil wave
may also precede by a couple of minutes the start of the local
dipolarization (Lessard et al., 2006), a timing sequence simi-
lar to what we obtained above from the tailward propagation
difference of the CD front and the Pil waves. The coinci-
dence again necessitates the use of global auroral images to

help distinguish the azimuthally and radially propagational 3. Pi1 band (10-30s) waves emerging shortly after the EP
effects in properly interpreting the in-situ observations (e.9.,  onset were attributed to the propagation effect of the
Donovan et al., 2008). TCS mode investigated by Liu and Liang (2009).

When the local CD takes place, the wave activity exhibits ) o
an overall intensification and goes up to the higher frequency 4- The Pil waves characteristic of the above TCS mode
range>0.1 Hz. Figure 8 shows that the waves were also en- ~ Were usually observed minutes prior to the local CD
hanced at frequency range well above the ion gyrofrequency. ~ ©NSet, implying that their tailward propagation speed is
However, waves at those higher frequency band is tied ex- ~ Much faster than the CD front.

clusively to the excitation of local CD, implying that they are g During the local CD, broadband wave activities spanned
only local process with little tailward propagation; otherwise from the Pi2 band to well above the ion-gyrofrequency.
one would expect to observe the waves at times other than e spectrum suggests the coexistence of various
the local CD, as a remotely propagated effect from the onset  pjasma instabilities with different frequency character-

origin, similar to the~20's period waves we analyze above. istics, e.g., ballooning, TCS mode, and the CCI, during

The overall spectrum becomes rather broadband during the  {he |ocal CD.

local CD, suggesting the possibility of plasma instabilities
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