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Abstract. Pi2s are a category of Ultra Low Frequency (ULF) 1 Introduction
waves associated with the onset of magnetic substorms. Re-
cent work has suggested that the deceleration of bulk plasmmnpulsive Ultra Low Frequency (ULF) waves have been
flows in the central plasmasheet, known as bursty bulk flowsclosely associated with the onset and development of mag-
(BBFs), are able to directly-drive Pi2 oscillations. Some netic storms and substorms for over 40 years (Jacobs et al.,
of these studies have further shown evidence that there i3964). Historically, impulsive ULF waves known as Pi2s,
a one-to-one correlation between Pi2 magnetic waveformsyith periods of 40-150s, have traditionally been used as in-
observed on the ground and periodic peaks in flow velocitydicators of substorm onset (e.g., Nose et al., 1998; Saito,
within the BBF, known as flow bursts. Utilising a favourable 1969; Saito et al., 1976). In this paper we concentrate on
conjunction between the Geotail spacecraft and the Canathe potential process or processes driving impulsive Pi2 ULF
dian Array for Real-time Investigations of Magnetic Activity waves during substorms, a topic which is still being debated
(CARISMA) magnetometer array on 31 May 1998, we ex- (e.g., Chi et al., 2001; Kepko and Kivelson, 1999; Keiling
amine the causality of the link between BBF flow bursts andet al., 2006; Rae et al., 2006; Uozumi et al., 2000). In gen-
Pi2 waveforms. Using a series of analytical tests in both theeral it is believed that Pi2s are related to a disturbance in the
time and frequency domains, we find that while the Pi2 andnear-Earth plasmasheet which subsequently leads to the for-
BBF waveforms are very similar, the ground response formation of the substorm current wedge (SCW) (McPherron,
this event occurs prior to the observed flow enhancements i1979). The initial plasmasheet disturbance generates a field-
the magnetotail. We conclude that during this specific casealigned current (FAC) system which closes in the ionosphere
study the temporal variations of the flow bursts within the and enables substorm dipolarisation through the diversion of
BBF are not directly-driving the observed ground-based Pi2the cross-tail current system, established by the reflection of
waveforms, despite the fact that a visual inspection of bothAlfv én waves from the ionosphere. These waves are seen
time-series might initially suggest that there is a causal relaas Pi2 waveforms superposed on magnetic bays observed on
tionship. We postulate that rather than there being a directhe ground (e.g., Olson, 1999, and references therein). A
causal relation, the similar waveforms observed in both Pi2sompressional disturbance may also propagate away from
and BBFs may result from temporal variations in a commonthe source in the magnetotail and generate Pi2 phenomena
source for both the BBFs and the Pi2s, such as magnetic rén the ionosphere. These may include contributions to Pi2s
connection in the tail, this source modulating both the Pi2in the form of field line resonances on the flanks, plasmas-
and BBF at the same frequency. pheric cavity modes, as well as a contribution from the initial
formation of the SCW (see e.g., Olson, 1999, and references
Keywords. Magnetospheric ~ physics ~ (Magnetosphere- therein).
ionosphere interactions; Magnetotail; Storms and sub- e y|F waves responsible for the generation of the SCW
storms) FAC system are believed to be the dominant source of Pi2s
observed at mid- to high-latitude magnetometer stations. In
this scenario the initial FAC is established by an &lfmvave
which propagates to the ionosphere, and is reflected, perhaps
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1999). If the plasmasheet disturbance is large enough, théow braking in the inner magnetosphere due to an increase
existing cross-tail current is diverted along field lines into in magnetic pressure caused by the increase in the strength
the ionosphere, and subsequently the SCW is observed axf the Earth’'s magnetic field as flows propagate toward the
a large-scale night-side current system. Any impedanceEarth (e.g., Haerendel, 1992; Shiokawa et al., 1997).
mismatch between the ionosphere and the current carrying Kepko and Kivelson (1999; also see Kepko et al., 2001)
Alfv én wave may then cause a partial reflection to occur, withhave suggested that high-speed earthward plasma flows may
the wave bouncing along field lines between the ionosphereapidly decelerate in the dipolar region of the Earth’s magne-
and plasmasheet leading to the characteristic periodic and deesphere and that the deceleration of temporal variations in
caying structure of the Pi2 (Olson, 1999). However, Kepkothe flow velocity are responsible for directly driving the Pi2
et al. (2001) suggested that during periods of quiet geomagwaveforms observed on the ground. By comparison of time-
netic activity the night-side ionospheric conductivity may be shifted FB earth-ward velocity time-series and Pi2 wave-
sufficiently low that any impedance mismatch between theforms, Kepko and Kivelson (1999) and Kepko et al. (2001)
ionosphere and Alfen wave is negligible and produces little suggested that for some substorm events the structure of
reflected ULF signal. Therefore during quiet periods the TRground-based Pi2 waveforms occurs as a direct consequence
model could fail to adequately explain the characteristics ofof each FB within a particular BBF. Specifically these au-
the observed Pi2 wavetrains. thors suggested that additional FACs were induced inside the

The compressional, or fast-mode, wave produced by eéSCW region when BBFs are decelerated in the inner mag-
substorm-related plasmasheet disturbance can travel almogetosphere. This is termed the inertial current (IC) Pi2, and
isotropically. The compressional mode can couple to theis hypothesised to be a small amplitude Pi2 waveform su-
plasmasphere forming a plasmaspheric cavity mode (e.gperposed onto the existing TR Pi2s and SCW. Further, these
Sutcliffe and Yumoto, 1991; Yeoman and Orr, 1989), or to authors suggested that the deceleration of BBFs could addi-
an Alfvénic mode driving a field line resonance (e.g., Raetionally launch a fast-mode wave which perturbs magnetic
et al., 2006). The fast-mode wave is also believed to befield lines and directly drives Pi2s on the flanks and at lower
the main source of Pi2s at higher latitudes when the TRlatitudes, outside the SCW region.
mechanism is circumvented and the initial Adfvwave does We investigate the relationship between BBFs and Pi2
not strongly reflect at the ionosphere (Kepko et al., 2001).oscillations in the night-side magnetosphere by selecting a
Uozumi et al. (2000), and Chi et al. (2001) proposed that thesmall night-side event during which plasma flows are ob-
latitudinal amplitude and phase structure of Pi2s can be charserved in the magnetotail by the Geotail spacecraft when it is
acterised by the flight path of a compressional disturbanceonjugate with the Canadian sector. A small localised iono-
in the equatorial plane of the magnetotail and an &ffic  spheric current system and magnetic bays are observed on
disturbance along the background magnetic field lines (cfthe ground, which are consistent with a small substorm or
Tamao, 1964). Finally, Kepko and Kivelson (1999) sug- pseudo-breakup. The Pi2 waveforms and BBF structure are
gested that Pi2s may be directly-driven by the deceleratiorshown to be remarkably similar; however, the ground signa-
of large amplitude earthward plasma flows, whilst Keiling et ture is shown to occur prior to flow signatures in the CPS.
al. (2006, 2008) proposed that high-latitude Pi2 signals mawe postulate that both signatures may be driven by the same
directly represent the signatures of transient magnetotail resource, which could allow for ground-based Pi2s to be ob-
connection, as well as a number of other Pi2 waveforms observed prior to the BBF if magnetospheric conditions are
served on the ground. Resolving the generation mechanisnfavourable. Such a model is consistent with both the ob-
or mechanisms, responsible for the generation of ground PiZervations presented herein, and may also be consistent with
signals is therefore of importance to fully understanding thethose presented by Kepko and Kivelson (1999) and Kepko et
magnetotail drivers of ground-based signatures. al. (2001) as we discuss in this manuscript.

Plasma flows in the central plasmasheet (CPS) due to
steady convection typically have velocities of approximately
30kmst. However, high-speed flows are often observed2 Case study: 31 May 1998
with velocities approximately an order of magnitude larger
than the typical plasmasheet velocity. These high-spee@.1 In-situ observations
earthward flows are termed bursty bulk flows (BBFs) have
typical velocities larger than400km s1, and a duration of  In order to determine the relation between BBFs observed
~10min (Angelopoulos et al., 1992). During these eventsin the magnetotail and Pi2 oscillations on the ground we ex-
short-lived, quasi-periodic, large amplitude peaks in plasmaamined a conjunction between the Geotail satellite (Frank et
velocity can occur within a specific BBF, which are referred al., 1994; Kokubun et al., 1994; Mukai et al., 1994) and the
to as flow bursts (FBs) (Angelopoulos et al., 1994). BBFs areCanadian Array for Realtime Investigation of Magnetic Ac-
often observed as far as30 Rg down-tail and are rarely ob- tivity magnetometer array (Mann et al., 2008) (CARISMA,
served closer then10 Rg (e.g., Angelopoulos et al., 1992; formally operated as CANOPUS, the Canadian Auroral Net-
Baumjohann et al., 1990). This is believed to be evidence ofwork for the OPEN Program Unified Study array (Rostoker
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Fig. 1. (a) Ground northern magnetic field trace of the conjunction
between the Geotail spacecraft and CARISMA magnetometer array
between 04:00 and 08:00 UT on 31 May 1998. The north magnetic -
footprints of GOES-8, GOES-9 and GOES-10 are also shown. The 3
GSM location of Geotail in the x-y plane and x-z planes are plotted
in panels(b) and(c), respectively.
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et al., 1995), prior to 1 April 2005). On 31 May 1998, a
conjunction between the Geotail satellite and CARISMA oc-
curred between 04:00 and 08:00 UT during which a small 3
amplitude and localised night-side event was observed. The®
time propagated solar wind speed and proton number den-
sity during this conjunction, observed by WIND at 2R5

upstream, were 517 knt$ and 1.8 n/cc, respectively, while
B, was southward an#y was predominantly positive. Dur-
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Fig. 2. In-situ and derived observations from Geotail for the pe-

ing the conjunction the Geotail satellite was situated in theriod 05:45-06:15 UT(a) lon-plasma beta observed during the BBF.

night-side CPS, and observed a short duration BBF duringb) The magnetic field ratio (left y-axis), the ratio 8% to vector
this conjunction. The top panel of Fig. 1 shows the north-sum of By and By. (c) The GSM vector magnetic fieldd) The

ern magnetic footprint (obtained using Tsyganenko 89c ex-GSM plasma velocity ang) plasma velocity in a field-aligned (FA)
coordinate system. See text for detaif§—(h) The total magnetic

ternal and IGRF internal geomagnetic fields (Tsyganenko

1989), using the observed Kp = 1) of Geotail and the GOES_field and inclination angle (the angle between magnetic field vector

8, GOES-9 and GOES-10 satellites along with the location o
CARISMA and the lower latitude Los Alamos (LNL) mag-
netometers (see also Table 1). The middle and bottom panels

fand z-axis) at GOES-8, GOES-10 and GOES-9, respectively.

show the location of Geotail in the GSM x-y and x-z planes, therein) is generally taken to indicate the spacecraft is situ-

respectively.

ated within the CPS. Figure 2a confirms that Geotalil is lo-

During the conjunction between Geotail and CARISMA, cated in a region of hot plasma characteristic of the CPS for
a BBF was observed between 05:49—-05:55UT which con-the duration of the interval as the derived ion-plasma beta lies
tained four FB peaks. For the duration of the flow, Geo- well above the 0.5 threshold. The plasma beta was derived

tail was positioned atXgsm, Yesm, Zasm) =(—12.2, 3.3,

from measurements provided by the Comprehensive Plasma

1.8)Re. The criterion that the ion-plasma beta be greaterinstrument (CPI) at 64s cadence (Frank et al., 1994) and
than 0.5 (Angelopoulos et al., 1992, 1994, and referenceshe Geotail Magnetic Field Experiment (MGF) at 3 s cadence
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Table 1. Coordinates and L-shell values for the CARISMA and LNL magnetometers. All values were calculated using the International
Geomagnetic reference Field for 1998.

Station Geographic (degrees) Geomagnetic (degrees) L-Shell

Name Code Latitude Longitude Latitude  Longitude
Taloyoak TALO 69.5 266.5 79.0 328.6 NA
Rankin Inlet RANK 62.8 267.9 73.0 334.4 11.7
Eskimo Point ESKI 61.1 266.0 71.3 331.5 9.7
Fort Churchill FCHU 58.8 265.9 69.0 332.0 7.8
Gillam GILL 56.4 265.4 66.7 331.6 6.4
Island Lake ISLL 53.9 265.3 64.3 331.9 5.3
Pinawa PINA 50.2 264.0 60.6 330.4 4.2
Rabbit Lake RABB 58.2 256.3 67.4 317.3 6.8
Contwoyto CONT 65.8 248.8 73.3 302.2 12.1
Fort Smith FSMI 60.3 248.1 68.0 304.7 7.1
Fort Mcmurray MCMU 56.7 248.8 64.6 307.4 5.4
Fort Simpson FSIM 61.8 238.8 67.5 292.1 6.8
Dawson DAWS 64.1 220.9 65.9 271.9 6.0
Los Alamos LNL 35.9 253.3 44.4 318.4 2.0

(Kokubun et al., 1994) down-sampled to match the cadenceites in the Pi2 period band and with velocity peaks between
of the CPI instrument onboard the Geotail spacecraft. 400 and 500 kmst. A detailed analysis of the 2-D ion dis-
tribution functions from the LEP Editor-B data (not shown)
verifies that the plasma flow, BBF and FBs, observed at Geo-
tail was indeed a bulk plasma flow perpendicular to the back-
ground field and not a field-aligned plasma beam (e.g., Raj et

vector sumBy and By (Fig. 2b left-hand y-axis) and the z- . . : . )
o ; - al., 2002). This further confirms that Geotail was likely situ-
component of the magnetic field (Fig. 2¢c, down-sampled to ted in the CPS. Also apparent in Fig. 2 panel (d) is a large

64 s to match the cadence of the estimated plasma beta). THESC | ' ST
dipolarisation, observed at05:49:30 UT, is characteristic of amplitude plasma flow{250 kms™) in the ygsu direction

the relaxation of the magnetotail to a lower energy state dur? t appdrqx;mlzitAely 05(:;.10 LtJT' Nthe ;"Wtf]‘_’ef’ Fthalt f\llvhe_n trans-
ing substorms, and is consistent with previous observation%orm.e Irt]lod' cto?jr mtg es (Illgllt fr)] bls 'E' 1a %W IS pre;_
of BBFs during substorms (e.g., Angelopoulos et al., 1992) ominantly directed anti-paraflet to the background magnetic

Note that during the interval of the BBF and FBs (05:49— field (zra), has no earthward velocity componesitA), and

05:55 UT) no clear Pi2 pulsations were observed in the GSMfurther has no associated dipolarisation or fluctuation of the

magnetic field at Geotail (Fig. 2c) corresponding to the Wave-malgnetlc field (Fig. 2 panels b and c). Thus for_ this partic-
form observed in the FBs. ular case study we concentrate on the perpendicular plasma

flow v, used to characterise the BBF which was observed
Panels (d) and (e) of Fig. 2 show the observed GSMto commence at 05:49 UT.

plasma velocity at Geotail from the Low-Energy Particle
(LEP) instrument at a 12s cadence (Mukai et al., 1994) Figure 2 panels (f)-(h) show the magnitude of the mag-
and the derived plasma velocity in field-aligned (FA) coor- netic field and angle of inclination (the angle between the z-
dinates, respectively. The FA coordinate system is derivedaxis and magnetic field vector) observed at the three geosyn-
from a 20 min running mean of the GSM magnetic field. chronous satellites GOES-8 (GOES-east), GOES-10 (closely
In the FA coordinate system the direction perpendicular toconjugate to the ISLL magnetometer) and GOES-9 (GOES-
the background field and directed toward the earth is dewest), respectively. Unlike Geotail the GOES satellites ob-
noted byxga, zra is aligned along the field ang=p com- serve no dipolarisation or large amplitude deflection of the
pletes the right handed coordinate system (see also Rae atagnetic field typically associated with the formation of the
al., 2005). Clearly evident between 0549 UT and 0555 UT isSCW. During the conjunction of CARISMA and Geotail and
a strong,~400 km s1, earthward component of the perpen- observation of the BBF the observed magnetic field strength
dicular plasma velocity (hereafter referred towas), cor- at all three geosynchronous satellites is approximately dipo-
responding to a strong earthward BBF. During this intervallar with magnitudes o106, 85, and 96 nT at GOES-8,
four FB peaks are observed within the, component of the GOES-9 and GOES-10 (respectively) and there is no large
BBF, with a temporal spacing on the order of one to two min- decrease in the angle of inclination typically associated with

Following the onset of the BBF, Geotail observes a dipo-
larisation of the GSM magnetic field evident in the increase
of the ratio of the magnitude a®, to the magnitude of the

Ann. Geophys., 29, 49309 2011 www.ann-geophys.net/29/493/2011/
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Fig. 3. A stack plot of the H-component magnetic field for selected CARISMA magnetometers and the Los Alamos (LNL) magnetometer,
panels(a)<(g), and thev | , plasma flow observed by Geotalil, parl), between 05:35-06:05 UT. The vertical line represents the time of
maximum velocity of the first Geotail FB. Note that Pi2 pulsations at RABB and GILL are clearly evident before the initial flow burst.

a dipolarisation of the Earth’s magnetic field. Moreover, sim- stations RABB and FSMI and the low-latitude LNL mag-
ilar to the magnetic field at Geotail, the GOES satellites ob-netometer at a 5s cadence. These stations represent those
serve little ULF wave activity during the interval of interest. recording the largest magnetic bay structure, and are in clos-
Small amplitude oscillations on the order of half a nT are ev-est conjunction with the Geotail satellite during the BBF in-
ident at~05:50-05:51 UT at GOES 8 and 9; however, theseterval, and so are the stations most likely to observe any IC
pulsations occur later than the Pi2 pulsations observed on thBi2 driven by the deceleration of the BBF. The bottom panel
ground and are not of the same frequency as the FBs withif Fig. 3, (h), displays the, , plasma flow measured by the

the BBF and Pi2s observed on the ground. LEP instrument at Geotail, the vertical line marks the time of
maximum velocity within the initial FB peak.
2.2 Ground-based observations Large amplitude magnetic deflections are observed-at

6.5 (GILL, RABB and FSMI), the largest bay being observed
For the duration of the BBF, Geotail's footpoint was slightly at FCHU (~120nT). Though FCHU observes the largest H-
to the west of the “Churchill line” of magnetometersZ65 component magnetic bay structure, the formation of the bay
degrees geographic longitude), and closely conjugate to theccurs much later than the observed BBF and thus is not con-
GILL and RABB magnetometers at geographic latitudes ofsidered in the time sequence of events related to the genera-
56.38, and 58.22 degrees, respectively (Fig. 1a and Table 1jion of Pi2's examined in the remainder of this manuscript.
For brevity, Fig. 3 shows the H-component of the magneticConversely, the magnetic bays observed at GILL, RABB and
field at the auroral- and mid-latitude Churchill line magne- FSMI begin to form at about05:45 UT, evident in the weak
tometers (FCHU, GILL, ISLL, and PINA) as well as the deflection of the H-component of the magnetic field, which

www.ann-geophys.net/29/493/2011/ Ann. Geophys., 29,303-2011
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begins approximately 4 min before the BBF is observed atCARISMA and LNL H-component and LEP, , normalised
Geotail. Any transient response (TR) Pi2 pulsations whichdynamic power spectra are shown in Fig. 4a from 05:30—
might be associated with establishing the ionospheric cur06:15UT. Note that each spectrum in the dynamic power
rents responsible for the bays should be observed to begispectra is time tagged with the middle time from the 10 min
during this initial deflection. However, the Pi2 wavepack- window used to calculate that particular spectrum.
ets on the ground analysed herein are observed subsequent toApparent in the LEP dynamic power spectra (bottom
the initial magnetic field deflection and nearly coincident in panel Fig. 4a) is a clear enhancement of Pi2 power between
time with the BBF which is observed ai05:49 UT. Asnoted  ~05:46-05:47 UT in the 11-17 mHz range, highlighted by
above, neither GOES-8, GOES-9 or GOES-10 observe anyhe black box, characterising the frequency content of FBs
dipolarisation of the Earth’s magnetic field typically resulting within the BBF. Similarly, the ground-based magnetome-
from the formation of a substorm current wedge and the onseters each show an enhancement of Pi2 wave power in the
of TR Pi2s, Fig. 2 panels (f)—(h). Hence, the Pi2s observedl1-17 mHz range as early ag€05:44 UT. Though both the
by the CARISMA and LNL magnetometers are unlikely to ground-based magnetometer and LEP dynamic power spec-
be TR Pi2 pulsations. This also suggests that the GILL,tra show a common enhancement of Pi2 wave power, to
RABB and FSMI magnetometers map to a distance furthemithin ~2 min of each other, accurately determining whether
away from the Earth than their nominal geosynchronous L-this enhancement is in actuality observed first on the ground
values (cf. Table 1). or in the CPS from the individual dynamic power spectra is
Qualitatively, the vertical line in Fig. 3 guides the eye pro- difficult. However, by differencing the ground-based mag-
viding a method for visually estimating whether the Pi2 pul- netometer dynamic power spectra and the Geotail bEP
sations on the ground or the FBs in the CPS are observedpectra, we can determine whether Pi2 structures in the LEP
first. At both the RABB and FSMI magnetometer stations FB v, proceed or lag the Pi2 oscillations observed on the
it is clear that the impulsive Pi2 wavepacket occurs prior toground in a consistent and accurate manner. Figure 4b shows
the initial FB peak. However, at the other magnetometer stathe normalized dynamic power spectrum of the. plasma
tions it is more difficult to determine whether Pi2 pulsations subtracted from the normalized dynamic power spectrum
on the ground or FBs in the CPS are observed first. Foifrom each magnetometer, the resulting differenced power is
instance, at the ISLL and GILL magnetometers the deflecplotted which we term a “dynamic difference power spec-
tion of the background magnetic field during the time of the trum”. If the BBF precedes (follows) the Pi2 we expect
BBF makes it difficult to visually identify the initial Pi2 im- in each difference plot to first observe a minimum (max-
pulse. Similarly, at LNL the relatively small amplitude of the imum) in the spectra depicted by a blue (red) colour cor-
Pi2 wavepacket also makes it difficult to isolate the start ofresponding to a time where the BBF (ground Pi2) power
the wavepacket from other oscillations. The following sec- dominates, followed by a maximum (minimum) shown in
tion presents a quantitative analysis of the relative timing be+ed (blue) where ground Pi2 (BBF) power dominates. Fig-
tween Pi2 pulsations observed on the ground and in the FBgrre 4b shows the “dynamic difference power spectra” for the
in CPS to conclusively determine whether Pi2 pulsations onCARISMA (GILL, ISLL, PINA, RABB and FSMI) and LNL

the ground or FBs in the CPS are observed first. magnetometers between 05:30-06:15UT. Note that in the
relevant frequency range of study (11-17 mHz, black box)
2.3 Temporal causality of the Pi2-BBF waveforms power is observed first at the magnetometer stations (GILL,

ISLL, PINA, RABB, FSMI and LNL — red), and only later

Figure 3 clearly illustrates the onset of ground-based Pi2 puldoes power from the BBk, ., observed at Geotail dominate
sations closely coincident in time with the BBF observed by (blue). Consequently the data show that Pi2 power is seen on
Geotail. However, to determine whether the BBF and Pi2the ground in advance of being seen in the earthward plasma
pulsations are in fact directly related (Kepko and Kivelson, flow in the CPS at Geotail.
1999) we construct a series of tests to establish whether the Additionally, we quantify the temporal causality between
BBF can directly be responsible for the Pi2 oscillations onthe BBF and Pi2 wavetrain via a lagged correlation and im-
the ground, establishing whether the Pi2 waveform is ob-pulse response analysis, discussed below. Note however,
served first in the BBF in the CPS and subsequently on thehese methods require the LR, and ground-based mag-
ground. By comparing the normalized dynamic power specnetometer time-series to be narrow band filtered which may
trum from the magnetometer stations to thabef we can  potentially introduce artificial signal and Gibbs effect phe-
determine whether Pi2 oscillations are observed first on themomena to the time-series (Gibbs, 1898, 1899). In the fol-
ground or in the magnetotail. lowing paragraphs we validate the use of a narrow band filter

The dynamic power spectrum for both the magnetome-to isolate the Pi2 pulsations in both the ground-based mag-
ters and the LER | , plasma flow is determined for the en- netometer and LER, , time-series which are subsequently
tire day using a 10 min raw time-series hanning windowedused for both a lagged correlation and impulse response anal-
(~twice the temporal length of the BBF) with a 1 min step ysis presented in the latter half of this section.
size (approximately the time spacing of individual FBs) The

Ann. Geophys., 29, 49309 2011 www.ann-geophys.net/29/493/2011/
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(a) Dynamic Power Spectra (b) Dynamic Difference Power Spectra

:’. 3 : CGILL F
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Frequency (mHz)
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Fig. 4. (a) The H-component normalised dynamic power spectra at select CARSIMA magnetometers, the LNL magnetometer and the LEP
v, plasma flow. The color bar illustrates the normalised power at each stéijohhe dynamic difference spectra between the normalised
power spectra in the H-component magnetic field at LNL, and selected CARISMA stations and theg LBpRsma flow. The color bar

depicts the difference between the power observed at a ground-based magnetometer and that ohggrvétenh indicates power from

the magnetometer dominates, blue shows that power in thevLERlasma flow dominates and white shows similar power is observed in

both the H-component magnetic field and, flow at Geotail. The black box in botfa) and(b) highlights the frequency band of interest,
between 11-17 mHz.
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Fig. 5. (@)and(e) The GILL and ISLL, left and right respectively, raw magnetometer time-series. Overplotted in grey is thg L BRsma

flow shifted backward 36 s to the time of maximum correlation between the BBF waveform and magnetometer Pi2 pulsations The dashed

grey line is a linear fit to the raw magnetometer time-series used to remove the background magnetic field fluctuations, $épgahels
(h). (b) and(f) The Pi2 bandpass filtered (40-150 s) magnetometer (black) and LEPBlasma flow (grey).c) and(g) The same ab)

however the LER | , plasma flow has been shifted 36s backward to show the high correlation between the BBF waveform and ground-based

Pi2 pulsations. Pane(sl) and(h) are a comparison of two methods for separating the magnetometer Pi2 pulsations from the background
magnetic field. The black trace is a subtraction of the raw magnetometer data from a linear fit to the data, (d).p@&heltwo grey and
dashed grey traces are the 40-150s and 55-90 s bandpass filtered time-series. Note {p)pér)ednd (e){g) the left hand axis is the
magnitude of the magnetic field and the right is the magnitude of the plasma flow.

Table 2. Summarises the results at each magnetometer station for a maximum correlation lag;vaitiGeotail.

Magnetometer Maximum correlation  Corresponding lag of BBF frgif®5:49:12 UT)

station squared Time Pts Seconds

GILL 0.65 -3 -36

ISLL 0.94 -3 —36

PINA 0.76 —6 —72
RABB 0.74 -7 -84

FSMI 0.37 -8 —96

LNL 0.71 -5 —-60

Figure 5 panels (a) and (e), illustrate the raw magnetomethat the time of maximum correlation between the BBF and
ter time-series (black) from GILL and ISLL, respectively, Pi2 pulsations occurs subsequent to the initial deflection of
and the LEPv, , plasma flow time-series (grey) time-shifted the magnetic field at both GILL and ISLL. As discussed in
backward 36s, which is the time of maximum correlation be-the previous section this is strong evidence that the observed
tween the ground-based Pi2 pulsation and BBF (cf. Fig. 6 andyround-based Pi2 pulsations are not the typical TR Pi2 pulsa-
Table 2). Note that the backward shift of the BBF suggeststions related to the formation of the SCW and the initial de-
that Pi2 pulsations are observed first on the ground and thefiection of the magnetic field. More importantly it suggests
in the CPS (also observed in the dynamic difference powethat bandpass filtering is adequate to separate the observed
spectra cf. Fig. 4). Behrens and Glassmeier (1986) have sudri2 pulsation from the background magnetic field fluctua-
gested that TR Pi2 pulsations associated with the onset dfions as the two phenomena appear to be decoupled and their
magnetic substorms are a convolution of a driver functiononset separated in time in contrast to the results shown in
(the formation of the substorm bay) and a transfer functionBehrens and Glassmeier (1986).

(the Pi2 pulsation) and that the deconvolution of the two sig-  Fyrthermore, spurious oscillations in filtered time-series

nals is a more accurate method to separate the backgrounge in general introduced at sharp discontinuities and at the
signal from the Pi2 wavepacket than narrow band filtering.eqges of a signal window. In this particular case study the
However it is clearly apparent in panels (a) and (e) of Fig. Sground-based Pi2 pulsations are observed to follow the initial
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and weak deflection of the magnetic field on the ground and

60 to are centred within the time-series being analysed far from

40F the edges of the window. This limits the effect of Gibbs
» 20F é phenomena in our results due to narrow-band filtering. This
£ OpYVVY ~ is demonstrated in Fig. 5 panels (b)-(d) and (f)—(h). Pan-

-20¢ els (b) and (f) illustrate the Pi2 bandpass filtered (40-1505s)

—40F magnetometer (black) and LER x (grey) time-series’ util-

68 GILL(b) 16 ising a Lanczos squared finite impulse response zero phase
0% 0.65,t0-365 1 filter used in technigues such as complex demodulation (e.qg.
28: g Beamish et al., 1979). Panels (c) and (g) are the same as (b)

ool i i, and (f), however the LER , time-series has been shifted

ok 4 backward 36 s to the time of maximum correlation (see Fig. 6

-68 - and Table 2). Apparent in panels (b) and (f) is an approxi-
a0k ISLL@© 3,5 mate 180 degree phase shift between the Pi2 pulsations ob-
ok 0.94,%-3651 '« served on the ground and the FBs. Panels (c) and (f) clearly

ok o 10.0 show the BBF and Pi2 wavepacket are phase matched when

—20F —05 the BBF is shifted back in time 36s. Comparing the raw

—40F -1.0 time-series (a) and (e) as well as the Pi2 bandpass signals,

—&8 PINA @ ok° panels (b), (c), (f) and (g) in Fig. 5, it is evident that the BBF
40 0.76, to-725 10-4 is in fact correlated with the Pi2 wavepacket and not artificial
20 10.2 oscillations introduced by bandpass filtering.

OF N 10.0 The bottom panels, (d) and (h), of Fig. 5 further demon-

-20F 1-0.2 strate the robust nature of the bandpass Lanczos filter utilised

£ —40p -0.4 in the lagged correlation and impulse response analysis. The

£ ~68 RABB (e) 700 black trace is a subtraction of a linear trend (illustrated in
40F 0.74, to- 84s 2 panel (a) and (e) by the thick dotted line) from the raw mag-
20¢ J netometer data. The solid grey line and dashed grey line are

_28: 10 the narrow band filtered ground-based time-series between

ok -2 40-150s, the Pi2 waveband, and 55-9641-17 mHz)

-68 54 gharacterising the pgriodicity of FB§ within the BBF respec-
w0k /‘ 03;StM—13(6f)- 4 tively (off_set for clarity). Apparent in panels (d) and (h) is
20k | 37 t-36s 4, that no Gibbs phenomena is present when bandpass filtering.

of \/ 1o Note however, there is a decrease in the Pi2 amplitudes and it

—20F V 1o is possible to introduce a small phase shift in the bandpassed

_40F —4 signal as a result of the width of the filter used . This is typ-

-88 7% ical of any bandpass filtered time-series. Hence the subse-
40F 0.71"21'_'2%)5 o1 guent bandpass filtering of the BBF and Pi2 signals between
20 ' ' 55-90 s is adequate for studying the temporal causality of the

of ~N 0.0 BBF and Pi2 waveforms shown below.

-20F iy A lagged correlation analysis between the BBF, and

:gg 3 o2 the observed ground Pi2 waveforms not only allows for the

05:45:00 05:50:00 05:55:00 06:00:00
Time (UT)

similarities between the Pi2 waveforms and BBF to be quan-
tified but also provides a quantitative methodology to deter-
mine whether Pi2 wave power is observed first in the CPS

Fig. 6. The top panel(a), shows thev| , plasma flow bandpass ©F ON groqnd. This _allows for the causz_aht_y of the BBF-Pi2
filtered between 55-95's, approximately 11 and 17 mHz. The highélationship to be directly analysed. It is important to note
light depicts the section of the BBF which is used to calculate that when correlating the ground-based Pi2 and BBF sig-
the BBF-Pi2 correlation coefficient; labels the beginning of the nals both the phase and amplitude of the signals contribute
BBF, at 05:49:12 UT. Pane(b)—(g) show the Pi2 observed at each to the correlation. In particular, the correlation will be max-
magnetometer station (grey), and over plotted is the BBF (black)imised at a lag when the signals are both in phase and have
this having been time-shifted such that the correlation between thesimilar amplitude profiles; the lag indicating whether ULF
ground magnetic pulsations and FBs is maximized. Displayed inyqves are observed first on the ground or a BBF is observed
the upper right corner of pangis)—(g) is the correlation coefficient first in the CPS. Figure 6a shows the, plasma flow ob-
squared and the amountthe BBF is shifted relativg,tof., Table 2, served at the Geotail satellite filtered between 11-17 mHz
e.g., 0.65/0—36s, inthe case of the GILL magnetometer. (solid) and the raw time-series (dashed). The highlighted
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area corresponds to the section of the BBF which is used " LEPVx perp A A » @3100
to calculate the correlation between the FBs and Pi2 wave-_ i el /‘ A NVAT ‘,/ \ ,\;go N
forms. Note that similar to panels (d) and (h) of Fig. 5, the top TN YV \_/ 50 =
panel of Fig. 6 shows no evidence of the Gibbs phenomena ]2’& 3-10
in the filtered BBF time-series. Additionally, only a subsec- 0 9 192 288 384 480 576 672 768
tion of the BBF time-series is utilised (highlighted in grey) secondsPast 54536 UT

to ensure that only the FB waveforms are correlated with the ZUE FSMIin LEP out i ®)3
ground-based magnetometer Pi2 signals. The minimum anc mE S— . l e :
maximum lags considered in the analysis correspond to 2 minz o bpltmpen, M ALl 1] s il |

(10 time steps either way af, 05:49:12 UT); these lags shift ~ § vob l || REN

the BBF 2 min backward or forward af, respectively. Fig- $ - 3

ure 6, panels (b)—(g) show the 11-17 mHz filtered Pi2 ob-§  ~205 . ...t . e
served at each ground station (grey). Over-plotted in black is?g £ LEP in FSMi out Ty X © ]

the BBFuv_ , time-series, with a lag applied which generates =  %.995¢ : { X

the maximum squared correlation. 0,000 F-2mlT_ Tt vt i { T

Table 2 summarises the results of the lagged correlation. e R

A positive lag corresponds to the BBF occurring before the ’O*OOT '

observation of ground Pi2s, and a negative lag implies that .

the Pi2 is observed before the BBF. Note that the correla- B AL -

tions shown in Table 2 and Fig. 6 are the squared correlation

coefficients. Apparent in Fig. 6 and Table 2 is that all mag- Fig. 7. Panel(a), shows time-series of the Pi2 observed at FSMI

netometer stations except for FSMI exhibit a high correlation(black) in nT (left axis), and of the BBF (blue) in k' (right

with the BBF; however, the largest correlation occurs whenaxis). These are the data sets utilised in the impulse response func-

the BBF is time-shifted backward (negative lag), suggestingtion. Panelgb) and(c) depict the results from the impulse response

that the BBF and FBs are not directly-driving the Pi2 pul- function, (b) BBF v, as a function of the Pi_2 waveform at FSMI

sations observed on the ground. The correlation of the Pi&nd(C) the Pi2 waveform at FSMI as a function the BBE,. The

pulsations observed in the D-component of the ground magy-ams is the vglue of the _fllter cogfﬁmerﬁ, as a function of the Iag,_
S . . _~s, on the x-axis. The horizontal lines represent the threshold defined

netic field (not shown) also suggests that the Pi2 pulsation$ o - .

. in Eq. (2) and the red vertical lines representgheefficients lying

on the grou.nd precede the BBF flow in the CPS. However, o the threshold.

the correlations in the D-component are in general smaller

than those observed in the H-component. It is interesting to

note that the largest lag along the Churchill meridian is ob-  Finally, the BBF-Pi2 causality may be rigorously tested
served at the PINA magnetometer station, this is discussed itilising a lagged regression analysis in Fourier space, also

more detail in the next section. known as an impulse response function (Shumway and Stof-
It is important to note that the correlations we presentfer, 2006), shown in Eq. (1).

in Table 2 and Fig. 6 represent the lags corresponding to

the maximum correlation between the ground-based magne- -1

tometer Pi2 observations and the packet of BBF flow burstsy, = Z Bsxr—s + v 1)

No visual analysis was used when determining the time shifts s==4

or lags. As can be seen in Fig. 3, for instance, a visual anal-

ysis of the BBF FBs and the LNL, RABB and FSMI mag- The impulse response function utilises the Fourier spectrum
netometer traces (Fig. 3) is perhaps suggestive that the initiabf two signalsx; andy;, to estimate a set of filter coefficients
FB may line up with the large amplitude Pi2 impulse rather relating the two variables. Specifically, the impulse response
than the small amplitude magnetic deflection identified in themethod estimates thg coefficients in Eq. (1), where and
correlation analysis (note, for example, that for GILL, ISLL x; are two discrete signals amngis a stationary noise process
and PINA the correlation analysis aligns the Pi2 with the ini- (e.g., a Gaussian distributed random signl)s the number

tial FB). However, even if we consider the next largest valueof points in each time-series,is the time and is the lag

of the correlation, which occurs when the lag is translatedbetween the two signals at time The filter coefficients,
forward by one wave period as might be expected by a vi-are estimated from the power spectrumxoéind the cross-
sual analysis such that the initial large amplitude impulse atpower ofx andy. Details on the estimation and calculation
LNL, FSMI and RABB corresponds to the initial FB in the of eachg, can be found in Shumway and Stoffer (2006).
BBF, the resultant lags are 0-s24 s and—24 s, respectively. There are two important properties of the impulse response
These represent shorter lags, but are still consistent with thé&unction to note: Ifs is a positive integer, thep, is a func-
ground-based Pi2s being observed before or at least coinction of a series of past values of. If s is a negative value,
dent with the BBF in CPS. theny can be written in terms of future x-values (gris a
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function of past values of,). By convention,y is forced to Table 3. Summarises the results from impulse response func-

be a function of the past values.afby considering only the  (ion analysis between each of the individual magnetometer H-
coefficients ofg; wheres > 0 and which satisfy the condi-  component time-series and the observed BBE.
tion:

|Bs=0| = max(| s <o) ) Number ofg; coefficients satisfying Eq. (2)
. .. Magnetometer Pi2y¢) as a function BBFX;) as a function
The second property of the impulse response function is that gia¢ion of the observed BBE{) ~ of the observed Pi2y)

Eq. (1) may be reversed ang may be written as a func-

. GILL
tion of y;. In general one calculates both setssefs;. y(x) ISLL
andg x(y)) and determines the most likely relation between p|na
the observed variables. Ideally, one setgpfwill not sat- RABB
isfy Eq. (2) and the correct temporal dependence between FSMI
x andy may be determined. Alternatively, neither setgpf LNL
could satisfy Eq. (2) suggesting the variables are not causally
related and are therefore independent, however similar their
time-series appear to be. Finally, both setgotan satisfy
Eqg. (2) implying that there may be additional variables inthe3 Discussion
system relating andy which have not been considered.

The impulse response function is therefore ideal to test thdn this paper we present results from a night-side conjunction
BBF-Pi2 relation as it directly relates the observed BBF tobetween the Geotail spacecraft and the CARIMSA magne-
the Pi2 in a functional form. In our analysis we consider tometer array on 31 May 1998 during the development of a
both the scenario where the Pi2 is a function of the BBF assmall and localised substorm-like event. Utilising observa-
well as the BBF as a function of the ground-based Pi2 pul-tions of the plasma flow in the CPS from the Geotail-LEP in-
sations. The first case suggests that the BBF and the Pigtrument, and Pi2 waveforms from the CARISMA and from
pulsations are directly related and that the observed Pi2 pulLNL magnetometers, we investigate the relationship between
sations may be the IC Pi2 (Kepko et al., 2001). The secondjuasi-periodic FBs within a BBF and Pi2 waveforms ob-
case suggests that another physical process may exist whicerved on the ground.
modulates both the Pi2 and BBF at the same frequency but Typically the dominant Pi2 pulsations on the night-side
also that they are not causally related. occur as a result of the formation of the substorm current

Figure 7 summarises the results from the impulse responseredge and the reflection of Alén waves from the iono-
analysis between the H-component magnetic field observedphere following the initial plasma sheet disturbance during
at the FSMI magnetometer and the, plasma velocity. substorm expansion phase onset (Olson, 1999). These Pi2
Both datasets have been bandpass filtered in the frequenqulsations are referred to as transient response (TR) Pi2 pul-
range of the BBF (55-95sy11-17 mHz); these bandpass sations. However, Kepko et al. (2001) have suggested that
signals are shown in the top panel of Fig. 7. The bottom twoduring periods of quiet geomagnetic activity the conductivity
panels, (b) and (c), display the coefficients as a function of the ionosphere could be sufficiently low such that there is
of the lags. The horizontal lines denote the maximum value little reflection of the Alf\en wave responsible for generating
of | 85| wheres < 0, and the vertical lines represent the value Pi2s observed on the ground, and hence that the TR mecha-
of B at eachs. The red vertical lines depict those values nism (Olson, 1999) could be circumvented. During the ini-
Bs which satisfy Eq. (2). Figure 7b shows the filter coeffi- tial formation of the magnetic bays observed on the ground
cients when the | , plasma flow is considered as a possible in this event the Pi2s typically associated with the forma-
function of the Pi2 time-series observed at FSMI. Evident intion of the SCW are not observed. This suggests that either
panel (b) is that the coefficients at lags-0, 1, 2, 3, and 8 the TR Pi2s are damped or the TR mechanism is completely
rise above the threshold and satisfy Eq. (2). Figure 7c showsircumvented due to low conductivity of the ionosphere as
the filter coefficients when the Pi2 observed at FSMI is con-suggested by Kepko et al. (2001). Following the formation
sidered as a function of the , plasma flow observed at Geo- of the initial bays and the intensification of the auroral elec-
tail. Evident in Fig. 7c is that none of the coefficients satisfy trojet, a quasi-periodic high-speed plasma flow as well as a
Eq. (2). Table 3 summarises the results from the impulsepacket of ground Pi2 pulsations are observed closely con-
response function for the Pi2s observed at the five remainjugate in time. Additionally, the geosynchronous magnetic
ing magnetometer stations. These results indicate that théeld observed at GOES-8, GOES-9 and GOES-10 (Fig. 2f)
FB in v, are likely not the cause of the Pi2s observed onis approximately dipolar, with magnitudes ofL06, 85 and
the ground (panel c). However, the fact the BB, can be 96 nT (respectively) while the magnetic field at GEOTAIL
written as a lagged function of the FSMI H-component mag- (at radial distance-13 Rg) is highly stretched with a mag-
netometer data, panel (b), suggest that the time-series are raitude of~10 nT. From this we infer that the flows observed
lated, perhaps by a common driver. at Geotail have not yet been decelerated as they are observed
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NgogwobNhdN

www.ann-geophys.net/29/493/2011/ Ann. Geophys., 29,303-2011



504 K. R. Murphy et al.: Dependence of Pi2 waveforms on periodic velocity enhancements

outside the likely region of flow braking (Shiokawa et al., toward dusk implying that the BBF might propagate such
1997). that its phase fronts are no longer orthogonal to the mid-
The impulse response function, “dynamic difference night meridian. If the BBF phase fronts are not orthogonal to
power spectra” and lagged correlation tests provide a framethe midnight meridian it is possible that the BBF front could
work to determine if there exists a potential causal one-to-oneun ahead towards the flanks, for instance over the RABB
relationship between the observed BBF and ground-basedr FSMI magnetometers, generating Pi2s observed prior to
Pi2 pulsations (Kepko and Kivelson, 1999; Kepko et al., the FBs observed by Geotail in the near midnight meridian.
2001). Figure 4b shows the temporal development of poweHowever, in order for this to work the BBF front must re-
in the Pi2 frequency range in the ground Pi2s and, and  main coherent across an azimuthal region extending at least
Fig. 6 shows the best lagged correlation between the ob5.5Rg. Recent work by Nakamura et al. (2004) using Clus-
served Pi2s and the BB# , (summarised in Table 2). Ta- ter has demonstrated that the azimuthal scale size of a BBF is
ble 3 summarises the results from the impulse response ana&pproximately 1.5—Rg thus in our opinion it is unlikely that
ysis between the BBF and Pi2s. Apparent in Fig. 4b is thata BBF has the spatial coherency required in a directly driven
Pi2 wave power is observed first on the ground and subsemodel.
guently in the plasma flow at Geotail. Similarly the corre-  We propose, rather than a BBF directly driving ground-
lation is maximised at each magnetometer when the BBF idased Pi2 pulsations, that the two phenomena are related by
shifted backward in time, and the impulse response functiora common source capable of generating both a BBF in the
shows that at all stations, except PINA and LNL, that the CPS as well as ULF waves which are observed in the iono-
BBF v, , waveform can be described in terms of the time se-sphere by ground-based magnetometers. In this scenario a
ries data from the ground Pi2s. All of these results are consiscommon driver in the magnetotail could provide a mecha-
tent with a scenario where the ground-based Pi2 oscillationgiism which modulates both the Pi2 waveforms observed on
precede the FB oscillation observed in the BBF plasma flowthe ground and forms the FB structure within a BBF at the
by the Geotail satellite. Since the BBF is likely observed out-same frequency. More importantly, in such a scenario , the
side the region of flow braking and the Pi2 pulsations on thePi2 pulsations on the ground are related to the impact of a
ground are observed in advance of the FBs within the BBFULF wave front which is much more likely to be spatially
it is unlikely that the observed Pi2 pulsations are the IC Pi2coherent over an extended radial and azimuthal region (see
pulsation described by Kepko et al. (2001). for instance Mann et al., 2002, and Rae et al., 2005) than a
However both PINA and LNL show some evidence that BBF, or indeed than the internal FB structure (see above dis-
their Pi2s can be written as a function of the BBF, FB cussion), the latter of which is required in the directly driven
structure. Indeed, the Pi2 at LNL can be described as botmodel.
the dependenty{) and independentx() variable described A common source in the magnetotail could, for instance,
by Eq. (1), suggesting that the BBF and Pi2 may indeed bebe bursty/non-steady reconnection (Keiling et al., 2006,
related via additional variables not considered in the impulse2008) In such a scenario, bursty reconnection, potentially
response analysis. However, the dynamic difference powedriven by an irregular inflow of ions into the NENL recon-
spectra at both PINA and LNL show the development of nection region, could produce both a propagating compres-
Pi2 power prior to the observation of BBF power in the 11— sional disturbance as well as a bulk plasma flow burst with
17 mHz band. Similarly, the Pi2 at both LNL and PINA is similar temporal structure. Each subsequent “burst” of re-
best correlated with the, x plasma flow whem | x is shifted ~ connection could in turn generate an additional compres-
60s and 72 s backward in time, respectively, correspondingional disturbance and plasma flow. This could result in a
to approximately one wave period. periodic structure being observed in both the bulk plasma
It is clear from the observations and analysis presentedlow, i.e. FBs, and in a series of travelling compressional
here that the frequency, occurrence and structure of the BBElisturbances. As the compressional disturbances propagate
FBs and the Pi2 waveforms observed on the ground areoward the Earth, they could in turn couple to the back-
very similar, suggesting that the two phenomena may be inground magnetic field creating the A#fmic Pi2s observed
timately connected. Recent work by Kepko and Kivelson by ground-based magnetometers (cf. the Tamao travel time
(1999) and Kepko et al. (2001) has suggested that BBFgoncept, Tamao, 1964).
are able to directly-drive IC Pi2 pulsations on the ground. In this scenario the individual BBF FBs and fast-mode
However, this is inconsistent with the observations presentedvave fronts could have the same temporal spacing, perhaps
here as the Pi2 pulsations are observed before the BBF (cfaccounting for the high correlation between ground-based
Fig. 4b, 6, and 7 and Tables 1 and 2). Even if we considerRPi2 waveforms and the series of FBs within a BBF. More-
the possibility that the BBF can propagate at angle with re-over the travel time of the BBF and fast-mode is dependent
spect to midnight meridian it still remains unlikely that the on magnetospheric conditions (plasma density and magnetic
directly driven model can account for the observations whichfield strength), and the fast-mode wave may travel at a faster
we present here. For instance, in this particular case studgroup velocity than the observed BBF, or vice-versa. At mid-
the observed BBF had a non-zero azimuthal velocity directedo high-latitudes, if the fast-mode group velocity is larger
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Fig. 8. An illustration depicting a potential sequence of events subsequent to reconnection at the NENL. Reconnection at the NENL results
in the release of a BBF, and the production of an earthward propagating fast-mode which couples to the background field generating Pi2
pulsations observed on the ground. The inset pgagtéc) show three possible time lines, fgr— 11 — 2 of the relative times of observing

a Pi2 pulsation on the ground and the in-situ observation of a BBF in the CPS. See text for details.

than the BBF flow speed in the CPS, it is possible that Pi2spropagation paths of the modulated signals are depicted in
could be observed on the ground before the BBF is observethe inset panels (a)—(c) of Fig. 8. In case (a), the Pi2 is seen
in the magnetotail. This is consistent with the observationon the ground before the BBF FBs arrives at Geotail in the
of Pi2 wavepackets observed on the ground ahead of th€PS; in case (b) the BBF FBs arrives at Geotail before the
Geotail BFF during our event. Conversely, if the flow ve- Pi2 is seen on the ground; and in case (c) the BBF FBs and
locity exceeds the fast-mode group velocity, the BBF couldthe ground Pi2 are seen at the same time.

be observed prior to the ground Pi2s. This is more consistent

with the findings of Kepko and Kivelson (1999) and Kepko 1 .
between~4800km s+ outside of the plasmapause (e.g.,
et al. (2001) who observed much greater BBF flow speedsBurton and Russell, 1970) an¢490 k?n ] ir?side tﬁleg

than reported here. At low-latitudes (mapping to inside theplasmapause. Further down the tail, the Alfwelocity can

plasmapause) the increase in dens.|t.y results in a decrgase t')ne much more variable; during the interval of the BBF the
both the fast-mode and Alén velocities, as well as an in-

i : - , . estimated Alfien velocity in the CPS was450km st (de-
crease in the travel time from the initial tail source region rived from local measurements at the Geotail satellite) whilst
to the ionosphere (e.g., Uozumi et al., 2000, and Chi et al.

. . .~ . 'the Alfvén velocity in the distant tail and lobes can often ex-
2001). Thus at lower-latitudes, mapping close to and inside
. . ; ceed 1000 kms! (e.g., Burton and Russell, 1970). These
the plasmapause, it is possible for the ground Pi2s to be ob- . : : :
L . ' .~ “velocities are consistent with the observations as well as the
served before, coincident with, or following the observation

of the BBF flow in the tail. Figure 8 is a pictorial represen- proposed BBF-Pi2 coupling mechanisms presented here. Ini-

) . . . ially, the fast-mode may have had a group velocity similar
tation of the two mechanisms described above. The dn‘ferento that of the BBE. As the fast-mode propagates toward the

Typical Alfvén velocities in the inner magnetosphere are
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Earth the magnetic field strength increases resulting in an inelear whether they necessarily pass through the central plas-
crease of the fast-mode velocity. Assuming that the BBF andmasheet, as in the direct propagation path outlined in a num-
fast-mode are generated concurrently and that the BBF veber of phenomenological models, including Tamao (1964),
locity remains either constant or is decelerated, then at highKepko and Kivelson (1999) and Keiling et al. (2006). Fu-
and mid- latitudes the Pi2 generated from the coupling ofture modelling of the wave coupling and dispersion in a 3-D
the fast-mode with the background magnetic field may bemagnetotail model would be valuable for supporting future
observed before the BBF in the mid-tail. At lower latitudes studies.
where the fast-mode and Alw velocities decrease, itis pos-  While it is clear that the ULF wave propagation path is
sible that the observation of the BBF and Pi2 are more closelycomplex the relative timings along the meridian containing
coincident in time. the GILL, ISLL, PINA and LNL magnetometers is similar
Interestingly, Keiling et al. (2006, 2008) presented caseto that of the Tamao travel path. Along this meridian the
studies during differing nightside magnetotail driving con- largest lag in the correlation analysis is observed at the PINA
ditions whereby favourable conjunctions between in-situmagnetometer station. At the lower latitude LNL station and
spacecraft between 8-Rg were utilised to study the higher latitude GILL and ISLL stations the lags are smaller
ground-based and in-situ signatures of Pi2s. In their studiessuggesting that the Pi2 is observed first at the PINA magne-
Keiling et al. (2006, 2008) found that there was a small timetometer station. These results are quantitatively consistent
delay observed between the magnetic signature observed atfith the time-of-flight model proposed by Tamao (1964, see
Cluster situated in the nightside magnetosphere (1&£)8 also Uozumi et al., 2000, and Chi et al., 2001) who demon-
and mid-auroral latitude magnetometefs=£4.5-6.1). That  strated that the fastest time-of-flight resided just outside of
is, the in-situ magnetic signature of the Pi2 was observedhe plasmapause. If the PINA magnetometer station maps
~30s prior to that visually identified in the magnetometer close to, but outside of, the plasmapause then we might ex-
time-series on the ground. Further, Keiling et al. (2008) pect a Pi2 to be observed first at the PINA magnetometer
demonstrated that there was, at times, a magnetic pertuistation (or have the largest lag) and subsequently at the other
bation signature with an amplitude of0.5nT observed by stations along the same meridian. Qualitatively our observa-
Geotail at 8—Rg. Taken together, these results were usedtions of the correlation of ground-based Pi2 pulsations with
to propose that a common source for ground-based and inthe FB structure within a BBF are consistent with the Tamao
situ Pi2s, specifically transient reconnection, which could ac-time-of-flight model as well as the phenomenological model
count for both the short time delay between the signals aslescribed above. Though the relative time of flights are con-
well as the similar frequency content of the Pi2 waveforms. sistent with the Tamao (1964) travel path, more work is re-
Keiling et al. proposed that bursty reconnection generategjuired to fully characterise the propagation path of a ULF
a compressional disturbance which couples to the plasmaave front in the tail. Future work utilising the THEMIS
sheet boundary layer generating Pi2 pulsations observed omission could provide increased radial and azimuthal cov-
the ground at mid- and auroral-latitudes. In their case studerage of the magnetotail in order to better characterise the
ies, ground-based magnetometers at dipole L-shells betweapropagation path of ULF waves in the tail.
L =4.5-6.1 map close to the source region in the tail, i.e., Finally, it is important to note that the scenario we have
close to the reconnection region in the tail. proposed is consistent with both the current disruption (CD)
In this study, we were able to estimate the location of theand NENL substorm paradigms. In the CD model, NENL
open-closed separatrix via visual identification of the cut-reconnection, perhaps triggered by the arrival of a rarefac-
off in red-line auroral emissions using the CANOPUS GILL tion wave, follows the initial expansion phase of the substorm
meridian scanning photometer (not shown; e.g., Blanchardvhich is driven by plasma instabilities in the near-Earth plas-
et al.,, 1995; Rae et al., 2004), and find that this boundarymasheet (e.g., Huba et al., 1977; Lui et al., 1995; Roux et
resides close, but equatorward, of the FCHU station. Theal., 1991). The formation of the SCW in this CD model
largest time lag (which characterises the shortest time obegins prior to reconnection at the NENL, and the genera-
flight) between the in-situ BBF flow bursts and the Pi2 ob- tion of earthward propagating flows and fast-mode waves. In
served along the Churchill Line on the ground is at PINA, the NENL substorm model, reconnection initiates the sub-
deep within the closed field line region, rather than occur-storm expansion phase. Flows in the magnetotail propagate
ring at a station that maps to the reconnection site as protoward the Earth disrupting the cross-tail current and divert-
posed by Keiling et al. (2006). Furthermore, we observeding it into the ionosphere forming the SCW. In this scenario
similar frequency content in the BBF flow burst and ground- fast-flows in the CPS and the fast-mode launched at recon-
based magnetic Pi2s, although unlike Keiling et al. we werenection are observed prior to the formation of the SCW. In
unable to identify any definite evidence of in-situ magnetic the CD paradigm, the Pi2s described by our model should
Pi2 activity at Geotail (at~12Rg). We do however ob- be observed following the formation of the SCW and the
serve small-amplitude magnetic Pi2 activity in the geosyn-observation of TR Pi2s. Conversely in the NENL model,
chronous region. The propagation path for the fast-modehe formation of the SCW, observation of TR Pi2s, and the
ULF wave fronts in the magnetotail may be complex. Itis not Pi2s generated by the flows or fast-mode waves produced by
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reconnection should occur nearly simultaneously. This pro-allows for a more extensive study of substorms, BBF's and
vides a verifiable time-line, during both substorm paradigms,ULF waves in the magnetosphere during substorm expansion
with which to test our proposed model. phase onset. Such measurements, using extensive ground ob-
servations from both magnetometers and all sky cameras as
well as multi-point THEMIS probe observations in the mag-
4 Conclusion netotail (Angelopoulos, 2008), can be used to further test the
validity of the model proposed here.
We present a night-side conjunction between the Geotail
spacecraft and the CARISMA ground-bz_ised magn_etomEtericknowledgementsThe authors would like to thank V. Angelopou-
on 31 May. 1998 (04:09_08:09 UT)’ dur|-ng a localised and los and G. Rostoker for helpful discussions during the preparation
small amplitude night-side activation which may be charac-qt this manuscript. This work was partially funded by a Cana-
terised as a small substorm or pseudo-breakup. During thgian NSERC PGS-M, PGS-D and Alberta Ingenuity scholarships
Geotail-CARISMA conjunction, small amplitude Pi2 waves awarded to KRM, a Canadian NSERC Discovery Grant to IRM. IJR
are observed by the CARISMA magnetometers and a highand AK are funded by the Canadian Space Agency and APW by UK
speed plasma flow is observed at the Geotail satellite, in th&TFC grant number PP/E/001173/1. The operation of CARISMA
form of a BBF. Recent work by Kepko and Kivelson (1999) (www.carisma.cp part of the Canadian Geospace Monitoring Pro-
and Kepko et al. (2001) has shown that there is a high corgram, is funded by t.he CSA via.z.acontract to the‘Universi.ty of Al-
relation between Pi2 pulsations observed during substormgera. Data regarding the position and magnetic mapping of the
and the internal FB structure of BBFs. These authors havé>cotail satellite, Geotail magnetic field (MGF) data and low en-
.ergy particle (LEP) data, and Geotail comprehensive plasma instru-

suggested that the deceleration of FBs, intermittent peaks i ent (CPI) data, were obtained from NASA via SSC Web, from

flow velocity within a BBF, generates a FAC which drives the Nagai and T. Mukai through DARTS at the Institute of Space

Pi2 signatures observed on the ground, referred to as inertial,q astronautical Science (ISAS) in Japan and from B. Paterson at
current (IC) Pi2 pulsations. In their proposed model there isthe University of lowa, respectively. CANOPUS data, now oper-
a one-to-one correlation between the multiple FBs and PiZated as CARISMA, was obtained from the Canadian Space Science
wavetrain oscillations observed on the ground. Data Portal atvww.cssdp.caData from the GOES satellites wave

In this event the Geotail flow measurements and night-provided courtesy of Howard J. Singer at the National Oceanic and
side Pi2 pulsations showed similar waveforms, with the Geo-Atmospheric Administration (NOAA).
tail measurements delayed relative to the ground Pi2. While ~ Topical Editor R. Nakamura thanks A. Keiling and another
the IC Pi2 described by Kepko et al. (2001) could eXpl‘,:linanonymous referee for their help in evaluating this paper.
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