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Abstract. Simultaneous measurements from the Clustertotail, that is, reconnection not only provided the energy but
spacecraft and several ground stations (SAMNET, IMAGE, its temporal variations also determined the characteristic Pi2
Kakioka, Hermanus) provide evidence for an association offrequency. Scenarios are discussed that address the connec-
Pi2 pulsations and pulsed reconnection in the magnetotailtion of pulsed reconnection and the driven current system in
On 8 September 2002, substorm-related Pi2 pulsations werthe ionosphere. These results show that reconnection can be
recorded with the same waveform (same frequency) in thecoupled to the ionosphere through what is phenomenologi-
tail lobe at 16Ry and time-delayed on the ground (both cally known as Pi2 pulsations. As a corollary, it is shown
nightside and dayside) spannifigvalues from 1.23 to0 6.11. that the time history of events fits within the modified NENL
The tail lobe Pi2 pulsations were a series of nightside fluxmodel of substorms.

transfer event (NFTE) pulses propagating at a speed of GOO_Keywords. Magnetospheric  physics ~ (Magnetosphere-

800 km/s towards Earth, which for the first time relates thesﬁonosphere interactions: Storms and substorms: MHD waves
two magnetospheric phenomena. NFTEs have previousl;((ind instabilities) ' '

been considered as the remote signature of tail reconnection.
The first ground onset of the Pi2 pulsations occurred at high-
and midlatitude ground stations with a time delay~a30s

with respect to the tail lobe Pi2, followed by lower latitude 1
ground stations. The largest pulsations were observed at hig
latitude (ten times larger than at low latitude) near the polar,
cap boundary. The polarization pattern of the ground Pi2

Introduction

p/luch progress has been made in explaining the generation of
Pi2 pulsations (see review by Olson, 1999). It has been estab-

. : . o ' "'“Sished that there are observational differences between Pi2s
in the H-D plane was consistent with a periodically driven . . . : o
occurring at higher latitudes and those occurring at midlati-

field-aligned current (FAC) system. In_ addltl_on, fast mOdetudes and low-latitudes; typically the frequency is lower and
waves must have also played a role in the inner magneto: . . . ; . .
) .the amplitude larger for high-latitude Pi2s. It is thus widely

sphere because of propagation effects among ground stations . : . .
) . agreed upon that different mechanisms generate Pi2s. It is

and because of the simultaneous occurrence of dayside low-

latitude Pi2. Auroral brightening occurred in the region of lmpo_rtant to note that ther_e s a dlfference between energy
; . rovider and frequency driver for Pi2s. In some scenarios,
upflowing FAC, and the auroral electrojet expanded polewar

together with the auroral bulge both of which are typical sub- he energy provider n.ot. only provides the energy but also
. dictates the characteristic Pi2 frequency which lies between
storm signatures. Hence, we conclude that the substor

related Pi2 pulsations in space atRg and on the ground 725 mHz (40-1505s period). In others, the energy provider

were remotely driven by pulsed reconnection in the magne-only provides the energy and the Pi2 frequency is established
later by a separate process.
Correspondenceto: A. Keiling Clearly, one can trace the energy source for Pi2 pulsations

(keiling@ssl.berkeley.edu) back to the Sun but here we refer to the more immediate
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3434 A. Keiling et al.: Association of Pi2 pulsations and pulsed reconnection

along the way, and where and how the Pi2 frequency is es-
tablished. Different energy paths result in different types of
Pi2s. In one scenario plasma flow released in the magneto-
tail (possibly during reconnection) propagates towards Earth
and eventually is slowed down at the transition region be-
tween tail-like and dipole-like field lines (Shiokawa et al.,
1997). This “braking” can result in two subsequent scenarios
yielding two physically different types of Pi2. First, it is pro-
posed that the braking leads to a diversion of the cross-tail
current into field-aligned currents (Birn et al., 1999). This
initially launches an Alfén wave towards Earth which un-
der the right conditions partially reflects off the ionosphere.
The resulting reflection then leads to a “ringing” of the flux
Cluster tubes at the Pi2 frequency (see review by Baumjohann and
b) e AN Glassmeier, 1984, and references therein). Alternatively, it is
‘ argued that the braking can launch a compressional pulse to-
o< ward Earth which is broadband in frequency. This broadband
wave excites a cavity resonance in the inner magnetosphere
with an eigenfrequency that lies in the Pi2 range (e.g., Sut-
cliffe and Yumoto, 1989; Takahashi et al., 1995; Allan et al.,
1996). These two scenarios illustrate how the energy path
taken from the magnetotail toward the Earth can be different
and also how the characteristic Pi2 frequency can be estab-
lished in different ways.
SAMNET Another scenario is based on the observation that fast
plasma flows in the plasma sheet showed velocity wave-
forms and periodicities which matched those of time-delayed
0 ground Pi2s (Kepko and Kivelson, 1999; Kepko et al., 2001).
In this scenario the Pi2 frequency is established by the peri-
odicity of plasma flow. It was further proposed that the en-
- -2 PO'.ar ergy contained in each fast flow is transferred and guided to
Cluster the groun_d in possibly dlffe_rent ways. _
' < > There is good observational evidence that these differ-
Geotail ent mechanisms (mentioned above) operate in the magneto-
L5 sphere. The goal of this paper is to establish another source
-8 16 that produces the characteristic Pi2 frequency, namely pulsed
1 1 reconnection in the magnetotail, which might be (or might
X (RE) not be) related to the inertial current Pi2 model proposed
by Kepko et al. (2001). Magnetic reconnection changes the
Fig. 1. (a)Mapping of the locations of Hermanus (HER), Kakioka topology of magnetic fields and allows solar wind energy to
(KAK), SAMNET, and IMAGE ground stations onto the equatorial enter the magnetosphere. The detailed processes responsible
plane. (b) Cluster’s footprint during the Pi2 event on 8 September for reconnection, including its time-varying behavior, are not
2002 mapped onto a geographical map. The SAMNET ground stayet fully known.
tiqns are indi(;ated(c) The locations of various spacecraft used in -~ The Pi2 event presented here occurred on 8 September
this study during the Pi2 event. 2002. The substorm surrounding this Pi2 event has been pre-
viously studied with regard to the transition from the growth
to the expansion phase (Sergeev et al., 2005). We will make
energy source inside the magnetosphere, which is in effectise of some of their findings in this paper by applying them
only one intermediate energy carrier in a sequence of energto the analysis of the Pi2 phenomenon. Our approach will
transfer processes. There is general agreement that the ebe as follows. First, we will establish that on 8 September
ergy for substorm-related Pi2 — regardless of the Pi2 model 2002, Pi2 pulsations occurred on the ground covering low-
comes from an energy release process occurring in the made high latitudes (both nightside and dayside) in association
netotail. It is, on the other hand, more uncertain where thewith a substorm. Second, we will show that a Pi2 signature
source is located, how the released energy travels from thevas also present in the tail lobe at B using Cluster data.
source to the ground, what energy transfer processes occlsing the analyses from Sergeev et al. (2005) and Semenov

a) Equatorial Projection
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etal. (2005), these space Pi2s are identified as the remote sigrig. 3b) was located in the polar cap region at the time of the

nature of reconnection possibly occurringc@80 Rg. Third, auroral breakup, which is consistent with the Cluster in-situ

we will show that tail lobe Pi2 and ground Pi2 had the samemeasurements.

waveforms and frequency but occurred at slightly different

times. Fourth, using timing analysis, we will rule out previ-

ous Pi2 scenarios and will conclude that pulsed reconnectio® Ground observations

was both the energy provider and the frequency driver for

the ground Pi2s. Fifth, we will speculate on how the Pi2 3.1 Ground Pi2

disturbances propagated from the reconnection region to the

ground. Finally, this study will also address the outstandingThe high-pass-filtered (150¢) component ground mag-

question of the time history of events during the developmentnetic field data are shown in Fig. 4 with low- to high-latitude

of a substorm. Here we will use Pi2 pulsations as a “marker”stations £=1.83 to 6.11) approximately arranged from bot-

to follow the development. tom to top. Note that the scales are different for different
The observations presented here are from the satelliteBanels. All but one station (HER) are located in the North-

Cluster, Polar, Geotail, and IMAGE, and the Sub-Auroral € Hemisphere. Pi2 pulsations were recorded at all stations.

Magnetometer Network (SAMNET) and the International Whereas high-latitude stations¥4) show Pi2 amplitudes

Monitor for Auroral Geomagnetic Effects (IMAGE), the of up to 50nT, the mid- to low-latitude stations €4) show

Hermanus ground Observatory in South Africa, and theamplitudes of only a few nT. For example, the oscillations at

Kakioka ground station in Japan. SAMNET, IMAGE and KIL were 10 times larger than those at YOR. The first Pi2

Hermanus are located within the same 3-h MLT sector; Pulse” occurred at the high- and midlatitude stations OUL,

Kakioka station is located-9 h to the east of these stations HAN, and NUR (first dashed line from the left). These sta-
and was in the dayside during this event (Fig. 1a). tions are closest to one another and located on similar merid-

ians (c.f. Fig. 1b). The first deflection of the pulse occurred

at 21:17:10 UT and is here defined as the “ground Pi2 on-
2  Overview set.” Starting at~21:21 UT, all stations show very similar

waveforms with a frequency (period) ofL1 mHz (90 s) (see
On 8 September 2002, Pi2 pulsations were recorded at abowashed lines) which we here call the “main Pi2 event”.
X=-16Rg (GSM) in the Northern Hemisphere (Z2.5Rg Small phase shifts (tilted dashed lines in lower panels of
GSM) by the four Cluster spacecraft. Figure 2a shows theFig. 4) can be seen among the six stations HER, HAD, YOR,
B, (GSM) magnetic field component of Cluster 1. The ion ESK, CRK, and LER which are located on similar meridians
density and the ion energy-time spectrogram (Figs. 2b and cand 1 h (MLT) west of, for example, KVI and HAN. These
show that Cluster 1 was in the tail lobe at the time of the phase shifts (or time delays) increase systematically with in-
Pi2 observation. Cluster 1 left the plasma sheet at aboutreasingL value of the stations, suggesting that propagation
21:05 UT and remained on tail lobe field lines until 21:45 UT effects might have been responsible. In contrast, the stations
when it briefly reentered the plasma sheet. The ion signafrom BOR up to KIL do not show any significant phase shifts
ture (~200eV) in the tail lobe indicates outflowing oxygen (vertical dashed lines). It is also noted thfatand D (not
as confirmed with the mass spectrometer onboard Cluster $hown) were out of phase at HER but were in phase at, for
(not shown). example, YOR.

During the time of the space Pi2 pulsations, Cluster's mag- Severah180° phase reversals were present in theom-
netic footprints were in close proximity to the SAMNET and ponent between high-latitudé £4) ground stations (for ex-
IMAGE magnetometer networks (Fig. 1b). Figures 2d andample, OUL and HLL). To investigate these phase reversals,
e show nightside unfiltered ground magnetograms ofAhe Fig. 5a shows a polarization map in tii&-D plane of the
component of a subset of ground stations covering high- taground Pi2 (from SAMNET ground stations) for the time in-
midlatitudes. All ground stations show Pi2 pulsations with terval 21:21-21:26 UT, which shows Pi2s (“main Pi2 event”)
some time delay with respect to Cluster’s Pi2 which will be at all stations. Blue (red) lines show clockwise (counter-
shown more clearly in the following sections. In Sect. 5, dataclockwise) rotation of the polarization. The size of each po-
from Kakioka ground station (located on the dayside flanklarization ellipse represents the magnetic field amplitude of
during this event) will be shown confirming that Pi2s also the oscillations. Several features are apparent in the polariza-
occurred in the dayside. The onset time of the ground Pi2 cotion map. The azimuths of most of the polarization ellipses
incided with the negative turning of thi¢ componentat KIL  point towards a common location (see arrows). This Pi2 az-
and OUL indicating that these Pi2 were substorm-related. imuth pattern is similar to the one associated with a tran-

At the time of the Pi2 pulsations, auroral activity was sient wedge-like current system (Lester et al., 1984; Gelpi et
recorded in the far-ultraviolet spectrum (WIC instrument) by al., 1987) where the azimuths point near an upward FAC. It
the IMAGE satellite. Figures 3a through f show the devel- is also noted that the largest ground oscillations (largest el-
opment of the substorm. Cluster’s footprint (star symbol in lipses) were located in the vicinity of this proposed upward

www.ann-geophys.net/24/3433/2006/ Ann. Geophys., 24, 3433-3449, 2006
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Fig. 2. (a—e)Satellite- and ground-based observations of the Pi2 event on 8 September 2002. The vertical dashed line marks the onset of the
tail lobe Pi2 (panel a). Ground Pi2s were recorded with time delays (panels d and e).

FAC, which is to be expected if the Pi2 pulsations are caused Further support for a FAC system comes from the polariza-

by a transient FAC system (Pashin et al., 1982). Furthermoretjon reversals occurring at60° and~65° latitude (Fig. 5a).

the upward FAC coincided with the region of auroral bright- This double polarization change appears to be associated

ening (shaded area, see Sect. 3.2). with the FAC system and the region of auroral brighten-
ing. Such a double polarization change has been discussed

Ann. Geophys., 24, 3433-3449, 2006 www.ann-geophys.net/24/3433/2006/



A. Keiling et al.: Association of Pi2 pulsations and pulsed reconnection 3437

21:18:20 UT

9 wic Fuv
Integral Brightness

¥
1E+006 — W*W At

|20-22 MLT _ - 4

- — |
F)
- 22-24 MLT o M
1= " ;
. |
00-02 MW: |
<o |

AN

LI L B L L L LR R R R R |

20:30 20:40 20:50 21:00 21:10 21:20 uT

Fig. 3. (a—f)WIC images surrounding the Pi2 event. Cluster’s footprint is denoted by a star.(Batiedm Sergeev et al., 2005) shows the
time variation of the integrated brightness of 2-h wide MLT strips.

by Samson and Rostoker (1983) where the equatorward anstation, which was in the dayside at the time of the nightside
poleward reversals were associated with ionospheric andPi2s. Kakioka also recorded the same Pi2 pulsations, which
field-aligned currents, respectively. In their modeling (c.f. again suggests that fast mode waves must have played some
their Fig. 31), the westward traveling surge (WTS) would role in this Pi2 event, because fast mode waves can travel
coincide with the shaded area (Fig. 5a), and the dashed lineacross the background magnetic field.

separate regions with different polarization (“+” and “~" de-  In summary, there is a common Pi2 event (“main event”)
note counterclockwise and clockwise, respectively). Thewhich was observed at low- to high-latitudes in the nightside
downward current maps north-east of the WTS and feeds théboth hemispheres), and it was also observed in the dayside
upward current in the WTS (Samson and Rostoker, 1983). Aat low latitudes. Polarization, amplitude variations and time
downward current at~120° longitude can be inferred from delays of the Pi2s present a complex pattern which indicates
the longitudinal profile ofH and D on 8 September 2002 that the Pi2s were organized by a FAC current wedge but also
(not shown). Upward and downward FAC are commonly that fast mode waves must have played some role. The com-
associated with the field-aligned portion of the SCW. This mon feature among all stations is the similar waveform (same
possibility and others are discussed in Sect. 7. frequency) of the main Pi2 event. In Sects. 4 and 5 we will

In Sect. 5, when comparing ground and space Pi2s, datﬁhed light on the driving source of this common frequency.

will be shown from the low-latitude Kakioka (KAK) ground

www.ann-geophys.net/24/3433/2006/ Ann. Geophys., 24, 3433-3449, 2006
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KIL
=6.11
o

H (nT) before 21:16:17 UT (Fig. 3a) are very similar to Fig. 3a, i.e.,
Gl w AT they show no signs of auroral activation. Thus, the weak
_ ’W\‘/\W expansion in Fig. 3b could indeed be the first sign of the “au-
7 roral onset.” Furthermore, the total auroral brightness inte-

grated over 2-h wide MLT sectors shows an increase in the
! - 22:00—-24:00 MLT sector (red line in Fig. 3g) between the im-

|
| |
| |
0 W/\W ages taken at 21:16:17 and 21:18:20 UT (red dashed line in
y ‘

| - Fig. 3g). Since the integration time of each image is 20, the

|

— | I
ag MWWW auroral onset (first sign of an intensity increase and poleward

|

|

|

L
n
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L
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=448
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i ] expansion) occurred between 21:16:27 and 21:18:30 UT. Itis
| | noted, that this interval includes the onset time of the ground

K MWW Pi2 (21:17:10 UT) (Sect. 3.1) which could imply that the first

U - pulse and the first weak brightening are related. Alterna-

‘ tively, however, it could be argued that the auroral breakup
L - occurred some time during 21:18:30 and 21:20:34 UT based

|

|
WW on (1) Fig. 3c which shows that of all developing auroral fea-
3 o . tures in Fig. 3b only the one at23.5 MLT and 62 further
1((]1 MWM intensified and led to the auroral bulge, and (2) on the result
e ‘ YT of the next section where it is shown that the auroral elec-
5 | P W\/W trojet significantly intensified at 21:18:40 UT followed by a
0 INVERNSVAIVE rapid poleward expansion.
0r | L _ The region of auroral brightening is generally assumed

I

0 WWW to be associated with an upward FAC. We have drawn this
| |
|

AL ! - region of auroral brightening in Fig. 5a (shaded area corre-

I

I
MW\,/:\/\MW sponds approximately to the outer green border in Fig. 3c),
L I

I

and it indeed encompasses the location of the upward FAC
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7 as estimated from the ground magnetic field data (Sect. 3.1),

|
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| | [
WMWMW which is also the location of the largest ground Pi2 oscilla-
|
|
|
|
|

ESK
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| - tions. Thus, upward FAC, largest Pi2 pulsations and head of

|
— |
/\/\:/“\/WWW the auroral bulge (WTS) are likely related in this event.

0
b
5
0
b
5
0
5L [ - Figure 5b shows the approximate location of the poleward
5
0
5
2
0
-2
2

YOR
L=2.56

HAD
L=2.24

i ent times in relation to the SAMNET ground stations. Note
- Lo = that the determination of this border was subjective because it
NN AN — depends on the brightness criterion used in the WIC images.
At ground Pi2 onset (21:17:10 UT), this border was in close
vicinity of OUL (dashed line labeled 21:16:17 UT) which
Fig. 4. Comparison of Pi2 waveforms recorded by the SAMNET was one of the stations to 'first record the ground Pi2 and to
and Hermanus ground stations coveringalues from 1.83t0 6.11. first show the largest amplitudes. The station KIL, however,

The dashed lines are drawn as visual aides. Note that the scales af¢é2S "? the polar cap (i.e., outsi_de the _auroral oval) at this time
different for different panels. and did not record large amplitude Pi2. Only when the pole-

ward border passed KIL during its expansion (dashed line
labeled 21:20:24 UT) did KIL record large-Q0 nT) Pi2 os-
3.2 Auroral bulge cillations (top panel in Fig. 4). This is consistent with the
scenario that the WTS was the cause of the large amplitude
The first sign of change in auroral activity is discernable in ground Pi2 at high latitude.
Fig. 3b (21:18:20 UT; the center time of integration is shown
above each image). Several faint structures formed along th8.3  Auroral electrojet
auroral oval in the premidnight sector (19:00-24:00 MLT).
The largest of these structures, located-@3.5 MLT and  The ground Pi2 signatures and auroral images (presented in
62°, had expanded poleward. This is the same locatiorthe previous two sections) are consistent with the scenario
where the more dramatic intensification and expansion octhat they were caused by a wedge-like current system. In
curred one image later (Fig. 3c) followed by a small west- Sect. 7 we will discuss several sources of such a current
ward and more pronounced eastward expansion of the aursystem, including the substorm current wedge (SCW). The
ral bulge (Figs. 3d, e, and f). It is noted that several imagesonospheric part of the SCW is called the auroral (substorm)

1.83

|
|
|
‘ ,'
WWMM auroral border (determined from Figs. 3a, b, and c) at differ-
L | | | I | : [
I
|
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Fig. 5. (a)Polarization map (H-D plane) of the ground Pi2 pulsations on 8 September 2002. The dashed lines separate regions with different
polarization (“-" and blue = clockwise; “+” and red = anti-clockwis€}p) Each dashed line shows the poleward border of the aurora at

a specific time (determined from WIC images, c.f. Fig. 3). The second dashed line from below shows the first indication of a poleward
expansion.

electrojet. Together with the field-aligned currents, thesetometer network which includes higher latitude stations than
currents cause the substorm-relatédbay signatures. In  SAMNET. A calculation of the latitudinal distribution of
Sect. 3.1 the location of upward and downward FAC are esthe westward component of the ionospheric equivalent cur-
timated to be at 98and 120 longitude, respectively, for rents (Vanharaki et al., 2003), as determined from IMAGE
the 8 September 2002 event. Furthermore, one can infeground magnetic field data, is shown in Fig. 6a. The equiv-
that KIL and OUL (L >4) were located beneath the auro- alent current shows an equatorward motion starting at about
ral electrojet showing the largest negative (southwéfd)e- 21:00 UT, indicating the growth phase of the substorm. Start-
flection (Fig. 2d). The negativé deflections at YOR and ing at~21:17:10 UT (second dashed line) the current shows
HAD (L <3) were much smaller. Since both stations were lo-a pulse-like perturbation reaching higher latitude stations
cated south-west of the electrojet, the negative bay is mostlyjust visible in blue). This perturbation corresponds to the
caused by the FAC portion of the current wedge. HAN andfirst pulse of the ground Pi2s at high latitude (e.g., OUL in
KVI (3 <L<4) show no pronounced deflection because Fig. 4). (For comparison Fig. 6 also marks the time — first
they were located south of the upward FAC. dashed line from the left — of the first Pi2 pulse observed
) ) by Cluster in the tail lobe at 18g, see Sect. 4). The time
During the course of a substorm, the location of the au-of the first current perturbation lies within the uncertainty

roral electrojet changes in latitude. This location changetime interval (21:16:27-21:18:30 UT) of the first brightening
can best be investigated with the IMAGE ground magne-

www.ann-geophys.net/24/3433/2006/ Ann. Geophys., 24, 3433-3449, 2006
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Fig. 7. Three magnetic field components in GSM coordinates of the
Pi2 event observed by Cluster 4 on 8 September 2002. Data were
averaged (4 s) and detrended (150 s).
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A) of the ionospheric westward current. Dashed lines indicate the
onsets of the Cluster Pi2, the ground Pi2, and the intensification of

the ionospheric westward current. 11: c I |
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= | |
auroral feature as determined from WIC images (Sect. 3.2).§ 05 [ | H
However, the total magnitude (Fig. 6b) of the auroral electro- £ o0} : : | | : : : ]
jet current did not significantly increase unti1:18:40 UT W 05 | r A R E
(third dashed line from the left) which was also accompa-  -10F : bt | ! | : : =
nied by a rapid poleward expansion (Fig. 6a) reachitg’ 156 : L ' ]

21:24 21:27 21:30

at ~21:24 UT and a superposition of Pi2 fluctuations. The
total estimated ionospheric westward current was less than ) _ _
4x 1P A during the Pi2 event. We note that this intensifi- Fig. 8. Comparison of waveforms of the electri€() and magnetic

cation and poleward expansion of the auroral electrojet ar B;) field components (GSM) of the Pi2 event on 8 September 2002.
consistent with the development of the auroral bulge as seen ata were averaged (4s) and detrended (1505).
in WIC images (Fig. 3).

spacecraft showed the same Pi2 pulsations with little varia-
tion and small time delays. Figure 7 shows the three mag-
netic field components (GSM) of Cluster 4 during the Pi2
The four Cluster spacecraft were separated by about 2000 kravent. The strongest pulsations are seemjin Figure 8

in a tetrahedral configuration in the tail lobe~al6 Rg. All shows theB, and E;, component (GSM). Both components

4 Space Pi2—Cluster spacecraft
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are in phase during the first two periods of the Pi2 event, CLUSTER
which indicates that this is a disturbance propagating to- 49 | | |

wards Earth. Afterwards there is some phase shift which ] % |
might be due to the interference of waves reflected from _ **7] ZW
the ionosphere. From the E-to-B ratio of the first and sec- Ex a7 4 : '
ond pulse, the propagation speed is estimated to be 600—* 1 Wm
800km/s. This ratio compares well with the estimate of 46 7] : '

V=627 km/s andV,=-72km/s, determined from a time- 45
delay analysis of magnetic field data from the four spacecraft 116
(Sergeev et al., 2005), showing that the main propagation di- 3 —
rection was Earthward. The important conclusion from these .
data is that the pulses were launched tailward of Cluster and 2 —
traveled Earthward.

In Sergeev et al. (2005) it was argued that these pulses
which we here identify as Pi2 pulsations show the signa- 0
tures of nightside flux transfer events (NFTE). These struc-
tures are thought to originate from the reconnection region -1 I e e e
(Sergeev et al., 1992). The following characteristics are typ- 21:16 121:18 21:20 121:22
ical for NFTEs (use dashed lines in Fig. 9 as visual aides): :
a) asymmetric bipolaB,, b) compression oB,, c) plasma |
flow, V,, towards the plasma sheet, (d) anti-correlatio® of 7 \ I
andV;, and (e) direction change &; andV, correspondsto & © ."‘I‘ A
the maximum inB,. The qualitative NFTE scenario given £ s | \/ W
by Sergeev et al. (2005) is further supported by a quanti- > .20 — :
|
1

21:24 21:26

=
k=)

N
[a1]

21:24 21:26

40 —

tative analysis using analytical calculations by Semenov et 4
al. (2005) who estimated that reconnection occurred at about g, e T e e
30 Rg during the 8 September 2002 event. Figure 9 (bottom) 2116 2118 2120 122 124 126
illustrates the propagation of an NFTE and its encounter with uT

Cluster.

5 Comparison of space and ground Pi2 Cluster

We now compare ground and in-situ (Cluster) Pi2 observa- 7z
tions (Fig. 10). OUL and YOR were located in the nightside, —/\
and KAK was located in the dayside (Fig. 1a). OUL was _ ,<>
chosen because it is among those stations showing the ear- 1 g1,
liest Pi2 onset on the ground. Note that the inverseHof
is shown for YOR to account for the polarization reversal at _ ) )
~60°, placing OUL and YOR north and south of this reversal Fig. 9. (a)Field and particle data from the four Cluster spacecraft
region, respectively. The data from Cluster, YOR and KAK for the 8. Septer.nber 2002 event (f.r om Ser.nenov etal, 2.(105)’

; . . . . Cartoon illustrating NFTE propagation and its encounter with Clus-
were t|me—sh|ﬁed so that signal pgaks line up wnh_those ofter (from Semenov et al., 2005).
OUL (dashed lines 2 through 5). Itis noted that the first pulse
(dashed line 1) recorded by Cluster and OUL is not seen at
YOR and KAK. Allowing for these time shifts the Pi2 wave-
forms are very similar during the main Pi2 event (lines 2-5).the reconnection process created periodic high-speed plasma
The important conclusion is that space and ground Pi2s werdlows in the central plasma sheet (CPS). Although we de-
caused by the same process occurring in the magnetotail béermined a velocity of 600-800 km/s for the NFTE, we use
yond the location of Clusters{(16 Rg). This process also for this calculation 1000 km/s as an upper limit for the fast
dictated the frequency of the space and ground Pi2. Usindlows. These flows brake at the transition region between
the results from Sect. 4, we argue that pulsed reconnectiorail-like and dipole-like fields at, sayRg, leading to a diver-
was this process. sion of the cross-tail current into field-aligned currents (Birn

In the following we estimate the travel time of the Pi2 et al., 1999). These currents are established by sheagilfv

disturbance from 1&g to the ionosphere. We assume for waves and travel to the ionosphere at about 1000 km/s where
this calculation that together with the observed NFTE pulsesthey create at times mid- to high-latitude Pi2 pulsations (e.g.,

Reconnection
site
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Fig. 10. (a)Comparison of magnetic fields of in-situ (Cluster), nightside and dayside ground data for the Pi2 event on 8 September 2002.
The data were band-pass filtered (4 s, 1505s). All records show the same Pi2 event with time delays indicated above the signal lines. The
vertical dashed lines are drawn as visual a{By Comparison of currents associated with the Pi2 pulsations at Cluster and on the ground.

Baumjohann and Glassmeier, 1984). Alternatively, the brak-be argued that a disturbance in the PSBL associated with
ing can launch compressional waves into the inner magnethe tail lobe NFTE caused the high-latitude ground Pi2 ob-
tosphere which possibly generate low-latitude Pi2s (e.g., Al-served at OUL. In this case it would be required that the aver-
lan et al., 1996; Lee and Kim, 1999; Kepko and Kivelson, age speed of lobe/PSBL Aldn waves was about 3200 km/s
1999). The propagation speed of the compressional waves ito travel 15Rg in 30s. Although it was found that the
the inner magnetosphere is of the order of about 500 km/slocal Alfvén speed (at 1Bg) was between 600-800 km/s
The total travel times for these two scenarios are 98 s andSect. 4), it is expected that the Afa speed increases to
149 s, respectively. (These calculations are similar to those imbove 10000 km/s as the waves propagate towards the con-
Slavin et al., 2002.) Both values appear to be too large to beverging Earth magnetic field, and thus an average speed of
reconcilable with the observed time delay-e80 s between 3200 km/s might be reasonable. In this scenario, the NFTE
Cluster’s Pi2 and the ground Pi2 at OUL (see also Sect. 7.1)could be the first signature of a current layer that maps from
the reconnection region along the PSBL into the ionosphere

An alternative propagation path for the Pi2 disturbance is(see also Sect. 7.1). The reader is reminded that the first
the tail lobe and/or the separatrix layer (PSBL). In Sect. 3.2,ground Pi2 pulse was also recorded at HAN and NUR. These
it was shown that at the time of the ground Pi2 onset, OUL two stations were closest to OUL and south of OUL. Among
was closest to the polar cap boundary, and therefore it might
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these three stations, OUL recorded the largest oscillations6 Polar and Geotail observations
Those stations located in the polar cap (north of OUL) did
not record large oscillations at onset time (Sect. 3.1). At the time of the Pi2 event recorded by Cluster and ground
Furthermore, the Pi2 pulsations were superposed onnagnetometer stations, two other spacecraft (Polar and Geo-
current signatures both in space (slope By) and on tail) were located at about® in the nightside magnetotail
the ground @ component) (Fig. 10). The onsets of (Fig. 1c). Polar was-1h (MLT) east of Cluster, and Geotail
the currents were delayed by the same amount as thwas in the Southern Hemisphere near midnight MLT. Both
space Pi2 and the first ground Pi2 at OUL (dashed lines)spacecraft were inside the PSBL near its outer edge. Fig-
confirming that the currents are a feature of the Pi2 pul-ures 11a—c show the three magnetic field components (band-
sations. The strongest westward currents on the groungbass filtered: 4s, 200s) of each spacecraft including Clus-
were observed at high latitude which were closest toter for comparison. The shaded part indicates a region of
Cluster's footprint. The downward current signature atenergized plasma. The vertical dashed line in each panel
Cluster is likely the remote effect of a current in the marks the beginning of magnetic field perturbations which
PSBL. A strong downward current was recorded whenwere presumably associated with the Pi2 disturbance travel-
Cluster entered into the PSBL about 20min after theing from a site at distances greater thanrRl:6toward Earth.
tail lobe Pi2 event while the substorm was still ongoing However, neither of the two other spacecraft recorded mag-
(c.f. Fig. 2b: Cluster 1 entered the PSBL at about 21:45 UT)netic field waveforms that were convincingly similar (visual
Owing to their separations~2000km), the four space- inspection) to the Cluster Pi2s. Hence, (normalized) wavelet
craft recorded this current within minutes of each other.power spectra were generated of subintervals encompassing
Using two spacecraft to determine the boundary velocitythe Pi2 event (Figs. 11d—f). For each spacecraft the com-
(~21 km/s), the thickness and density of the current layerponent with the strongest signal in the Pi2 frequency band
were estimated to range from 440 to 1800km and 9 tois shown. Figure 11d shows a strong signal in Bhecom-
28 nA/n? (1-D sheet approximation), respectively. These ponent on Cluster 4 from about 21:20 to 21:25 UT in the
variations could be due to temporal and/or spatial effectsperiod range 80-100s, which is of course the identified Pi2
since the spacecraft encountered the current layer withirevent under investigation (Sect. 4). Before 21:20 UT it shows
minutes of each other. Furthermore, temporal variations aravave power with a larger period which corresponds to the
to be expected if reconnection is time-varying as it was herefirst pulse observed by Cluster. Polar shows wave power at
To compare these current densities with the ionospheric~100s inB, (not shown), buB, dominates between 21:18-
current calculated in Sect. 3.3, we multiply the current21:24 UT in the band from-70 to 100s and is thus shown
densities by the thickness of the current layer and assume ain Fig. 11e. Geotail has its strongest Pi2 componeR;iat
azimuthal width of 1R which yields total currents between 70-100s centered around 21:22 UT (Fig. 11f).
6x10°—9x1C° A for the four spacecraft. These values are  Although Pi2 wave power was recorded by Polar and
in fact larger than the ionospheric current during the Pi2Geotail, there was no clear one-to-one correlation of the
events, but we also note that they were recorded 20 mimmagnetic waveforms as was the case between Cluster’s
after the main Pi2 event and we had to make an assumptioRi2 and the ground Pi2. Furthermore, Polar and Geotall
on the azimuthal width of the current layer. We also noterecorded the onset of wave disturbances-at:17:40 UT
that the ionospheric currents further intensified after the Pizand~21:18:00 UT respectively, i.e., after Cluster observed
event (not shown). In Sect. 7 we will further discuss the the onset which is to be expected since the Pi2s at Cluster’'s
significance of the PSBL current. location traveled Earthward. However, the onset of the dis-
A well known phenomenon for low-latitude Pi2s is that turbances at Polar and Geotail occurred after the ground Pi2
they can occur simultaneously in both dayside and nightsidenset which is not expected if a simple 1-D propagation is
(Sutcliffe and Yumoto, 1989). The event presented here als@ssumed. These observations suggest that Polar and Geotail
shows this feature: both YOR and KAK (located in the day- did not record the first instance of the disturbance crossing
side flank, see Fig. 1a) show the same oscillations (Fig. 10)the y-z plane at X=—®g, possibly due to the fact that the
Although there appears to be no time delay between thesepacecraft were spatially separated in the y-z plane. For ex-
two stations, we remind the reader that other mid- to low-ample, Polar’s footprint was located east of Cluster as well
latitude stations showed time delays with respectto YOR andas east of the region of auroral brightening at the time of
consequently to KAK as well. It is also noted here that YOR the Pi2 onset. X-line reconnection in the magnetotail is as-
and KAK continued to record similar oscillations (dashed sumed to be spatially confined in the east-west direction, and
lines 6, 7 and 8) after the main Pi2 event. Cluster and OUL thus probably did not initially encompass field lines reaching
on the other hand, showed similar oscillations (dashed lines?olar. Only as the substorm proceeded and the reconnec-
9, 10 and 11) which deviated from those of YOR and KAK. tion site expanded eastward was Polar eventually magneti-
cally connected to the reconnection site. Similarly, because
Geotail was located in the opposite hemisphere, it can be ar-
gued whether the first recorded disturbance by Geotail was
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the first instance of the disturbance crossing the y-z plane
at X=—9Rg. Furthermore, it was shown in Sect. 4 that the
NFTE propagated eastward in addition to its dominant Earth-
ward propagation which could also play a role in the timing
of events.

Additional complications in comparing the wave signals
from the various spacecraft arise because they were crossing
different plasma regimes during the Pi2 event, which could
have obscured the Pi2 magnetic field signatures at Polar and
Geotail. Clearly, these are speculations and we will not fur-
ther pursue them in this paper.

7 Discussion

Here we reported observations of substorm-related Pi2 pul-
sations in the tail lobe in concert with ground Pi2. The fol-
lowing key observations were made:

— Asseries of NFTE pulses in the tail lobe at 2 resem-
bles the magnetic field signature of Pi2s.

— The NFTE pulses (Pi2 pulsations) traveled toward
Earth.

— Time-delayed ground Pi2s with the same waveform
(same frequency) occurred in the nightside=1.83 to
6.11) and the daysidd.€1.23).

— The tail lobe Pi2s were recorded 30s before the first
ground Pi2 at high- and midlatitudes followed by low-
latitude Pi2s.

— The Pi2 magnetic field amplitude at high latitudes was
one order of magnitude larger than those at mid- to low-
latitude.

— The largest Pi2 occurred in the vicinity of the upward
FAC that was associated with the auroral bulge.

— The polarization pattern of the ground Pi2 was consis-
tent with a transient large-scale wedge-like FAC system
in the ionosphere.

— A weak auroral activation occurred at the onset time of
the ground Pi2 (within the time resolution of the space
imager).

Fig. 11. (a—c)Three magnetic field components of Cluster, Polar

and Geotail for comparison (band-pass filtered: 4s, 200s). The _

shaded parts indicate regions of energized plasma. The vertical
dashed line in each figure marks the beginning of magnetic field
perturbations presumably associated with the Pi2 disturbance trav-
eling from a site>16 R toward Earth on 8 September 20@@-f)
Wavelet power spectra of subintervals encompassing the Pi2 event
for Cluster 8;), Polar (8y) and Geotail ;).

Ann. Geophys., 24, 3433-3449, 2006

An intense auroral breakup occurred at the onset time
of the auroral electrojet intensification (within the time
resolution of the space imager).

— The tail lobe Pi2 was superposed on a downward current

signature. The near-by PSBL (crossed 20 min after the
Pi2 observation in the tail lobe) carried current densities
of 9-28 nA/nt, which yields a total current ot 10° A
(see assumptions in Sect. 4)
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— The total equivalent ionospheric westward current was The initiation of the SCW results from the braking of
<4x10° A during the Pi2 event. Earthward plasma flow in the near-Earth region (Shiokawa
et al.,, 1997). At the beginning, this braking creates field-
— The substorm evolution unfolded from the magnetotail aligned currents which propagate as Afvwaves towards
(>16RE) to Earth. the ionosphere. Under the right conditions, these waves re-
flect off the ionosphere and continue to bounce inside the flux
In the following section, we will use these observations to tube before a steady state FAC is established. This “ringing”
discuss the source and the propagation path of this Pi2 eventf the flux tube is believed to be the source of high-latitude
Pi2s and is called the transient response model of Pi2s (e.g.,
7.1 Source of Pi2 pulsation on 8 September 2002 Baumjohann and Glassmeier, 1984). Although the ground
observations on 8 September are consistent with this model,
The Pi2 event recorded in the tail lobe is a series of 1 min-the model excludes the possibility that the process determin-
long NFTE pulses following each other within 1-3 min. ing the Pi2 frequency lies beyond RG as was the case for
NFTEs are thought to form during the reconfiguration of our event. Thus, this model can be ruled out as an expla-
tail magnetic field lines, i.e., reconnection (Sergeev et al.nation for the 8 September 2002 event. Nonetheless, it is
1992). Semenov et al. (2005) showed that the magnetigtressed here that the ground Pi2s showed very large ampli-
field perturbations in the tail lobe on 8 September 2002 areudes which so far have only been associated with the tran-
consistent with analytical calculations of NFTEs propagat-sient response model. We also rule out the scenario that a cur-
ing away from a reconnection site. The reconnection siterent disruption, located between Cluster and the ground, oc-
was estimated to be at30Rg. Two alternative explana- curred first which then triggered the SCW and possibly sent
tions for the field disturbances in the tail lobe might be put Pi2 disturbances toward Cluster, because it was shown that
forward: a) flapping motion of the tail; b) Kelvin-Helmholtz the Pi2 disturbance at Cluster traveled Earthward and was
(K-H) surface waves on the magnetopause. For the followinghe first signature in a sequence of substorm-related events
reasons, however, these explanations are less likely. Firs{see also Sect. 7.2).
Runov et al. (2005) showed that flapping motion in most |n a recent study (Kepko et al., 2001), it was proposed that
cases propagates azimuthally rather than Earthward as wasme ground Pi2s are caused by a periodic current diversion
the case in our event. Second, the excitation of K-H wavesjue to periodic Earthward plasma flows. It was suggested
are not causally associated with substorm onset, whereas ihat the inertial current created during the braking of plasma
was shown that the disturbances reported here were relatetbws would cause the ground Pi2s. It was further argued that
to substorm onset as is expected for at least some NFTE.  the associated amplitudes of the ground Pi2s would be a few
The key observation is that the magnetic field oscilla- nT and would remain relatively constant, and therefore these
tions of the NFTEs were nearly identical to time-delayed “inertial current Pi2s” could be distinguished from those Pi2s
ground Pi2s, which justifies their classification as Pi2 pulsesgenerated by the transient response mechanism which show
This similarity strongly suggests that both tail lobe Pi2s anddecaying amplitudes of tens of nT at high latitude. Kepko
ground Pi2s were driven by the same source, namely pulsegt al.'s scenario can be applied to our event (8 September
reconnection. Thus, reconnection not only released the ern2002), if we assume that the NFTE pulses, caused by pulsed
ergy to drive ground Pi2s but also occurred at a rate thateconnection, were accompanied by BBFs in the CPS. Al-
equaled the Pi2 frequency. Even if it turns out in future though the ground Pi2s on 8 September 2002 showed much
studies that NFTE are the result of a process other than relarger amplitudes than reported by Kepko et al., and in fact
connection, there must be, in any case, a process in the tailere as large as what is expected for the transient response
launching these disturbances, which has the periodicity andi2, our calculations of the total ionospheric electrojet cur-
magnetic field signature of Pi2s and which is the driver of rent were of the order of:110° to 4x 10° A which compares
one class of ground Pi2s as shown here. well with numerical and experimental estimates of the iner-
Furthermore, the combination of ground signatures (mag+ial current (e.g., 310° A by Birn et al., 1999; and-10° A
netic field oscillations, auroral electrojet, and auroral by Shiokawa et al., 1997). Thus, it might indeed be possible
breakup; Sect. 3) suggest that the ground Pi2s were assdhat the periodic driving of a current disruption led to peri-
ciated with a transient current wedge system of down- andodic inertial currents which subsequently caused the ground
upward FAC. Such a current wedge has traditionally beenPi2s with large amplitude at high latitude. High-latitude,
associated with the SCW, although, recently, it has also beetarge-amplitude Pi2s have so far not been associated with the
shown that BBF create wedge-like ionospheric signaturesxternal periodic driving of the inertial current. In this sce-
(Kauristie et al., 2000). Furthermore, it was proposed thatnario, however, it would be required that the Pi2 disturbances
a wedge-like current structure in the outer plasma sheet adraveled with an average speed of 3200 km/s towards Earth to
companies NFTE structures (Sergeev et al., 1992). It followscover 15Rg in 30 s (Sect. 5), which is rather unlikely. Sur-
a discussion of each of these current sources and how theprisingly, Kepko and Kivelson (1999) also reported periodic
might be associated with the event reported here. fast plasma flows (BBF) at 1Rg in the magnetotail (using
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ISEE 2) that drove compressional Pi2 waves in the daysideand Lysak, 1999). The Pi2 event on 8 September 2002 did
(recorded by GOES 3, which was more thanR0away indeed show oscillations with the same frequency over many
from ISEE 2) and Pi2s on the ground (dayside flank) with L shells .=1.2 to 6.1). However, cavity resonances are con-
time delays of 32 s and 65 s, respectively. How the short timefined to mid- and low-latitudesi(<~4) and do not show
delay of 32s was achieved was not addressed in the studyan amplitude maximum at high-latitude as was shown here.
Thus, whether the tail lobe Pi2s are related to the BBF Pi2High-latitude Pi2s have been identified as Aic and their
model (Kepko et al., 2001) is an outstanding problem. frequency is independent of the cavity resonance (Yeoman

Another possible source of an ionospheric current wedgeet al., 1991). Furthermore, we reported Pi2s in the tail lobe
might be flow bursts in the magnetotail. Earlier studies which is not part of the usual cavity (inner magnetosphere).
have pointed out the coupling of flow bursts to the iono- A variation of the cavity mode, called the virtual resonance
sphere via small wedge-like FAC structures (Kauristie et al.,(Lee and Kim, 1999), does account for oscillations outside
2000; Nakamura et al., 2001; Amm and Kauristie, 2002).the cavity. But for the 8 September 2002 event, the propa-
In concert with these flow bursts conjugate auroral activity gation direction of the Pi2 observed by Cluster was toward
was observed. One class of auroral activity associated withearth and is thus also inconsistent with this model. It was,
flow bursts are poleward boundary intensifications whichhowever, observed that after the main Pi2 event, low- to mid-
are sometimes accompanied by Pi2 pulsations (Lyons et allatitude stations continued to show similar oscillations which
1999; Kim et al., 2005). Another class is auroral streamerswere different from the high-latitude oscillations. Could this
(Sergeev et al., 2000). However, these BBF-associated cumean that a cavity mode established with a frequency close
rents have not been associated with creating the characteristto the initial driving source of the main Pi2 event? This ques-
Pi2 frequency in a one-to-one relationship as shown for outtion cannot be answered here because measurements inside
event. the plasmasphere were not available.

Another possible current source is the NFTE structure it- Two additional observations, which have not been fully
self. During the passage of NFTEs, Sergeev et al. (1992gxplained in this study, are (1) that the first pulse of the Pi2
showed enhanced currents in the outer regions of the PS, u¢rain was only observed at some ground stations, and (2) a
ing both ISEE 1/2 spacecraft at20Rg. It was suggested systematic latitudinal time delay for a group of low- to mid-
that NFTEs also show a wedge-like current structure. Thesdatitude ground stations (located west of the current wedge
currents are directly associated with the reconnection sitesystem). Latitudinal and longitudinal variations of Pi2 pul-
(Sydneva and Semenov, 1987). Location and timing analsations have been invested by several authors (e.g., Li et
ysis of currents at Cluster and on the ground are consisteral., 1998; Uozumi et al., 2000, 2004), and various scenar-
with the mapping of the ionospheric current along the PSBL,ios are proposed for such variations. For example, Uozumi
possibly into the reconnection site. The ground current sig-et al. (2000, 2004) showed in statistical studies using ground
nature appeared after the current signature in the tail lobelata from 210 MM that Pi2 pulsations are first observed in
which was associated with the tail lobe Pi2. It might there- the polar cap region albeit with smaller amplitude than those
fore be possible that the separatrix layer was magneticallycloser to the simultaneously occurring aurora, followed by
connected to the region surrounding OUL. We also remindmid- and low-latitude stations. The Pi2 source of the high-
the reader that OUL was located at or in close vicinity to thelatitude (polar cap) Pi2s was not identified but it was spec-
polar cap boundary at ground onset, and was then engulfedlated that equatorially excited fast mode waves propagate
by the poleward expanding bulge. This current layer is notoutward where they eventually resonantly excite lobe field
associated with the classical SCW which is generated muclines, thus sending Al@n waves to the polar cap region. The
closer to Earth, but possibly the Hall current which resultslarger speed in the lobe region allows the A&fvwaves to
from reconnection. In fact, previous studies have already ararrive first on the ground. Uozumi et al. only considered
gued that the field-aligned Hall currents resulting from re- ground data, and thus could not identify a Pi2 disturbance in
connection as shown in simulations (Yamade et al., 2000space. Furthermore, it was not specified what determined the
and observed in the diffusion region (Vaivads et al., 2004)oscillation frequency. Li et al. (1998) investigated longitudi-
might play a significant role in the global current pattern (Ya- nal variations and concluded that they are best explained with
made et al., 2000; Fujimoto et al., 2001). It was suggestedhe presence of two wave sources, the SCW and the cavity-
that these currents are carried by Afvwaves into the iono- mode, both of which were ruled out in our event. Here we
sphere. Fujimoto et al. (2001) who estimated the PSBL cur-argued for an association of ground Pi2 and a driven current-
rent during a substorm obtained similar values as reportedvedge FAC system, but we also argued that fast mode waves
here. Note that in this scenario, the current is not bouncingnust have played a role in the inner magnetosphere because
as in the transient response mechanism but oscillates at th&f propagation effects (i.e., identical waveforms but time-
Pi2 frequency by direct control at the reconnection site by andelayed) among some stations and because of the simulta-
as yet unknown mechanism. neous occurrence of dayside Pi2.

The cavity mode is a global resonance with the same fre- In this discussion we did not include the observations of
quency throughout the cavity (e.g., Allan et al., 1996; LeePolar and Geotail which we found to be inconclusive for
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Various frequency drivers of Pi2 pulsations
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Fig. 12. Schematic showing several proposed mechanisms for establishing the characteristic Pi2 frequency, including our observations for
the 8 September 2002 event.

contributing to this Pi2 study since the clear one-to-one cor-pansion started at21:18:40 UT, which is also significantly
relation among Cluster’s Pi2s and the ground Pi2s was notater than the Cluster Pi2 observation. Itis interesting to note
visible in the Polar and Geotail data. This could, however,that the ground Pi2 onset occurred before the strong electro-
simply have been a spatial effect (spacecraft separation) bget intensification.

cause disturbances (like BBF) in the extended magnetotail Finally, it is noted that although the onset of wave distur-
are known to travel at times in narrow channels (Angelopou-bances at Polar(21:17:40 UT) and Geotait21:18:00 UT)

los etal., 1992). occurred after the Pi2 onset at Cluster2(1:16:40), as
expected, they also occurred after the ground Pi2 onset
7.2 Corollary (~21:17:10) which was unexpected. However, we remind

the reader of the caveats associated with these observations

In addition to the fact that the tail lobe Pi2s were the first (sect. 6) which could provide an explanation for this para-
(at 21:16:40) observable substorm indicator, it is importantygy

to note that they propagated Earthward. This excludes the

scenario that the source of the ground Pi2s was located be-

tween Cluster and the ground stations. In fact, Sergeev e¢ Conclusions

al. (2005) reported plasma signatures (including data from

LANL geosynchronous satellites) for this event with regard Until recently the phenomenon of Pi2 pulsations had been
to the transition from substorm growth to substorm expan-confined to the inner magnetospherelQ Rg) when it was

sion phase and concluded that the observations can be ofeund that some ground Pi2 can be actively driven at the Pi2
ganized in the frame work of the modified NENL model frequency via plasma flows in the CPSI0Rg) (Kepko and
(Baker et al., 1996) in which the events initially unfold from Kivelson, 1999; Kepko et al., 2001) which resulted in a new
the magnetotail toward Earth. Our analysis confirms thisPi2 model. The mechanism for the flow periodicity, how-
result by including two additional observables. First, the ever, was not specified in the BBF Pi2 model. Here we gave
first ground Pi2 pulse was recorded af1:17:10 UT at  evidence in a case study (8 September 2002) that one type
high- and midlatitude stations, i.e., 30 s after the Cluster Pi2of Pi2s can directly be linked to the reconnection site. NFTE
(21:16:40 UT) which we associated with pulsed reconnectionpulses — remote signatures of pulsed reconnection — were ob-
in the magnetotail. Second, it was pointed out that the onseserved in the tail lobe at 18z and were shown to have the

of the strong electrojet intensification and its poleward ex-frequency and wave form (in the magnetic field) of typical
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