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Fast flow, dipolarization, and substorm evolution:
Cluster/Double Star multipoint observations

R. Nakamura, T. Takada, W. Baumjohann, M. Volwerk, T. L. Zhan g, Y. Asano, A. Runov,
Z.Voros, E. Lucek, C. Carr, B. Klecker, H. R éme, and O. Amm

Abstract: Fast flow and associated magnetic field disturbances aetkeynderstand the link between the neat-Earth tail
and the inner magnetosphere, where the essential energgrsmm processes take place during substorms. The foot-po
Cluster observation allows to investigate spatial stmecand associated signature of dipolarization disturtandéth

the launch of Double Star, simultaneous observations ofrther magnetosphere and the midtail took place in summer
2004 and 2005. Such a constellation of spacecraft allowsintilsefr to study the flow and dipolarization disturbance

both in the local and the larger context. That is, by applyimgti-point analysis techniques, the direction and spded o
the propagation is determined within the Cluster tetratvednd can then be compared with the global propagation of
the disturbances using Double Star as well as relevant jptveoie disturbances. We discuss plasma sheet fast flow and
dipolarization characteristics obtained from local aslaslglobal multi-point observations during substorms.
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1. Introduction context. Particulary, TC1, which has an equatorial orbthwi

Hiah dol f in th Earth ol heet a2 @P0gee of 13 Earth radii, and Cluster, which has an or-
Igh-Speed piasma TIows I tn€ near-tarth plasma Sheet afg plane in the same local time sector, can have intergsti

considered to play a key role in flux and energy transport irt . - - ;
' . onfigurations to study the large scale propagation of the di
the magnetotail and substorm dynamics. Cluster travereed Lturbances. Figure 1 shows the Cluster and TC1 location when

magnetotail covering regions Earthward_ of Bg since sum- TC1 observed a dipolarization defined &1z > 10 within 5
mer 2001. The four spacecraft observations enabled us-to di in, whereAdy, is the latitude angle of fhe magnetic field

ferentiate spatial from temporal disturbances and pralige and TC1 and Cluster were at the night sidé, < —6 Ry

chance to obtain essential parameters, such as current der&%d|y| < 10 Ry, between July and October 2004. There are
ity or spatial scale of the flow and field disturbances. Smcu:—.}nainly Wo types'of Cluster-TC1 configuration Whiéh are use-
tg(aS:DaUI'lcclh ?f thedt\g%satltlellltels of the POUb:F Start P‘;;%ran}ul to study: (1) Changes across the current sheet whenetlust
( ), Cluster an alowlarge-sca’e muiti-point obser sy ag dipolarization-associated signatures at thadaoy

: . . o}
tions %'0”9 the same local time sector. Such smultanequs O%f the plasma sheet or lobe, and (2) Radial propagation of the
servations of the inner magnetosphere and the near-Edrth t isturbances when Cluster was near the equatorial plane. In

are essential in substorm studies becaqse of the |n|t|al loc this paper, we will discuss events with the latter type ofitorb
onset and the subsequent global expansion of the d'Stwban%onfiguration

Particularly, how these two key regions are linked in terhs o In the following, we first highlight an event study by [1]

fast flow and magnetic field dipollarization Is yet to be determ which shows two examples when Cluster observed dipolariza-
ined to understand the mechanism of the substorm develo;a—ons and TC1 was located close to its apogee at the same local
ri[sime. We then survey the relationship between fast flows ob-

. . ..served at Cluster and the dipolarization observed at TC1 in a
December 2003 and TC2 in July 2004, respectively, providy i victical way. In this study we mainly use data olegin

ing another opportunity to study fast flows in a more gIobaIby the fluxgate magnetometer (FGM) experiment on Cluster

: [2] and on TC1 [3] and also refer to the ion flow data from
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Fig. 1. Cluster and TC1 location plotted in th€-Y plane (left)
and in theX-Zys plane (right), for those events when TC1
observed dipolarization and both spacecraft were at thiet nig
side, X < —6 Rg, between July and October 2004y s is Z
distances from the neutral sheet [6].
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of the disturbance at Cluster were obtained and comparéd wit
the TC1 observations, which enabled to determine further co
straints on the spatial and temporal profile of the sourcsseda
on these multi-distance multi-point observations with <téu
and TC1.

X-Component Geotail

S1u005—— [Lu]

“21:00

00:0
2.1. 20040807 event

Magnetotail data from Cluster and TC1, solar wind dataFig. 2. Magnetotail data from Cluster and TC1, solar wind data
from Geotail and ground magnetograms from selected MIRfrom Geotail and ground magnetograms from selected MIRACLE
ACLE stations ordered with increasing latitude are shown irstations (Adapted from [1]). Shown afé components and
Figure 2 adapted from [1]. Geotail was&t= 15 ~ 17,Y =  latitude angle of the magnetic field add component of the
1~ 7,andZ = 3Rg mainly in the solar wind except for short proton flow from Cluster,X component and latitude angle of the
periods between 1915 and 2000 UT, indicated as shaded areantagnetic field andX component of the ion flow from Double
the figure, when the spacecraft entered into the magnetitsheaStar TC1, X component of the magnetic field at Geotail in the
There were two intervals when IMBz was mainly negative solar wind and in the magnetosheath (shaded intervals), Xand
with a minimum of—5 nT: 1845-2010 UT and 2105-2210 UT component of the ground magnetogram from selected MIRACLE
followed by a period of wealB;; with occasional short neg- stations: BIN (CGM lat.71.45, CGM long. 108.07), SOR (67.34
ative excursions until around 2245 UT when positive I 106.17), KIL (65.88, 103.79), PEL (63.55, 104.92) from the t
increased up te-5 nT and stayed northward for the following to the bottom. The vertical dotted lines show the onset tifne o
45 min. Associated with the first negative IMF interval,  the enhanced westward electrojet, whereas the grey lirieaires
MIRACLE/IMAGE magnetograms detected an enhancementhe dipolarization event discussed in the text in detail.
in westward electrojet activity starting at 2000, 2035 Ufida
associated with the following negative IMB interval, an- by a sharp increase ity at 2034UT and 2042 UT. Fast Earth-
other onset at 2300 UT as indicated in the figure as vertidal doward ion bulk flows were detected at TC1 and Cluster starting
ted lines. Corresponding to these westward electrojatiie,  at 2034 UT and 2044 UT, respectively. The reversal of the flow
dispersionless injections were observed by LANL satellie  from tailward to Earthward was observed associated witl©230
1955-2000, 2032, 2247 and 2313 UT (not shown). These obdT onset by Cluster, while a clear dipolarization was obsérv
servations suggest that there were mainly two substorm-inteat TC1. In the following we examine the temporal and spatial
vals with multiple intensifications. evolution of the dipolarization and flows at Cluster and TC1

Associated with the first westward electrojet onset at 200G0h more detail for the dipolarization event at 2042-2044 UT
UT little effects were seen at both spacecraft except foadysl marked with a grey line in the figure.
enhancement in the elevation angle in TC1. IBBE was still Figure 3 shows thép profiles during the second dipolar-
southward andBx at Cluster continued to increasgs(keeps  ization interval between 2040 and 2050 UT (left panel). To
decreasing) indicating further stretching of the field. @e t characterize the propagation of the dipolarization mowndu
other hand, the second westward electrojet at 2035 UT waigatively, we compared the local propagation propertiethef
accompanied by a clear change in the magnetic field configuiB,; or 65 disturbance among the four Cluster spacecraft with
ation both at Cluster and TC1. Clear enhancemefiziwas  the larger scale propagation between Cluster and Doubte Sta
observed by Cluster, accompanied by a decreadéxintook  We first determine the motion of the dipolarization signatur
place at 2033 and 2044 UT, which indicate a change from &om the timing analysis of Cluster, assuming the dipolariz
tail-like to a dipolar configuration. TC1 was located in dtarh  ation front to be a planar structure. For the analysis we use
hemisphere as can be seen from the negative valliixaiind  the time difference of 5 among the spacecraft for the events
also observed enhancement® jnaccompanied by a decrease when clear enhancements were observe®jnandédz and
in the absolute value dBx starting at 2030 UT, and followed when all the Cluster spacecraft had similar profiles so that a
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Fig. 3. Left: 65 profiles during the second dipolarization interval g: ? e _
between 2040 and 2050 UT observed by Cluster and TC1. The Bx 4 «-’WW 3 2
onset of Cluster dipolarization and the estimated onsehef t 62 : M
TC1 from propagation speed at Cluster are indicated witbvesr _— W |
Right: Location of Cluster and TC1 and direction of the fast 208 i ‘
flow (thick arrow) and propagation vector (thin arrow) of the ;‘22 3 ? : S
dipolarization projected in th&-Y plane. Vx o MMWMWMW 3
timing analysis should be valid. Timing, propagation diiea, _
and speed of dipolarization at Cluster are then comparedd wit §
observed signatures at TC1. The propagation vebtgr, for o
this events is plotted in the right panel in Figure 3 with thin £
arrow. The propagation of the disturbances were mainly dawn  § ; ;
ward with a tailward component. This suggests that theainiti § KIL 1 A
source of the disturbance is located duskward and Earthward x PEL ‘ a ‘ L ‘ S
UT 21:00 22:30 00:06"

of Cluster toward the TC1 location. This procedure furtier a
lows to determine the arrival time of the disturbance at TC1,

which can be expressgd asc1 = tor — ((RC,L ” RTCl,)'_ Fig. 4. Same as Figure 2 except for time interval between 21 and
Vg)/(Vp-Vp) assuming the s_pacecra_\ft motion is negligible. ,, UT, August 14, 2004 (Adapted from [1]).
Also we can determine the projected distance between Cluste

and TC1 along this plane such 83| = |R¢r — Rror — 2 2 20040814 event

(tcr — trc1)V p|. The dashed line perpendicular to the arrow  rigyre 4 shows data from Cluster and Double Star TC1 to-
in Figure 3 shows the projected components of displacemenfather with the Geotail and MIRACLE magnetograms between
vectorD. Using this simple assumption, i.e., that the dipolariz-51 and 24 UT on August 14, 2004, in the same format as
ation is a planar front moving with a constant speed, we eStimFigure 2. Geotail was Iocated’éc[ _ 8 ~ 9 Y = 29 and

ated that at TC1 the disturbance should take place at 2041 U _ | | —92Rp, again mainly in the solar wind except for
For the 2041 UT event, this estimated timing is indicatedwit 1,0 magnetosheath encounter after 2350 UT. IRtFwas all
f[he thin arrow in the TC1 panel (bottom_left) in Figure 3. TC1 the time northward with a typical value of 3 nT. Although
in fact observed some enhancementdinaround 2042 UT.  \yeak, two westward electrojet disturbances can be idedtifie
For this event, therefore, both spacecraft could likelyehde- i, the MIRACLE magnetograms at 2157 UT and around 2312
tected the same disturbances propagated from TC1 to CIUStgfr, poth centered at higher latitude than the previous et
and_ they were possibly related to the dlpola_rlzatlon frat a energetic particle injection was detected by LANL satediit
sociated with Earthward flows. The propagation speed30 (ot shown). These signatures suggest a feature quite-diffe
km/s, was within the value of the previously obtained taitva ent from a usual “substorm”, with disturbances mainly athig
propagation speed of 35-300 km/s [7, 8, 9]. Yet, the major dir ;atitydes and equatorward propagation but not involvirg th
ection was dawnward such as the case of dawnward expansifher magnetosphere. Cluster detected a sharp enhandement
of the dipolarization observed in the post-midnightin te@g . followed by fast Earthward ion flow at 2156 UT and 2334
synchronous region [10]. The minimum required scale-sfze oy, The latter flow is almost 15 min delayed from the activa-
the dipolarization disturbance then would have a width éf 3. 451, on the ground, although weak magnetic fluctuations star
Rp, covering both TC1 and Cluster as shown with the hatchegyq ajready after 2312 UT. On the other hand, TC1 showed no
area in the right panel in Figure 3. Interesting to note that t gignature of clear dipolarization, but some magnetic distu
propagation direction of the dipolarization is almost B8P 4. ces after 2200 UT onset and after 2320 UT with no ion flow
dicular to the main flow direction at Cluster, as indicated bysignature.
the thicker arrow. It is therefore not the main flow direction Similar to the previous event we examine the propagation
which the dipolarization front was observed to propagaiehS  f the Cluster disturbance and the flow disturbance. Thik wil
propagation of the dipolarization front predominantlygest-  give ys a hint of the maximum scale of the disturbance, not to
dicular to the main fast flow direction was also reported byhe gpserved at TC1. The direction of the propagation of the
[11]. dipolarization front was mainly Earthward/dawnward foe th
August 14 event as shown in Figure 5, deviating from the main
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Fig. 6. Bz of Cluster and TC1 for the Cluster BBF events
associated with TC1 dipolarization (left panel) and thosthaut

Fig. 5. Cluster and TC1 location in th&-Y plane (left) and in
the X-Z (right) during the 2202 UT and 2233 UT events. The
thick arrows show the flow direction while the thin arrows who
the motion of the dipolarization front. The dashed linesvsho
the possible spatial scale if it is assumed that the frort aidl

clear TC1 dipolarization (right panel) plotted agaidstlocation

of the two satellites. FoBz value at TC1, a 5-min average value
before the dipolarization (left panel) or before ClustermBgight
panel) are shown. The dashed (solid) lines indicate evehenw
the two spacecraft were separatedvinmore (less) than R g.

encounter (or had encountered) TC1.

imum #p during the first interval and the end time is defined
flow direction. Similar Earthward/dawnward motion has beenas the maximurfiz during the last interval. We then examined
reported by Cluster in the postmidnight region associatiéld W whether such a dipolarization event is observed at TC1 assoc
a BBF [11]. If we estimate the arrival time of thig; enhance-  ated with a Cluster BBF or not. That is, we divided the Cluster
mentat TC1, the 2202 UT and 2333 UT disturbances at ClusteBBF dataset into two groups: those BBF events when there is
are expected to be observed 3 min and 4 min later at TC1, whenC1 dipolarization event within 5 min before or after the flow
the scale size of the disturbance is larger than 3 anftlz8  which we call BBF event associated with dipolarization, and
respectively. The lack of such observations at TC1 suggesttose BBF events when no corresponding TC1 dipolarization
that the disturbance was either localized or decayed wihin events can be found.
shorter time scale than these values. Either the BBF associ- Figure 6 shows3 of Cluster and TC1 for the Cluster BBF
ated dipolarization was a transient phenomena and quenchedents associated with TC1 dipolarization (left) and thaiseout
between Cluster and TC1 or the localized BBF/dipolarizatio clear TC1 dipolarization (right) plotted against tRelocation
frontcould notbe observed at TC1 resulting in only small mag of the two satellites during these events. For g value
netic field fluctuation. The lack of any injection signatute a at TC1, a 5-min average value before the dipolarizatiort (lef
LANL as well as the location of the westward electrojet sug-panel) or before the Cluster BBF (right panel) is shown. {Tak
gests that in fact the energy transported by the BBF is veryng into account the near-Earth tail configuration, we attua
likely dissipated mostly before reaching the TC1 region. OnysedH instead ofB, when TC1 is Earthward of 1R). The
the other hand, the observation can be also due to the finii@ashed (solid) lines indicate events when the two spadecraf
width of the flow channel, which was obtained to be 23  were separated iF more (less) than &z. It can be seen that
from a statistical study using Cluster multi-point datd4@]. ~ when TC1 is located Earthward of Bz there is no clear di-
polarization obtained by TC1 associated with a BBF at Chuste
even if the two spacecraft were closelh Another interest-
3: Sur\_/ey_of Cluster BBF and Double Star ing difference between these two events areffhevalues at
dipolarization TC1, which is particular clear when we compare only those

As shown in the previous sections, the evolution of a BBFclosely aligned int” (solid line) and if one compares TC1 val-
can be quite different even though Cluster and TC1 wereetign ues aroundX’ = —10 ~ —12 Rp where events from both

in similar local time sectors. To determine the general congdroups exist. It can be seem thag at TC1 is larger for those
dition of the fast flow evolution, we surveyed the dipolariz- €vents when a dipolarization is not observed at TC1. Note tha

ation events in a more statistical manner. Here, we first cresuch difference were also seen between the two events shown

ated data base of Cluster bursty bulk flow events using daté the previous section. Namel§z was larger for the 2004-
from Cluster 4 and TC1 dipolarization events. Bursty buliflo 08-14 event, when no clear dipolarization was observed-asso
events are defined when the spacecraft was in the plasma shé&kated with the BBF, compared to the 2004-08-07 event, when
(ion 8 > 2) and observed high speed flow,(, > 300 km/s)in @ dipolarization was observed both at Cluster and TC1.

the component perpendicular to the ambient field using 8 sec One plausible interpretation for these two types is ilatstd
data. We take data points fulfilling the BBF condition separ-in Figure 7. That is, a thin current sheet is developed reachi
ated less than 5 minutes as the same event. As for the dipold@ward the inner magnetosphere when both flows in the near-
ization event, we used 5 minutes-long sliding windows of theEarth (Cluster) and dipolarizationatl0 R region (TC1) are
spin-averaged data and identified a dipolarization whedifhe ~Observed (upper panel in Figure 7). On the other hand, for the
ference between the minimum and maximémexceeds 12 cases shown in the right panel in Figure 6 and the August 14
The event interval consists of consecutive intervals firljl ~ €vent, the~10 R region (TC1) is in a more dipolar configur-
this condition and its start time is defined as the time of min-2tion when the flow brakes beyond this region so that dipolar-
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UT, during a disturbed southward/northward IMF intervalla
August 14, 2004, 21-24 UT, when the IMF was stably north-
TC1 Cluster ward. Cluster observed dipolarization as well as fast flowrs d
—— ing both intervals, but this was not the case for TC1. By us-
X D ing multi-point analysis techniques, the direction/spetthe
propagation is determined using Cluster and is then cordpare
with the disturbances at TC1 to discuss its spatial/tenipora
scale. The propagation direction of tBg disturbance at Cluster
was mainly dawnward with a tailward component for August 7
and with a significant Earthward component for August 14 as-
sociated with fast flows. These differences suggest thaibthe
Cluster of the BBF can be quite different for different IMF condition
7 and resultant tail configurations.

4 . By surveying Cluster BBF events when TC1 was in the tail,
we could statistically confirm that there seems to be some dif
ference in the tail configuration between these two types of
BBF events. That is, a thin current sheet is most likely de-
veloped reaching toward the inner magnetosphere when both

Fig. 7. lllustration of plausible tail configuration for events whe  flows in the near-Earth tail (Cluster) and dipolarizatiorthie
TC1 observed dipolarization associated with Cluster BBgpéu ~10 Rg region (TC1) are observed. On the other hand, the
panel) and those when TC1 observed no clear dipolarization ~10 R region (TC1) has likely a more dipolar configura-
(lower panel). tion when there were no dipolarization observed by TC1 at
this region associated with the fast flows in the near-Eaith t
ization or flux pileup region cannot reach TC 1 region (bot-(Cluster). It should be also noted that we could not find any
tom panelin Figure 7). More complete results of this sta@$t  fast flow events associated with dipolarization when TC1 was
study will be published elsewhere (Takada et al., manusiarip near the geosynchronous region. That is, the observed flows
preparation, 2006). most likely brake radially outward than the geosynchronous

Note that we could not find any fast flow events associategegion. This suggests that either a different process ttoan fl

with clear dipolarization signature in the geosynchron@is praking or flux pile is needed to explain a clear dipolarizati
gion. This suggests that the fast flows most likely brakes rad at geosynchronous region or when a dipolarization takesepla
ally outward than the geosynchronous region, which is also e at geosynchronous region, the near-tail current shestfja
pected from the radial profile of the flux transportrate [CB.  sheet is so thin that the chance of detecting plasma sheet flow
the other hand, since there were no Cluster plasma shedseveqith Cluster becomes almost zero.

when TC1 observed dipolarization in the geosynchronous dis  These results show the complicated nature of the propaga-
tance, we have no supporting evidence that dipolarization gjon of the disturbance in the tail and a new possibility afzo

geosynchronous region can take place without flows in theyining local and global multi-point analysis to further qtiy
near Earth region. Yet, the fact that there were no events Witthe characteristics of the source regions.

clear TC1 dipolarization at geosynchronous distance &ssoc

ated with Cluster fast flow in our dataset suggests that reithe

a different process than flow braking or flux pile is needed foracknowledgements
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