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Cross-tail velocity component in the plasma sheet fast flows
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Abstract. The flux transfer in the magnetotail plasma sheetreduced, (2) the temperature is enhanced; (3) the magnetic
is mainly provided by the tail-aligned fast plasma flows field displays the bipolaB, variation and g B,| decrease.
(Bursty Bulk Flows — BBFs). In this paper we study the These characteristics are in agreement with the BBF being a
events with a large cross-tail velocity component, including plasma-depleted, electrically-polarized plasma tube (plasma
their occurrence and relationship to the standard BBFs. Wédubble). A simple analytical model for the bubble propaga-
found out that a significant part of largg events are a sub- tion has been developed by Pontius and Wolf (1990), Chen
group connected with the BBFs propagation. The maximaland Wolf, (1993), whereas a pattern of the plasma flow near
deviation of the velocity vector from the X direction (about the bubble has been obtained among other results in the
40-50 degrees, on average) is observed near the BBFs’ lealiHD simulation by Birn et al. (2004). At geocentric dis-
ing front in the sheath, where the fast flow interacts with sur-tances>15 Rg near midnight (where the BBFs are most fre-
rounding plasma. The average variation of the velocity di-quently observed) the flux tube plane lies near the XZ plane,
rection in the vicinity of the BBF resembles a plasma vortex. and the velocity direction at the plasma sheet should nearly
Our results support the model, in which the BBF representscoincide with the X axis. Indeed, this was confirmed by the
a polarized, bubble-like flux tube, propagating through theexperimental data by Angelopoulos et al. (1992, 1994).
plasma sheet. However, the results of Baumjohann et al. (1990) reveal
a considerablé/, velocity component in the fast flows at
the distances<20Rg. Particularly, the velocity vector de-
viation from the tail axis is more than 34 degrees\i5%
of their cases. Nakamura et al. (2004) found out an appre-
) ciable occurrence of the large longitude angte8( degree)
1 Introduction for the earthward fast flows events. Considerable cross-tail
. . . velocity components|{y|~|V,|) were shown in a few case
Interest in the fast plasma flows in the magnetosphericyy qies (e.g. Sergeev and Lennartsson, 1988; Borodkova et
plasma sheet has been growing during the last decade. Thig 5402y Recently, the average plasma sheet flow pattern in
is because the BBFs have probably a close relationship to th{she XY plane was obtained by Hori et al. (2000) and Kauf-

magnetic field reconnection in the tail and also due to their o1 et al (2001) by averaging the Geotail velocity mea-

key role in the magnetotail transfer (Baumjohann etal., 1990, .ement for a few years. An important feature of this aver-

Baumjohann, 2002; Angelopoulos et al., 1994). Indeed, as,ge pattern is the large flow velocity (100-200 km/s) in the
known, the BBFs provide from 50% (Satiel et al., 2001) region X<—15Ry, —5Rz<Y <10Rz, where a significant

up to 80% (Angelopoulos et al., 1994, 1996) of the plasmay, "o mnonent is also observed. Results of Baumjohann et
and magnetic flux transport. Y

! ) ) al. (1990) showed a maximal occurrence of the fast flows’ in
Previous studies revealed and described the average chafye same region. So, the fast flows contribution to the average
acteristics of the fast plasma flows (Angelopoulos et al.,s5yern particularly in the cross-tail component, may be sig-
1994; Ohtani et al., 2004). The main properties of the hificant. To our knowledge, the origin of this transverse flow
BBF proper are: (1) the plasma density and pressure ar@,mnonent in the tail plasma sheet has not been investigated
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Fig. 1. Occurrence frequency of th&x|> Vinr (red) and Vy|> Viny Fig. 2. Occurrence of theVy|> Vi, for V>0 (red) andVy <0
(blue) samples, depending on the X (left column) and Y (right col- (blue), depending on the X (left column) and Y (right column)

umn) GSM coordinates for three different velocity thresholds (200, GSM coordinates for different velocity thresholds (200, 400 and
400 and 600km/s). The number of events for each distribution isg00 km/s).

indicated.

The aim of the present work is to study the spatial distribu- Y (X) values. Figure 1 shows th@) | and| V| distributions
tion of the largeV, ion bulk flows (Sect. 2), the relationship 2re Similar for eactVin, value, although their probabilities
of this transverse component with the BBFs (Sect. 3), and thé'€ different: the frequency of large;| values strongly ex-

flow rotation near the BBF front (Sect. 4). The last section €8€dS the frequency of the largé | values (by 2 to 15 times,
provides a summary of results and discussion. depending on the threshold value and the observation re-

gion). There are some common features of|iig and|V, |
distributions. First, their occurrence increases in the tail-
2 Occurrence of strongV, flows ward direction, maximizing at the~30Rg (outer limit of
’ the Geotail orbit used in this study). Second, both have a
In this section each 12-second sample With > Vinr (Where maximal frequency in the central sector of the tail, the ma-
Vinr is a threshold value) is considered as a separate eveniQrity of [Vi[>Vinr and |Vy|>Vinr events being observed at
Three threshold values are tried, =200, 400, 600 km/s. —10Rg<Y <10Rg. The major difference is the appreciable
Also all events with|V,|> Vinr (Same threshold) are used to shift of the|V, | distribution maximum towards dusk.
compare thgV,|> Vinr and|Vy|> Vi distributions. The oc- To learn more about this dawn-dusk asymmetry we re-
currence frequency is defined as the ratio of the event numbggeated the analysis separately for #ie<0 andV, <0 sub-
in the certain spatial bin to the number of all 12-second obsersets. Results are presented in Fig. 2, which shows that the
vations in the same area. Our study is based on Geotail obsedawn-dusk asymmetry is basically formed due to an excess
vations made between May 1995 and May 1999. Magnetiof V, >0 events on the dusk side. Thg histogram in Fig. 3a
field components and plasma parameters (12-s averages) ashows that the/, >0 are much more frequent. Such asym-

used. Only the measurements in the regior-XL5Rg, metry may result from a superposition of the symmetric flows
—15<Y <20 R inthe inner plasma sheet (plasma parametenwith the dawn-to-dusk ion diamagnetic drifts, as it has been
B>0.5) are considered. previously shown by Hori et al. (2000). Figure 3b illustrates

The occurrence frequency distributions in X and Y GSM that the distribution can really become symmetric by sub-
coordinates are presented in Fig. 1 for three threshold valtracting 45 km/s from alV, values. The exact value slightly
ues. Each point in the right (left) panel shows tWg|> Vin, depends on the observation point in the tail and on the thresh-
and|V,|> Vi occurrence in the Rx X (Y) interval for all old value. This drift magnitude-50 km/s is similar to the
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Fig. 3. Histogram of the large cross-tail velocity component occur- Fig. 4. Variation of the plasma parameters and magnetic field com-
rence:(a) the originalVy distribution (for| Vy|>400km/s)(b) the ~ ponents observed on 4 September 1997. The time interval with
drift-shifted distribution of Vy—45 km/s. |Vy|>400 is highlighted.

V~40km/s component found by Kaufman et al. (2001) on Inthis section we study the average characteristics of large
the duskside, but it is larger than the-18 km/s obtained by  |Vy| events. The event is here defined as an interval, satis-
Hori et al. (2000) afy=—15 R in the midnight meridian. fying the following conditions: (1) Vy|max>400kmi/s., (2)
B>0.5 before the front of the fast stream (that is the BBF is
observed in the CPS region). A brigfvalue decrease be-
3 Relationship of large V, events with the high-speed low 0.5 is allowed inside the event due to strong magnetic
plasma streams in the tail field and plasma parameters variations. (3) To obtain a more
distinct picture at the front, we consider only those events,
The similarity of large|V,| and|V,| flow occurrences sug- which had|V,|<200km/s during at least 5min before the
gests a possible relationship of largg | events to the fast BBF onset. The last requirement strongly reduces the num-
V, flows. Our survey of individual events shows that during ber of selected events.
the isolated/, enhancement above the average level (thatis, The 98 selected events witlr,|>400km/s showed the
above several tens km/s, according to Kaufmann et al., 2001 BBF attributes in>90% of the cases. To obtain an aver-
the V, flows often display a complicated variation at smaller age portrait of the larg&, events we performed a super-
time-scale. In this case the episodes With- Vinr are shorter  posed epoch analysis. A critical point of the superimposed
than those witlV, > Vi, for the same threshold value. An ex- epoch analysis is the choice of the reference tiffig. (As
ample is given in Fig. 4, where the interval ¥f>400km/s  was shown by Ohtani et al. (2004), the results differ depend-
(~405s) is highlighted in green and tH& >400km/s time ing on theTy choice, whether you use either a crossing of
interval (~6 min) is marked by the vertical lines. In these some velocity threshold, or the start of the magnetic figld
events one typically observes tjig | enhancement, the den- component variation. Below we use the reference time at the
sity and pressure reduction and the temperature growth at thstart of a sharpV, | growth above 200 km/s. The results are
beginning of the flow burst, which are the well-known BBF presented in Fig. 5. Note that the averaygmax value does
attributes (see Angelopoulos et al., 1994; Ohtani et al., 2004)not exceed the 400 km/s value. The reason is that different
events have different front durations and thigjrmaxima do
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Fig. 5. Average velocity, magnetic field and plasma parameter
variations for|V, |>400 km/s events, resulting from the superposed Fig. 6. The same as in Fig. 5 for events with, |>400 km/s.
epoch analysis. Reference time is defined as the start of gWigrp
growth above 200 km/s.
tube (the BBF proper). The average picture of the BBF-
associated plasma parameters and magnetic field variations

not coincide, so the average picture blurs. Figure 5 confirmds similar to that obtained by Ohtani et al. (2004) in all as-
the suggestion about a close relationship between the largeects, except thé, component magnitude. According to
V, events and the BBFs: the averagéd| peak value ex- our data|Vy|>400km/s (300km/s) is observed for, respec-
ceeds theV, | peak value, and the magnetic field and plasmatively, 21% (43%) of all events wheV,|>400 km/s. More-
variations are analogous to those obtained in Angelopoulo®Ver, the events for whicfVy| is small (<100 km/s) are rare
et al. (1994) and Ohtani et al. (2004) for the BBFs. (~3%). Average duration of the time interval whev, |

The analysis of the large, andV, spatial distributions in ~ €xceeds 200km/s is-3min (Fig. 5). The corresponding
the previous section showed that for the fiXggh the proba-  time interval for|V,| is ~6min (Fig. 6). The average ra-
bility of large | Vy| values is much smaller than that of large 10 (R=[VyImax/|VxImax) betweenV,| and|V,| peak values
|Vy| (~10-fold for Vinr=400). Does it mean that only a small for all events with|V, |>400 km/s was found to b28=0.45.
part of the BBFs has a largg-component, or is this because
the|Vy|> Vi, events have a _smaller s_pace-time scgle asCcoMy  plasma flow structure near the BBES' front
pared to the BBFs? What is the ratio of the maximpim|

and|Vy| values in the fast flows in the plasma sheet? As follows from the theoretical considerations, the bubble
To obtain the answers we studied the BBFs (all inter-polarization corresponds to a two-vortex plasma motion in
vals with |V, |>400 km/s, in total — 1022 isolated events), the bubble and surrounding plasma. Near the bubble leading
using the same criteria as applied above for the lakg¢  front it has a plasma velocity component transverse to the tail
events. After many attempts, we present here (Fig. 6) theaxis, whose value is expected to be maximal at the leading
average characteristics obtained by the superposed epodfux edge (in simple models), and whose sign coincides with
analysis with a reference time, corresponding to the plasmahe sign of the y-component of the outer normal to the bubble
pressure maximum during a 1-min interval just before thefront. The streamlines are similar to those in the flow around
sharp|V,| growth. In our opinion this epoch time may cor- the obstacle.
respond to the boundary between the background plasma,
grabbed at the BBF front, and the depleted plasma flux

Ann. Geophys., 26, 1597604 2008 www.ann-geophys.net/26/1597/2008/
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Fig. 8. (a) Histograms of the time delay of the maximal velocity

Fig. 7. Average velocity, magnetic field and plasma parameter vari-deviation to dusk (top) and to dawn (bottom) relative to the time of

ations for one group of the earthward moving fast flows. ReferenceBBFS’ front pass(b) histograms of the maximal velocity deviation
time is defined as the time of the plasma pressure maximum. values: to dawn (left) and to dusk (rightic) the scheme of the
plasma motion (red vortexes) around BBF (blue oval) in the XY

plane.

To study the flow morphology near the BBF front, all
1022 events found in the previous section were divided into 4 . _ _ _ . _
groups. First of all, they were separated by thelow direc- Vy value increases in the interaction regian, reaches I.tS .
tion (818 earthward flows and 204 tailward flows). Besides,first extreme near the front, then decreases, changes its sign
most of the events were found to display the change in theand reaches the second extreme somewhere in the BBF trail-
V, sign; see e.g. Fig. 4. Therefore, each group was split intdng part. The trailing part may be roughly determined based
two groups, depending on thg sign change: from positive  0on the average BBF duration of about ten minutes. Note that
to negative or vice versa. Afterwards, the average portrait of similarVy variation would be observed when crossing the
each group was obtained, using a superimposed epoch analortex. The vortex-like variation is more clear when consid-

ysis, and the relationship between the times/pfmaxima  ering the angle of the V vector deviatiom)(from the X axis
and minima was also studied. (the red line in the upper panel of Fig. 7, corresponding to

We are reminded that thg, value in the superimposed the right vertical axis).
epoch analysis was defined at the plasma pressure maximum. In Fig. 7 thea value is underestimated due to the large
The resultis illustrated in Fig. 7 for one group of events (with scatter in the relative observation time and duration of the
V>0 andV, changing sign from positive to negative). Re- angle variations. To find the real values and the location
sults for the other groups of events are similar in main fea-of its extremes relative to the BBF front, for each event we
tures. Besides the typical BBF characteristics, two interestdetermined the maximum and minimunvalues and corre-
ing features should be noted. First, one can see in Fig. Bponding times in the time rang&y—1 min, To+5 min). This
the region of BBF interaction with the surrounding plasma statistics is presented in Fig. 8 for one group of earthward
(highlighted), which is characterized by a smooth increaseBBF events. Similar results were found for other groups of
in velocity, density, plasma pressure and electric field beforesvents. The upper (center) panel presents the distribution of
the crossing of a sharp BBF leading front @). The av-  « maxima (minima) times, and the median values are shown
erage time scale is 1-2 min, for the average plasma velocitpy the arrows. The bottom panel demonstrates the distri-
~70-150 km/s it gives the size of this interaction regioh- butions ofemax and amin values. According to these data
3 Rg. The second feature is thHg, variation. The absolute the firsta extreme is observed near the BBF front, being

www.ann-geophys.net/26/1597/2008/ Ann. Geophys., 26, 15314-2008
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maximal (right)Vy value. Fig. 10. The same as in Fig. 7 for one group of the tailward moving

fast flows.

somewhat shifted inside the flows on average. The time ) ]
delay between the first and second extremes is about 3 mif©t only before the leading BBF front, but also during some

(highlighted by the shaded band), giving a distance estimatdime after_ its crossin_g, different frqm the earthward flows.
~7 R, comparable with the BBF scale in the X direction for 1€ density change in both cases is about 20% of the back-

the average plasma speed inside the BEF50 km/s. The ground value. Note that according to the Pontius and Wolf
extremex values vary in a broad range without clear peak. (1990) bubble scenario, the tailward flows should be denser

This can be due to different spacecraft locations relative tgh@n the surrounding plasma, and their electric field should
the BBFs central line (see the scheme in Fig. 8). Thoughbe negative. Our results show that near the front of a tail-
« extremes, on average, are observed near the leading afrd flux a bipolarE,=—[V x B], variation is observed: a

back BBF fronts, they are frequently reached inside the BBF€Jative pulse lasting about 2 min with a minimum near the

Particularly, about half of the events are in the time range be BBF front followed by theE, reversal. The amplitudes of

tween the first and second extremes, inside the color band if'€ POsitive and negative pulses are approximately the same
Fig. 8. (£0.5mV/m), being about one-third of their peak value in

the earthward BBFs.

The Vv, extreme values and their observation time rel-
ative to the BBF front are basically the same in the tail-
ward and earthward flows, excluding the value of the ratio
[VyImax|Vylmin. For tailward flows this ratio is about 2.8, as
compared to~1.3 for the earthward ones.

Note that the larger value may result from a small,
outside the fast flow rather than from a largg value. To
test the relationship between extremesndV, we analyzed
Vymax and V;, min values and their registration times in the
same way as it was done above for thgx andamin values.
The result of this analysis (Fig. 9) looks very similar to the
previous result foe: the firstV, extreme is observed near
the BBF front, the average time delay between the first ands  piscussion
second extremes is about 3min. The median valugax
(Vymin) is 202 km/s (180 km/s). Results of our statistical analysis give quite convincing evi-

The study of tailward BBFsW(, <0) showed similar ve- dence that the majority of the magnetospheric plasma sheet
locity components variations — Fig. 10. However, there arefast flows have thé/y,-component that is, on average, one
some differences. In particular, the plasma density growshalf as large as the mailr, component. The median

Ann. Geophys., 26, 1597604 2008 www.ann-geophys.net/26/1597/2008/
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|Vylmax| VxImax=0.47 ratio obtained in the present study our data, the plasma behind the BBF front is also involved
gives the average angle of velocity vector deviation from thein the vortex motion, together with the background plasma.
tail axis equal to 25 degrees. This value agrees with that obindeed, the extreme values are often observed inside the
tained by Baumjohann et al. (1990) for distances less tharBBF but not near its front. Partly this may be due to the com-
20Rg. As follows from our results (Figs. 5 and 6), this an- plex BBFs structure, since usually we do not observe isolated
gle is not constant during the BBF passage. The variatiorhigh-velocity pulses, but a superposition of interacting flows.
of the velocity angle resembles the variation expected durSo the former BBF is the background for the next one, in that
ing the passage of a plasma vortex, which is predicted by thease the vortex motion may arise from (and be modified by)
bubble model of fast flows (Pontius and Wolf, 1990; Birn et their collision.

al., 2004). According to it, we should observe a clockwise  gimijlar average magnetic field and plasma variations are
velocity vector rotation on the dawn side of the BBF, and angpgerved for all velocity thresholds (200, 400 and 600 km/s),
anticlockwise rotation on its dusk side. So the sign of theyth the occurrence frequency of fast flow observation
Y component of the plasma velocity near the leading edge ofyyickly growing with a decrease in the threshold value. The
the BBF should coincide with the sign of the Y component of yg|ocity variation at the BBF front is similar to the obstacle
the outward normal, being negative at the BBF dawn side andreamiine. Note that in the majority of the events we can ob-
positive at its dusk side. Such a correspondence was found iggpye the plasma vortex clearly only near the leading BBFs’
several cases by Sergeev et al. (1996). In fact, the flow strucyont. The whole vortex can be seen unperturbed only dur-
ture near the BBF front is usually more complicated than i”ing the passage of very rare short isolated flows. In reality,
the idealized model considered by Pontius and Wolf (1990).\ye often observe a long complicated variation resulting from
We have only one observation point, so we do not knoWne interaction of different individual fast flows passing at
whether we are at the dawn or dusk side of the fast flow ingjtferent trajectories and having differevit peak velocities.
each event. However, when analyzing such a large numbegote that in the majority of events we can observe the plasma
of events (1022 events in our analyses) we believe that thggtex clearly only near the leading BBFs’ front, where the
spacecraft position at the dawn or dusk sides of the BBF argortex-associated flow tends to be directed toward the flanks.
equiprobable. If our interpretation of thg variation as the  gegjdes, the main convection component in the middle tail
feature of the passing plasma vortex is correct, we W0U|dduring the quiet periods (without BBFs) is the dawn-dusk
observe the clockwise variation for a dawnward spacecrafyyyit velocity. Taking into account the substantial contribu-
position (like in 436 events in the earthward flows.) and an-tjon of the fast flows to the convection, we can expect that
ticlockwise for the duskward position (as in 382 events) Theihe vortex plasma motion, accompanying the BBFs, plays a
corresponding numbers for tailward flows are 97 and 107. Sa;ignjficant role in the formation of a cross-tail component of

the probability to observe both kinds of rotation is nearly the ¢ average convection pattern (Hori et al., 2000; Kaufmann
same, corresponding to the equal probability to pass througlt a1., 2001).

the fast flows at the dawn or dusk side.
As an additional test we used the results of Nakamura et
al. (2001), where the normal to the BBF frontal boundary
was determined for 14 events using the Geotail data. For alf  conclusions
events from their list we considered the sign of the cross-tail

Vy-component near the BBFs’ front, using the plasma pres-A ianificant part of the ob d tail ol locit
sure peak as an indication of the BBF front crossing. In this signiticant part of the observed cross-tall plasma velocity

comparison for 13 events the signs of thie andn, com- component can be understood as a result of the fast flows

ponents agree with each other. In the single (opposite sign rt]eractul)n Wf't?hthe_ lzackgt_round p_Iasm? ;}nd IW|t2_eacfh Otth er.
event the:,/n, ratio was~0.2 (suggesting the measurements € scale of the interaction region at the leading front 1S

made near BBF center) as compared to its value between 0. bout 1-RK . LargeVy vgloqlty com_ppqent probably arises
and 1.5 for 13 remaining events. rom vortex plasma motion in the vicinity of the BBF front,

According to our results, the spatial size of the consid—WhiCh may be explained based on the ”_‘Od.e' of the_ pola_lrized
ered typicalV, velocity disturbance along the X-axis<3— plasma bubbles. The average vortex size in the direction of

10Rg. That's why the BBF-associateld,-component dis- propagation is about 1R
cussed here cannot be a manifestation of the local, small-

scale plasma sheet |r_regular|tles. . AcknowledgementsNe thank V. Sergeev, M. Shukhtina and
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