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Plasma sheet thickness during a bursty bulk flow reversal
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[1] On 17 March 2008 around 0912 UT the five THEMIS spacecraft P1–P5 were in the
plasma sheet between 2200 and 2300 h magnetic local time (MLT), covering radial
distances between 15 Earth radii (Re) (P1) and 9 Re (P5). All the spacecraft consecutively
observed a bursty bulk flow (BBF) that traveled earthward, slowed down from 400 km/s to
50 km/s between P1 and P5, and then turned in the opposite direction. The most tailward‐
located spacecraft, P1 and P2, detected thinning and then thickening of the plasma sheet
around the time of the flow direction change. Meanwhile, the other three THEMIS
spacecraft, which were located in a more dipolar region, observed plasma sheet thickening
and then thinning. Observations indicated that the thinning/thickening was stronger around
the BBF funnel. Further, during the interaction of the earthward‐flowing BBF plasma with
the Earth’s dipolar field lines, the BBF was deflected by about 70° at a scale of about
5 Re. The radial pressure gradient was substantially increased when the BBF reached the
shortest radial distance to the Earth and substantially decreased after the tailward plasma
flow.We conclude that the tailward pressure pulse produced by the enhanced radial pressure
gradients after the earthward BBF stopped could be responsible for the observed tailward
plasma flows.

Citation: Panov, E. V., et al. (2010), Plasma sheet thickness during a bursty bulk flow reversal, J. Geophys. Res., 115, A05213,
doi:10.1029/2009JA014743.

1. Introduction

[2] Previous observations of the magnetotail at radial
distances 13–19 Re from the Earth revealed that plasma
sheet thickness can vary between 0.5 and 5 Re [McComas et
al., 1986; Baumjohann and Paschmann, 1990; Baumjohann
et al., 1992; Sergeev et al., 1993; Sanny et al., 1994; Zhou et
al., 1997; Thompson et al., 2005; Runov et al., 2005a, 2005b;
Petrukovich et al., 2007]. It is commonly accepted that the
plasma sheet slowly thins during the substorm growth phase
[Baumjohann et al., 1992; Rostoker, 1996;McPherron et al.,

1987; Lui et al., 1990; Schindler and Birn, 1993; Birn et al.,
1999]. It regains its initial thickness around the beginning of
the recovery phase [Baumjohann et al., 1992].
[3] Bursty bulk flows (BBFs), fast plasma flows inside the

plasma sheet [Hayakawa et al., 1982; Baumjohann et al., 1989,
1990; Angelopoulos et al., 1992, 1994], are often associated
with substorms [Baumjohann et al., 1991, 1999]. As shown by
recent CLUSTER observations [Nakamura et al., 2002b], the
plasma sheet can also thin rapidly as a BBF propagates inside it.
[4] Multispacecraft observations have revealed that BBFs

occur in very localized channels up to 2–3 Re wide
[Angelopoulos et al., 1996; Sergeev et al., 1996; Nakamura
et al., 2004; Snekvik et al., 2007]. At around 10 Re, BBFs
are suddenly decelerated by the dominant dipolar magnetic
field, and pressure gradients are piled up, leading to a sub-
storm current wedge [Baumjohann, 2002].
[5] The arrival of BBFs at the inner edge of the plasma

sheet leads to dipolarization of the magnetotail [Nakamura
et al., 1994; Schödel et al., 2001a, 2001b; Baumjohann,
2002; Nakamura et al., 2002a, 2004; Kaufmann et al.,
2005; Ohtani et al., 2006; Takada et al., 2006; Kaufmann
and Paterson, 2008]. Dipolarization is first observed in
the near‐Earth plasma sheet and then moves tailward
[Baumjohann et al., 1999]. Dipolarization may be important
for contributing to the plasma sheet population of su-
prathermal electrons [Åsnes et al., 2008].
[6] Observations, analytical calculations, and MHD

modeling [Goertz and Baumjohann, 1991; Chen and Wolf,
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1993, 1999; Birn et al., 2004] have suggested that BBFs can
be thought of as thin filaments inside the plasma sheet with
entropy that is substantially lower than that of the sur-
rounding plasma, resulting in earthward acceleration by the
plasma buoyancy force. Chen and Wolf [1999] predicted
that “overshooting” may cause BBFs to bounce tailward in
the near‐Earth plasma sheet. This find is generally consis-
tent with Geotail observations of tailward flows in the near‐
Earth plasma sheet [Ohtani et al., 2009].
[7] MHD modeling results [Birn et al., 1999, 2004; Ugai,

2009a, 2009b] have predicted that the interaction of an inci-
dent flow in the plasma sheet with dipolar field lines of the
Earth’s magnetic field would result in flow deflection and
formation of plasma vortices. Indeed, recent THEMIS ob-
servations have indicated signatures of vortical plasma motion
in the near‐Earth plasma sheet [Keiling et al., 2009; Keika et
al., 2009]. Because of the small separation between the
spacecraft, however, these observations could only provide a
low estimate of the possible size of the vortex: about 2 Re.
[8] With the help of measurements from five identical

THEMIS spacecraft on 17 March 2007 around 0912 UT
[Angelopoulos, 2008], we readdress the above questions. In
particular, (1) we demonstrate that the passage of a BBF
leads to simultaneous local plasma sheet thinning and
thickening at different radial distances from the Earth,
(2) we show that the size extent of the plasma vortex formed
during the flow deflection can be as large as 10 Re, and (3) we
investigate the process of the BBF bouncing off the Earth’s
dipolar magnetic field lines in more detail and indicate that
substantially increased radial pressure gradients could pro-
vide a pressure pulse and accelerate plasma tailward.

2. Observations

2.1. Event Overview

[9] Figure 1 shows the locations of the five THEMIS
spacecraft on 17 March 2007 at around 0912 UT in the

midnight meridian (Figure 1, left) and equatorial (Figure 1,
right) GSM planes. The color scheme used to denote the five
spacecraft can be found in the legend. The five spacecraft,
located between 2200 and 2300 MLT, covered radial dis-
tances between 15 Re and 10 Re: P1 (red) at (−13.862,
4.240, −0.314) Re, P2 (green) at (−12.030, 3.701, −1.329) Re,
P3 (cyan) at (−10.129, 3.059, −1.419) Re, P4 (blue) at
(−10.408, 4.212, −1.660) Re and P5 (magenta) at (−8.205,
5.320, −1.817) Re in the GSM frame of reference.
[10] We also plot the Earth’s magnetic field lines calcu-

lated using an adapted Tsyganenko 96 model [Tsyganenko
and Stern, 1996; Kubyshkina et al., 2009], which pre-
dicted that magnetic field line footprints would be found at
approximately 68°N and 220°W. These coordinates were
covered by the Fort Yukon Ground‐Based Observatory
(FYKN GBO) for the study of auroral substorms. The
FYKN GBO observed intense auroras between 0912 and
0919 UT just above 70°. Note that the auroral emissions
have moved several degrees poleward with respect to their
beginning footprint of brightening (see FYKN GBO
Animation 1 or visit GBO Web‐based service available at
http://themis.ssl.berkeley.edu/gbo/datenav.html).1

[11] For our analysis we used 128 Hz resolution magnetic
field data from the THEMIS fluxgate magnetometers (FGM)
[Auster et al., 2008] and sampled ion and electron distri-
bution functions once every 3 seconds for particles with
energies less than 30 keV from the THEMIS Electrostatic
Analyzers (ESA) [McFadden et al., 2008] and from Solid
State Telescopes (SST) for particles with energies more than
30 keV. We used the combined ESA and SST ion moments
to improve the quality of the ion data.
[12] Figure 2 shows data from the five THEMIS space-

craft during the BBF event. They are plotted, from top to
bottom, in the sequence of the BBF encounter by the
spacecraft: P1, P2, P4, P3, and P5. Figure 2 (top) shows 3 s

Figure 1. Location of five THEMIS spacecraft on 17March 2007 around 0912 UT in noon (left) meridian
and (right) equatorial GSM planes and the corresponding magnetic field lines according to the adapted
Tsyganenko 96 model [Tsyganenko and Stern, 1996; Kubyshkina et al., 2009]. See legend for color
coding. Red, green, and cyan arrows show directions of the minimum variance of the magnetic field.

1Animations 1 and 2 are available in the HTML.
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Figure 2. (top) Velocity and (bottom) magnetic field GSM components from five THEMIS spacecraft
on 17 March 2007 between 0910 and 0916 UT. See legends for color coding.
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(spin) resolution GSM components of the ion bulk velocity;
Figure 2 (bottom) shows 128 Hz sampled GSM components
of the magnetic field (see legends for color coding). The left
thick black line in Figure 2 indicates BBF onset for the five
spacecraft.
[13] Further, the X component of the velocity changed

toward negative values at all five spacecraft as indicated by
black arrows in the plasma velocity part of Figure 2. The
tailward flow continued until the second thick black line. As
one can see, the five spacecraft met the end of the tailward
flow in an inverted sequence.

[14] In Figure 2 (bottom), one can see that the three
spacecraft (P1, P2, and P3) observed strong magnetic field
fluctuations. Less clear were magnetic field fluctuations
observed by P4 and P5. As shown in Figure 1, P1, P2, and
P3 were located at nearly the same MLT, whereas P4 and P5
were up to 1 h MLT duskward from the other spacecraft.
Such observations suggest that the bulk flows were localized
in the azimuthal direction within the distance between the
spacecraft, i.e., within several Re.
[15] From P1, P2, and P3 magnetic field observations, one

can identify a magnetic boundary of the observed BBF

Figure 3. (a and b) The GSM VZ component of the plasma bulk velocity, (c and d) GSM BX component
of the magnetic field, dependence of the BX time derivative dBX/dt on VZ, and (e and f) the corresponding
linear best fits for five THEMIS spacecraft on 17 March 2007. The vertical lines in Figures 3a–3d delimit
the time intervals used for plotting Figures 3e and 3f. See legend for color coding.
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[Sergeev et al., 1996]. We indicated this boundary by the
black arrows in the magnetic field part of Figure 2. With the
help of minimum variance analysis, we derived the orien-
tation N of the observed magnetic boundaries and show the
normal vectors to them in Figure 1 with red arrows for P1,
N1 = (0.89; 0.43; 0.13); green arrows for P2, N2 = (0.91;
0.21; 0.37); cyan arrows for P3, N3 = (0.80; 0.40; 0.44).
All vectors point in a similar direction in the (X, Y) GSM
plane at an angle to the X axis around 15° duskward. The
timing between these three spacecraft provided the propa-
gation velocity of the boundary from P1 to P2 and then to
P3 of about V = 725 ± 25 km/s. This value is close to the
Alfvén velocity in the plasma sheet boundary layer (PSBL),
assuming a magnetic field of 20 nT and a density of about
0.05–0.1 cm−3, as observed by P1 and P2 at around
0912:45 UT.
[16] The time duration of the magnetic field gradient

across the boundary on P1, P2, and P3 (not shown here) was
about two seconds at all three spacecraft. Multiplying the
propagating velocity V = 725 km/s by the time duration of
the magnetic boundary, we found that the thickness of the
BBF boundary was on the order of 1.5 × 103 km. This is
about six proton gyroradii rp in the PSBL, where the tem-

perature was about 1 keV and the magnetic field strength
about 20 nT, i.e., rp ≈ 250 km.

2.2. Plasma Sheet Thickness During the BBF

[17] The BX component of the magnetic field is commonly
used as a proxy for the position of a spacecraft inside a
horizontally oriented plasma sheet. During plasma sheet
vertical motion, such as flapping [Sergeev et al., 1998;
Runov et al., 2009] or thinning/thickening [Nakamura et al.,
2002b], the time derivative of BX should depend on the
vertical plasma velocity VZ [Bowling and Russell, 1976;
Sergeev et al., 1993, 1998; Petrukovich et al., 2003]. With
the help of Figure 3, we investigate the vertical motion of
the plasma sheet during passage of the BBF. Figure 3 (left)
shows P1 (red) and P2 (green) data from 0911:30 to
0914 UT, and Figure 3 (right) shows P3 (cyan), P4 (blue),
and P5 (magenta) data from 0910 to 0916 UT on 17 March
2007 (the vertical motion detected by P1 and P2 occurred on
a shorter time interval). The ZGSM component of the
plasma bulk velocity (VZ) and the XGSM component of the
magnetic field (BX) are shown in Figure 3 (top) and Figure 3
(middle), respectively. For the sake of better visibility
we filtered out fluctuations with time periods shorter than
15 seconds in both BX and VZ data.
[18] The time intervals delimited by vertical lines in

Figures 3a–3d were chosen around one‐period wave sig-
natures in the VZ components. Figures 3e and 3f show
dependence of the time derivative dBX/dt on VZ for the time
intervals delimited by the vertical lines. One can see that all
five spacecraft demonstrated negative correlations between
dBX/dt and VZ.
[19] According to the signs of BX, P1 and P2 were located

on different sides of the central plasma sheet. Figure 3a
shows that at around 0912:45 UT, P1 and P2 reached the
maximum in ∣BX∣ in opposite hemispheres. Hence, the
plasma sheet was thinning before 0912:45 UT and then
thickening until 0913:20 UT. The vertical distance between
P1 and P2 was about 1 Re. From different plasma sheet
parameters, such as Alfvén velocity, plotted for all five
spacecraft against BX (not shown here), one can determine
that the PSBL magnetic field was about 20 nT. Hence,
before BBF arrival, P1 and P2 were located away from the
center of the plasma sheet by approximately one fourth of its
thickness. This provides us with an estimate of plasma sheet
thickness before BBF arrival of about 2 Re, which corre-
sponds to 50 rp in PSBL, where rp is the thermal proton
gyroradius.
[20] During the BBF, spacecraft P1 and P2 observed

magnetic fields close to those in PSBL (20 nT). This means
that the plasma sheet thinned to about half its previous
thickness, from 2 to 1 Re (or to 25 rp in PSBL). We note
that since the distance along the X axis between P1 and P2
was comparable to the plasma sheet thickness, another
interpretation of the vertical motion of the near‐Earth
plasma sheet, like, e.g., twisting seems to be unlikely. In
the magnetic field data from P1 and P2 in Figure 2 after
0914 UT (after the BBF), one can also find greater BZ and
smaller BX than before the thinning/thickening. Hence, the
final plasma sheet was thicker than the initial one. Taking
the PSBL magnetic field equal B0 = 20nT, and noticing
that BX changed from 10 nT to 5–7 nT (P2 BX in Figure 2
before and after BBF), we can estimate that the thickness

Figure 4. A sketch showing the plasma sheet magnetic
field lines in the (X, Z) GSM plane (a) before, (b) during,
and (c) after BBF passage. During BBF passage the left side
of the plasma sheet thickened and its right side thinned from
2 Re to 1 Re. The same magnetic field line is shown in red.
After the BBF passed, the plasma sheet dipolarized, becom-
ing between 3 and 4 Re thick, i.e., 1.5–2 times thicker than
before BBF arrival. The dashed field line is bent earthward
closer to the central plasma sheet (see section 3 for details).
(d) We also show a possible cross‐tail slice of the earthward
part of the plasma sheet as BBF propagates inside it.
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of the current sheet, assuming a Harris current sheet profile
BX(Z) = B0tanh(Z − Z0/LB), where LB is the current sheet
thickness [Harris, 1962]. We find that the thickness of the
dipolarized plasma sheet after the BBF (after about 0914 UT)
appeared to be between 3 and 4 Re.
[21] The other three spacecraft, P3, P4, and P5, were

located closer to the Earth and farther from the central
plasma sheet. Figure 3 shows that their BX and VZ profiles
look similar to the observations of P1. P3, P4, and P5 were
located southward of the central plasma sheet, however.
Hence, contrary to the observations of P1 and P2, the data
from P3, P4, and P5 indicate that the plasma sheet first
thickened and then thinned. As one can see, the rate of
thinning/thickening detected by P3 is close to that observed
by P1 and P2. Also, the rates of thinning/thickening detected
by P4 and P5 are lower than those at P1 and P2. For

example, for P5 dBX/dt(VZ) ≈ 2 × 10−3nT/s and for P4 dBX/dt
(VZ) ≈ 10−2nT/s. The different rates at P5 (smallest), P4
(intermediate), and P3 (largest) imply that a stronger thinning/
thickening of the plasma sheet was observed at P3. This fact
agrees with the previously made suggestion that the bursty
bulk flow plasma was moving inside a narrow funnel whose
axis in the (X, Y) GSM plane was close to the MLT of the P1,
P2, and P3 spacecraft.
[22] Figure 4 summarizes the results of the analysis pre-

sented in Figure 3. Figure 4a illustrates the magnetic field
lines in the plasma sheet before BBF arrival, when the
plasma sheet thickness was about 2 Re. Figure 4b demon-
strates the thinning of the tailward (right) part of the plasma
sheet and the thickening of its earthward (left) part. The
tailward part of the plasma sheet, observed by P1 and P2,
reached a thickness of 1 Re. At the same time, data from P3,

Figure 5. Selected sequential snapshots of the plasma velocity field in the (X, Y) GSM plane inside a
plasma sheet during BBF passage as observed by five THEMIS spacecraft. The snapshots are numbered
from left to right and from top to bottom. Times are shown above the snapshots and marked as in Figure 2
by grey vertical lines. The corresponding magnetic field lines are overplotted in accordance with the
adapted Tsyganenko 96 model [Tsyganenko and Stern, 1996; Kubyshkina et al., 2009]. See also
Animation 2 containing all the snapshots.
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P4, and P5 indicated that the plasma sheet thickened.
Because P3, P4, and P5 were located below the central
plasma sheet, we were unable to estimate plasma sheet
thickness at their locations. In Figure 4c we sketch the
plasma sheet after BBF passage. Its tailward (right) part
thickened and its earthward part (left) thinned. The final
plasma sheet thickness appeared to be about 3 to 4 Re. In
Figure 4d we plot a possible cross‐tail slice of the earthward
part of the plasma sheet during BBF passage. The near‐
Earth magnetotail plasma sheet, which is typically thinner at
the midnight meridian [Tsyganenko and Mukai, 2003; Birn,
2005], is locally thickened as BBF propagates inside it.

2.3. Deflection of the BBF

[23] Figure 5 shows selected sequential snapshots of the
plasma velocity field in the (X, Y) GSM plane inside the
plasma sheet as observed by THEMIS between 0911:50 and
0914:02 UT. The snapshots are numbered at the top. The
initial configuration of the magnetic field lines, as predicted
by the adapted Tsyganenko 96 model [Tsyganenko and
Stern, 1996; Kubyshkina et al., 2009], is shown in the

first snapshot. The three top snapshots show how the BBF
arrived at P1 at 0911:50 UT, at P2 at 0912:02 UT, and
finally at P3 and P4 at 0912:14 UT.
[24] At the moment of arrival, the plasma velocity was

oriented in approximately the same direction as the normals
to the BBF magnetic boundaries, shown by red, green and
cyan vectors in Figure 1. In the fourth snapshot of Figure 5
at 0912:20 UT, one can recognize a deflection pattern in the
plasma flow: earthward‐flowing plasma at P1 and P2
changed direction to duskward at P5, P3, and P4. Plasma
flow deflection of about 70° occurred along a path with a
curvature radius of approximately 5 Re.
[25] The following four snapshots, between 0912:38 UT

and 0913:38 UT, show that the plasma flow changed
direction further tailward. The direction change was
observed through the dusk side by P4 and P5 and through
the dawn side by P1 and P2. Finally, at 0914:02 the plasma
appeared to flow tailward and duskward, as detected by P1,
P2, P3, and P4.
[26] In order to clarify the motion of the magnetic flux

with respect to these plasma flows, we show the convective

Figure 6. Same as in Figure 5 but for the velocity component perpendicular to the local magnetic field.

PANOV ET AL.: PLASMA SHEET DURING BBF A05213A05213

7 of 13



Figure 7. AE index and data from five THEMIS spacecraft on 17March 2007 between 0910 and 0916UT:
(a) electron density, (b) ion temperature (solid lines), (c) electron temperature (dashed lines), (d) plasma
pressure nikBTi + nekBTe (for better visibility we shifted the traces for P2 by 0.1 nPa, for P3 by 0.3 nPa, for
P4 by 0.2 nPa and for P5 by 0.5 nPa, the black arrows show the sequence of plasma pressure change
during the earthward and the tailward BBF motion), (e) sum of plasma and magnetic pressure, (f) plasma
b = 2m0(nikBTi + nekBTe)/B

2, and (g) value of T/ni
2/3. The color coding is the same as in Figure 1.
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(perpendicular) part of the flow velocity in Figure 6 in the
same layout as in Figure 5. By comparing snapshots 5
through 9 in Figures 5 and 6, one can see that the rotation of
the plasma flow at P4 and P5 largely included plasma flow
parallel to the magnetic field. The rotation of the plasma
flow, observed by P1 and P2 was mainly perpendicular, i.e.,
accompanied by motion of the corresponding magnetic flux
tubes. We sketched this in Figure 4, where the same mag-
netic field line is shown in red. First, the magnetic flux was
transported earthward together with the plasma flow; the red
line moved left in Figure 4b. Then, owing to the bouncing of
the plasma flow tailward, the associated magnetic flux
moved tailward, as well; the red line moved right in Figure 4c.
Because the final thickness of the plasma sheet appeared to be
larger than before BBF arrival, however, we concluded that
the tailward motion of the magnetic flux tubes would not
reach its original position, which is shown in Figure 4a.

2.4. Radial Pressure Evolution

[27] Figure 7 shows changes in pressure components at
the locations of the five spacecraft on 17 March 2007
between 0910 and 0916 UT. Figure 7a depicts the AE index.
The enhancement in the AE index after 0912 UT suggests
that the auroral electrojet was present and the substorm was
at the beginning of expansion phase. The AE index
increased constantly until about 0926 UT when it has
reached a value of 130 nT (not shown here). Since the ESA
detector did not provide full coverage of ion energies in the
plasma sheet, we present the electron density in Figure 7b.
The sum of the ion density from ESA and SST spectro-
meters (not shown here) was in good agreement with the
electron density.
[28] The electron temperature (shown by dashed lines,

Figure 7c) was about 2–2.5 times lower than the ion tem-
perature (solid lines, Figure 7c). The ion‐to‐electron tem-
perature ratio was substantially smaller than an average for a
plasma sheet (hTi/Tei ≈ 7), which was estimated using

AMPTE measurements [Baumjohann et al., 1989, 1991;
Baumjohann, 1993]. The electron temperature detected
onboard P2 and P3 appeared to be higher after BBF passage,
thus providing an input into the plasma pressure equal to
that of the ions.
[29] The sum of the ion and the electron components of

the plasma pressure is shown in Figure 7d. For better visi-
bility, we shifted the traces for P2 by 0.1 nPa, for P3 by
0.3 nPa, for P4 by 0.2 nPa, and for P5 by 0.5 nPa. The arrows
in Figure 7d correspond to themaxima in the plasma pressure.
With the help of the upward arrows, one can follow the
earthward propagation of the BBF from P1 to P5. The
downward arrows indicate the times when a tailward‐moving
pressure maximum was observed; the spacecraft (except P3)
met the pressure maximum in an inverted sequence. The
tailward sequence of the plasma pressure maximum hap-
pened similarly to the sequence of the times when the flow
turned tailward, as shown by the black arrows in Figure 2
(top). In Figure 7e the sum of the plasma and the magnetic
pressure is depicted. One can see (mainly from P1, P2, and P3
at the same MLT) that the total pressure maximum moves
earthward.
[30] In order to clarify the location of the THEMIS

spacecraft with respect to the central plasma sheet we pro-
vide the plasma b profiles in Figure 7f. Figure 7g shows the
value of Ti/ni

2/3, which serves as a proxy for the local
entropy. Here we use the polytropic index g = 5/3, although
in the quiet plasma sheet the polytropic index may be as
small as 4/3 [Baumjohann and Paschmann, 1989; Spence and
Kivelson, 1990;Goertz and Baumjohann, 1991]. One can see
that the value of Ti/ni

2/3 increased substantially during the
BBF at the positions of P1, P2 and P3, and at the times de-
noted by the black vertical lines 2, 4, and 5, respectively, in
Figure 7 (also highlighted by red, green, and cyan arrows).
The value of Ti/ni

2/3, however, remained nearly unchanged at
the positions of P4 and P5. The latter observations indicate
that the BBF developed as a thin (less than several Re) fila-
ment inside the plasma sheet. A more drastic change in the
value of Ti/ni

2/3 was found by P1 and P2 around 0913 UT, the
plasma sheet thinning and thickening time (compare with
P1 (red) and P2 (green) profiles of plasma b in Figure 7f).
[31] Figure 8 shows the sum of the plasma and the mag-

netic field pressure nikBTi + nekBTe + B2/2m0 versus the
radial distance in the (X, Y) GSM plane RXY = (X2 + Y2)1/2

for P1, P2, and P3. The total pressure is shown for four
times: before BBF arrival at 0910 UT (red), at the maximum
spatial pressure gradient 5pr at about 0912:20 UT (green),
and after the BBF bounced tailward and stopped, at 0916 UT
(blue). When the BBF reached the shortest radial distance to
the Earth, P3 observed a substantial (about 0.06 nPa) increase
in the total pressure, while P1 observed a less drastic decrease
(about 0.03 nPa). After the BBF bounced tailward, P3
observed a substantially stronger (0.09 nPa) pressure
decrease, while the total pressure at the position of P1 re-
turned to the initial value. As one can see in Figure 7e, the
pressure changes at other MLT, as observed by P5 and P4,
were much smaller.

3. Discussion

[32] If interpreted as thin filaments inside the plasma sheet
with an entropy substantially different from that of the

Figure 8. Changes in total pressure before (at 0910 UT, in
red), during (at the time of the maximum spatial pressure gra-
dient5pr at 0912:20 UT, in green), and after (at 0916 UT, in
blue) the bursty bulk flow on 17 March 2008, as observed by
P1, P2, and P3.
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surrounding plasma, BBFs are expected to be dragged
earthward by the plasma buoyancy force [Goertz and
Baumjohann, 1991; Chen and Wolf, 1993, 1999; Birn et
al., 2004]. The earthward propagation velocity of the mag-
netic flux at the front of the BBF, which appeared to be on
the order of the Alfvén velocity in the ambient PSBL
plasma, was more than two times higher than that of the
fastest bursts. Thus, the magnetic field pulsations at the
footprints of the magnetic field lines connected to the BBF
would start much earlier than expected based on lower
plasma flow velocities.
[33] The fast motion of bursty bulk flows causes changes

in plasma sheet thickness [Nakamura et al., 2002b]. In this

paper we demonstrate that during a BBF, the plasma sheet
simultaneously thins and thickens at different radial dis-
tances from the Earth. The thinning/thickening appears to be
stronger at the center of the BBF funnel. The stage of the
plasma sheet reflected in Figure 4b, based only on spacecraft
observations, is in a remarkable agreement with the evolu-
tion of magnetic field lines shown by MHD simulations
[Birn et al., 1999; Ugai, 2009a, 2009b]. For instance, in
Figure 3 of Birn et al. [1999] one can recognize both plasma
sheet thinning tailward from 10 Re and a small thickening
earthward from 10 Re.
[34] The interaction of the earthward‐moving BBF with

the more dipolar field lines at 7–10 Re resulted in flow
deflection. The vortical plasma motion formed at a scale of
10 Re, in agreement with global MHD modeling estimates
[Birn et al., 1999; El‐Alaoui, 2001; Birn et al., 2004; Ugai,
2009a, 2009b; El‐Alaoui et al., 2009] and much larger than
the estimates of Keika et al. [2009] and Keiling et al. [2009].
A larger study is needed for understanding the statistical
characteristics of the vortices. The modeling and observa-
tions also indicated formation of strong parallel currents by
plasma vortices [Keiling et al., 2009]. These currents pro-
duce auroral emissions. The FYKN GBO, indeed, detected
intense auroras just above 70°N between 0912 and 0919 UT.
The auroral emissions from the spacecraft observations dis-
appeared shortly after the end of the BBF.
[35] Recent MHD simulations by Ugai [2009a, 2009b]

have also confirmed the BBF overshooting predicted by
Chen and Wolf [1999]. Such overshooting would change the
sign of the [j × B]r term in the equation of motion. In situ
observations of the overshooting would appear as a change
of sign in the BX component of the magnetic field, which
would be stronger in the central plasma sheet. Indeed,
Figure 2 shows that at around 0913:22 UT (between vertical
lines 6 and 7), the BX values observed by P2 were larger
than those observed by P1: at that moment, the BX values at
P1 decreased to about −5 nT, while those at P2 increased to
about 3 nT. In order to explain this as plasma sheet flapping,
one must assume that the plasma sheet should have been
bent northward by about 40° just within about two Earth
radii, between P2 and P3, and during only several seconds.
Such a strong, fast bending of the plasma sheet seems to be
unrealistic, however. A more plausible explanation is local
earthward bending of the magnetic field lines in the central
plasma sheet, as shown by the dashed line in Figure 4b.
From the magnetic field data in Figure 2, earthward bending
of the magnetic field lines is expected to occur somewhere
between the thinner and thicker parts of the plasma sheet.
[36] Our analysis also reveals that the pressure gradient

5pr was substantially increased throughout the BBF funnel
when the BBF reached the shortest radial distance to the
Earth. This result agrees with known radial pressure profiles
around BBF onset [Kistler et al., 1992]. Both the magnetic
tension forces owing to BBF overshooting and the increased
pressure gradient became unbalanced after the earthward
kinetic pressure supplied by the plasma flows from the
BBF funnel ceased. The resulting pressure pulse would
push the plasma sheet ions in all directions at a velocity
that can be estimated from the equation of motion Vi =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið5pr þ ½j� B�rÞ=2mini
p

. This velocity could be as large as
hundreds of kilometers per second. Note that when assuming
the highest possible current density j = m0

−1DB/LB = 5nA/m2

Figure 9. A sketch illustrating in (X, Y) GSM plane (a) the
interaction of the earthward‐moving BBF with a magneto-
spheric barrier, (b) consequent stopping of the earthward
BBF and starting of tailward flows due to radial pressure
gradients, and (c) smoothing of the pressure gradients over
larger scales tailward.
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and the value of BZ = 2nT, the [j × B]r term and the5pr term
may be equally important.
[37] Figure 9 summarizes our results regarding BBF

motion in the equatorial plane. Figure 9a illustrates the
interaction of the earthward‐moving BBF with a magneto-
spheric barrier through a narrow funnel. The function of the
magnetic barrier was provided by the more dipolar magnetic
field lines of the Earth at X > −10 Re. The incident BBF
plasma from the funnel, shown by blue arrows, was de-
flected by the magnetic barrier. This corresponds to the
fourth snapshot in Figures 5 and 6 at 0912:20 UT. During
this process the pressure gradients in front of the BBF funnel
increased.
[38] Figure 9b shows the moment that corresponds to the

end of the earthward BBF flow from the BBF funnel and the
start of the tailward flow in the fifth snapshot in Figures 5
and 6 at 0912:32 UT. At this moment the plasma gra-
dients in front of the BBF funnel are no longer balanced by
the earthward BBF kinetic pressure. The excess in the
pressure gradients pushed tailward the surrounding plasma
(pink arrows), and the BBF plasma, which was still moving
duskward and dawnward (blue arrows). Finally, Figure 9c
shows the moment reflected in snapshot 9 in Figures 5
and 6, when the tailward motion of the pushed plasma
relaxed the pressure gradients.
[39] The BBF plasma can be distinguished from the

ambient plasma with the help of the entropy observations in
Figure 7g. For instance, the BBF passed through P1, P2 and
P3, but at P4 and P5, we probably measured the local
plasma that participated in the BBF‐induced circulation via
pressure gradients.
[40] Recently the origin of the tailward plasma flows in

the near‐Earth plasma sheet was studied using multispace-
craft observations. Tailward flows generated by vorticity
were studied by Keiling et al. [2009], Keika et al. [2009],
and Walsh et al. [2009]. A statistical analysis of the tailward
plasma flows was performed by Ohtani et al. [2009], who
suggested that the flows could originate from mirroring, but
did not reveal the details of the mirroring and considered
only the convective part of the flow velocity. Our study
demonstrates that away from the BBF funnel, parallel tail-
ward flows can be even faster than convective ones. In
addition, the tailward flows need not necessarily consist of
incident BBF plasma. Instead, as indicated by the entropy
observations, the tailward flows detected by P4 were prob-
ably surrounding plasma pushed tailward by pressure gra-
dients and magnetic tension forces.
[41] We note that the tailward flow formation scenario

suggested in Figure 9 would destroy the vortices, and
the parallel currents would stop. Therefore, our results
may be important for understanding how auroral emissions
terminate.

4. Conclusions

[42] Using plasma and magnetic field data from the five
THEMIS spacecraft on 17 March 2008 around 0912 UT, we
investigated plasma sheet dynamics during bursty bulk
flows:
[43] 1. We found that all the spacecraft consecutively

observed the BBF traveling earthward, slowing down from
400 km/s to 50 km/s between 15 Re and 9 Re, and then

turning in the opposite direction. Timing analysis revealed
that the earthward‐propagating velocity of the BBF was the
Alfvén velocity near the edge of the plasma sheet. The
major flow burst was associated with the field lines at about
the same MLT, i.e., within a BBF funnel.
[44] 2. We showed that between 15 and 13 Re the two

spacecraft detected first thinning and then thickening of the
plasma sheet around the time of the flow direction change.
Meanwhile, in a more dipolar region (between 9 and 11 Re)
the other three spacecraft indicated first plasma sheet
thickening and then thinning. In addition, the observations
indicated stronger thinning/thickening closer to the middle
of the BBF funnel.
[45] 3. We also found that during interaction of the

earthward‐flowing plasma from a BBF funnel with the
Earth’s dipolar field lines, the BBF was deflected by about
70° at a scale of about 5 Re. In other words, the area of
vortical plasma motion, where parallel currents are expected
to be generated because of twisting of the magnetic field
lines, was on the order of 300 Re2.
[46] 4. We revealed that after the earthward BBF stopped,

a tailward pressure pulse was produced by the enhanced
radial pressure gradients, which could be responsible for the
observed tailward plasma flows.
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