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This paper, using the dataset of BBFs (bursty bulk flows) observed by two Cluster satellites C1 and C4, studies the difference
between onset times of BBFs observed by C1 and C4. It is found that the onset time differences of most of BBFs observed by
C1 and C4 are smaller than 60 s. The average onset time difference of BBFs of C1 and C4 is 68.5 s. The probabilities of onset
time difference of BBFs of C1 and C4 larger than 30, 60, 90 and 120 s are respectively 55%, 35%, 27% and 23%. The largest
onset time difference of BBFs of C1 and C4 decreases with the increase of earthward component of maximum velocities of
BBFs. The onset time difference of BBFs of C1 and C4 results from the velocity inhomogeneity inside the flow channel of
BBF, which may be produced in propagation path and/or in source region of BBFs. Such a wide range of onset time difference
of BBFs suggests that the velocity inhomogeneity inside the flow channel of BBF is various. These results are very important
to the current study of substorm research based on THEMIS data because they indicate that it is impossible to determine the
onset time of BBF with a single satellite.
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1 Introduction their spatial scales. Angelopoulos et al. [7] showed that the
scale of a single BBF in the Y-Z plane was less than 3R by
using multi-satellite data. Slavin et al. [4] suggested that the
scale of BBFs during substorm expansion phase must have
large scale lengths and/or be distant relative to the 5-10 Rp
spacing of the three spacecraft (GOES, WIND and GEO-

The bursty bulk flows (BBFs) in the inner plasma sheet of
the magnetosphere are important phenomena that are close-
ly related to magnetospheric activities and transport of en-
ergy and magnetic flux [1-4]. BBFs are the enhanced bulk i s
velocity events of order of 20 min in duration, containing ~ 1AIL) observing the southward field pulse and BBFs.

many short-lived (< 10 s) high velocity (400 km s~ or However they also pointed out that during the substorm
more) flow bursts (FBs) [2, 5, 6] recovery phase, WIND observed some BBF events, which

are not observed by other satellites. Nakamura et al. [8] de-
veloped a method to estimate the width of high-speed flows
by means of multipoint observations from the Cluster
spacecraft. They found that the full width of the flow chan-
nel was 2-3 Rg in the “dawn-dusk” direction and 1.5-2 Rg
*Corresponding author (email: jbcao@nssc.ac.cn) in the north-south direction which is comparable to the

BBFs are highly localized, which makes it difficult to get
a better understanding of the characteristics of BBFs using a
single satellite. This localization of BBFs is reflected in
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width of localized channels generated by the interchange
instability at the leading part of reconnection jets [9].
Moreover, Nakamura et al. [10] found that the earthward
fast flows consisted of flow peaks both in the equator and
away from the equator. The spatial localizations of plane of
BBFs in the cross tail and in the north-south direction often
make a single satellite unable to identify accurately the on-
set and ending times of BBFs, or sometimes completely
miss BBFs. Cao et al. [5] found that the single satellite ob-
servations could not tell the true number of BBFs and the
missing ratio of BBF of single satellite was 22.4%. They
also found that the average duration of BBFs was not the
previously estimated 10 min, but about 20 min.

BBFs and their braking may be an unique physics pro-
cess in the plasma sheet that is related with many important
phenomena both in the tail and on the ground such as Pi2s,
reconnection, current disruption, aurora and ULF waves
[10-16]. For example, Pi2s is an important phenomenon
associated with substorm [17]. BBFs can excite simultane-
ously transient response type Pi2 long period Pi2 (90-130 s),
and short period cavity mode Pi2 (~50 s) [18].

In this paper, using the data from two satellites of Cluster
in 2001 and 2002, we study the differences between the
onset time of BBFs of C1 and C4. The paper is organized as
follows. The instrumentation and selection criteria of BBF
are presented in Section 2. The statistical studies of onset
time difference of BBFs are presented in Section 3. The
discussions and conclusions are given in Section 4.

2 Instrumentation

The apogee and perigee of Cluster are respectively 19.6 and
4.0 Rg [19]. The inclination of Cluster orbit is 90°. The spin
period is 4 s. From July to October of 2001 and 2002, Clus-
ter moved through magnetotail regions. The distance among
satellites in the tail is from 2000 to 4000 km. Thus the
Cluster mission can provide a very good and unprecedented
opportunity to study BBFs.

The plasma data are from the Composition and Distribu-
tion Function Analyzer (CODIF) of the Cluster ion spec-
trometry (CIS) experiment and the magnetic field data used
here are from the Flux Gate Magnetometer (FGM) experi-
ment. The CIS instrument of Cluster can provide 3D veloc-
ity distribution of ions with a time resolution of spin period
4 s. The moment parameters (such as density, velocity and
temperature) are calculated based on velocity distributions.
FGM can provide magnetic field measurement with a sam-
pling rate up to about 67 Hz. However the magnetic field
with a time resolution of 4 s is used for our analysis. The
detailed description of CIS and FGM of Cluster can be
found in refs. [20, 21]. GSM coordinates are used through-
out this paper.

The BBF selection criterion of Cao et al. [5] is as foll-
ows: (1) BBFs are segments of continuous ion flow magni-
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tude V; above 100 km s in the plasma sheet, during which
V; exceeds 400 km s~ at least for one sample period in the
IPS (£>0.5); (2) samples of V; > 400 km s”! that are less
than 10 min apart are considered to belong to the same
BBF, even if the velocity drops below 100 km s~ between
these samples; (3) BBF is defined to begin when its velocity
exceed 100 km s™' and ends when the velocity drops below
100 km s™'. The only difference of the criteria of BBFs in
the present paper with that of Cao et al. [5] is that the
threshold velocity of BBFs is reduced from 400 km s™' to
200 km s™'. The main reason to make such a change is that
the speeds of BBFs decrease when BBFs approach the Earth
from the source regions and the large threshold velocity will
make the number of observable BBFs decrease when the
satellite approaches the Earth. Since the average convection
speed in the Earth’s plasma sheet is about 30 km s, the
choice of threshold velocity of 200 km s™' can basically
exclude the background convection flows and chaotic flows.
Nevertheless, some results of BBFs with a threshold veloc-
ity value of 400 km s™" are given in Section 3. Here we do
not discuss the influence of v, of BBFs because we focus
only on onset of BBFs.

The onset time difference of BBFs of C1 and C4 is de-
fined as the absolute value of the difference between the
onset time of BBF observed by C1 and the onset time of
BBF observed by C4.

3 Observations

In 2001 and 2002, the Cluster satellites were located in the
tail at a geocentric distance between 16.0 and 19.4 Rg. The
separation distance of Cluster satellites in the tail (close to
the apogee of Cluster) was from 2000 km to 4000 km. C1
and C4 often observed a BBF at different times. In this sec-
tion, we first present a case study and then make a statistical
analysis based on the dataset of 173 BBFs observed by Cl1
and C4. Besides 173 BBFs, C1 and C4 observed many other
BBFs in 2001 and 2002. Since these BBFs observed by C1
and C4 are not obviously correlated, we exclude them from
the present study.

In this paper we use three criteria to determine if BBFs at
two satellites belong to the same BBF which is similar to
those in refs. [5, 22, 23]. (1) BBFs at two satellites overlap
in time. (2) The difference between the times of peak veloc-
ities of two BBFs is less than 10 min. (3) The difference
between the peak velocities of two BBFs at two satellites is
less than 20%.

Figure 1 shows the data of plasma and magnetic field
observed by C1 and C4 during the interval 10:08-10:12 UT
on July 28, 2002. At 10:06:30 UT, Cl1 is at 95454, —72388,
242 km and C4 is at —98452, —75041, 975 km. The plasma
beta, ion density, magnetic field and ion temperature in
Figure 1 show that the Clusters C1 and C4 were in the cen-
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Figure 1 The x component of ion flow velocity v, (a), ion flow velocity v (b), plasma £ (c), ion density n; (d), magnetic field B (e) and plasma temperature
T (f) observed by C1 (thin solid line) and C4 (thick solid line) during the interval 10:08-10:12 UT on July 28, 2002.

tral plasma sheet between 10:08 UT and 10:12 UT. The
plasma beta was always larger than 1, suggesting that the
two satellites were in the inner plasma sheet (close to the
neutral sheet) [7]. The maximum plasma beta, which marks
the position of neutral sheet, can even exceed 20. The tem-
perature and density peak in the position of the maximum
plasma beta.

As shown in Figure 1, soon after crossing the neutral
sheet, a BBF was observed by C1 and C4. The onset time of
BBF observed by C1 is 10: 09:32 UT, earlier than that of
BBF observed by C4 (10:09:59 UT). Thus the difference
between onset times of BBF observed by C1 and C4 is 27 s.

Figure 2 shows the histograms of the number of BBFs as
a function of the difference between onset times of BBFs on
C1 and C4. The onset time differences of most of BBFs
observed by C1 and C4 are smaller than 60 s. The largest
onset time difference even exceeds 240 s. The average onset
time difference is 68.5 s. The ratio of number of BBFs with
onset time difference larger than 60 s to total number of
BBFs is 35%. As pointed out in Section 1, the onset time
differences between BBFs of C1 and C4 result from the
localization of BBFs in the plane perpendicular to the BBF
velocity vector, i.e., velocity inhomogeneity inside the flow
channel of BBFs. Such a wide range of onset time differ-
ences of BBFs indicates that the velocity gradient inside the
flow channel of BBFs is not uniform.

In order to clearly see the probability to observe certain
onset time difference, we establish the probability function

of onset time difference between BBFs of C1 and C4 based
on the data shown in Figure 2. Figure 3 shows the probabil-
ity distribution of onset time difference (OTD) larger than
time (7). It can be seen that the probabilities of onset time
difference of BBFs larger than 30, 60, 90 and 120 s are re-
spectively 55%, 35%, 27% and 23%. The expected value of
the onset time difference is 69.3 s, almost the same as the
average onset time difference.

Figure 4 shows the scatter plot of BBFs as a function of
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Figure 2 Histograms of the number of BBFs as a function of the differ-
ence between onset times of BBFs of C1 and C4.
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Figure 3 Probability function of the difference between onset times of
BBFs of C1 and C4 larger than certain time (7).
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Figure 4 The scatter plot of BBFs as a function of the difference between

onset times and earthward component of maximum velocity of BBFs of C1
and C4.

onset time difference and earthward component of maxi-
mum velocity of BBFs. It is interesting to find that the larg-
est onset time difference decreases with the increase of
earthward component of maximum velocity of BBFs. The
largest onset time difference of BBFs is 132 s at vy, = 560
km s~ and 238 s at vy = 340 km s~ The correlation coef-
ficient between the largest time difference and the earth-
ward component of maximum velocities of relevant BBFs is
negative and equals —0.88. Therefore, for BBFs observed by
a single satellite, the accuracy of onset time of BBFs in-
creases with increase of earthward component of maximum
velocities of BBFs.

Figure 4 also shows that even the threshold velocity of
BBFs is chosen to be 400 km s, the onset time differences
of BBFs of C1 and C4 still have similar probability distri-
butions. The difference is that the largest onset time differ-
ence between BBFs of C1 and C4 become small.

4 Discussions and conclusions

This paper, using the observations of ion flows and mag-
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netic field of two satellites of Cluster, studied the onset time
difference between BBFs of C1 and C4. It is found that the
onset time differences of most of BBFs observed by C1 and
C4 are smaller than 60 s. The largest onset time difference
of BBFs even exceeds 240 s. The average onset time dif-
ference of BBFs is 68.5 s. Such a wide range of onset time
differences of BBFs indicates that the velocity gradient in-
side the flow channel of BBFs is not uniform.

The probabilities of onset time differences of BBFs of C1
and C4 larger than 30, 60, 90 and 120 s are respectively
55%, 35%, 27% and 23%. The expected value of the onset
time differences of BBFs is 69.3 s, almost the same as the
average onset time difference. The largest onset time dif-
ference decreases with the increase of earthward component
of maximum velocities of BBFs.

The differences between onset times of BBFs observed
by two satellites result from the localization of BBFs, i.e.,
velocity inhomogeneity inside the flow channel of BBFs.
Nakamura et al. [9] used the velocity gradient of BBFs ob-
served by two satellites to estimate the scale of BBF. Natu-
rally, these velocity gradients of BBFs inside the flow
channels are certainly accompanied with the difference be-
tween onset times of BBFs of C1 and C4. There are two
possible mechanisms that can cause the velocity inhomoge-
neity inside the flow channel of BBF.

The first is the velocity inhomogeneity inside the flow
channel of BBF produced in the source regions, i.e. recon-
nection regions. The reconnection process is not uniform in
the dawn-dusk direction and the north-south direction of the
central plasma sheet. The scale of reconnection region is
proportional to the square root of the ion inertial length d; (=
c/wyi, where c is light speed, @y is ion plasma frequency)
and is about several times the ion inertial length in the
magnetotail [24-26]. Since the ion inertial length (d;) in
the reconnection layer in the magnetotail near ~18-19 Rgis
around 500 km, the length of reconnection layer in the
magnetotail is about 1-2 Rg, which is of the same order of
magnitude of the scale of BBFs (2-3 Rg in the “dawn-dusk”
direction and 1.5-2 Rg in the north-south direction.) esti-
mated by Nakamura et al. [8].

The second is the velocity inhomogeneity inside the flow
channel of BBF produced in propagation process. Generally
BBFs are rarely measured at their point of origin. In nearly
all cases they have to propagate some distance before they
encounter the instrument that takes their measure. This is
because BBFs that arrive at different satellites move in
somewhat different propagation paths where the back-
ground magnetic field and plasma parameters are different.
Slavin et al. [27] thought that the propagation process added
noise and dispersion into the studies of when a given pro-
cess or phenomenon occurs relative to substorm expansion
onset. In addition, Nakamura et al. [28] found that the inter-
action between BBFs and the pre-existing plasma sheet
ahead of it could excite interchange instability in front of
the reconnection jets. This kind of large scale MHD insta-
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bility can also produce the velocity inhomogeneity of BBFs
in the cross tail plane. The mechanism of propagation pro-
duced velocity inhomogeneity exists for every BBF. The
small onset time difference of BBFs between C1 and C4
may be caused by this kind of mechanism. The mechanism
of source produced velocity inhomogeneity may cause large
onset time difference since the velocity inhomogeneity
produced in source region can be augmented in the propa-
gation process.

There are two possible generation mechanisms of BBFs:
patchy impulsive reconnection process and/or an inter-
change instability of a plasma depleted flux bubble [29-31].
No matter which mechanism BBFs are generated by, the
velocities of BBFs are not uniform in the cross tail plane in
the source regions due to the limited scale of source region.
It is natural that the profile of the velocity gradient of the
flow inside the flow channel is augmented in the earthward
propagation process. Mashida [32] [2006] found that the
different propagation velocities of the BBF front critically
modified the form of BBFs. The earthward propagation of
BBFs is rather complex. A long-time earthward flow burst
might be split into several short time flow bursts in the
propagation process [33]. During the propagation process,
BBFs can excite the ULF waves [34] and produce the de-
polarization front, which is considered to play some im-
portant role in the particle acceleration and substorm pro-
cess [35, 36].

As a concluding remark we note that the results in the
present study can bring a better understanding of the tem-
poral relation between BBFs and other substorm phenome-
na (Pi2, aurora and reconnection), and may be helpful to the
THEMIS mission of NASA. The main scientific objective
of THEMIS is to study the relation between three main
phenomena of substorm: reconnection, current disruption
and aurora. The clarification of temporal relation between
these three phenomena will make great contribution to iden-
tifying substorm model. Since time intervals between the
three phenomena are from 30 s to 120 s, the accurate identi-
fication of onset time of BBFs, which are considered to be a
key factor in the identification of time of reconnection [27],
is very important for the THEMIS mission. The results in
the present paper can help to estimate the accuracy of the
onset time of BBFs.
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