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Abstract A statistical survey of 560 fast flows in midnight central plasma sheet is performed based
on Time History of Events and Macroscale Interactions during Substorms (THEMIS) observations during
its first two tail phases. From superposed epoch analysis, no significant substorm activities are found to
be associated with the occurrence of fast flows beyond X =−15 Re. Considering the associations with
substorm activities, the fast flows inside of X =−15 Re can be classified into two obvious classes: short
duration (< 2.0 min) and long duration (> 4.0 min). Substorm breakups are shown to be more closely
correlated to short-duration fast flows. Furthermore, the onset of short-duration fast flows in the
dipolarization region (X =−9 to −11 Re) is almost simultaneous with the onset of substorm breakups
and dipolarizations. On the other hand, time delays of 2–4 min are both found in the near-Earth region
(X =−7 to −9 Re) and in the near-tail region (X =−11 to −15 Re). Assuming that short-duration fast flows are
generated by the force imbalance caused by cross-tail current disruption, these features are consistent with
the predictions made by the cowling electrojet current loop and the cross-tail current disruption substorm
models. In comparison, although more magnetic flux is transported toward Earth for long-duration fast
flows, no clear substorm breakup is closely associated with them. The analysis of 2-D ion velocity
distribution further shows some differences. For short-duration fast flows, multiple crescent-shaped ion
populations are found. However, for long-duration fast flows, there exists only a single crescent-shaped ion
population. The difference may be an important signature for distinguishing these two classes of fast flows.

1. Introduction

Magnetotail convection is a key issue of magnetospheric study during storm/substorm, which contributes
significantly to the transports of mass, energy, and magnetic flux toward Earth. The plasma flow in the
magnetotail has been studied for several decades.

The average speed of plasma flows in the magnetotail is rather slow, typically below 100 km/s, both in the
central plasma sheet (CPS) and the plasma sheet boundary layer (PSBL). Huang and Frank [1986] showed
that the average plasma bulk speed in CPS is normally very low under all levels of geomagnetic activity
based on the data of ISEE-1 in the first half of 1978. Baumjohann et al. [1989] later used 4 months of tail data
obtained by Ion Release Module (IRM) onboard Active Magnetospheric Particle Tracer Explorers (AMPTE)
satellite in 1986 and confirmed the findings by Huang and Frank [1986]. Meanwhile, Baumjohann et al. [1988]
concluded that the average flow velocities in PSBL were surprisingly low (< 100 km/s).

In some occasions, the plasma flow in the magnetotail may be very fast and exceed several hundreds of
km/s, which is first called high-speed flow by Baumjohann et al. [1990] and later called bursty bulk flows
(BBF) by Angelopoulos et al. [1992]. In this study, the plasma flow in the magnetotail exceeding several hun-
dreds of km/s is called fast flow. The fast flow events in the magnetotail were first found in PSBL in 1970s
[e.g., Lui et al., 1983]. Huang and Frank [1986] stated that fast flows rarely occur in CPS and are almost exclu-
sively confined to PSBL. However, Baumjohann et al. [1990] concluded that occurrence rates of fast flow in
PSBL and CPS were nearly the same. They further found that the fast flows were in bursts of typically less
than 1 min duration and about 60–70% of all fast flows in CPS had a dominant component perpendicular to
the magnetic field.

To explain the generation of fast plasma flows in CPS, several physical mechanisms have been proposed in
the literature and have been well summarized by Shue et al. [2008].
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1. Near-Earth magnetic reconnection mechanism [e.g., Hones, 1976; Baumjohann et al., 1990; Angelopoulos et
al., 1992; Nagai et al., 1998; Machida et al., 1999; Shay et al., 2003; Sergeev et al., 2008]. Based on magnetic
reconnection mechanism, magnetic energy is converted to kinetic energy. Thus, the fast flows in CPS are
considered to be the outflows of magnetic reconnection.

2. The flux tube (often termed plasma bubble) mechanism [e.g., Pontius and Wolf, 1990; Chen and Wolf, 1993;
Sergeev et al., 1996; Zesta et al., 2000; Schödel et al., 2001]. The bubble may be generated by the reconnec-
tion in the far tail, as well as by other processes. A localized bubble originated in the distant tail moves
earthward at high speed owing to the polarization electric fields in the bubble.

3. Force imbalance caused by the cross-tail current disruption near X =∼−10 Re [Lui et al., 1993, 2008]. Lui et
al. [1993] have shown that cross-tail current disruption can cause a strong net force acting on the plasma,
which can account for the fast flows observed near X =∼−10 Re. A typical value for the net force is 12% of
its preactivity earthward j × B force. Lui et al. [2008] made an estimation of the magnitude of flow caused
by cross-tail current disruption. They showed that the plasma would be accelerated to ∼ 900 km/s in 15 s.
Current disruption can also cause tailward flows if the net force is tailward.

4. Other possible mechanisms are the magnetic reconnection in the distant tail [Nagai and Machida, 1998],
the retreat of near-Earth neutral line [Baumjohann et al., 1999], an enhancement of large-scale ultralow
frequency waves in the magnetosphere [Lyons et al., 2002], and so on.

Relationships between the fast flows in CPS and the auroral activations were extensively studied in the past
based on in situ observations of plasma and magnetic field in CPS and auroral images obtained by imagers
on board the polar-orbit spacecraft or ground-based all-sky imagers. Lui et al. [1998] examined the existence
of fast flows identified by the Geotail data in association with the 102 traditional substorm auroral breakups
identified by the Polar UVI images and found that the fast flows were not always present during and even
before the auroral breakups. Ieda et al. [2003] later concluded that the fast flows were more rare during the
quiet intervals than at other times. However, Shue et al. [2003] found that about half of the earthward fast
flows were associated with decreasing integrated auroral power based on Polar UVI observations, and some
fast flows occurred during the period of no auroral activations. Fairfield et al. [1999] traced the earthward
fast flows in the magnetotail observed by Geotail to the ionosphere and found that auroral brightenings
developed near the foot points of fast flows. Nakamura et al. [2001] further concluded that all the earth-
ward fast flows were associated with the localized auroral activations such as substorm pseudo-breakups or
poleward boundary intensifications (PBI). PBIs are even expected to be an ionospheric signature of longitu-
dinally localized earthward flow bursts [see Rostoker et al., 1987; Lyons et al., 2002, and references therein].
The close relationship between PBIs and flow bursts in CPS has some observational supports [see Xing et al.,
2010, and references therein]. Recently, the investigation of ∼250 auroral breakup events recorded by the
ground-based network of Time History of Events and Macroscale Interactions during Substorms (THEMIS)
all-sky imagers revealed that auroral breakup is preceded by substantial PBIs in most cases [Nishimura et
al., 2010; Mende et al., 2011], inferring the possibility that auroral breakup was triggered by fast flow bursts
in CPS [see Sergeev et al., 2012, and references therein for more details]. McPherron et al. [2011] found that
the fast flows observed at ∼ −11 Re were closely correlated with substorm onsets based on the AL index.
Nevertheless, whether the fast flows in CPS are associated with the auroral brightening and further devel-
opment is still under debate. For examples, Lui et al. [1999] showed that the near-Earth dipolarization could
occur without any significant flows preceded, and Ohtani et al. [2002a, 2002b] suggested that the fast flows
may not have a direct contribution to the substorm aurora but could create a favorable condition for a
development of a substorm expansion onset.

From many previous studies, it seems possible that the fast flows could be categorized into two classes:
one class is associated with the global auroral development and the other is associated with the localized
auroral activations. By using the Geotail observations during 1997–1998, Shue et al. [2008] identified 68
earthward fast flows in the midnight CPS and found that these fast flows could be classified into two classes
by their X locations. One class (Class I) of the earthward fast flows was often observed near X =∼−10 Re with
a high auroral power change rate, which suggested an apparent substorm bulge developed on the night-
side, i.e., a significant global auroral development. The other class was found at X < −15 Re (Class II). For
most cases of this class, the auroral power change rates were very low. The auroral features, such as PBIs and
pseudo-breakups, were found to be associated with these fast flows.

As for the fast flow classification, Shue et al. [2008] has already obtained some interesting and important
results. Nevertheless, many questions remain unanswered as elaborated below:
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Figure 1. Distribution of fast flow locations in the equatorial plane of
central plasma sheet in geocentric solar magnetospheric (GSM) coor-
dinates. The gray grids have been rotated 4.8◦ clockwise to take into
account the aberration due to Earth’s orbital motion.

1. The number of Class I was quite few,
only six events. Is this still valid for a
larger database or does all the fast flow
at X =∼−10 Re belong to Class I?

2. There were still few fast flows of Class II
(∼10%) related to auroral bulge devel-
opments. What other property of fast
flow causes that difference?

3. X location was the only criterion sug-
gested for distinguishing these two
classes of fast flows. What other prop-
erty is different for these two classes of
fast flows?

4. Do these two classes of fast flows have
the same generation mechanism?

The THEMIS mission with five identically
instrumented probes placed in highly

elliptical plane provides an excellent opportunity to extend the work of Shue et al. [2008] by a more com-
prehensive and systematic study. In an attempt to answer part of the above mentioned questions, we make
a comprehensive statistical investigation of fast flow events in CPS identified by the observations of the
five THEMIS probes during their first two tail phases. The rest of the paper is organized as follows: The data
preparation is described in section 2, the results are presented in section 3, and the discussion and summary
are given in section 4.

2. Data Preparation

The THEMIS mission was launched on 17 February 2007. It aims at resolving one of the oldest mysteries in
space physics, namely to determine what physical process in near-Earth space initiates the violent eruptions
of the aurora that occur during substorms in the Earth’s magnetosphere. The five identically instrumented
THEMIS probes are placed in highly elliptical plane. The orbit apogees for the probes are ∼ −9 Re for THA;
∼ −12 Re for THD and THE; ∼ −19 Re for THC; and ∼ −30 Re for THB.

During the first two tail phases of THEMIS mission: (1) 15 December 2007 to 15 April 2008; (2) 15 December
2008 to 15 April 2009, the five THEMIS probes were mostly in the magnetotail with their apogees sweeping
the nightside region. Data from the following instruments aboard the THEMIS probes are used to identify
the fast flows in CPS in this study: (1) The Flux Gate Magnetometer [Auster et al., 2008], providing DC mag-
netic field measurements (∼ 3 s, spin-fit data set); (2) The electrostatic analyzer (ESA) [McFadden et al., 2008],
providing ion and electron distribution functions in the energy range from 5 eV up to 25 keV for ions and
from 5 eV up to 30 keV for electrons with a time resolution of a full distribution function per spin in the fast
survey mode; (3) The Solid State Telescope (SST) [Angelopoulos, 2008], detecting high-energy ion (25 keV to
6 MeV) and electron (25 keV to 1 MeV) fluxes with a time resolution of a full distribution function per spin in
the fast survey mode. By combining ESA and SST measurements, we calculated full plasma parameters, such
as the plasma density, velocity, and thermal pressure.

The fast flow events in this study are first identified by an auto-search procedure by using the criterion
adopted by Angelopoulos et al. [1992, 1994]. Then, all fast flow events are checked manually one by one. The
cases with sharp density gradient which can give short-lived, spurious velocity increases are all excluded in
our database. The fast flows are defined to be segments of continuous ion flow magnitude VT > 100 km/s
in CPS, during which VT should exceed 400 km/s for at least two sample periods. VT is the magnitude of the
plasma flow. The fast flow begins at VT > 100 km/s and ends at VT < 100 km/s. If two fast flows occur within
15 min, they are considered as a continuous fast flow event. In this study, the fast flows then mentioned
refer to the isolated fast flows. Similar to Shue et al. [2003], we also impose a criterion of plasma beta value
(𝛽) > 1.0 for covering at least 85% duration of the event on the selection of the fast flow events, where 𝛽 is
the ratio of the plasma thermal pressure to the magnetic pressure. This criterion ensures that THEMIS probes
are mainly in CPS, not in PSBL. In addition, the criterion of 𝛽 of 1.0 is to make sure that the fast flows are
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Figure 2. Two fast flow events with long durations observed by THEMIS-D probe in the dipolarization region: (a) the
fast flow on 24 February 2008; (b) the fast flow event on 18 February 2008. From top to bottom, the panels give
the plasma 𝛽 value, the flow speed (VT ) and the flow speed perpendicular to the ambient magnetic field (V⟂ , in red), the
magnitude of magnetic field (BT ), the Z component of magnetic field (BZ ), the magnetic field elevation angle (𝜃) defined
by tan−1

[
BZ =

(
B2

X + B2
Y

)]1∕2
, the thermal pressure (Pth), the cumulative magnetic flux transferred earthward/tailward

and into the plasma sheet (Φ, calculated from the integration of the Y component of V × B over time), SML index,
and SME index. Two vertical dashed lines remark the start and end of fast flows. The location of THEMIS probe in GSM
coordinate system is shown in the parentheses.

mainly convective and not field aligned [Petrukovich et al., 2001]. Moreover, we select events with THEMIS
probes locations around the noon-midnight meridian (∣ Y ∣≤ 5 Re) to avoid some magnetosheath events.

To exactly determine the substorm activity, a good direct approach is by means of the continuous auro-
ral observation with a high time resolution from auroral imager either onboard polar-orbit satellites or
equipped in the ground network. Shue et al. [2008] estimated the auroral power from the Polar UVI auroral
images to represent substorm activity. Unfortunately, continuous aurora images are not available for most
of the fast flow events. Instead, the SuperMAG auroral electrojet indices (SML and SME) calculated by Newell
and Gjerloev [2011] are used here. The indices, SML and SME, are generalizations of the auroral electrojet
indices calculated from 100 or more SuperMAG magnetometers instead of the 12 used in the official auroral
electrojet indices, AL and AE. Newell and Gjerloev [2011] showed that the newly SuperMAG auroral electrojet
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Figure 3. Two fast flow events with short durations observed by THEMIS-D probe in the dipolarization region: (a) the
fast flow on 28 February 2009; (b) the fast flow event on 15 April 2009. The arrangement of the plot is the same as that
described in Figure 2.

indices are well correlated with the total nightside auroral power and could be used to identify substorm
onsets more accurately.

3. Results

During the period of first two THEMIS scientific tail phases, 560 fast flows in CPS are identified. Note that
THEMIS probes may observe the same fast flows occasionally because of their close locations, especially
for THEMIS-D and THEMIS-E. In our database, some cases were observed by more than one THEMIS probe.
For such cases, only the fast flows with the longest duration are included in the further analysis. The dis-
tribution of the 560 fast flows in terms of the locations in the equatorial plane of CPS is shown in Figure 1.
There are significantly more fast flows inside X=∼−12 Re because the five THEMIS probes spend more
time there. Lack of events in the region at X=−21 Re to −26 Re is mainly due to the few number of times
THEMIS probes being there. Remarkably, most of the events occur on the dusk side (Y >0) in geocentric solar
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Figure 4. Histogram distribution of fast flow durations. The red
line represents the fitting result to a logical normal distribution.
R2 represents the fitting goodness. The closer R2 is to 1, the
better the fitting is.

magnetospheric (GSM) coordinates, which is
in consistent with the previous studies [e.g.,
Angelopoulos et al., 1994]. This dawn-dusk
asymmetry of fast flow distribution exists in the
aberrated GSM coordinates as well, and about
55.0% fast flows occur on the dusk side. In addi-
tion, the percentage of fast flow occurred on
the dusk side decreases as the X location gets
far away from the Earth. For example, the per-
centage of fast flow occurred on the dusk side
in the region with X ∶−7 to −9 Re is 77.3%.
For the regions with X ∶−9 to −11 Re, −11 to
−15 Re, and −15 to −30 Re, the ratios are 64.5%,
59.2%, and 31.2%, respectively.

3.1. Comparative Cases
Among the 560 events, two classes of fast flows
seem to emerge inside of X = −15 Re in CPS.
However, the criterion for these two classes of
fast flows is found to be their durations but not
the X location used by Shue et al. [2008]. For

example, two fast flows with long durations are shown in Figure 2, and two fast flows with short durations
are shown in Figure 3.

Figure 2a shows the fast flow with a long duration of 8.7 min on 24 February 2008 observed by THEMIS-D
at (−11.29, 1.72, −2.67 Re) in GSM coordinate system. The two vertical dashed lines represent the start
(07:15:19.225 UT) and end (07:24:1.744 UT) of this fast flow event. The profile of plasma 𝛽 value for this
event is above the dashed horizontal line of 𝛽 =1, which implies that the fast flow occurs predominately
in CPS as defined before. The flow speed perpendicular to the ambient magnetic field (V⟂, in red) is bursty
and comparable to the flow speed (VT ) for most of time, which suggests that fast flow is mainly convec-
tive and further confirms the suitability of the adopted selection criterion of CPS region by plasma 𝛽 value.
During this fast flow, the magnitude of magnetic field (BT ), its Z component (BZ ), and the thermal pressure
(Pth) exhibit large fluctuations. Meanwhile, Pth is lower than the ambient plasma. Compared to preflow val-
ues, BT , BZ , and the magnetic field elevation angle (𝜃, tan−1

[
BZ =

(
B2

X + B2
Y

)]1∕2
) have little enhancements

of ∼ 4 nT, ∼ 8 nT, and ∼ 20◦, respectively. These signatures indicate the occurring of a weak dipolarization
process. For this long-duration fast flow, a significant cumulative magnetic flux (Φ) of 6.21 × 106 Wb/Re is
transferred earthward. The cumulative magnetic flux transport per unit time per unit length is calculated
from the integration of the Y component of the electric field in GSM coordinates over time as follows:

Φ = ∫ EY dt = ∫ (VX BZ − VZ BX )dt (1)

More details can be found in the work by Liu et al. [2011]. And similarly, the offset effect is also removed. It is
noticed that neither the SML index nor the SME index shows any significant variation, which suggests that
no substorm occurs associated with this fast flow.

Table 1. Details on the Grouping of Fast Flow Eventsa

X ∶ −7 to −9 Re X ∶ −9 to −11 Re X ∶ −11 to −15 Re X ∶ −15 to −30 Re

ΔT : < 2.0 min 26 (59.1, 16.1) 92 (41.4, 35.7) 47 (33.6, 31.5) 16 (10.4, 16.7)
ΔT : 2.0–4.0 min 12 (27.3, 7.8) 74 (33.3, 30.2) 35 (25.0, 24.6) 34 (22.1, 37.4)
ΔT : > 4.0 min 6 (13.6, 2.1) 56 (25.3, 12.5) 58 (41.4, 22.5) 104 (67.5, 62.9)
ΔT 2.0 3.2 3.9 7.9

aΔT represents the mean value. The first number in the parentheses represents the percentage
of fast flow events with different duration in the same region. The later number in italics represents
the percentage of fast flow events in different regions with the same duration, and it has been nor-
malized by the total observation time of THEMIS at these four regions in CPS.
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Figure 5. Results of the superposed epoch analysis for the fast flows
in CPS in the midtail region. The lines in red, blue, and green repre-
sent in turn the short-duration events, moderate-duration events, and
long-duration events. From top to bottom, the panels show the medians
of the magnitude of magnetic field (BT ), the Z component of magnetic
field (BZ ), the magnetic field elevation angle (𝜃), the flow speed (VT ), the
entropy calculated based on the method proposed by Wolf et al. [2006],
the cumulative magnetic flux transferred earthward (Φ), the SML index,
and the SME index. The vertical dashed line represents the onset of the
fast flows.

Figure 2b shows the fast flow with a
long duration of 8.1 min on 18 February
2008 observed by THEMIS-D at (−10.41,
3.57, −2.16 Re) in GSM coordinate sys-
tem. Similarly, this event also occurs
in CPS, and the flow is mainly convec-
tive as well. The characters of BT , BZ ,
𝜃, Pth, and Φ are quite similar to the
previous event. There exhibits a weak
dipolarization after the passage of the
fast flow, and the thermal pressure in
the fast flow is lower than the ambient
plasma. Although a significant cumula-
tive magnetic flux of 5.96 × 106 Wb/Re
is transferred earthward, no sub-
storm occurs associated with this
fast flow because neither the SML
index nor the SME index exhibits any
noticeable variation.

For comparison, Figure 3 shows two
fast flows with relative short durations.
Figure 3a shows the fast flow with a
very short duration of 0.96 min on 28
February 2009 observed by THEMIS-D
at (−9.54, 1.58, −1.89 Re) in GSM coor-
dinate system. Similarly, the fast flow
also occurs in CPS, with great fluctua-
tions of BT , BZ , and Pth during its period.
Moreover, BT , BZ , and Pth enhance sig-
nificantly after the fast flow, by ∼ 20 nT,
∼ 20 nT, and 40◦, respectively. Com-
pared to the previous events shown
in Figure 2, the dipolarization pro-
cess is much stronger and lasts for
longer time. Meanwhile, although the
cumulative magnetic flux transferred
earthward for this fast flow is much less,
of only 0.61 Wb/Re, the SML and SME
indices vary significantly right after the
fast flow, indicating the development
of a strong substorm.

Figure 3b shows the fast flow with a short duration of 1.99 min on 15 April 2009 observed by THEMIS-D
at (−9.74, 1.57, 0.82 Re) in GSM coordinate system. Similarly, the fast flow also occurs in CPS, and a strong
dipolarization occurs after the passage of the fast flow. The SML and SME indices vary significantly as well,
indicating the development of a strong substorm.

3.2. Superposed Epoch Analysis
Different from the conclusion made by Shue et al. [2008], the above four typical events suggest that there
seem to be two classes of fast flows in CPS inside of X = −12 Re and the substorm development seems to
be more associated with short-duration fast flows. To do further confirmation, we divided all the isolated
fast flow events into 12 groups, both according to their durations (ΔT) and X locations. The histogram dis-
tribution of fast flow durations is shown in Figure 4. It is close to a logical normal distribution. The peak
frequency for the duration is about 2 min. The geometric mean and median values of fast flow durations
are about 3 min. To make each group contain enough cases for maintaining statistical significance, the fast
flows are categorized into three groups according to their durations as follows: (1) short-duration fast flows,

LI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 7205
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Figure 6. Results of the superposed epoch analysis for the fast flows in
CPS in the near-tail region. The arrangement of the plot is the same as
that described in Figure 5.

ΔT < 2.0 min; (2) moderate-duration
fast flows, ΔT : 2.0–4.0 min; and (3)
long-duration fast flows, Δ T > 4.0 min.
According to the X location, the fast
flows are categorized into four groups:
(1) near-Earth region, X ∶−7 to −9 Re;
(2) dipolarization region, X ∶−9 to
−11 Re; (3) near-tail region, X ∶−11 to
−15 Re; and (4) midtail region, X ∶−15
to −30 Re.

The grouping details are listed in
Table 1. The mean value of ΔT
decreases from 7.9 min to 2.0 min
as the X location gets closer to the
Earth. Meanwhile, the percentage
of short-/long-duration fast flows in
these four region increases/decreases
accordingly, which is consistent with
the popular braking scenario of fast
flow in CPS [Shiokawa et al., 1997].
For short-duration fast flows, they are
mostly located in the dipolarization
region, where the substorm-related
global dipolarization processes occur.
On the contrary, for long-duration fast
flows, the most probable occurring
region is the midtail region. Except for
the group of long-duration fast flow
in the near-Earth region, other groups
contain enough cases for performing
the superposed epoch analysis and
maintaining statistical significance.
3.2.1. Superposed Epoch Analysis in
Midtail Region
Figure 5 gives the comparison of super-
posed epoch analysis of the fast flows

in the midtail region. The lines in red, blue, and green represent in turn the short-duration events, the
moderate-duration events, and the long-duration events. The vertical dashed line represents the onset of
the fast flows. For these three groups, BT almost keeps invariant and the plasma entropy decreases very little
after the passage of the fast flows. Meanwhile, both the SML index and the SME index keep almost invariant
at quiet levels, suggesting that no significant substorm developments are associated with the fast flows in
the midtail region. As Newell and Gjerloev [2011] proposed that the SML index and the SME index are well
correlated with the total nightside auroral power, our results are consistent with the results made by Shue
et al. [2008]. In addition, it is clear that the longer fast flow duration is, the more cumulative magnetic flux
is transferred earthward (∼ 0.4 × 106 Wb/Re, ∼ 0.6 × 106 Wb/Re, ∼ 2.6 × 106 Wb/Re, respectively). However,
an interesting finding is that the signatures of a weak dipolarization (minor enhancements of BZ and 𝜃) are
more clearly found for the short-duration events. For the moderate-duration and long-duration fast flows,
BZ and 𝜃 mostly remain their preflow values.
3.2.2. Superposed Epoch Analysis in Near-Tail Region
Figure 6 gives the comparison of superposed epoch analysis of the fast flows in the near-tail region. For
these three groups of the fast flows in this region, BT and the plasma entropy both decrease a little after the
passage of the fast flows. On the contrary, enhancements of BZ and 𝜃 are found, representing the dipolar-
ization features. As expected, more cumulative magnetic flux is transferred earthward (∼ 1.0 × 106 Wb/Re,
∼ 2.0 × 106 Wb/Re, and ∼ 3.0 × 106 Wb/Re, respectively) as the duration of the fast flows increases. However,
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Figure 7. Results of the superposed epoch analysis for the fast flows in
CPS in the dipolarization region. The arrangement of the plot is the same
as that described in Figure 5.

the dipolarization intensity is larger
for the short-duration events as the
situation in the midtail region men-
tioned before. BZ enhances from ∼ 5 nT
to ∼ 12 nT for the short-duration
events, from ∼ 5 nT to ∼ 9 nT for the
moderate-duration events, and from
∼ 3.5 nT to ∼ 7 nT for the long-duration
events. The differences of 𝜃 change are
more clear; 𝜃 enhances from ∼ 20◦ to
∼ 58◦ for short-duration events, from
∼ 16◦ to ∼ 40◦ for moderate-duration
events, and from ∼ 12◦ to ∼ 36◦ for
long-duration events. Note that the
onset of dipolarization (both from
BZ and 𝜃) is 3–4 min earlier than the
onset of fast flow for the short-duration
events. For the other two groups, the
onset of dipolarization is nearly simul-
taneous with the onset of the fast flows.
The changing characteristics of the
SML index and the SME index for these
three groups are quite similar to those
of dipolarization features:

1. The response magnitudes of the SML
index and the SME index are larger
as the duration of the fast flows gets
shorter. The SML index decreases
from −40 nT to −120 nT, from −40 nT
to −100 nT, and from −15 nT to
−50 nT, respectively. The SME index
increases from 90 nT to 170 nT, from
90 nT to 140 nT, and from 40 nT to
80 nT, respectively.

2. The onsets of the SML index and the SME index are also 3–4 min earlier than the onset of the fast flows for
the short-duration events. Compared to the moderate-duration and long-duration events, the response
time of the SML index and the SME index for the short-duration events is shorter. These two indices reach
their peak values 4 minutes after the onset of the fast flows. For the other two groups, the response times
are 14 min and 12 min, respectively. Interestingly, the short-duration fast flows are more correlated with
the substorm activities.

3.2.3. Superposed Epoch Analysis in Dipolarization Region
The comparison of superposed epoch analysis of the fast flows in the dipolarization region is given in
Figure 7. For these three groups of the fast flows in this region, the plasma entropy decreases a little after
the passage of the fast flows. On the contrary, BT , BZ , and 𝜃 all increase after the passage of the fast flows,
representing the dipolarization features. The shorter duration of the fast flows is, the larger preflow and post
flow values for BZ and 𝜃 are. Similar to the situations in the near-tail region, more cumulative magnetic flux
is transferred earthward (∼ 1.0 × 106 Wb/Re, ∼ 2.0 × 106 Wb/Re, and ∼ 3.0 × 106 Wb/Re, respectively) as the
duration of the fast flows increases. Besides, the short-duration fast flows are more correlated with the sub-
storm activities. The response magnitudes of the SML index and the SME index are larger as the duration of
the fast flows gets shorter. The SML index decreases from −70 nT to −170 nT, from −30 nT to −60 nT, and
from −30 nT to −60 nT, respectively. The SME index increases from 100 nT to 220 nT, from 60 nT to 110 nT,
and from 60 nT to 100 nT, respectively. Different from the short-duration events in the near-tail region, the
onsets of the SML index and the SME index are almost simultaneously with the onset of the fast flows.
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Figure 8. Results of the superposed epoch analysis for the fast flows in CPS
in the near-Earth region. The arrangement of the plot is the same as that
described in Figure 5.

3.2.4. Superposed Epoch Analysis
in Near-Earth Region
Figure 8 gives the comparison of
superposed epoch analysis of the
fast flows in the near-Earth region.
For these three groups of the fast
flows in this region, dipolarization
features and the plasma entropy
decreases are similar to the situations
in the dipolarization region. More
cumulative magnetic flux is trans-
ferred earthward (∼ 1.0 × 106 Wb/Re,
∼ 1.8 × 106 Wb/Re, and
∼ 3.0 × 106 Wb/Re, respectively)
as the duration of the fast flows
increases. The SML index and the SME
index changes represent a substorm
activity for the short-duration fast
flow events. They change from −50 nT
to −150 nT and from 90 nT to 200 nT.
For other two groups, no significant
variations of these two indices are
found. Note that, the onsets of the
SML index and the SME index are
∼ 2–3 min earlier than the onset of
the fast flows, which is similar to the
situation in the near-tail region.

3.3. Relations Between Substorm
and Fast Flows
The fast flows in CPS are believed
to be the major contributor on the
magnetic flux transport to the Earth.
In general, the longer duration and
larger earthward velocity are, the
more cumulative magnetic flux is
transferred earthward. Figure 9 shows
the relationship between the fast
flow duration and the magnetic flux
transport. The magnetic flux trans-
port is normalized by the averaged
fast flow velocity perpendicular to the
ambient magnetic field. As expected,
there is a linear correlation between
the fast flow duration and magnetic
flux transport. The linear correlation
coefficient is as high as 0.70.
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Figure 9. Relationship between the fast flow duration and cumulative
magnetic flux transport to the Earth in CPS. CC represents the linear
correlation coefficient.

From the perspective of median
value, the previous superposed
epoch analyses have suggested that
the stronger substorm activity is
more likely to be associated with
a shorter-duration fast flow in CPS
inside of X = −15 Re, which is inde-
pendent of the cumulative magnetic
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Figure 10. (left) Relationship between the intensity of substorm activity and the duration of fast flows inside X = −15 Re.
(right) Relationship between the intensity of substorm activity and cumulative magnetic flux transport to the Earth by
the fast flows inside X = −15 Re. The red horizontal line represents the mean value for each bin. The red vertical line
represents the data variations, ±0.5𝜎 (standard deviation). CC represents the linear correlation coefficient.

flux transport toward the Earth. Figure 10 gives more details for each case. The difference of SML index after
the passage of fast flow, ΔSML, is used to represent the intensity of substorm activity. Although the lin-
ear relationship between ΔSML and ΔT is poor, a trend is clear that stronger substorm activity tends to be
associated with shorter-duration fast flows as represented by the red horizontal lines. For the strong sub-
storm activities with ΔSML < −400 nT, the corresponding fast flow durations are mostly less than 2.5 min.
For the fast flows with ΔT > 10 min, the corresponding substorm activity is no stronger than that with
ΔSML < −200 nT. The shown detailed relationship between ΔSML and cumulative magnetic flux trans-
port further confirms that the intensity of substorm activity is independent of the cumulative magnetic flux
transport toward the Earth. The linear correlation coefficient is only 0.10, and no clear trend is found.

Figure 11 shows the comparison of the distribution of flow duration in the region with X between −7 Re
and −15 Re for different levels of substorm activity. The left panel is for intense substorm activity with
ΔSML < −200 nT, and the right one is for mild substorm activity with ΔSML ≥ −200 nT. The difference is sig-
nificant. For intense substorm activity situations, the distribution is more concentrated to short durations.
About 70% cases are associated with short-duration fast flow. For mild substorm activity situations, the
distribution is scattered to a much wider range. Only about 34% cases are associated with short-duration
fast flow.
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Figure 11. Comparison of the distribution of flow duration in the region with X between −7 Re and −15 Re for different
levels of substorm activity. The red vertical line represents the fast flow duration of 2 min.
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Figure 12. Velocity distribution in V⟂–V∥ plane for the fast flows with long durations. (left) The fast flow event on 24
February 2008; (right) the fast flow event on 18 February 2008.

4. Discussion and Summary

Many previous studies proposed that the fast flows in CPS brake when they move toward the Earth due
to the rising magnetic field and plasma pressure, and they can link to most substorm phenomena such as
dipolarization, cross-tail current disruption, and aurora activities [Shiokawa et al., 1997; Baumjohann, 2002;
Kepko et al., 2001; Nakamura et al., 2001; Slavin et al., 2002; Amm and Kauristie, 2002; Grocott et al., 2004;
Cao et al., 2008]. If the fast flow in CPS is generated by the magnetic reconnection in the magnetotail, a
natural thought is that the stronger fast flow in CPS would cause stronger dipolarization and substorm
intensity. Meanwhile, the pileup of magnetic flux would cause the tailward movement of the brake point of
fast flows, which also means that the onset of fast flow should gradually fall behind the onset of substorm
activity when the observing location moves tailward. However, the previous results show that the sub-
storm intensity seems to be independent of the strength of short-duration fast flows. Moreover, the onset
of short-duration fast flow seems to be simultaneous with the onset of substorm activity in the dipolariza-
tion region, and there is a 2–4 min time delay both in the near-Earth region and near-tail region. Compared
to the near-Earth neutral line [Shiokawa et al., 1998] substorm model, the CECL (cowling electrojet current
loop) [Kan et al., 2011] and the CD (cross-tail current disruption) [Lui et al., 1991] substorm models are more
suitable to interpret this phenomenon. For the CECL and CD substorm models, the force imbalance due to
the cross-tail current disruption can generate short-duration fast flows in CPS, and the current disruption
region can move both earthward and tailward. It is also consistent with the result that the percentage of
short-duration fast flow is highest in the dipolarization region.

To check up whether there exists other different features of fast flows inside of X = −15 Re, analyses of 2-D
ion velocity distribution in V⟂–V∥ plane are performed for the four previous individual cases of these two
classes. The results for long-duration fast flows are shown in Figure 12. For the long-duration fast flow event
on 24 February 2008 and on 18 February 2008, it is clear that there exists only a single crescent-shaped ion
population, and the major velocity component is perpendicular to the ambient magnetic field. The results
for short-duration fast flows are shown in Figure 13. For the short-duration fast flow event on 28 February
2009 and on 15 April 2009, multiple crescent-shaped ion populations, both perpendicular component and
parallel component, are found. This difference in signature may be another criterion for distinguishing
these two classes of fast flows. Raj et al. [2002] have shown the difference of ion distribution character-
istics between the high-speed bulk flows and field-aligned beams. The ion distributions of field-aligned
beam usually consist mainly of earthward and tailward directed crescent-shaped beams, having sharp
low-energy cutoffs, whereas high-speed bulk flows are well represented by a single drifting distribution
without low-energy cutoffs. As shown in Figures 12 and 13, no sharp cutoffs in low energies are found for
either long-duration fast flows or short-duration fast flows, implying that they are not field-aligned beams.
In addition, multiple ion populations, not just a single ion population, are found here, which is different from
Raj et al.’s [2002] results. Also, the ion population type is further suggested to be dependent on the duration
of fast flow. More detailed statistical study about the differences of ion distribution functions needs to be
conducted in the future.
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Figure 13. Velocity distribution in V⟂–V∥ plane for the fast flows with short durations. (left) The fast flow event on 28
February 2009; (right) the fast flow event on 15 April 2009.

In addition, we reidentify the fast flow events by using the selection criteria proposed by Raj et al. [2002]
(perpendicular flow speed should be greater than 250 km/s, plasma 𝛽xy based on the X and Y compo-
nents of the magnetic field should be larger than 2.0) and repeat the previous analysis. Similar conclusions
are reached.

In summary, in this study we performed a statistical survey of 560 fast flows in the midnight CPS observed
by the five THEMIS probes. From superposed epoch analysis, no significant substorm activities are found to
be associated with the occurrence of the fast flows beyond X =−15 Re. The fast flows between X =−7 Re
and X =−15 Re could be classified into two obvious classes according to their different substorm asso-
ciations: one class with short duration (< 2.0 min) and the other class with a relatively longer duration
(> 4.0 min). It is found that the substorm breakups are more likely to be associated with short-duration fast
flows. Furthermore, the onset of short-duration fast flows in the dipolarization region is almost simultane-
ous with the onset of substorm breakups and dipolarizations. On the other hand, a time delay of 2–4 min are
found both in the near-Earth region and in the near-tail region. Assuming that short-duration fast flows are
generated by the force imbalance caused by cross-tail current disruption, these features are consistent with
the predictions made by the CECL and the CD substorm models. Compared to short-duration fast flows,
although more magnetic flux is transported toward Earth for long-duration fast flows, no substorm breakup
is closely associated. The analysis of 2-D ion velocity distribution in V⟂–V∥ plane are performed for four indi-
vidual cases. For the fast flows with a short duration, multiple crescent-shaped ion populations are found.
However, for the cases with a long duration, there exists only a single crescent-shaped ion population. This
difference may be an important signature for distinguishing these two classes of fast flows.
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