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[1] All known types of auroral zone magnetic activity are associated with closure of open
magnetic flux in the magnetotail. As closure is caused by magnetic reconnection we expect
to observe fast flows during geomagnetic activity. We have scanned the ion flow data
during the first pass of the THEMIS D spacecraft through the tail (December 2007 to
May 2008), identifying all flows with ∣V?x∣ > 150 km/s. These flows generally occur in a
sequence of several short bursts (bursty bulk flows). Earthward flows are much more
common than tailward flows and are faster than tailward flows. Earthward flows have a
longer duration; tailward flows are seen alone or after an earthward flow. Both directions
of flow are associated with an increase in tail Bz (dipolarization). Fast flows in either
direction are rarely seen inside of 9 RE. Earthward flows are strongly localized in the local
time sector 2100–0100 and have a probability distribution identical to that seen in auroral
substorm expansions by the IMAGE spacecraft. Tailward flows are also localized but
with a peak shifted to 2330 LT. Very close to midnight the flows are slowed and reflected.
At other local times they appear to be deflected around the Earth. Fast flows often follow
a reduction in Es (GSM VBs) and occur close to the time of a sudden decrease in theAL index.
Generally, the first flow burst in a sequence is most closely associated with the AL onset,
and its peak follows the AL onset by about 2 min. The probability of observing a fast flow at
THEMIS D during steady magnetospheric convection (SMC) events is quite low compared
with the probability during an interval before the SMC. Since most of the fast flows
carry magnetic flux earthward and are associated with substorm onset seen in the aurora by
IMAGE and in the AL index, we interpret them as evidence that magnetic reconnection has
occurred in the tail. Near 30 RE in the tail plasmoid ejection has also been associated with
substorm onset, so we conclude that the fast flows are created by a new X line formed
outside the 11.9 apogee of THEMIS D some time earlier than they are seen at THEMIS D.
During SMC it appears that fast flows due to reconnection are deflected around the Earth
outside the apogee of the satellite.
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1. Introduction

[2] The magnetosphere responds to the solar wind in a
variety of ways depending on the strength and waveform of
the interplanetary magnetic field (IMF), the dynamic pressure
and Mach number of the solar wind, and the electrical con-
ductivity of the northern and southern ionospheres. Several
distinct modes of response have been identified including
pseudo breakups [Akasofu, 1964; Voronkov et al., 2003],
substorm expansion onsets [Ohtani et al., 1999], intensifica-
tions of the expansion [Wiens and Rostoker, 1975], poleward
boundary intensifications [de la Beaujardiere et al., 1994],
convection bays [Pytte et al., 1978] or steady magnetospheric

convection (SMC) [Sergeev et al., 1996], and sawtooth events
[Borovsky et al., 2001; Henderson et al., 2006]. All of these
phenomena are associated with southward IMF and each
has been shown to be correlated with the closure of open
magnetic flux in the tail lobes [Hubert et al., 2009; Milan
et al., 2008, and references therein]. The inescapable con-
clusion is that magnetic reconnection plays an essential role
in each of these modes of response.
[3] In this paper we will examine the relation of plasma

sheet flows to two of these modes of response: substorms and
steady magnetospheric convection. The concept of a sub-
storm was developed nearly 50 years ago [Akasofu, 1964;
Chapman, 1962], and the physical processes responsible for
a substorm are still a subject of considerable controversy. In
brief a substorm is an organized response of the magneto-
sphere to the onset of an interval of dayside magnetic
reconnection. Magnetic flux is eroded from the dayside and
transported to the tail lobes. The plasma sheet responds to
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the additional flux by thinning, moving earthward, and
increasing the cross‐tail current. After about 50 min of the
growth of these effects the aurora at the equatorward edge of
the auroral oval suddenly brightens and expands poleward.
Associated with the auroral expansion the polar cap contracts
as the flux stored in the tail lobes reconnects, and a portion
of the inner edge of the tail current is diverted through the
ionosphere. During the expansion phase and the following
recovery phase magnetic flux is returned to the dayside by
plasma flows in the near‐Earth plasma sheet. The distin-
guishing features of a substorm are a difference in the
dayside and nightside reconnection rates and the poleward
expansion of auroral and magnetic activity.
[4] The concept of steady magnetospheric convection was

introduced more recently. The phenomenon was initially
reported by Pytte et al. [1978] who noted that during steady
intervals of southward IMF the magnetosphere occasionally
enters a state of elevated activity during which there is little
change in magnetic configuration and no expansions of the
aurora. The authors named this phenomenon “convection
bay” because of the continuous disturbance in the AE indices
without evidence of substorm expansions. It was postulated
that convection bays are examples of balanced dayside and
nightside reconnection during which there is no net change
in the amount of open flux stored in the tail lobes. Sergeev
et al. [1996] and coauthors renamed this phenomenon
“steady magnetospheric convection (SMC)” and carried out
extensive analysis of six events. Their analysis supported
the hypothesis of balanced reconnection and suggested that
reconnection on the nightside occurs at an X line formed by
a preceding substorm expansion. It appears that the X line
moves some distance tailward of its location during the
substorm expansion and sporadically reconnects across a
broad range of the tail creating channels of earthward flow.
These are seen in the auroral oval as poleward boundary
intensifications (PBI). The distinguishing features of SMC
are elevated magnetic activity, absence of poleward expan-
sions, and a steady magnetospheric configuration.
[5] Today there is little argument that a southward IMF

connects to the Earth’s magnetic field on the dayside opening
magnetic flux [Baker et al., 1996]. Newly opened magnetic
flux is transported across the polar caps and temporarily
stored in the lobes of the tail. The feet of the open field lines
connect to the Earth in the polar caps. As open flux accu-
mulates, the polar caps, defined as the dark regions poleward
of the auroral ovals, expand equatorward. If dayside recon-
nection were to continue indefinitely all dayside magnetic
flux would be opened and added to the polar caps. Besides
this increase in size of the polar caps the magnetosphere
responds in a variety of other ways including erosion of the
magnetopause, a change in magnetopause shape, onset of
sunward convection, earthward motion of the inner edge of
the plasma sheet, and plasma sheet thinning. Eventually these
changes lead to the onset of magnetic reconnection in the tail
and open flux is closed. Once closed the magnetic flux is
transported to the dayside by flows in the plasma sheet. Each
of the response modes mentioned above is a different mani-
festation of the manner in which tail reconnection occurs.
Thus, the primary purpose of geomagnetic activity is to return
magnetic flux to the dayside of the magnetosphere.
[6] It was established previously that plasma flows in the

tail are bursty and localized in narrow channels [Angelopoulos

et al., 1992, 1994, 1996]. Earthward plasma velocities up to
several hundred kilometers per second are frequently seen in
the plasma sheet beyond 10 RE. These flows occur in narrow
channels of a few Earth radii (RE) width. As these flows
penetrate the inner magnetosphere they slow down as they
enter regions of increasing field strength according to the
formula E = VB. If the electric field is constant throughout
the plasma sheet and B increases from 5 to 100 nT there
will be a 20‐fold decrease in flow speed to a few tens of
kilometers per second. This is the noise level of most pre-
vious plasma instruments and these flows are detectable
only in long‐term averages.
[7] Recently the THEMISmission launched five spacecraft

into synchronized orbits in the tail such that the spacecraft
have orbital periods of 4 days (THEMIS B), 2 days (C), 1 day
(D and E), and approximately 1 day (A) [Angelopoulos,
2008]. The orbits are phased so that a major conjunction
(four spacecraft) occurs at apogee every 4 days and a minor
conjunction every 2 days (two spacecraft). The line of apo-
gees was chosen so that conjunctions in themidtail occur over
North America in February and March of 2008 and 2009.
Studies of magnetic activity requiring major conjunctions
are limited by two factors. First, the conjunctions only last
about 10 h out of every 96, and second, the outer spacecraft
(B and C) are only in the plasma sheet about 1 out of 5 h.
Together this gives about a 2% chance of catching an
earthward flow at all spacecraft during conjunction.
[8] To alleviate the foregoing problem we have chosen to

use the inner spacecraft THEMIS D wherever it is located to
study the statistical properties of flows at the inner edge of
the plasma sheet. Apogee for THEMIS D is at 11.9 RE in the
heart of the region often referred to as the “current disruption”
region [Lui, 1991, 1996]. We will show that the arrival of a
fast flow, a sudden onset of fluctuations in the magnetic field,
and a prolonged enhancement in Bz (dipolarization) are the
characteristic signatures of substorms in this region. In this
paper we investigate the properties of these flows, their
spatial distribution, their relation to dipolarization, their
association with the IMF, and their relation to magnetic
activity as revealed by the AL index. We focus on two types of
magnetic activity: substorms as defined by a sudden decrease
in the AL index and steady magnetospheric convection as
defined by a steady elevated AE index without sudden drops
in the AL index.

2. Background

[9] Since the near‐Earth neutral line model was devel-
oped to explain magnetospheric substorms [Hones, 1973;
McPherron et al., 1973; Nishida and Nagayama, 1973]
there have been many attempts to prove that plasma flow
direction and magnetic field orientation are correlated as
expected from magnetic reconnection. One of the first sta-
tistical studies of this relation was reported by Caan et al.
[1979]. Using 324 events measured on the IMP 6 spacecraft
(apogee 33.1 RE) the authors showed that Bz in tailward
flows is biased toward negative values and in earthward
flows toward positive values as predicted by reconnection
theory. However, the observation of northward fields in
tailward flows led them to speculate that the thin sheet tail-
ward of the X line contains weak Bz and is susceptible to
tilting and waving producing intervals of northward Bz. They
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also speculated that multiple plasmoids produced by bursty
reconnection could produce such a result. Surprisingly the
AE index associated with the high‐speed flows was only
twice the quiet time values.
[10] The early work on magnetotail flows and fields was

greatly extended by studies of the AMPTE IRM data
[Baumjohann, 1988; Baumjohann et al., 1988, 1989, 1990,
1991]. With an apogee of 18.5 RE and equatorial orbit plane
the IRM spacecraft was able to explore the inner portion of
the magnetotail. In Baumjohann et al. [1988] it was estab-
lished that the plasma sheet boundary layer (PSBL) is a
unique part of the plasma sheet subject to occasional bursts
of high‐speed, field‐aligned flow, but having a relatively
low average velocity. Baumjohann et al. [1989] examined
the properties of the central plasma sheet. They determined
that it also experiences bursty earthward fast flows of
duration less than a minute and that it exhibits an average
velocity comparable to that in the PSBL. Ion temperature
increases and ion density decreases with increasing mag-
netic activity. The nearly complete absence of tailward
flows with negative Bz led them to conclude that the near‐
Earth X line must form beyond 19 RE.
[11] Baumjohann et al. [1990] performed a detailed

investigation of the properties of high‐speed flow bursts
(V > 400 km/s). In all layers of the plasma sheet the proba-
bility of a specific high‐speed is less than 1.4% and decreases
exponentially with speed, and also decrease linearly with
density. PSBL bursts of low speed are more common than
central plasma sheet (CPS) flows but at high speed they are
nearly equal. In the CPS the probability of a high‐speed flow
increases with AE, decreases to low values approaching the
inner edge of the plasma sheet (X ∼ −10 RE), and decreases
rapidly away from midnight. High‐speed flows usually last
less than 10 s and almost never more than 60 s. Virtually all
the high‐speed flow inside 19 RE are directed earthward.
[12] An alternative to the neutral line model favored by

Baumjohann and coworkers was postulated by Lui et al.
[1988] from an examination of particle and field data from
the AMPTE CCE, the sister spacecraft to IRM with apogee
at 8.8 RE. In this region the authors found that the charac-
teristic signature of substorm onset is the sudden appearance
of fluctuations in the magnetic field and an increase in its
Z component (dipolarization). The authors suggest that this
region of turbulent magnetic field is the source of particles
injected deeper into the magnetosphere and also the region
from which current is diverted into the substorm current
wedge. In a subsequent paper Lui et al. [1990] invoke the
kinetic cross‐field streaming instability as the cause of the
magnetic turbulence. They argue that this instability disrupts
the cross‐tail current allowing stretched field lines to col-
lapse in a “convective surge.” The diverted current creates
the substorm current wedge and the observed increase in Bz.
Additional details of this model are presented in a synthesis
model [Lui, 1991]. In this synthesis it was suggested that all
bursts of flow in the CPS are produced by current disruption
events that trigger a collapse of extended field lines and a
rarefaction wave that pulls plasma into the inner edge of the
plasma sheet. It is only after several of these at progressively
greater distances that a rarefaction wave triggers reconnec-
tion at a distant location. Plasma jets from this region are
diverted into field‐aligned flows in the PSBL. In this model

plasma flows are a consequence of current disruption (CD)
not the cause.
[13] The detailed properties of individual flow bursts were

investigated by Angelopoulos et al. [1992]. They found that
the bursts were organized into ∼10 min intervals of enhanced
flow speed within which there were short‐duration bursts of
very high speed. They introduced the name bursty bulk flow
(BBF) to describe this phenomenon. Their analysis showed
that the average burst is associated with a temporary decrease
in Bx and increase in Bz (dipolarization) and also with an
increase in ion temperature. It should be noted that this use
of the term “dipolarization” refers to a temporary increase in
Bz in contrast to the prolonged increase in Bz called dipo-
larization closer to the Earth. The bursts generally have a
large component perpendicular to the magnetic field and are
therefore carrying magnetic flux sunward. Their estimates
show that if these bursts occupy a cross section of only (3 ×
3 RE

2) they transport as much mass, momentum and energy
as “steady convection” across the entire tail.
[14] Angelopoulos et al. [1994] extended the study of

BBFs in the IRM data and compared the results to properties
of BBFs found in ISEE‐2 data. In total they identified 114
IRM events and 241 ISEE‐2 events with peak velocities
exceeding 400 km/s. They found that flows with these
speeds rarely penetrate inside 12 RE and that tailward flows
with southward Bz were almost nonexistent in the IRM data
and occurred only rarely is ISEE data beyond 17 RE. They
also found that the occurrence rate of BBFs increases from
6% to 18% as the AE index increases from ∼50 nT to 500 nT.
[15] The relation of high‐speed flows and magnetic

field dipolarization to substorm onset was examined by
Baumjohann [1996] and Baumjohann et al. [1991] using
superposed epoch analysis of IRM data. A set of 39 sub-
storms with clear signatures in multiple indicators was
selected. For each substorm the major onset was chosen as
the reference time. The results show that in the CPS both
dipolarization and high‐speed flow are closely associated
with substorm onset and reach a peak at the start of the
recovery phase (∼45 min). The ion temperature increases
during the expansion phase while the density decreases. In
the PSBL the flow speed increases as in the CPS, but the
increase in Bz and temperature only occur in the recovery
phase. In contrast to the Lui model the authors interpret
dipolarization in the near‐Earth region as the result of
reconnection jets depositing newly closed magnetic flux at
the inner edge of the plasma sheet.
[16] The development of the substorm current wedge via

flux pileup was investigated experimentally by Shiokawa
and colleagues in a series of papers [Shiokawa et al., 1997,
1998a, 1998b, 1998c]. Shiokawa et al. [1997] point out that
the deceleration of the flows by an inward pressure gradient
will produce a dawnward inertial current. In addition the
increase in magnetic field behind the dipolarization front
(here defined as the leading edge of a flow burst) requires a
dawnward current as well. Together these two currents
partially cancel the cross‐tail current in the pileup region
requiring a diversion of a portion of the tail current to the
ionosphere from the edges of the pileup. An estimate of the
total strength of these currents shows they are insufficient
to explain a typical current wedge [Shiokawa et al., 1998a].
This concept was applied to an isolated substorm by
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Shiokawa et al. [1998b] and shown to be consistent with
observations. The data suggest that both the initial stage of
formation of the substorm current wedge and Pi 2 pulsations
are caused by the arrival of the flow burst. The authors
argue that the pileup process is the solution to the problem
found in the near‐Earth neutral line model where auroral
breakup projects along field lines to the current disruption
region near 10 RE and not to the X line at 25 RE [Baker et al.,
1996]. Shiokawa et al. [1998c] consider the cause of later
stages of the substorm current wedge and suggested it is
produced by an azimuthal pressure gradient created by the
pileup of magnetic flux and plasma.
[17] The explanation of dipolarization by flux pileup was

investigated theoretically with MHD simulations by Birn
and Hesse [1991] and Hesse and Birn [1991]. They found
that dipolarization is caused by compression of the magnetic
field as flows come to a stop at the inner edge of the plasma
sheet. Current disruption and diversion into field‐aligned
currents on the other hand occur tailward of the region of
dipolarization but earthward of the X line and are primarily
a consequence of flow vorticity. The pattern of the diverted
currents in their simulations is the same as those inferred in
the substorm current wedge. A greatly improved simulation
of these processes including a dipole field, a more realistic
tail configuration, and a thin current sheet is described by
Birn and Hesse [1996]. They find that the current diversion
is produced by deflected flows shearing the magnetic field
of the plasma sheet relative to higher‐latitude field lines, and
by vertical pressure gradients in the same region. Birn et al.
[1999] extend this work confirming the results of Shiokawa
et al. [1997] that the inertial current is quite small and short‐
lived, but that vertical gradients are more important than
azimuthal gradients as argued by Shiokawa et al. [1998a]. It
should be emphasized that in the simulations resistivity in
the current disruption region is not the cause of current
disruption as postulated in the CD model.
[18] A detailed multipoint analysis of a single bursty bulk

flow (BBF) event and its effects close to the Earth was
reported by [Angelopoulos et al., 1996]. The authors con-
clude that a single BBF flowing in a very narrow channel
(1–2 RE

2) is sufficient to account for all the energy dissipated
in the inner magnetosphere and ionosphere during the
duration of the BBF. They also found that the flow ceases
when local dipolarization is complete. They postulate that
this corresponds to the passage of a “dipolarization front”
tailward over the spacecraft. According to this definition
a dipolarization front is the boundary between taillike and
more dipolar field.
[19] The study of dipolarization fronts mentioned above

was extended to greater distances in a statistical study using
Geotail data by Baumjohann et al. [1999, 2000]. The authors
binned magnetic field and flow data in time relative to sub-
storm onset and distance behind the Earth to determine the
behavior of dipolarization. They showed that the times of
dipolarization onset and peak Bz are progressively delayed
from 11 to 30 RE indicating a slow outward motion of dipo-
larization. In addition they demonstrated that tailward flows
are seen just after onset only beyond 21 RE and that these
flows reverse when the dipolarization front reaches these
locations. They interpret these results as evidence that bursty
flows transport magnetic flux earthward where it piles up
with an outer boundary that moves tailward with time. As

this boundary approaches the X line it chokes the flow
either stopping reconnection or forcing it to move tailward.
This result was predicted theoretically by the simulations
discussed above.
[20] The concept of a “dipolarization front” is used dif-

ferently by Sergeev et al. [1998] who describe the injection
of particles deep in the magnetosphere as a combination of
an “injection front” and a subsequent “dipolarization front”
that moves inward at convective speeds. Nakamura et al.
[2002] adopted this usage in a study of a flow burst seen
at Cluster (R ∼ 17 RE). They find that the flow burst is
preceded by a ∼2000 km thick layer in which Bz increases
rapidly. Ahead of this front plasma is diverted around the
flow burst while behind it the high‐speed flow is nearly
parallel to the front. Runov et al. [2009] used five THEMIS
spacecraft to describe observations of a dipolarization front
preceding a BBF. Their results are unambiguous: The front is
seen first at greatest distance and progressively later at space-
craft closer to the Earth. Far from the Earth (X < −16 RE)
dipolarization is temporary while closer to the Earth (X ∼
−12 RE) there is a prolonged increase in Bz.
[21] The idea that flow braking is the cause of a substorm

expansion was questioned by Ohtani et al. [2002a] using
Geotail data 10 RE behind the Earth. A case study of two
nearly identical flow bursts observed in the “braking region”
showed that one burst produced a pseudo breakup while the
other produced a full expansion. In a companion paper
Ohtani et al. [2002b] examined flow bursts that occurred at
Geotail near X = −37 RE during active intervals preceded
and followed by at least an hour of quiet times. In one case
there was an intense tailward flow and only weak activity at
high latitudes. In the second case there was a very strong
earthward flow and again little activity in the auroral zone.
The authors conclude that flow braking alone is insufficient
to generate a substorm expansion and that an additional
process is required. Ohtani [2004] reiterate this theme argu-
ing that many lobe reconnection and flow events do not
develop into substorm expansions. Also they point out that
poleward boundary intensifications produce flow bursts and
auroral streamers, but no auroral features have been found to
precede substorm onsets.
[22] A very extensive survey of fast flows with V?x >

300 km/s at Geotail was reported by Ohtani et al. [2004].
In the tail this survey identified 818 earthward and 290 tail-
ward flow events at X > −31 RE. These events were ana-
lyzed using superposed epoch analysis with two different
reference times: the start of the fast flow and the start of the
Bz increase. The median curves clearly show the following:
Bz temporarily increases during the earthward flow; the
dipolarization is usually preceded by a sharp decrease in Bz

associated with a momentary increase in density; subsequent
to the flow the density is at a lower level and Bz is at a higher
level. These features are evident in all 5 RE bins between
X = −5 and −31 RE. Similar results different only in details
are found for tailward flows in the same distance range. The
exception is that tailward flows close to the Earth almost
never exhibit decreases in Bz. The authors conclude that
“[t]he near‐Earth reconnection is inferred to be the respon-
sible mechanism for most, if not all, flow events.” In a sub-
sequent paper Ohtani et al. [2006] considered the effects of
the fast flows at geosynchronous orbit. They were unable to
show any systematic relation between the dipolarization at
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this location and fast flows at Geotail. From this negative
result they concluded: “but it strongly suggests that the near‐
Earth reconnection, even if it is an important component of
the tail substorm process, is not sufficient for triggering a
substorm onset.”
[23] Very recently Ohtani et al. [2009] examined the

characteristics of tailward flows in the near‐Earth region
defined as a box with limits ∣Y∣ < 5 and −8 > X > −15 RE.
They found that tailward flows with V < −200 km/s are
almost as common as earthward flows in this region
(prob = 0.8 × 10−2 as compared to 1.0 × 10−2) and that almost
all are associated with a positive change in Bz (98.6%), with
an increase in temperature, and a decrease in density. These
are the same characteristics found for earthward flow events.
In the 3.5 years of data the authors found sixty‐two 12 s
samples with V < −200 km/s. Applying the additional con-
straint that there is no such sample in the preceding 15 min
reduced the list to 24 events. A superposed epoch analysis
showed that the average tailward flow burst lasts about
1 min and is often preceded by an earthward flow. The
authors consider and rule out several possible explanations
for the tailward flow including reconnection earthward of
the spacecraft, Kelvin‐Helmholtz instability, and the inter-
change instability. Their most likely explanation is a
“bounce‐back effect” in which earthward flows penetrate too
close to the Earth and are reflected tailward.
[24] In this paper we extend previous work on the nature

of plasma flows earthward of X = −11.9 RE. Data from
THEMIS D during its first tail pass through the tail are
examined to determine the statistical properties of the flows
and also their relation to northward turnings, dipolarization,
and substorm onset as defined by the AL index.

3. Database

[25] The data used in this investigation include solar wind
plasma andmagnetic field andmagnetic indices at oneminute
resolution from the Omni file provided by the NSSDC, 3 s
resolution fluxgate magnetometer data (FGM), and onboard
moments of the ion distribution determined by the THEMIS
electrostatic analyzers (ESA) both downloaded from the
THEMIS mission database. The data were in daily Common
Data Format (CDF) files with some missing or overlapping
data at day boundaries. These anomalies were eliminated
producing complete daily files with 28,800 records per day
in ASCII format. The magnetometer data was used to
determine the field‐aligned and perpendicular components
of the flow velocity in GSM coordinates. All data during
the 2008 tail pass were then written into two Matlab binary
files containing plasma and magnetic field data. These files
provide the ability to randomly access any data interval
needed in subsequent analysis.

4. Analysis Methods

[26] The data analysis included several steps. The first
step was to automatically detect fast flows (V? > 150 km/s)
along the GSM x axis. This was done by identifying the start
and stop times of all intervals in which V?x was either
greater than this threshold value or less than its negative.
Each interval was processed to determine the time of max-
imum abs(V?x). These times, the peak flow speed, and the

GSM location of the spacecraft were written to a file for
later use. A second step displayed a 14 h plot containing AU,
AL, AE, abs(hd(AL)/dti), hstd(AL)i/hALi, and prob(SMC).
An example plot is presented in Figure 1. Angular brackets
indicate a 15 min running average. The probability that a
given point is an SMC was calculated from the number of
points that satisfy the SMC selection criteria in a 90 min
moving window. These criteria included: AU > 50 nT; AL <
−75 nT; and −25 < d(AL)/dt < +10 nT/min. This plot was
examined and all sharp breaks in the slope of the AL index
characteristic of a negative bay were selected. Three onsets
are shown in Figure 1 by vertical dashed lines. The selected
times were written to a file as an “initial estimate” of sub-
storm onset times. Without further information we cannot
determine whether these correspond to pseudo breakups,
true expansion onsets, intensifications or poleward boundary
intensifications (PBI). In a second pass of this program with
the same parameters the start and stop times of possible
SMC events were selected visually. The parameter prob
(SMC) was used as a guide, but the start and stop times were
visually selected to correspond to intervals when the AL
index had partially recovered from a substorm expansion
and was exhibiting a nearly constant value for more than
90 min. The start and stop times of the SMC interval were
written to a second file. In a third step we used a 20 min plot
to display 3 s THEMIS V?x and Bz in GSM coordinates, and
the AL index at 1 min resolution. An example is presented in
Figure 2. The times of peak flows determined previously
were used to center Figures 2 (top) and 2 (bottom). With this
program we identified the time of the initial flow burst in a
BBF, the time of the beginning of Bz increase, and the time of
the sharp break in the AL index. During this process we
found many more short‐duration drops in AL index that
appeared to be negative spikes in the 14 h plots, but were
obviously short negative bays at expanded scale as illustrated
in Figure 2. Addition of these events to our previous list of
AL onsets significantly increased the number of possible
substorm onsets. Also, Figure 2 shows that the first burst in
this sequence was not detected by our threshold criterion but
the second burst was. In this case we chose the start time of
the first burst and associated it with the initial dipolarization
and the onset of the negative bay since it is clearly the
beginning of the bursty bulk flow (BBF).
[27] The list of AL onsets and SMC intervals produced by

these automatic and manual selection procedures provide
the fundamental data used in subsequent analysis. The spe-
cific methods used are described in detail in section 5.

5. Statistical Results

5.1. Properties of the Ion Flow

[28] The interval from 1 December 2007 through 30 June
2008 was used to obtain a statistical description of the ion
flows at THEMIS D everywhere on the nightside. Figure 3
presents cumulative probability distributions (cdfs) of the
probability of exceeding the value on the abscissa. The line
with blue “x”s is for earthward flows (V?x > 0) and the line
with red circles is for tailward flows. The vertical dashed
line represents the threshold used in this work to define a
“fast flow.” The probability that an earthward flow sample
exceeds the threshold of 150 km/s is about 2 × 10−3,
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a relative small value (0.2%), and the probability of a tail-
ward flow over this threshold is about four times smaller.
Earthward flows reach values in excess of 700 km/s while
tailward flows never exceeded 300 km/s. Annotation on the
graph shows the number of samples used to create these
distributions (213 days), the percentage of fast flow events
that were earthward (70.5%), and the percentage of 3 s
samples greater than 150 km/s that were earthward (89.0%).
The duration of the flows at THEMIS D is shown in Figure 4.
The e‐folding time for earthward flows is ∼59 s while that
of tailward flows is shorter at ∼25 s. The probability dis-
tribution of separations between peaks of flow bursts (not
shown) has a peak at 100 s with a long tail extending beyond
700 s. These peaks correspond to the separation of peaks in
a single BBF and to the separation of BBFs.
[29] A dynamic cdf of V?x is presented in Figure 5. This

map is produced by a superposed epoch analysis of 43 tail-
ward flow events using the time of peak tailward flow as
epoch zero. At each epoch time we calculate a cumulative
probability distribution of the flow velocity and characterize
it in the final map by deciles (thin lines and colors) and
quartiles (thick lines). A negative peak close to epoch zero is

evident, but more importantly this is preceded four minutes
earlier by an earthward flow peak. A similar map (not
shown) using the times of peak flow of the 279 earthward
flow events has a weak negative peak several minutes after
epoch zero. These results suggest that in general earthward
flows precede tailward flows.
[30] The fast flows are generally associated with an

increase in Bz as demonstrated in Figure 6. About 5 min
before the peak of a fast flow, Bz begins to increase reaching a
level 5 nT higher within 5 min after the flow. However,
careful examination of individual events such as the one
shown in Figure 2 reveal that the increase in Bz is actually
much more rapid (∼1–2 min) and usually occurs in associa-
tion with the first flow burst in a BBF. The smooth rise shown
in Figure 6 is an artifact of using all flow bursts rather than
only the first flow burst in the analysis.

5.2. Spatial Properties of the Ion Flow

[31] The dependence of the measured plasma flow velocity
on distance behind the Earth is revealed in Figure 7. Events
were chosen with the requirement that at least one of the
five THEMIS spacecraft observed Vx (not V?x) exceeding

Figure 1. A plot of AE indices and quantities derived from them. The top panel displays the AE and AU
indices with black asterisks showing points that satisfy the SMC criteria. The second panel shows the
rectified filtered derivative of AL and the AL index. Red asterisks show AL values satisfying the SMC
criterion. Black asterisks indicate that d(AL)/dt is not satisfied. The third panel shows the ratio of the run-
ning standard deviation to the running mean. Red asterisks denote possible SMC intervals. The bottom
panel is a running count in a 90 min window of the number of times all SMC criteria are satisfied. Black
asterisks denote times of possible SMC, as does the vertical patch, which was determined automatically
by the program. Vertical dashed black lines indicate possible substorm expansion onsets.
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Figure 2. This shows (top) a plot of 3 s resolution GSM V?x and (bottom) GSM Bz. The AL index at
1 min time resolution is overlain with its scale at right. The first vertical dashed line defines the onset
of the first flow burst in this sequence and, in this case, the start of dipolarization. The sharp break in
the AL index is closely associated with the first flow burst. Note this ∼600 nT negative bay lasts only
8 min.

Figure 3. Cumulative probability distributions showing the
probability that a given 3 s sample of the X component of
the ion velocity perpendicular to the magnetic field exceeds
the value shown on the abscissa. The blue line with “x”s is
for earthward flow samples, and the red line with circles is
for tailward flows. The vertical dashed line shows the
threshold used to define “fast flow.”

Figure 4. The cdfs of the duration of earthward and tail-
ward ion flows at THEMIS D is shown. The line of blue
“x”s is for earthward flows and is approximated by an expo-
nential with e‐folding times of ∼59 s. The line of red circles
is for tailward flow and has an e‐folding time of ∼25 s.
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150 km/s. For each such event the position of all spacecraft
and the maximum values of Vx at each spacecraft around
this time were recorded regardless of the magnitude of Vx.
These results were then binned as a function of X GSM and

for each bin the deciles of the cdf of speed were determined.
All observed speeds (along X) are plotted in the diagram
with smooth lines through the decile points in each bin. The
results suggest that the flow speed is constant from near

Figure 5. A superposed epoch analysis of V?x is presented as a dynamic cdf. Contour lines and changes
in color are drawn at deciles of the cdf. Quartiles are shown by the heavy lines. The time of peak tailward
flow was used as epoch zero. Note that a peak in earthward flow typically occurs 4 min before the tail-
ward flow.

Figure 6. A dynamic cdf of the GSM Bz component at THEMIS D using the time of the peak in V?x as
epoch zero is presented. The decile lines show that Bz generally increases by about 5 nT in association
with a peak in ion flow.
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−22 RE to −12 RE. Closer to the Earth than this the flow
along X decreases reaching zero speed at about −6 RE. In
addition there is an interesting change in the distribution of
flow speeds beyond −22 RE. From −22 to −25 RE the
number of tailward flows increase relative to earthward flows.
This location has been previously reported as the average
location of the substorm X line.
[32] Figure 7 shows that the earthward flow speed

decreases inside of 12 RE. THEMIS D has its apogee at
R = 11.9 RE and hence should observe this process clearly.
In Figure 8 results for only fast flows (V?x > 150 km/s) at
THEMIS D are plotted as a function of radial distance R in
contrast to X GSM used in the preceding figure. Figure 8a
presents the probability density function (pdf) for observa-
tion of earthward flows (blue “x”s) and tailward flows (red
circles) in 0.1 RE bins as a function of R. Both distributions
approach zero at 9 RE and peak at 11.7 RE. In actuality we
expect the peak to be precisely at 11.9 RE because the
spacecraft spends the most time at this radial distance.
However, our calculation of the pdf is done with kernel
smoothing which decreases the pdf when the kernel over-
laps a sharp edge in the distribution. Figure 8b is the pdf
for the time the spacecraft spent in each radial bin. This
pdf is peaked at the same distance as the flow speed as
expected. Figure 8c displays the probability of observing
earthward and tailward flows normalized by the time spent
in each radial bin. This graph gives the probability, not the
pdf, so it shows that tailward flows (red circles) are relatively
improbable compared to earthward flows and that both
decrease to zero near 8.5 RE. Again this suggests that the

flows are decelerated or deflected at the inner edge of the
plasma sheet.
[33] The local time distribution of the fast flows is pre-

sented in Figure 9 in the same format as Figure 8. The pdfs
in Figure 9a show that the flows predominantly occur in the
interval 2100–0100 local time (LT). The distribution of
earthward flows (blue “x”s) is virtually identical to the dis-
tribution of auroral expansion onsets (grey dash‐dotted line)
as determined from IMAGE satellite data by Frey et al.
[2004]. The auroral onsets and earthward flows are both
peaked at 2300 LT. The distribution of tailward flows is
clearly offset by 0.5 h toward dawn. The significance of this
is not clear, but the result is supported by a superposed
epoch analysis of V?y. Its dynamic cdf (not shown) indicates
that the upper quartile (duskward) is +24 km/s while the
lower quartile (dawnward) is −37 km/s indicating a prefer-
ence for dawnward deflection of the flow. For comparison
the upper quartile of the earthward flow distribution super-
posed by peak time of earthward flow is over 200 km/s
demonstrating that the flow is primarily decelerated and only
slightly deflected. The pdf of time spent in each LT bin is
plotted in Figure 9b. Because our study begins on 1December
2007 and only considers points R > 6 RE and X < 0 there are
very few samples near dawn because of the phasing of the
THEMIS orbit. This does not appear to be a problem since
there were many samples at 03 LT but the pdfs of flow
observation are approaching zero.
[34] The behavior of the fast flows at THEMIS D is

exhibited in Figure 10. To obtain this graph each fast flow
vector was averaged over the duration of the interval in

Figure 7. The peak earthward flow velocities at all five THEMIS spacecraft are shown for every event
for which Vx (not V?x) at one or more spacecraft exceeds the threshold of Vx > 150 km/s. Decile lines are
shown for bins along the GSM x axis. From about 22 RE inward the lines indicate nearly constant velocity,
but inside of 12 RE the speed rapidly decreases to zero by 6 RE.
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Figure 8. The probability of THEMIS D observing a fast flow event (V?x > 150 km/s) is presented.
(a) The probability density function (pdf) for observation of earthward flows (blue “x”s) and tailward
flows (red circles) in 0.1 RE bins as a function of radial distance from the Earth. (b) The pdf for the
time the spacecraft spent in each radial bin. (c) The probability of observing earthward and tailward
flows normalized by the time spent in each radial bin.

Figure 9. The local time (LT) distribution of fast flows is presented in the same format as in Figure 8.
(a) The pdfs show the local time distribution of the two types of flows. In addition, the grey dash‐
dotted line shows the pdf for the local time occurrence of auroral onsets in IMAGE data. (b) The pdf
shows the time the spacecraft spent in each LT bin during the study interval. (c) The probability of the
two flow types as a function of local time.
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which V?x was above or below (tailward) the threshold.
Then all flow vectors were assigned the location of the
spacecraft at the peak of the flow burst and averaged in 1 RE

square bins to obtain the average flow pattern in the GSM
equatorial plane. Figure 10 (left) shows average earthward
flows. The inner grey dashed semicircle is the inner limit of
the study at 7 RE, The outer solid grey line is the apogee of
THEMIS D at 11.9 RE. The grey dotted radial lines indicate
the local time sector containing most of the flows. The grey
dashed radial line is the center of the local time distribution.
It is evident that plus or minus an hour of midnight the
flows are almost directly sunward with only a minor azi-
muthal component. This is the region of deceleration and
pileup of the earthward flows. At earlier local time the aver-
age flow vectors have an azimuthal component toward dusk
suggesting flow around the Earth. Past 0100 LT the flow
vectors are more erratic but have an azimuthal component
toward dawn. Near the dawn terminator there are strong
sunward flow vectors which are probably in the low‐latitude
boundary layer.
[35] Figure 10 (right) displays the average tailward flow

vectors. They appear to divide into two classes. Close to
both terminators the vectors are azimuthal toward midnight.
Near midnight the second class of tailward flows is directly
outward suggesting that the earthward flows have been turned
around. At earlier local times there is a slight westward
component to the tailward flows perhaps due to ion drifts.
The peculiar nature of the first class of flows toward mid-
night requires further investigation.

[36] Properties of all perpendicular flow measurements
observed by THEMIS D are summarized in Figure 11. The
results plotted are derived from 4,789,570 three‐second
samples obtained on the nightside at GSM equatorial dis-
tances greater than 6 RE. Original flow and position data in
GSM coordinates were transformed to an equatorial polar
coordinate system [rho, LT]. In this system the azimuthal
flow angle of every measurement was determined as angle =
atan2(vphi, vrad). An angle of −90° corresponds to west-
ward motion of the plasma toward dusk and +90° to east-
ward motion toward dawn. Data were then restricted to polar
bins with dimensions 0.5 RE and 1 h LT. In each bin we
calculated percentile lines of the distributions of vrad, vphi,
angle, Veq =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2
x þ V 2

y

q
, and ratio = Vx/Vy. From the top

down, Figure 11 shows percentile lines of three of these
properties (vrad, vphi, and angle) as a function of radial
distance.
[37] Figure 11 (top) displays properties of the radial com-

ponent of equatorial flow where positive values of vrad are
radially outward. Twelve traces above and 12 below the
baseline correspond to 12 local time bins from 1800 to 0600
local time. The lines above correspond to the 99.999%
value of the distribution and those below to the 0.001%
value. The thick dashed black line with diamond markers
show the radial profiles at midnight. The solid red lines with
circles correspond to the dawn meridian, and the solid black
lines with triangles correspond to the dusk meridian. Grey
lines in between these sets of lines represent other local
times.

Figure 10. Fast flow vectors in 1 RE square bins were averaged and the vector plotted at the center of the
bin. (left) Averages for 273 earthward flows and (right) averages for 42 tailward flows. The scale for
velocity is shown in upper right of each frame. The grey dotted radial lines are the range of most frequent
flows (2100–0100 LT), and the center grey dashed lines are the center of the two flow distributions.
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[38] It is obvious from Figure 11 (top) that the highest
earthward flows (vrad < 0) are observed near midnight in
the hour centered at 2350 LT. Almost every earthward flow
seen at other local times and the same radial distance is
weaker than that seen near midnight. The same is true for
reflected flows near midnight. While the outward flows
(vrad > 0) are weaker than the earthward flows they are
much faster near midnight than at other local times. Both
Figures 11 (middle) and 11 (bottom) also show that no flow
with speed greater than about 20 km/s penetrates inside of
6 RE at any local time. All of these facts suggest that
earthward flows near midnight are decelerated and are either
diverted to other local times or are reflected in both cases
with much reduced speed.
[39] Figure 11 (middle) is identical in format to Figure 11

(top) and shows properties of the azimuthal component.
Again the azimuthal flows near midnight (thick dashed black
line with diamondmarkers) are larger than at other local times
in agreement with the larger radial flows seen here. The
azimuthal component decreases to zero inside of 6 RE at all

local times like the radial component. At the dawn and dusk
terminators (traces close to baseline) the radial and azimuthal
components are reduced to values of order 100–200 km/s.
The azimuthal component is stronger than the radial com-
ponent as might be expected for plasma flowing back to the
dayside. There is a slight tendency for the near midnight
plasma to preferentially flow toward dusk rather than dawn.
[40] Figure 11 (bottom) shows the median flow angle

versus radial distance for all local times. Since most of the
measurements are close to the noise level, we have restricted
the analysis to only those flow with equatorial speed greater
than 100 km/s. Even with this relatively weak constraint
there are very few flows of this magnitude observed inside
of 8 RE. Only near midnight (dashed black line) are such
flows seen inside 7.5 RE. For those flows that exceed this
limit the different traces show the median flow angle as a
function of radial distance and local time. The traces fall into
two sets: postmidnight with angle > 90° and premidnight
with angle < −90°. In both sets the median flow angle in-
dicates that the plasma is slowly approaching the Earth as it
flows from midnight toward the terminators. In other words,
there is a slight inward radial flow combined with azimuthal
flow. Only near midnight is the flow pattern confused with a
tendency to flow in either direction.
[41] These flow data suggest that during substorms

plasma is injected between 2100 and 0100 local time. As the
plasma approaches synchronous orbit it is decelerated and
either deflected or diverted around the Earth. In the hour
before local midnight the plasma may be diverted in either
direction or reflected but premidnight it is preferentially
diverted toward dusk and postmidnight it is diverted toward
dawn. As the plasma flows toward the terminators it moves
into regions of stronger field and slows considerably from
its initial values seen near midnight.

5.3. Solar Wind Driver of Ion Flows

[42] A dynamic cdf of Es = VBs is displayed in Figure 12.
A 6 h interval centered on the time of peak earthward flow
was used with epoch zero at the time of peak flow. About
half of the data points correspond to northward IMF and
were set to zero. Consequently, many deciles have collapsed
onto the base line when IMF Bz is northward (Es = 0). About
70 min before the peak of the fast flow (epoch zero) the IMF
turns southward and median Es rises above the baseline.
Shortly before the fast flow the IMF turns northward as
evidenced by the sudden drop in the median and upper
quartile. This behavior precedes many substorm onsets and
is commonly referred to as substorm triggering. In section
5.4 it is shown that a sudden decrease in AL is also asso-
ciated with the peak of fast flows at THEMIS D.

5.4. Response of Substorm Indices to Fast Flows

[43] In the discussion of Figure 1 we showed an example
of the 14 h long plots used to select sharp breaks in the AL
index. In this initial survey we looked for a sudden increase
in the magnitude of the AL derivative (red trace in second
panel), a sudden onset of a decrease in the trace of the AL
index (black asterisks on lower trace in second panel), and a
peak in the 15 min running ratio of the standard deviation to
the running mean of AL. This initial survey found 893 AL
onsets. Subsequently, a 20 min interval centered on the time

Figure 11. Properties of THEMIS D flow measurements as
a function of local time and radial distance are presented.
(top) The radial component (positive outward) of all flow
measurements as a function of radial distance. Different
traces correspond to different local times as explained in
the text. (middle) The azimuthal component (positive
toward dawn) versus radial distance and local time. (bottom)
The azimuthal flow angle of only those flows having a GSM
equatorial component exceeding 100 km/s. Positive angles
are flow toward dawn.
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of fast flows was used to refine the onset timing and to
associate fast flows with possible AL onsets. This survey
provided more accurate timing and identified a number of
additional negative bays of shorter duration. The final
refined list contained 972 AL onsets, about three times the
number of fast flows observed. Many of these onsets occurred
sunward of the 7 RE boundary used to define flows or
when the spacecraft was at local times where flows are less
frequent. Thus, the ratio should not be taken as evidence
that not all onsets are related to fast flows.
[44] A pdf of the time between AL onsets was calculated

(but not shown here) for the initial and refined AL onsets. In
the initial list there was a broad peak at about 3 h. Using
the refined list the final pdf was bimodal with a peak at 35
and 170 min. Most of the additional AL onsets in the
refined list were short‐duration negative bays superposed
on the longer‐duration bay found in the initial survey. It is
these that are primarily responsible for the shorter time
separations.
[45] The relation between flows and AL onsets was

examined using the initial list of AL onsets and the peak
times of all 322 fast flow bursts. The result was a broad dis-
tribution with nearly zeromean but a large standard deviation.
An examination of some of these events revealed that it
is the first flow burst in a sequence of flow bursts that
appears to be associated with the AL onset, as was evident
in Figure 2. This fact motivated the second survey using
short intervals of 30 min duration. In this refined survey
only the delay between the first flow burst and an AL onset
was determined. Note that in many cases the first flow burst in
a sequence previously identified had a peak magnitude well
above background but below the threshold of 150 km/s. This
onset of a flowwas selected regardless of the peakmagnitude.
This procedure reduced the list of 322 flow bursts by about

half to 178 flow events. Five of these could not be associated
with an AL onset within the 30 min range of the plot.
[46] The results of these calculations are shown in

Figure 13. The initial survey produced a pdf with nearly
zero mean delay (−3.4 min), but a standard deviation of
about 22 min as shown by the blue line of “x”s. All fast
flows both earthward and tailward were associated with the
nearest AL onset no matter how long delayed. However, the
pdf and statistical properties were calculated for only those
flow events with delays less than 60 min. In contrast the
delay between the AL onsets in the refined survey and the
first flow burst in a sequence of bursts is sharply peaked as
demonstrated by the red line of circles. Many of the fast
flows in the auto determination list were not the first flow in
a sequence and were ignored in the refined survey. In total
there were 173 initial flow bursts that could be associated
with an AL onset. The pdf for this subset has a mean of
−1.76 min (AL before the flow) and a spread of 3.62 min.
Taking into account the inherent inaccuracy of the AL index
in substorm timing these distribution indicate that the arrival
of the first flow at THEMIS D and the substorm onset are
virtually simultaneous.
[47] The onset of the first flow burst in a list of 173 events

associated with AL onsets was used to define epoch zero in a
superposed epoch analysis of the AL index. The resulting
dynamic cdf is shown in Figure 14. About 1 h before the
flow burst the AL index begins to decrease. At the time of
the flow burst there is a sudden increase in rate of decrease
of AL evident in all deciles. This indicates that the response
of the westward electrojet to the arrival of a fast flow inside
11.9 RE is a sudden increase in strength. AL reaches a
minimum in 15–20 min and then between 30 and 40 min it
begins to recover. By 90 min it has reached a relatively
constant but nonzero value. A similar analysis using all 322
fast flow events produced a similar dynamic cdf but with a

Figure 13. The pdfs for the delay between the onset time
of a flow burst in V?x and an AL onset are shown. The blue
curve with “x”s is for an initial list of onsets and all fast
flows. The red curve with circles is for a refined list using
only the time of the first flow burst in a sequence of flow
bursts. Annotations on the left and right show properties
of these distributions.

Figure 12. The dynamic cdf of the rectified solar wind
electric field (Es = VBs) is shown here for the 279 earthward
flow events. Positive Es corresponds to southward IMF Bz.
Epoch zero is the time of peak fast flow at THEMIS D. Inter-
vals of northward IMF (Es = 0) are included in the cdf so
many deciles have collapsed onto the base line.
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less sudden change in slope. This is to be expected as many
of these events were not the initial flow burst in a sequence
and were delayed by as much as 15 min from the onset of
the first burst.

5.5. Relation of Fast Flows to Steady Magnetospheric
Convection

[48] Steady magnetospheric convection (SMC) events
were identified as described in the discussion of Figure 1.
The procedure basically searches for intervals of elevated
and relatively constant AE during which there is no evidence
of a sudden decrease in the AL index. The indices must
continuously exhibit this behavior for at least 90 min to be
selected. Ninety‐four intervals satisfying the SMC criteria
were identified and their start times used as epoch zero in a
superposed epoch analysis. A dynamic cdf of AE is pre-
sented in Figure 15 for these events. About 75 min before
the selected start time AE begins to increase reaching a
maximum at zero epoch time. Thereafter median AE remains
at a relatively constant value of 250 nT for more than 90 min.
[49] A superposed epoch analysis of the IMF Bz (not

shown) shows that median Bz becomes negative about
2 h before the start of the SMC, reaches a constant value of
about −1.25 nT 60 min before, and then remains almost
constantly negative for the 2 h after the start. Medians of
other solar wind parameters are constant through the 4 h of
the dynamic cdfs. Characteristic solar wind values are: V ∼
500 km/s, Den ∼ 2.5 cm−3, Btot ∼ 4.5 nT, Es ∼ 0.8 mV/m
(ignoring zeros). At THEMIS D the inclination of the mag-
netic field is constant at around 25°, density is around
0.5 cm−3, and Asym‐D is constant, as are all the AE indices.
The stability of all of these parameters provides confidence
that SMC events have been correctly identified.
[50] To determine whether fast flows are associated with

SMC the number of fast flow events before, during, and
after SMC intervals were counted. For each event the

duration of the intervals before and after the SMC were set
equal to the duration of the SMC. The initial result for 94
SMC was 17 before, 4 during, and 13 after. This surprising
result prompted a detailed examination of the four events. It
was found that all four were either bad data or the start and
stop times were incorrectly identified so that the interval
included a substorm expansion. In addition it was discov-
ered that 20 of the SMC events occurred at times when the
THEMIS D spacecraft was near apogee and close to or
sunward of the dusk terminator. This is a region not con-
sidered in the auto detection of fast flows because of the
possibility of contamination by boundary layer effects.
When these events were eliminated leaving 74 events the
three intervals contained 10, 1, and 7 earthward flow events,
respectively. These results clearly suggest that that few or no
fast flows are observed by THEMIS D during SMC events!
[51] The relation of SMC to plasma flows was also

investigated with superposed epoch analysis. A dynamic cdf
of V?x using the SMC start times as epoch zero was cal-
culated. The 90% decile was only 20 km/s. Nowhere in the
diagram was there evidence of any fast flow during the
entire 4 h interval. Since 17 fast flow events were identified
in the interval before epoch zero one can ask why they do
not influence the contour lines in the dynamic cdf. The
answer is that they do, but only at percentile levels above
98%. The events are randomly distributed relative to the
start of the SMC and are of short duration (∼1 min). In
general no two events occur at the same epoch time and so
there is a very low probability of a fast flow at any single
epoch time. Clearly, if fast flows also occur randomly dur-
ing SMC intervals they would not appear in the dynamic cdf
for the same reason. The modified list of 74 SMC events
was used to create a more sensitive display which is pre-
sented in Figure 16. The blue trace at the bottom is the 1%

Figure 14. Superposed epoch analysis of the AL index for
173 fast earthward flow events selected from a list of 279 by
the restriction that they are the first flow burst in a sequence
of bursts. Epoch zero is the start of the first flow burst.

Figure 15. A superposed epoch analysis for a list of
94 steady magnetospheric convection (SMC) events during
the 1 December 2007 to 30 June 2008 interval when THEMIS
D passed through the tail. Epoch zerowas taken as the apparent
start time of the SMC which by definition lasts for 90 min or
longer.
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line and the purple trace at the top is the 99% line. It is
obvious that the left and right side of the diagram differ
considerably. Before the SMC onset there are numerous fast
flows while after few flows exceed the threshold of 150 km/s.
The actual number of events is 25 before and six after. If
we shorten the interval after onset from 2 h to 90 min to
correspond to the typical duration of SMC there are only
four events after onset. This result validates the statement
made above that fast flows rarely if ever penetrate inside of
12 RE during SMC.
[52] It should be noted that some fast flows were observed

during SMC when THEMIS D was near the dusk terminator.
In some cases these were long‐duration tailward flows in the
outer edge of the low‐latitude boundary layer. In several other
cases there were brief bursts of sunward flow but without
the dipolarization characteristic of substorms near midnight.
For the interval studied there were not a sufficient number
of observations near dawn to determine whether a similar
phenomenon occurs there.

6. Summary of Results

[53] It has been demonstrated that fast flows (V? >
150 km/s) are quite common at THEMIS D with ∼322 events
identified in a six month interval. Fast flows are most fre-
quently observed in the local time sector 2100–0100 h and
at radial distances beyond 8 RE. Cumulative probability dis-
tributions (cdf) of the X component of the flow from all
THEMIS spacecraft show that deciles of the cdf are con-
stant from about 22 RE to 12 RE and then rapidly decrease
to zero by synchronous orbit. Tailward flow events with
V? > 150 km/s occur about 30% of the time but are of
shorter duration and slower speed than earthward flows and
occur in only 11% of the samples during fast flow events.
Tailward flows rarely occur before an earthward flow but
often occur alone. Peaks in both earthward and tailward fast
flow bursts are associated with an increase in the GSM Z
component of the magnetic field (dipolarization). Median
IMF Bz is negative prior to fast flow events and decreases in

magnitude just before the event (northward turning). A
sudden decrease in the AL index (pseudo breakup, sub-
storm onset, or intensification) occurs at the time the first
fast flow burst in a sequence of bursts (BBF) arrives at
THEMIS D. The behavior of fast flows during steady
magnetospheric convection events is very different from
that seen at THEMIS D during substorms. During 74 SMC
intervals only one fast flow burst was observed! A super-
posed epoch analysis finds very few fast flows above
threshold after SMC onset implying that fast flows rarely if
ever penetrate inside 11.9 RE during SMC.

7. Discussion

[54] The magnetosphere responds to a southward inter-
planetary magnetic field (IMF) in a variety of modes including
pseudo breakups, expansion onsets, expansion intensifica-
tions, poleward boundary intensifications (PBI), steady
magnetospheric convection (SMC), and sawtooth events
[McPherron et al., 2008]. The work reported here examines
two of these response modes, substorm expansion onsets and
SMC. Since only the AE indices have been used to define
the start times of these events the possibility that some pseudo
breakups, intensifications, and PBI are included in the event
list cannot be ruled out. However, superposed epoch analysis
of the AL index for the event lists reveals the standard
response [Weimer, 1994] expected during substorms: 1 h long
growth phase, 10–30 min expansion phase, and 90 min
recovery phase. Since pseudo break ups, intensifications,
and PBI generally occur 10–30 min apart multiple times
during a single substorm [Hsu and McPherron, 2007;
Rostoker, 1968], a predominance of such events in the list
would smooth the median behavior of the AL index so that
the expected behavior would not be observed. We conclude
that most of the events have been correctly identified as
expansion onsets. However, in this discussion we refer to
these as AL onsets indicating the sudden development of a
westward electrojet in the midnight sector.
[55] In recent work it has been demonstrated that each one

of the response modes is associated with the closure of open
magnetic flux in the tail, that is, that magnetic reconnection
plays an important role in these phenomena [Hubert et al.,
2006, 2008; Milan et al., 2003, 2007]. Furthermore, to the
resolution of the analysis (∼12 min) flux closure and the
expansion onset are simultaneous. In our study we find that
both the AL onsets and the start time of SMC intervals are
associated with a predominantly southward IMF Bz indi-
cating that dayside reconnection is occurring during the
events. This implies that there is excess open flux in the tail
lobes and we assume that the magnetic activity we observe
is a consequence of reconnection in the tail.
[56] The primary focus of this study is the properties of

fast flows at the inner edge of the plasma sheet (R < 11.9 RE).
Fast flow was defined as V?x > 150 km/s even though higher
values have been used in the past [Angelopoulos et al., 1992;
Baumjohann et al., 1990]. Several studies have attempted to
measure the width of these flow channels and the conclusion
is that they are only a few RE wide otherwise too much
magnetic flux would be transported to the inner magneto-
sphere [Angelopoulos et al., 1992; Nakamura et al., 2005].
The only known process that creates narrow, high‐speed
flow channels in the tail is transient, localized, magnetic

Figure 16. A superposed epoch analysis of V?x with epoch
zero defined by the start time of 74 SMC events. The pres-
ence of flow is only evident at the 1% level. More flows are
seen before than during the SMC.
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reconnection. High‐resolution MHD simulations clearly
show that this is the normal behavior of the tail once recon-
nection begins [Ashour‐Abdalla et al., 2002; Walker et al.,
2006; Wiltberger et al., 2000]. Other processes that stimu-
late earthward flow such as dayside reconnection or insta-
bility of the plasma near midnight at 8–12 RE should produce
a rarefaction wave that stimulates a broad region of slow
flow toward the dayside. We assume that the high‐speed
flows we observe with THEMIS D at the inner edge of the
plasma sheet are produced by reconnection. It is important
to recognize that this has not been established in the current
study but the association of the observed flows with south-
ward IMF Bz is consistent with this assumption.
[57] An important finding in this study is that fast flows

appear to originate at 22 RE or beyond and travel earthward
with relatively constant velocity. But at 12 RE the flows
begin to decelerate along the x axis, and by 8 RE no fast
flows are observed. By 6 RE all inward flows have come to a
stop although they continue azimuthally at greater distances.
This suggests that inside 12 RE the flows encounter forces
that slow and divert the flows. Shiokawa et al. [1997] have
previously discussed this possibility and developed the idea
that reconnection flows “pileup” near midnight in the outer
magnetosphere. With our definition of fast flows we find that
no flows with V? > 150 km/s penetrate inside of 8 RE during
the first tail pass of THEMIS D. Previous studies using a
higher threshold have found the inner edge of the flows to
be further out [Angelopoulos et al., 1994], a result consis-
tent with our observation of deceleration inside of 12 RE.
[58] In this study we found that 30% of the fast flow

events are tailward when measured by event count. How-
ever, the tailward flows have less than half the duration of
earthward flows and account for only 11% of the time in
fast flows. The cumulative probability distribution of flow
speeds is quite different for earthward and tailward flows.
Earthward flows can exceed 800 km/s but tailward flows
rarely exceed 300 km/s. Both earthward and tailward flows
are associated with dipolarization of the local magnetic field
(prolonged increase in Bz). That earthward flows do this is
easily understood as a flow perpendicular to the magnetic
field indicates that the plasma is carrying magnetic flux
from the outer tail. Taken together the properties of the
tailward flows suggest that they are produced by reflection
or vorticity in the pileup region. A similar conclusion was
reached by Baumjohann et al. [2002].
[59] To examine the relation of the fast flows to substorm

and SMC activity we created lists of all AL and SMC onsets
in the interval 1 December 2007 to 30 June 2008. The initial
substorm list was produced by a scan of 14 h panels centered
at 0000 and 1200 UT. Visual selection of sharp onsets of a
decrease inAL produced a total of 893 in the 7month interval.
Subsequently, we refined this list using the times of peak
earthward flow as the center of 20 min panels. In these panels
we found a number of additional sharp breaks in AL slope
that increased the number of AL onsets to 972. Since we did
not examine intervals without flows it is likely that the list
of AL onsets should be larger still. However, our objective
was to correlate AL onsets with flow onsets so the refined list
corresponds toAL onsets close to a fast flow onset. In creating
the refined list of AL onsets we found that the best corre-
lation between AL onsets and fast flow onsets is with the
first flow burst in a sequence of fast flow bursts, that is,

within a single bursty bulk flow (BBF). Flow bursts later in
the sequence are obviously associated with the AL onset but
with a larger delay than the first flow burst. In many cases
we found that the first flow burst did not pass our velocity
threshold although a later flow burst did. We took the
beginning of the first flow burst as the relevant time regard-
less. The peak velocity in these bursts was well above
background and from the distribution of flow speeds any
particular threshold is arbitrary.
[60] We used both the initial and refined lists of AL onsets

to determine the separation between substorm onsets. The
distribution was bimodal with peaks at 35 and 170 min. The
170 min peak corresponds to the often reported 3 h separation
of substorms [Borovsky and Nemzek, 1994; Borovsky et al.,
1993; Prichard et al., 1996], while the 35 min peak is
closer to the separation between pseudo breakups and PBI
[Hsu and McPherron, 1998; Rostoker and Samson, 1981;
Zesta et al., 2000]. A 12 h plot of Bz at THEMIS D reveals
frequent dipolarizations of the magnetic field with the same
time separation as these AL onsets. Clearly if the 3 h dura-
tion of a substorm has meaning then one substorm usually
includes several BBFs carrying magnetic flux toward the
Earth.
[61] We also examined the time delay between AL onsets

and the initial flow burst in a BBF. Using our initial survey
of 279 earthward flow bursts the distribution was centered
close to zero delay but had a very large spread with standard
deviation of about 22 min. However, when we used only the
first flow burst in a BBF (173 events) we found the distri-
bution was sharply peaked near zero delay with a standard
deviation of only 3 min. It is interesting to note that both
distributions were actually centered 2–3 min before the flow
onsets. If these mean delays are physically meaningful they
suggest that the substorm current wedge begins before the
arrival of the flow at THEMIS D. This appears to support
the view of advocates of the current disruption theory that
flows are created by the current wedge. However, an alter-
native explanation is that effects of the flow are propagated
to the Earth by Alfvén waves from regions outside 12 RE

and that the current wedge is beginning to flow through the
ionosphere even as the flow arrives at THEMIS D. Another
possibility is that the THEMIS D observations are biased by
the spacecraft often being outside the local time sector of
substorm onset and the arrival of flows in these regions is
delayed. Still another alternative is that the AL index is an
inaccurate measure of expansion onset time. However, we
would expect the detection of electrojet signatures in AL to
be delayed relative to its formation. The detailed interpre-
tation of these mean delays requires more accurate deter-
mination of substorm onset times and knowledge of the
location of the spacecraft relative to the substorm current
wedge. Nonetheless these results establish that an enhance-
ment of the westward electrojet is associated within a minute
or two with the initial arrival of a sequence of flow bursts at
the inner edge of the plasma sheet.
[62] Our examination of the local time distribution of fast

flows at THEMIS D showed that they most frequently occur
between 2100 and 0100 local time. This distribution is
virtually identical to that seen in satellite images of auroral
expansion onset as was shown in Figure 9. This similarity
suggests that there is a causal relation between the arrival of
a fast flow in the inner magnetosphere and the expansion
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phase of an auroral substorm. The association of dipolar-
ization and the onset of a negative bay with the arrival of
the flow also suggest that there is a causal relation between
the flows and these phenomena.
[63] An interesting fact obvious in our data is that the local

time distribution of tailward flows is offset by 0.5 h toward
dawn from the earthward flow distribution. This offset is
consistent with the observation that the quartile of V?x in
the dawnward direction (37 km/s) is larger than the quartile
in the duskward direction (24 km/s). There is no obvious
reason for this offset but it must indicate a pressure distri-
bution during substorms that preferentially reflects earth-
ward flows toward dawn.
[64] The initial list of 893 AL onsets was used as epoch

zero in a superposed epoch analysis of the IMF Bz. The
dynamic cdf (not shown) has a minimum in Bz at the time of
the AL onset indicating a northward turning about this time.
We repeated this analysis with the subset of earthward flows
using Es = VBs with the time of peak flows as epoch zero
(Figure 12). We found that the flow was preceded by a
sharp decrease in the strength of Es a few minutes before
the fast flow. This result suggests that a northward turning
of the IMF triggers reconnection in the tail, a fast flow into
the outer magnetosphere, and the onset of a substorm
expansion. Since we showed that the arrival of a fast flow
is associated within minutes with an AL onset, this result is
consistent with previous reports that northward turnings
trigger substorm onsets [Hsu and McPherron, 2002, 2003].
[65] Finally, we examined the association between the

start of fast flows and the beginning of dipolarization. We
found that the first flow burst is clearly associated with a
sharp increase in Bz, but that subsequent flow bursts do not
significantly increase the field strength. They do, however,
seem to enhance the fluctuations in Bz. We attempted to
determine which occurs first, the flow or the dipolarization.
We found many clear cases arising from background where
the flow appears to begin before the dipolarization. How-
ever, most of the time perturbations present in the magnetic
field prior to the dipolarization preclude an accurate deter-
mination of the start of the dipolarization. Statistically we
found that the two events are simultaneous within ± one
minute. We believe that it is likely that the magnetic pertur-
bations are caused by the arrival of the flow but our timing
analysis is not sufficiently accurate to prove this point.
Although not documented in the paper we also found that
the minimum in THEMIS Bz prior to the fluctuating dipo-
larization, the so‐called “explosive growth phase” is delayed
by about one minute from the start of the fast earthward flow.
[66] Our search for fast flows during SMC events was

quite revealing. Our results are consistent with the statement
that fast flows never penetrate to 12 RE on the nightside
during SMC events. Since we know that SMC are a con-
sequence of balanced dayside and nightside reconnection
we must ask where is the return flow from the nightside?
One possibility is that it emerges from a steady X line over
a broad region at such a slow velocity that it is undetectable
by the time it reaches THEMIS D. A more likely expla-
nation is that during SMC a region of high pressure exists
behind the Earth and that transient and localized flows are
deflected around the Earth at distances beyond 12 RE. This
would imply that sunward flow bursts should be evident at
the terminators during SMC. Unfortunately our original

choice of the study interval was such that we had no flow
measurement near the dawn terminator. However, at the
dusk terminator we did have data and found one or two
sunward flow bursts. Unfortunately the low‐latitude boundary
layer is very dynamic and it is difficult to separate sunward
flows due to the viscous interaction from sunward flows due
to reconnection. Resolution of this problem will require
future work.

8. Conclusions

[67] Two modes of magnetospheric response were inves-
tigated in this study: substorms and steady magnetospheric
convection. Both are clearly associated with southward
interplanetary magnetic field and hence must in some way be
consequences of magnetic reconnection. Virtually all fast
flows reaching inside 12 RE in the local time sector 2100 to
0100 h can be associated with a sudden and persistent drop
in the AL index indicating a substorm expansion has taken
place. These fast flows deposit magnetic flux in the outer
magnetosphere increasing the magnetic field strength by a
substantial amount. Presumably this flux was created by
reconnection further out in the tail since the lobe field strength
and the size of the polar cap are observed to decrease during
substorms. Also, plasmoids and TCRs are observed moving
tailward within a minute or two [Taguchi et al., 1998] of
substorm onset and these can only be created by the formation
of a second X line in the tail close to the Earth. During SMC
we discovered that no fast flows penetrate inside of 12 RE

on the nightside. However, SMC are caused by balanced
reconnection so reconnection flows must occur somewhere.
Presumably they are deflected around the Earth at distances
greater than 12 RE and so are invisible to the THEMIS D
spacecraft. It should be emphasized that when no flows
penetrate to 12 RE there is no dipolarization of the nightside
magnetic field, no rapid fluctuations in the magnetic field,
and no sudden decreases in the AL index. It would appear
that it is the arrival of the fast flow that creates these phe-
nomena as reconnection is occurring both in substorms
when these phenomena are present and in SMC when they
are not.
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