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Abstract This paper addresses the question of the contribution of azimuthally localized flow
channels and magnetic field dipolarizations embedded in them in the global dipolarization of the
inner magnetosphere during substorms. We employ the high-resolution Lyon-Fedder-Mobarry global
magnetosphere magnetohydrodynamic model and simulate an isolated substorm event, which was
observed by the geostationary satellites and by the Magnetospheric Multiscale spacecraft. The results
of our simulations reveal that plasma sheet flow channels (bursty bulk flows, BBFs) and elementary
dipolarizations (dipolarization fronts, DFs) occur in the growth phase of the substorm but are rare and do
not penetrate to the geosynchronous orbit. The substorm onset is characterized by an abrupt increase in
the occurrence and intensity of BBFs/DFs, which penetrate well earthward of the geosynchronous orbit
during the expansion phase. These azimuthally localized structures are solely responsible for the global
(in terms of the magnetic local time) dipolarization of the inner magnetosphere toward the end of the
substorm expansion. Comparison with the geostationary satellites and Magnetospheric Multiscale data
shows that the properties of the BBFs/DFs in the simulation are similar to those observed, which gives
credence to the above results. Additionally, the simulation reveals many previously observed signatures of
BBFs and DFs, including overshoots and oscillations around their equilibrium position, strong rebounds
and vortical tailward flows, and the corresponding plasma sheet expansion and thinning.

1. Introduction
Much of the plasma transport in the inner plasma sheet occurs by means of transient (∼10 min) flow
enhancements known as bursty bulk flows (BBFs; e.g., Angelopoulos et al., 1992, 1994;Baumjohann et al.,
1990). Since they typically carry significant northward magnetic field intensifications (Juusola et al., 2011;
Nakamura et al., 2002; Ohtani et al., 2004; Runov et al., 2009), they also efficiently transport magnetic flux
from the tail toward the inner magnetosphere (e.g., Liu et al., 2014). While individual dipolarizations have
a limited azimuthal extent estimated at 1–3 Earth radii (RE; Angelopoulos et al., 1996; Liu et al., 2015;
Nakamura et al., 2004; Sergeev et al., 1996), cumulatively, they may account for a large portion of the entire
earthward flux transport in the plasma sheet (Angelopoulos et al., 1994).

Statistically, BBFs and associated magnetic field dipolarizations are observed in the inner plasma sheet more
frequently with increasing distance from Earth (Angelopoulos et al., 1994; McPherron et al., 2011). How-
ever, dipolarizations do occur deeper in the inner magnetosphere (e.g., inside geosynchronous orbit; Ohtani
et al., 2018), although their relationship with the fast flows and individual dipolarizations in the plasma
sheet remains an open question (Ohtani et al., 2006; Ohtani et al., 2018; Sergeev et al., 2012; Takada et al.,
2006). It has been suggested that the dipolarizations in the inner magnetosphere are caused by relatively
rare BBFs that do penetrate to these smaller geocentric distances (Dubyagin et al., 2011; Sergeev et al.,
2012)—a view consistent with the idea that BBFs correspond to propagating low flux tube entropy regions,
or bubbles, that are widely considered as a solution to the so-called pressure balance inconsistency (Erickson
& Wolf, 1980; Pontius & Wolf, 1990). The magnetic field dipolarizations in the inner magnetosphere are often
accompanied by injections of energetic particles, as revealed by many observational studies (e.g., Apatenkov
et al., 2007;Mauk & McIlwain, 1974;Moore et al., 1981;Reeves et al., 1990), including more recent work
using the Van Allen Probes (Gkioulidou et al., 2015; Liu et al., 2016; Motoba et al., 2018) and Van Allen
Probes/Magnetospheric Multiscale (MMS) conjunction data (Turner et al., 2017). Thus, investigation of such
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dipolarizations and their relationship with BBFs in the plasma sheet is central both to quantification of the
magnetic flux transport in the nightside magnetosphere and to understanding of the buildup of the ring
current and radiation belts (e.g., Forsyth et al., 2016; Sandhu et al., 2018), as suggested by recent modeling
efforts (Cramer et al., 2017; Sorathia et al., 2018; Ukhorskiy et al., 2018; Yang et al., 2011, 2015).

In this paper we consider the first of these problems that has direct bearing on the fundamental issue
of magnetic flux circulation in the magnetosphere as originally posited by Dungey (1961). More specifi-
cally, we consider the contribution to a global-scale dipolarization of the inner magnetosphere of individual
azimuthally localized flows (BBFs) breaking in the near-Earth plasma sheet (Baumjohann et al., 1999;
Shiokawa et al., 1997), penetrating into the inner magnetosphere, and depositing there magnetic flux in the
form of elementary dipolarizations (dipolarization fronts, DFs).

BBFs are observed in the plasma sheet during all substorm phases, but their occurrence frequency increases
significantly during the expansion phase (e.g., Juusola et al., 2011). Thus, it is appropriate to ask the question,
to what extent individual localized dipolarizations integrate into a large-scale dipolarization of the inner
magnetosphere characteristic of the substorms expansion (Kepko et al., 2015)? A closely associated question,
whether the so-called substorm current wedge (SCW) is composed of individual wedgelets, has received sig-
nificant attention recently (Birn et al., 2011; Birn & Hesse, 2014b; Forsyth et al., 2014; Liu et al., 2015, 2018;
Malykhin et al., 2018; Palin et al., 2016; Sergeev et al., 2000). Panov et al. (2016) used a fortuitous alignment
of magnetospheric spacecraft and ground-based magnetometers and imagers to infer that during a weak
substorm (the AE index was about 100 nT) the substorm dipolarization could have been produced by a sin-
gle BBF. However, the idea of SCW composition by wedgelets was first suggested to explain observations of
multiple onsets of magnetic perturbations on the ground in the course of the same substorm (Baumjohann
et al., 1981; Nakamura et al., 1994; Rostoker, 1991). For such substorms exhibiting multiple BBFs, it is
challenging to confirm the wedgelet idea from in situ data due to sparse spacecraft coverage.

Regional magnetotail simulations (Birn & Hesse, 2013, 2014a; Birn et al., 2019) do provide support for the
SCW composition by wedgelets. However, this problem has not yet been considered in the context of a
self-consistent global magnetosphere simulation unencumbered by artificial boundaries in the magneto-
tail and including upstream solar wind (SW) driving and coupling with the ionosphere. In this paper, we
employ such a magnetohydrodynamic (MHD) global magnetosphere model with the capability to resolve
mesoscale plasma sheet flows (BBFs) and elementary dipolarizations (DFs), excluding their kinetic struc-
ture (e.g., Sergeev et al., 2009). We do not address the composition of the SCW by wedgelets per se, leaving
specifically the generation of field-aligned currents by localized flows and their ionospheric closure outside
of the present discussion. Instead, we use our simulation to determine quantitatively whether a global (in
magnetic local time, MLT) substorm dipolarization in the inner magnetosphere (within 8 RE) is a result of
an accumulation of many localized dipolarizations.

To address these questions, we perform a simulation of a real substorm event described below. This allowed
us to confirm the realism of our results by comparing the properties of the simulated plasma flows and
magnetic field dipolarizations with in situ measurements from four magnetospheric spacecraft, which were
fortuitously aligned azimuthally at or near the geosynchronous orbit. While it would be futile to attempt to
obtain a one-to-one correspondence because of the sporadic nature of BBFs and DFs, we are looking for a
general confirmation that the magnitudes of the flow and field variations in the simulation are in accord with
those measured. The results of this exercise not only give us confidence that our conclusions are applicable
to the real system but also enabled us to cross-examine some detailed properties of the simulated BBFs and
DFs with those observed by the magnetospheric spacecraft.

The paper is organized as follows. In section 2 we describe the event and the upstream SW data used to
drive the simulation. Sections 3 and 4 describe the simulation method and the magnetospheric data sources,
respectively. Section 5 presents the results of the paper. In section 5.1 we overview the results of the simu-
lation before delving into a more quantitative analysis of the simulated near-Earth flows, dipolarizations,
and magnetic flux transport in section 5.2. In section 5.3 we present the results of model-data comparisons
and take a more detailed look at the properties of individual dipolarizations in the simulation and data,
respectively. In section 6 we discuss the results and, finally, section 7 concludes the paper.
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Figure 1. Overview of the geomagnetic indices on 9 August 2016 between 05:00 and 20:00 UT from the National
Aeronautics and Space Administration OMNI database. The horizontal bars at the top, along with the vertical lines
placed at 09:00 and 10:00 UT, indicate the duration of the simulation presented below (see also Figure 2). The
simulation covered the 05:00–10:00 UT interval, where the 09:00–10:00 UT 1-hr interval was used for analysis and the
rest for preconditioning. The figure indicates that the 09:00–10:00 UT interval covered partly the growth phase, the
entire expansion phase, and the beginning of the recovery phase of the simulated substorm. The rest of the 05:00–20:00
UT interval is shown to demonstrate the overall geomagnetic activity context on that day.

2. Event Description
To avoid conflating storm time and non–storm time dynamics, we consider an isolated substorm that
occurred after ∼08:00 universal time (UT) on 9 August 2016, studied recently observationally by Panov et al.
(2019). Figure 1 shows the auroral electrojet indices (AU and AL) along with the storm time Sym-H index.
To place the simulation discussed below in the overall context of geomagnetic activity on that day, the figure
covers a multihour interval that is substantially longer than the period covered by the simulation. Before
the expansion phase of the substorm (starting after 09:00 UT), the AL/AU indices were insignificant for
more than 3 hr. The expansion phase ended at about 09:57 UT, when the AL index magnitude started to
decrease. According to the AL index, the recovery phase was interrupted by further auroral activity starting
after ∼11:00 and lasting until ∼18:00 UT, after which the geomagnetic activity subsided. The Sym-H index
magnitude remained below ∼20 nT throughout the simulated period affirming that the ring current was
inconsequential to magnetospheric dynamics. Accordingly, we use a standalone global MHD model of the
magnetosphere without including a coupled ring current component (section 3).

Figure 2 shows the SW density and velocity, and interplanetary magnetic field (IMF), respectively. All vector
components are given in the solar magnetic (SM) coordinate system, as they are input into the simulation,
except the Bx component, which was set to 0. Prior to the substorm onset around 09:20 UT (identified from
the AU/AL indices; see Figure 1), the SW remained fairly steady with the number density hovering between
4 and 5 cm−3 and velocity of ∼500 km/s predominantly in the earthward direction. The IMF was more
variable with both most geoeffective components (By and Bz) exhibiting fluctuations and occasional sign
flips. After about 08:30 UT, the IMF Bz turned southward and intensified before returning to almost 0 nT
around 09:00 UT and then turning southward again. It is these dynamics that presumably resulted in the
observed substorm after 09:20 UT.

The results presented below concentrate on the 09:00–10:00 UT 1-hr period including partly the growth, the
entire expansion phase, and the first few minutes of the recovery phase of the substorm. It should be noted
that there was a gap in the OMNI data after about 09:40 UT, during which time the simulation was driven
with constant SW/IMF values as shown in Figure 2. Since changes in the upstream driving would take time
to propagate to the nightside geosynchronous region and, in any event, our detailed comparisons with data
focus on the times prior to 09:40 UT, this gap in the OMNI data is inconsequential to the discussion below.
Moreover, our conclusions regarding the nightside dipolarization are general in nature and do not rely on
specifics of the upstream driving.

3. Simulation Method
We used the Lyon-Fedder-Mobarry (LFM) model (Lyon et al., 2004; Merkin & Lyon, 2010) run at high resolu-
tion that affords grid sizes of Δz ≈ 0.1 RE in the inner plasma sheet (around x ∼ −20 RE; Merkin, Anderson,
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Figure 2. Solar wind and interplanetary magnetic field (IMF) parameters on 9 August 2016 from the National
Aeronautics and Space Administration OMNI database. The vector variables are presented in the solar magnetic
coordinates, in which the simulation is performed. The observed IMF Bx component is shown, but it was set to 0 in
the simulation. Note also that no solar wind/IMF data were available at the end of the interval; the simulation was
driven by the parameters fixed to the last available value during this time (in the geocentric solar ecliptic coordinates),
which is indicated by the dashed line segments toward the end of the plotted interval. The horizontal bars at the top
indicate the time intervals used for preconditioning (05:00–09:00 UT) and for analysis (09:00–10:00 UT). The vertical
line marks the beginning of the analysis period, 09:00 UT.

et al., 2013; Merkin, Lyon, & Claudepierre, 2013; Wiltberger et al., 2015). The numerical algorithms under-
lying the LFM code were recently described in significant detail by Zhang et al. (2019). The LFM model
has been demonstrated to reproduce the fundamental loading-unloading cycle of magnetic flux in the mag-
netosphere in response to southward IMF turnings (Gordeev et al., 2017). This quality, together with its
ability to resolve the mesoscale plasma sheet flows and dipolarizations (Wiltberger et al., 2015), makes it an
advantageous tool for the present investigation.

The outer boundary of the magnetospheric LFM grid is a cylinder with the front and back boundaries located
at x = 30 RE and x = −330 RE, respectively. The radius of the cylinder, that is, the maximum extent in
the y and z directions, is 124 RE. The grid is a distorted spherical one with the symmetry axis being the x
axis pointing from Earth toward Sun. The z axis corresponds to the SM z axis, and the y axis completes the
right-handed coordinate system and points from dawn to dusk. The total number of grid cells is 212× 192×
256 in the radial, polar, and azimuthal dimensions, correspondingly.

The ionospheric boundary is treated as a thin spherical shell where the field-aligned currents generated in
the magnetosphere close via Ohm's law. The full details of this approach are given by Merkin and Lyon
(2010). An ionospheric conductance model is used, which combines the solar extreme ultraviolet and auro-
ral electron precipitation contributions (Fedder et al., 1995; Wiltberger et al., 2009). The solar F10.7-cm flux
index was set to 100, which resulted in noon Northern hemisphere Pedersen and Hall conductances of ∼9◦S
and ∼13◦S at 35◦ magnetic latitude, respectively. The nightside auroral zone conductances were highly vari-
able in response to the changing conditions in the plasma sheet and field-aligned currents, and the Hall
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Figure 3. Overview of the simulation ∼20 min before the substorm onset. The solar magnetic equatorial plane is
shown in each panel. Magnetospheric spacecraft are marked with blue (GOES-13), orange (GOES-14), green
(GOES-15), and red (MMS-1) circles which indicate the spacecraft positions projected to the plane. The black contour
in the upper left panel indicates the Bz = 0 isocontour. LFM = Lyon-Fedder-Mobarry.

conductance was generally higher than Pedersen by a factor of 2–3. Around substorm onset (∼09:23 UT),
the auroral Pedersen and Hall conductances at midnight were 6◦S and 16◦S, respectively.

The MHD simulation was started at 05:00 UT and thus preconditioned for 4 h with the observed upstream
SW/IMF parameters (Figure 2) prior to 09:00 UT when the period of interest (09:00–10:00 UT) begins. The
simulation data were saved at a 5-s time cadence to capture the temporal evolution and the time profiles of
fast-moving BBFs and the sharp structure of DFs embedded in them.

4. Data
For magnetospheric data, we used magnetic field from the National Oceanic and Atmospheric Adminis-
tration Geostationary Operational Environmental Satellites' (GOES) Space Environment Monitor Magne-
tometers (https://www.ngdc.noaa.gov/stp/satellite/goes; see also GOES N SERIES DATA BOOK, Revision
D, February 2010) and from the fluxgate magnetometers of the FIELDS instrument suite (Torbert et al.,
2016) onboard the National Aeronautics and Space Administration MMS (Burch et al., 2016). For plasma
data, observations by the Fast Plasma Instruments (Pollock et al., 2016) were used.

5. Results
In what follows, for brevity, we call the simulated abrupt reconfiguration of the magnetosphere a “substorm”
and the start of the global dipolarization near the geosynchronous orbit the “substorm onset.” As shown in
section 5.3 below, the simulated behavior of the magnetosphere near the geosynchronous orbit on the night
side was similar to that observed in terms of the magnetotail stretching in the growth phase and its abrupt
dipolarization in the expansion phase. These are classical signatures of a magnetospheric substorm (e.g.,
Kepko et al., 2015; Sitnov et al., 2019), which gives justification to the above semantic choices.

5.1. Simulation Overview
Figures 3–5 show snapshots from the simulation overview “Movie S1” included in supporting informa-
tion (SI). All figures have the same format and show the equatorial distribution of plasma and magnetic
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Figure 4. Simulation overview around the time of the substorm onset. Same format as in Figure 3.

field variables. In all panels, four spacecraft are indicated: GOES-13, GOES-14, and GOES-15, and MMS-1.
Comparisons with their measurements are presented below (section 5.3).

Figure 3 shows the magnetospheric configuration in the substorm growth phase, approximately 20 min prior
to the onset. The divergent Vx flows indicate the existence of an X-line somewhere in the midtail (beyond
∼40 RE near midnight), but its exact location is unclear from the figure (nor essential to the subsequent
discussion) because it may be located away from the SM equator due to significant IMF By and non-Vx SW
velocity components (note that the Bz = 0 contour in the Vx panel is shown to guide the eye but does not
necessarily coincide with the X-line since the simulation lacks north-south symmetry.) This time instance
is interesting because it indicates a significant BBF penetrating close to the geosynchronous orbit near mid-
night with its earthward edge reaching the GOES-15 satellite. Also evident are strong rebound flows (Ohtani
et al., 2009) on either side of the penetrating BBF such that MMS equatorial projection (red circle) is close
to being engulfed in the tailward flow. This flow configuration is similar to that seen in regional magneto-
tail simulations of BBFs (Birn et al., 2011). The pressure distribution is relatively unremarkable at this time
and is shown for contrast with the corresponding panels in Figures 4 and 5 indicating significant pressure
buildup relative to this preonset state. The upper right panel shows that By in the magnetotail is positive as
expected for positive IMF By (e.g., Petrukovich, 2011) but at the geosynchronous orbit it is quite weak at this
time. The bottom right panel shows the arrival of the DF associated with the BBF mentioned above to the
dipole-dominated region indicated by the saturated red color (although the perceived location of the bound-
ary between the dipole and tail-like magnetic fields is obviously strongly affected by the choice of the color
palette.)

Figure 4 shows the simulated magnetospheric configuration at the time near the onset. The most pro-
nounced difference from the previous time (cf. Figure 3) is the formation of a new X-line closer to the earth
and skewed toward the duskside. The new X-line is located somewhere tailward of x = −20 RE and is indi-
cated by the intense divergent earthward-tailward flows as well as the large-scale break in the Bz = 0 contour
suggesting a change in the magnetic field topology. The earthward flows break up into multiple intense
channels (BBFs), most pronounced near the midnight and at the dusk flank. The midnight BBF penetrates
to the GOES-15 location, and it is this BBF, along with the associated DF, that starts the global substorm
dipolarization (see below). The localized dipolarization associated with the midnight BBF is evident with
the characteristic “mushroom” shape discernible also in the regional magnetotail simulations by Birn et al.
(2011), see upper left panel in their Figure 8, in particular). We return to this particular BBF in more detail
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Figure 5. Simulation overview at the end of the simulation, in the early recovery phase ∼40 min after the substorm
onset. Same format as in Figure 3.

in section 5.3. Lastly, a noticeable increase in the inner magnetosphere pressure is evident in comparison
with the previous time (Figure 3) indicative of enhanced convection and more frequently penetrating BBFs.

Finally, Figure 5 shows a snapshot of the simulation in the recovery phase of the substorm. At this time,
a fairly regular azimuthally global X-line has formed in the tail around x = −30 RE indicated, again, by
the divergent earthward-tailward flows. The earthward flows break up into azimuthally localized channels
(BBFs) that generally penetrate to geosynchronous orbit and rebound as is evident from intermittent weak
tailward flows between, roughly Rxy = 6 RE and Rxy = 15 − 20 RE on the nightside, where Rxy is the geocen-
tric distance in the plane. The magnetic field has further dipolarized at the spacecraft locations and, more
generally, across a broad range of MLT on the nightside. This is the result of the global substorm dipolar-
ization discussed in detail below. The thermal pressure distribution now shows a significant enhancement
relative to the preonset level (Figure 3) with the peak well within the geosynchronous orbit and skewed
slightly toward the premidnight sector.

5.2. Quantitative Analysis of Near-Earth Dipolarization
In this section we address quantitatively the contribution of azimuthally localized flows (BBFs) and mag-
netic field dipolarizations (DFs) to the overall dipolarization of the inner magnetosphere during the
expansion phase of the substorm. Figure 6 shows the simulation results in a form intended to elucidate this
question. Note that, in all figures in this section, time indicates minutes elapsed since 09:00 UT.

In all panels in Figure 6 we took a slice through the simulation at a fixed radial distance (6 and 8 RE) in the
equatorial plane and plotted the result as a function of time. The panels in the top row (a, b) show such a
representation of the radial flow velocity, Vr . The arrival of multiple BBFs is evident in both panels, and it
is also clear that the first three major BBFs ocurring before t = 20 min do not make it to the 6 RE radial
distance. The first of them is the one that we already observed in Figure 3. However, starting after t = 20 min,
multiple BBFs penetrate to 6 RE, the first of which is the one depicted in Figure 4 near midnight. We refer to
this time as the substorm onset, which is defined more quantitatively below. Figure 6b shows also that at 8
RE each earthward moving BBF (indicated by the blue color) is accompanied by two tailward moving flows
flanking it marked by the red color. These flows are part of the vortical BBF structure (Birn et al., 2011; Panov
et al., 2010). There is also evidence of an oscillating flow, where the BBF overshoots its equilibrium position
and oscillates until settling in, in agreement with past theory, observations, and simulations (Chen & Wolf,
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Figure 6. Stack plots of the simulated radial velocity (a, b) and Bz magnetic field component (c, d) as functions of time
and azimuthal angle (𝜙 = 0◦, 360◦ corresponds to noon; 𝜙 = 180◦ to midnight; 𝜙 < 180◦ to dusk sector; and 𝜙 < 180◦
to dawn sector) at a fixed radial distance. Panels (a and c) and (b and d) correspond to 6 and 8 RE, respectively. The
vertical axis indicates time in minutes elapsed since 09:00 UT on 9 August 2016. The dashed vertical line marks
midnight in all plots.

1999; Panov et al., 2010; Wolf et al., 2012). We return to this feature of the simulation below. Figures 6a
and 6b suggest that whatever radial magnetic flux transport occurs at these distances, it is mediated by the
azimuthally localized flow channels, since everywhere outside of these channels the radial flow velocity is
essentially 0. Another noteworthy detail is the duskward bias of the BBFs, which is likely due to the skew
of the near-Earth X-line (see Figures 4 and 5).

Figures 6c and 6d depict the vertical component of the magnetic field, Bz, in the same format. These panels
demonstrate an avalanche-like accumulation of the magnetic field on the nightside. At 8 RE (panel d) the
magnetic field starts accumulating already with the impact of the precursor BBFs before t = 20 min but the
BBF frequency increases after this time, and as a result of these multiple dipolarizations the overall magnetic
field grows substantially across the nightside between t = 0 min and t = 60 min (i.e., between 09:00 and
10:00 UT). Figure 6c leads to the same conclusion although, in agreement with panel (a), the DFs only start
penetrating to this radial distance after t=20 min.

To digress for a moment toward the flux tube oscillations mentioned above, we show in Figure 7 a zoom-in
on the corresponding region highlighted in Figure 6b. The figure shows a BBF arriving after t = 12 min
between 160◦ and 180◦ azimuthal angle (note the spatial substructure within the BBF resulting in the dou-
ble peak of the earthward flow.) After the earthward flow subsides and the BBF stops (this can be confirmed
in Movie S1 and its zoomed-in Version S2 in the SI), the flow exhibits clear earthward-tailward oscillations.
The black dashed line in Figure 7a runs right through this oscillating region, while the green dashed line is
shifted by 19◦ in azimuth. The corresponding Vr(t) traces are shown in Figure 7b, indicating clearly the Vr
oscillation with a period of 2–3 min in the black trace after the earthward (Vr < 0) flow stops (in remark-
able resemblance to THEMIS observations by Panov et al., 2010, Figure 2d). The green trace is shown for
comparison to indicate what would a virtual spacecraft just ∼ 2.65 RE to the side see in this case. Clearly,
the primary feature that it observes is the other BBF arriving at t ≈ 17 min around 187◦ longitude, but no
clear signature of flux tube oscillations that are evident in the black trace. Figure 7 thus demonstrates first
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Figure 7. (a) Stack plot of the simulated radial velocity Vr as function of time and azimuthal angle at 8 RE radial
distance (zoom-in in Figure 6b.) (b) Two vertical slices through the plot in panel (a) at the dashed lines indicated there.

how fortuitous should a spacecraft location be to observe such an oscillating structure (capturing both the
radial distance of the flux tube equilibrium location and its localization in azimuth) and, second, that the
azimuthal size of the BBF is in agreement with prior observational estimates (Angelopoulos et al., 1996;
Sergeev et al., 1996; Nakamura et al., 2004; Liu et al., 2015).

Returning to the discussion of the near-Earth dipolarization, Figure 8 depicts the Bz dependence on the
azimuthal angle for six different times at 6 RE. The abrupt dipolarization of the field is now obvious between
t = 20 min (blue trace) and t = 30 min (light-red trace). Furthermore, while midnight and premidnight
exhibit a rather complex magnetic field evolution after the onset due to the constant bombardment by the
BBFs and DFs (cf. Figure 6), on the morning side a slower (relative to the abrupt onset) Bz increase is evident
due to the azimuthal convection of the magnetic flux brought from the tail near midnight.

To address specifically the question of magnetic flux transport from the tail in a more quantitative fashion, we
plot in Figure 9 the azimuthal electric field, E𝜙 = VrBz, in the same format as Figure 6. The top panels in this
figure confirm that indeed all magnetic flux transport at both 6 and 8 RE occurs within the azimuthally local-
ized flow channels (BBFs), since virtually no convective electric field exists outside of them. In the bottom
panels of Figure 9 we integrate E𝜙 between 20:00 and 04:00 MLT to assess the total magnetic flux transport
rate dΨ∕dt = Rx𝑦 ∫

04
20 E𝜙d𝜙 toward Earth, where Rxy =6 or 8 RE is the radial distance in the equatorial plane

(negative dΨ∕dt corresponds to earthward transport under this definition). A few points are evident from
these plots. First, the onset is clearly discernible just after t = 20 min as an abrupt increase in the flux trans-
port rate at both radial distances. Second, the integrated magnetic flux transport is all earthward, despite the
existence of tailward rebound flows. Third, not only does the earthward flux transport occur exclusively via
the azimuthally localized flow channels, it is also bursty in time even after integrated over azimuth.
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Figure 8. Dependence of the simulated Bz magnetic field component on the azimuthal angle at 6 RE for the times
indicated in the legend. These traces are equivalent to slicing Figure 6c horizontally at the corresponding times. The
vertical dashed line marks midnight.

Finally, Figure 10 depicts the total flux transport balance through the equatorial wedge region bounded by
the 6 and 8 RE circles and the 20:00 and 04:00 MLT radial lines. The orange trace shows the cumulative
earthward (negative) magnetic flux transport through the 8-RE arc, while the blue trace shows the same for
the 6-RE arc. Clearly, much more flux flows earthward through the 8-RE boundary than through the 6-RE
boundary. The green trace shows the imbalance between the two. To check how much of this unbalanced
flux accumulates in the wedge region versus escaping azimuthally, we also calculate the azimuthal flux

Figure 9. The top panels are similar to Figure 6 except the azimuthal component of the electric field, E𝜙, is shown at 6
and 8 RE circles. The figures at the bottom integrate E𝜙 between 20:00 and 04:00 magnetic local time (indicated by
dashed lines in the top plots along with midnight) to obtain the time dependence of the magnetic flux Ψ transport rate.
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Figure 10. Integrated magnetic flux transported through the boundaries of the wedge region in the equatorial plane
bounded by 20:00 and 04:00 magnetic local time on the sides and 6 and 8 RE along the radial direction. The black
trace indicates the sum of all fluxes, that is, the total amount of magnetic flux accumulated in the wedge region over the
1 h period of the simulation (09:00–10:00 UT).

transport through the side (fixed MLT) boundaries of the wedge. The result is the red trace (positive here
means azimuthal transport out of the wedge region), which demonstrates an interesting detail: Before the
onset, the azimuthal outflow from the wedge region exceeds the total radial inflow leading to the overall flux
depletion; on the contrary, after the onset, the total radial influx surpasses the azimuthal outflow leading to
the accumulation of the magnetic flux in the wedge region. This is indicated by the black trace, which is the
difference between the green and red traces. Once presented this way, the simulation data clearly delineate
the substorm onset as the time where the cumulative flux (black trace) changes sign. These results are con-
sistent with the previous regional magnetotail simulations by Hsieh and Otto (2015) and global simulations
using the LFM code (Gordeev et al., 2017).

5.3. Comparison With Observations and Detailed Structure of Near-Earth Dipolarizations
Figure 11 shows a comparison between the observed and simulated magnetic field components at the three
spacecraft that are closer to midnight (GOES-14, GOES-15, and MMS-1; see Figures 3– 5for their equatorial
positions). Figure 11 concentrates on 20 min around the onset, while Figure S1 complements it by showing
the same comparisons for the full 09:00–10:00 UT period, with the addition of the GOES-13 satellite located
further dawnward. We first note that both the simulation and observations exhibit the magnetic field dipo-
larization corresponding to the substorm onset at approximately the same time, after 09:20 UT (cf. auroral
indices in Figure 1). In the model, the dipolarization is due to the arrival of a BBF from a newly formed
X-line, which might indicate that a similar process occurred in nature. Figures 11 and S1 further demon-
strate that most substorm activity, both observed and simulated, occurred in the MLT range between MMS-1
and GOES-14.

While we discuss the time around the onset in more detail below, we remark here on two primary details
seen in Figure S1. First, in the growth phase (before 09:20 UT), both in the simulation and observations
all spacecraft indicate a stretching of the magnetic field (decreasing Bz). Note also that since MMS was in
the southern lobe, the field stretching is less pronounced at its location than at the more equatorial GOES
satellites. The stretching is also accompanied by the intensification of Bx (By at GOES-13 due its dawnward
location) consistent with magnetic flux loading into the lobes. The simulation tends to underestimate Bx
(and By at GOES-13 and GOES-14), which we discuss below. Second, toward the end of the simulation (10:00
UT) both the data and simulation indicate a significant increase in Bz at all spacecraft locations, indicating
a global dipolarization. The magnitude of the dipolarization, and the degree of agreement between the sim-
ulation and observations, varies between the spacecraft, but what is important is that the overall strength of
dipolarization is consistent between the model and data, which was the primary purpose of this comparison
and gives credence to the simulation results reported above.
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Figure 11. (left column) MMS-1 (a), GOES-15 (c), and GOES-14 (e) SM magnetic field components on 9 August 2016
for the time period indicated on the horizontal axis. (right column) The same magnetic field components obtained
from the simulation. The virtual MMS-1 data are plotted along the actual spacecraft trajectory as are the GOES-14 and
GOES-15 data indicated by the dashed lines in panels (d) and (f). The solid lines in the GOES-14 and GOES-15 panels
are plotted along the virtual spacecraft trajectory raised by Δz = 0.4 RE in the SM z direction. DF = dipolarization front;
LFM = Lyon-Fedder-Mobarry; SM = solar magnetic.

We now turn to a more detailed discussion of Figure 11. The top row of panels shows the comparison between
the observed and simulated data at the MMS-1 spacecraft. Prior to the onset all three of the magnetic field
components agree exceptionally well, indicating that the amount of magnetic flux loaded into the lobes
during the growth phase in the simulation was consistent with reality. At GOES-15 prior to onset both By
and Bz also agree quite well with those observed but Bx is underestimated at the actual spacecraft location
(dashed lines). For GOES-14, which is more dawnward, By is also underestimated. Since in this region the
dipole magnetic field is still strong but quickly changing, a small shift in the spacecraft location will make a
large difference in the observed field. To take this possibility into account, we shifted the virtual GOES-14 and
GOES-15 spacecraft by 0.4 RE in the positive SM z direction. The data from thus modified virtual spacecraft
are plotted with solid lines in panels (d) and (f) and show a much better agreement with the observations.
Such a displacement of the virtual spacecraft could occur if the nightside magnetic configuration was shifted
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Figure 12. Magnetic field Bx component at 09:15 UT color coded on a spherical slice through the simulation at the
radial distance of 6.4 RE. The view is from a vantage point on the solar magnetic x axis down the tail looking toward
Earth; that is, dusk is to the left and dawn is to the right. The spacecraft are shown with small spherical glyphs
color coded the same way as in Figures 3–5: MMS-1 (red), GOES-15 (green), GOES-14 (orange), and GOES-13 (blue).
The white contours indicate |Bx| = 20, 40, and 60 nT, in the order of increasing distance from the magnetic equator.
The vertical cyan bar indicates the 0.4-RE scale, that is, the shift used for GOES-14 and GOES-15 satellites in Figure 11
(see text for details).

slightly southward (e.g., due to the presence of a negative SW Vz; cf. Figure 2) or if the field was somewhat
more stretched in reality than in the simulation. Figure 12 demonstrates the magnetic field configuration
in the simulation along with the spacecraft locations indicating, in particular, the MMS-1 position in the
southern lobe (note that it is located ∼ 1.7 RE above the shown spherical slice, while the GOES satellites
are very close to it). The figure complements Figures 3–5 by depicting the z coordinates of the spacecraft
and confirms that the coordinate shift required for better agreement with the measurements in Figure 11 is
quite small relative to the local scale size of the magnetic field gradient. For the interested reader, Figure S2
in the supporting information shows the By and Bz magnetic field components in the same format.

Figure 13. A version of Figure 4 zoomed-in on the protruding bursty bulk flow initiating the substorm in the
simulation. The upper left panel additionally shows the Bz = 25-, 40-, and 55-nT isocontours (light gray, medium gray,
and black, correspondingly). LFM = Lyon-Fedder-Mobarry.
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Figure 14. (left column) MMS-1 data on 9 August 2016 between 09:00 and 10:00 UT. Shown at survey cadence are as
follows: Bx (a) and By, Bz (b) solar magnetic magnetic field components; three solar magnetic components of the
perpendicular ion velocity with positive V⟂,x values towards Earth (c); sum of the electron and ion thermal pressures
(d); and sum of the magnetic pressure and the thermal particle pressure (e). (right column) The corresponding virtual
MMS-1 data sampled along the spacecraft trajectory through the simulation (f–j). DF = dipolarization front;
LFM = Lyon-Fedder-Mobarry.

Returning to Figure 11, the virtual MMS-1 spacecraft observed a clear DF marked in panel (b). Figure 13
shows a zoomed-in view of Figure 4 (see also Movie S2). In addition to Figure 4, Figure 13 also shows the
Bz = 25, 40, and 55 nT (light gray, medium gray, and black, correspondingly) isocontours in the equatorial
plane. The figure along with Movie S2 indicates that the equatorial projection of the MMS probe (the red
spherical glyph) was disturbed by the tailward return flow and a concomitant magnetic field fluctuation
(more on this below.) However, since the probe was located significantly southward of the magnetic equa-
tor, it actually observed a dipolarization corresponding to the increased Bz in the tailward portion of the DF
seen in Figure 13 hitting the location of the GOES-15 probe around the same time (also marked in panel d).
Note that this tailward side of the dipolarization develops into what could be construed as another, broader
BBF/DF by 09:25 UT (see Movie S2; see also Figure 15d below.) The magnetic variations observed in reality
by GOES-15 and MMS-1 (marked with “DF” in Figures 11a and 11c) had a smaller amplitude than in the
simulation, and, based on the energetic electron data at the geosynchronous spacecraft, Panov et al. (2019)
interpreted them as parts of the same DF observed slightly later by GOES-14 (Figure 11e). In the simula-
tion, however, GOES-14 did not observe the same DF as GOES-15 and MMS-1 but rather was impacted by
another, smaller BBF/DF around 09:25 UT (see Movies S1 and S2) with most pronounced increase in the By
component (Figure 11f).

To summarize the above, in reality GOES-14 observed a clear strong dipolarization similar to “Type II”
dipolarizations or explosive growth phase discussed by Ohtani et al. (1992), while MMS-1 and GOES-15
might have been impacted by it peripherally. In the simulation, it was GOES-15 that observed the most
direct impact by the BBF initiating the substorm, while MMS-1, located southward of the magnetic equator,
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Figure 15. A 3-D view of the simulated magnetosphere at the beginning (a), in the middle (b), and at the end (c) of the
time period marked with the first magenta rectangle in Figure 14. (d) The same view at the later time when MMS-1
observes the strong dipolarization. The view is from a vantage point southward of the magnetic equator in the morning
sector. The axis widget in the lower left corner helps to orient the reader; in particular, it indicates the solar magnetic z
axis pointing down. The MMS-1 location is marked with the red spherical glyph as in the previous figures. Its
equatorial projection is marked with the black spherical glyph. The equatorial plane is color coded with the solar
magnetic Bz magnetic field component and the spherical slice through the simulation at 6.4 RE radial distance with the
plasma pressure. All panels show a thick magnetic field line anchored at the MMS-1 location. Panels (a) and (b) trace
additional field lines (with reduced thickness) from a line of seed points placed southward of MMS-1. Similarly, panels
(c) and (d) trace additional magnetic field lines (also with reduced thickness) from seed points equatorward of MMS-1.
All field lines in all panels are color coded with V⟂,x . The corresponding color bars are shown in all panels. BBF =
bursty bulk flow; DF = dipolarization front; MMS = Magnetospheric Multiscale.

observed the tailward part of this dipolarization and GOES-14 was not impacted by it at all. Note also that
the virtual GOES-15 spacecraft saw another direct DF impact at around 09:18 UT.

The differences between the simulation and the observations are not surprising; as noted above, given the
sporadic nature of BBFs/DFs, it would be unrealistic to expect a perfect agreement. However, an interesting
detail to note in the data-model comparison in Figure 11 is that qualitatively the data from the real GOES-15
satellite correspond better with the virtual GOES-14 satellite, and vice versa. The magnetic field signatures
at the virtual GOES-14 and GOES-15 locations show two distinct responses. GOES-15 observed a sharp
dipolarization (in fact, two of them) corresponding to a direct hit by a BBF/DF, as discussed above. However,
at the virtual GOES-14 we observe a much slower rise in the Bz magnetic field component (marked as “Global
dipolarization” in Figure 11f). An examination of Movies S1 and S2 reveals that this slow rise is due to a
global tailward expansion of the dipolarized field region (Baumjohann et al., 1990). This similarity of the
observed and simulated signatures (Figures 11c, 11f and 11e, 11d, correspondingly) leads us to conclude
that the real spacecraft observed the same two types of dipolarizations, that is, a direct BBF/DF impact
(GOES-14) and a tailward expansion of the dipolarized field region (GOES-15).

Since MMS afforded not only magnetic field but also plasma measurements, we were able to cross-examine
the plasma moments between the observations and the simulation at the spacecraft location (Figure 14).
We concentrate here on a particular feature that exhibited significant similarity between the simulation
and observations. The first dashed magenta rectangle, surrounding the structure denoted by the green text
arrow “DF #1” in the left column in Figure 14, indicates the field and plasma disturbances associated with
the DF in Figure 11a. During this time, |Bx| exhibited a clear minimum about 15 nT deep (Figure 14a),
which corresponded to a maximum of a similar amplitude in By (Figure 14b) and a maximum in the plasma
pressure (Figure 14d). The positive perpendicular x and y components of the ion velocity (Figure 14c) during
the |Bx| minimum indicate earthward and duskward motion of the structure.
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A similar dashed magenta rectangle in the right column in Figure 14 indicates the field and plasma dis-
turbances just prior to the simulated DF discussed above that passed by the virtual MMS-1 probe after
∼09:22 UT. In accordance with the MMS-1 observations from the left column in Figure 14a, the virtual
probe revealed a |Bx| minimum about 12 nT deep (Figure 14f), which was associated with maxima in By
(Figure 14g) and in the plasma pressure (Figure 14i). The simulated total pressure (Figure 14j) grew at a
similar rate as observed (Figure 14e) throughout the 1-hr interval and reached about the same level (5 nPa)
by 10:00 UT. The positive perpendicular x and y components of the ion velocity during the |Bx| minimum in
Figure 14h (left magenta rectangle) manifest earthward and duskward convection of the simulated structure,
consistent with the MMS observations in Figure 14c. Note that the observed and simulated DFs denoted as
“DF #1” were followed by other DFs (denoted by the green text arrows “DF #2” in Figure 14) with similar
magnetic and pressure structures associated with them.

Due to the clear similarity between the observed and simulated structures marked by the first magenta
rectangles, and due to their apparent relationship with the corresponding DFs, we examined the simula-
tion around this time in detail to reveal their cause. Figure 15 depicts four moments of time, picked from
the simulation to correspond to the beginning (Figure 15a), middle (Figure 15b), and the end (Figure 15c)
of the time period marked with the first magenta rectangle in the right panel of Figure 14. Additionally,
Figure 15d shows the time a couple of minutes later when the strong dipolarization arrives at the virtual
MMS-1 spacecraft (see Figures 11 and 14). From Figure 14 it is clear that both in reality and in the simulation,
MMS-1 resided in the southern lobe prior to ∼09:20:00 UT, as evidenced by the negligible plasma pressure.
Figure 15a reveals that at 09:20:00 UT the virtual spacecraft started transitioning from the lobe to the plasma
sheet, which is clear from the pressure distribution on the spherical slice, but the pressure was still low.
The magnetic field lines traced from seed points southward of the virtual spacecraft indicate that the field
line on which MMS-1 is located has just reconnected. Indeed, this interpretation agrees with the formation
of the near-Earth X-line discussed above and evident in Movie S1. Due to this newly started reconnection,
the magnetic flux is moving across the boundary between the lobes and the plasma sheet (note that V⟂,x is
earthward everywhere on the thick magnetic field line anchored at MMS-1), resulting in the plasma sheet
expansion (Ohtani & Mukai, 2006; Panov et al., 2010). This expansion causes the virtual spacecraft to transi-
tion to the plasma sheet. Figure 15b shows the moment of time when the plasma pressure at MMS-1 is at its
peak (Figure 14). At this time, the MMS-anchored field line is moving earthward, although some tailward
flows exist near the equator. The next question is what causes the pressure to drop and the magnetic field
Bx component to increase in magnitude again just prior to the arrival of the large dipolarization at MMS-1.
Figure 15c provides the answer: At this time, the substorm-initiating BBF/DF discussed above has already
almost reached the geosynchronous orbit and the region westward of it, where MMS resides, is immersed
in tailward moving flows that are part of the BBF vortical structure (see discussion above, Movies S1 and S2,
and Figure 13). This tailward motion results in magnetic field stretching and plasma sheet thinning (Panov
et al., 2010), which makes MMS-1 go back to the lobe. This does not last long, however, because immediately
after this the large dipolarization arrives at MMS and the plasma sheet expands again (Figure 15d).

6. Summary and Discussion
We demonstrated above with the help of a global magnetosphere MHD simulation that in the expansion
phase of the isolated substorm considered, all plasma convection and, therefore, magnetic flux transport
within 8 RE radial distance occurred by means of azimuthally localized flow channels (BBFs) carrying signif-
icant magnetic field enhancements (DFs) penetrating to these near-Earth distances from the plasma sheet.
Figures 6 and 9 indicate the existence of rare BBFs prior to the substorm onset; however, the onset was char-
acterized by the arrival of the most intense BBF in terms of the magnetic flux that it carried (Figure 9, bottom
row after t = 20 min). Following it were many more such localized flows that cumulatively were responsi-
ble for the global dipolarization of the inner magnetosphere about 40 min after the onset (Figure 8). This
prevalence of BBFs during the growth phase is consistent with statistical observations in the magnetotail
(Juusola et al., 2011). Furthermore, the BBFs/DFs occurring after the onset had distinctly different proper-
ties from those before the onset: While the latter were visible at 8 RE, only those after the onset were visible
both at 8 and at 6 RE. Interestingly, the onset in the simulation was characterized by the change in the sign
of the cumulative magnetic flux in a wedge region on the nightside between 6 and 8 RE and 20:00 and 04:00
MLT. Before the onset, the total flux in this region was depleted relative to the early growth phase (09:00
UT), while after the onset the flux was elevated.
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The deep penetration of BBFs in the expansion phase can probably be related to their origin in the newly
formed near-Earth X-line responsible for the generation of flux tubes with lower entropy (Figure 4 and
Movies S1 and S2 in the SI). This would be consistent with their deeper earthward penetration (Dubyagin
et al., 2011). Movies S1 and S2 show the consistent growth of the thermal plasma pressure well within the
geosynchronous orbit during the expansion phase due to the BBF penetration. The mechanisms of plasma
heating in this ideal MHD simulation must obviously be adiabatic, but recent test-particle simulations in
similarly highly resolved MHD fields also demonstrated the importance of ion trapping and nonadiabatic
effects in the transport and energization process (Ukhorskiy et al., 2018). It will be a natural continua-
tion of this study to perform similar test-particle simulations in the MHD fields taken from the simulation
presented above. Possible non-MHD plasma heating effects notwithstanding, the comparison with MMS
plasma moments (Figures 14d and 14i) showed that the pressure in the simulation was very similar to that
observed, both in terms of its magnitude and the temporal evolution during the growth and expansion
phases. Another important detail about the pressure distribution in the model is that its peak was shifted to
the premidnight sector. Since there is no drift or Hall physics included in our MHD simulation (cf. Lin et al.,
2014; Yang et al., 2011), the location of the pressure peak must be explained by the asymmetry of the night-
side flows and the premidnight skew of the near-Earth X-line. This, in turn, is probably a combined effect of
the asymmetric upstream driving (e.g., IMF By and non-Vx SW velocity components) and ionospheric con-
ductance (Lotko et al., 2014). The asymmetry of the pressure distribution is another interesting effect to be
examined with the test-particle approach.

The amount of magnetic flux accumulated on the nightside (Figure 10) in the simulation may, at the first
glance, appear small compared to prior estimates of the amount of flux transported by BBFs in the tail (e.g.,
Liu et al., 2014). However, we note that it is only the flux that remains in the wedge region between 6 and 8
RE and 20:00 and 04:00 MLT that is small (a few megawebers). The total amount of earthward flux entering
the 8 RE region between 20:00 and 04:00 MLT (∼50 MWb over roughly 30 min after onset) is much more in
line with expectations from observations in the plasma sheet (e.g., Liu et al., 2014, estimate that 135 MWb
may be transported in the tail over 1-hr time period). Considering that much of the nightside convection is
actually diverted around the inner magnetosphere (cf. Figure 4), that is, ∼50 MWb is only the amount of
flux that makes it to 8 RE (not the total cross-tail flux transport), the agreement with the above observational
estimates is not surprising. In fact, the simulated electric field and flux transport rates in Figure 9 are quite
similar to those observed as is the amount of magnetic field dipolarization at geosynchronous orbit (e.g.,
Ohtani et al., 2006).

To further probe the validity of our simulation results, we took advantage of the fortuitous alignment of three
GOES satellites and the MMS spaceraft around the nightside magnetosphere (e.g., Figure 13) and performed
a comparative analysis of the simulation and observations. The comparisons confirmed that the overall
strength of the global dipolarization at the geosynchronous orbit in regions outside of direct DF impact
(Figures 11c and 11f) was very similar. The virtual spacecraft that was more directly impacted (Figure 11d)
observed a stronger dipolarization (from ∼55 to 85 nT in SM Bz) than its counterpart in reality (from ∼58
to 72 nT; Figure 11e), but it could be either due to an overestimate of the dipolarization in the simulation
or due to an impact that was not as direct in the observation. Even assuming that the simulation overesti-
mated some individual dipolarizations, the BBF speed was underestimated, at least at the MMS location at
the plasma sheet-lobe boundary (Figures 14c and 14h), such that the electric field was more similar between
the observations and the simulation. All of this gives us confidence in the conclusion that BBF/DF struc-
tures provide the dominant magnetic flux transport mechanism in the inner magnetosphere, at least during
isolated substorms. Cramer et al. (2017) arrived at a similar conclusion in their simulations of geomagnetic
storm events.

Our data-model comparisons further revealed a number of important details of the dipolarization process in
the inner magnetosphere. In particular, we demonstrated that there may be two types of dipolarization. One
is characterized by a sharp increase in Bz due to a direct impact by a DF (e.g., Runov et al., 2009; Figures 11c
and 11f). The other exhibits a much more gradual Bz increase over O(10) min (Figures 11c, 11f, and S1).
This process manifests the tailward retreat of the dipole-dominated region due to the arrival of additional
magnetic flux brought by DFs elsewhere in MLT (e.g., Baumjohann et al., 1990).

Furthermore, we demonstrated that a spacecraft located at the high-latitude plasma sheet boundary may
observe an interesting sequence of events preceding the arrival of the dipolarization (Figure 14) that may be
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Figure 16. (a–c) A zoom-in on the equatorial region of the simulation focusing on the bursty bulk flow responsible for
the substorm onset. The snapshot is taken 30 s before the time in Figure 13 to emphasize different structure. The time
instance is the same as in Figure 15c. Solar magnetic (SM) Bx (a), SM By (b), and SM Vx (c) are shown in the equatorial
plane. Panels (a)–(c) additionally indicate the same SM Bz isocontours as in Figure 13: Bz = 25, 40, and 55 nT (light
gray, medium gray, and black, correspondingly.) The green and red glyphs depict GOES-15 and MMS-1 spacecraft,
respectively. (d) A 3-D view of the simulated magnetosphere similar to Figure 15 but the view is from a vantage point
southward of the magnetic equator around midnight. The axis widget in the lower left corner helps to orient the
reader; in particular, it indicates the SM z axis pointing down. The MMS-1 location is marked with the red spherical
glyph as in the previous figures. Its equatorial projection is marked with the black spherical glyph. The equatorial
plane is color coded with the SM Bz magnetic field component, and the spherical slice through the simulation at 6.4-RE
radial distance with the plasma pressure. The corresponding color bars are indicated in the figure. The thick magnetic
field line is anchored at the MMS-1 location. Thinner field lines are traced from the vicinity of the head of the bursty
bulk flow/dipolarization front to demonstrate their deflection.

indicative of a complex mixture of magnetotail processes (Figure 16). First, the spacecraft transitions from
the lobe into the plasma sheet due to the initiation of magnetic reconnection further in the tail followed by
the plasma sheet expansion (Ohtani & Mukai, 2006). Second, if the spacecraft is located not directly in the
path of the BBF but on its flank, it may transition back to the lobe because of plasma sheet stretching due to
vortical tailward plasma flows associated with the BBF. Third, the spacecraft finally observes dipolarization
and plasma sheet expansion due to either of the two types of dipolarization discussed above. Clearly, the
above sequence of events is specific both to latitudinal and longitudinal position of the spacecraft relative
to the plasma sheet boundary layer and to the intruding BBF. The example serves as a demonstration that
the signal seen at a given spacecraft location may be an amalgamation of a variety of processes occurring at
times simultaneously at different distances from the spacecraft.

Another example of such a process is given in Figure 16. Here we show the same moment in time as in
Figure 15c. Panels (a)–(c) indicate the odd parity of the Bx and By components of the magnetic field on the
flanks of the BBF, in regions occupied by the vortical tailward flows. Figure 16d shows the corresponding
magnetic field configuration in three dimensions. The figure composition is similar to that of Figure 15,
but the view is from a somewhat different vantage point, closer to midnight. Here we traced a number of
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magnetic field lines from the flank regions indicated in panels (a)–(c), closer to the front side of the BBF.
The figure demonstrates that the magnetic field, and thus plasma, is disturbed and deflected azimuthally
in front of the BBF, in accordance with the By perturbations in Figure 16b. These deflections are certain to
generate field-aligned currents and are in fact similar to magnetic field distortions reported in the context
of the SCW generation in regional magnetotail simulations by Birn et al. (1999). Interestingly, in this case,
the magnetic field lines are deflected not only in the azimuthal direction but also in the vertical direction,
such that the cusps of the field lines are above (southward of) the equatorial plane on the left (east in this
view from the southward vantage point) and below (northward of) the equatorial plane on the right (west)
side of the protruding BBF. This odd parity Bx structure is evident in Figure 16a and is similar to plasma
sheet flapping motions (Sitnov et al., 2014), although in this case it is not a signature of a plasma instability.
This demonstrates that BBFs/DFs cut through the surrounding medium like an icebreaker. As a result, even
spacecraft that are not located inside the flow channels see disturbances from the approaching new fronts
at a distance that can significantly exceed the azimuthal size of the flow channel itself. Figure 16d shows
that the MMS equatorial projection is clearly affected by this disturbance. Thus, by pushing the flux tubes
equatorward of MMS toward west, in addition to their stretching due to the tailward vortical flow on the
BBF flank, this process contributes to plasma sheet thinning at the MMS location and makes the spacecraft
go briefly back into the plasma sheet boundary layer, as seen Figure 16d and discussed above.

7. Conclusions
In this paper, we carried out a high-resolution global MHD simulation of the magnetosphere during an iso-
lated substorm event. Through simulation analysis and cross examination with the observations by MMS
and GOES spacecraft, which were fortuitously aligned in the inner magnetosphere, we have drawn the
conclusions that are summarized as follows:

1. Sporadic azimuthally localized flow channels (BBFs) and magnetic field dipolarizations (DFs) were
observed in the simulation during the growth phase of the substorm but did not penetrate to the
geosynchronous orbit.

2. The substorm onset was characterized by an abrupt increase in the number and intensity of BBFs/DFs,
which penetrated well within the geosynchronous orbit.

3. The global dipolarization of the inner magnetosphere toward the end of the substorm expansion phase was
due exclusively to these azimuthally localized flows and dipolarizations. Negligible plasma convection or
magnetic field transport occurred outside of these structures.

4. Over the course of the expansion phase the penetration of BBFs within the geosynchronous orbit lead to a
gradual accumulation of thermal plasma pressure there. Comparison with MMS plasma moments (MMS
was located away from the equatorial plane and thus effectively sampled a more distant region of the tail)
showed a very good agreement between the model and observations both in terms of the magnitude and
temporal evolution.

5. While the growth phase of the substorm was characterized by magnetic flux depletion in the nightside
near-Earth region (represented by a wedge-shaped region between 6 and 8 RE and 20:00 and 04:00 MLT
in our analysis), the expansion phase was characterized by magnetic flux accumulation.

6. The properties of the near-Earth flows and dipolarizations were in general agreement with the observa-
tions by the GOES satellites at the geosynchronous orbit and MMS, located at ∼ 8.2 RE radial distance. In
particular, the strength of flows and dipolarizations were within a factor of 2 of those observed. Moreover,
if the dipolarization was overestimated, the flow was underestimated, suggesting an even better agreement
in the magnetic flux transport. Due to sporadic nature of BBFs/DFs, we do not expect the simulation to
reproduce ideally even multipoint measurements. Thus, the above results serve as a strong confirmation
of the validity of our results.

7. The simulations reproduced many previously reported observational signatures of BBFs and DFs in the
near-Earth region. In particular, we have demonstrated the existence of oscillating flux tubes that over-
shoot their equilibrium position and rebound tailward multiple times. The existence of strong vortical
tailward flows on the flanks of the intruding BBF has also been demonstrated.

8. Spacecraft located away from the intruding BBF can still observe significant disturbances due to it. In
particular, if the spacecraft is located away from the equatorial plane, it can observe a complex mixture
of reconnection, rebound, and dipolarization signatures, resulting in plasma sheet expansion, thinning,
and expansion again. This leads, in turn, to multiple spacecraft excursions from the lobe into the plasma
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sheet and back. Furthermore, BBFs disturb the plasma and magnetic field ahead and on the side of them
in a region significantly exceeding their azimuthal size, which can be seen by spacecraft not necessarily
located directly in the path of the penetrating structure.

Overall, this work demonstrates the power of high-resolution simulations in providing deep physical insight,
particularly, when used in conjunction with observations from multiple magnetospheric spacecraft. Given
the high quality and sophistication of the underlying numerical algorithms running on modern computa-
tional resources, global models can now clearly capture many details of the real magnetospheric behavior,
including processes occurring at mesoscale such as BBFs and DFs. It is when such model results are
cross-examined with the corresponding observational signatures that robust answers to physical questions
can be gleaned.
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