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Abstract. Recent studies have shown that the ambient
plasma in the near-Earth magnetotail can be compressed by
the arrival of a dipolarization front (DF). In this paper we
study the variations in the characteristics of currents flow-
ing in this compressed region ahead of the DF, particularly
the changes in the cross-tail current, using observations from
the THEMIS satellites. Since we do not know whether the
changes in the cross-tail current lead to a field-aligned cur-
rent formation or just form a current loop in the magneto-
sphere, we thus use redistribution to represent these changes
of local current density. We found that (1) the redistribu-
tion of the cross-tail current is a common feature preceding
DFs; (2) the redistribution of cross-tail current is caused by
plasma pressure gradient ahead of the DF and (3) the resul-
tant net current redistributed by a DF is an order of magnitude
smaller than the typical total current associated with a mod-
erate substorm current wedge (SCW). Moreover, our results
also suggest that the redistributed current ahead of the DF is
closed by currents on the DF itself, forming a closed current
loop around peaks in plasma pressure, what is traditionally
referred to as a banana current.

Keywords. Magnetospheric physics (current systems; mag-
netotail; plasma sheet)

1 Introduction

Bursty bulk flows (BBFs) are intervals of fast Earthward
plasma and magnetic flux transport in the plasma sheet, and
are usually considered the most important carriers of mass
and energy towards the near-Earth region (Angelopoulos et
al., 1992, 1994). A BBF consists of one or more individ-
ual flow bursts (FBs) (Angelopoulos et al., 1992), also re-
ferred to as dipolarizing flux bundles (DFBs) (Liu et al.,
2013a, b). DFB emphasizes magnetic perturbation signa-
tures, whereas FB describe mass and magnetic flux transport.
Both the plasma velocity and the north-south component of
the magnetotail’s magnetic field inside the BBF are signif-
icantly larger than in the surrounding region. They carry a
stronger magnetic field and current density on their leading
edge than in the surrounding magnetotail (Liu et al., 2013a,
2014). The front of the DFB is often associated with a sharp
increase in the northward magnetic field component B, and
is thus known as the dipolarization front (DF) (Nakamura
et al., 2002; Sergeev et al., 2009). This is usually a kinetic-
scale structure of width of the order of an ion gyro-radius, i.e.
~ 1000 km, and is often associated with particle energization
and wave activity (Fu et al., 2011; Tang et al., 2013; Zhang
and Angelopoulos, 2014; Zhou et al., 2009). The formation
of the DF structure may be associated with a magnetic recon-
nection process occurring in the deeper tail (Angelopoulos et
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al., 2013; Forsyth et al., 2008; Fu et al., 2013; Sitnov et al.,
2013; Vogiatzis et al., 2015). Analogous DF-like structures
have also been observed at Mercury and Jupiter (Kronberg et
al., 2005; Sundberg et al., 2012; Sun et al., 2015), suggesting
that this structure may be common in all planetary magneto-
tails.

Previous studies have suggested an SCW comprises a
number of “wedgelet” structures (Rostoker, 1991), which
have recently been suggested to be associated with the DFs
in the magnetotail (Liu et al., 2013a). Individual FBs within
the BBF are associated with field-aligned currents (FACs)
that flow into the ionosphere on their dawnward edge and
out of the ionosphere on their duskward edge, which forms
a wedgelet (Birn and Hesse, 1996; Forsyth et al., 2008;
Sergeev et al., 1996). Both simulations (Birn and Hesse,
2013; Birn et al., 1999) and observations (Yao et al., 2012,
2014a) have shown that the braking of BBFs in the near-
Earth magnetotail may lead to current disruption and the
formation of the FACs necessary to support an SCW. How-
ever, Forsyth et al. (2014) showed that the azimuthal struc-
ture of the SCW observed at low altitudes was not consis-
tent with previous observations of BBF’s FACs. Very recent
results suggest that the wedgelet has dawn-dusk asymmetry
(Liu et al., 2015), which might be a solution for this inconsis-
tency. More studies are needed to reveal the relation between
wedgelets and substorm current wedge.

Magnetic perturbations ahead of BBFs were studied by
Ohtani et al. (2004). Their study shows that the north—
south component magnetic field decreases ahead of the front
boundary of BBF. They suggested that this magnetic de-
crease might be a consequence of a remnant feature of a flux
rope (Slavin et al., 2003). Slavin et al. (2003) also noted that
the ambient plasma was compressed ahead of BBFs. Yao et
al. (2014b) suggested this compression may trigger a pseudo-
breakup, rather than a fully developed substorm. Simulations
have suggested that the magnetic perturbation ahead of the
BBF is caused by the reflected ions from the DF (Zhou et al.,
2014). However, the secondary dawnward current carried by
the DF-reflected ions in the simulation is not a self-consistent
system, especially since the secondary currents reduce the
background magnetic field B, to very small or negative val-
ues. We thus need more in situ observations to build a self-
consistent physical connection between the current systems
associated with the DF and the magnetic decrease ahead of
the DF (Pan et al., 2015). In this paper we statistically ex-
amine the magnetic field and pressure signatures preceding
DFs in order to evaluate the importance of a DF in modify-
ing the near-Earth current system. Our analysis is based on
a large database of THEMIS observations from the 2007 to
2011 tail seasons. Based on the magnetic field and pressure
features in the compression region ahead of the DF, we then
deduce the local redistribution of the cross-tail current, in or-
der to determine the importance of this compression effect in
modifying the more global magnetotail current system. Our
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study presents the compression effect ahead of DF, the con-
sequent current system and the magnetic perturbations.

2 Observations
2.1 Data set

The THEMIS mission consists of five identical satellites,
which provide extended periods of observations of the mag-
netotail (Angelopoulos, 2008). In this study, we use the mag-
netic field data from the fluxgate magnetometers (FGM)
(Auster et al., 2008), particle data from the electrostatic anal-
ysers (ESA) (McFadden et al., 2008) and solid-state tele-
scopes (SST) (Angelopoulos, 2008) on all five spacecraft.
We use the combined 3 s resolution fast-survey ESA and SST
flux measurements to calculate the plasma pressure and flow
velocity. As the basis of our statistical study, we use the inde-
pendently defined list of Earthward-travelling DFs from Liu
et al. (2013a). This includes events identified from the mea-
surements of the THEMIS probes when they were located in
the magnetotail, within the region —30 Re<Xgsm< — 6 R

and /Y& + Z3sm < 12 Re during the 2007 to 2011 tail sea-
sons. The selection criterion used by Liu et al. (2013a) to

define a DF is that there should be rapid B, increase in GSM
coordinates (% >0.5nT s~ ! applied to a three-point running
average of the 3s resolution fluxgate spin-fit (FGS) magnetic
field data. The first point that meets this criterion is defined as
the event’s start (z5) (see Liu et al. (2013a) for more details).
In this study, we use the time corresponding to the minimum
value of B, between #—10s and s as our epoch zero refer-
ence (r9). We further select the events in which the average
plasma B value (the ratio of thermal pressure to magnetic
pressure) prior to the event, between #—4 min and #—3 min,
is > 1 in order to ensure the spacecraft was located in the cen-
tral plasma sheet. This is a higher value of g than adopted in
early studies to identify the central plasma sheet (Angelopou-
los et al., 1993; Baumjohann et al., 1989), although lower
than the value suggested by Walsh et al. (2011) in a recent
statistical study of particle distribution function in the mag-
netotail using Cluster data. We select 7o—4 min to #p—3 min as
the background to avoid contaminating this calculated aver-
age with any variations in the plasma g immediately prior to
the arrival of the DF. All results in this paper are presented in
GSM coordinates.

2.2 Statistical results

Figure 1 shows the results of a superposed epoch analysis of
magnetic field B, (left hand column) and B; (centre column)
components and the ion thermal pressure (right hand column)
in the interval 70—5 min to 7o + 5 min. We perform this statis-
tical analysis for varied distances from the nominal magne-
totail neutral sheet (NS) using the strength of the background
field, By o as a proxy for distance. The top row (panels, a, f
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Figure 1. Superposed epoch analysis of the characteristics of DFs for By (Left column), B, (Middle) and plasma pressure (Right). For
each of the three columns, plotted from the top to bottom are the superposed results from DFs with background magnetic field B, >10nT,
4nT<By,<10nT, —4nT<By <4nT, —10nT<By<—4nT and B, <—10nT. The three curves in each panel denote the upper quartile (dotted),

median (solid), and lower quartile (dotted) of the superposed data.

and k), shows data from well above the NS (B, 0>10nT); the
second row (panels b, g and I) shows data from above the NS
(4nT< B, 0<10nT); the middle row (c, h and m) shows data
near the NS (—4nT<B, 0<4nT); the fourth row (d, i and
n) shows data from below the NS (—10nT<B; o< —4nT)
and the bottom row (e, j and o) shows data from well be-
low the NS (B, 0<—10nT). The number of individual events
contributing to each superposed epoch analysis is shown in
each panel. The three curves plotted in each panel are the
upper quartile (dotted), median (solid), and lower quartile
(dotted) of the superposed data. The plots in the left column
show that at distances further from the neutral sheet in both
hemispheres, | B, | decreases on average ~ 1.5 min before the
arrival of the DF (in the period shown by the shaded box),
while the plasma pressure, shown in the right hand column
increases over the same period. At this time, B, (middle col-
umn) remains near constant but shows a modest but rapid
decrease about 6 s before the sharp increase representative of
the DF itself. This B, signature is seen for all distance ranges
shown in the figure. Yao et al. (2013) showed that such a dip
in the magnetic field ahead of DFs is a common, and found
that field-aligned currents usually exist in this region.

We now compare DFs based on the magnitude of the
change in B, prior to the DF arrival. We create the value
B dip, as | B;(to) — Bz,0l. Here, B o is calculated as the aver-
age of B, between 7—4 min to 7—3 min. Figure 2 shows the
results of a superposed epoch analysis of magnetic field B,,
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B, and plasma thermal pressure for DFs with small B gip
(<4nT, panels a, ¢ and e) or large B, gip (>4nT, panels b, d
and f). We reverse the sign of B, for events with B, o<0 to
study the overall trends of the evolution of B, through DFs.
Figure 2g shows the plasma thermal pressure detrended by
the average pressure between ro—4 min and ro—3 min for both
these groups of DFs. Again it is clear that the plasma pressure
increases from about 1.5min before the arrival of the DF.
This plasma pressure increase is accompanied by a magnetic
field B, decrease, while the B, remains approximately con-
stant until several seconds prior to the arrival of the DF. Fig-
ure 2g also shows that the pressure build-up ahead of DF for
larger B, dip events (§p ~ 0.08nPa) is greater than small B,
dip events (§p ~ 0.04nPa), but occurs over the same length
of time. The relationship between the size of pressure change
and the value of B, gjp is discussed in Sect. 3. It is also note-
worthy, comparing Fig. 2 (panels ¢ and d), that the magnetic
field B, in the undisturbed region before the DF’s arrival is
similar in each case, but decreases more significantly for the
large B dgip group. Since the plasma pressure in the undis-
turbed region is different for the large and small B__gip groups
(comparing panels e and f), we suggest that this difference is
due to different magnetotail conditions, such as the different
strength of the cross-tail current or level of geomagnetic ac-
tivity, rather than different average distances from the neutral
sheet. However, this needs a further study.
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Figure 2. Superposed epoch analysis of (a and b) magnetic field B;
for both DF with small dip (B gip from O to 4nT) and large dip
(B,dip >4nT); (c and d) magnetic field By for both DF groups. We
reversed the sign of By for events with B, <0, (e and f) plasma
pressure for both DF groups and (g) plasma pressure for both DF
groups subtracted with their average values of the time range from
to—4 min to 1g—3 min. The three curves in each panel denote the up-
per quartile (dotted), median (solid), and lower quartile (dotted) of
the superposed data.

3 The re-distribution of cross-tail current density

By assuming that the magnetic field in the pressure build-
up region before the arrival of DF can be represented by
the combination of a magnetic dipole and a one-dimensional
current sheet, as suggested in Lui (2011), we can de-
rive the current evolution as the DF approaches. Specif-
ically, we assume the observed magnetic field profile is
given by Bops (x, y, ) = Budipole(*, ¥, 2) + Bcs(z), Where
Biipole(x, y, 2) is the dipole magnetic field, and Bs(z) is the
magnetic field contributed by the current sheet. This latter
field is in X-direction for a one-dimensional cross-tail cur-
rent sheet which lies in the XY plane with current flowing
purely in the Y direction. The current density is then given
by Ampére’s law:

noJ =V x B =V x (Bdipole + Bcs) = V X Bgs. 1)

Note that we do not consider the displacement current in
Eq. (1). The zero current density from dipole magnetic field
integration is applied in Eq. (1). Under our assumptions,
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changes of the cross-tail current can thus be expressed as

57, = L 00Bc) @
T om0z

Considering that By obs = Bx.dipole + Bx,cs and By dipole d0€S

not significant change over the few minutes of an observa-

tion, then we are able to obtain a relationship between the

changes of the observed magnetic field B, and the cross-tail

current:

i 8((SBx,obs)

8Jy =
o 0z

®)
In Egs. (2) and (3), we ignore the variation in the Z compo-
nent of the magnetic field with X position since, as shown in
middle column of Fig. 1, the magnetic field B, does not sig-
nificantly change in the pressure build-up region (shaded) un-
til several seconds before the arrival of the DF. Thus our as-
sumption is consistent with the observations presented within
this paper.

Changes in B, observed by a single spacecraft may be the
result of current sheet flapping (Runov et al., 2009). How-
ever, the changes of B, and plasma pressure ahead of DFs
shown in Fig. 1 are not a consequence of plasma sheet flap-
ping, since | B, | decreases (plasma pressure increases) both
above and below the neutral sheet. We suggest that these
characteristics are a result of the compression of plasma
ahead of the DF. Liu et al. (2013a) also showed that | By |
tends to decrease before the arrival of DF, and explained this
| B, | decrease as a consequence of duskward currents on a DF
structure which is concave when viewed in the XZ plane.
The left hand column of Fig. 1 shows that the change in
the X-component of the magnetic field is larger in the outer
plasma sheet (panels a and e) than nearer the centre (panels
b and d). Based on the observations that the |B,| decrease
is in concert with the pressure increase over several minutes,
while the By decrease only occurs within ~ 6s of the DF’s
arrival in the central plasma sheet region, we suggest that a
small-scale duskward current on the DF itself is only able to
significantly affect the limited region passing the spacecraft
over the few seconds immediately prior to the DF’s arrival,
while the longer duration of the | B, | decrease over the blue
shaded region must occur mainly as a result of a redistribu-
tion in the larger-scale cross-tail current ahead of the DF.

We obtain the 8 B, obs for the calculation in Eq. (3) by sub-
tracting the mean between #—4 min to 7p—3 min of the sta-
tistical median of By ops. TO estimate the total current redis-
tribution in the pressure build-up region, we use the § By obs
from the DFs with B, ¢>10nT (Fig. 1a) and B, o< —10nT
(Fig. 1e). The median of the statistical | By o| in both hemi-
spheres is about 15nT. Since the current density in the cur-
rent sheet is usually a few nAm~—2 (Mitchell et al., 1990),
the corresponding dB,/dz should be a few nT/1000km.
Runov et al. (2004) and Yao et al. (2014b) have also shown
that dB, /dz is 2-4nT /1000 km from multi-spacecraft ob-
servations. We thus assume that observations in the two
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groups are separated by 1 Rg across the neutral sheet, we
are then able estimate an average redistributed current den-
sity before the arrival of DF. The blue and black curves in
Fig. 3a show the superposed epoch analysis results of By gps
for the DF events observed above (B, 0>10nT) and below
(Bx.0< —10nT) the magnetotail neutral sheet respectively.
The red curve in Fig. 3a presents the detrended difference
of 8 By obs between the two hemispheres, i.e. § By ops (t0t) =
8 B, obs (north) — § By obs (South).

We can obtain the total change in current by integrating
along X- and Z-directions.

AJ, = // 1 8(83 (x))

= —/SBx (1)d (vpE?) . 4
1o

X

1 DF
= /SBX (x)dx
" 1o

xUP

In Eq. (4), the integration in x is over the distance to the DF
in the compression region, which can be expressed as a func-
tion of time by assuming that this region is propagating at
the same (time-steady) speed as the DF’s speed (vpr). We
take this speed ~ 120 km s~ based on the superposed epoch
analyses of the X-component of the perpendicular bulk ve-
locity shown in Fig. 3b and c. We note that the relation be-
tween the propagation speed of a DF and the bulk velocity
of the associated plasma is not well understood yet. How-
ever, for the purposes of this study, our main conclusion is
not critically dependent on a precise DF propagation veloc-
ity and hence we approximate the DF propagation velocity as
the observed bulk plasma velocity. The subscripts “UP” and
“DF” in Eq. (4) represent un-perturbed region and the start
of dipolarization front. For the limits of the integration we
use fyp = fo—1.5min and fpr = f9. The decrease of current
in the Y-direction, A J, is calculated to be 2.5 x 10* A. This
value is more than one order of magnitude smaller than the
cross-tail current reduction that occurs in a typical substorm,
i.e. 106 A (McPherron et al., 1973). We thus believe this cur-
rent redistribution may not be very important in a large-scale
substorm current system.

The plasma pressure increases over the period of ~ 1.5 min
before the DF arrives, which suggests a pressure gradient to-
wards the DF. The equivalent dawnward diamagnetic current
associated with the pressure gradient towards the DF can be
estimated in MHD theory. The acceleration/deceleration of
a plasma flow is usually considered as a whole structure,
which thus corresponds to a uniform current density around
the DF. The uniform current density is not consistent with the
magnetic dip feature. While the pressure gradient shows bi-
directional feature that is consistent with the magnetic field
variations. We thus mainly discuss the diamagnetic current
associated with the pressure gradient in this paper. Using the
plasma and magnetic field parameters from the DFs near the
central plasma sheet (Fig. 1c, h and m) to estimate a current
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Figure 3. (a) The black curves show the superposed epoch analysis
of magnetic field B, for DF events at both hemispheres; the red
curve shows the difference in § B between both hemispheres, which
were obtained by subtracting the average value between 7g—4 min
to 1o—3 min from the statistical median. (b, ¢) The X-component of
perpendicular bulk velocity for both DF groups.

density change in the pressure build-up region.

B xVP
AJy:(;—z)y (5)

Figure 1 shows that B, at the NS is about 9nT until ~6 s
before the DF’s arrival, and the pressure increases by 0.05
nPa over about 1.5min. The value is also similar from the
lower and upper quartiles as shown in Fig. 2e and 2f. As-
suming that the DF propagates with ~ 120 km/s, we estimate
a spatial scale of the pressure build up region to be ~1.7
RE, thus the equivalent outward pressure gradient is roughly
~0.029 nPa/Re. From Eq. (5), we obtain a dawnward cur-
rent density of ~0.5 nAm~2 associated with the pressure
build-up. The total current redistribution is then ~ 3.4 x 10*
A, which is comparable to the current redistribution derived
from the |B,| decrease (2.5 x 10%A). The small difference
may be a result of uncertainties in the thickness of the cur-
rent sheet, or due to our estimate of the current density using
observations at the NS, which may provide a higher value
than the average over the full current sheet, or our simplifi-
cation of a nonlinear plasma pressure gradient. Future obser-
vations from multi-probes with small spatial separations and
high temporal resolution particle observations, such as Mag-

Ann. Geophys., 33, 1301-1309, 2015



1306

netospheric Multiscale (MMS) Mission (Mauk et al., 2014)
facilitate improved estimates of these variables.

Finally, we note that for a dipolarization process, the B,
increase should be accompanied by B, decrease across the
event (Lui, 1996; Takahashi et al., 1987). However, the left
hand columns of Fig. 1 show that the | B, | sharply increases
across the DF in tandem with the increase in B,, which
suggest the dipolarization fronts identified in this study are
strong magnetic flux boundaries, but are not consistent with
the dipolarization process which develops as part of the
large-scale substorm current wedge, which is also accompa-
nied by a strong magnetic perturbation and usually lasts for
several minutes to tens of minutes. The two types of dipolar-
ization have been discussed by Nakamura et al. (2009) and
Lui (2014).

The change of current density associated with the pressure
buildup may not result in any field-aligned currents connect-
ing the magnetosphere and ionosphere. The volume gradi-
ent of the flux tube with one unit magnetic flux is essen-
tial to evaluate the field-aligned current associated with the
plasma pressure gradient (Vasyliunas, 1970). However, the
volume gradient of magnetic flux tube is extremely diffi-
cult to be accurately estimated in any magnetic field model
in the perturbed magnetotail, especially accompanied with
BBFs (Kubyshkina et al., 2011; Tsyganenko, 1995). More-
over, Liemohn et al. (2013) suggested that current could flow
in a closed loop around peaks in plasma pressure forming a
banana current. This banana current is distinct from the other
current systems in the near-Earth space. It is thus possible
that the current density change ahead of DF may be a cer-
tain part of a current loop in a banana current related to the
pressure peak, as opposed to closing to the ionosphere via
FACs.

To understand how the current in the dip region circuit
with the magnetotail current system, we compare the mag-
netic and plasma features around DFs with big magnetic dip
and small dip. Figure 4a gives the detrended differences of
magnetic field B, and plasma pressure for the two groups
of DFs in Fig. 2. From the magnetic differences, we clearly
see that there are three trends (B, decrease, increase and de-
crease) from 7—10s to 7o+ 10s, as indicated by the shaded
region. From Ampere’s Law, the magnetic variations imply
three current structures in this region; a dawnward current,
duskward current and a final dawnward current. The pres-
sure differences also show three trends correlated with the
B; trend. The peak plasma pressure exists in the magnetic
dip region, which suggests that the current system is a ba-
nana current loop. Figure 4b is a cartoon illustrating the ba-
nana current loop between the magnetic dip region and the
dipolarization front layer. This cartoon presents similar cur-
rent system as the current system associated with DF in Yao
et al. (2013), however, they represent a very different physi-
cal process. In Yao et al. (2013), the dawnward and duskward
currents are the current system of DF, while here the dawn-
ward and duskward currents are additional structures asso-
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Figure 4. lllustration of the current system associated with the mag-
netic dip ahead of DF. (a) The difference of magnetic field B; and
plasma pressure between big dip events and small dip events. The
variations were obtained by subtracting the average value between
to—4 min to fg—3 min from the statistical median. (b) A cartoon to
show the current system of magnetic B; dip, derived from the dif-
ferent variations of magnetic field B, and plasma pressure between
big dip events and small dip events.

ciated with the magnetic dip. In addition, the difference of
magnetic field B, is almost the same at #p—10s and 7+ 10,
which strongly suggests that these three current form circuits,
which are independent from the background magnetotail cur-
rent. We point out that although the plasma pressure varia-
tion supports the picture of banana current loop, it may be
not exactly the same as described in Liemohn et al. (2013)
since the DF is a kinetic structure that can not be fully in-
terpreted by MHD theory. For the third current structure in
Fig. 4 that was not shown in the current system described
in Fig. 4b by Yao et al. (2013), we suggest this pressure
increase may be caused by the compression of the plasma
flow behind the DF. This dawnward current is naturally ex-
pected from Fig. 2g, in which the plasma pressure suddenly
decreases on the DF layer and thereafter returns to a slightly
higher value. This slight recovery in plasma pressure corre-
sponds to a dawnward current as shown in Fig. 4. However
how the flow compresses this region requires further study
in the future. Fig. 4 only presents the current close to the
DF, rather than the current system of a whole DFB, which
may carry significant FACs and play an important role in
magnetosphere-ionosphere coupling (Birn and Hesse, 2013;
Birn et al., 2004; Yao et al., 2012).

It is interesting to note that the peak velocity of the flow
appear in different places relative to the DF for the small dip
events and large dip events, as shown in Fig. 3. The DF exist
on the leading edge of the flow for the small dip group, while
exist on the peak of the flow for the big dip group. Hamrin et
al. (2014) suggested that relatively different places represent
an evolution of lifecycle. Our results also show that the dip
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is generated by the interaction between DF and the ambient
plasma, which is consistent with their conclusion.

4  Summary

Using a database of 698 DF events observed by THEMIS in
plasma sheet, we have shown that in the ~ 1.5 min ahead of
the arrival of a dipolarization front, there is an increase in
the thermal plasma pressure and a corresponding decrease in
the absolute value of the X-component of the magnetic field,
| Bx|. We have shown that the total current change from the
variation in B, is comparable to that associated with the pres-
sure gradient, indicating that the reduction in the cross tail
current ahead of a DF is due to the compression of plasma
ahead of the flow. In addition, the total current change is an
order smaller than the typical total current associated with
a moderate substorm current wedge. The redistribution of
cross-tail current in the region ahead of the DF, combining
with the duskward current on the DF could produce the dip in
B, component immediately ahead of the DF. We also showed
that larger dips in B, are associated with a larger change in
plasma pressure ahead of a DF.
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