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Abstract. We investigate the occurrence rate of dipolariza-
tion fronts (DFs) in the plasma sheet by taking full advantage
of all four Cluster satellites (C1–4) from years 2001 to 2009.
In total, we select 466 joint-observation DF events, in which
318, 282, 254, and 236 DFs are observed by C1, C2, C3, and
C4, respectively. Our findings are as follows: (1) the maxi-
mum occurrence rate is ∼ 15.3 events per day at X∼ 15RE
in the XY plane, and the average occurrence rate is ∼ 5.4
events per day over the whole observation period; (2) the oc-
currence rate on the dusk side of the plasma sheet is larger
and decreases with increasingBXY /BLobe; (3) the occurrence
rate within |Y |< 6RE increases gradually from X≈−19 to
−15RE and then decreases fromX≈−15 to−10RE; (4) the
occurrence rate when AE> 200 nT is much larger than that
when AE< 200 nT, indicating that DFs preferentially occur
during high geomagnetic activity. The magnetic pileup and
earthward and duskward ion flows could contribute to the in-
creases in the occurrence rate from X≈−19 to −15RE. We
suggest that both geomagnetic activity and multiple DFs con-
tribute to the high occurrence rate of the DFs. In addition, the
finite length of the DF in the dawn–dusk direction can affect
the chance that a satellite observes the DF.

Keywords. Magnetospheric physics (plasma sheet)

1 Introduction

Dipolarization fronts (DFs) in the magnetotail plasma sheet
have been widely studied in the last decade (Ge et al., 2008,
2012; Volwerk et al., 2008; Schmid et al., 2011, 2015, 2016;
Runov et al., 2011; Fu et al., 2012a, 2013; Liu et al., 2013a,
b; Lu et al., 2013; Huang et al., 2015; Pritchett et al., 2014;
Wang et al., 2016). DFs are regarded as tangential disconti-
nuities (Schmid et al., 2011; Fu et al., 2012a, b) usually sepa-
rating the ambient dense plasma from the low-density plasma
in the fast flow (Runov et al., 2011). However, in around 25 %
of cases, the density in the fast flow is higher than in the am-
bient plasma (Schmid et al., 2015). DFs are characterized by
a sharp and large-amplitude increase in the ZGSM component
of the magnetic field (Nakamura et al., 2002; Ohtani et al.,
2004). The potential mechanisms generating DFs are tran-
sient reconnection (Sitnov et al., 2009; Fu et al., 2013) and
interchange instability (Lu et al., 2013; Pritchett et al., 2014).

DFs play a significant role in the magnetospheric dynam-
ics (Zhou et al., 2010; Fu et al., 2011, 2012c, 2014; Ge et
al., 2012; Hwang et al., 2014; Wang et al., 2016). The ener-
getic ion anisotropies in the near-Earth plasma sheet show no
strong correlation with Auroral Electrojet (AE) index, indi-
cating that its acceleration sources are localized (Luo et al.,
2014). DFs can locally accelerate ions and electrons (Zhou et
al., 2010; Fu et al., 2011). Wave–particle interactions, insta-
bilities, and increased energy of plasma particles could occur
during a DF (Hwang et al., 2014; Wang et al., 2016; Grig-
orenko et al., 2017). DFs are found to have a close relation
with fast flows in the plasma sheet and substorms (Nakamura
et al., 2002; Takada et al., 2006; Volwerk et al., 2008; Schmid
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Figure 1. Data distribution at different βi values along a dis-
tance relative to the neutral sheet obtained from C1 in the re-
gions X<−10RE and |Y |< 12RE. The steps along the x axis are
log10(βi)= 0.02 and along the y axis are BXY /BLobe= 0.01. The
value in each bin is determined by the number of data points in that
bin divided by the total data number in the corresponding column
along the y axis.

et al., 2011; Ge et al., 2012). The typical length scales of fast
flows are 2–3RE in the dawn–dusk direction and 1.5–2RE
in the north–south direction (Nakamura et al., 2004). Liu et
al. (2013b) statistically found that the length scale of DFs in
the dawn–dusk direction is about 3RE.

Occurrence rate of the DF in the plasma sheet could help
to judge the importance of the DF in the magnetospheric
dynamics. Based on Cluster 1 data, Fu et al. (2012a) stud-
ied the occurrence rate of the earthward-propagating DFs
in the regions −20<XGSM<−10RE, |YGSM|< 12RE, and
|ZGSM|< 5RE. They found that the occurrence rate increases
gradually from r = 20 to 15RE and then decreases rapidly
from r = 15 to 10RE, in which r is the distance to the cen-
ter of the Earth in the XYGSM plane. The authors suggested
that this may be associated with the increasing pileup of the
magnetic flux from r = 20 to 15RE and the strong ambient
magnetic field at r < 13RE because it becomes difficult to
distinguish a DF from the strong ambient magnetic field. The
maximum occurrence rate of the DFs occurs atZGSM∼ 0 and
r ∼ 15RE with 6.2 events per day. The criteria max(βi)> 0.5
used by Fu et al. (2012a) means that the selected DFs are in
the plasma sheet, where βi is the ratio of the ion thermal pres-
sure and the magnetic pressure. We note that some data in the
regions −10>XGSM>−20RE, −12<YGSM< 12RE, and
−5<ZGSM< 5RE could be in the plasma sheet boundary
layer or lobe, which can make the occurrence rate of the DF
in the plasma sheet underestimated.

The primary aim of this study is to get a reliable occur-
rence rate of the DF in the plasma sheet. DFs have a finite
length in the dawn–dusk direction; thus, one satellite could
miss the observation of a DF. In this study, we use all four
Cluster satellites (C1–4) to further study the occurrence rate
of the DF in the plasma sheet. We also discuss the contribu-
tion of geomagnetic activity and fast flows to the occurrence
rate of the DFs.
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Figure 2. Superposed epoch analysis of 318, 282, 254, and 236 DFs
that are selected by C1, C2, C3, and C4, respectively. The profiles
of each DF event are centered at tDF. The red and upper and lower
green lines indicate the medians, upper quartiles, and lower quar-
tiles of the data, respectively.

2 Selection of DFs

Cluster, which has an apogee of ∼ 19.6RE and a perigee of
∼ 4RE with a polar orbit, consists of four identical satellites
(Escoubet et al., 2001). These satellites constitute a tetra-
hedron configuration with inter-spacecraft distances vary-
ing from 100 to 18 000 km. We use the magnetic field data
with 5 Hz resolution obtained by the fluxgate magnetome-
ter (Balogh et al., 2001) from all four Cluster satellites and
the 4 s ion data obtained by the hot ion analyzer (HIA) of
the Cluster Ion Spectrometer (CIS) experiment (Rème et al.,
2001) from C1 during Cluster tail seasons from 2001 to 2009.

The plasma sheet configuration is greatly affected by the
magnetic dipole tilt angle and solar wind conditions (e.g.,
Schmid et al., 2011; Vörös et al., 2014; Xiao et al., 2016).
Therefore, we use BXY /BLobe as a proxy of the distance of a

satellite from the neutral sheet, in which BXY =
√
B2
X +B

2
Y

in GSM (this coordinate system is used throughout the paper
unless otherwise specified). The lobe magnetic field is calcu-
lated from

BLobe =
√

2µ0(Pi+PB) (1)

based on the assumption that the total pressure in the plasma
sheet is balanced by the magnetic pressure in the tail lobe, in
which Pi is the ion thermal pressure and PB is the local mag-
netic pressure. C2–4 have no or not enough ion data. There-
fore, we use BLobe from C1 and BXY from C2–4 to estimate
the distance of C2–4 from the neutral sheet. To make such a
BLobe reliable, we require that the distance between C1 and
C2–4 in the X direction is less than 1RE, and we find that
∼ 92 % of these remaining distances between C1 and C2–4 in
the Z direction are less than 0.5RE. Figure 1 shows data dis-
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Figure 3. The magnetic field data of two DF events on 15 August 2001 (a) and 9 September 2007 (b). Black, red, green, and blue colors
indicate data from C1, C2, C3, and C4, respectively.

tribution in βi−BXY /BLobe space. One can find that the data
with BXY /BLobe< 0.8 contain most of the data with βi> 0.5
except for a small number of data with βi< 0.5. Therefore,
we use |BXY /BLobe|< 0.8 to replace βi> 0.5 as the criterion
of the plasma sheet.

We use a 3 min window to detect DF events at
−19<X<−10RE and |Y |< 12RE with a step of 1.5 min
based on the following criteria: (1) in each window, the satel-
lite is located in the plasma sheet, i.e., |BXY /BLobe|< 0.8.
(2) The maximum inclination angle of the magnetic field(
θ = arctan

(
Bz√

B2
X+B

2
Y

))
is larger than 45◦, and the dif-

ference in elevation angle between maximum BZ (BZ_max)

and minimum BZ (BZ_min) exceeds 10◦. (3) The time of the
“potential DF” tDF is defined as the time between BZ_max
and BZ_min, and the corresponding BZ is equal to (BZ_min+

BZ_max)/2. We require that the value of the maximum BZ
minus the minimum BZ between tDF− 3 s and tDF+ 3 s ex-
ceeds 4 nT. Then we visually inspect all the events selected
based on the criteria above to exclude events that are not typ-
ical DFs based on profiles of the magnetic field data. Conse-
quently, 318, 282, 254, and 236 DFs have been selected by
C1, C2, C3, and C4, respectively.

Figure 2 presents the superposed epoch analysis of the
DF events observed by C1, C2, C3, and C4 during the in-
tervals 1 min before and after tDF. The red and upper and
lower green lines in Fig. 2 indicate the medians, upper quar-
tiles, and lower quartiles, respectively. The profiles of the red
lines in all four rows in each panel are in agreement with
the typical DF (Ohtani et al., 2004; Schmid et al., 2011; Fu
et al., 2012a). Only 15 out of 318 DFs observed by C1 have
their maximum velocities less than 150 km s−1 in the inter-
val 1.5 min before and after tDF, which means that the criteria
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Figure 4. Spatial distribution of 466 DF events in the XY and
YZ planes.

without ion velocity do not significantly affect the statistical
results of the occurrence rate of the DFs in this study.

Considering the typical velocity of DFs (Schmid et al.,
2011) and the inter-spacecraft distances of Cluster, we re-
gard any two DF events observed by different satellites as
the same joint-observation DF event if their time difference
is less than 30 s before 2005. The distances between the Clus-
ter satellites could be larger than 10 000 km in the X direc-
tion since the year 2005, i.e., a DF could take more than 30 s
to propagate such a distance. Thus, we visually check any
two adjacent DFs observed by different satellites with a time
difference less than 2 min during this period. If the BZ pro-
files of both events are similar, we regard them as the same
joint-observation DF event. Figure 3 shows two typical joint-
observation DF events. For the event on 15 August 2001,
the inter-spacecraft distances among the Cluster satellites are
∼ 2000 km, and the time differences of the DFs are less than
10 s. For the event on 9 September 2007, the inter-spacecraft
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Figure 5. The orbit coverage of all four Cluster satellites in the
XY plane. Bin size is 0.2RE. If at least two satellites are simulta-
neously in the same bin, we only count the time once for that bin.
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Figure 6. The orbit coverage and the spatial distributions of the oc-
currence rate of the DFs observed by all four Cluster satellites in
the XY plane. Bin is 3× 3RE. If at least two satellites are simulta-
neously in the same bin, we only count the time once for that bin;
if at least two DFs, which belong to a same DF event, are observed
by different satellites and located in the same bin, we only count the
DF once for that bin.

distances between C1 and C3–4 are up to 10 000 km, and the
time differences of the DFs observed by C1 and C3–4 are
∼ 50 s. In total, 466 joint-observation DF events are selected
in present study. We show the spatial distribution of these
events in the XY and YZ planes in Fig. 4. The distribution
in the YZ plane is in agreement with the distribution of the
plasma sheet.

The spatial distribution of the DFs is quite sparse near Y =
0 in Fig. 4. The results of Schmid et al. (2011) and Fu et
al. (2012a) also show that there is a gap near Y = 0 in the
spatial distribution of the DFs. We check the orbit coverage
of the Cluster satellites in the XY plane with bin size 0.2RE
as shown in Fig. 5 and find that there are few data near Y = 0.

3 Statistical results

The dawn–dusk scale of DFs is ∼ 3RE (Liu et al., 2013b),
therefore, the spatial bin size in the XY plane is chosen to be
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Figure 7. Histogram of the occurrence rate of the DFs along the
neutral sheet distance.

3RE. We use all data with BXY /BLobe< 0.8 and DF events
observed by C1–4 satellites to determine the occurrence rate
of the DFs. If at least two satellites are simultaneously in the
same bin, we count the time just once for that bin. In total,
there are ∼ 97.3 days in all bins, and the orbit coverage of
the multiple satellites is shown in the upper panel of Fig. 6.
If at least 2 DFs, which belong to a same joint-observation
DF event, are simultaneously in the same bin, we only count
one DF event for that bin. Consequently, there is a total of
525 DF events in all bins. The occurrence rate in each bin is
determined by the number of the DF events divided by the
time Cluster remained in the plasma sheet in that bin. The
bottom of Fig. 6 shows the occurrence rate of the DFs in the
XY plane. The maximum occurrence rate is ∼ 15.3 events
per day at−16<X<−13RE and 0<Y < 3RE, and the av-
erage occurrence rate in the entire the XY plane as shown
in Fig. 5 is ∼ 5.4 events per day. The occurrence rate on the
dusk side of the plasma sheet is larger than that on the dawn
side. Compared to the dusk side, the occurrence rate on the
dawn side is very weak at −13<X<−10RE. One can also
find that the occurrence rate within |Y |< 6 increases from
X=−19 to −15RE and then decreases from X=−15 to
−10RE.

The parameter of BXY /BLobe for each DF event is de-
termined by averaging the value of the magnetic field and
BLobe between tDF–3 min and tDF–2 min (see also, Liu et
al., 2013a). We use all data at −19<X<−10RE and
|Y |< 12RE from C1–4 to determine the occurrence rate of
the DFs along the neutral sheet distance, and the results are
shown in Fig. 7. The occurrence rates are up to 10 events per
day within BXY /BLobe< 0.4 and are ∼ 1.4 events per day at
0.6<BXY /BLobe< 0.8.

DFs are associated with plasma flows, especially
earthward-moving flows (Schmid et al., 2011; Ge et al.,
2012). We select all the ion velocities between tDF and
tDF+ 5 min for each DF event from C1 and present the
ion velocity distributions of all the events in Fig. 8. The
ion velocities in all distributions are mainly earthward and
are faster at −19<X<−15RE than at −15<X<−10RE,
which is in agreement with the braking of the plasma flows
in the near-Earth plasma sheet (Shiokawa et al., 1997). For
VXY > 200 km s−1, velocities in all the panels in Fig. 8
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Figure 8. The ion velocity distributions of the DF events from C1 in different regions. The value in each bin is determined by the data
number of this bin divided by the total data number in that region. The ion velocities for each DF are selected in the interval between tDF and
tDF+ 5 min.
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Figure 9. Histograms of the percentage of time that multiple satel-
lites are in the plasma sheet (left bar) and DF events (right bar) when
AE< 200 nT, 200<AE< 500 nT, and AE> 500 nT; if at least two
satellites are simultaneously in the plasma sheet, we count the time
just once.

show dawn–dusk asymmetry and tend to be somewhat
duskward except for panel (a). The velocity distributions at
−15<X<−10RE and−12<Y <−4RE show that the ion
velocities in this region are generally small compared to other
regions in Fig. 8. The ion velocities show duskward asymme-
try, which is in agreement with previous findings (Juusola et
al., 2011; Liu et al., 2014). The ion gradient drift could con-
tribute to such asymmetry when close to the inner edge of the
plasma sheet (Hori et al., 2000).

Next, we check how many joint-observation DF events oc-
cur at high geomagnetic activity. As shown in Fig. 9, the per-
centage of the time when the Cluster satellites located in the
plasma sheet are about 68.9, 21.1, and 10 % (white bars),
and the percentage of the joint-observation DF events are
about 40.3, 35.4, and 24.3 % (black bars) under AE< 200
nT, 200<AE< 500 nT, and AE> 500 nT, respectively.

Multiple DFs can occur during a short period, which could
be one reason for the high occurrence rate of the DFs.
We calculate the time difference of any two adjacent joint-
observation DF events and show the histogram of the time
differences in Fig. 10. We find that the time differences of
80, 118, and 151 adjacent joint-observation DF events are
within 5, 10, and 15 min, respectively.
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Figure 10. Histograms of the number of the adjacent events versus
the time difference between two adjacent DFs for a certain adjacent
event. Any two adjacent DFs are regarded as one adjacent event.

4 Discussion

Our results show that the occurrence rate of the DFs is larger
on the dusk side of the plasma sheet than on the dawn
side and the maximum occurrence rate occurs in the central
plasma sheet, which is in agreement with the findings of Fu et
al. (2012a) and Liu et al. (2013b). The maximum occurrence
rate is 15.3 events per day in the XY plane, much higher
than that of Fu et al. (2012a), who reported values of 6.2 per
day. The maximum occurrence rate of the DFs in our study is
near X=−15RE, and the occurrence rate decreases rapidly
toward the Earth. Fu et al. (2012a) provided an explanation
of the occurrence rate of DFs decreasing from X=−15 to
−10RE that compared to the strong background magnetic
field in the near-Earth region. The increase of BZ at the DF
is not prominent, resulting in many events excluded by the
criteria max(BZ)−min(BZ)> 4 nT and the difference in el-
evation angle > 10◦. Ion flows are found to be braked from
X=−15 to −10RE (Shiokawa et al., 1997). Therefore, we
suggest that the braking of ion flows could be another reason
that the occurrence rate of the DFs decreases rapidly from
X=−15 to −10RE. Schmid et al. (2016) provided a com-
parative study of DFs observed by the Magnetospheric Mul-
tiscale (MMS) mission and Cluster at radial distances below
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12 and 20RE, respectively. They found that ∼ 57 % of the
DFs observed by MMS propagate faster than 150 km s−1,
while for Cluster, the percentage is only ∼ 35 %. Their find-
ings contradict the idea that the velocity of DFs becomes
slower when DFs propagate earthward. Schmid et al. (2016)
explained that this contradiction might be because MMS and
Cluster observed the DFs in different conditions, such as tail
season, solar cycle, and so on.

Figure 6 shows that the occurrence rate within |Y |< 6RE
gradually increases from X=−19 to −15RE, which is in
agreement with the findings of Fu et al. (2012a). Fu et
al. (2012a) suggested that this may be associated with the
increasing pileup of the magnetic flux from X=−20 to
−15RE. We find that the fast flows are mainly earthward
and somewhat duskward in the interval between tDF and
tDF+ 5 min, as shown in Fig. 8. DFs are the front of fast
flows in the plasma sheet (see Schmid et al., 2011). Schmid
et al. (2015) reported that DFs can be classified into two
categories, and their observations suggested that the plasma
flow direction of one category is along the magnetic tension
force direction, while for another category the plasma flow
is slightly tilted toward the dusk side. The occurrence rate of
the DFs in Fig. 6 tends to be stronger on the dusk side than
that on the dawn side. Therefore, we infer that the earthward
and duskward fast flows could affect the asymmetry of the
occurrence rate of the DFs.

Observations show that the typical scale of DFs in the
dawn–dusk direction is ∼ 3RE (Liu et al., 2013b; Huang et
al., 2015). We assume that the DF propagates only in the X
direction and the scale of the DF in the dawn–dusk direc-
tion is 3RE; thus, a satellite located at Y = 0 could observe
the DF with the central line located between Y =−1.5 and
1.5RE. Therefore, the finite length of the DF in the dawn–
dusk direction can affect the change that a satellite observes
during a DF event at a certain position. It could be one of the
reasons that the maximum occurrence rate of the DFs is up to
15.3 events per day. Another reason is that multiple DFs gen-
erated by multiple burst bulk flows can occur in the plasma
sheet (Hwang et al., 2011). Figure 10 shows that∼ 33.2 % of
DF events happen after previous DFs within 15 min.

The DF is a common feature of substorm dynamics in
the plasma sheet (Ge et al., 2011, 2012). Only ∼ 31.1 % of
the Cluster data are during AE> 200 nT, while we find that
∼ 59.7 % of the DFs in our study are observed under such AE
conditions. Therefore, the occurrence rate of the DFs tends
to be larger when the geomagnetic activity is higher. DFs are
the leading edge of the dipolaring flux bundle (DFB) (Liu
et al., 2013a, 2014). The characteristics of the DFs in this
study just account for partial DFBs since the DFs we select
require the criteria that BZ increases 4 nT within 6 s. Despite
this, it has also been found that the occurrence rate of DFB
increases when geomagnetic activities are higher (Liu et al.,
2014). The average occurrence rate of the DFs is 5.4 events
per day, close to the occurrence rate of substorms, which is
∼ 8.7 events per day (see Borovsky et al., 1993).

5 Summary

In this paper, we study the occurrence rate of the DFs
in the plasma sheet by using all four Cluster satellites
from the years 2001 to 2009. In total, we select 466 joint-
observation DF events based on our criteria, and C1, C2,
C3, and C4 observe 318, 282, 254, and 236 DFs, respec-
tively. The maximum occurrence rate of the DFs in the
XY plane is∼ 15.3 events per day at−16<X<−13RE and
0<Y < 3RE, and the average occurrence rate is∼ 5.4 events
per day, in which the bin size is 3RE. The occurrence rate de-
creases with increasing BXY /BLobe, indicating that the max-
imum occurrence rate is in the central plasma sheet. The oc-
currence rate is larger on the dusk side of the plasma sheet
than that on the dawn side.

The occurrence rate of the DFs within |Y |< 6RE increases
gradually from X=−19 to −15RE and then decreases
rapidly from X=−15 to −10RE. We suggest that both the
magnetic pileup and the earthward and duskward ion flows
contribute to the increase in occurrence rate fromX=−19 to
−15RE, while the decrease in occurrence rate fromX=−15
to −10RE could be associated with the braking of ion flows.
The occurrence rate of the DFs at AE> 200 nT is much
larger than that at AE< 200 nT, indicating that DFs prefer to
occur at high geomagnetic activity. Multiple DF events can
occur in a short period, which is one reason for the large oc-
currence rate of the DFs. In addition, the length of the DF
in the dawn–dusk direction could affect the probability that a
satellite observes a DF at a certain place in this direction.
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