
1. Introduction
Magnetotail bursty bulk flows (BBFs) (Baumjohann et al., 1990) are transient (10–100 s) fast plasma jets in 
the central plasma sheet (CPS). Earthward BBFs are responsible for the majority of the plasma and magnetic 
flux transport from the magnetotail to the inner magnetosphere (Angelopoulos et  al.,  1994). The jet fronts 
(JFs) are often accompanied by a sharp ion-scale magnetic field structures called dipolarization fronts (DFs) 
(Nakamura et al., 2002; Ohtani et al., 2004; Runov et al., 2011). DFs are identified in spacecraft data as solitary 
sharp large-amplitude increases in the northward component of the magnetic field Bz (Fu et al., 2012; Runov 
et al., 2011). Upstream of the DF, the magnetic field configuration is that of the unperturbed CPS with a small Bz 
normal to the magnetotail current sheet. DFs are often preceded by a depletion of Bz before the sharp increase of 
Bz at the front (Runov et al., 2009; Schmid et al., 2011). Following the front Bz slowly 20 s decreases to its initial 
upstream value (Runov et al., 2011). DFs are ion-inertial-length-scale (Schmid et al., 2011) boundaries separat-
ing low temperature dense plasma in the preexisting CPS from hotter tenuous plasma (Khotyaintsev et al., 2011; 
Runov et al., 2011). In the cross-tail dawn-dusk direction DFs extend over ∼1–5 RE (Liu et al., 2015; Sergeev 
et al., 1996). DFs are thought to be a result of transient unsteady magnetic reconnection (Sitnov et al., 2009) or 
detachment of interchange heads in the nonlinear stage of the kinetic ballooning interchange instability (Pritchett 
& Coroniti,  2010). Because of their distinct signature, DFs and their contribution to the magnetotail energy 
budget have been extensively investigated using case studies (Angelopoulos et al., 2013; Artemyev et al., 2012; 
Fu et al., 2011; Khotyaintsev et al., 2017) and statistical studies (Fu et al., 2012; Runov et al., 2011; Schmid 
et al., 2011, 2019). These studies focused on DFs, and thus omitted other JFs with more complicated magnetic 

Abstract Plasma jets are ubiquitous in the Earth's magnetotail. Plasma jet fronts (JFs) are a seat of 
particle acceleration and energy conversion. JFs are commonly associated with dipolarization fronts (DFs), 
which are often characterized by solitary sharp large-amplitude increases in the northward component of the 
magnetic field Bz. However, MHD and kinetic instabilities can develop at JFs and disturb the front structure 
which questions on the occurrence of solitary DFs at the JFs. We investigate the structure of JFs using 5 years 
(2017–2021) of the Magnetospheric Multiscale observations in the central plasma sheet (CPS) in the Earth's 
magnetotail. We compiled a database of 2394 CPS jets. We find that 42% of the JFs are associated with 
large-amplitude changes in Bz. However, solitary DFs constitute a quarter of these large-amplitude events, while 
the rest are associated with more complex structures.

Plain Language Summary We statistically investigate the magnetic field structure associated with 
the leading edge of fast plasma flows (jets), in the nightside region of the Earth's magnetosphere. Owing to 
its stretched magnetic field configuration, this region is called the magnetotail. The magnetotail plasma jets 
transport magnetic flux in the form of structures carrying an intense dipole-like magnetic field. It is commonly 
assumed that the leading edge of the structures convected by the plasma jet is a sharp change of the magnetic 
field configuration from a stretched to dipole-like configuration called a dipolarization front (DF). However, 
the plasma jet provides a source of free energy that dissipates through various instabilities which grow at the 
leading edge of the plasma jet. Hence, we suspect that the sharp vertical boundary is often strongly perturbed. 
Using the Magnetospheric Multiscale spacecraft observations, we find that the solitary DFs are seen in only 
10% of the plasma jet fronts (JFs). On the other hand, we found that 32% of the plasma JFs are associated 
with magnetic field structures, which are more complex than solitary DFs. Our result questions the commonly 
accepted picture of DFs as the leading edge of magnetotail plasma jets.

RICHARD ET AL.

© 2022. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

Are Dipolarization Fronts a Typical Feature of Magnetotail 
Plasma Jets Fronts?
L. Richard1,2  , Yu. V. Khotyaintsev1  , D. B. Graham1  , and C. T. Russell3 

1Swedish Institute of Space Physics, Uppsala, Sweden, 2Space and Plasma Physics, Department of Physics and Astronomy, 
Uppsala University, Uppsala, Sweden, 3Department of Earth Planetary and Space Sciences, University of California Los 
Angeles, Los Angeles, CA, USA

Key Points:
•  The magnetic field structures at 

magnetotail jet fronts (JFs) are 
statistically investigated using a 
database of 2394 bursty bulk flows

•  Solitary dipolarization fronts (DFs) 
are found at only 10% of the JFs

•  DFs with more complex structures are 
more common and are found at 32% 
of the JFs

Correspondence to:
L. Richard,
louis.richard@irfu.se

Citation:
Richard, L., Khotyaintsev, Y. V., 
Graham, D. B., & Russell, C. T. (2022). 
Are dipolarization fronts a typical 
feature of magnetotail plasma jets 
fronts? Geophysical Research Letters, 
49, e2022GL101693. https://doi.
org/10.1029/2022GL101693

Received 31 OCT 2022
Accepted 10 NOV 2022

10.1029/2022GL101693
RESEARCH LETTER

1 of 9

 19448007, 2022, 22, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
101693 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [07/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-3446-7322
https://orcid.org/0000-0001-5550-3113
https://orcid.org/0000-0002-1046-746X
https://orcid.org/0000-0003-1639-8298
https://doi.org/10.1029/2022GL101693
https://doi.org/10.1029/2022GL101693
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GL101693&domain=pdf&date_stamp=2022-11-21


Geophysical Research Letters

RICHARD ET AL.

10.1029/2022GL101693

2 of 9

field structures. Hence, a fundamental question arises: Are solitary DFs the most common magnetic field struc-
tures associated with JFs?

Instabilities can develop at the JF and grow to large amplitudes and distort the JF structure leading to more 
complex DFs (e.g., Balikhin et al., 2014). In particular, perturbations of the JFs can result from the MHD inter-
change mode (Guzdar et  al.,  2010; Lapenta & Bettarini, 2011), the kinetic ballooning interchange instability 
(Pritchett & Coroniti,  2010), the lower-hybrid drift instability (Divin et  al.,  2015; Pan et  al.,  2018) and the 
pressure-anisotropy-driven mirror mode (Zieger et  al.,  2011) and firehose (Hietala et  al.,  2015) instabilities. 
Examples of a solitary DF and a DF with more complex structures are presented in Section 4.2. We use the 
Magnetospheric Multiscale (MMS) data (Burch et al., 2016) to characterize the magnetic structure of the JFs 
comparing the occurrence of solitary DFs with respect to DFs with more complex structures.

2. Data Sets
We search for BBFs from the five MMS magnetotail seasons: 4 May 2017–30 August 2017, 25 May 2019–28 
September 2019, 18 June 2019–5 October 2019, 27 June 2020–9 October 2020, and 26 June 2021–13 October 
2021. We use the Fast Survey data. Among all the instruments onboard the MMS spacecraft, we use the magnetic 
field measurements from the Flux Gate Magnetometer (FGM) (Russell et al., 2016) and the moments of the ion 
distribution measured by the Fast Plasma Investigation Dual Ion Spectrometer (FPI-DIS) (Pollock et al., 2016). 
To account for the penetrating radiation, we correct the ion moments using the method described in Gershman 
et al. (2019). We note that the data is not uniformly distributed over the 5 years, due to the switch off of the FPI 
instruments during the Earth's shadow encounters, which were longer during the seasons 2019 to 2021. Finally, 
since the scale of the BBF channel is typically of the order of a few Earth radii (Nakamura et al., 2004) which is 
much larger than the MMS spacecraft separation of ΔR ∼ 10 km, the spacecraft tetrahedron can be considered 
as one single spacecraft. Therefore, we use the magnetic field and the ion moments measured by MMS 1 only.

3. Spatial Distribution and Duration of BBFs
3.1. Selection Criteria

To detect BBFs in the magnetotail, we employ a selection criteria based on the Geocentric Solar Magnetospheric 
(GSM) Earthward component of the ion bulk velocity Vix. To allow for comparison with previous studies, we use 
criteria similar to those used by Baumjohann et al. (1990) and Angelopoulos et al. (1994). The criteria are the 
following:

1.  Peak ion bulk velocity |Vix| ≥ 300 km s −1.
2.  BBF time intervals are defined such that |Vix| ≥ 100 km s −1.
3.  Time records which satisfy condition 1 are clustered with those 60 s apart.
4.  Average βi > 0.5 to ensure BBF is in the CPS (Angelopoulos et al., 1994), where βi = Pi/Pmag, Pi is the ion 

plasma pressure, and Pmag = B 2/2μ0 is the magnetic pressure.
5.  To prevent selection of magnetosheath jets (Plaschke et  al.,  2018), the region of interest is restricted to 

|YGSM| ≤ 12 RE.

We note that our peak velocity threshold is similar to |V⊥x| ≥ 300 km s −1 used by Ohtani et al. (2004), where V⊥x 
is the Earthward component of the velocity perpendicular to the local magnetic field. This threshold is lower than 
|Vix| ≥ 400 km s −1 used by Baumjohann et al. (1990) and Angelopoulos et al. (1994), so that the resulting occur-
rence rate of BBFs may differ from that found in these studies.

3.2. Results

We find a total of 2394 BBFs in the CPS, with 2135 Earthward and 259 tailward BBFs. We note that 1796 
of the BBFs also satisfy max(|Vix|)  ≥  400  km  s −1 and only 1175 BBFs satisfy max(|Vix|)  ≥  500  km  s −1. To 
account for orbital coverage bias, we plot in Figure 1 the projection of the MMS CPS orbital coverage (first 
row) and the occurrence rate (number of events per bin/orbital hours per bin) of Earthward (second row) and 
tailward (third row) BBFs. The statistically relevant size of the bin hi along the i GSM axis is estimated using a 
Freedman-Diaconis estimator hi = 2IQRi/N 1/3, where IQRi is the interquartile range of the spacecraft position, 
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and N = 2394 is the total number of BBFs. It yields hx = 0.9 RE, hy = 1.3 RE and hz = 0.5 RE. Finally, we fit the 
dawn-dusk (panels e and i) and north-south (panels g and k) projection of the occurrence rate distribution to a 
Gaussian distribution (black dashed lines) using a Levenberg-Marquardt method of minimization of the χ 2 cost 
function.

The MMS CPS orbital coverage is strongly skewed toward the northern GSM hemisphere (Figure  1b), and 
increases with distance from Earth due to slower orbital velocity near the apogee. The equatorial projection of the 
orbital coverage (Figure 1a) is not uniformly distributed in magnetic local time (MLT). This somewhat surprising 
observation is due to rotation of the Earth's magnetic dipole axis which lies in the XZ GSM plane.

The dawn-dusk (Figure  1e) and north-south (Figure  1g) distributions of the Earthward BBFs show clear 
Gaussian shapes centered at 〈YGSM〉 = 2.55 ± 0.57 RE (σ(YGSM) = 6.87 ± 0.59 RE) and ZGSM = 5.80 ± 1.16 RE 
(σ(ZGSM) = 5.55 ± 1.28 RE), respectively. The dawn-dusk (Figure 1i) and north-south (Figure 1k) distributions of the 
tailward BBFs show, similar to that of Earthward BBFs, clear Gaussian shapes centered at 〈YGSM〉 = 5.71 ± 1.27 
RE (σ(YGSM) = 7.34 ± 0.96 RE) and ZGSM = 3.39 ± 0.43 RE (σ(ZGSM) = 2.79 ± 0.52 RE), respectively. Since during 
the MMS magnetotail phase (northern hemisphere summer) the neutral sheet (NS) is statistically located north of 

Figure 1. Spatial distributions of the Magnetospheric Multiscale (MMS) orbital coverage and Earthward and tailward bursty bulk flows (BBFs). (a) Dawn-dusk, 
(b) equatorial plane, (c) north-south, and (d) meridional plane projections of the distribution of the MMS orbital coverage. (e) Dawn-dusk, (f) equatorial plane, (g) 
north-south, and (h) meridional plane projections of the distribution of the occurrence rate of Earthward BBFs. (i) Dawn-dusk, (j) equatorial plane, (k) north-south, and 
(l) meridional plane projections of the distribution of the occurrence rate of tailward BBFs. The black dashed lines in panels (e, g, i, and k) are the Gaussian fits. The 
black lines in panels (a, d, f, h, j, and l) are the average (solid line) and 1σ boundaries (dashed lines) of the statistical magnetopause from Shue et al. (1998). The error 
bars are obtained by propagating the standard Poisson statistical uncertainty of each bin count.
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the GSM equatorial plane, the northward skewness of the north-south distributions of the Earthward and tailward 
BBFs is attributed to an observational bias.

Figure 2a shows the occurrence rate of Earthward (blue) and tailward (green) BBFs with respect to XGSM. The 
occurrence of Earthward BBFs is constant for XGSM ≲ −19 RE, consistent with the AMPTE/IRM and ISEE 2 statis-
tical study by Angelopoulos et al. (1994), and decreases with distance from Earth in the −19 RE ≲ XGSM ≲ −10 
RE region. At the same time, the duration of the Earthward and tailward BBFs decreases with distance from Earth 
(Figure 2b). The occurrence rate of the tailward BBFs is small but non-zero at −5 RE ≥ XGSM ≳ −15 RE, slightly 
increases at XGSM ∼ −21 RE, is constant at −21 RE ≳ XGSM ≳ −25 RE and rises beyond XGSM ≲ −25 RE.

To estimate the distance from the BBFs to the magnetotail NS, we plot the probability density function (PDF) of 
Bx, which is a proxy of the distance to the NS, as well as that of the distance δZGSM to a model NS (Fairfield, 1980) 
in Figures 2c and 2d respectively. We also plot the distribution of Bx and δZGSM measured during all magne-
totail seasons (black). For the Earthward BBFs, the distributions of the two proxies overlaps with that of the 
background orbital coverage, suggesting that Earthward BBFs can be observed over a large north-south extent. 
For tailward BBFs, the distribution of Bx is clearly more centered around the NS (|Bx| = 0 nT) and confined to 
|Bx| < 10 nT which means that the tailward BBFs are likely to be observed over a narrow north-south extent.

Figure 2. Distribution of Earthward (blue) and tailward (green) bursty bulk flows (BBFs) with respect to Earth and NS. (a) Earthward projection of the BBFs 
occurrence rate. (b) Average duration of the BBFs with respect to distance from Earth. (c) Probability Density Function of Bx associated with BBFs. The black line 
indicates the probability density function (PDF) of Bz measured by Magnetospheric Multiscale (MMS) during all magnetotail seasons. (d) PDF of δZGSM associated with 
BBFs. The black line indicates the PDF of δZGSM computed for MMS during all magnetotail seasons. The error bars are obtained by propagating the standard Poisson 
statistical uncertainty of each bin count.
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4. Occurrence of Dipolarization Fronts Associated With BBFs
4.1. Selection Criteria

To characterize the magnetic field structure at JFs, we employ the methods by Schmid et al. (2011) [S11] and Fu 
et al. (2012) [F12]. The methods are applied to the magnetic field data in 180 s windows. Since the duration of 
a BBF is given by |Vix| > 100 km s −1, the intervals shorter than 180 s are padded with extra points, while longer 
intervals are split in 180 s intervals with a 90 s overlap. Since we are interested in the magnetic field structures at 
the JFs, that is, upstream of the velocity peak, we use only the data before the peak. The following criteria from 
S11 are then applied to the 180 s windows:

1.  Significant change of Bz: |ΔBz| = | max(Bz) − min(Bz)| ≥ 4 nT.

2.  Significant change of inclination angle 𝐴𝐴 𝐴𝐴 = arctan

(

𝐵𝐵𝑧𝑧∕

√

𝐵𝐵2
𝑥𝑥 + 𝐵𝐵2

𝑦𝑦

)

 : Δθ = θ(Bz = max(Bz)) − θ(Bz = min 

(Bz)) ≥ 10°.
3.  Inclination angle close to the dipolar configuration: max(θ) ≥ 45°.

These criteria were originally designed to find DFs corresponding to the qualitative picture of DFs as a solitary 
sharp large-amplitude increase of Bz (Nakamura et al., 2002; Runov et al., 2009). However, the superposed epoch 
analysis in S11 shows that the median of the superposed Bz does not show a distinct sharp increase of Bz expected 
for solitary DFs (e.g., Runov et al., 2011). From which we conclude that the S11 criteria corresponds to broader 
class of large-amplitude changes of Bz than just the solitary DFs (e.g., plasmoids, more complex DFs, current 
sheets, etc.). Thus to identify the solitary DFs, we in addition employ the F12 method, which relies on fitting the 
Bz increase by a hyperbolic tangent function:

𝐵𝐵𝑓𝑓𝑓𝑓𝑓𝑓 =
𝑎𝑎

2
tanh

(

𝑓𝑓 − 𝑓𝑓𝐷𝐷𝐷𝐷

𝑏𝑏∕2

)

+
(

𝑐𝑐 +
𝑎𝑎

2

)

, (1)

where tDF is the time of the candidate DF. First, we determine tDF as the time of maximum of the time derivative 
of Bz smoothed using a fifth order Savitzky–Golay filter on a time scale of 𝐴𝐴 0.5𝑓𝑓−1

𝑐𝑐𝑐𝑐
 . This is different from that 

done in F12 who used 𝐴𝐴 𝐴𝐴𝐷𝐷𝐷𝐷 =
(

𝐴𝐴
min(𝐵𝐵𝑧𝑧) + 𝐴𝐴

max(𝐵𝐵𝑧𝑧)

)

∕2 . Then, we fit Bz in the interval [tDF − 30 s, tDF + 15 s]. 
Finally, we employ criteria on the amplitude |a| ≥ 4 nT, the time scale b ≤ 8 s and the root-mean square residual 

𝐴𝐴 𝐴𝐴 =
√

⟨|𝐵𝐵𝑧𝑧 − 𝐵𝐵𝑓𝑓𝑓𝑓𝑓𝑓|
2
⟩ ≤ |𝑎𝑎|∕2 . In contrast to the constant σ ≤ 2.5 nT used in F12, we use a criteria which depends 

on the amplitude of the Bz jump. This modified criteria results in reliable DF detection even in the presence of a 
Bz dip ahead of the DF or a fast decrease of Bz behind the front.

4.2. Results

The left column of Figure 3 shows an example of a BBF front with a solitary DF, that is, that satisfies both S11 
and F12-based criteria. We observe that the time of the DF tDF (orange dashed line) matches the ion energy 
enhancement (panel a), the ion density ni decrease (panel c) and the ion temperature Ti increase (panel e), which 
indicates that our method provides an accurate estimate of tDF. This case presents a solitary large-amplitude sharp 
increase of Bz and thus corresponds to the qualitative picture of a solitary DF. The fitting procedure applied to Bz 
(panel f) yields the amplitude a = 6.7 nT, the time scale b = 0.97 s and the residual σ = 1.19 nT that satisfy the 
F12-based criteria, so this JF is classified as a solitary DF.

The right column of Figure 3 presents an example of a BBF front which satisfies the S11 criteria but not the 
F12-based criteria. This event was first reported by Alqeeq et al. (2022) to show the non-homogeneity of the 
energy conversion due to electron-scale substructures attributed to lower-hybrid drift waves. Similar to the other 
example, tDF is accurately estimated as it corresponds to the ion energy enhancement (panel g), the ion density 
ni decrease (panel i) and the ion temperature Ti increase (panel k). This JF is associated with multiple ion-scale 
magnetic field structures (panel h). Thus, this JF is not a solitary DF but it corresponds to a broader class of 
more complex DFs. As a result, the F12 fitting procedure applied to the Bz component of the complex magnetic 
field structures (panel l) yields parameters which do not satisfy the F12-based criteria. So this JF example, which 
satisfies the S11 criteria but not the F12-based criteria, is not classified as a solitary DF but as a DF with more 
complex structures.
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We obtain a total of 1013 BBFs which satisfy the S11 criteria, with 904 
Earthward BBFs and 109 tailward BBFs. Among the 1013 BBFs that satisfy 
S11 criteria, we find that only 247 also satisfy F12-based criteria with 238 
Earthward BBFs and 9 tailward BBFs. Since JFs that satisfy the S11 but 
not F12-based criteria are associated with magnetic field structures more 
complex than solitary DFs, we refer to them as “turbulent” JFs. There are in 
total 766 of such BBFs. The remaining 1381 of the BBFs do not satisfy S11 
criteria. These BBFs have relatively small changes of Bz so we refer to them 
as quiet JFs. We summarize the occurrence of each type of JFs (quiet, soli-
tary DF, and “turbulent” JFs) in Table 1. The percentages are given in terms 
of total number of Earthward, tailward and all BBFs. About half (42%) of the 

Figure 3. Examples of a “classical” solitary dipolarization front (DF) (left) and “turbulent” jet front (JF) (right). (a and g) Ion differential energy flux spectrum. (b and 
h) Magnetic field in Geocentric Solar Magnetospheric (GSM) coordinates. (c and i) Ion number density. (d and j) Ion bulk velocity in GSM coordinates. (e and k) Ion 
temperature. (f and l) Bz used for fitting (red) and fitted magnetic field (orange). The orange dashed lines indicate the estimated times of the candidates dipolarization 
fronts (see text).

Criteria
Earthward 

BBFs
Tailward 

BBFs All BBFs

Quiet JFs 𝐴𝐴 S11 1231 (58%) 150 (58%) 1381 (58%)

Solitary DFs S11 ∩ F12 238 (11%) 9 (3%) 247 (10%)

“Turbulent” JFs S11 − F12 666 (31%) 100 (39%) 766 (32%)

Total 2135 (100%) 259 (100%) 2394 (100%)

Table 1 
Occurrence of Quiet, Dipolarization Front Associated and “Turbulent” 
Bursty Bulk Flows (BBFs)
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JFs are associated with significant increase in Bz, |ΔBz| > 4 nT. Among these events, “turbulent” JFs are 3 times 
more common than JFs with a solitary DF.

5. Discussion
Using the MMS observations, we found 2394 BBFs in the CPS. We find that the distribution of both Earthward 
and tailward BBFs is skewed toward the dusk side. Similar dawn-dusk asymmetry was observed by McPherron 
et al. (2011) using THEMIS, who showed that Earthwards BBFs are predominantly found in the pre-midnight 
sector. Lu et al. (2016) suggested that the dawn-dusk asymmetry of the magnetotail results from a stronger Hall 
electric field on the dusk side which is due to higher perpendicular ion temperature, thinner current sheet and 
small Bz. We find that the occurrence rate of the Earthward BBFs decreases with distance to Earth, suggesting 
that Earthward BBFs are decelerated in their course to the Earth leading to a threshold effect in the selection of 
BBFs. The deceleration of the BBFs during their Earthward convection has been attributed to deflection due to 
diamagnetic drift which results from magnetic pressure increase (Angelopoulos et al., 1993), the Joule dissipation 
(Zhang et al., 2020), or energy loss through emission of kinetic Alfvén waves (Angelopoulos et al., 2002; Chaston 
et al., 2012). We showed that the duration of the Earthward BBFs decreases with distance to Earth, which can be 
due to our choice of |Vix| > 100 km s −1 wide intervals, so that slower BBFs are artificially shortened.

At distances where the Earthward BBFs decelerate, we showed a small but non-zero occurrence of tailward 
BBFs. Tailward BBFs at distances −5 RE ≥ XGSM ≳ −15 RE can result from velocity shear/magnetic field line 
twist induced eddies at the edges of the Earthward flow channel (Birn et al., 2004; Keiling et al., 2009; Zhang 
et al., 2019), kinetic ballooning interchange instability (Pritchett & Coroniti, 2010), or flow rebounds (Chen & 
Wolf, 1999; Ohtani et al., 2009; Panov et al., 2010). The latter mechanism was suggested by Ohtani et al. (2009), 
to be the most likely cause of tailward BBFs, which are often preceded with Earthward BBFs. However, here, 
we found that only 18 (1.7%) tailward BBFs in the −5 RE ≥ XGSM ≳ −20 RE are preceded (within 10 min) by an 
Earthward BBF. This result suggests that the incident Earthward convected flux tube is non-specularly reflected 
from its equilibrium (Ohtani et al., 2009), or that the tailward BBFs are much slower than the incident Earthward 
BBFs resulting from heavy damping of the oscillations of the flux tube (Chen & Wolf, 1999; Panov et al., 2010).

Using the Bz fitting based on the method by Fu et al. (2012), we find that only 10% of the BBFs fronts contain a 
solitary DF at their front. This result contradicts the superposed Epoch analysis carried out by Ohtani et al. (2004) 
and Wiltberger et al. (2015) using Geotail observations and the Lyon-Fedder-Mobarry global MHD magneto-
sphere model. Ohtani et al. (2004) and Wiltberger et al. (2015) showed that the magnetic field convected Earth-
ward with the fast flows has a dipolar configuration at the JF. However, in their analysis Ohtani et al. (2004) 
and Wiltberger et al.  (2015) selected the BBFs based on ion velocity V⊥x perpendicular to the local magnetic 
field, which implicitly constrains the magnetic field to a dipolar configuration (large Bz), and therefore restrict 
the events to JFs with a solitary DF. Our results suggest that the “classical” picture of a solitary DF (e.g., Runov 
et al., 2011) is not the most likely magnetic field structure associated with the JF.

Furthermore, using the selection criteria proposed by Schmid et al. (2011) to detect magnetic field changes, we 
show that these criteria allow us to detect not only the solitary DFs but also more complex structures at the JF. In 
particular, we found that 32% of the BBFs are associated with complex structures other than a solitary DF. The 
abundance of such complex structures at the JF over solitary DF can be explained by the wide variety of instabili-
ties which can develop at fronts of BBFs, such as the MHD interchange instability (Guzdar et al., 2010; Lapenta & 
Bettarini, 2011), the kinetic ballooning interchange instability (Pritchett & Coroniti, 2010), the lower-hybrid drift 
instability (Divin et al., 2015) and the pressure-anisotropy-driven mirror mode (Zieger et al., 2011) and firehose 
(Hietala et al., 2015) instabilities. The growth of the aforementioned instabilities results in electromagnetic fluctu-
ations modifying the JF structure. These fluctuations in turn dissipate into particle energy through plasma heating 
(Angelopoulos et al., 2013; Khotyaintsev et al., 2017) and particle acceleration (Greco et al., 2017; Khotyaintsev 
et al., 2011). The energy cascade of the free energy injected at the jet scale to the kinetic scales, suggests that 
turbulence develops within the BBFs (Bandyopadhyay et al., 2020; Huang et al., 2012; Pucci et al., 2017; Vörös 
et al., 2006). Our results suggest that BBFs accompanied with “turbulent” JF with magnetic field oscillations are 
3 times more likely than BBFs associated with a solitary DF.
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6. Conclusion
We compiled a database of 2394 plasma sheet jets (BBFs), which show statistical properties similar to the ones 
known from earlier studies (Angelopoulos et al., 1994; Baumjohann et al., 1990; McPherron et al., 2011). We 
characterize the structure of the JFs using the criteria by Schmid et al. (2011) and the method introduced by Fu 
et al. (2012) with a new technique based on the magnetic field gradient to estimate the time of the candidate DF. 
We find that only 10% of the JFs are associated solitary sharp and strong dipolarization of the magnetic field 
corresponding to the qualitative description of a solitary DF (e.g., Runov et al., 2011). About half (42%) of JFs 
are associated with large variations of the north-south component of the magnetic field Bz, |ΔBz| > 4 nT. Solitary 
DFs, constitute a quarter of these events, while the rest are associated with more complicated magnetic field 
structures that is, “turbulent.” Our results indicate that the “classical” picture of a solitary DF as the magnetic 
field structure associated with the JF is not the most commonly occurring magnetic field structure, which points 
at instabilities to drive ion to electron-scale perturbations modifying the structure of the magnetotail plasma JFs 
(Balikhin et al., 2014).

Data Availability Statement
Magnetospheric multiscale data are available at https://lasp.colorado.edu/mms/sdc/public/data/ following the 
directories: mms1/fgm/srvy/l2 for Flux Gate Magnetometer (FGM) data, mms1/fpi/fast/l2/dis-moms for FPI ion 
moments. Data analysis was performed using the pyrfu analysis package. The codes to reproduce the figures in 
this paper are available at https://github.com/louis-richard/bbfstats. The compiled bursty bulk flows (BBFs) data-
base and additional data are available at https://doi.org/10.5281/zenodo.7009706.
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