
1.  Introduction
Plasma from the solar wind and ionosphere are the two major particle sources for the Earth's magnetosphere. The 
entry of the solar wind particles into the magnetosphere and their subsequent transport within the magnetosphere 
is crucial to the formation and dynamics of the plasma sheet. There are several solar wind entry mechanisms 
and routes depending on the interplanetary magnetic field (IMF) orientations (Wing et al., 2014). When IMF 
is northward, the solar wind plasma entry into the plasma sheet can occur along the flanks through processes 
including Kelvin-Helmholtz instability (e.g., Nykyri & Otto, 2001; Otto & Fairfield, 2000) or wave diffusion 
(e.g., Chaston et  al.,  2008; Johnson & Cheng,  1997), or the entry occurs through high-latitude double cusp 
reconnection (e.g., Crooker, 1992; Li et al., 2005, 2009; Raeder et al., 1995). When IMF is southward, the solar 
wind plasma first enters the high-latitude tail lobes through the cusp and forms high-latitude mantle plasma 
(e.g., Trainer et al., 2021), then these high-latitude mantle particles E × B drift toward the current sheet and 
enter the tail plasma sheet (e.g., Ashour-Abdalla et al., 1993). Furthermore, when IMF By component becomes 
more substantial relative to IMF Bz, simulations and theories (e.g., Grzedzielski & Macek,  1988; Pilipp & 
Morfill, 1978; Sibeck & Lin, 2014; Siscoe & Sanchez, 1987) predicted that the solar wind particles can enter the 
tail lobe at low-latitudes through the open flank magnetopause and forms the low-latitude mantle. The resulting 
low-latitude mantle plasma is magnetosheath-like plasma in the magnetosphere flowing tailward along the open 
magnetic field lines but with reduced density and tailward speed than the adjacent magnetosheath. Compared to 
the high-latitude mantle formed by plasma coming from the cusp, the low-latitude mantle plasma is considerably 
denser (e.g., Pilipp & Morfill, 1978) and closer to the current sheet, and is asymmetric between the northern and 
southern lobes depending on the IMF By direction. As illustrated in Figure 1 based on the global magnetohydro-
dynamics (MHD) simulations for different IMF By directions (e.g., Wang et al., 2014), when IMF By is positive 
(Figure 1a), the low-latitude mantle is formed in the southern (northern) lobe on the duskside (dawnside), the 
asymmetry switches to the opposite sense when IMF By is negative (Figure 1b). The above predictions of the 
low-latitude mantle have been evaluated with satellite observations (e.g., Gosling et al., 1984, 1985; Haerendel 
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& Paschmann, 1975; Hardy et  al., 1975, 1976, 1979; Maezawa and Hori, 1998; Sicsoe et  al., 1994; Taguchi 
et al., 2001; Wang & Xing, 2021; Wang et al., 2014). However, the majority of these previous global MHD simu-
lations and observational studies mainly investigated the mid-tail and distant-tail regions beyond X ∼ −20 RE. To 
our knowledge, there has been only one observational study showing one single event for the low-latitude mantle 
in the near-Earth tail at X ∼ −12 RE (Taguchi et al., 2001). Depending on the IMF directions, the shocked solar 
wind in the magnetosheath can exhibit dawn-dusk asymmetries in several plasma and magnetic field parameters, 
which can be attributed to processes in either MHD or kinetic scales (e.g., Dimmock et al., 2017). It remains to 
be investigated whether dawn-dusk asymmetric magnetosheath conditions resulting from ion kinetic processes 
could affect the magnetopause reconnection in a way that can result in low-latitude mantle appearance different 
from the MHD predictions shown in Figure 1. Therefore, the objective of this study is to use global 3D hybrid 
simulations to investigate the low-latitude mantle in the near-Earth tail lobe (X ∼ −10–−20 RE) and use the obser-
vations of magnetospheric multiscale (MMS) spacecraft to statistically evaluate the dependences on the IMF By 
directions predicted by the simulations. This paper is organized as follows. The hybrid simulation predictions of 
the spatial distributions and evolution of the low-latitude mantle in the near-Earth tail are presented in Section 2. 
In Section 3, we describe the MMS and IMF data and present six MMS events and statistical analysis results. 
Summary and discussion are given in Section 4.

2.  Global Hybrid Simulation
Depending on the IMF By orientation, the quasi-parallel bow shock can shift to either the dawnside or duskside. 
The different ion kinetic dynamics in the quasi-parallel and quasi-perpendicular bow shock, for example, the ion 
foreshock is formed primarily in front of the quasi-parallel bow shock, thus introduces dawn-dusk magnetosheath 
asymmetries that are different from the asymmetries due to MHD processes. It has not been investigated whether 
the MHD predicted asymmetries of the low-latitude mantle plasma illustrated in Figure 1 still persist when the 
dawn-dusk asymmetries due to ion kinetic effects are taken into account. Therefore, here we present the results 
from a global 3D hybrid simulation using the AuburN Global hybrid CodE in 3D (ANGIE3D) hybrid code 
(Lin et al., 2014). The ANGIE3D code has been used in simulations of the solar wind-magnetosphere coupling 
and global dynamics in the magnetosphere, including the magnetotail, magnetopause, and plasma sheet (Lin 
et al., 2014, 2017, 2021, 2022; Lu et al., 2016; Lu, Lin, et al., 2015; Lu, Lu, et al., 2015; Wang et al., 2020, 2021).

2.1.  Simulation Setups

In the ANGIE3D code, the ions (H +, He +, O +) are treated as discrete, fully kinetic particles, and the electrons 
are treated as a massless fluid. Quasi charge neutrality is assumed. Detailed descriptions of the equations for 
ion particle motion, electric and magnetic fields, and assumptions used in the ANGIE3D code are given in Lin 
et al. (2014). The code is valid for low-frequency physics with ω ∼ Ωi and kρi ∼ 1 (wavelength λ ∼ 6ρi), where 
ω is the wave frequency, k is the wave number, Ωi is the ion gyrofrequency, and ρi is the ion Larmor radius. An 
inner boundary is assumed at the geocentric distance of r ≈ 3 RE. For the region of the inner magnetosphere, a 
cold, incompressible ion fluid is assumed to be dominant for r < 6 RE, which coexists with particle ions, since 
this simulation focuses on the dynamics and ion kinetic physics in the tail magnetosphere. The inclusion of the 

Figure 1.  Schematic illustration of the region of the low-latitude mantle in the nightside magnetosphere corresponding to (a) 
positive interplanetary magnetic field (IMF) By and (b) negative IMF By based on the simulation predictions.

 21699402, 2022, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030800 by A
uburn U

niversity L
ibraries, W

iley O
nline L

ibrary on [08/11/2022]. 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



Journal of Geophysical Research: Space Physics

WANG ET AL.

10.1029/2022JA030800

3 of 18

cold ion fluid in the inner magnetosphere simplifies the conditions for the fluid-dominant low-altitude, inner 
boundary. A combination of spherical and Cartesian coordinates is used at the inner boundary. The loss cone 
effect at the inner boundary is considered, with the particles outside of the loss cone at r = 3 RE being reflected, 
while those within the loss cone being removed from the simulation domain. The E and B fields at the boundary 
reside on the Cartesian boundary approximating the spherical boundary, which are extrapolated to an extra grid 
point inside the r = 3 RE surface. The B field is assumed to maintain the dipole field values at the inner boundary. 
The ionospheric conditions (1,000 km altitude) are incorporated into the ANGIE3d code. The FACs, calculated 
within the inner boundary, are mapped along the geomagnetic field lines into the ionosphere as input to compute 
ionospheric potential.

For the simulations presented here, only H + ions are modeled. The simulation domain is 20  ≥  X  ≥  −60, 
32 ≥ Y ≥ −32, 32 ≥ Z ≥ −32 RE in the geocentric solar magnetospheric (GSM) coordinates. To accomplish 
this large-scale simulation with the available computing resources and still produce physical results, we choose 
the solar wind di to be 0.1 RE (about six times larger than the realistic value) and the cell dimensions to be 
nx × ny × nz = 502 × 507 × 400. Also, we use time-independent nonuniform cell sizes (ranging from ∼0.1 to 0.5 
RE) so that we can appropriately assign cell sizes comparable to the di values in different key regions from the 
solar wind to the outer magnetosphere. The bow shock and magnetopause form self-consistently by the interac-
tion of the solar wind with the geomagnetic dipole. Simplified ionospheric conductance with uniform Pederson 
conductance of 10 S and Hall conductance of 5 S is specified.

We use the results from the ANGIE3D simulation runs that had been conducted previously for other investiga-
tions (some of the simulations have been published, e.g., Wang et al. (2020, 2021)). These simulations all have 
non-zero IMF By and magnitudes of the IMF components and solar wind parameters specified in these simula-
tions are all within observed ranges, but they can be very different from one simulation to another, such as very 
different solar wind speeds, because they were designed for different focus targets. Nevertheless, we found that 
the IMF By dependence of the appearance of the low-latitude mantle plasma, as shown later in Section 2.2, is qual-
itatively similar in these simulations. Hence, we choose two of the simulation runs to present, run 1 is with steady 
IMF By condition to show the general features of the low-latitude mantle in the tail, and run 2 is with IMF By 
changing direction to show the time scale for the tail low-latitude mantle to appear after the IMF By change. The 
conditions for the two runs are the following: (a) Run 1 is for steady IMF By with time-independent IMF and solar 
wind conditions: The IMF condition is (3, −2, 0) nT, representing a typical Parker spiral, the solar wind density 
is 6 cm −3, the isotropic solar wind ion temperature is 10 eV, and the solar wind velocities are (−320, 0, 0) km/s. 
These IMF and solar wind values are within the typically observed ranges. (b) Run 2 is for the IMF By changing 
directions with time-independent solar wind conditions: The step-change in the IMF direction from (0, −8, 0) to 
(0, 8, 0) nT is specified by an IMF discontinuity plane with a half-thickness of 0.3 RE and the normal of (1, 0, 0) 
(the IMF By temporal variation at a fixed location in front of the bow shock can be seen later in Figure 4d). The 
solar wind density is 6 cm −3, the isotropic solar wind ion temperature is 10 eV, and the solar wind velocities are 
(−700, 0, 0) km/s. These IMF and solar wind values are higher than those used in run 1 and they may be observed 
during high-speed solar wind streams.

2.2.  Hybrid Simulation Results

2.2.1.  Spatial Distributions of Low-Latitude Mantle and Asymmetries

To show the spatial distributions of the low-latitude mantle, we present in Figures 2 and 3 the simulation results 
from run 1 at t = 94 min when the near-Earth magnetotail has been relatively steady under the constant IMF 
and solar wind conditions. Figure 2a shows the simulated Y-Z distributions for Bx, ion density (Ni), and ion 
bulk flow speed in the –X direction (–Vx) at X = −15 RE. As indicated by the ions with substantial densities 
and tailward field-aligned flow (approximately enclosed by the magenta dotted circles in the Ni and –Vx plots), 
the low-latitude mantle ions appear in the duskside northern lobe and dawnside southern lobe, consistent with 
Figure 1a. Figure 2b shows the X-Y distributions of the regions of the solar wind, the magnetosheath, and the 
magnetosphere at Z = −8 RE (this Z value is chosen to cut across the dawnside low-latitude mantle ions in the 
southern lobe). The foreshock is upstream of the dawnside bow shock. There are clear dawn-dusk asymmetries 
seen in the magnetosheath magnetic fields, densities, and flow speeds. Nevertheless, these magnetosheath asym-
metries, with ion kinetic effects included, do not appear to qualitatively alter the expected dawn-dusk asymmetry 
of the low-latitude mantle shown in Figure 1 predicted by MHD. Figure 2c shows 3D views of Ni together with 
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a few selected magnetic field lines threading through four locations in three different regions at X = −15 RE: the 
purple line indicates an open field line in the northern lobe through location (1), the three green lines indicate 
three open field lines through locations (2)–(4) in the low-latitude mantle in the southern lobe, and the blue line 
indicates a closed field line through location (5) within the plasma sheet.

Figure 2.  AuburN Global hybrid CodE in 3D (ANGIE3D) simulation results from run 1 at t = 94 min (a) Y-Z distributions at X = −15 RE and (b) X-Y distributions at 
Z = −8 RE for Bx (left), Ni (center), and –Vx (right). The white dashed line in (a and b) indicates Y = 0. The black or white dotted curve in (a) indicates the current sheet 
center. The low-latitude mantle plasma is indicated by the dotted magenta circle in the Ni and –Vx plots in (a). (c) 3D views of Ni distributions with magnetic field lines 
crossing the five locations (1)–(5) at X = −15 RE in the northern lobe ((1), purple line), the southern low-latitude mantle ((2)–(4), green lines), and the plasma sheet 
((5), blue line).
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Figure 3.  AuburN Global hybrid CodE in 3D (ANGIE3D) simulation results from run 1 at t = 94 min at X = −15 RE. (a) Top to bottom: The Y-Z distributions of Bx 
(the arrows indicate the directions of By–Bz), proton density (Ni), –Vx, magnetosonic Mach number (Mms), and Br/Blobe. (b, c) Top to bottom: The profiles of magnetic 
field components, Ni, Vx and V||x, Mms and Br/Blobe along (b) line 1 and (c) line 2 indicated in (a). The yellow shaded regions indicate the lobe with “N” indicating 
northern lobe and “S” indicating southern lobe. The legend “SH” stands for the magnetosheath and “PS” for the plasma sheet.
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We show in Figure 3 the plasma and magnetic field characteristics in different regions. Figure 3a shows the 
2D spatial profiles in the Y-Z plane at X = −15 RE for Bx (with the directions of By–Bz indicated by the black 
arrows), Ni, –Vx, magnetosonic Mach number (Mms), and Br/Blobe ratios in the dawnside magnetosphere and 
magnetosheath. The lobe magnetic field strength, Blobe, is estimated from Blobe = (2𝜇0(Pth + PBr)) 0.5, where Pth is 

Figure 4.  AuburN Global hybrid CodE in 3D (ANGIE3D) simulation results from run 2. (a) X-Y distributions of By at Z = −7 RE at different times. Y-Z distributions of 
(b) Ni and (c) –V||x at X = −15 RE at different times. The black dotted curve in (b) and white dotted curve in (c) indicate the current sheet center. The temporal profiles of 
(d) By, (e) Ni, and (f) V||x at the locations (1) and (2) indicated by triangles in (a) and locations (3) and (4) in (b and c).
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plasma thermal pressure (here we only consider ion thermal pressure), and PBr is the magnetic field pressure of 
the radial magnetic field (PBr = Br 2/(2 𝜇0), Br 2 = Bx 2 + By 2). For the estimation of Blobe, we assume that the force 
balance in the Z-direction (the Z-direction is assumed to be perpendicular to the current sheet plane) and that the 
curvature term associated with Bz can be neglected in this tail region (e.g., Xing et al., 2011). Figures 3b and 3c 
show the 1D profile along the lines 1 and 2 in Figure 3a, respectively. In order to show the plasma and magnetic 
field characteristics in different regions from the simulations and for the comparisons with the observations 
shown later in Section 3, each of the two straight lines is specifically chosen so that it cuts cross the regions of 
the lobe (yellow shaded regions with “N” and “S” indicating the northern and southern lobe, respectively), the 
plasma sheet (indicated by “PS” in the top plot), and the magnetosheath (indicated by “SH” in the top plot). 
Figures 3b and 3c show that Mms is >∼1 in the magnetosheath and <∼1 inside the magnetosphere (including both 
the plasma sheet and lobe). The Br/Blobe ratio is high (∼0.8–1) in the lobe and low (0–∼0.8) in the plasma sheet. 
These ranges of Mms and Br/Blobe for different regions are approximately consistent with the MMS observations 
that we will show later in Section 3. As shown in Figure 3b, compared to the absence of plasma in the northern 
lobe (Ni < 0.1 cm −3), the substantial density (∼1 cm −3) and tailward field-aligned flows (|V||x| ∼100–200 km/s, 
note that V||x is the x-component of V|| so field-aligned flow is tailward if V||x is negative) seen in the southern lobe 
is contributed by the low-latitude plasma. Figures 3b and 3c show what a satellite would observe when crossing 
the flank magnetopause into the lobe with and without low-latitude mantle plasma, respectively. Observations for 
these two scenarios are presented in Sections 3.2 and 3.3.

2.2.2.  Reverse of Low-Latitude Mantle Asymmetry After IMF By Direction Change

The IMF is rarely constant for an extended period time. To evaluate how quickly low-latitude mantle plasma can 
disappear or appear after a change in the IMF, in Figure 4 we present the results from run 2 with IMF By chang-
ing directions. Figure 4a shows the X-Y distributions of By at Z = −7 RE at different times from t = 27–37 min 
and Figure 4d shows the temporal profiles of By from t = 25–55 min at the two locations (1) and (2) (indicated 
by the two triangles in Figure 4a). The IMF discontinuity plane (IMF By is negative (positive) on the earthward 
(sunward) side of the plane) arrives at X = 15 RE in front of the bow shock nose (location (1)) at t ∼28 min and in 
the tail magnetosheath at X = −15 RE (location (2)) at t ∼33 min. The propagation time from location (1) to (2) is 
∼5 min, approximately consistent with the time needed for the solar wind to travel 30 RE at a speed of 700 km/s 
Figures 4b and 4c show the Y-Z distributions of Ni and –V||x, respectively, at X = −15 RE at different times from 
t = 28–54 min, and Figures 4e and 4f show the temporal profiles of Ni and V||x, respectively, from t = 25–55 min 
at the two locations (3) and (4) (indicated by the two triangles in Figures 4b and 4c). At t = 28.6 min when the 
magnetosphere is still affected by negative IMF By, the low-latitude plasma is seen at location 3 in the north-
ern lobe but not at location 4 in the southern lobe. After the positive IMF By arrives at the tail magnetosheath 
at t∼33 min, the density at location 3 starts to decrease at t ∼37 min and it decreases quickly by an order of 
magnitude in 5 min (the tailward field-aligned speed also decrease but less quickly). On the other hand, densi-
ties and field-aligned flow speeds at location 4 start to increase quickly at t ∼42 min and in ∼3 min reaches the 
values similar to those seen at location 3 at t = 28 min. Therefore, the north-south (or dawn-dusk) asymmetry 
of the low-latitude mantle at X  =  −15 RE completely reverses approximately 15  min after the arrival of the 
IMF direction change at the bow shock nose. This estimate is for a high-solar wind speed of 700 km/s. For the 
majority of the solar wind with speeds between ∼350 and 450 km/s (shown later in Figure 8m), we expect that 
the flip would  take approximately 30 min. This suggests that, for our evaluation of the correlation between  the 
low-latitude mantle observed by MMS in the near-Earth tail lobe and the direction of the IMF By at the bow shock 
nose (propagated to the nose from the observed locations in the upstream solar wind), it is more appropriate to 
consider the history of the IMF directions in the past 30 min.

3.  Observations
In this section, we present six MMS events in three pairs in Figures 5–7 to show the characteristics of lobe and 
low-latitude mantle under different IMF By directions. Each pair includes one event with the MMS in the duskside 
southern hemisphere and the other in the dawnside northern hemisphere. Both the first and second pairs were 
near the flank magnetopause with MMS crossing the magnetosheath and lobes with the first (second) pair during 
positive (negative) IMF By. The third pair was well within the magnetosphere with MMS crossing the lobe and 
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Figure 5.  Two magnetospheric multiscale (MMS) magnetosheath-lobe crossing events observing low-latitude mantle during positive interplanetary magnetic field 
(IMF) By. The first event (5.1, left panels, 30 September 2021) was on the duskside and the second one (5.2, right panels, 14 June 2020) was on the dawnside. Temporal 
profiles of (a) interplanetary magnetic field and (b) θCA from OMNI, (c) MMS magnetic field, (d) MMS ion energy flux (the unit is eV/(s-sr-cm 2-eV)), (e) MMS ion 
density (Ni) and the solar wind density (NSW), (f) MMS ion bulk flow velocities, (g) MMS parallel flow in the x direction (V||x) and solar wind Vx, (i) Br/Blobe and (j) 
magnetosonic Mach number (Mms). The X-Y locations are in geocentric solar magnetospheric coordinates. The intervals of magnetosheath (“SH” in blue), lobe (in red), 
and plasma sheet (“PS” in green) are indicated by the bars on the top of (c).
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Figure 6.  Two magnetospheric multiscale (MMS) magnetopause-lobe crossing events observing no low-latitude mantle during negative interplanetary magnetic field 
(IMF) By. The first event (6.1, left panels, 15 October 2021) was on the duskside and the second one (6.2, right panels, 5 June 2019) was on the dawnside. Temporal 
profiles of (a) interplanetary magnetic field and (b) θCA from OMNI, (c) MMS magnetic field, (d) MMS ion energy flux (the unit is eV/(s-sr-cm 2-eV)), (e) MMS ion 
density (Ni) and the solar wind density (NSW), (f) MMS ion bulk flow velocities, (g) MMS parallel flow in the x direction (V||x) and solar wind Vx, (i) Br/Blobe and (j) 
magnetosonic Mach number (Mms). The X-Y locations are in geocentric solar magnetospheric coordinates. The intervals of magnetosheath (“SH” in blue), lobe (in red), 
and plasma sheet (“PS” in green) are indicated by the bars on the top of (c).
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Figure 7.  Two magnetospheric multiscale (MMS) lobe crossing events observing low-latitude mantle during positive interplanetary magnetic field (IMF) By. The first 
event (7.1, left panels, 16 September 2018) was on the duskside and the second one (7.2, right panels, 23 June 2018) was on the dawnside. Temporal profiles of (a) 
interplanetary magnetic field and (b) θCA from OMNI, (c) MMS magnetic field, (d) MMS ion energy flux (the unit is eV/(s-sr-cm 2-eV)), (e) MMS ion density (Ni) and 
the solar wind density (NSW), (f) MMS ion bulk flow velocities, (g) MMS parallel flow in the x direction (V||x) and solar wind Vx, (i) Br/Blobe and (j) magnetosonic Mach 
number (Mms). The X-Y locations are in geocentric solar magnetospheric coordinates. The intervals of magnetosheath (“SH” in blue), lobe (in red), and plasma sheet 
(“PS” in green) are indicated by the bars on the top of (c).
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Figure 8.  X-Y distributions of the numbers of data points for (a) the magnetosheath, (b) magnetosphere, and (c) lobe. The profiles of the medians (the vertical lines 
indicated the range of 25%–75% percentiles) of (d) Ni, (e) Ni,err,/Ni (f) V||x, and (g) Verr/V as a function of Br/Blobe for the magnetospheric data in the northern (blue lines) 
and southern (red lines) hemisphere within 25 > |Y| > 15 RE (left) and 15 > |Y| > 5 RE (right). The numbers of data points in (h) northern lobe and (i) southern lobe (the 
data in the regions ① to ④ are analyzed in Figure 9). (j–m) The occurrence rates for the 30-min averages (left) and standard deviations (right) of (j) θCA, (k) NSW, and (m) 
VSW (the green, blue, and red vertical lines indicate 25%, 50%, and 75% percentiles, respectively) corresponding to the lobe data.

 21699402, 2022, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030800 by A
uburn U

niversity L
ibraries, W

iley O
nline L

ibrary on [08/11/2022]. 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



Journal of Geophysical Research: Space Physics

WANG ET AL.

10.1029/2022JA030800

12 of 18

plasma sheet during positive IMF By. We choose these six events for relatively steady IMF By conditions during 
the period of interest.

3.1.  MMS and IMF Data

In this study of the magnetotail, we use MMS observations from 2017 to 2021. MMS is a four-spacecraft constel-
lation (Tooley et al., 2014). The spacecraft is at a low inclination orbit (28.5°) with an apogee of ∼25 RE and 
an orbital period of ∼3 days in 2017–2018 (the apogee was later raised to ∼29.3 RE with an orbital period of 
3.5 days). Every year, MMS observed the tail magnetosphere beyond X = −10 RE for around 6 months from May 
near the dawnside magnetopause to October near the duskside magnetopause. Ions from 10 eV to 30 keV (sample 
per 4.5 s) are measured by dual ion spectrometers (DIS) of fast plasma investigation (FPI; Pollock et al., 2016). In 
this study, we use the ion energy fluxes measured by FPI and the corresponding plasma moments, including ion 
densities, ion thermal pressures, ion bulk velocities, as well as the estimated errors for the measured density and 
velocity. The magnetic fields (16 samples/s) are measured by FIELDS instrument (Torbert et al., 2016). These 
data are from the fast survey mode observations.

For the IMF and solar wind conditions, including the solar wind density (NSW), and the solar wind velocities 
(VSW), we use the 1-m resolution OMNI data. The OMNI data have been propagated to the Earth's bow shock 
nose. Using the IMF components in geocentric solar magnetic (GSM) coordinates, we compute the IMF clock 
angle (θCA) between the IMF By and IMF Bz: θCA = tan −1(IMF By/IMF Bz). We define the range of θCA to be from 
−180° to 180° with 0°–180° for IMF By > 0 and 0°–−180° for IMF By < 0, 0° for IMF Bz > 0 and IMF By = 0, 
±90° for IMF Bz = 0, and ±180° for IMF Bz< 0 and IMF By = 0.

In this study, we use the MMS observations at X = −10–−20 RE. Since the OMNI data are at 1-min resolutions, 
we interpolate the MMS data to the OMNI data time frame. The OMNI data point at t = t0 gives the IMF/solar 
wind conditions at the bow shock nose. As suggested from the simulation results shown in Figure 4, we consider 
the IMF and solar wind history during the past 30 min. We compute the averages and standard deviations of θCA, 
Nsw, and Vsw over a 30-min interval from t0 –30 min to t0. For the statistical analysis presented in Section 4, for 
each MMS data point at t0, we use θCA,Ave, θCA,SD, NSW,Ave, NSW,SD, VSW,Ave, and VSW,SD as the corresponding IMF 
and solar wind conditions, where the subscript “Ave” stands for average and “SD” for standard deviation. Note 
that as mentioned later in Section 4 we also consider a longer history of the averages and standard deviations over 
a 60-min interval from t0 –60 min to t0 to evaluate whether our choice of the IMF history affects the conclusions 
of the statistical analysis.

3.2.  MMS Events

In this section, we present six MMS events in detail and compare the observations with the simulation predic-
tions shown in Section 2.2. We first visually examined the time series of MMS magnetic fields and ion energy 
spectrum to approximately select the intervals when MMS was in the lobe tailward of X = −10 RE based on that 
magnetic field strength was dominated by |Bx| and there was an absence of keV plasma sheet ions. We use the 
sign of Bx to determine that MMS was in the northern lobe (Bx > 0) or southern lobe (Bx < 0). We also determine 
the presence or absence of mantle plasma in the lobe. We then selected intervals of either magnetosheath-lobe 
crossing or lobe-plasma sheet crossing with the corresponding IMF By had remained mainly in one direction 
during the interval. Here we present six intervals that are suitable for comparing with the simulation results 
shown in Section 2.

3.2.1.  Magnetosheath-Lobe Crossing Events During Positive IMF By

Figures 5.1 and 5.2 show two events with MMS crossing the lobe and magnetosheath near the duskside and dawn-
side flank magnetopause, respectively, during positive IMF By. Figure 5.1 shows the first event on 30 September 
2021. During the event, IMF By was positive (Figure 5.1a) and θCA and θCA,Ave varied within the range of ∼0 to 
110° (Figure 5.1b, the θCA,SD is plotted every 5 min). The solar wind density (NSW) was >10 cm −3 (the red line 
in Figure 5.1e) and the solar wind speed in the x-direction (VSW, x) was ∼−400 km/s (the red line in Figure 5.1g). 
Before ∼20:59 UT, MMS was in the tail magnetosheath at X ∼ −20 RE (indicated by the blue bar and the legend 
“SH” above Figure 5.1c) with ion densities (Ni, the blue line in Figure 5.1e) and ion bulk flow speed in the 
x-direction (Vx, the blue line in Figure 5.1f) close to the solar wind values, and with magnetosonic Mach number, 
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Mms > ∼1. Note that from investigating many magnetopause crossings observed by MMS beyond X = −10 RE, 
in this study we define the region of Mms > 1.1 as the magnetosheath and the region of Mms < 0.9 as the magne-
tosphere, including the plasma sheet and the lobe. After ∼21:00 UT, MMS entered the southern lobe (as indi-
cated by the red bars and the legend “lobe” above Figure 5.1c), as indicated by Bx being negative (thus south 
of the tail current sheet). In the lobe region, the magnetic field was dominated by the Bx component (i.e., away 
from the current sheet center) with the absence of typical hot (∼keV and above) plasma sheet ions. Figure 5.1h 
shows that the Br/Blobe ratio in the lobe was >∼0.8. While in the lobe, MMS observed cold (a few hundreds of 
eV) magnetosheath-like ions (Figure 5.1d) flowing tailward along the magnetic field lines but with its densities 
(∼1–7 cm −3, the blue line in Figure 5.1e) and tailward field-aligned speeds (V||x ∼ −100–−200 km/s, the blue line 
in Figure 5.1g) substantially lower than the densities and speeds in the adjacent magnetosheath observed from 
20:45 to 20:59 UT. This magnetosheath-like plasma is the low-latitude mantle plasma.

Figure 5.2 shows the second event on 14 June 2020 during a prolonged period of positive IMF By (Figures 5.2a 
and 5.2b). Before ∼14:10 UT, MMS was within the dawnside tail magnetosphere at X ∼ −17 RE and observed 
the regions of the lobe and the plasma sheet (the interval of the plasma sheet is indicated by the green bars 
and the legend “PS” above Figure  5.2c). Note that as shown later in Figures  8d–8g, for the data inside the 
magne tosphere (Mms < 0.9), we define that MMS was in the lobe when Br/Blobe > 0.9 (0.8) in the region of 
|Y| = [15, 25] RE ([5, 15] RE), otherwise MMS was in the plasma sheet. While in the northern lobe (Bx was posi-
tive as shown in Figure 5.2c), MMS observed the low-latitude mantle ions as indicated by their characteristics of 
the magnetosheath-like densities and tailward field-aligned flows with relatively lower values as compared to the 
magnetosheath values observed later after ∼14:40 UT.

The above two events for positive IMF By conditions show the appearance of the low-latitude mantle in the 
duskside southern lobe (Figure 5.1) and in the dawnside northern lobe (Figure 5.2), which are consistent with the 
predictions illustrated in Figure 1a. The density and field-aligned flow characteristics of the low-latitude mantle 
plasma as compared to the magnetosheath plasma are qualitatively consistent with the hybrid simulation results 
shown in Figures 3a and 3b.

3.2.2.  Magnetosheath-Lobe Crossing Events During Negative IMF By

Figures 6.1 and 6.2 show two events with MMS crossing the lobe and magnetosheath near the duskside and dawn-
side magnetopause, respectively, during negative IMF By. Figure 6.1 shows the first event on 15 October 2021. 
The IMF By had been steadily negative (Figures 6.1a and 6.1b). Figures 6.1c–6.1i show that MMS was first in 
the duskside tail magnetosheath at X ∼ −15 RE and then entered the southern lobe after ∼04:25 UT. While in the 
lobe, MMS did not observe low-latitude mantle plasma. Figure 6.2 shows the second event on 5 June 2019 during 
steady and negative IMF By (Figures 6.2a and 6.2b). Figures 6.2c–6.2i show that MMS was in the dawnside tail 
magnetosheath at X ∼ −16 RE. It entered briefly into the northern lobe between ∼18:09 and 18:13 UT but did not 
observe low-latitude mantle plasma.

The above two events show that, when IMF By was negative, MMS did not observe low-latitude mantle in the 
duskside southern lobe (Figure 4.1) and the dawnside northern lobe (Figure 4.2) just inside the magnetosheath, 
consistent with the predictions illustrated in Figure 1b. The observed plasma and magnetic profiles along the 
crossing from the magnetosheath to the lobe with the absence of the low-latitude mantle are qualitatively consist-
ent with the hybrid simulation results shown in Figures 3a and 3c.

3.2.3.  Lobe-Plasma Sheet Crossing Events During Positive IMF By

Figures 7.1 and 7.2 show two events with MMS within the magnetosphere crossing the lobe and plasma sheet 
near the duskside and dawnside, respectively, during positive IMF By. The MMS locations in these two events 
were deeper into the magnetosphere (i.e., farther away from the flank magnetopause), as compared to the four 
events shown in Figures 5 and 6. Figure 7.1 shows the first event on 16 September 2018. Figures 7.1c–7.1i 
show that MMS was in the duskside plasma sheet at X ∼ −16 RE and Y ∼16 RE. It entered the southern lobe 
between 11:32 to 12:40 UT and observed the low-latitude mantle plasma. Figure 7.2 shows the second event on 
23 June 2018. IMF By was mostly positive except for a brief (∼10 min) excursion to negative values at ∼18:45 
UT (Figure 7.2a). The θCA became negative corresponding to the negative IMF By but θCA,Ave remained posi-
tive (Figure 7.2b) Figures 7.2c–7.2i show that MMS was in the dawnside magnetosphere at X ∼ −20 RE and 
Y ∼ −13 RE. While MMS was in the northern lobe (as indicated by the red bars above Figure 7.2c), it observed 
the low-latitude mantle plasma.
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The above two events show that, when IMF By was positive, MMS observed the low-latitude mantle in the dusk-
side southern lobe (Figure 4.1) and the dawnside northern lobe (Figure 4.2), consistent with the predictions illus-
trated in Figure 1a. The transition from the plasma sheet plasma to the low-latitude mantle plasma is qualitatively 
consistent with the hybrid simulation results shown in Figures 3a and 3b.

3.3.  MMS Statistical Results

3.3.1.  Distributions of the Lobe and IMF Data

The MMS data from 2017 to 2021 are statistically analyzed. For the statistical study, aberrated GSM (AGSM) 
coordinates with 4° aberration angle are used for the MMS locations. Figures 8a and 8b show the X-Y spatial 
distributions of the numbers of the MMS data points (1-min resolutions) in the regions of the magnetosheath 
(Mms > 1.1) and the magnetosphere (Mms < 0.9), respectively. As shown in the simulation results presented in 
Section 2 and the observational events presented in Section 3, inside the magnetosphere, the Br/Blobe ratios are 
relatively lower in the plasma sheet region while relatively higher in the lobe region. However, there are no defi-
nite threshold values for the Br/Blobe ratios to separate the plasma sheet data from the lobe data. Figures 8d–8g 
show the quartiles of the magnetospheric Ni (Figure 8d), relative errors of ion density (Ni,err/Ni, Figure 8e), V||x 
(Figure 8f), and relative errors of ion bulk flow speed (Verr/V, Figure 8g) as a function of Br/Blobe for the north-
ern (red) and southern (blue) magnetosphere in the Y region closer to the magnetopause (25 > |Y| > 15 RE, left 
panels) and deeper into the magnetosphere (15 > |Y| > 5 RE, right panels). The densities drop quickly when the 
Br/Blobe ratios are higher than ∼0.9 (Figure 7d). The tailward field-aligned flow speeds increase with increasing 
Br/Blobe and they increase quickly when the Br/Blobe ratios are higher than ∼0.8–0.9 (Figure 8f). The relative errors 
shown in Figures 8e and 8g are generally higher in the region of higher Br/Blobe ratios, but they remain relatively 
small for both the density (<∼0.1, Figure 8e) and speed (<∼0.2, Figure 8g). Based on these statistical profiles, 
in this study we define the lobe region as Mms < 0.9 and Br/Blobe > ∼0.8 (0.9) in the region of 25 > |Y| > 15 RE 
(15 > |Y| > 5 RE). Note that as mentioned in Section 3.3.2 we also use stricter criteria for the lobe with higher Br/
Blobe thresholds to evaluate whether the conclusions of our analysis are affected by the definition of the lobe. The 
X-Y spatial distributions of the available lobe data are shown in Figure 8c. Figures 8h and 8i show the numbers 
of the lobe data points as a function of Y in the northern lobe and southern lobe, respectively. The Y distributions 
show that the majority of the northern lobe data are available on the dawnside, while the majority of the southern 
lobe data are available on the duskside. This dawn-dusk asymmetry is due to the orbital bias.

Figures 8j, 8k, and 8m show the probability distributions (occurrence rates) of the 30-min averages (left) and 
standard deviations (right) of θCA, Nsw, and Vsw, respectively, for all the available lobe data points shown in 
Figures 8h and 8i. Figure 8j shows that, as indicated by the median θCA,Ave value shifting to ∼50° (the blue vertical 
line), there were more lobe data points during positive IMF By than during negative IMF By. The distributions 
of θCA,SD indicate that the majority of the IMF conditions have θCA changes of less than ∼40° within a 30 min 
interval (see the 75% quartile value as indicated by the red vertical line). Figure 8k shows that the majority of 
the Nsw,Ave are within 4–10 cm −3 and the majority of Nsw,SD are smaller than 1, which indicates that Nsw usually 
remains relatively constant within a 30 min interval. Similarly, the variations in the solar wind speed are usually 
very small on a time scale of 30 min, as indicated in Figure 8m that the magnitudes of Vsw,SD (<∼5 km/s) are much 
smaller than those of Vsw,Ave (∼350–450 km/s).

3.3.2.  Dependence of Lobe Plasma on the IMF By Direction

As shown in Figures 8h and 8i, due to the orbital bias, the majority of the data for the northern (southern) lobe 
are on the dawnside (duskside), thus we select the data in four different lobe regions (as indicated by ①–④ in 
Figures 8h and 8i) to conduct statistical analysis: (1) Duskside southern lobe in 25 > Y > 15 RE; (2) Duskside 
southern lobe in 15 > Y > 5 RE; (3) Dawnside northern lobe in −5 > Y > −15 RE; (4) Dawnside northern lobe 
in −15 > Y > −25 RE. For each lobe region, we sort the MMS data into two groups, one for positive IMF By and 
one for negative IMF By direction using the following thresholds for θCA,Ave and θCA,SD: (a) For positive IMF By 
and |IMF By| > |IMF Bz|: 45° < θCA,Ave < 35° and θCA,SD < 40°. (b) For negative IMF By with |IMF By| > |IMF Bz|: 
−45° > θCA,Ave > −135° and θCA,SD < 40°. Note that the 75% percentile value of θCA,SD is ∼40°, as indicated by 
the red vertical line in Figure 8j. These ranges are chosen to inquire IMF By and Bz conditions in the past 30 min 
to have a dominant IMF By (i.e., |IMF By| > |IMF Bz|) and remain mostly in the same IMF By direction. Figure 9 
shows the occurrence rates for θCA,Ave (Figure 9a), Ni (Figure 9c), Ni/NSW,Ave (Figure 9e), V||x (Figure 9g), and 
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Figure 9.  For the lobe data. The occurrence rates of (a) θCA,Ave, (c) Ni, (e) Ni/NSW,Ave, (g) V||x, and (i) V||x/VSW,Ave. for 45° ≤ θCA,Ave ≤ 135° (red) and 
−135° ≤ θCA,Ave ≤ −45° (blue) in the four regions indicated in Figures 8h and 8i (the numbers of the data points used are indicated in (a)). Notched boxes of (b) θCA,Ave, 
(d) Ni, (f) Ni/NSW,Ave, (h) V||x, and (j) V||x/VSW,Ave. for 45° ≤ θCA,Ave ≤ 135° (red) and −135° ≤ θCA,Ave ≤ −45° (blue) (the Q2 and CI values are indicated in the plots).
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V||x/VSW,Ave (Figure 9i) in the four lobe regions for positive IMF By (red) and negative IMF By (blue). Here we 
present the results of Ni/NSW,Ave and V||x/VSW,Ave considering that there should be positive correlations between 
the low-latitude mantle densities and the solar wind densities and between the mantle flow speeds and the solar 
wind speeds since the low-latitude mantle plasma results from the entry of the magnetosheath plasma through 
open flank magnetopause. Hence, by approximately removing the dependencies on the solar wind densities and 
solar wind speeds, the results of Ni/NSW,Ave and V||x/VSW,Ave should better reveal the dependencies on IMF By than 
those of Ni and V||x. We also show the notched boxplots with whiskers for θCA,Ave (Figure 9b), Ni (Figure 9d), Ni/
NSW,Ave (Figure 9f), V||x (Figure 9h), and V||x/VSW,Ave (Figure 9j). Each notched box shows Q1 (25% percentile, the 
lower end of the box), Q2 (median, the line within the box), and Q3 (75% percentile, the upper end of the box) 
(also see Figure S1 in Supporting Information S1 for an illustrated explanation of the notched box and whiskers). 
The notch indicates a 95% confidence interval (CI) of the median. The CI is defined as 1.57⋅IQR/Num 1/2, where 
IQR (inner quartile range) = Q3–Q1 and Num is the number of the data points in each group (indicated in the 
occurrence rate plot in Figure 8a). The lower (upper) end of the notch is Q2–CI (Q2+CI) with the values of Q2 
and CI indicated in the plots. The lower (upper) whisker is Q1–1.5⋅IQR (Q3+1.5⋅IQR). The range within the two 
whiskers should include 99.3% of the data if from a normal distribution.

As shown in Figure 9, the dependence of the lobe density and field-aligned tailward flow speeds on the IMF By 
direction is evident in the four lobe regions. The lobe densities are relatively higher and the field-aligned tailward 
flow speeds are higher during positive IMF By, as compared to those during negative IMF By. Comparing the 
notched boxes of the two groups indicates the statistical significance of the differences between the two groups. 
If the two boxes' notches do not overlap, then there is 95% confidence their medians differ. In the two lobe 
regions closer to the magnetopause (regions 1 and 4), the clear separation between the red and blue notches in all 
parameters (except for the Ni distributions in region 1) indicates that IMF By direction indeed effectively affects 
the lobe densities and field-aligned tailward flow speeds near the flank magnetopause. The dependencies on the 
IMF By are less significant deeper into the magnetosphere (regions 2 and 3). Note that we have also conducted 
the same analysis using higher Br/Blobe thresholds for the lobe data (Figure S2 in Supporting Information S1 
shows the results using Br/Blobe > ∼0.85 (0.95) in the region of 25 > |Y| > 15 RE (15 > |Y| > 5 RE) for the lobe) 
and considering longer IMF/solar wind history (Figure S3 in Supporting Information S1 shows the results using 
60-min history, i.e., the averages and standard deviations within the interval of (t0 –60 min, t0)). The dependencies 
on the IMF By directions shown in Figures S2 and S3 in Supporting Information S1 are in principle the same as 
the results of Figure 9. These statistical results are consistent with the model predictions shown in Figures 1–4, 
supporting that the low-latitude mantle plasma can be formed in the near-Earth tail lobe ∼5–10 RE inside the 
magnetopause resulting from the solar wind entry through open flank magnetopause during substantial IMF By.

4.  Summary and Discussion
To understand the solar wind entry into the near-Earth tail affected by the IMF By directions, we investigated the 
simulation results from a global 3D hybrid model and the observational results from MMS. The key conclusions 
are the followings:

1.	 �The simulations predict that the low-latitude mantle plasma, resulting from the entry of the solar wind plasma 
through the open flank magnetopause, can form in the near-Earth tail lobe. There is an asymmetry with the 
low-latitude mantle plasma appearing in the dawnside northern lobe and duskside southern lobe for positive 
IMF By. The opposite asymmetry is seen for negative IMF By. The asymmetries predicted by the hybrid simu-
lations are qualitatively consistent with those by the MHD simulations.

2.	 �The simulations show that after a step change in the IMF By direction arrives at the bow shock nose it takes 
another ∼15–30 min for the asymmetries in the near-Earth tail to complete the reversal to the opposite sense. 
This time delay includes the time needed for the changed IMF By to propagate from the bow shock nose to 
the tail magnetosheath (depending on the solar wind speed) and newly open the magnetopause in the other 
hemisphere as well as the time needed for the magnetosheath ions entering from the new open magnetopause 
to convect into the tail lobe to form the low-latitude mantle (depending on the magnetospheric convection 
strength).

3.	 �Statistical analysis of MMS observations shows that the magnitudes of the lobe densities and tailward 
field-aligned flow speeds depend on the IMF By directions with stronger dependencies seen in the lobe region 
closer to the flank magnetopause. The higher densities and stronger tailward field-aligned flow speeds during 
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a preferred IMF By direction are consistent with being attributed to the low-latitude mantle plasma as predicted 
by the simulations.

Wang et al. (2014, 2021) investigated the low-latitude mantle and the plasma sheet observed in the midtail around 
X ∼ −60 RE. They showed that low-latitude mantle plasma is often in direct contact with the plasma sheet, which 
allows the low-latitude mantle to be a more important pathway for the solar wind entry into the plasma sheet when 
the IMF By is dominant, as compared to other IMF conditions. As shown in Figure 7, such a direct contact of the 
low-latitude mantle with the plasma sheet is also observed in the near-Earth tail, suggesting that the low-latitude 
mantle can also be a pathway for the solar wind to enter the near-Earth plasma sheet. Further investigations with 
simulations and observations are needed in the future to better understand the importance of this pathway in the 
near-Earth tail.

Data Availability Statement
The simulation data can be found at https://doi.org/10.6084/m9.figshare.20186828. The MMS data are available 
for free via MMS Science Data Center (https://lasp.colorado.edu/mms/sdc/public/about/how-to/). The solar wind 
and IMF parameters are available for free at NASA CDAWeb (http://cdaweb.gsfc.nasa.gov/cdaweb/istp_public/).
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