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Abstract we utilized 33 years of data obtained by the Geotail, THEMIS, Cluster and MMS missions to
investigate the slow (<200 km/s) ion flows perpendicular to the magnetic field in Earth's magnetotail plasma
sheet. By using plasma f as a proxy of distance to the neutral sheet, we find that the ion flow patterns vary
systematically within the plasma sheet. Particularly, in regions farther from the neutral sheet, earthward
(tailward) flows exhibit a strong tendency to diverge (converge) quasi-symmetrically, with respect to the
midnight meridional plane. As the distance becomes closer toward the neutral sheet, this tendency to diverge
and converge gradually weakens. Moreover, duskward flows become the dominant components in both

the earthward and tailward flows. These variations in ion flow patterns with distance to neutral sheet are
hemispherically independent. We suggest that the spatial profiles of the electric and diamagnetic drift vary with
distance to the neutral sheet and are therefore responsible for the varying ion flow patterns.

Plain Language Summary The plasma sheet can be visualized as “layers” stacking on top of each
other where the middle layer represents the neutral sheet. In this study, we investigate the plasma convection
patterns in these various plasma sheet “layers” in terms of their location relative to the neutral sheet. Our study
finds that the plasma convection patterns in the plasma sheet are different depending on their distance from

the neutral sheet. Farther from the neutral sheet, earthward and tailward flows converge and diverge quasi-
symmetrically, respectively, with respect to the midnight plane. As distance becomes closer to the neutral sheet,
the degree of convergence and divergence weakens. At distance closest to the neutral sheet, duskward flows
become the dominant components. We suggest that the spatial profiles of the electric and diamagnetic drift vary
with distance to the neutral sheet and are therefore responsible for the varying ion flow patterns.

1. Introduction

The Earth's magnetotail plasma sheet plays an important role in governing the energy, mass and momentum
transport in the coupled magnetosphere-ionosphere system. The ion flows in the plasma sheet are highly dynamic
and their properties have been extensively researched. Previous studies have primarily focused on (a.) fast and
slow flows (Angelopoulos et al., 1994, 1992; Baumjohann et al., 1990; Juusola, @stgaard, & Tanskanen, 2011;
Raj et al., 2002; Zhang, Wang, et al., 2015), (b.) perpendicular and field-aligned flows (Baumjohann et al., 1988;
Decoster & Frank, 1979; Raj et al., 2002; Takahashi & Hones, 1988), (c.) earthward and tailward flows (Juu-
sola, @stgaard, & Tanskanen, 2011; Zhang, Baumjohann, et al., 2015; Ohtani et al., 2009; Schidel, Nakamura,
et al., 2001), (d.) distant-tail and near-Earth flows (Ohtani et al., 2009; Schodel, Baumjohann, et al., 2001; Na-
kamura et al., 1994), as well as (e.) the dependence on external environments, for instance, on the orientation of
the interplanetary magnetic field (Pitkédnen et al., 2019; Wang et al., 2006), and on substorms and steady mag-
netospheric convection (Juusola, @stgaard, Tanskanen, Partamies, & Snekvik, 2011; McPherron et al., 2011). In
brief, these studies point toward that the plasma behaviors in the different regions within the plasma sheet can
vary significantly under various environments.

However, it is yet to be established how the ion flows perpendicular to the magnetic field depend on the distance
to the neutral sheet. In general, the perpendicular ion flows in the plasma sheet can be described by the combined
effects of the energy-independent electric and energy-dependent diamagnetic drift (Angelopoulos et al., 1993;
Baumjohann et al., 1988; Hori et al., 2000; Juusola, @stgaard, & Tanskanen, 2011; Kissinger et al., 2012; Pat-
erson et al., 1998; Pitkénen et al., 2019; Wang et al., 2006). One common observation among these studies is a
dawn-dusk asymmetry in the average flows in the plasma sheet. That is, on average, there are more duskward than
dawnward flows. However, the degree of this dawn-dusk asymmetry differs from study to study. For instance, by
utilizing 0.5 as a lower limit of plasma f (ratio of ion thermal pressure to magnetic pressure) in identifying the
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plasma sheet, the dominance of duskward flows in Angelopoulos et al. (1993); Juusola, @stgaard, and Tanska-
nen (2011) is more prominent (by eye inspection) when compared to Zhang, Wang, et al. (2015) which utilized
0.1 as a lower limit of plasma . While the utilized missions vary, these studies have implemented different lower
limits on plasma f, among other criteria, in identifying the plasma sheet. On the basis that the value of plasma
p increases from the boundary regions, through the plasma sheet to the neutral sheet (Baumjohann et al., 1988;
Boakes et al., 2014; Zhang, Baumjohann, et al., 2015), these studies hint that the plasma flows in the plasma sheet
differ depending on the distance to the neutral sheet.

Therefore, in this study, we take advantage of a large database of in-situ spacecraft data (~33 years), to report
how the average perpendicular ion flows vary within the plasma sheet with ranging distance to the neutral sheet.
We will also discuss how the balance between electric and diamagnetic drifts can contribute to such variations.

2. Instrumentation

In this study, the magnetic field and ion data (no differentiation between species) of magnetotail plasma sheet data
are obtained from the Geotail, Time History of Events and Macroscale Interactions during Substorms (THEMIS),
Cluster and Magnetospheric Multiscale (MMS) missions. The descriptions of the different utilized instruments
are summarized in Table 1. The geocentric solar magnetospheric (GSM) coordinate system is used throughout
this study.

3. Data Selection

In this study, all ion flow data samples that satisfy the following criteria are considered. Spatially, all nightside ion
flows (i.e., X < 0 R,) are considered. A criterion of B_ >3 nT is implemented to exclude ions that are associated
with magnetic plasmoids tailward of the reconnection sites (Hones, 1979; Nagai et al., 1998). To remove possi-
ble magnetosheath data samples, we implement that the ratio between ion temperature and ion number density,
T/n, must be higher than 1,000 eV/em™, in line with previous studies (Hamrin et al., 2009; Hori et al., 2000;
Nilsson et al., 2016; Pitkdnen et al., 2019). Only ion flow data with its velocity component perpendicular to the
magnetic field, [V, | smaller than 200 km/s are considered. This criteria should effectively exclude the high-speed
(i.e., >250 km/s) convective bursty bulk flows (Angelopoulos et al., 1992, 1994; Baumjohann et al., 1990) in the
plasma sheet. These transient disturbances have characteristic properties and they are not representative of the
average slow flows in the plasma sheet.

A plasma ion S threshold of 0.025 is chosen as a lower limit for the outer plasma sheet (Boakes et al., 2014). This
choice of low plasma f is discussed in Section 3.1. This is to remove possible plasma from the lobe and boundary
region with low . In addition, ion flow data with V| >0 km/s and V _  (total velocity) >0 km/s are considered
earthward flows. lon flow data with V| <0 km/s and V<0 km/s are considered tailward flows. Note that
this categorization of ion flows is solely based on the signs of the X-component, regardless of the magnitude of
Y and Z-components. Furthermore, no criterion on the duration/continuity is implemented on the flow samples.
That is, each data sample is selected on an individual basis, regardless if they are part of “blocks” of flows (either
earthward or tailward).

In Figures 1a—1d, we show the total spacecraft observation time (color scale) across all missions of earthward
(~771 days) and tailward (~350 days) ion flows with criteria mentioned above in a 2 X 2 R, grid in the XY and
YZ planes. We also overplot the average earthward and tailward V| in Figures la—1d. Since different plasma in-
struments have different sampling time durations, the averaged velocity vectors throughout the study are weight-
ed by the respective sampling times (T ):

_ ”_ T:.iVx. Z
gz = Z’—'—y 1)

Z?:l Tsi

This approach is similar to previous works which utilize similar data set (e.g., Pitkénen et al., 2019). Note that in
the YZ planes in Figures 1b and 1d, only ion flows at X <— 10 R, are considered.
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Table 1
Descriptions of the Geotail, THEMIS, Cluster, and MMS Missions We Utilize in This Study

Data resolution

Missions Date range Magnetic field (s) Ton moment (s) ITon energy range
Geotail*® January 1995-December 2006 ~3 ~12 few eV/q—43 keV/q
THEMIS ~3 ~3 1.6 eV/q-25 keV/q

A January 2008—-December 2009

B November 2007-December 2009

C August 2007-December 2009

D August 2007-December 2009

C August 2007-December 2009

Cluster 3 January 2001-December 2009 ~4 ~4 5eV/q-32 keV/q
MMS 1 January 2017-December 2020 ~0.0625 ~4.5 10 eV/q-30 keV/q

Note. The magnetic field and the ion data are obtained from the following instruments. Geotail: Magnetic Field Experiment (MGF; Kokubun et al., 1994) and the Low
Energy Particle Experiment (LEP; Mukai et al., 1994). THEMIS: Fluxgate Magnetometer (FGM; Auster et al., 2008) and the ElectroStatic Analyzer (ESA; McFadden
etal., 2008). Cluster: Fluxgate Magnetometer (FGM) (Balogh et al., 2001) and the Hot Ion Analyzer (HIA; Reme et al., 2001). MMS: Fluxgate Magnetometers (FGM;
Russell et al., 2016) and the Fast Plasma Investigation (FPI; Pollock et al., 2016).

*Only Editor-A data are used. B, offset correction is applied on Geotail's magnetic field data.

Observable from Figures 1a and Ic, our data selection criteria exclude the non-plasma sheet data quite effective-
ly. For instance, the total observation time within the geostationary orbit (gray circle) and the flows outside the
nominal magnetopause (gray curve) is very low (<1 hr per bin).

The average earthward and tailward flow patterns in the XY plane presented in Figures 1a and 1c are consistent
with previous studies (e.g., Angelopoulos et al., 1993; Hori et al., 2000; Juusola, @stgaard, & Tanskanen, 2011;
Kissinger et al., 2012; Paterson et al., 1998; Pitkénen et al., 2019; Wang et al., 2006): earthward flows diverge
quasi-symmetrically from the midnight meridional plane (i.e., ¥ & 0 R}). In a similar but inversed manner,
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Figure 1. The total spacecraft observation time in the XY and YZ planes for (a-b) earthward (V>0 km/s & Vm. > 0 km/s) and (c-d) tailward flows (V<0 km/s
&V, <0km/s) respectively. V is the velocity component perpendicular to the magnetic field. For YZ planes in (b) and (d), additional criterion of X < =10 R is
implemented. The color bars show the total spacecraft observation time in hours (log-scale) in each bin. The average earthward and tailward V| are overplotted in (a—d)
respectively. The geostationary orbit at the 6.6 R, radial distance is illustrated by a gray circle. The nominal magnetopause (Shue et al., 1997, with dynamic pressure
of 1 nPa and IMF B_of 0 nT) is illustrated by a gray curve. Both the Sun-Earth line and the nominal magnetopause have been rotated 4.8° clockwise (to account for

the solar wind aberr:dtion; see Juusola, @stgaard, and Tanskanen (2011)). The dashed rectangles in (a—d) indicate the “effective plasma sheet,” outlined by =30 R, < X
<—10R, IYI < 18 Ry and IZI < 6 R respectively. See main texts for more information. The high spacecraft observation time at radial distance <12 R, in (a) and (c)

is primarily due to the higher sampling frequency by THEMIS a, d and e missions. (¢) The distribution of plasma f for earthward (blue-colored) and tailward (red-
colored) flows respectively. The number of data points that are not included (due to the X-axis limit) are noted on the lower right corner of the respective histograms.
Regions of overlapped histograms are shaded in dark blue. ¢ and o5 represent the standard deviation and standard error. The occurrence is normalized with respect to
the relative probability, so that the sum of the occurrences over all binned variables equals 1. Subscripts i-vi correspond to the classification of plasma g in Figures 2—4.
See main texts for more information.
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tailward flows converge quasi-symmetrically toward the midnight meridional plane. For simplicity, midnight
meridional plane will be referred to just ‘midnight plane’ hereon. On average, both earthward and tailward flows
are weakly dominated by duskward flows. It is this weak dominance of duskward flows that gives rise to the
dawn-dusk asymmetry of the average ion flows. The flow divergence and convergence with respect to the mid-
night plane for earthward and tailward flows are also observable in the YZ plane (Figure 1b and d). The weak
Lk
Earth's magnetic field configuration in the magnetotail is dipolar and highly stretched. This configuration can

dominance of duskward flows is also evident in the YZ plane, that is [+ V l),I is generally larger than |- V

explain the flow convergence and divergence from Z = 0 R, for earthward and tailward flows respectively, as
observable in the YZ plane. In this study, when describing the flow behaviors in a plane, flow divergence from
(convergence toward) a particular axis implies that the velocity vectors in the plane generally point away from
(toward to) that particular axis.

3.1. Plasma f as a Proxy of Distance to the Neutral Sheet

In this study, we investigate the average ion flow patterns as a function of distance to the neutral sheet. To do
this, we vary the plasma S as a proxy of distance to the neutral sheet. The plasma f is divided into six categories
where the distance ranges from “farther from the neutral sheet” to “closer to the neutral sheet” as following: (a)
0.025<p4<01,(0)01<p<05 ) 05<p<1,(d)1<p<L2,(e)2<f <4, and (f) 4 <f. In this study, we
visualize the plasma sheet as 2D “layers” in the XY plane. The middle layer represents the neutral sheet separat-
ing the Northern (top layers) and Southern (bottom layers) plasma sheet. Therefore, in this study, “farther from”
and “closer to” the neutral sheet can be visualized as varying distance with respect to the neutral sheet along the
Z-axis (north-south axis).

We show the distributions of plasma f for earthward (blue-colored) and tailward (red-colored) flows in Figure le.
The categorizations of plasma f described above are also reflected in Figure 1e by dashed-lines. The correspond-
ing roman numerals i — vi mark the distance from “farther from” to “closer to” the neutral sheet. Observable
from Figure le, both earthward and tailward flows do not have distinctive difference in term of the distribution
of plasma f.

The distribution of plasma f in the plasma sheet has an increasing gradient with radial distance from Earth up to
~10 R, in the nightside. Beyond a radial distance of 10 R, the spatial profile of plasma f is rather homogeneous
(see Juusola, @Pstgaard, & Tanskanen, 2011). Therefore, the ion category with low plasma /3 at radial distance <10
R, can include the near-Earth plasma sheet ion. These data do not represent ions at distance farther from the neu-
tral sheet. To exclude (a) these near-Earth plasma sheet data, (b) the ion samples within the geostationary orbit,
and (c) the ion samples outside the nominal magnetopause, we only consider ions in the region outlined by —30
R, <X < -10R, IYI< 18 R, and IZI < 6 R, as the “effective plasma sheet.” See the dashed rectangle in Fig-
ures la—1d for the outlines. Only the ions in this region will be considered in the following quantitative analyses.

By using data from the Cluster mission, Boakes et al. (2014) indicate that the lower limit of plasma f for plas-
ma sheet ion is 0.01. Haaland et al. (2017) utilized plasma f of 0.05 as a higher limit of the magnetotail lobes.
Therefore, the ion category with low plasma f (i.e., 0.025 < # < 0.1) may include data samples from the lobes.
However, we emphasize that, even if the category of ions with plasma f < 0.1 are not considered, our results on
the variations in ion flow patterns with distance to the neutral sheet (see Section 4) will not be affected.

4. Results

In Figure 2, we show the distribution of (a-b) earthward and (c—d) tailward V , in the XY and YZ planes for rang-
ing distance to the neutral sheet. Subscripts i — vi (left to right) correspond to distance that ranges from “farther
from” to “closer to” the neutral sheet. The color bars in (a and ¢) show tan~'(V /IV ) where the resolved angle
ranges from —90° (blue-dawnward) to +90° (red-duskward). The color bars in (b and d) show V N where blue
(red) indicates dawnward (duskward) flows. In brief, lighter (darker) shades of colors indicate weaker (stronger)
flow deviation from the midnight plane.

CHONG ET AL.

4of 12



A7t |

NI Journal of Geophysical Research: Space Physics 10.1029/2021JA029694
Low B High B
Farther from Neutral Sheet Closer to Neutral Sheet

-30

0.1 < Plasma B =< 0.5 0.5 <Plasmap s 1 1<Plasmap =2 2 <Plasmag =4 4 <Plasma p

0.025 < Plasma B = 0.1

%0 90 —
25k vii
A A A
| T A
Lol Tea
— o A
€ o Pk
o ! | R
@ 3 I S
S X | -
> x | [ v v
| ! | v
| ' |
! i
[¢] v X Mean
i v
A3
o 0 40 20 30 0 0 20 30 0 0 20 30 0 10 20 30 0 40 20 30 0 40 20 30 o2 107 100 101
E Xasm [Rel Xgsm [Rel Xasm (Rel Xgsm [Rel Xgsu [Rel Xgsu [Rel Plasma 3
; 3 0:025 <PlasmaB=0.1 _ 0.1<Plasmap=0.5 0.5 < Plasma g =< 1 1<Plasmap =2 2 <Plasmag =<4 4 < Plasma g I
80 paalm T T T pa 30 =
= 1 2sks | {11 u 25kmis v v vi 25kmis vil
h= -20 20 A A
5 moma foates
Ll ! | [
10 ol | ! [
10 | | oo
i ! .
< ) P R
= 0 0 E o x "
(b) 5 T A
S > | | o
> 3 ! | iy
> ' ! [
10 107 g0 ! | R4
'
pend I
20 ! -
20 af o v e
v ai
30 80 30 ==
10 0 10 10 0 -10 10 0 -10 102 101 100 10
Zgsm [Rel Zgsm [Rel Zgsm [Rel Zgsm [Rel Zgsm [Rel Zgsm[Rel Plasma 3
0.025 < Plasma B = 0.1 0.1 < Plasma B < 0.5 0.5 <Plasma B < 1 1< Plasmap =2 2<PlasmaBs4 4 < Plasma g
30 4 o o — 90 90 —
= i | vii
A
N
LA
' '
| P han
I ! T U
] | RVRE §
% I
©° SR
z ' [
> ! 4
! |
i |
i v
g v
x Mean
¢} v v at
— A Q3
L 0 10 2 30 0 10 20 30 0 10 20 -30 102 1071 100 101
-E Xasm (Rel Xasm (Rel Xasm (Rel Xgsm [Rel Xgsm [Rel Xasm (Rel Plasma 3
© 0.025 <PlasmaBs<0.1 0.1 <Plasma g s 0.5 0.5 < Plasma p = 1 1<Plasmaps2 2 <Plasmap=4 4 < Plasma g
30 [ = - w 30 30—
S i P 25is -?i.\ vii
—
— S A
-20 20f 4
g 20 i a
| | A
! | 4 i
-10 10 10 i 3 i z} 4 %
= —_ Il i i
< T L ke
d) 3 o 0o £ opF b
% < ! ] J
19} I v
> > i 3 i
10 10 -10 | : v
! '
! |
| v
20 20 20t V
X Mean
v Qi
30 30 3 ==
10 -10 102 107 10° 10!
Zasu [Rel Zgsu [Rel Zgsu Rl Zgsm [Rel Zgsm [Rel Zgsm [Rel Plasma

Figure 2. The distribution of (a-b) earthward and (c—d) tailward V| in the XY and YZ planes respectively for ranging distance to the neutral sheet. Note that the X and
Y-axes of the XZ planes in (b and d) show the Z and Y GSM-coordinates respectively. Subscripts i-vi (left to right) denotes the distance that ranges from “farther from
the neutral sheet” to “closer to the neutral sheet.” This classification of ranging distance to the neutral sheet is based on plasma /3, where subscripts i-vi correspond to
Figure le. See Section 3.1 for more information. The vectors represent V . The color bars in (a and ¢) show tan~'(V 1,1V, ) while the color bars in (b and d) show V.
For YZ planes in (b and d), only ion flows at X < —10 R are considered. The right-hand most panels (vii) in (a and c) show the mean tan~!(V /IV ) computed from
respective i-vi in the region outlined by —30 R;; < X < —10 R and Y| < 18 R, (as illustrated by the dashed rectangle in vi). The right-hand most panels (vii) in (b)&(d)
show the mean V| computed from respective i-vi in the region outlined by 1Yl < 18 R;; and IZI < 6 R, (as illustrated by the dashed rectangle in vi). The downward and
upward triangles denote the first (Q1) and third (Q3) quartile of the distribution.

4.1. XY Plane

Earthward flows: Using plasma f as a proxy, at distance farthest away from the neutral sheet (Figure 2ai), the
flow vectors strongly diverge from the midnight plane and dawnward flows are more dominant. This is seen
as the grids are dominated by darker shades of colors and there are more blue than red-shaded grids. As the
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distance becomes closer to the neutral sheet (Figure 2ai—vi), the strength of the divergence from the midnight
plane gradually weakens and duskward flows become the dominant components. This is reflected as the overall
colored grids vary from darker to lighter shades and there are more red than blue-shaded grids. In addition, the
decrease in dawnward flow strength is notably more apparent when compared to the decrease in duskward flow
strength. That is, blue-colored grids vary from darker to lighter shades more significantly when compared to the
red-colored grids.

We illustrate these variations in flow patterns quantitatively in Figure 2a-vii. Figure 2a-vii shows the mean angle
tan"}(V /1V ) computed from the “effective” plasma sheet region outlined by the dashed rectangle illustrated
in (a)-vi.’As plasma £ increases, the mean angle changes from primarily dawnward to primarily duskward and
the interquartile range (Q3-Q1) narrows considerably. In brief, as distance becomes closer to the neutral sheet,
duskward flows become the dominant components and the strength of the flow divergence from the midnight
plane weakens.

Tailward flows: The variation in tailward flow patterns is somewhat similar but opposite to those of earthward
flow patterns. As distance becomes closer to the neutral sheet (Figure 2c, i—vi), the strength of the flow conver-
gence toward the midnight plane gradually weakens and duskward flows become the dominant components. In
fact, at distance closest to the neutral sheet (Figures 2cv—vi), duskward flows are so dominant that the converging
property of tailward flows is no longer observable. It is noteworthy to mention that at distance farthest from the
neutral sheet (Figure 2ci), tailward flows converge quasi-symmetrically toward the midnight plane. This is in
contrast to the earthward flows which have a weak dominance in dawnward flows in the same proxy of distance
(Figure 2ai).

Similar to earthward flows, we illustrate this variation in flow patterns quantitatively in Figure 2cvii. For in-
stance, as plasma f increases, the mean angle tan=!'(V 1,/IV,)) changes from zero to primarily duskward and the
interquartile range (Q3-Q1) narrows considerably. In fact, at distance closest to the neutral sheet (Figure 2cvi),
both Q3 and Q1 are in the duskward regime. This indicates that the tailward flows near the neutral sheet are
dominantly duskward (more dominant than the earthward flows in the same proxy of distance, see Figure 2avi).

Summary: For both earthward and tailward flows, as the distance becomes closer to the neutral sheet, duskward
flows become the dominant components and the strength of the flow deviation from the midnight plane weakens.

4.2. YZ Plane

Earthward flows: In the YZ plane, as distance becomes closer to the neutral sheet (Figure 2bi—vi), the overall
colored grids vary from darker to lighter shades. This indicates that the strength of the dawn-dusk flow compo-
nent gradually weakens. That is, the flow deviation from the midnight plane gradually weakens. Furthermore, the
decrease in dawnward flow strength is notably more apparent when compared to the decrease in duskward flow
strength. That is, blue-colored grids vary from darker to lighter shades more significantly when compared to the
red-colored grids. We illustrate this variation in flow patterns quantitatively in Figure 2b-vii. Figure 2b-vii shows
the mean V Ly computed from the region outlined by the dashed rectangle illustrated in (b)-vi. Observable from
Figure 2bvii, as plasma f increases, the mean V| changes from zero to primarily duskward and the interquartile
range (Q3-Q1) narrows.

Tailward flows: As distance becomes closer to the neutral sheet (Figure 2di—vi), the overall colored grids vary
from darker to lighter shades and there are more red than blue-shaded grids. This indicates that the flow deviation
from the midnight plane gradually weakens and duskward flows become the dominant components. We illustrate
this variation in flow patterns quantitatively in Figure 2dvii. For instance, as plasma f increases, the mean V
changes from zero to primarily duskward and the interquartile range (Q3-Q1) narrows. In fact, at distance closest
to the neutral sheet (Figure 2c, v-vi), both Q3 and Q1 are in the duskward regime. This indicates that the tailward
flows near the neutral sheet are dominantly duskward (more dominant than the earthward flows in the same proxy
of distance, see Figure 2bvi).

Summary: In brief, the variation in flow patterns in the XY plane is also observable in the YZ plane. For both
earthward and tailward flows, as distance becomes closer to the neutral sheet, duskward flows become the dom-
inant components and the strength of the flow deviation from the midnight plane weakens.
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Figure 3. Descriptions are same as Figure 2 but only considering the ion flows that are in the Northern hemisphere (i.e., B, > 0 nT).

4.3. Hemispheric Dependence

Based on the sign of B, we have also conducted similar analyses to Figure 2 but categorizing the data into North-
ern (B, > 0nT) and Southern (B, < 0 nT) hemispheres. We show the results in Figures 3 and 4 respectively. In the
XY plane, the variations in flow patterns in both hemispheres for both earthward and tailward flows are similar.
They are consistent with the overall variations in flow patterns reported in Section 4.1 (where hemispheres are
not differentiated). In the YZ plane, in the Northern hemisphere (i.e., Figures 3b and 3d), on average, the north-
south flow component (V) of the earthward (tailward) flows is southward (northward). The opposite is also
true for Southern hemisphere (i.e., Figures 4b and 4d). Despite the changes in the direction of V , the increasing
dominance of duskward flows as the distance becomes closer to the neutral sheet for both earthward and tailward
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Figure 4. Descriptions are same as Figure 2 but only considering the ion flows that are in the Southern hemisphere (i.e., B, <0 nT).

flows is still observable in both hemispheres. In brief, we find that the ion flow patterns reported above are not
hemispherically dependent.

5. Discussion

Different plasma instruments (onboard different missions) have different energy ranges and resolutions (see Sec-
tion 2). Therefore, combining data across different instruments can introduce inconsistencies when we categorize
the ion data based on plasma . However, we have conducted the same analyses as Section 4 using individual
missions (results not shown). We find that the overall variations in V Loy which result in different flow patterns
(as observable in Figures 2—4) are consistent across all missions.
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Earth's magnetic field configuration in the magnetotail is dipolar and highly stretched. Ideally, closer to the neu-
tral sheet (i.e., high plasma $), B_is more dominant and V , is therefore insignificant. As the distance becomes
farther from the neutral sheet (i.e., low plasma f3), B_ becomes less dominant and V , becomes more significant.
This variation in V, with distance to the neutral sheet is evident for earthward and tailward flows respective-
ly (see Figures 2b and 2d). Despite the increased significance in V , our results show that the role of V 1y in
characterizing the flow patterns is also significant and should not be disregarded, even at a distance far from the
neutral sheet. That is, the earthward and tailward flows diverge and converge with respect to the midnight plane
quasi-symmetrically (e.g., Figures 2a and ci).

The flow patterns in Figures 1a—1d represent the average earthward and tailward flows in the magnetotail's plas-
ma sheet, consistent with previous studies (e.g., Angelopoulos et al., 1993; Hori et al., 2000; Juusola, Dstgaard,
& Tanskanen, 2011; Kissinger et al., 2012; Paterson et al., 1998; Pitkénen et al., 2019; Wang et al., 2006). On
average, the earthward (tailward) flows diverge from (converge toward) the midnight plane. However, our study
finds that these flow patterns are not representative of all regions within the plasma sheet. As the distance changes
from “farther from” to “closer to” the neutral sheet, there are two particular observations on the variations in ion
flow patterns in the plasma sheet that we would like to highlight. We will refer them as Observation (1) and (2)
respectively hereon. Observation (1): the flow divergence and convergence for earthward and tailward flows with
respect to the midnight plane, respectively, become weaker. Observation (2): duskward flows become the domi-
nant components. We suggest that these characteristic variations are likely due to the variations in the distribution
of the electric (V) and diamagnetic drift (V ;) with distance to the neutral sheet. In a two-fluid approximation,
assuming isotropic plasmas in the plasma sheet, ion V, can be described by the summation of Vi and V
V.=EXxB)/B*and V,
ion number density and ion charge. Vi and V , describe the motions of low and high energy ions respectively. We
refer the readers to previous works (e.g., Hori et al., 2000; Miyashita et al., 2020; Wang et al., 2006) for a better
visualization of the average vector profiles of V, and V

dia? where

=B x VP)/(qnle). E, B, P, n, and q are the electric field, magnetic field, ion pressure,

dia®

On average, the electric field in the magnetotail is predominantly cross-tail (E = E_ §), but has a notable (and
small) Sun-Earth component with increasing distance from the midnight plane. As a result, V.. is directed mainly
along the Sun-Earth line with small dawn-dusk component. This can describe the slightly diverging earthward
(converging tailward) flows with respect to the midnight plane at distance close to the neutral sheet (i.e., Fig-
ures 2a—2dvi). As the distance becomes farther from the neutral sheet, E_ becomes the major component (Huang
& Frank, 1994). As a result, the dawn-dusk component of the resulted V,, become more significant. Thus, this
can describe the highly diverging earthward and converging tailward flows with respect to the midnight plane
at distance farther from the neutral sheet (i.e., Figures 2a-2di). This variation of V with distance to the neutral
sheet can explain Observation (1). Note that the variations in the vector profiles of E with distance to the neutral
sheet have not been explored before. With more reliable electric field data from MMS missions, future works
should investigate this further.

On average, due to the radially inward (earthward) ion pressure gradient, V  is directed mainly duskward (or
westward). V. has a non-negligible but insignificant Sun-Earth component with increasing distance from the
midnight plane. Based on the results in this study, we postulate that the contribution of overall V , varies with
distance to the neutral sheet. For instance, as distance becomes closer the neutral sheet, the contribution of V ;, to
the ion flows increases. This variation of V,  with distance to the neutral sheet can explain Observation (2). The
varying roles of V. with distance to the neutral sheet is not an established understanding. We emphasize that
the validation of this hypothesis would require further investigations. V, depends on B, P and n,. Future works
should investigate the relationship between B, P and n, in causing the varying V. with distance to the neutral
sheet.

As the distance becomes closer to the neutral sheet, the increasing dominance of the duskward V . can explain
the gradual diminishing of the dawnward flow components in the dawnside (duskside) of the plasma sheet for
earthward (tailward) flows (see Figures 2a and 2ci-vi). However, the increasing dominance of the duskward V
solely cannot explain the gradual diminishing of the duskward flow components in the duskside (dawnside) of
the plasma sheet for earthward (tailward) flows. Note that the strength of both dawnward and duskward flow
components decreases as the distance becomes closer to the neutral sheet. However, the strength of dawnward
flows decreases more rapidly than the duskward flows. This is applicable for both earthward and tailward flows
(see Figures 2a—2d, i—vi). It is this asymmetry in the decreases of flow strength that results in duskward flows in
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Figure 5. The spatial distribution of average ion temperature for (a) earthward and (b) tailward flows respectively in the XY
plane. Only high plasma f ions (i.e., # > 4) are considered.

becoming the dominant components as the distance becomes closer to the neutral sheet. Therefore, Observations
(1) and (2) are due to the combined varying effects of V, and V , , and cannot be due to just V.

dia’ dia®

Previous studies on magnetotail's plasma sheet (e.g., Angelopoulos et al. (1993); Hori et al. (2000); Wang
et al. (2006)) computed the average flows irrespective of the direction. These studies reveal that the overall net
flows are slow (<200 km/s) and earthward. In contrast, our study categorizes the ion flows into earthward and
tailward components. This approach allows us to investigate if the variation in flow patterns with distance to the
neutral sheet is consistent between earthward and tailward flows. We find that both earthward and tailward flows
are similarly subjected to the varying effects of V| and V, with distance to the neutral sheet. However, these
effects are applicable to different extents depending on the flow directions. For instance, at distance closest to
the neutral sheet, the dominance of duskward flow components on the tailward flows is more prominent when
compared to the earthward flows (see Figures 2a—2dvi). One explanation could be because of the difference in
the average ion energy between earthward and tailward flows. The motion of low and high energy ions can be
described by V_ and V, , respectively (Chen, 1984; Juusola, @stgaard, & Tanskanen, 2011). In other words, it is
possible that in our data set, the plasma energy of the tailward flows with high plasma f is on average higher than
the earthward flows with high plasma . However, further analyses indicate that this is not the case. We show the
spatial distribution of average ion temperature for earthward and tailward flows respectively in Figures 5a—5b.
Results show that at distance closer to the neutral sheet (i.e., ion with plasma § > 4), both earthward and tailward
flows have similar spatial distribution of ion temperature. Therefore, the difference in the average ion energy
between earthward and tailward flows cannot explain the dominance of duskward flows on tailward flows at
distance closer to the neutral sheet. This dominance of duskward flows on tailward flows (more dominant than
earthward flows) at distance closer to the neutral sheet deserves further attention in future works.

The flow behaviors reported in this study reveal that the magnetotail flows are even more complex than what we
previously understood. It changes the traditional picture of the simple steady convection (Dungey, 1961) we have
on the plasma sheet. This study raises a number of consequential questions: Are the convection behaviors con-
sistent between different plasma species (e.g., ions and electrons) and between different ion species (e.g., protons
and heavy ions)? What are the implications if they are/are not? Follow-up works and answers to these questions
are necessary to better understand the dynamics of the complex magnetotail flows. Our study can be viewed as a
stepping stone to future studies in this aspect.
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6. Conclusion

In conclusion, we present a work that, for the first time, explores the slow (<200 km/s) ion flow patterns as a
function of the distance to the neutral sheet. By using plasma /3 as a proxy of distance to the neutral sheet, we find
that the ion flow patterns vary systematically within the plasma sheet. As the distance becomes closer toward
the neutral sheet, the strength of the earthward (tailward) flows divergence (convergence) with respect to the
midnight plane weakens and duskward flows become the dominant components. We also find that the variations
in ion flow patterns are not hemispherically dependent. We suggest that the spatial profiles of the electric and
diamagnetic drift vary with distance to the neutral sheet and are therefore responsible for the varying ion flow
patterns.
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