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Abstract Regions 1 and 2 (R1 and R2) field-aligned currents (FACs), manifestations of large-scale
convection in Earth's magnetosphere-ionosphere (M-I) system, often contain intense FAC layers of
mesoscale latitudinal width near the R1/R2 interface. We refer to such layers as “embedded” R1 and R2
FACs. Likely resulting from enhanced magnetosphere-ionosphere (M-I) convection, these FACs may
indicate M-I configuration change and contribute significantly to substorm current wedges. We present
several events in which embedded FACs were observed by low-altitude spacecraft in the ionosphere. All
the events occurred during active geomagnetic conditions or a substorm growth phase, and most map to
an equatorial location on the nightside. When an embedded FAC is upward, it coincides with inverted-V
electron precipitation and a discrete auroral arc. If an upward embedded FAC is in the postmidnight-
to-dawn sector, a dawnside auroral polarization stream appears immediately poleward of it, so it may

be important for ionospheric heating, M-I convection, and instabilities. Our results establish embedded
FACs as a frequently appearing, fundamental phenomenon for understanding and modeling the
magnetosphere-ionosphere system.

Plain Language Summary Earth's magnetosphere is coupled to its ionosphere by currents
flowing along magnetic fields. We introduce and investigate one type of such currents observed by low-
altitude spacecraft flying in the ionosphere. We found that these currents, which are related to bright
aurora and strong plasma flows, likely result from and indicate active magnetotail conditions and may be
important for understanding energy transport and conversion in the magnetosphere-ionosphere system.

1. Introduction

Earth's magnetosphere is electromagnetically coupled to its ionosphere by field-aligned currents (FACs)
comprising two large-scale elements, Region 1 (R1) and Region 2 (R2) currents, which were discovered by
Iijima and Potemra (1976a, 1976b) in the ionosphere (Figure 1a). Region 1 currents, which are at higher
latitudes, consist of FACs flowing downward into the ionosphere in the dawn sector and upward out of
the ionosphere in the dusk sector. Equatorward of R1 currents lie R2 currents, which flow in the opposite
directions. Regions 1 and 2 currents largely overlap the auroral oval, the ionospheric footprint of the plasma
sheet. In the magnetosphere (Figure 1b), R1 current occupies a large volume, including the magnetopause,
the plasma sheet boundary layer, and the outer (high invariant latitude) plasma sheet. Region 2 current
occupies the inner (lower invariant latitude) plasma sheet, including the central plasma sheet, and part of
the inner magnetosphere (e.g., Cowley, 2000; Ohtani et al., 1988, 2010; Tanaka, 1995). The equatorial foot-
print of the interface between R1 and R2 currents is at ~8-12 Rg downtail on the nightside (Liu et al., 2016).
These currents, which arise from large-scale M-I convection and its resultant magnetic field distortions
and pressure gradients (Tanaka, 1995), are critical to imposing magnetic stress, modifying plasma flow, and
transmitting energy between the ionosphere and the magnetosphere (e.g., Vasyliunas, 1970).

Well-approximated as current sheets elongated in the east-west direction (Figure 1; in this paper, east, west,
north, and south refer to magnetic east, west, north, and south, respectively), R1 and R2 currents cause de-
flection of the east-west magnetic field (Bg) in the ionosphere. Iijima and Potemra (1976a, 1976b) relied on
the Bg deflection profile as a function of magnetic latitude to discover R1 and R2 currents, and it remains a
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Figure 1. (a) Cartoon illustrating the locations of Regions 1 and 2 currents in the ionosphere. Light red/blue: upward/
downward field-aligned currents. The magenta line and diamond: schematic track and location, respectively, of DMSP-
18 giving the measurements in (d-f), at 2212:39UT, November 26, 2014. (b) R1 and R2 currents’' equatorial footprints

in the XYggy plane. Note that the FACs vanish on this plane (or more precisely, on the neutral sheet) and grow away
from it northward and southward along field lines. (c) Kyoto AL index. The vertical dashed line indicates 2212:39UT.
(d) Components of the perturbation magnetic field vector after the IGRF has been subtracted. Vertical dashed lines
indicate the boundaries of R1 and R2 currents; the magenta line marks their interface. Green/blue: maximum/
minimum variance component of the horizontal field, approximately eastward/northward. (e and f) Differential energy
flux of precipitating electrons/ions.

key indicator of their global distribution. This profile is best observed by a low-altitude (<1 Rg from Earth's
surface) spacecraft moving in the north-south direction. Figure 1d shows such an observation of typical R1
and R2 currents during relatively quiet conditions (AL ~—70 nT; Figure 1c) by a DMSP (Defense Meteoro-
logical Satellite Program) spacecraft at ~840 km altitude traveling from south to north in the northern hem-
isphere (see trajectory in Figure 1a). The eastward magnetic field perturbation, SB (after the international
geomagnetic reference field IGRF has been subtracted; see green curve in Figure 1d), increases gradually
from 2211:30UT (leftmost vertical dashed line) to 2212:39UT (magenta vertical dashed line). This is not a
temporal variation, but a spatial variation observed by the spacecraft as it traveled poleward from 67.6° to
71.7° magnetic latitude. This variation results from an east-west elongated downward FAC sheet, the R2
current in the dusk sector. From 71.7° to 74.5° magnetic latitude (2212:39UT to 2213:27 UT; magenta verti-
cal dashed line to rightmost vertical dashed line), §Bf* drops gradually. This drop results from an east-west
elongated upward FAC sheet, the R1 current.

According to Ampére's law, the steeper the slope of §B,E , the larger the current density; the larger the 5B,E
change, the more FACs produce this change (e.g., Liihr et al., 1996). Within the expanses of R1 and R2
currents, §B,E slopes of various field change, steepness, and latitudinal widths exist (Figure 1d), indicat-
ing that the R1 and R2 currents contain secondary FACs of various current content, intensity, and scales.
These FACs are commonly observed within R1 and R2 currents (Gjerloev et al., 2011; Klumpar, 1979; Liihr
et al., 2015; McGranaghan et al., 2017). In this paper, we discuss one previously unrecognized type of sec-
ondary FAC that has a mesoscale latitudinal expanse (>~0.5° and <~5°) and carries more than 30% of the
total R1 or R2 current. Such FACs may be important for resolving the global current system and understand-
ing convection of the magnetosphere and ionosphere during active times (see Section 4).
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Event: Embedded FACs; Dusk Sector DMSP-18 Observations
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Figure 2. An embedded FAC event observed by DMSP-18 in the dusk sector. (a) Kyoto AL index. The vertical dashed
line indicates 1501:02UT, the time at which the spacecraft crosses the R1/R2 interface. (b) The same quantities as in
Figure 1d. Vertical dotted lines indicate the boundaries of embedded FACs. The other lines are as defined for Figure 1d.
(c) Ion bulk flow, cross-track component, approximately eastward. Magenta vertical dashed-dotted line: polar cap
boundary. (d and e) Differential energy flux of precipitating electrons and ions. Magenta vertical dashed-dotted lines are
the equatorward boundaries of the electron and ion plasma sheets, respectively. (f) Ultraviolet auroral emissions from
SSUSI. Redder color: more intense light flux. Dashed grids: magnetic latitudes and MLTs. Magenta line: DMSP-18 track
and diamond: the spacecraft location at 1501:02UT, August 2, 2014.

In Figure 2, we introduce this type of FAC, which was observed by the DMSP-18 spacecraft as it transected
R1 and R2 currents with an equatorward trajectory in the dusk sector of the southern hemisphere. Using
the method we applied in Figure 1d, we identify in Figure 2b that the upward R1 current corresponds to a
SBf decrease from —73.7° to —68.6° magnetic latitude (1459:27UT to 1501:02UT; from the leftmost vertical
dashed line and the magenta dashed line), and the downward R2 current corresponds to a SBF increase
from —68.6° to —64.7° magnetic latitude (1501:02UT to 1502:13UT; from the magenta dashed line to the
rightmost vertical dashed line). Figure 2b shows a feature within the latitudinal range of the R1 (R2) cur-
rent that Figure 1d does not: §B/ can be further split into two segments with distinctly different slopes; the
splitting boundary is indicated by the vertical dotted line at 1500:31UT (1501:13UT). The split segments are
thus as follows: 1459:27UT to 1500:31UT and 1500:31UT to 1501:02UT for R1; 1501:02UT to 1501:13UT and
1501:13UT to 1502:13UT for R2. These segments all have a mesoscale latitudinal extent (>0.5°, but less than
the full width of the R1 and R2 currents) and a large field change (>20% of the total change over the R1 or
R2 current's latitudinal range). Within the R1 range, the segment from 1500:31UT to 1501:02UT, which is
adjacent to the R1/R2 interface (magenta dashed line), has a much steeper slope than that farther away (the
segment from 1459:27UT to 1500:31UT). The slopes of the two segments have the same sign, however. It is
also so within the R2 range—the 1501:02UT to 1501:13UT slope is much steeper than and has the same sign
as the 1501:13UT to 1502:13UT slope. These signatures indicate that the FAC responsible for the steeper
segment within the R1 (R2) range has the following characteristics:

1. It flows in the same direction as the R1 (R2) current.

2. Itis more intense than the background R1 (R2) current, which corresponds to the segment with a gentler
slope farther away from the R1/R2 interface.

3. Of all meso- and large-scale FACs within the R1 (R2) range, it flows closest to the R1/R2 interface.

The steeper segments (one within R1 range and one within R2 range) appear to be embedded in the middle
of the total latitudinal range covered by the R1 and R2 currents (1459:27UT to 1502:13UT). We thus refer
to the FAC responsible for the steeper segment within the R1 (R2) range as an “embedded R1 (R2) FAC.”
Characteristics 1-3 define this term.

Our experience in finding the events presented in this paper suggests that embedded R1 and R2 FACs oc-
cur frequently and are worthy to be established as a notable feature of magnetosphere-ionosphere system.
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These FACs may result in some ionospheric By deflections previously shown (e.g., Fukunishi et al., 1993;
Iijima & Potemra, 1976b; Klumpar et al., 1976; Liu et al., 2018; Saflekos et al., 1982; Strangeway, 2012), but
these studies did not discuss them or point out their possible importance. We can infer their significance
from other studies, however. Using the global FAC map from AMPERE (Active Magnetosphere and Plan-
etary Electrodynamics Response Experiment) fit data (e.g., Anderson et al., 2000), Clausen et al. (2013)
showed that a substorm current wedge (SCW), the most significant current system in substorms (McPher-
ron et al., 1973), arises in the equatorward portion of the R1 current. This location indicates that the SCW
most likely originates as an embedded R1 FAC. Therefore, embedded FACs may be important for under-
standing the substorm current system.

The AMPERE technique effectively averages low-resolution measurements over time, so it cannot resolve
fine properties of embedded FACs. Therefore, we rely on single passes of low-altitude spacecraft to examine
typical embedded R1 and R2 events in detail (Section 3) and establish them as a distinctive feature. We pro-
pose a possible mechanism that produces them in Section 4.

2. Data Set

The embedded FAC events we examine come from observations of DMSP and Swarm spacecraft at altitudes
of ~840 km and 460-530 km, respectively. These spacecraft make in-situ measurements of ionospheric
parameters, including the magnetic field vector (Merayo et al., 2008; Rich, 1984) and the cross-track (in the
horizontal plane and perpendicular to the spacecraft trajectory) ion bulk flow (Knudsen et al., 2017; Rich
& Hairston, 1994). The DMSP spacecraft also measure 30 eV-30 keV ion and electron precipitation (e.g.,
Hardy et al., 2008).

When transecting the latitudes of the auroral oval, these spacecraft have trajectories that are usually approx-
imately perpendicular to constant magnetic latitude lines, and correspondingly to the elongation orienta-
tion of large-scale R1 and R2 current sheets (Figure 1a). Such trajectories are ideal for observing magnetic
field variations caused by R1 and R2 currents (e.g., Fung & Hoffman, 1992). When in the auroral zone,
DMSP covers the dawn and dusk MLTs best, and Swarm covers all MLTs equally well.

Because the spacecraft transect the auroral oval very quickly (within a few minutes), we treat all meso- and
large-scale variations in the temporal series of spacecraft data as spatial variations with magnetic latitude
(e.g., Figures 1d and 2b).

The R1 and R2 current sheets do not align exactly with magnetic latitude lines. Thus, their corresponding
magnetic variations appear in both the east-west and north-south components. To best present the varia-
tions, we show the horizontal magnetic field in a coordinate system formed by the maximum and minimum
field variation directions over the latitudinal range occupied by R1 and R2 currents (these two directions are
perpendicular to each other). We compute these directions by applying principal component analysis (PCA)
(Pearson, 1901) to the two-component horizontal field. Of the two opposite possible maximum (minimum)
directions, we choose the one closer to the eastward (northward) direction. We denote the magnetic field
components in the maximum and minimum variance directions as 5B/ and 5B, respectively (IGRF has
been subtracted before applying PCA). For the events in this paper, the angles between the maximum varia-
tion 1 and the magnetic eastward directions (and thus between the minimum variation n and the magnetic
northward directions) are small: 6°, 6°, 3°, 6°, 7°, and 2° for the events shown in Figures 1-5, respectively.
Thus, we still refer to the maximum and minimum variation directions as east-west and north-south, re-
spectively. We do not show the vertical field component because it is little affected by R1 and R2 currents,
which are nearly vertical.

The ion bulk flow we present is Vi, the horizontal component perpendicular to the spacecraft trajectory
and positive in the direction closer to eastward. Because the spacecraft trajectories are approximately per-
pendicular to the east-west direction, we will refer to V" as eastward flow. To remove any offset in the
flow data we show, we subtracted the average value within an unperturbed interval below the R2 current
latitude, where the flow is expected to vanish.
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Event: Embedded FACs; Dawn Sector (b)

Event: Embedded FACs; Post-Midnight Sector
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Figure 3. Embedded FAC events observed in the (a) dawn and (b) post-midnight sectors. (ai and bi) Kyoto AL index. The vertical dashed lines indicate
1908:50UT and 1505:29UT, respectively. (aii and bii) The same quantities as in Figure 2b. The vertical dashed and dotted lines have the same meaning as
those in Figure 2b. (aiii, biii, aiv, and av) The same quantities as in Figures 2c-2e, respectively. The magenta vertical dash-dotted line at 1908:04UT in panels
aiii—av indicates the polar cap boundary; that in panel biii indicates the approximate location of the PCB. The magenta vertical dash-dotted line at 1910:07UT

corresponds to the equatorward boundary of the ion plasma sheet.

We will investigate how embedded FACs are related to auroral forms, which we identified from images
of the SSUSI (Spectral Sensor Ultraviolet Spectrographic Imager) onboard each DMSP spacecraft (Paxton
etal., 2018) and the THEMIS (Time History of Events and Macroscale Interactions during Substorms) all-sky

Event: Embedded FACs Pre- Mldnlght Sector IMF Condition
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Figure 4. An embedded FAC event observed by Swarm-A in the pre-midnight sector. (a-c) The same quantities as
Figures 3bi-3biii. All vertical lines have the same meaning as those in Figures 3bi-3biii. (d) Interplanetary magnetic
field from OMNI, in GSM coordinate system. The vertical dashed line indicates 0318:10UT. (e) White-light auroral
images from THEMIS All-Sky Imagers at Inuvik (INUV) and Narsaq (NRSQ). Circle-like areas: the fields of view of the
ASIs. Whiter color in the circle-like areas: more light flux. White dotted grids: invariant latitudes and longitudes. Blue
line: midnight. Magenta line and diamond: Swarm-A track and location, respectively, at 0318:10UT, October 17, 2014.

LIU ET AL. 50f 15



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2021JA029207

Figure 5. An embedded FAC event observed by Swarm-A in the afternoon
sector. (a—c) The same quantities as Figures 3bi-3biii. All vertical lines
have the same meaning as those in Figures 3bi-3biii.

Event: Embedded FACs; Afternoon Sector imagers (ASIs) (Mende et al., 2008). The SSUSI records ultraviolet auroral

i emissions from below the spacecraft, whereas THEMIS ASIs take white-
3 light photos of the sky above from their positions on the ground. When
‘ ; plotting spacecraft projections on auroral images (Figures 2f and 4e), we

0800

Swarm-A Observations

1600 map the spacecraft locations along magnetic field lines to an assumed

auroral altitude of 110 km, a commonly used value for white-light and

ultraviolet aurorae. All the spacecraft locations (magnetic latitude and
MLT) we mention in this paper are such mapped values.

3. Embedded FAC Events
3.1. Dusk Sector Event

Now we return to Figure 2, which describes an event that occurred
when AL equaled —205 nT and was decreasing, later reaching —270 nT
(Figure 2a). The AL values and profile indicate that this event likely oc-
curred during a substorm expansion phase. As mentioned in Section 1,
the dashed and dotted vertical lines in Figure 2b split the R1 and R2
range into four separate segments, each corresponding to an FAC sheet
(from left to right): background R1, embedded R1, embedded R2, and
background R2. Although the embedded FACs may be understood as su-
perimposed on top of background FACs, we do not adopt this understanding (except when discussing Fig-
ure 3aiv). Instead, we define the four segments in the simplest way: they do not overlap, and each segment
is treated as one FAC when discussing its latitudinal width, current content, and current density. Table 1
lists the latitudinal widths of the four segments. The embedded FACs are >0.5° wide, of the same order of
magnitude as the latitudinal widths of the background FACs. The latitudinal widths of the embedded FACs
are thus indeed mesoscale (>0.5° and <5°), and this is the case for all the embedded FAC events in this
study (MLat width column of Table 1).

Although the field variations in all four segments are mainly eastward-westward (green component in Fig-
ure 2b), within some segments the FAC also generates a change in 5B, . The FAC sheets are thus not exactly
eastward-westward elongated. To determine the orientation of the FAC sheet in each segment, we apply
PCA to the horizontal field within the segment and denote the maximum and minimum directions as 1’ and
n’, respectively. The ratio of the eigenvalues of these two directions is >10 for every segment; this is true
for all events presented in this paper (,/A,- column of Table 1). Thus, the field variation in every segment
corresponds to a well-defined current sheet transected by the spacecraft, rather than to a remote effect from
currents elsewhere (Fung & Hoffman, 1992; Hoffman et al., 1994). The current sheets' elongation direction
is I'. The angles between 1’ and magnetic east are listed in the 16, column of Table 1. According to this
column, the angles for Figure 2's event, as well as those for all other events in this study, are small (all <31°).
All the FAC segments in this paper are thus mainly elongated in the magnetic east-west direction.

In Figure 2b, the embedded FAC is responsible for 64% (45%) of the total SBf change, and thus also of the
FAC content, over the entire R1 (R2) range at the MLT traveled by the spacecraft. The percentages for FAC
content are approximations because the FAC sheet in each SBf segment is not exactly parallel to 1. To com-
pute the content more accurately, we project the horizontal field within each segment to its 1’ direction to
get 0B,. The content, i, is then given by AdB, / 1, where A0 B, is the change in 0B, over the segment. The
physical meaning of i is the amount of FAC within an FAC sheet per unit length in its elongation direction,
1’. In Table 1 (current content column) we list i separately for the background FAC and the embedded FAC.
The table shows that for all our events, including the one in Figure 2, the current content per unit length of
the embedded FACs is greater than or comparable to that of the background segments.

Next, we compute the average current density j of each FAC segment asi / d,,, where d,, is the current sheet
thickness. For each segment, d,, equals the distance the observing spacecraft travels in the n’ direction
within that segment. As listed in Table 1, the current densities of the embedded FACs are systematically
several times larger than those of the background FACs for all events, including the one plotted in Figure 2.
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Table 1
Properties of the Events Presented in This Study
Current content Current density
Event MLT Region MLat width [°] 165l Ap/Ay (A/m) (uA/m?)
Figure 1 19.4 R1 2.8 3.2 37 0.12 0.31
R2 4.1 5.5 91 0.10 0.19
Figure 2 18.8 R1  Background 3.4 12.2 40 0.19 0.41
Embedded 1.7 3.7 790 0.33 1.55
R2 Embedded 0.6 21.1 1,226 0.22 3.29
Background 3.3 3.0 1,042 0.27 0.63
Figure 3a 6.6 Rl Background 2.5 11.9 13 0.13 0.40
Embedded 1.2 4.1 154 0.28 1.67
R2 Embedded 1.9 &2 253 0.19 0.76
Background 5.3 2.9 47 0.09 0.12
Figure 3b 39 Rl Background 2.3 2.4 20 0.27 0.90
Embedded 1.2 6.7 441 0.26 1.70
R2 Embedded 2.1 6.9 82 0.32 1.26
Background 8.9 24.5 43 0.13 0.15
Figure 4 20.5 R1 Background 2.1 13.6 62 0.07 0.29
Embedded 1.0 4.0 787 0.18 1.38
R2 Embedded 0.8 6.5 4411 0.15 1.46
Background 3.5 2.8 4,540 0.08 0.19
Figure 5 150 R1 Background 5.8 30.9 107 0.17 0.24
Embedded 1.5 7.1 471 0.42 222
R2 Embedded 2.3 9.1 144 0.34 1.14
Background 3.4 10.3 199 0.11 0.25

Note. The magnetic local time (MLT) is of the spacecraft when it is at the R1/R2 interface. The magnetic latitudinal
widths are mapped values at 110 km altitude; current content and density are values at the spacecraft altitude. Note
that “background” and “embedded” refer to individual latitudinal segments that do not overlap (see Section 3.1).

Figures 2c-2e display other quantities that put the FACs into context. The ion bulk flow has a westward
peak (1501:05UT; Figure 2c) near the R1/R2 interface. This is the expected convection direction in the dusk
sector (e.g., Heppner, 1977; Sugiura et al., 1982). The westward flow within the embedded R1 current is
much slower than that in the embedded R2 current. This is because the conductivity within the embedded
R1 current is too high to allow a large electric field, and thus flow (otherwise the Pederson current there
will be too strong to close). The high conductivity results from an inverted-V electron precipitation (Frank &
Ackerson, 1971) coinciding with the embedded R1 current (1500:50UT, Figure 2d). This inverted-V precip-
itation is the carrier of the upward embedded R1 current and expectedly (e.g., Kamide, 1982) corresponds
to a discrete auroral arc (Figure 2f; the yellow-to-orange arc immediately poleward of the spacecraft). In
contrast, Figure 1le does not show a clear inverted-V precipitation adjacent to the R1/R2 interface, and
an upward embedded FAC is absent. Figure 2e shows that the downward embedded and background R2
currents are contributed by precipitating ions. These ions are of higher energy than those in the downward
R2 range of Figure 1f. The higher energy is expected for active time when the plasma sheet is hotter (e.g.,
Wang et al., 2009). Aside from the energy difference, the ion precipitation in Figure 2e looks like that in
Figure 1f. We cannot identify a distinctive feature of ion precipitation for the downward embedded FAC
because downward FACs are predominately carried by upgoing electrons (Arnoldy & Choy, 1973; Kamide
& Rostoker, 1977; Lui et al., 1977).

The region of precipitation corresponds to the latitudinal range of the plasma sheet. The poleward edge
of the plasma sheet, the polar cap boundary (PCB), is observed by the equatorward-moving DMSP-18 at
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1459:27UT, where Figure 2d shows an all-energy cutoff of electron precipitation. The PCB coincides with
the poleward boundary of the R1 current. The equatorward edge of the electron plasma sheet is given by
the sharp cutoff of >500 eV electron precipitation at 1501:20UT (magenta vertical dashed-dotted line in
Figure 2d). The equatorward edge of the ion plasma sheet is at the all-energy cutoff of ion precipitation
at 1501:56UT (magenta vertical dash-dotted line in Figure 2e). The boundaries between background and
embedded FACs are within the plasma sheet; in the R2 current this boundary is near the inner edge of the
electron plasma sheet.

Within the polar cap, the overall §Bf slope is distinctly different from the poleward-most segment of the R1
current, which has a cleanly defined poleward boundary. Thus, the background R1 current is determined
without any ambiguity that may come from polar cap 5B/ slopes caused by penetration of Bygsm from the
interplanetary magnetic field to the magnetosphere (McDiarmid et al., 1979). This is true for all events in
this paper.

At the PCB, there is a strong eastward flow (Figure 2c). Immediately poleward of the PCB, SB[ increases
(Figure 2b), signifying a downward FAC. Immediately equatorward of the PCB, the SBf slope is a little
steeper than that further equatorward, indicating a strong upward FAC carried by the inverted-V precipita-
tion at the same location (Figure 2d). These signatures all suggest the presence of a poleward boundary (of
the auroral zone) arc or intensification, which is not directly related to the embedded FACs and thus out of
the scope of this paper.

3.2. Dawn Sector Event

In the event illustrated in Figure 3a, equatorward-moving DMSP-17 transects the auroral zone at ~6.6MLT
in the northern hemisphere. Around the time of this event, the AL index in Figure 3ai shows a negative
bay with a minimum value of ~—480 nT. Thus, the event likely occurred during a well-developed substorm.
The 6Bf profile in Figure 3aii shows that the downward R1 (upward R2) current occupies a magnetic lati-
tude range from 76.6° to 72.9° (72.9° to 65.7°), or from 1907:50UT to 1908:50UT (1908:50UT to 1910:49UT).
Embedded R1 and R2 currents are present from 74.1° to 71° magnetic latitude (1908:30UT to 1909:21UT).
The location of the R1/R2 interface is ambiguous from the variation of 5B,E alone, as there are two 5B,E
minima (1908:42UT and 1908:50UT) within the time interval of interest. We thus refer to Figure 3aiv and
choose 1908:50UT, which separates structured (before this time and covering R1 range) from relatively
unstructured (after this time and covering R2 range) electron precipitation, as the R1/R2 interface (Ohtani
et al., 2010). The relatively unstructured precipitation does contain one structure—an inverted-V precipi-
tation around 1909:05UT, the latitudinal extent of which coincides with that of the upward embedded R2
current. The electron precipitation within the R2 current seems to consist of two components: the invert-
ed-V precipitation with an ~3 keV peak energy carries the embedded R2 current and is superimposed on
the background R2 current carried by an unstructured precipitation with a center energy of ~10 keV. The
latter is present over the entire R2 range including the range of the embedded FAC. Although it is difficult
to identify the equatorward boundary of the electron plasma sheet, we can determine the ion plasma sheet
boundary to be around the precipitation cutoff at 1910:07UT (68.2° magnetic latitude; Figure 3av). The
polar cap boundary is at the poleward cutoff of both electron and ion precipitation (1908:04UT or 75.7°
magnetic latitude, denoted by the magenta vertical dashed-dotted lines in Figures 3aiv and 3av). Thus, the
plasma sheet contains the two boundaries separating background and embedded FACs.

The plasma bulk flow near the R1/R2 interface has a strong eastward peak and a steep flow gradient (Fig-
ure 3aiii); the latter is within the range of the embedded R2 current. The flow equatorward of the gradient
almost vanishes. These signatures suggest that the strong eastward flow is a dawnside auroral polarization
stream (DAPS, Liu et al., 2020). It is expected to appear immediately poleward of an inverted-V electron pre-
cipitation (Figure 3aiv), which in this case is the carrier of the embedded R2 current. Poleward of the DAPS
and equatorward of the PCB, the bulk flow goes westward twice, opposite to the expected eastward con-
vection at this MLT. These flows are related to the narrow inverted-V electron precipitations in Figure 3aiv
and the ion precipitation gaps in Figure 3av. The flows are likely associated with auroral streamers (Gal-
lardo-Lacourt et al., 2014; Sergeev et al., 2004), ionospheric footprints of bursty bulk flows (Angelopoulos
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et al., 1992, 1994) carried by dipolarizing flux bundles (DFBs; Liu et al., 2014) in the magnetotail (e.g.,
Nakamura et al., 2001; Wang, Xing, et al., 2018).

3.3. Post-Midnight Sector Event

Figure 3b shows an event during a substorm (Figure 3bi; AL = ~—350 nT within a cleanly defined neg-
ative bay). Poleward-moving Swarm-B transected the R2 and R1 currents at ~4 MLT. The 5B variation
in Figure 3bii indicates that the R2 and R1 currents span 57.8° to 72.3° magnetic latitude (1502:17UT to
1506:34UT), including the embedded R2 and R1 currents covering 66.7° to 70° magnetic latitude (1504:52UT
to 1505:51UT). Within the range of the embedded R2 current, there is a steep flow gradient associated with
a DAPS (Figure 3biii). We rely on the flow profile in Figure 3biii to determine the PCB location, because
Swarm does not provide precipitation measurements. At 1506:40UT (72.7° magnetic latitude), the flow
reverses from eastward as expected in the return-flow region to westward as expected in the polar cap. This
flow reversal marks the equatorward limit of the PCB because the higher-latitude portion of the plasma
sheet boundary layer sometimes has the same flow direction as the polar cap (e.g., Lester et al., 1995). This
equatorward limit of the PCB is 2.7° poleward of the boundary between embedded and background R1
currents, so the latter boundary is within the plasma sheet. This is also true for all the following events.

3.4. Pre-Midnight Sector Event

Figure 4 shows an event observed by equatorward-moving Swarm-A when it transected the auroral zone at
~21 MLT. The R1 and R2 currents range from 69.5° to 62.1° magnetic latitude (0317:18UT to 0319:21UT),
and the embedded FACs cover 67.4° to 65.6° magnetic latitude (0317:53UT to 0318:23UT). Within the ex-
panse of the R1 and R2 currents, the plasma bulk flow is mostly westward (Figure 4c), consistent with
the return flow in the premidnight sector. Within the expanse of the embedded R1 and R2 currents is a
westward flow peak of ~1.5 km/s. The flow poleward of the embedded R1 current turns eastward occasion-
ally, possibly due to auroral streamers. The flow is constantly eastward poleward of 75° magnetic latitude
(0315:46UT), so this location is likely the equatorward limit of the PCB.

One feature distinguishing this event from all other embedded FAC events in this paper is that it was not
observed during an active AL level —AL was only ~—40 nT (Figure 4a). About 55 min after the event, a
cleanly defined AL negative bay indicates that a substorm took place, so the event likely occurred during a
substorm growth phase. Two signatures confirm this likelihood: at the time of the event, the interplanetary
magnetic field has been almost constantly southward for an hour (Figure 4d), and a global discrete arc, the
growth phase arc (Akasofu, 1964), was observed by two THEMIS ASIs (Figure 4e; all other ASIs' fields of
view were covered by clouds). Although the IALI level is low around the time of the event, a small peak of
~50 nT appears at 0317UT (Figure 4a), <1 min before Swarm-A observed the embedded FACs. This small
peak indicates westward ionospheric currents, which may be connected to small-scale FACs carried by
DFBs (e.g., Lyons et al., 2012). The DFBs may have driven the growth phase arc (Yang et al., 2014).

3.5. Afternoon Sector Event

In Figure 5, the poleward-moving Swarm-A transects the auroral zone at ~15 MLT, when the magne-
tosphere has been geomagnetically active for >15 h (Figure 5a). The R2 (R1) current, indicated by SBf
in Figure 5b, occupies the magnetic latitude range 68.3° to 74° (74°-81.3°) or 1845:13UT to 1846:46UT
(1846:46UT-1848:48UT) in the spacecraft observations. There is an embedded R2 (R1) current from 71.6° to
74° (74°-75.5°) or 1846:08UT to 1846:46UT (1846:46UT-1847:11UT). The plasma flow profile (Figure 5c)
follows that of 5B/, indicating little, gently varying conductivity over the latitude range covered by R1 and
R2 currents (Liu et al., 2020; Sugiura et al., 1982; Strangeway, 2012). This is because the entire range of R1
and R2 currents is sunlit, and the solar zenith angle ranges from 72° to 82°.
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Figure 6. (a) Cartoon summarizing aspects of the embedded FAC events in Figures 2-5, arranged in the same way as
Figure 1a. Darker colors: more intense FAC. Lines with arrowheads: schematic spacecraft trajectory of each embedded
FAC event. The direction of the arrowhead is the spacecraft's direction of motion. The gridded areas indicate that the
embedded FACs can be either global or localized. The in situ observations cannot establish the longitudinal extent of
the events. (b-d) Schematics illustrating the equatorial plane under the condition of enhanced magnetotail convection.
They are based on previous simulations of nominal convection enhancement. (b) Pressure buildup and (c) flow vortices
that appear in the near-Earth plasma sheet. Green arrows indicate plasma bulk flows. The flow vortices are caused by a
braking BBF, whose equatorial cross section is shown as the black area. (d) Similar to Figure 1b but with the addition of
embedded FACs; darker colors represent the equatorial footprints of more intense FACs.

4. Summary and Discussion

Figure 6a is an illustrative summary of the embedded FAC events we presented. Although a more extensive
statistical study is needed for confirmation, these five events suggest that embedded FACs have the follow-
ing properties:

1.

The transitions from weak background R1 (R2) FAC to strong embedded R1 (R2) FAC, and thus the
boundaries of the embedded FACs, are within the plasma sheet.

. The embedded FACs are independent of ionospheric conditions—they can appear in both dark and

sunlit regions. This suggests that they likely result from “current generators” (Nishida, 1979) in the
magnetosphere. A current generator is the expected generator for structures with spatial scales similar
to those of embedded FACs (Vickrey et al., 1986).

It seems that embedded FACs occur preferentially during active times or substorm growth phase, and on
field lines that cross the equator on the night side. Except in the event in Figure 5, all the events we have
presented can be mapped to an equatorial location in the nightside magnetosphere (even the event in
Figure 3a, observed at 6.5 MLT, maps to the nightside because of field line draping).

An upward embedded FAC, which is carried by electron precipitation with an inverted V shape, links
to a discrete arc. This relationship is also present in the embedded FACs we can identify from previous
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studies such as those in Figures 2 and 3 of Liu et al. (2020) (the embedded FACs can be identified from
the magnetic field variations in these figures; their Figure 3 does not show a clean embedded R1 FAC)
and Figure 1 of Liu et al. (2018). Thus, an upward embedded FAC is so strong that field-aligned potential
drops develop (Evans, 1974; Lyons, 1981) to support it.

5. When appearing in the postmidnight-to-dawn sector, the embedded R2 current coincides with a DAPS.
This is also so for the events in Liu et al. (2018, 2020). This coincidence further supports the idea that
embedded FACs result from a current generator, because a DAPS results from a current generator (Liu
et al., 2020).

These properties inspire us to propose a mechanism for generating embedded FACs based on previous sim-
ulations. After magnetotail convection increases, plasma pressure builds up in the plasma sheet, especially
in the region of L = 6-15 (schematically illustrated in Figure 6b; see, e.g., Birn & Hesse, 2013; Gkioulidou
et al., 2009; Wang, Gkioulidou, et al., 2018; Yang et al., 2010). This buildup can result from either enhanced
global-scale convection or bursty bulk flows carried by DFBs. The latter also produce flow vortices around
them (Figure 6c; Birn et al., 1999, 2004). According to theory (Vasyliunas, 1970) and the simulations cited
above, the pressure buildup and flow vortices in Figures 6b and 6c require intense R1 and R2-sense FACs
to arise in the near-Earth plasma sheet; the distribution of such FACs is illustrated as darker areas in Fig-
ure 6d (see also the cited simulation studies). The near-Earth plasma sheet is also where the large-scale R1/
R2 interface is located (Liu et al., 2016); the intense FACs are simulated to appear near this interface and
redefine it as the interface between the intense R1 and intense R2 FACs. Flowing toward or away from the
ionosphere along field lines, these intense FACs would produce the magnetic field deflections we observed
and identified as signifying embedded FACs. In addition, the location of these intense FACs relative to the
plasma sheet is consistent with that of embedded FACs. When mapped to the ionosphere, the simulated
intense FACs have current densities comparable to those we observed for embedded FACs (Gkioulidou
et al., 2009; Yang et al., 2012, 2014). They are therefore a plausible candidate for embedded FACs.

The mechanism illustrated in Figure 6 results from enhanced convection, a condition present during high
|ALI periods and substorm growth phases, when the embedded FAC events in Figures 2-5 were observed.
The pressure buildup and flow vortices start in the magnetotail, so the embedded FACs should be best ob-
served on the nightside. The pressure buildup then drifts to the afternoon sector (Gkioulidou et al., 2009;
Wang et al., 2019). It is thus unsurprizing to observe some embedded FACs in the afternoon sector (Figure 5).

The mechanism in Figure 6 has also been used to explain how DAPS arise (Liu et al., 2020), so embedded
R2 FACs in the postmidnight-to-down sector are expected to coexist with DAPS. In fact, a strong R2 FAC
is suggested to be the direct driver of DAPS. Because DAPS are important for convection, plasma heating,
and instabilities in the magnetosphere-ionosphere-thermosphere system, it is also important to understand
embedded FACs.

In Figure 3a, a DAPS and embedded FACs are observed with flows likely related to streamers, consistent
with DFBs being one driver of magnetotail pressure buildup and flow vortices. Likely streamer-related flows
also appear in Figure 4c, in which a strong westward flow coincides with embedded FACs. Because strong
westward flows in the premidnight sector are known to be related to DFBs (Gallardo-Lacourt et al., 2017;
Lyons et al., 2015), the event in Figure 4 lends further support to DFBs as drivers of embedded FACs.

In Figures 6b-6d, we illustrate pressure buildup, flow vortices, and intense FACs extending over a large-to-
global expanse of MLTs, as in simulations (e.g., Yang et al., 2014; Wang, Gkioulidou, et al., 2018). In reality,
however, these signatures and thus the associated embedded FACs may be either meso-, large-, or glob-
al-scale in MLT coverage. It is reasonable to expect embedded FACs associated with a DFB to be mesoscale
in MLT coverage (i.e., <1 h of MLT wide), because a DFB's equatorial footprint is typically <~3 Rg wide
in the azimuthal direction (Liu, Angelopoulos, Zhou, et al., 2013; Sergeev et al., 1996). If a DFB spreads
azimuthally (Liu, Angelopoulos, Zhou, et al., 2015; Wang, Gkioulidou, et al., 2018) or many DFBs cumula-
tively lead to large-to-global-scale modifications of the M-I system (e.g., Merkin et al., 2019), the resultant
embedded FACs should have a large-to-global MLT expanse, although their latitudinal expanse would still
be mesoscale. Another possible cause of global-scale embedded FACs is enhanced global-scale convection.
We cannot determine the MLT expanse of the embedded FACs in Figures 2-5 from the in-situ observations
of a single low-altitude spacecraft alone. During substorm growth phase (Figure 4), embedded FACs may be
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large scale (>~3 h of MLT wide) because the growth phase arc, a discrete arc likely coinciding with upward
embedded FACs, is usually large scale (e.g., Nishimura et al., 2016). Future studies with more approaches
are needed to determine the MLT extent of embedded FACs.

Our study excluded the midnight sector where the Harang (1946) reversal complicates the definition of R1
and R2 and thus embedded R1 and R2 FACs. In addition, it will be challenging to identify embedded FACs
in the midnight sector during active times, when they seem to occur more often, because this sector is much
disturbed during such times (e.g., Akasofu, 1964), complicating identification of mesoscale FAC structures.
Nevertheless, we can conjecture what embedded FACs would look like in this sector if the mechanism in
Figure 6 is indeed responsible for them. According to simulations used to develop Figure 6 (e.g., Gkioulidou
et al., 2009; Wang et al., 2020; Yang et al., 2012), embedded FACs in the midnight sector should show up as
enhancements of the entire upward FAC and the lower- (higher-) latitude portion of the downward FAC
poleward (equatorward) of the upward FAC. These enhanced FACs are illustrated as gridded areas in the
midnight sector of Figure 6a.

Most of the events in this study were observed under high |ALI conditions during likely substorms. A high
IALI indicates that a substorm current wedge is well formed (e.g., McPherron & Chu, 2016). Because an
SCW consists of an intense R1-sense FAC and an intense R2-sense FAC equatorward of the R1-sense FAC
(Ritter & Liihr, 2008; Sergeev et al., 2011), it is reasonable to relate embedded R1 and R2 currents to an
SCW. In fact, the mechanism in Figure 6 was designed to explain SCW formation (e.g., Birn & Hesse, 2013).
There are two opposing ideas about SCW configuration: an SCW is either formed simply by two large-scale
(>3 h of MLT wide) R1 and R2-sense current loops (Nishimura et al., 2020; Ohtani & Gjerloev, 2020) or by a
collective effect of many co-existing wedgelets (<1 h of MLT-wide) carried by DFBs distributed in different
MLTs (Birn & Hesse, 2013, 2014; Forsyth et al., 2014; Liu, Angelopoulos, Chu, et al., 2015; Liu, Angelopou-
los, Runov, & Zhou, 2013; Nishimura et al., 2020). It is difficult to verify these scenarios from in situ mag-
netospheric observations because at any given time, sparsely distributed spacecraft can take measurements
at only a few spots. Therefore, although magnetospheric observations have revealed SCW-related signatures
such as pressure buildup (Liu, Angelopoulos, Zhou, et al., 2013; Xing et al., 2011; Yao et al., 2012), flow
vortices (Keiling et al., 2009), and FACs (Forsyth et al., 2008; Liu, Angelopoulos, Runov, & Zhou, 2013;
Sergeev et al., 1996; Sun et al., 2013), other types of observations are needed to determine how SCWs are
formed. If embedded FACS are indeed related to SCWs, ionospheric observations of embedded FACs may
provide a solution. Such observations can be similar to those in this paper but with multiple spacecraft sep-
arated in the longitudinal direction to resolve the FACs' MLT expanse. If an SCW has a simple structure of
two large-scale loops, we expect related embedded FACs to cover >3 h of MLT continuously. If wedgelets
form an SCW, related embedded FACs should be distributed separately to several locations, with each FAC
covering <1 h of MLT.

Regardless of their relationship to an SCW, embedded FACs observed in the ionosphere serve as a conven-
ient indicator of enhanced FACs in the magnetosphere. On the nightside, the embedded FACs' equatorial
footprints are around —Xggy = ~6-15 Rg (near where the R1/R2 interface map to; see Liu et al., 2016; Yue
et al., 2015), the most important energy conversion region in the magnetotail. The embedded FACs likely
play a role in the conversions. Because embedded FACs seem to appear frequently, they reflect a funda-
mental state of the magnetosphere-ionosphere system. Knowledge about them is significant for correctly
modeling this system.
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ley.edu/data/themis/), the SSUSI data center (https://ssusi.jhuapl.edu/), CDA Web (https://cdaweb.gsfc.
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