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In this study, we explore the evolution of long-duration transpolar arcs
observed during an exceptionally quiet period by the Fengyun-3D and Defense
Meteorological Satellite Program satellites on 17 January 2019. Leveraging
the extensive field of view of WAI, we captured the complete structure and
evolution of the TPA over a very quiet period exceeding 7 h, with AE<30 nT.
The TPA initially manifested at the poleward boundary of the auroral oval in
the dawn sector, gradually migrating towards the dusk as the y-component of
the interplanetary magnetic field (IMF BY) transitioned from negative to positive.
Throughout this phase, the TPA underwent a distortion, transforming from a
straight line to an “l-shape”. Following a reversal in interplanetary magnetic field
BY to negative, the TPA retraced its path towards dawn and ultimately dissipated
when the IMF turned southward. Of particular interest is the observation that
when the TPA approached the noon-midnight line, small-scale spiral structures
became apparent within the TPA. This suggests the presence of intricate small-
scale magnetic field topologies or plasma instabilities/shears in the source
region. These observations highlight the likelihood of complex field and particle
dynamics in the high-latitude reconnection region and the twisted tail plasma
sheet.
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1 Introduction

The transpolar arcs (TPAs) are extensive auroral features that stretch across the
entire polar cap region, extending poleward from the primary auroral oval (Frank et al.,
1986; Milan et al., 2005; Kullen, 2012; Zhang et al., 2020; Hosokawa et al., 2020). Typically
observed during periods of northward interplanetary magnetic field (IMF) and under
geomagnetically quiet conditions (Zhu et al., 1997; Milan et al., 2005; Hosokawa et al.,
2020), TPAs exhibit distinct characteristics. A TPA typically initiates at the dawn
or duskside poleward boundary of the primary auroral oval, subsequently migrating
poleward towards dusk or dawn, depending on the polarity of the y-component of the
IMF (BY) (e.g., Kullen et al., 2002; Cumnock, 2005; Fear and Milan, 2012). TPAs can
manifest as single arcs resembling a theta aurora (Frank et al., 1986) or as multiple
arcs spanning the entire polar cap region (Xing et al., 2018; Zhang et al., 2020). These
phenomena may occur in a single hemisphere or both hemispheres. Recent statistical
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analyses have revealed that less than half of multiple arc events
occur simultaneously in both hemispheres, with clear differences
in IMF conditions between conjugated and non-conjugated events
(Thor et al., 2023).This discrepancymay be attributed to an IMFBX-
induced interhemispheric asymmetry in magnetospheric field line
topology (Thor et al., 2023). It is worth noting that some studies have
shown no significant difference in IMF BX values between conjugate
and non-conjugate events (Kullen et al., 2023).

The mechanisms underlying the formation of TPAs have been
extensively explored in past decades (Zhu et al., 1997; Kullen, 2012;
Hosokawa et al., 2020). Observations linking TPAs to IMF control
have led to models associating TPAs with the topological structure
of the tail plasma sheet. Simulations have demonstrated that the
twisting of the tail plasma sheet intensifies during northward
IMF, and changes in the sign of IMF BY result in the movement
of TPAs dawnward or duskward (Kullen, 2000; Tsyganenko and
Fairfield, 2004). A specific type of TPA extending from the nightside
auroral oval to the dayside has been linked to tail connections
during northward IMF (Milan et al., 2005). For multiple TPAs,
Zhang et al. (2016) proposed that the Kelvin-Helmholtz instability
and/or the interchange instability could be potential mechanisms.
More recently, Zhang et al. (2020) presented evidence from both
observations and simulations indicating that multiple TPAs can
be generated by precipitating energetic magnetospheric electrons
within field-aligned current (FAC) sheets. These FAC sheets arise
from multiple flow shear sheets in both the magnetospheric
boundary and the plasma sheet.

While the understanding of transpolar aurora arcs (TPAs) has
made significant progress, several aspects remain unclear, such as
the generation mechanism, detailed classification, and the dawn-
dusk motion and deformation of TPAs (Hosokawa et al., 2020).
The multiscale evolution of TPAs, encompassing the global shape
and small-scale structures within the arc, still requires further
investigation. Achieving this requires aurora imagers with a large
field of view and high spatial resolution. The Wide-field Auroral
Imager (WAI) (Zhang et al., 2019) aboard the Chinese Fengyun-
3D (FY-3D) satellite in low-Earth orbit (830 km altitude) possesses
the capability to capture high-resolution global images of TPAs. In
this study, we present the evolution of a Sun-aligned TPA during
a very quiet period characterized by northward IMF. Combining
these observations with available conjugated in-situ measurements,
we delve into the possible generation and evolution mechanisms of
the TPA in the discussion and conclusion section.

2 Solar wind and geomagnetic
conditions

Figure 1 illustrates the solar wind and geomagnetic conditions
on 17 January 2019. The solar wind and IMF parameters from
the OMNIweb (depicted by black curves in Figures 1A–E) indicate
that the geocentric distance of the subpolar bow shock, calculated
using the model by Chao et al. (2002), remained less than 15
RE throughout the day. Given the significance of IMF in the
generation and evolution of TPAs, we utilized magnetic field
measurements from theMagnetosphericMultiscale (MMS)mission
magnetometers (Russell et al., 2016) to better characterize the IMF
upstream of the bow shock. On 17 January 2019, the geocentric

distances of MMS were consistently larger than 17.5 RE and situated
near the Sun-Earth line throughout the day, well beyond the bow
shock. This positioning enables MMS to precisely monitor IMF
conditions encountering the bow shock.

The magnetic field components in the Geocentric Solar
Magnetospheric (GSM) coordinate system were averaged to 1-
min resolution and are depicted as red curves in Figures 1B–D. It is
evident that the solar wind dynamic pressure remained quite stable
throughout the day, with a relatively small magnitude of IMF that
was northward-dominated before 14:00 UT. Under such quasi-quiet
solar wind conditions, geomagnetic activity was also very quiet,
especially between 05:00 and 14:00 UT, with the averaged AE index
at 26 nT and the averaged SYM-H index at −5 nT (Figures 1F, G).
These values indicate the absence of substorm injections during
this quiet period, coinciding with the observation of TPAs, as
discussed in the next section. Generally, the IMF provided by the
1-min OMNI data (black) and measured by the 1-min MMS-1 data
(red) align with each other. However, there are differences that
could be attributed to the evolution of the solar wind during its
propagation from the Lagrange point L1 to the bow shock nose.
Consequently, we will exclusively utilize the IMF data from MMS-1
in the subsequent analysis.

3 Aurora observations

During the period marked in gray in Figure 1, both the
Wide-field Auroral Imager (WAI) onboard the Fengyun-3D
(FY-3D) satellite (Zhang et al., 2019) and the Special Sensor
Ultraviolet Scanning Imager (SSUSI) (Paxton et al., 2002) onboard
the Defense Meteorological Satellite Program (DMSP) satellite
observed moving TPAs. WAI captures auroral images in the N2
Lyman–Birge–Hopfield (LBH) bands ranging from 140 nm to
180 nm. SSUSI is a spectrographic imager with various wavebands,
including LBH bands. This study utilizes raw auroral images from
both WAI and SSUSI, considering the very weak geomagnetic
activity, resulting in a faint emission intensity in the main auroral
oval. To ensure accurate TPA identification, the airglow background
and other straylight were not eliminated, particularly for FY-3D
WAI. This approach does not compromise the identification of
TPAs. It is important to note that, due to the low Earth orbit and the
large field of view for WAI, dusk sector disk images are faint due to
the line-of-sight projection effect.

3.1 Auroral evolutions

Figure 2 and Figure 3 present auroral images in the northern
hemisphere captured by FY-3D WAI and DMSP F17/F18 SSUSI
from 05:30 UT to 14:11 UT, organized based on their observation
time. The FY-3D satellite consistently traveled from the dayside
to the nightside in the northern hemisphere. DMSP F17 and
F18 traversed from duskside to dawnside in the northern
hemisphere and from dawnside to duskside in the southern
hemisphere.

During the period of steady northward IMF after 04:00 UT,
IMF BY exhibited fluctuations from 05:00 to 06:00 UT. Small-scale
auroral arcs were simultaneously observed in both the dawnside
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FIGURE 1
Solar wind and geomagnetic conditions on 17 January 2019. (A) Solar wind dynamic pressure, in nPa. (B) The x components of IMF in GSM, BXGSM. (C)
The y components of IMF in GSM, BYGSM. (D) The z components of IMF in GSM, BZGSM. (E) Clock angles of the IMF. The black curves in (B–E) are for
1-min averaged OMNI data with red for 1-min averaged MMS-1 data. (F) AE indices. (G) SYM-H indices. The gray region indicates the period with TPA
observations. The six blue vertical lines six red vertical lines with labels at the top (corresponding to the labels in Figure 2; Figure 3, respectively) marks
the universal time (UT) for the times when the TPAs are imaged.

and duskside, as depicted in Figures 2A, B. Specifically, between
05:03 and 05:22 UT, DMSP F18 SSUSI captured a small arc in
the duskside at an AACGM latitude greater than 80° (hereafter,
denoted as MLAT), with no clear arcs visible in the dawnside
(Figure 1A). Half an hour later, FY-3D WAI observed the opposite
scenario in the same hemisphere with MLAT>80° (Figure 1B),
where the duskside arc disappeared while an arc appeared in the
dawnside. This dawnside polar cap arc will be the focus of this
investigation.

After 06:00 UT, the dawnside polar cap arc significantly
elongated and intensified, transforming into a TPA (Figures 2D–F).
TheFY-3DWAI captured the complete structure of the TPAbetween

07:14 and 07:29 UT (Figure 2E). The TPA extended from 2.64 h
magnetic local time (MLT) to 10.8 h MLT and exhibited a tilt
angle of approximately 20°, indicating that it was not strictly Sun-
aligned. The dayside end of the TPA was observed around ∼07:20
UT. Approximately 10 min later, DMSP F17 SSUSI observed the
dayside part of the TPA in the northern hemisphere (Figure 2F).
At ∼07:35 UT, F17 SSUSI detected an auroral bright spot at ∼80°
MLAT and ∼10 h MLT, as marked by the red circle in Figure 2F.
A comparison between Figures 2E, F suggests that this auroral
bright spot was generated between 07:20 and 07:35 UT. As shown
in Figures 2, 3, this auroral bright spot persisted for at least 5 h
in the northern hemisphere. According to Figure 1E, after 07:00
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FIGURE 2
TPAs observed by FY-3D WAI and DMSP SSUSI in the northern hemisphere. All the images in panels (A–I) are projected onto a reference surface at an
altitude of 110 km in the altitude-adjusted corrected geomagnetic (AACGM) coordinate system. The Sun is at the left and the midnight is at the right,
and the dawn is at the top and dusk is at the bottom for each panel. The auroral images are all logarithmically scaled between 10 Rayleigh and 1,500
Rayleigh to highlight the TPAs.

UT, the IMF direction shifted from pure northward to dawnward
in half an hour and then reverted to pure northward before
08:00 UT.

From ∼07:00 UT to ∼12:50 UT, the TPA remained situated in
the polar cap region, exhibiting dynamic changes in its position and
overall shape. Between ∼06:00 UT and ∼10:30 UT, a discernible
trend of shifting from negative to positive in IMF (Figures 1C, E)
was observed. This change in IMF BY sign prompted the TPA

to traverse over the polar cap toward dusk (Cumnock, 2005), as
evident in Figures 2G–I and Figures 3A–C. Even during a rapid
dawnward turning and recovery in IMF direction between 10:30
and 11:30 UT, the TPA continued oscillating around the noon-
midnight line until 12:50 UT due to the fluctuation in IMF direction
(Figures 3C–F). However, it never crossed the noon-midnight line,
except for the nightside part. Throughout this period, the TPA
exhibited a theta-aurora, indicative of a bifurcated topology of the
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FIGURE 3
TPAs observed by FY-3D WAI and DMSP SSUSI in the northern hemisphere (A–I). The formats are the same as those in Figure 2.

tail plasma sheet (Obara et al., 1988). The TPA possibly dissipated
after 13:00 UT (Figures 3G–I), giving way to other oval-aligned
small-scale arcs.

Several intriguing phenomena were observed during the
evolution of the TPA in Figure 2 and Figure 3, outlined below:
(1) Between 08:54 and 09:10 UT, small-scale spiral structures

appeared within the TPA (Figure 2H, also magnified in
Figure 4A), primarily in the nightside region. This observation
is supported by simultaneous visible auroral images from the
ground-based all-sky imager at Taloyoak (TALO) (Figure 4B).

However, due to the low temporal resolution of the satellite
auroral images, pinpointing when and where the spiral
structures originated and evolved is challenging.

(2) Multi-branch structures were observed in the dayside part of
the TPA but were not consistently present. FY-3D detected at
least two branches between 06 and 11 h MLT from 08:54 to
09:10UT (Figure 2H), andDMSPF17 observed three branches
between 09:08 and 09:25 UT (Figure 2I).

(3) The TPA exhibited an “n-shape” between 08:54 and 09:10
UT (Figure 4A). The primary TPA was linked to the dayside
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FIGURE 4
Small-scale spiral structure in the TPA observed by (A) FY-3D WAI between 08:54 and 09:10 UT and (B) TALO ASC image at 08:52:21 UT. The mapping
of the boundary of the TALO auroral image is shown by the yellow ellipse in (A). The TALO auroral image has been rotated to basically align with the
coordinate system in (A). The red colors are due to the moonlight.

auroral bright spot around 80° MLAT between 09 and
12 h MLT, and a weaker TPA extended from this auroral
bright spot in the duskside above 80° MLAT between
12 and 18 h MLT.

(4) Between 10:35 and 10:53 UT, the global shape of the TPA
transformed from a quasi-straight line to a curved line,
resembling an “l-shape” (Figure 3B).

3.2 Particle signatures

The study presents three closely conjugated observations of
TPAs and particle precipitations by DMSP F18 and F16, as shown
in Figure 5. In Figures 5A–C, DMSP F18 passed over the TPAs
at 10:20 UT, 12:03 UT, and 13:42 UT, respectively. Figures 5D–F
display spectra of precipitation ions and electrons, cross-track
horizontal drift velocity, and vertical drift velocity measured
by DMSP F16 in three time intervals. The precipitations were
measured by the Special Sensor Precipitating Electron and Ion
Spectrometer (SSJ/5; Hardy et al., 1984), and the drift velocities
were measured by the ion drift meter (IDM; Greenspan et al., 1986)
onboard F16.

The areas highlighted by two vertical black lines indicate the
period when DMSP F16 passed over the TPAs observed by DMSP
F18. The time differences to auroral observations are approximately
3 min. During these time periods, enhanced fluxes of electrons
and ions with energies around 1 keV were observed. These high-
energy ions might originate from the boundary plasma sheet
(Newell et al., 1991). Strong plasma flow shears were observed
around the TPAs in the last but second panels in Figure 5, with
primarily westward/sunward flows, indicating that these plasmas

are most probably on closed field lines. It is interesting to
note that, above the TPAs, there were sometimes upward flows
(bottom panel in Figure 5E) and sometimes downward flows
(bottom panels in Figures 5D, F).

4 Discussions

In this study, we presented the evolution of a
TPA observed by FY-3D WAI and DMSP F17/F18
SSUSI, both in the low-Earth orbits. The conjugated
precipitation particle signatures were investigated with DMSP
F16/F18 data.

The study provides insights into the formation mechanisms
of large-scale TPAs, aligning with previous discussions on the
topological structures of the tail plasma sheet or themagnetospheric
boundary layer region (Kullen, 2012; Hosokawa et al., 2020). The
TPA in this investigation was initially generated at the poleward
boundary of the main auroral oval in the dawn sector under
the condition of northward IMF with negative BY, which is
consistent with previous research on the IMF dependences of TPAs
(Kullen et al., 2002; Fear and Milan, 2012). As the IMF transitioned
from dawnward to duskward, the TPA exhibited a corresponding
motion from dawn to dusk. This observation supports the scenario
that, initially, the tail plasma sheet was twisted toward the dawnside
due to negative IMF BY. Subsequently, as the IMF BY rotated
from negative to positive, the twisted plasma sheet also rotated,
leading to the duskwardmovement of the TPA.The detailed analysis
and observations contribute to the understanding of the dynamic
interplay between the IMF conditions and the evolution of TPAs in
the magnetosphere.
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FIGURE 5
Auroral images and corresponding particle precipitations. (A–C) Auroral images observed by DMSP F18 in AACGM coordinate system. (D–F) Ion and
electron precipitations, (VH, positive for westward/sunward), and vertical drift velocity (VV, positive for upward) measured by DMSP F16 from 10:10 to
10:25 UT, 11:50 to 12:05 UT, and 13:32 to 13:47 UT, with the trajectories overlaid in (A–C) respectively. The red or black dots on the trajectories are
shown in 1-min intervals. The vertical black lines in (D–F) mark the times when DMSP F16 pass over the TPAs, also shown as black dots in (A–C).

The study notes that although the IMF was generally rotating
duskward, the exact direction exhibited oscillations. The clock
angle of the IMF, as depicted in Figures 1C, E, quasi-periodically
oscillated around 0° (pure northward) between 06:00 and
09:00 UT with a period of approximately 1 h. This oscillatory
behavior contributed to the reciprocating motion of the TPA
observed in Figure 2 and Figure 3. During this process, the
low-latitude part of the twisted tail plasma sheet might have
been warped, resulting in the nightside part of the TPA being
warped with the convex pointing duskward around ∼10:30 UT
(Figure 3B). Simultaneously, the high-latitude part of the twisted
plasma sheet might have branched to generate multiple arcs
in the dayside part of the TPA (Figures 3C–E). The complex
structure of the tail plasma sheet observed in this scenario
could be attributed to the oscillated variations in the IMF BY.
The quasi-periodic oscillation of IMF BY may have led to the
generation of plasma instabilities or flow shears in the low-
latitude region of the twisted tail plasma sheet, resulting in the
formation of spiral structures in the nightside part of the TPA.
However, a more detailed understanding of these mechanisms

would require further systematic numerical simulations in
future research.

The study reveals that throughout the evolution of the TPA,
an auroral bright spot persisted at the poleward boundary of
the main auroral oval between 09 and 12 h MLT around 80°
MLAT. This observation suggests the possibility of steady high-
latitude lobe reconnection (e.g., Fuselier et al., 2000; Frey et al., 2003;
Cai et al., 2021; Guo et al., 2021; Milan et al., 2022). However, it is
important to note that this suggestion has recently been challenged
by Xiong et al. (2024) that intermittent lobe reconnection under
prolonged northward IMF could also generate continuous aurora
cusp spot. In this specific region, the observations showed mainly
high-energy electron precipitations and no ion precipitations, as
indicated in Figure 6B. Proton auroral images (121.6 nm) observed
by DMSP F18 also confirmed the absence of an auroral bright
spot (although not presented in the figures). The electron energy
spectrum above the auroral bright spot exhibited an inverted-
V signature associated with upward field-aligned currents (FAC),
as shown in the bottom panel of Figure 6B. The FAC density
was calculated using the perturbation magnetic field measured by

Frontiers in Astronomy and Space Sciences 07 frontiersin.org

https://doi.org/10.3389/fspas.2024.1372099
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


He et al. 10.3389/fspas.2024.1372099

FIGURE 6
DMSP F18 Auroral images and corresponding particle precipitations. (A) Auroral images observed by DMSP F18 in AACGM coordinate system. (B) Ion
and electron precipitations, horizontal drift velocity (VH, positive for westward/sunward), vertical drift velocity (VV, positive for upward), and density of
FAC (negative for upward) measured by DMSP F18 from 10:12 to 10:27 UT, with the trajectory overlaid in (A). The red or black dots on the trajectories
are shown in 1-min intervals. The vertical black lines in (B) mark the times when DMSP F18 pass over the TPAs, also shown as black dots in (A).

the special sensor magnetometer (SSM; Rich et al., 1985) onboard
F18, following the method described in He et al. (2014). These
collective observations strongly suggest the occurrence of long-
duration steady lobe reconnection, leading to significant closure of
the magnetosphere.

Regarding the hemispheric conjugation of the TPA, our
observations in the southern hemisphere were not so clear.
Unfortunately, only DMSP data were accessible for the southern
hemisphere. As shown in Figure 7, since it was in summer in the
southern hemisphere, the dayglow emissions were extremely intense
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FIGURE 7
TPAs observed by DMSP F17/F18 SSUSI in the southern hemisphere (A–K). The formats are the same as those in Figure 2.

compared with the weak auroral emissions, it is difficult to precisely
identify the auroral arcs in the images. Even though,multiple auroral
arcs can also been seen inDMSPF17 and F18 images.Thesemultiple
arcs in the dawnside might conjugate with those in the duskside
in the northern hemisphere (Figure 3). However, it is difficult to
determine whether there was a TPA conjugating with the main TPA
in the northern hemisphere. Therefore, it is difficult to infer whether
there was an opposite effect of IMF BY on TPA location and motion
in the southern hemisphere.

The study acknowledges challenges in assessing the hemispheric
conjugation of the TPA in the southern hemisphere due to limited
data availability. The southern hemisphere observations relied
solely on DMSP data. Figure 7 indicates that, being summer in
the southern hemisphere, dayglow emissions were exceptionally
intense compared with the weak auroral emissions. This intensity
makes it difficult to precisely identify auroral arcs in the images.
Despite these challenges, the DMSP F17 and F18 images in the
southern hemisphere show multiple auroral arcs, particularly in
the dawnside. The suggestion is that these multiple arcs might
conjugate with those in the duskside in the northern hemisphere

(as depicted in Figure 3). However, determining whether there
was a TPA conjugating with the main TPA in the northern
hemisphere remains difficult due to the limitations in data
resolution and clarity in the southern hemisphere. Consequently,
inferring whether there was an opposite effect of IMF BY
on TPA location and motion in the southern hemisphere is
challenging.

5 Conclusion

In conclusion, the findings from the study on the evolution of
the TPA during a quiet period with northward IMF are summarized
as follows:

1. The TPA was observed continuously by both FY-3D
and DMSP satellites during a very quiet period with
northward IMF. The TPA initially appeared in the
dawnside poleward boundary of the main auroral oval
under negative IMF. As the IMF BY changed sign from
negative to positive during a period of longer than 7 h,
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the TPA moved towards dusk and formed a theta aurora,
suggesting a bifurcated topology of the tail plasma sheet.

2. Due to the quasi-periodic oscillation of IMF BY, the TPA
exhibited reciprocating motion in the dawnside hemisphere.
The TPA showed curvature in the nightside, possibly
influenced by the oscillation of IMF BY. The quasi-periodic
oscillations might have generated plasma instabilities or
flow shears, resulting in spiral structures in the nightside
part of the TPA.

3. An auroral bright spot existed persistently at the dayside
poleward boundary of the main auroral oval. Conjugated
observations of precipitation particles and FAC suggested the
presence of steady/intermittent lobe reconnections, leading to
significant closure of the magnetosphere.

These findings contribute to understanding the complex
dynamics of TPAs, their response to IMF variations, and their
connection to magnetospheric processes such as lobe reconnection.
The study emphasizes the importance of considering both
hemispheres and the dynamic nature of the IMF in interpreting
TPA behavior.
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