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Multiple Transpolar arcs (MTPAs) are distinct auroral phenomenon occurring in the high-latitude ionosphere under prolonged northward interplanetary magnetic field (IMF) conditions. While the evolution of MTPAs is thought to be mainly modulated by the IMF By, the underlying physical mechanisms driving their dynamics remain insufficiently understood. This study integrates space-based and ground-based observations, and magnetohydrodynamic (MHD) simulations to investigate the evolution and characteristics of MTPAs and their associated field-aligned currents (FACs). The observations results reveal that following a sudden change in the IMF By orientation from dawnward to duskward, MTPAs exhibit a pronounced motion towards the duskside, driven by the strong positive IMF By. Concurrently, flow shears are detected on both flanks of the auroral arcs. MHD simulations under similar conditions demonstrate that flow shears emerge at the low-latitude boundary layer (LLBL) of the magnetosphere, facilitating plasma trapped from the magnetosheath and central plasma sheet onto open magnetic field lines. This plasma is subsequently transported into the lobe regions, generating upward FACs that accelerate local particles and form auroral arcs migrating towards the duskside within the polar cap. These findings advance our understanding of the magnetosphere-ionosphere coupling processes under varying IMF conditions.
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1 INTRODUCTION
Transpolar arcs (TPAs) are large-scale auroral structures that span the polar cap, linking the dayside and the nightside auroral oval (Frank et al., 1986; Zhu et al., 1997; Milan et al., 2005; Kullen, 2012; Hosokawa et al., 2020). These arcs are primarily formed through solar wind–magnetosphere–ionosphere coupling process under strong northward IMF and quiet geomagnetic conditions. Previous studies have reported that the IMF By component significantly influences the location and motion of TPAs. Cumnock et al. (1997) first identified the link between the poleward motion of TPAs and the IMF By reversal. Specifically, the duskside TPAs in the Northern Hemisphere migrate towards the dawnside under dusk-to-dawn IMF By, while the dawnside TPAs shift towards dusk under the opposite IMF By orientation. Cumnock (2005) further suggested that IMF By reversal, during stable northward IMF and elevated solar wind magnetic energy flux ([image: image]), is critical for the poleward propagation of TPAs (Kullen et al., 2002). However, a statistical study of 19 TPAs events revealed that 16 TPAs formed prior to IMF By reversal, indicating that while such reversals do not initiate TPAs formation, they play a crucial role in directing their subsequent motion (Cumnock, 2005).
The mechanisms driving TPAs formation and motion have been extensively investigated. On the dayside, key processes include magnetic reconnection at the low-latitude magnetopause and high-latitude lobe regions (Dungey, 1961; Newell and Meng, 1995; Chang et al., 1998; Zhang et al., 2013; Zhang et al., 2018) and plasma instabilities, such as the Kelvin–Helmholtz instability, occurring at the magnetospheric boundary layers (Rezhenov, 1995; Golovchanskaya et al., 2006; Kozlovsky et al., 2007; Xing et al., 2018; Zhang et al., 2020). On the nightside, significant contributions arise from magnetotail reconnection (Milan et al., 2005; Fear et al., 2014) and magnetotail twisting due to the IMF variations (Makita et al., 1991; Kullen, 2000; Kullen, 2012). These processes lead to plasma sheet bifurcation, filamentary extensions of plasma into the lobe, or the trapping of hot plasma within the tail lobe (Frank et al., 1986; Huang et al., 1989; Tanaka et al., 2004; Fear et al., 2014; Tanaka et al., 2017). However, none of the proposed mechanisms fully account for all the observed characteristics, particularly the occurrence and movement of multiple TPAs. Investigating this phenomenon has been challenging, primarily due to limitations in acquiring simultaneous observations across the solar wind–magnetosphere–ionosphere system. In this study, the motion and evolution of MTPAs, along with the magnetospheric responses to their growth, are examined using joint observational data from multiple ground-based stations and global three-dimensional (3D) magnetohydrodynamic (MHD) simulations.
2 DATA AND MODEL
Defense Meteorological Satellite Program (DMSP) satellites operate in polar orbits at an altitude of ∼840 km with an orbital period of ∼101 min. These DMSP satellites are equipped with the Special Sensor Ultraviolet Spectrographic Imager (SSUSI), a scientific instrument designed to investigate auroral activities (Paxton et al., 1992). SSUSI is designed to observe far-ultraviolet emissions in the wavelength range of 115–180 nm. In this paper, Lyman-Birge-Hopfield short (LBHS) band (∼140–150 nm) is used to observe the MTPAs aurora emissions.
The all-sky imagers (ASIs) at Resolute Bay (RSB) (geographic: 74.8° N, 264.9° E, magnetic latitude: 82.9°N) are used to visualize the dynamical auroral emissions in the polar cap. These ASIs capture images at 2-min intervals, providing continuous monitoring of auroral activity. In this study, we use 630.0 nm auroral emissions data from the RSB ASIs (Shiokawa et al., 1999; Shiokawa et al., 2009), which is projected to an altitude of approximately 250 km. The high temporal resolution of ASI allows for detailed analysis of the evolution of MTPAs auroral structures in the polar cap.
The Resolute Bay Incoherent Scatter Radar-North (RISR-N), situated at 74.73° N, 94.91° W (magnetic latitude: 82.7° N), is used to obtain key plasma parameters such as electron density, electron temperature, ion temperature, and plasma velocity at range from 200 to 600 km (Bahcivan et al., 2010). Among the 11 beams available in RISR-N, beam 57869 (with an azimuth of 9.32° and an elevation of 38.39°) provides optimal coverage for tracking the movement and evolution of auroral arcs. In this study, we utilize RISR-N data to examine particle characteristics of the MTPAs, focusing specifically on their near-ground signatures.
A high-resolution three-dimensional global MHD model, the Piecewise Parabolic Method with a Lagrangian Remap to MHD (PPMLR-MHD), is an extension of the piecewise parabolic method (PPM) by including Lagrangian remap to magnetohydrodynamics (MHD) (Hu et al., 2007; Tang and Wang, 2018). This 3D MHD model is specifically designed for the solar wind–magnetosphere–ionosphere system (Guo et al., 2010; Li et al., 2013; Wang et al., 2013). The model employs a cartesian coordinate system centered at the Earth’s core with X-, Y-, and Z-axes oriented towards the sun, the dawn–dusk direction and to the north respectively. The X-axis ranges from 25 RE to −100 RE (RE, Earth Radius) along the Sun–Earth axis while Y and Z-axes ranges from −50 RE to 50 RE forming 240 × 240 × 240 grid points with a minimum grid spacing of 0.2 RE. In order to minimize the complexities associated with the plasmasphere and high MHD characteristic velocities due to the strong magnetic field, an inner boundary of radius 3 RE is decided for the magnetosphere (Li et al., 2013). Also, an electrostatic ionosphere shell with height-integrated conductance is included to facilitate the electrostatic coupling between the ionosphere and the magnetospheric inner boundary. The grid system employs uniformly distributed minimum grid cells within 10–15 RE of Earth. These cells exhibit spatial resolutions ranging from 0.2 RE to 0.4 RE. Beyond this region, the grid size increases geometrically along the X-, Y-, and Z-axes with a common ratio of approximately 1.05. Recently our team has done a lot of work with the PPMLR-MHD model, with representative work on MTPAs (Zhang et al., 2020) and space hurricane (Zhang et al., 2021), so we believe this model can provide us with an explanation for this work.
3 RESULTS
Figure 1 presents the solar wind, IMF data and geomagnetic indices obtained from the NASA OMNI database (http://omniweb.gsfc.nasa.gov) for the period of 22:00 UT on 15 November 2017–03:00 UT on 16 November 2017. The IMF conditions remained relatively stable northward with about 450 km/s solar wind speed before 00:00 UT on 16 November 2017, which may favor the development of Kelvin–Helmholtz instability at the magnetopause (Hasegawa et al., 2004; Guo et al., 2010; Li et al., 2013; Wang et al., 2013; Zhang et al., 2020) and the formation of multiple cusp-aligned auroral arcs within the polar cap (Yamamoto and Ozaki, 2005; Zhang et al., 2016). At approximately 00:30 UT, a sudden change occurred in the IMF from northward to duskward orientation (dominated by IMF By). During the interval of interest (highlighted by gray shadow), the IMF conditions were stable, dominated by the strong By (∼10 nT) component. Concurrently, the solar wind speed was elevated, reaching to 480 km/s, accompanied by the increased dynamic pressure. The low values of AL and AU indicate the absence of substorm activity, suggesting a quiet auroral oval throughout the interval of interest.
[image: Figure 1]FIGURE 1 | The interplanetary magnetic fields (IMF), solar wind and geomagnetic indices data during 22:00–03:00 UT on 15 November 2017. (A) The IMF components in GSM (geocentric solar magnetosphere) coordinates, Bx, By and Bz; (B) the solar wind number density, Np; (C) the solar wind speed, V; (D) the solar wind dynamic pressure, PDyn; (E) the provisional geomagnetic indices for auroral electrojet, AU, AL and AE. The shaded area marks the period when the MTPAs were observed. The purple dotted line marks the time at which the direction of IMF By reverses.
Auroral observations in the Northern Hemisphere are presented in Figures 2A–E. Figure 2A shows MTPAs within the otherwise vacant polar cap derived from DMSP F18 SSUSI data (Orbital center time is 01:22 UT). The red circle shows the field of view of the RSB ASI. Figures 2B–G show the RSB ASI images captured at 10-min intervals from 01:00 UT to 01:50 UT on 16 November 2017, arranged sequentially by time. A comparison between the ASI image at 01:20 UT (Figure 2D) and the DMSP SSUSI image reveals a high degree of consistency between ground-based observations and satellite measurements. These time-series images demonstrate the westward drift of moving MTPAs within the polar cap towards the duskside over time. By analyzing the auroral arcs motion in the ASI data, specifically during the selected period from 01:20 UT to 01:40 UT, the average drift speed of the two auroral arcs was determined to be approximately 320 m/s. The emission intensity of the auroral arcs ranged from 400 to 450 Rayleigh. In the images, two TPAs are identified and labeled for clarity.
[image: Figure 2]FIGURE 2 | (A) The auroral observations from DMSP F18 SSUSI in the Northern Hemisphere on 16 November 2017. The red circles delineate the field of view of the RSB ASI. The SSUSI observations are obtained from the Lyman-Birge-Hopfield short (LBHS) band. (B–G) Auroral observation at a 630.0 nm wavelength by the RSB ASI, with observations made from 01:00 UT to 01:50 UT on 16 November 2017.
Figures 3A–D show plasma density derived from RISR-N radar, superimposed on the RSB ASI at about 7-min intervals starting at 01:21 UT on 16 November 2017. The red circles indicate the ASI field of view. The movement of the auroral arcs results in higher plasma densities at their locations compared to the surrounding regions, as indicated by tangerine yellow along the radar beams. Therefore, the auroral arcs can be interpreted as a region of high plasma density detected by radar. Figures 3E–H present plasma parameters measured by beam 57869, which has an elevation angle of 38.39° and an azimuth angle of 9.32°, roughly in the north-south direction. Two distinct regions of high plasma density, where the MTPAs are located, indicated by green arrows, are clear in Figure 3E. The morphology and kinematic characteristics of these structures align well with observations from all-sky images. The calculated velocity of the MTPAs, approximately 340 m/s, is determined by analyzing the slopes of the two high-density plasma structures in the time-series plot of the measured density from beam 57869. This value is consistent with the velocity of the two auroral arcs inferred from the ASI data. As shown by the green arrows in Figure 3E, the range of MTPAs continued to decrease under stable positive By conditions after the IMF By changed from negative to positive. This trend suggests that the MTPAs are drifting towards the radar, i.e., the MTPAs are moving towards the duskward. Figure 3F shows relatively high electron temperatures at the auroral arcs regions, indicating strong particle precipitation here. Figure 3H illustrates the line-of-sight velocity for RISR-N beam 57869. Positive line-of-sight velocity correspond to motions directed away from the radar. Notably, near the auroral arcs, particularly for the first TPA, plasma move away from the radar before sweeping across the arc, and shift to moving towards the radar after crossed the arc. This observation reveals opposite flow directions on either side of the auroral arcs, indicating the presence of flow shears around the auroral arcs. Notably, as the radar swept across the second auroral arc, a large region of dense plasma structure was still observed trailing behind the arc. This was accompanied by a significant increase in electron temperature and a clear tendency for the structure to move more rapidly towards the radar. We deduce that this structure represents a hot patch drifting along the convection lines from the polar cap region.
[image: Figure 3]FIGURE 3 | (A–D) Plasma density derived from the integration of multiple beam detections of the RISR radar superimposed on the RSB ASI; (E–H) Plasma parameters keograms along the beam 57869 direction. The elevation angle of the beam is 38.39° and the azimuth is 9.32°. The four panels arranged from top to bottom show the plasma density, the electron temperature, the ion temperature, and the line-of-sight velocity (the positive value signifying velocity away from the radar). The two auroral arcs marked by the green arrows correspond to those identified in the ASI.
A high-resolution three-dimensional global PPMLR-MHD model (Hu et al., 2007; Tang and Wang, 2018; Zhang et al., 2020), was used to investigate the formation and evolution of TPAs by incorporating the actual solar wind and IMF conditions as input in this study. The model includes an electrostatic ionospheric shell characterized by height-integrated conductance, allowing for the simulation of electrostatic coupling and the calculation of field-aligned currents (FACs) between the ionosphere near Earth and the magnetospheric inner boundary of the model. Figures 4A–C present the simulated FACs and plasma velocity vectors (represented by black arrows) as two-dimensional projections in the GSM Y-Z plane at X = −40 RE. In Figure 4A we mark the dawnside and the duskside as well as the low-latitude boundary layer (LLBL) position. The simulation begins at 01:10 UT, with snapshots generated at 10-min intervals, extending up to 01:30 UT. This specific plane was chosen for projection because certain plasma structures within this region are closely associated with near-Earth MTPAs, which will be demonstrated in our results later in the paper. In the GSM Y-Z plane at X = −40 RE, the red regions indicate that the current is parallel to the field lines, and the blue regions indicate that the current is anti-parallel to the field lines. The top of the magnetopause is approximately located near a circle with a radius of 20 RE, centered at the origin of this projection plane. From Figures 4A–C, we can deduce when the IMF By component abruptly transitions from negative to positive polarity at 00:30 UT and subsequently maintains prolonged stable, flow shears were generated at the LLBL on both flanks of the magnetosphere which led to the bifurcation of large-scale upward FACs in the central magnetotail region and their extension into the lobes on both sides. The flow shears, illustrated by the velocity vectors, persisted at the LLBL on the dawnside and in the central magnetotail, resulting in continuous bifurcation of the upward FACs. These bifurcated currents extended deeper into the lobe regions, with some currents continue to extend, while others gradually dissipated. The upward FACs extending into the lobes contribute to the magnetic field-aligned acceleration of magnetospheric electrons, likely facilitated by Knight’s current-voltage process (Knight, 1973; Lyons, 1981). These accelerated electrons precipitate into the polar ionosphere, generating auroral arcs that drift duskward within the auroral oval.
[image: Figure 4]FIGURE 4 | Simulated FACs and plasma velocity vectors as well as plasma density and temperature parameters in the Y-Z plane of GSM coordinates. (A–C) The 2D distribution of FACs and plasma velocity vectors in the X = −40 RE plane simulated by the PPMLR-MHD model the red regions indicate that the current is parallel to the field lines, and the blue regions indicate that the current is anti-parallel to the field lines; (D–F) Field-aligned mapping of the FACs is projected along the magnetic field lines, which pass through X = −40 RE, to the Northern Hemisphere magnetosphere, the red regions indicate upward FACs, the blue regions indicate downward FACs; (G–L) The 2D distribution map plots of plasma density and plasma temperature observed from the magnetotail, projected onto the Y-Z plane at −40RE. The yellow marks in the figure represent the projected footprints of multiple magnetic field lines within this plane. The simulation is sliced on 16 November 2017 at 01:10 UT to 01:30 UT, in order to compare with the DMSP SSUSI observations and RSB ASI observations.
The FACs are mapped along magnetic field lines intersecting the −40 RE plane and projected onto the ionosphere in the Northern Hemisphere, revealing a distinct current structure, as shown in Figures 4D–F, the red regions indicate upward FACs, the blue regions indicate downward FACs. The mapped FACs show well-defined structures in both the polar cap and the auroral oval, these structures are similar in both shape and size to the observed auroral arcs depicted in Figure 2. We selected specific footprints of the upward FACs, indicated by the yellow marks, from the FACs projection map to trace the magnetic field lines. For instance, the two upward FACs marked by two sets of differently shaped yellow symbols located in the lobe regions in Figure 4B are subjected to magnetic line tracing starting points, and it can be found that their magnetic line tracing footprints are located in the interior of the high-latitude pole cap region and show arcs shape. This indicates that the upward FACs in the polar cap region originate from the upward FACs in the lobe regions, both of which are derived from open magnetic field lines. In the simulation, the FACs exhibit morphologies and movements consistent with the MTPAs observed by the RSB ASI during the observation period. The FACs consistently originate from the nightside auroral boundary, particularly near the dayside region, and migrate towards the duskside, extending across to the dawnside. The upward FACs, which extend into the lobe regions and undergo bifurcation in the central magnetotail, map into the interior of the polar cap region, aligning directly with the MTPAs structures.
Meanwhile, Figures 4G–L present map plots of the plasma density versus logarithmic temperature within the Y-Z plane at −40 RE in the simulation. It is evident that the locations of multiple magnetic field lines, traced in Figures 4D–F at their footprints in this plane, correspond to regions of high-temperature, high-density plasma extending into the lobe. The simulation, spanning from 01:00 UT to 02:00 UT, clearly shows that these high-temperature, high-density plasma regions continue to drift into the lobe interior due to flow shears occurring at the LLBL on the dawnside. This indicates that flow shears result in particles from both the central plasma sheet and the solar wind being transported along open magnetic field lines into the lobe regions. As these particles subside along the magnetic field lines, MTPAs are subsequently formed in the polar cap region. With the drift of these particles along the field lines, their associated footprints also migrate, resulting in the continuous movement of MTPAs observed from the ground-based ASI. Thus, the central plasma sheet and solar wind serve as significant sources of structured electron deposits into the polar cap, leading to the formation of MTPAs.
4 DISCUSSION
Cumnock et al. (1997) was the first to identify a connection between the poleward movement of TPAs and reversals in the IMF By component. Specifically, when the IMF By changes from duskward to dawnward, TPAs were observed on the duskside in the Northern Hemisphere that migrated across the polar cap towards the dawnside. Similarly, the dawnside TPAs were expected to drift towards the duskside when the IMF By reversed from dawnward to duskward. Through the statistical analysis, Cumnock (2005) demonstrated that a distinct reversal of IMF By, during sustained northward IMF and high solar wind magnetic energy flux (Kullen et al., 2008), which can effectively initiate the poleward motion of TPAs. The observations presented in this study are consistent with previous results.
The formation mechanisms of TPAs have been the subject of considerable debate over the past few decades (Hosokawa et al., 2020). Hosokawa et al. (2020) provide a comprehensive review of most of the models and theories of TPAs, focusing on summarizing the mechanisms of TPA formation and evolution to date. A majority of these models emphasize the topological relationship between TPAs and the plasma sheet in the magnetotail, as this region is often regarded as the source of TPAs. The movement of TPAs across the polar cap is generally linked to reversals of the IMF By component, which induces changes in the configuration of the plasma sheet. Specifically, the IMF By reversal from dawnward to duskward is thought to cause a reconfiguration of the plasma sheet, leading it to evolve from a clockwise twist to a bifurcated structure, and eventually settle into an anti-clockwise twist aligned with the new IMF By direction (Kullen, 2000).
Kullen (2000) suggested that an IMF By reversal induces reconfiguration in the magnetotail in a non-instantaneous manner, with a delay before the distant tail regions are affected. During this transitional phase, the near-Earth and far-tail regions exhibit opposing twists. By modifying the T89 model (Tsyganenko, 1989), Kullen (2000) demonstrated that this transition leads to the bifurcation of the closed field line region in the near-Earth tail, resulting in the formation of a “finger” of closed field lines extending into the polar cap. This finger-like structure shifts from dawn to dusk as the tail rotation propagates tailward, which is consistent with the observed TPAs behavior during the IMF By reversal from negative to positive.
However, we use the PPMLR-MHD model, which has a higher temporal and spatial resolution and can be fed with real-time solar wind conditions to simulate the real-time magnetospheric response, producing results that diverge significantly from those previously reported. The observed drift of MTPAs towards the duskside of the polar cap appears to result from the bifurcation of filamentary FACs near the central magnetotail, extending into the lobe regions. When the IMF undergoes an abrupt shift, flow shears develop between the magnetotail central plasma sheet and solar wind particles near the LLBL of the magnetosphere. The flow shears drive hot, dense plasma along open field lines into the lobe, providing a potential particle source for MTPAs.
The upward FACs extending into the lobe regions accelerate magnetospheric electrons along magnetic field lines precipitating, leading to their precipitation into the polar ionosphere and the formation of auroral arcs within the auroral oval. The plasma, associated with open magnetic field lines extending deeper into the lobe, maps to the polar cap in the Northern Hemisphere and exhibits a steady duskward drift. Ground-based ASI and radar observations confirm this behavior, as MTPAs were observed to consistently move towards the duskside.
These findings indicate that the mechanisms driving MTPAs formation and movement are complex, involving a combination of plasma dynamics, FACs bifurcation, and the influence of IMF orientation. The bifurcation of upward FACs and their extension into the lobe, as shown in our simulations, provides a new perspective on how MTPAs form and evolve. This contrasts with previous conceptual models that primarily emphasized tail twist dynamics, suggesting instead that localized flow shears and plasma interaction at the LLBL play a significant role in the observed auroral arcs evolution.
5 CONCLUSION
The formation of MTPAs results from a comprehensive coupling process between the solar wind, magnetosphere and ionosphere. When the IMF turns from dawnward to duskward, MTPAs are generated within the northern hemisphere polar cap and continue to migrate towards the duskside under sustained IMF By >0 conditions. Simultaneously, flow shears of particles are observed on both sides of these MTPAs, a key feature noted in the RISR-N radar data.
The simulations indicate that the duskward movement of MTPAs in the polar cap results from the bifurcation of filamentary FACs near the central magnetotail, extending into the lobe regions. Following an abrupt IMF turn, flow shears arise between the central plasma sheet of the magnetotail and solar wind particles at the LLBL. This interaction drives high-temperature, high-density plasma into the lobe regions along open magnetic field lines, making it a potential source region for the formation of MTPAs. The upward FACs extending into the lobe accelerate magnetospheric electrons along magnetic field lines, leading to their precipitation into the polar ionosphere and the generation of auroral arcs within the auroral oval.
As these electrons precipitate, their associated plasma footprints, mapped to the Northern Hemisphere polar cap, exhibit a continuous duskward drift, consistent with both simulation results and ground-based observations. This study provides a explanation for the formation and migration of IMF-modulated MTPAs, offering new insights into the processes by which matter and energy are transported from the solar wind to the magnetosphere and ionosphere.
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