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Interplanetary coronal mass ejections (ICMEs), characterized by their magnetic flux ropes, could potentially trigger geomagnetic disturbances. They have been attracting extensive investigations for decades. Despite numerous ICME models proposed in the past, few account for the curvature of the flux rope axis. In this study, we use conjunction observations from ACE, STEREO A and B, Juno and Solar Orbiter to analyze the evolution of the rope orientation of ICME flux ropes. Our findings indicate that the orientation of these ropes changes independently of the scale of the ropes or the distance they travel between spacecrafts. Furthermore, we estimate and compare the major radii of these flux ropes, uncovering a diverse range of distributions that do not seem to depend on the flux rope’s width. These results provide fresh insights and constraints for global ICME models, thereby contributing to the advancement of space weather research.
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1 INTRODUCTION
A coronal mass ejection (CME) is a substantial expulsion of magnetized solar plasma, often carrying twisted magnetic fields in a flux-rope structure. When travelling through interplanetary space, it becomes an interplanetary coronal mass ejection (ICME). The configuration and evolution of flux ropes significantly influence their propagation and interaction with various obstacles, including Earth (Eastwood 2008).
Figure 2 by Zurbuchen and Richardson (2006) presents an illustrative depiction of an ICME, shaped in a torus. This torus is characterized by two key radii: The minor radius [image: image] corresponds to the rope’s cross-section, and the major radius [image: image] corresponds to the radius of curvature of the torus axis. Typically, such observations are characterized by structures with their coherent magnetic field rotation, coupled with an increase in field strength in the middle (e.g., Klein and Burlaga, 1982; Gosling 1990). When the speed of an ICME is sufficiently high, an upstream interplanetary shock will be formed. These interplanetary shocks are crucial in the generation and evolution of solar wind turbulence (e.g., Zank et al., 2002; Hu et al., 2013; Adhikari et al., 2016).
Assuming a static, force-free and cylindrically symmetric flux rope, Goldstein (1983) and Lepping et al. (1990) developed the minimum variance analysis (MVA) technique to reconstruct ICMEs. This method involves determining the orientations of minimum, intermediate, and maximum variance in the magnetic field, with the axis orientation assumed to align with the direction of intermediate variance. This method is particularly valuable for single-spacecraft analyses, especially when magnetic field data is the only available information. When plasma thermal pressure measurements are available, Hu and Sonnerup (2002) introduced a novel method for determining the axis orientation of a cylindrical flux rope by balancing the transverse pressure. This technique, later referred as HS2002, shows that the axis orientations derived from MVA and HS2002 are generally similar, especially when the spacecraft’s impact parameters are small. Even when a spacecraft passes near the edge of the flux rope, the deviation in the MVA result remains relatively small, with a maximum deviation of up to 20° from the “true” direction.
Once the axis of a flux rope is determined, its geometry can be modeled. Early models envisioned flux ropes as force-free circular cylinders with infinitely long axes (e.g., Lundquist 1951; Burlaga et al., 1981; Lepping et al., 1990). Subsequently, magnetohydrostatic force balance models were introduced (e.g., Hu and Sonnerup, 2002; Hidalgo et al., 2002; Hu 2017). More recent models, such as those produced by Nieves-Chinchilla et al. (2016) and Nieves-Chinchilla et al. (2018) have incorporated polynomial representation for current density and employed cylinders with elliptical cross sections.
In addition to two-dimensional cross-section models assuming zero gradient along the rope axis, there are models accounting for the curvature [image: image] of the flux rope axis. For instance, Hidalgo et al. (2000) and Hidalgo (2013), considered a toroidal flux rope with a major diameter corresponding to the Sun-spacecraft distance. Nieves-Chinchilla et al. (2023) also adopted a toroidal geometry but chose the minor radius to estimate the major radius: [image: image]. However, the major radius remains not constrained in single spacecraft observations.
In reality, the coherence of ICMEs is maintained within approximately 0.3AU (Owens et al., 2017). As these ICMEs travel towards 1AU, their shape and orientation of ICMEs can undergo substantial changes due to interactions with other ICMEs (Rollett et al., 2014) or ambient solar wind (e.g., Cargill et al., 1995, Cargill et al., 1996, Cargill et al., 2000, Cargill and Schmidt, 2002; Farrugia et al., 2005; Owens et al., 2006; Savani et al., 2010; Wang et al., 2014; Chi et al., 2021). Consequently, in situ observations play a crucial role in accurately reconstructing the three-dimension structure of the ICMEs.
Now, with numerous spacecraft observing the inner heliosphere, more information regarding the three-dimensional configuration of ICMEs can be obtained, albeit with some challenges posed by their time evolution (Foullon et al., 2007, Good et al., 2018). Notably, studies by Farrugia et al. (2011) and Möstl et al. (2012) leveraged multiple spacecraft observations to calculate the rope orientations at different points and noticed variations that may be associated with the curvature of the rope axis. In this study, we meticulously select ICMEs observed by multiple spacecraft with small longitudinal separations around the Earth to elucidate the spatial variation of the flux rope axis and subsequently infer the major radius.
2 DATA
This study utilizes data from ACE, STEREO A and B, Juno and Solar Orbiter (SO). Specifically, magnetometer data at 1 Hz from ACE spanning from 2007 to 2021 (Smith et al., 1998), at 8 Hz from STEREO A/B from 2007 to 2008 (Acuũa et al., 2008) and at 1-min resolution from SO from 2020 to 2021 (Horbury et al., 2020) are accessible on the Coordinate Data Analysis Web (CDAWeb). Meanwhile, the 1 Hz magnetic field data from Juno during its cruise phase from 2011 to 2012 (Connerney et al., 2017) can be downloaded from the Planetary Data System (PDS). The observation period is selected based on when the spacecraft are in close proximity to ACE. During the specified timeframe, 64-s plasma data from ACE (McComas et al., 1998), and 1-min plasma data STEREO A/B (Galvin et al., 2008) are also available on CDAWeb.
In our investigation, four coordinate systems are used: the spacecraft-centered Radial Tangential Normal (RTN) coordinate system where ACE, STEREO A and B, and SO data are based on, the Spacecraft-Solar equator coordinate system (SE) where Juno data are based on, the Heliocentric Ecliptic (HE) coordinate system to reconstruct the ICME torus, and the spacecraft-centered MVA coordinate system where flux rope structure can be best illustrated.
We selected the MVA technique to analyze the magnetic field data, not only because Juno and SO had only magnetic field data available during the study period, but also because this method allows for better comparison of magnetic field profiles from different spacecraft. To ensure the robustness of the MVA technique, we also applied the HS2002 method to events detected by ACE and STEREO A/B, which have both magnetic and plasma data. We retained events where the deviation between the MVA and HS2002 axis orientations was less than 10°. For events detected by Juno and SO, which had only magnetic field data, we relied solely on the MVA technique. In this technique, a high ratio of intermediate to minimum variance eigenvalues indicates a small impact parameter, meaning the spacecraft’s path was close to the center of the structure. For the most reliable results, we concentrated on events with high-ratio eigenvalues in this study.
In addition to the aforementioned stringent selection criteria, we also require: 1) the longitudinal separation of the spacecraft is less than 15°; 2) the difference in the velocities between the leading and trailing boundaries of the flux rope is less than [image: image]; 3) similar magnetic field profiles in MVA coordinates; and (4) the ratio of the intermediate variance eigenvalue to the minimum variance eigen value is greater than 5. These criteria ensure minimal expansion of the flux ropes and consistent impact parameters between the conjunction spacecraft, thereby warranting accurate estimations of the rope’s orientations. In total, nine conjunction events were identified by cross-referencing the ACE observation with the STEREO event list (https://stereo-dev.epss.ucla.edu/media/ICMEs.pdf), the SO event list (https://figshare.com/articles/dataset/HELCATS_Interplanetary_Coronal_Mass_Ejection_Catalog_v2_0/6356420?file=40241752), and the Juno ICME list (Davies et al., 2021), as summarized in Table 1.
TABLE 1 | Event list of the ICMEs investigated in this study. The flux rope date and time (arrival time at ACE), detected spacecraft, the diameter ([image: image]), average heliocentric distance ([image: image]), longitudinal separation ([image: image]), heliocentric distance difference ([image: image]) between the two spacecraft, the average inclination of the flux rope ([image: image]), the difference between rope orientation calculated from two spacecraft observations ([image: image] and [image: image]) and major radius ([image: image]) are listed. The uncertainties associated with [image: image] are estimated based on error propagation technique.
[image: Table 1]To determine the boundaries of the flux rope embedded within each ICME, we identify an increase in magnetic field strength compared to the background, accompanied by a smooth rotation in the field components (Zurbuchen and Richardson 2006) (e.g., the case in Figure 2B). When plasma data is available, we utilize the criteria summarized by Wang et al. (2014): 1) a decrease in bulk flow velocity; 2) the presence of bidirectional streaming of suprathermal electrons; 3) a decrease in proton temperature; and 4) low proton beta.
During the period of interest, we analyze the 64-s ACE/SWE and 1-min STEREO/PLASTIC plasma data to determine the boundaries of the flux rope (not shown). This introduces approximately 1min uncertainties in the start/end time. In cases where there is a data gap in the 64-s ACE/SWE data, we refer to the 12-min ACE/SWI data and introduce a 12-min uncertainty. For event #5, no plasma data from ACE is available, so we consult the 94-s Wind plasma data (Ogilvie et al., 1995), which introduces approximately 1.5 min uncertainty. To assess whether these uncertainties significantly influence our results, we test all cases and find that a 10-min change in the start/end points, when applied to a flux rope lasting tens of hours, does not significantly impact the statistical results. Additionally, we use the calculated diameter in HS2002 to estimate the “minor” diameter of the flux rope (D).
Parameters for the nine events are provided in Table 1. For event #1, 2, 3, and 4, D is the averaged HS2002 result from ACE, STEREO A/B results. For the rest events, D is the HS2002 result from ACE. In the HE coordinate system, the longitudinal separations ([image: image]) between the conjunction spacecraft range from 2.70° to 14.90° in longitude, and the radial distance ([image: image]) varies between 0.05AU and 0.24AU. These values are comparable to the radial scale of the ICMEs at 1AU (Hidalgo et al., 2000), making them suitable for this study.
Event #9 is shown in Figure 1A: Both ACE and SO simultaneously detected an ICME when two spacecraft were radially separated by 0.19AU ([image: image]) and longitudinally apart by 4.90° ([image: image]). The SO data have been time-shifted by 21.23 h to maximize the correlation coefficient in field strength. This ICME drives an interplanetary shock in front of it and the turbulence and wave transmission at that shock has been extensively studied by Zhao et al. (2021). As Figure 1A shows, ACE spent a longer time in the sheath region, but both spacecraft spent comparable time in the flux rope. In addition, we utilize the time delay between observations to estimate the velocity at the leading and trailing boundaries of the flux rope and find that the difference in the velocities between the two boundaries is approximately 25 km/s. This result indicates a negligible change in the diameter of the flux rope. As Figure 1A shows, even in the original RTN coordinate system, the structures in ACE and SO data are highly comparable. Therefore, we suggest that both spacecraft observed similar regions with similar impact parameters. During this ICME, the Br component varies the least, the Bt component is enhanced, and the Bn component smoothly rotates from negative to positive. This suggests that the flux rope’s axis is mainly in the tangential direction in the original RTN coordinate and consequently azimuthal in the HE coordinates.
[image: Figure 1]FIGURE 1 | Magnetic field data of an ICME detected by ACE and SO. The SO data are shifted by 21.23 h. (A) Magnetic field profiles in the RTN coordinate system; (B) in the MVA coordinate system (B1, B2 and B3 represent the minimum, intermediate and maximum components, respectively) and (C, D) flux tube orientations in HE coordinates. In (A) and (B), the different shadings mark the flux rope detected by different spacecraft. In (C), the blue dashed line and green solid line represent circular arcs with a radius of [image: image] and [image: image], respectively.
For ACE and SO observations, the ratio of intermediate to minimum variance eigenvalues is 39.8 and 18.4, respectively. This substantial ratio indicates small impact parameters for both spacecraft (Imber et al., 2014), with the MVA technique providing a rope orientation estimated closely aligned with the “true” value (Hu & Sonnerup, 2002). Figure 1B displays the magnetic field in the MVA coordinate system from both spacecraft. Since the MVA technique has a 180-degree degeneracy, we choose the direction in which the observations from the two spacecraft are most similar. Figures 1C, D show the projected rope directions (intermediate variance direction “2”) from both sites in X-Y and Y-Z planes (HE coordinates). As anticipated, the axis primarily aligns with the azimuthal direction. The inclination angle in HE coordinates, averaged between the two spacecraft, is [image: image]. The difference between the rope orientations calculated from the two spacecraft observations is minimal: [image: image] in the ecliptic plane and [image: image] in the [image: image] direction.
From the distinctions in measurements between the two spacecraft, we can calculate the major radius of the torus, [image: image], assuming a toroidal shape in this region while ignoring the three-dimensional warping of the torus ring. Consequently, the azimuthal separation [image: image] is proportional to the arc length of the torus (Figure 1C): [image: image]. Therefore, the radius of the torus is calculated as [image: image]. As anticipated, the calculated [image: image] for event #9 is relatively large due to the similarity in tube orientations. The green line in Figure 1C depicts the axial geometry of the flux rope, derived from the [image: image] values. The uncertainties arising from the boundary determination and rounding errors are propagated to the final results, as listed in Table 1.
Two more examples from Table 1 are illustrated in Figure 2. Figure 2A shows an ACE-Juno conjunction event (event # 5) in the MVA coordinate system. Here a time delay has been introduced to shift the Juno data to better illustrate the similarity between the flux rope from two spacecraft. Figure 2B features an ICME detected by three spacecraft (events # 1 and 3) simultaneously, which we designate as ACE-STEREO A and ACE-STEREO B conjunction events, respectively. Another three-spacecraft conjunction event observed on 25 August 2011, is registered in the same manner (identified as #2 and #4 in Table 1). Notably, the event in Figure 2B has been the subject of extensive research (e.g., Liu et al., 2008; Möstl et al., 2009; Kilpua et al., 2009; Mulligan et al., 2013; Hu 2021). Both Kilpua et al. (2009) and Mulligan et al. (2013) suggested that STEREO A had a grazing encounter with the ICME. After removing two discontinuities embedded in the flux rope observed by STEREO A on 22 May (from 0113 to 0147UT and from 0504 to 0527UT), introducing appropriate time adjustments, and the application of the MVA technique, magnetic field profiles vary in the same trend. MVA calculations for the STEREO A data also satisfied our eigenvalue criterion, justifying the inclusion of this event in our analysis.
[image: Figure 2]FIGURE 2 | Magnetic field profiles of three ICME conjunction events in the MVA coordinate system. Panel (A) depicts event #5, while panel (B) displays events #1 and #3. The shadings mark the flux ropes. Panels (C) and (D) are in the same format as in Figure 1C. Green and orange solid lines in (D) indicate circular arcs with a radius of the [image: image] calculated from STB-ACE and STA-ACE conjunctions, respectively.
For each event, we calculated the relevant parameters and listed them in Table 1. We find that the median value of [image: image] and [image: image] is 44° and 20°, respectively. Additionally, the last column of Table 1 indicates that the toroidal radius ([image: image]) for most conjunction events is less than 0.5AU (Hidalgo et al., 2000).
3 GLOBAL PROPERTIES
In a prior study by Kilpua et al. (2009), our event #1, which corresponds to the STEREO event in their analysis, along with a subsequent ICME (not included in this study due to the limited impact parameter), were examined. The authors found that even with small separation angles between spacecraft, flux ropes can exhibit significant differences. They proposed that these differences may be attributed to the high inclination angle of the flux rope axis. With nine reliable conjunction events at our disposal, we embark on a systematic exploration of rope orientations from multi-site observations.
Figure 3 presents a comparison of variance in rope orientations, encompassing azimuthal ([image: image]) and inclination ([image: image]) angles calculated from ACE and another paired spacecraft observations. These angles are plotted against several parameters: the minor diameter of the flux rope [image: image], the radial separation between spacecraft [image: image], the azimuthal separation [image: image], and the inclination of the flux rope axis [image: image]. The minor diameter of the rope ([image: image]), exhibits the highest level of uncertainty, stemming from the selection of the start/end times. However, introducing a 10-min change in the start/end points does not alter the results significantly. Therefore, we include this comparison in our statistical analysis.
[image: Figure 3]FIGURE 3 | Azimuthal axis difference [image: image] from different spacecraft (color-coded circles) as functions of (A) minor diameter of the flux rope, (B) spacecraft separation in the radial distance, (C) in azimuthal direction and (D) inclination of the flux ropes. Panels (E–H) show the vertical axis difference [image: image] as functions of the above parameters. The black dotted lines represent linear fits of all the data with the formula and the coefficient of determination ([image: image]) displayed. The Spearman correlation coefficient (rho) are also listed. The red dotted lines indicate linear fits excluding event #8 (the highest point).
As depicted in Figures 3A–D, the data points exhibit a considerable dispersion, and both the coefficients of determination ([image: image]) from a linear fit based on the least-squares method and the Spearman correlation coefficient (rho), in general, are notably low. The most significant correlation, with a coefficient of 0.33 (Figure 3D), suggests that as the inclination increases, the rope orientation tends to differ among different observation sites. This observation aligns with the findings of Kilpua et al. (2009), reinforcing the notion that in highly inclined flux ropes, azimuthally aligned spacecraft may observe similar regions but find different rope orientations.
Another notable event, event #8, stands out as having experienced a vertical change in rope orientation exceeding 45° between two sites. Whether we consider this case or not, [image: image] does not exhibit a significant correlation with the flux rope minor diameter [image: image], spacecraft separation, and flux rope inclination, as shown in Figure 3.
Excluding event #8 from our analysis due to its unique rope orientation change from the ecliptic plane, the remaining eight toroidal radius values ([image: image]) are presented as a function of the minor diameter of the flux rope [image: image] in Figure 4. Event #9 exhibits an unusually high toroidal radius due to its small [image: image]. When this data point is omitted, the coefficient of determination of the linear fit remains low, and even lower ([image: image], not shown here) when event #9 is included. This suggests that the toroidal radius is not influenced by the scale of the flux rope.
[image: Figure 4]FIGURE 4 | The toroidal radius of the ICME-related flux ropes as a function of the minor diameter of the flux rope. The black line is a linear fit without event #9 data. The formula, coefficient of determination and Spearman correlation coefficient are also shown in the figure.
4 DISCUSSION AND CONCLUSION
According to our estimates, the median toroidal radius of ICME-related flux ropes is approximately 0.19AU (excluding event #8). This value is notably smaller than the assumption (0.5AU) made by Hidalgo et al. (2000). On the other hand, the ratio of the major radii ([image: image]) to their flux rope cross-section radius varies from 0.7 to 19.6, with a median value of 1.84. This range encompasses the value of 1.5–2.5 used by Nieves-Chinchilla et al. (2023).
Events #8 and #9 are exceptional cases in our study. These events exhibit moderate minor diameter of the flux rope, substantial radial separation, and minimal azimuthal separation between observation sites. Despite excluding the influence of flux rope scale and spacecraft separation, event #9, which was detected upstream of the Earth by both spacecraft, experiences the least rope orientation change from site to site, whereas event #8, with Juno downstream of the Earth, exhibits the most significant change. Although the likelihood of Earth’s influence on ICMEs is theoretically low due to the significant size difference, further investigation is warranted. In the following paragraph, we particularly examine the 3-spacecraft conjunction events that happened to be situated across the Earth.
Since the flux rope evolves as it moves from one point to another, the calculated [image: image] represents an average value between the two points. Comparing event #1 to #3 and #2 to #4, we observe that the toroidal radius [image: image] is 0.03AU and 0.19AU larger in the ACE-STEREO A conjunction (both upstream of the Earth) than in the ACE-STEREO B conjunction. For all three events (20070521, 20070825, and 20111025) with one spacecraft downstream of the Earth, [image: image] is found smaller than in the remaining events. These differences imply that downstream of the Earth, the flux rope’s axis may experience more pronounced curvature. While it is generally accepted that, compared to ICME-related flux ropes, which measure approximately [image: image] km across, the terrestrial magnetosphere, at roughly [image: image] km, is too small to significantly influence the ICMEs. Although the analysis of only three events does not provide substantial significant statistical evidence, the consistency observed across all three events suggests that the axes of these flux ropes may undergo some distortion after passing the Earth. This distortion could potentially be attributed to magnetic reconnection between the flux ropes and the Earth’s magnetosphere (Eastwood 2008). To further explore these speculations, more comprehensive studies involving additional observations and numerical simulations are necessary.
This study examines ICME-related flux ropes from conjunction observations and calculates their major radii. The results reveal that the orientation of the rope remains independent of the ICME’s scale and the separation between observation sites. By assuming a toroidal-shape for the flux rope, we estimate their toroidal radii, which provides additional constraints on existing flux rope models.
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