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For magnetopause crossing events, the observed magnetospheric magnetic fields in the vicinity of the subsolar magnetopause frequently present an overshoot structure; that is, in small vicinity of the magnetopause, the closer to the magnetopause, the stronger the magnetospheric magnetic field is. In this investigation, an automatic identification algorithm is developed to rapidly and effectively search the magnetopause crossing events using THEMIS data from 2007 to 2021. Nearly 59% of magnetopause crossing events identified near the subsolar region appear an overshoot structure. The statistical result shows that, for overshoot cases, the normalized change rate of magnetospheric magnetic field near the magnetopause is linearly related to the normalized magnetopause velocity, which means that the overshoot structure may be caused by the redistribution of the magnetospheric magnetic field due to the rapid magnetopause motion.
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1 INTRODUCTION
The magnetospheric magnetic field (MMF) originates from the Earth’s main field, current systems inside the magnetosphere, for example, ring current, tail current, ionospheric current, field-aligned current [ [1], and references therein], Chapman–Ferraro current on the boundary [2], and the interconnection due to partial penetration of the interplanetary magnetic field into the magnetosphere [3, 4]. The MMF is totally confined in the magnetosphere when ignoring the magnetic reconnection process around the magnetopause. The motion and deformation of the magnetopause will lead to the redistribution of the MMF [4, 5]. The position of the magnetopause is determined by the pressure balance on both sides. As the dynamic pressure of the solar wind varies dramatically, the position of the magnetopause is extremely unstable with the subsolar point distributing from 5 to 22 RE [6, 7], where RE is the radius of the Earth. According to the statistical results of the work of Paschmann et al. [8], the maximum normal velocity of the magnetopause is 367 km/s and the mean value is 51 km/s. This result is consistent with previous investigations [9–12]. The period of fluctuation of the magnetopause is mostly less than 200 s [13, 14], which arises or grows due to the boundary-inherent Kelvin–Helmholtz instability, or external sources, for example, solar wind pressure pulses or waves and disturbances in the foreshock region [15, 16]. On the other hand, the magnetopause is not always a smooth surface. Some local distortions, driven by flux transfer events, Kelvin–Helmholtz waves, and magnetosheath jets, may appear on it [17, 18].
For spacecraft located near the magnetopause, a number of magnetopause crossing events (MCEs) are expected to be detected as the location of the magnetopause is very volatile along with the change of the solar wind conditions, especially when the dynamic pressure pulse structures imping on the magnetosphere. In this study, we analyze the MCEs detected by THEMIS when THEMIS’s apogee was located near the subsolar point. It is found that a large fraction of cases interestingly appear an overshoot structure as observed in the bow shock region [19, 20]; that is, from the magnetosphere to the magnetosheath, the magnetic field intensity increases quickly right before the magnetopause ramp, so the MMF adjacent to the magnetopause is stronger than that further away from the magnetopause. This structure is not rarely observed, but it still has not been paid much attention yet in the community of magnetopause research. To further understand this phenomenon, we carry out a statistical research on the relationship between the change rate of MMF near the magnetopause and the instantaneous speed of the magnetopause motion, based on an overshoot-type MCE database constructed from nearly 15 years’ THEMIS observations at the subsolar region. It is found that the normalized change rate of MMF during the overshoot interval depends linearly on the normalized magnetopause motion speed in the statistical sense.
In Section 2, we give a brief introduction to the THEMIS MCE dataset constructed by an automatic MCE identification algorithm, and then, some typical MCEs are shown to present the interesting overshoot structure in Section 3. A statistical analysis about the dependence of the variation of MMF near the subsolar magnetopause and the magnetopause motion is given in Section 4. In the last section, a brief summary and discussion are given.
2 MCE HUNTING ALGORITHM
The five THEMIS probes were placed in highly elliptical equatorial orbits on 17 February 2007 [6, 21]. Right after the launch, all probes were lined up in the same orbit with a 15.4 RE apogee. Around 2008, the orbits began to separate, with the apogee of THB, THC, THD&E, and THA being 30 RE, 20 RE, 12 RE, and 10 RE, respectively. Since 2011, THB&C became ARTEMIS and orbited the moon, the remaining three Earth-orbiting probes had an apogee of approximately 12 RE. The apogee rotated slowly around Earth to cover the dayside, dawnside, nightside, and duskside of the magnetosphere. In this study, the ion data from the electrostatic analyzer [22] and magnetic field measurements provided by the fluxgate magnetometer [23], both with the time resolution of ∼ 3 s, are used to identify MCEs.
Manual identification of MCEs can be a labor intensive task, since for the spacecraft located near the magnetopause, a number of MCEs are expected to be detected as the location of the magnetopause is dynamically controlled by the change of the solar wind conditions and inherent waves. Especially in a long-term survey, with hundreds or thousands of potential MCEs, manual identification becomes impractical [24]. On the other hand, manual identification is bound to be biased in some way. An observation classified as a MCE by one observer will not necessarily be classified as such by another observer [12]. To improve the identification efficiency, some automatic MCE identification routines were developed. MCEs have been automatically identified [7, 13, 24] in terms of the distinct difference between the disturbance level of the magnetic field in the magnetosphere and in the magnetosheath. However, some structures, such as current sheet in the magnetosheath, may also exhibit a large difference in the disturbance of the magnetic field with respect to the background magnetosheath. These structures may be mistaken for MCEs under this simple criterion. Suvorova [25] established two criteria for GOES and LANL to identify geosynchronous MCEs. For GOES (without particle data), their criterion is the correlation between the magnetic field observed by GOES and upstream monitor and the deviation of the observed magnetic field from the MMF. For LANL (without magnetic field data), their criterion is the difference of the ratio of density and temperature of high-energy ions in the magnetosheath and in the magnetosphere. These two criteria can only be used in geosynchronous MCE identification. Jelinek et al. [26] used the ratio of the parameters (magnetic field intensity and plasma density) observed by THEMIS and ACE at the same time to determine the most probable magnetopause locations in a statistical sense but failed to give the accurate magnetopause crossing time.
In this study, we develop a new algorithm to automatically identify MCEs and accurately determine the boundary layer between the magnetosheath and the magnetosphere using the in situ plasma and magnetic field data. The automatic identification of MCEs is designed in a four-step manner.
1) STEP 1: recognization of the region in which the probe is located (magnetosphere or magnetosheath).
In STEP 1, ion spectral energy flux density is used to distinguish the region in which the probe is located, but when the probe is located in the inner magnetosphere, the quality of the particle data measured by ESA is not good and missing data often occur. On the other hand, Park et al. [7] mentioned that the position of the subsolar magnetopause ranges from 5 to 22 RE. Here, the probe is regarded to be located in the magnetosphere, if the radial distance of the probe from the Earth, R, is less than 5 RE.
Figure 1 shows the ion spectral energy flux measured by THD in the magnetosphere (left) and in the magnetosheath (right). The two energy spectral curves are distinctly different: in the magnetosheath, the flux of middle energy is high and the fluxes of low and high energy are low; contrarily, the high energy flux in the magnetosphere is high. To describe the characteristics of the energy spectral curve, some parameters are defined. emax is the logarithmic value of energy (unit is eV) corresponding to the maximum flux of ion spectral flux density (see Figure 1). eleft and eright are the logarithmic value of energies on both sides of emax corresponding to the flux one-tenth lower than the maximum flux.
[image: Figure 1]FIGURE 1 | (A,B) Ion spectral energy flux densities observed by THD in the magnetosphere and magnetosheath, respectively. The observation times are marked in the title of each subfigure. The red asterisks denote the maximum flux, and the green asterisks indicate the point at which the flux is one-tenth lower than the maximum flux.
The probe is considered to be located in the magnetosphere, if the following conditions are satisfied:
• R ≤ 5 RE ⋃ emax ∉ [2, 3.5]
If the following condition is satisfied, the probe is considered to be located in the magnetosheath:
• R > 5 RE
• emax ∈ (2, 3.5) ⋂ eright − emax > 0.5 ⋂ emax − eleft > 0.5 ⋂ eright − eleft > 1
2) STEP 2: finding the candidate crossing time interval.
Based on the result of the region recognized in STEP 1, the candidate crossing time intervals, [tsp,app, tsh,app], are searched, where tsp,app denotes the start time (magnetospheric side) of crossing and tsh,app denotes the end time (magnetosheath side) of crossing. To avoid possible misjudgment, some more restrictions on the selection of MCEs are needed:
• Probe stays in the magnetosphere or magnetosheath region at least for 1 minute
• MCE completes in less than 1 minute
Note that these time constraints are mainly used to avoid possible misjudgment in STEP 1. It does not mean that the final result must meet the constraints in this step, as the next step slightly adjusts the start and end times of crossing to get the accurate one.
3) STEP 3: obtaining the accurate crossing time interval.
The third step is used to get the accurate crossing time based on the difference of the strength and disturbance level of Bz (the Z component of the magnetic field) in the magnetosphere and in the magnetosheath. As shown in Figure 2, the accurate start time of crossing is searched from tsp,app − 60 to tsh,app + 60 point by point, which satisfies the following conditions:
• Bz [ti] − Bz [ti+1] > 3σ(Bz,sp) (green asterisks in Figure 2)
• [image: image] (upper blue dashed horizontal line)
[image: Figure 2]FIGURE 2 | Schematic picture to show how to get the accurate magnetopause crossing time in STEP 3. The solid (dashed) vertical lines denote the crossing time interval obtained in STEP 2 (STEP 3).
The end time of crossing is the first time point that satisfies the following:
• Bz [ti] < Bz, max − 0.75(Bz, max − Bz, min) (lower blue dashed horizontal line)
Here, Bz [ti] is the Z component of the magnetic field in the GSM coordinate system at time ti; σ(Bz,sp) is the standard deviation of Bz observed within 1 minute just inside the magnetopause; Bz, max is the maximum value of Bz observed within 1 min from the magnetopause crossing time; and Bz, min is its minimum value.
4) STEP 4: confirming the crossing time interval.
The last step is to confirm the crossing time interval based on the criteria of Ivchenko et al. [13]:
• MCE should be completed within 30 s
• The standard deviation of magnetic field in the magnetospheric side is required to be less than 40% of that in the magnetosheath side
• The northward component of the MMF is required to exceed 10 nT
• The northward component of the MMF is required to be at least a factor of 1.3 greater than the corresponding magnetosheath component
According to the used criteria, our method is more suitable to identify MCEs when the magnetic field in the magnetosheath is southward. It can also obtain a good result when the magnetic field in the magnetosheath is northward, but it requires that Bz in the magnetosphere is 1.3 times bigger than that in the magnetosheath. Exactly speaking, this method may lose some cases, especially when the magnetic field strengths on the magnetospheric and magnetosheath sides are nearly equal to each other. These cases usually cannot give a clear magnetopause crossing time even by manual inspection. So, it is rational to omit them. Our procedure has been applied to the observations of five THEMIS probes between 2007 and 2021 to search for MCEs. As we focus on the MCEs near the subsolar region, the MCEs observed only within 30o between the Sun–Earth line are suitable for further research. As the position of the magnetopause and the magnetic field just inside the magnetopause can be affected by the dipole tilt angle [27, 28], the constraint that the MCEs should be within 20o from the equator in the sum of the latitude of the magnetopause and the dipole tilt angle is added to the selection criteria. Eventually, 10,462 events of magnetopause crossing have been successfully identified by our method, which constructs an MCE database for further statistical study on the large-scale magnetopause structures and some important scientific problems related to small-scale structures of the magnetopause. In this study, we focus on the variation features of the MMF just inside the subsolar magnetopause.
3 OVERSHOOT STRUCTURE ADJACENT TO THE MAGNETOPAUSE
Figures 3–5 show six typical subsolar MCEs identified by our automatic identification algorithm. The parameters in each figure from top to bottom are ion spectral energy flux density, three components of the magnetic field, magnetic field intensity, bulk velocity of ions, and position of the probe. As the inspected time interval is short and the velocity of the probe is very small relative to the speed of the magnetopause, the probes are regarded as being located at fixed points during the inspected interval.
[image: Figure 3]FIGURE 3 | Typical subsolar MCEs with an overshoot structure observed by THD between 03:24 UT and 03:36 UT on 26 October 2017. The parameters from top to bottom are ion spectral energy flux density, the three components of the magnetic field, the magnetic field strength, the bulk velocity of ion, various pressure (the red line means the total of magnetic and thermal pressure), and the position of THD. The time intervals marked by two vertical dashed lines are the magnetopause crossing time identified by our MCE automatic identification algorithm. The change rate of MMF is calculated by data measured during the time interval marked by oblique stripes.
[image: Figure 4]FIGURE 4 | Typical subsolar MCEs without an overshoot structure observed by THA between 19:16 UT and 19:28 UT on 18 August 2008. The format is the same as in Figure 3.
[image: Figure 5]FIGURE 5 | Typical subsolar MCEs with overshoot structure observed by THE between 17:28 UT and 17:40 UT on 18 October 2009. The format is the same as in Figure 3.
Figure 3 presents two consecutive MCEs detected by THD between 03:24 UT and 03:36 UT on 26 October 2017. At the beginning of this time interval, THD was located in the magnetosphere where the high-energy ions and strong magnetic fields were dominated. Around 03:28:14 UT, an abrupt decrease in the magnetic field strength and increase in the particle flux were observed, indicating that the magnetopause was moving inward and crossed THD. The crossing direction, Dir, is defined as 1 when the probe crosses the magnetopause from the magnetosphere to the magnetosheath and equal to -1 when the probe crosses in the opposite direction. The regions between two vertical dotted lines are procedure-given ramps of the magnetopause crossing, which denote the sharpest field change between the magnetosphere and the magnetosheath. It can be seen that, from the magnetosphere to the magnetosheath, the magnetic field in the vicinity of the ramp first increased gradually from a relatively stable state and then decreased sharply, which resembles a magnetic overshoot structure that is frequently observed at planetary bow shocks. The MMF strength observed by THD within 30 s adjacent to the magnetopause crossing time increased quickly and arrived at its peak just inside the magnetopause, B0 = 83.71 nT. The variation of MMF can be fitted by a straight line. The slope of the fitted line, SB, is 0.73 nT/s, and the mean absolute deviation from the observation, MD, is 0.33 nT. At 03:28:14 UT, the magnetopause was located at (9.1, -3.8, 2.5) RE in the GSM coordinate system, and the magnetopause standoff distance, R0, is 10.19 RE. Subsequently, the magnetopause moved outward and crossed THD again at 03:31:23 UT. After the second MCE, MMF decreased quickly from its peak value (B0 is 69.15 nT). The change of MMF can also be fitted by a straight line with SB = −0.28 nT/s and MD = 0.38 nT.
Figure 4 shows the observations of THA between 19:16 UT and 19:28 UT on 18 August 2008 when THA was located at (9.6, -0.01, -3.5) RE. THA was located in the magnetosheath at the start time, and it crossed the magnetopause at 19:20:26 UT. Subsequently, the magnetopause moved inward and crossed THA at 19:23:56 UT. It can be seen from case 3 that, unlike case 2, the MMF increased gradually, and it can also be fitted by a straight line with SB = 0.82 nT/s and MD = 0.87 nT. On the other hand, in case 4, unlike case 1, the MMF changed irregularly (MD = 1.56 nT), although the overall trend was decreasing.
Figure 5 presents two consecutive MCEs detected by THE during the interval between 17:28 UT and 17:40 UT on 18 October 2009. During this time interval, THE was located at (10.9, -3.4, 1.0) RE. At the beginning of this time interval, THE was located in the magnetosphere, and it crossed the magnetopause around 17:33:22 UT. The magnetic field just inside the magnetopause increased linearly with SB = 0.15 nT/s and MD = 0.09 nT. The magnetopause moved outward and crossed THE again at 17:34:10 UT. After the second MCE, the MMF adjacent to the magnetopause also showed an overshoot structure with SB = −0.27 nT/s and MD = 0.44 nT. For the two events, although the MMF had some oscillations in 17:28–17:32 and 17:35–17:40, which were possibly triggered by magnetopause motion or other small structures appearing on the magnetopause, the overshoot can be easily identified.
Thousands of MCEs have been detected by the five THEMIS probes. After visual inspection of the variations of MMFs just inside the magnetopause, it is found that, like case 1, case 2, case 5, and case 6, an overshoot structure, that is, from the magnetosphere to the magnetosheath, the magnetic field adjacent to the magnetopause plane increases quickly in a short interval from a relatively stable MMF state and then decreases sharply at the crossing ramp, is very common. Here, the criteria to judge an overshoot structure are as follows: MD is smaller than 1 nT and SB*Dir > 0. Totally, we got 6,170 [image: image] cases with overshoot in all 10,462 MCEs for further analysis.
4 RELATIONSHIP BETWEEN OVERSHOOT AND THE MAGNETOPAUSE MOTION
A statistical research on the relationship between the magnetic field intensity at the point fixed on the magnetopause, B0, and the subsolar magnetopause standoff distance, R0, was carried out by Shue et al. [29]. In their work, a simple equation was obtained to fit their dependence based on 614 subsolar MCEs with plateau magnetic fields in the magnetospheric side:
[image: image]
where the power law exponent, D, is used in contrast to the expected -3 for the pure dipole magnetic field. Is this equation still valid under an overshoot structure? Overshoot structure means that the magnetosphere is not in a steady state; this situation is most likely caused by the motion of magnetopause. So, we will conduct a statistical research on the relationship between overshoot and the magnetopause motion in the following.
The normal speed of the magnetopause, Vmp, can be obtained by the de Hoffmann–Teller velocity [30], VHT, and the magnetopause normal direction is obtained by constrained minimum variance analysis [31], nmvabc. The ratio of the middle and the smallest eigenvalue obtained in the constrained minimum variance analysis procedure, λ2/λ3, marks the quality of the normal, and the larger the λ2/λ3, the more reliable the normal, and the threshold is often taken as 2 [32]. The angle between the magnetopause normal calculated by constrained minimum variance analysis and by Shue et al. [33], Φ, is also recorded to indicate the degree of magnetopause deformation from the normally smoothed magnetopause. The larger the Φ, the greater the deformation. On the other hand, the correlation coefficient of two electric fields calculated by E1 = − v × B and EHT = − VHT × B (v, B are the ion bulk velocity and magnetic field observed by the probe adjacent to the magnetopause, respectively), HTcc, denotes the quality of the de Hoffmann–Teller frame, and it ranges from 0 to 1. The larger the HTcc, the more reliable the de Hoffmann–Teller frame. The reliability of the magnetopause normal velocity depends on the reliability of the normal direction, nmvabc, and de Hoffmann–Teller velocity, VHT. Three criteria with limits on λ2/λ3, HTcc, and Φ are used to select cases with reliable normal velocity, which are shown in Table 1. λ2/λ3 > 5 guarantees the reliability of the calculated normal direction, HTcc > 0.8 ensures that the calculated de Hoffmann–Teller frame is reliable, and Φ < 20o denotes that the magnetopause is not greatly deformed. Among the identified MCEs with overshoot, 1,641 cases meet these requirements, and the corresponding normal velocities are calculated.
TABLE 1 | Criteria for selecting cases with reliable normal velocity.
[image: Table 1]The interplanetary magnetic field direction may have a great influence on the state of the magnetosphere, but the uncertainty of the traveling time of solar wind from bow shock to the magnetopause is large, and the magnetic field direction may change when they travel to the magnetosheath. Figures 3 and 4 clearly show the existence of the turbulent fluctuations of the magnetic field and velocity in the magnetosheath. To date, a number of distinct case studies and a few statistical explorations at different parts of the magnetosheath show that the turbulence feature is highly related to the background and upstream conditions [34]. Magnetosheath turbulence will disconnect the Bz components of the magnetic field in the solar wind and near magnetopause. Pulinets et al. [35] show that the sign of the Bz near the magnetopause subsolar point does not coincide with the sign of interplanetary magnetic field Bz in [image: image] cases, but it is the magnetosheath magnetic field that directly influences the state of the magnetosphere. So, the averaged Bz within 30 s just outside the magnetopause is used to study the direction effect. We select and divide these events into two groups: 923 cases with northward magnetosheath magnetic field (Bzsh > 2 nT) and 587 cases of southward magnetosheath magnetic field (Bzsh < − 2 nT). The parameter Bzsh = ±2 nT is chosen based on two principles: 1) enough samples [image: image] to provide meaningful statistical results, and 2) the data set in different groups should be distinguished significantly. The distribution of MCEs in the (x, [image: image]) plane are plotted in Figure 6. There is no obvious regional aggregation and no obvious difference under southward and northward magnetosheath magnetic field.
[image: Figure 6]FIGURE 6 | Distribution of the location of magnetopause crossing events in the (x, [image: image]) plane. Black (red) color means the case is selected under the northward (southward) magnetosheath magnetic field.
Figure 7 shows the statistical results based on these events. In Figure 7A, log10(B0) is plotted against log10 (R0) for the northward magnetosheath magnetic field. Figure 7B shows the relation between SB/B0 and Vmp/R0 for the northward magnetosheath magnetic field. Figure 7C and Figure 7D are drawn in the same format as Figure 7A and Figure 7B, respectively, except for the southward magnetosheath magnetic field. These data can be fitted by straight lines, and the fitting parameters are integrated into Table 2. It can be seen that log10(B0) and log10 (R0) have a good linear relationship in Figures 7A,C, and their correlation coefficients, cc, are -0.89 and -0.87, respectively. An F test is performed to evaluate the confidence level of a fit [36]. The critical F value tabulated with 95% confidence and 921 (585) degrees of freedom is 3.86 (3.86). The calculated F values from the data are 3,483 and 1,797, which are much larger than the critical F value. This demonstrates the rationality of Eq. 1. The normalized change rate of MMF, SB/B0, and the normalized speed of the magnetopause, Vmp/R0, shown in Figures 7C,D, all have a clear linear relationship with cc equal to -0.68 and -0.71, respectively, and the calculated F value (806 and 588) is also much larger than the critical F value.
[image: Figure 7]FIGURE 7 | Statistical results based on MCEs with an overshoot structure. (A) Here, log10(B0) is plotted against log10 (R0) for Bzsh > 2nT. (B) The relation of SB/B0 and Vmp/R0 for Bzsh > 2nT. (C) and (D) Plotted in the same format as in (A) and (B), respectively, except for Bzsh < − 2nT. These data are fitted by straight lines shown by red color.
TABLE 2 | Some parameters in Figure 7.
[image: Table 2]5 SUMMARY AND DISCUSSION
In this study, the variation of the MMF just inside the subsolar magnetopause is studied, and we find that more than half of the MCEs show an overshoot structure. It is also found that the normalized change rate of the magnetic field intensity just inside the subsolar magnetopause is linearly related to the normalized velocity of the magnetopause in cases showing an overshoot structure.
It is reasonable to consider that the overshoot may be a certain kind of the magnetopause current layer itself. Generally, the magnetopause is made up of the magnetopause current (it may be composed of several current layers). Some other structures will be distributed on both sides, such as the depletion layer, magnetosheath boundary layer, and low latitude boundary layer. However, according to previous studies, no evidence indicated that these current sheets and structures can result in the formation of the overshoot magnetic structure near the magnetopause. In addition, some kinds of waves and local indentations may appear on the magnetopause, which have been reported in few case studies. These structures may be common (although few reported), but so far, there is no statistical study on this issue. Although they are possibly responsible for the formation of the overshoot in a statistical sense, it is difficult to explain the linear relationship between the variation of magnetic field and the magnetopause motion for this kind of overshoot. To study the wave propagation and the indentation at the magnetopause surface, multiple spacecraft data analyses are needed, and it is more suitable for a case study. For a single spacecraft, it is impossible to distinguish whether the magnetic field variation comes from spatial or temporal effect.
The fitting result between log10(B0) and log10 (R0) shows that the magnetic field strength just inside the magnetopause with the northward magnetosheath magnetic field is usually larger than that with the southward magnetosheath magnetic field. This result is consistent with the results of the work of Shue et al. [29] and Wang et al. [37]. The fitting result between SB/B0 and Vmp/R0 shows that the magnetic field strength just inside the magnetopause with the northward magnetosheath magnetic field may be slightly more compressed than that with the southward magnetosheath magnetic field with the same inward magnetopause velocity, as the slope in Figure 7B is a little smaller than that in Figure 7D. This effect may be caused by the magnetic erosion under the southward magnetosheath magnetic field [38].
Considering the aforementioned information, we think the temporal change due to magnetosphere compression or decompression is very likely to be responsible for the gradual magnetic increase (overshoot under magnetopause inward motion) or decrease (overshoot under magnetopause outward motion). Here, we give a brief explanation to the overshoot structure. When the magnetopause moves inward or outward rapidly, the MMF will change dramatically resulting from the quick change of position and intensity of the magnetopause current system. One probe at a fixed position in the magnetosphere near the subsolar magnetopause will experience a very rapid increasing or decreasing magnetic field due to the reconfiguration of MMF, in response to the sudden compression or decompression of the magnetosphere. Therefore, the overshoot structure is expected to be formed. Likewise, when the magnetopause is stable or the motion of magnetopause is relatively slow, the variations of MMF at a fixed point can be negligible. In addition, sometimes when the magnetopause moves slowly, the influence of other processes (e.g., plasma wave and other current systems) may result in the irregular variation of MMF near the magnetopause.
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