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The ion upflow associated with the subauroral ion drift (SAID) is a crucial component in the exchange of particles between the ionosphere and the ring currents. The ion upflow associated with the double-peak subauroral ion drift (DSAID), which is a subclass of the SAID, is more complex compared to SAID. In this study, we conducted a statistical analysis of the ion upflow associated with DSAID using Defense Meteorological Satellite Program (DMSP) F16–F18 data spanning 11 years (2010–2020) in the Northern Hemisphere. Our findings revealed that ion upflow associated with DSAID can exhibit either a double-peak or a one-peak upflow. The statistical characteristics of these two types of events displayed significant differences. In DSAID with a double-peak upflow event, the velocity of DSAID around the high-latitude peak was greater than that around the low-latitude peak. However, in DSAID with a one-peak upflow event, the DSAID velocities around the two peaks were very similar. Based on the formation mechanism of DSAID and the process of frictional heating in the ionosphere, we proposed that the formation of DSAID with a double-peak upflow and DSAID with a one-peak upflow are likely related to the formation process of DSAID.
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1 INTRODUCTION
Subauroral polarization streams (SAPS) are a phenomenon that occurs during periods of disturbed magnetic activity, such as geomagnetic storms and substorms. These streams are characterized by the presence of a large and strong westward ion flow in the ionospheric subauroral region from post-noon to the midnight side and even the predawn side (Spiro et al., 1979; Anderson et al., 1993; Karlsson et al., 1998; Foster and Burke, 2002; Foster and Vo, 2002; Oksavik et al., 2006; Clausen et al., 2012; Lin et al., 2019). SAPS comprise subauroral ion drifts/polarization jets (SAIDs/PJs) (Galperin et al., 1974; Spiro et al., 1979; Anderson et al., 1993) and westward flows in the broad subauroral region (Yeh et al., 1991). SAID is a localized westward ion flow with high speed exceeding 1 km/s and a latitudinal width of 1°–2° (Anderson et al., 1993; Karlsson et al., 1998; Anderson et al., 2001; He et al., 2014; He et al., 2016). The formation mechanism of SAPS/SAID is still a matter of debate. The current generator model reveals that after the polarization electron field is induced by R2 field-aligned currents (FACs) flowing into the subauroral region with low conductance (the ionospheric plasma trough), the E × B drift of ions occurs in that region with velocities of several thousand meters per second under a series of physical and chemical processes. This phenomenon is responsible for the development of SAPS/SAID (Schunk et al., 1976; Anderson et al., 1993; Anderson et al., 2001). However, SAPS and SAID exhibit distinct physical characteristics, and the current generator model is insufficient in describing their fast time appearance. SAID is generated within the plasmapause region through the short-circuiting of earthbound mesoscale plasma flows from the reconnection region by the cold plasma. This process creates a fast time voltage generator in the plasmasphere (Mishin and Puhl-Quinn, 2007; Mishin, 2013; Mishin et al., 2017). During periods of heightened magnetic disturbance, an infrequent velocity structure, known as the double-peak subauroral ion drift (DSAID), emerges (e.g., He et al., 2016; Horvath and Lovell, 2017). DSAID is a subclass of the typical SAID and is characterized by the presence of two velocity peaks in the subauroral region. This structure was first reported by He et al. (2016). They proposed that DSAID occurs when double-layer R2 FACs develop two or more closed circuits in the subauroral region. Wei et al. (2019) suggested that DSAID could also be associated with double-layer gaps of Pedersen conductance without double-layer FACs. Furthermore, observations and simulations have revealed that double-peak pressure gradients resulting from a ring current injection lead to a complex configuration of field-aligned currents, which induces the formation of two closed circuits and, thus, contributes to the development of DSAIDs (Wei et al., 2019). Nevertheless, in a short-circuit model, the formation of multiple peaks in SAID is attributed to the combined effect of multiple injections with the motion of the plasmapause: inward/equatorward during the growth phase, and substorm expansion and outward/poleward during the recovery phase (e.g., Mishin, 2023). In addition to DSAID, the morphological characteristics of SAPS velocity structures also include abnormal subauroral ion drifts (ASAIDs) (an eastward flow with the velocity peak exceeding 1,000 m/s) (e.g., Ebihara et al., 2008; Voiculescu and Roth, 2008; Liléo et al., 2010; Horvath and Lovell, 2018), as well as complex subauroral flow channel structures (double-peak ion drifts where one of the ion drift is eastward) (Horvath and Lovell, 2021), among others.
During the magnetosphere–ionosphere coupling process, a series of plasma irregularities, such as storm-enhanced density (SED), tongue of the ionosphere (TOI), and polar cap patches, appear, accompanied by convection cells in the polar ionosphere (e.g., Foster and Burke, 2002; Foster et al., 2005; Zhang et al., 2011; Zhang et al., 2013). These plasma irregularities are often accompanied by an ion upflow (e.g., Yuan et al., 2008; Zhang et al., 2016; Zhang et al., 2017; Zou et al., 2017; Ma et al., 2018). Similarly, the ion upflow associated with SAID is also a common phenomenon during these events. The study of the ion upflow is a crucial aspect in understanding the particle exchange during magnetosphere–ionosphere coupling. The mechanism behind the ion upflow can be broadly divided into two types. The first type is frictional heating caused by collisions between ions and neutral particles. Frictional heating increases the ion temperature and the pressure gradient, resulting in the ion upflow. The second mechanism is soft electron precipitation. Under the force of ambipolar electron fields, triggered by soft electron precipitation, the ions move upward (Wahlund et al., 1992; Arnoldy et al., 1996; Coley et al., 2003).
Numerous studies have been conducted on the ion upflow associated with SAID (e.g., Buonsanto et al., 1992; Heelis et al., 1993; Erickson et al., 2010; Wang and Lühr, 2013; Zhang et al., 2017; Zhang et al., 2020). Case studies have revealed the parameter characteristics of the ion upflow during SAPS periods, including the ion and electron temperature, plasma density, and velocity. Statistical studies have presented the distribution of the ion upflow on large temporal and spatial scales, including the distribution of the ion upflow with the season and different AE, and Kp indices. However, previous studies have mainly focused on SAID events, with few studies concerning the ion upflow being associated with the subclass of SAID, such as DSAID. In this paper, we presented a statistical study of the fine structures of the ion upflow associated with DSAID. We found that DSAID can correspond to both the double-peak and one-peak upflow events, and the distributions of these two types of events are significantly different. Additionally, we discussed the possible formation processes of the two types of DSAID upflows.
2 DATA AND METHOD
DMSP (Defense Meteorological Satellite Program) satellites are well-suited for the statistical study of the ion upflow associated with SAID. The Special Sensor for Ions, Electrons, and Scintillation (SSIES), the Special Sensor for precipitating particles (SSJ-4), and the Special Sensor Magnetometer (SSM) provide plasma and magnetic field data (Hardy et al., 1984; Rich et al., 1985; Greenspan et al., 1986). Based on DMSP F16–F18 data in the Northern Hemisphere from 2010 to 2020, we selected 342 cases of SAID with the ion upflow, 70 cases of DSAID with a double-peak upflow, and 22 cases of DSAID with a one-peak upflow. We identified cases of interest based on the definition of SAID/DSAID. The latitude width of SAID is less than 2°, and the velocity peak is greater than or equal to 1,000 m/s. For DSAID, at least one velocity peak is greater than or equal to 1,000 m/s, and the other peak is greater than or equal to 500 m/s. The width of each velocity peak of DSAID is less than 2°. The widths of SAID/DSAID were defined as the full-width half maximum (FWHM) of the velocity. Cases with the field-aligned velocity exceeding 100 m/s (including 100 m/s) were identified as upflow cases (Ogawa et al., 2009; Ma et al., 2020).
Figure 1 provides an overview of the parameters for SAID (Figure 1A), DSAID with a double-peak upflow (Figure 1B), and DSAID with a one-peak upflow (Figure 1C). From the top to bottom, the parameters include the electron and ion temperature, O+ ion and electron density, cross-track horizontal velocity (DSAID/SAID velocity), field-aligned velocity (upward velocity is positive), and electron and ion energy flux. The field-aligned velocity is calculated by projecting the upward velocity and cross-track horizontal velocity along the magnetic field line. The ranges of FWHM of the DSAID/SAID velocity are marked by the gray frame. The equatorward boundary of the auroral oval is marked by the dotted line in each panel. Figure 1A illustrates the SAID velocity peak, which corresponds to a single upflow velocity peak and an enhancement in the ion temperature. Figure 1B exhibits two velocity peaks of DSAID, both exceeding 1 km/s, and two upflow velocity peaks exceeding 500 m/s. These DSAID velocity peaks and the upflow velocity peaks have a one-to-one correspondence. Additionally, only the high-latitude velocity peak corresponds to an enhancement in the ion temperature. Figure 1C shows two velocity peaks of DSAID but with only one peak of the upflow velocity. The upflow velocity peak is situated between the two peaks of the DSAID velocity. Moreover, there is a tendency for the upflow velocity peak to be closer to the low-latitude SAID peak. In this case, there are no significant variations in the ion temperature.
[image: Figure 1]FIGURE 1 | Overview of the parameters of SAID, DSAID with the double-peak upflow, and DSAID with the one-peak upflow. From the top to bottom, the parameters are electron and ion temperature; O+, ion, and electron density; the cross-track horizontal velocity (DSAID/SAID velocity) and field-aligned velocity (upward velocity is positive); and the electron and ion energy flux. The width of DSAID/SAID is defined as the full-width half maximum (FWHM). The ranges of the FWHM are marked by the gray frame. The equatorward boundary of the auroral oval is marked by the dotted line in each panel. (A) SAID event; (B) DSAID with the double-peak upflow event; (C) DSAID with the one-peak upflow event.
3 STATISTICAL RESULTS
Figure 2 illustrates the statistical distributions of the cases of SAID (black), DSAID with the double-peak upflow (blue), and DSAID with the one-peak upflow (red) parameters. The parameters include the DSAID/SAID velocity, field-aligned velocity, O+ number density, O+ upward number flux, and joule heating rate. The distributions were obtained using the superposed epoch method, with a relative magnetic latitude range of −5°–+5°. The average width between the low-latitude velocity peak and the high-latitude velocity peak of DSAID is 1.6°. The parameter distributions of DSAID were normalized, with 0° corresponding to the middle of the width between the two DSAID velocity peaks (valley) and corresponding to the velocity peak in SAID distributions shown by the dotted green lines. Peak 1 represents the low-latitude velocity peak of DSAID, and Peak 2 represents the high-latitude velocity peak of DSAID. The error bars represent the standard deviations.
[image: Figure 2]FIGURE 2 | Statistical distributions of the parameters of SAID (black), DSAID with the double-peak upflow (blue), and DSAID with the one-peak upflow (red). The parameters are the DSAID/SAID velocity (A–C), field-aligned velocity (D–F), O+ number density (G–I), O+ upward number flux (J–L), and the joule heating rate (M–O). The distributions are the results obtained using the superposed epoch method. The range of relative magnetic latitudes is from −5° to +5°. The average width between the low-latitude velocity peak and the high-latitude velocity peak of DSAID was 1.6°. The parameter distributions of DSAID are normalized. The 0° value corresponds to the middle of the width between the two DSAID velocity peaks (valley) and corresponds to the velocity peak in the distributions of SAID. The dotted green lines represent the SAID velocity peak in the SAID event, two DSAID velocity peaks, and the DSAID velocity valley. Peak 1 represents the low-latitude DSAID peak, and Peak 2 represents the high-latitude peak. Error bars represent the standard deviations.
In panels a–c, the two types of DSAID velocities are very similar with the SAID velocity. In panel b, Peak 1 is approximately 300 m/s lower than Peak 2. Conversely, in panel c, Peak 1 is approximately equal to Peak 2. We examined all the cases and observed that in DSAID with the double-peak upflow event, Peak 2 is predominantly larger than Peak 1. However, in DSAID with a one-peak upflow event, Peak 2 is very similar to Peak 1, and in some instances, it is even lower than Peak 1. In panels d–f, we observed that the two types of upflow velocities of DSAID remain similar to those of SAIDs. In panel e, the upflow velocity of Peak 2 is approximately 50 m/s higher than that of Peak 1 (with ∼350 m/s for Peak 1 and ∼400 m/s for Peak 2). In panel f, a single significant upflow peak is observed, which occupies both the regions of Peak 1 and Peak 2. Furthermore, the location of this upflow velocity peak is very close to the location of Peak 1. We also noted a decrease in the upflow velocity around Peak 2. It appears that the upflow velocities around Peak 1 and Peak 2 combine to form a larger upflow velocity peak. In panels g–i, the densities in all three events exhibit a decrease around the peak, which correspond to the ionospheric trough regions. In panels h–i, both types of events show more decreases compared to those of SAID. In panels j–l, all three events exhibit abundant upward fluxes. In panel k, the upward flux around Peak 1 is larger than that around Peak 2, which is opposite to the pattern observed in the upflow velocity in panel e. In panel l, there is an intense upward flux observed around Peak 1, while the value around Peak 2 is only half of that. The distributions of joule heating rates are represented in panels m–o. The joule heating rate is a parameter used to represent the intensity of frictional heating. The joule heating rate in this study was calculated using the same method as the previous studies (Spiro et al., 1982; Foster et al., 1983; Rich et al., 1987). In panel m, there is a notable increase in the joule heating rate around the peak, indicating that frictional heating contributes significantly to the ion upflow associated with SAID. In panels n–o, both types of events show strong increases in the joule heating rate around Peak 1 and Peak 2, suggesting that frictional heating also plays an important role in the ion upflow associated with DSAID. In panel n, the double peak of the joule heating rate corresponds to that of the upflow velocity in panel e. The joule heating rate around Peak 2 is higher than that around Peak 1. However, in panel o, the double peak of the joule heating rate corresponds to only one upflow peak in panel f. Moreover, the joule heating rate around Peak 2 is very similar to that around Peak 1.
In conclusion, the distributions in Figure 2 differ significantly among SAID, DSAID with the double-peak upflow, and DSAID with the one-peak upflow. The main characteristics can be summarized as follows: in DSAID with the double-peak upflow event, the velocity around Peak 2 is higher than that around Peak 1, whereas in DSAID with the one-peak upflow event, the velocity around Peak 2 is similar to that around Peak 1. The location of the one-peak upflow is close to Peak 1, and there is a small velocity decrease around Peak 2 in DSAID with the one-peak upflow event. Frictional heating plays a crucial role in the ion upflow associated with DSAID, and the joule heating rate exhibits similar distribution characteristics to the DSAID velocity. These characteristics indicate that DSAID with the double-peak upflow and DSAID with a one-peak upflow are distinct events that may correspond to different formation mechanisms.
4 DISCUSSION
The significant differences in the statistical characteristics indicate that DSAID with the double-peak upflow and DSAID with the one-peak upflow may correspond to different formation processes. To investigate their potential formation mechanisms, it is necessary to understand the formation mechanism of DSAID. Based on the studies by He et al. (2016) and Wei et al. (2019), DSAID is generated by double-layer R2 FACs derived from the plasma-repeated injection. Generally, during a plasma injection in the dusk-side magnetosphere, a single pressure gradient peak is formed. This peak couples with the ionosphere, resulting in the formation of single-layer R2 FACs, which correspond to the formation of SAID. However, during repeated plasma injections, the previously formed single pressure gradient peak of the ring current does not get released to the ionosphere in a timely manner. This leads to the appearance of a second pressure gradient peak at a greater distance from the Earth. This further results in the formation of a double-layer R2 FAC structure, leading to the emergence of a second SAID structure at higher latitudes compared to the original SAID structure. Ultimately, this leads to the formation of the DSAID structure.
We believe that the differences between DSAID with the double-peak upflow and DSAID with one-peak upflow events are likely related to the formation process of DSAID. Figure 3 illustrates the possible formation processes of the two types of events. From the statistical characteristics, we can deduce that the ion upflow caused by DSAID is closely related to frictional heating. Previous studies have shown that the formation of SAID leads to an increase in the ion temperature from the lower ionosphere to the upper ionosphere, indicating that frictional heating in the SAID region is a down–top process (e.g., Liang et al., 2022). When a heating source appears at low altitudes, ions gain upward velocity due to the thermal pressure gradient, resulting in an upward motion. The latest research indicates that the ion Pedersen drift plays a crucial role in the formation process of SAID. The ion Pedersen drift effect leads to the strong depletion of density and conductance in the low ionosphere in the SAID region (Liang et al., 2021). The dissipation caused by the ion Pedersen drift predominantly occurs at lower ionospheric altitudes. Furthermore, the ion Pedersen drift can also induce upward movements of ions (Liang et al., 2022). Under this dissipation process, the surrounding ions around the heating source in the low ionosphere rush in to replenish the loss of ions, leading to a horizontal velocity around the heating source, as shown in Figure 3A. As the high-latitude peak of DSAID begins to form, a second heating source appears at high latitudes, causing new ions to upflow. Due to the proximity of the two DSAID peaks and the presence of the horizontal velocity, ions heated by the high-latitude heating source move upward while simultaneously moving toward the low-latitude heating source, merging with the ion upflow generated by the low-latitude heating source, as shown in Figure 3B. When the heating efficiency of the high-latitude heating source is lower than or comparable to that of the low-latitude heating source (i.e., the two DSAID peaks are similar), the ion upflow generated by the high-latitude heating source is not sufficient to break through the confinement of the low-latitude heating source. Instead, they completely merge into the ion upflow generated by the low-latitude heating source, forming a large-scale single upward peak, as shown in Figure 3C. At this point, the single upflow peak is in close proximity to the low-latitude DSAID peak, and the velocities of the two DSAID peaks are similar, which is consistent with the statistical characteristics. However, when the heating efficiency of the high-latitude heating source is significantly higher than that of the low-latitude heating source (i.e., the high-latitude DSAID peak is much larger than the low-latitude DSAID peak), the ion upflow generated by the high-latitude heating source is sufficiently strong to overcome the confinement of the low-latitude heating source. This results in the formation of a new upflow peak, leading to the presence of two upflow peaks, as shown in Figure 3D. At this point, the high-latitude DSAID peak is much larger than the low-latitude DSAID peak, which is also consistent with the statistical characteristics. Therefore, we propose that the occurrence of double-peak and single-peak upflows with DSAID is closely related to the formation process of DSAID.
[image: Figure 3]FIGURE 3 | Schematic diagram for explaining formation processes of DSAID with the double-peak upflow and DSAID with the one-peak upflow. (A) Ion upflow appeared around the low-latitude peak of DSAID. (B) Ion upflow started to appear around the high-latitude peak of DSAID. (C) DSAID with one-peak upflow. (D) DSAID with double-peak upflow.
To further validate our hypothesis, we present the correlation between SAID/DSAID velocities and upward velocities under different conditions, as illustrated in Figure 4. The black line represents SAID, the red line represents DSAID with the one-peak upflow, the blue line represents the low-latitude peak of DSAID with the double-peak upflow, and the magenta line represents the high-latitude peak of DSAID with the double-peak upflow. Previous studies have indicated that there exists a moderate linear correlation between the SAPS velocity and the upward velocity, with the slope of the linear fit typically ranging from 0.25 to 0.29 (Wang and Lühr, 2013; Zhang et al., 2020). Figure 4 shows that the slopes of the linear fits for the black, red, and blue lines are distributed around this value, which is consistent with the previous statistical results. This suggests that the high-latitude peak of DSAID with the double-peak upflow and DSAID with the one-peak upflow may follow the same factors that influence the upward velocity as SAID. However, in the low-latitude peak of DSAID with the double-peak upflow, the slope of the linear fit is much larger than that in the other conditions, indicating that there are additional factors affecting the ion upflow in the low-latitude peak. Figure 3 shows that the ion upflow from the high-latitude peak supplements the ion upflow from the low-latitude peak, which may correspond to the larger slope of the linear fit for the low-latitude peak of DSAID with the double-peak upflow compared to the other events.
[image: Figure 4]FIGURE 4 | Correlation between the DSAID/SAID velocity and the field-aligned velocity in the four scenarios (black for SAID, red for DSAID with the one-peak upflow, blue for Peak 1 of DSAID with the double-peak upflow, and magenta for Peak 2 of DSAID with the double-peak upflow). Error bars represent the standard deviations. The straight lines are linear fitting lines, and the top left corner shows the linear fitting equations.
5 SUMMARY
We conducted a statistical study on the ion upflow related to DSAID using the DMSP F16–F18 data spanning 11 years (2010–2020). Our findings indicate that DSAID can be associated with both the double-peak upflow and one-peak upflow. The statistical analysis of the ion upflow associated with SAID, DSAID with the double-peak upflow, and DSAID with the one-peak upflow revealed distinct and noticeable distribution characteristics. Additionally, we proposed the potential formation processes for events of DSAID with the double-peak upflow and DSAID with the one-peak upflow. The key findings are summarized as follows:
1. The statistical characteristics of DSAID with the double-peak upflow and DSAID with the one-peak upflow are significantly different. In DSAID with the double-peak upflow event, the velocity of DSAID around Peak 2 is higher than that around Peak 1. However, in DSAID with a single-peak upflow event, the velocity of DSAID around Peak 2 is similar to that around Peak 1. Additionally, the location of the one-upflow peak is near Peak 1.
2. Frictional heating also plays an important role in the ion upflow associated with DSAID. The double-peak of the joule heating rate corresponds to only the one-upflow peak in DSAID with the one-peak upflow event.
3. The differences between DSAID with the double-peak upflow and DSAID with the one-peak upflow are likely related to the formation process of DSAID.
Due to the limitations in satellite observations, we were only able to provide preliminary results. The formation processes of DSAID with the double-peak upflow and DSAID with the one-peak upflow remain unclear. Further studies are needed to validate the deductions made. Case studies and model simulations will be conducted in the future.
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