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Abstract
We investigate the characteristics of the subauroral polarization stream (SAPS), with focus on the relationship between geomagnetic parameters and occurrence characteristics of SAPS. This study’s observations were made using the Super Dual Auroral Radar Network (SuperDARN) Hokkaido East radar, which can observe the Far East region of Russia and has been in operation since 2006. In particular, we identify the lowest limit of SAPS speed, which has not been discussed in previous literature, in order to examine the lowest threshold of electric field able to generate SAPS as a result of magnetosphere-ionosphere (M-I) coupling. In order to conduct a comprehensive investigation of SAPS occurrence characteristics, we analyzed events with wider ranges of velocity and magnetic latitude (MLAT) than those in previous studies. As a result of quantitative estimation, we found two categories of westward flows that were reasonably separated using a speed threshold of 150–200 m/s. For the faster flows above the speed threshold, there is a clear correlation between MLAT and SYM-H geomagnetic index, whereas for the slower flows, there is no such correlation. The faster flows are considered to be SAPS, whereas the slower flows are probably associated with mid-latitude F-region ionospheric irregularities not directly related to storms or substorms. This slowest limit of SAPS gives us a minimum electric field of 7.5–10 mV/m that generates SAPS. However, this field strength is not strong enough to cause frictional heating, which is generally considered to be a crucial mechanism for generating SAPS. This result suggests that frictional heating is not always necessary to generate SAPS.
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Findings
Introduction
Westward rapid plasma flows in the subauroral ionosphere, occurring mainly in the evening to the postmidnight sector, are collectively called “subauroral polarization stream (SAPS)” (Foster and Burke 2002). Foster and Burke (2002) first defined SAPS as broad regions of poleward electric field and westward plasma convection in the subauroral ionosphere. SAPS is a manifestation of magnetosphere-ionosphere (M-I) coupling. SAPS is considered to be generated by a poleward polarization electric field that is generated in the low-conductivity region to maintain a current continuity between region-1 field-aligned current (FAC) and region-2 FAC (Anderson and Hanson 1993). The polarization electric field can be very strong if low conductivity in the subauroral region enhances feedback processes (Foster and Burke 2002).
Foster and Vo (2002) concluded that as magnetic local time (MLT) progresses from the evening to morning sector, the positions of SAPS move to lower latitude and the speed of SAPS becomes slower, using the Millstone Hill incoherent scatter radar. Furthermore, the positions of SAPS are highly correlated with the Kp geomagnetic index. Wang et al. (2008) obtained the empirical relationship between the positions of SAPS and Dst geomagnetic index observed by the Defense Meteorological Satellite Program (DMSP) satellite. They obtained three different empirical models categorized by the electric conductivity as determined by the solar zenith angle. This relation between the SAPS position and the Dst index was supported by the Super Dual Auroral Radar Network (SuperDARN) Hokkaido East radar observation (Kataoka et al. 2009).
It should be noted that previous studies focused on very fast SAPS events and did not discuss the slowest limit of SAPS. The feedback process is considered as an indispensable mechanism for generating SAPS (e.g., Foster and Burke 2002). However, past studies focused on the peak velocity of SAPS for data selection and did not confirm the validity of this mechanism. Knowledge of the slowest limit of SAPS could contribute to the clarification of the minimum electric field that generates SAPS, together with its relationship with the feedback process.

Data analysis
Figure 1 shows the field of view of the SuperDARN (Greenwald et al. 1995) Hokkaido East radar. It covers 40°–80° magnetic latitude (MLAT) range. This radar can observe much lower latitude regions than the other SuperDARN radars.[image: A40623_2015_299_Fig1_HTML.gif]
Fig. 1Field of view of the SuperDARN Hokkaido East radar. The gray grid shows magnetic latitude and longitude in AACGM coordinates




                        
A limitation of the SuperDARN radar observation, as well as that of other radars, is that the radar obtains only line-of-sight (LOS) Doppler velocity. Here, we assume that the LOS velocity toward the radar is due to the westward flows and converts LOS velocity to westward velocity with L-shell fitting that converts LOS direction to L-shell direction. This assumption is based on Makarevich et al. (2011), who used the two-dimensional SuperDARN observation and showed that the direction of SAPS is always westward. We also adopted a beam-swinging technique, which applies sine-curve fitting to the multiple-beam data to estimate the direction of the flow for each event, and removed events whose flows are not westward. For the data analyses below, we use the common-time FITACF data of the Hokkaido East radar archived by the Exploration of Energization and Radiation in Geospace-Science Center (ERG-SC) (Hori et al. 2013). We checked the events of westward flows including the SAPS using a wide range of background conditions. The criteria for choosing westward flows are as follows: (1) The westward speed is over 10.0 m/s. (2) The magnetic latitude of the flow region is 40° to 70°. (3) Echoes identified as ground backscatter using the standard SuperDARN data analysis algorithm (Sundeen et al. 2004) are excluded from the statistical analysis. Kataoka et al. (2009) used the SuperDARN Hokkaido East radar to perform statistical analysis of the SAPS flows, focusing on 2 years of data for the range of 45° to 65° and peak velocity of over 1 km/s. The criteria of Foster and Vo (2002) used a latitudinal range of 45° to 70° and peak velocity of 500–1000 m/s. We determined wider criteria for data selection than previous studies in order to examine whether there is a lowest threshold of SAPS speed.
Next, we distinguished subauroral region flows from auroral oval ones by examining the precipitating energy flux obtained from the total electron detector (TED) onboard the National Oceanic and Atmospheric Administration/Polar Orbiting Environmental Satellites (NOAA/POES). Figure 2 shows one example of the two-dimensional distribution of LOS velocities observed by the SuperDARN Hokkaido East radar, as well as the color-coded precipitation energy flux observed by the NOAA 19 satellite data along its footprint going equatorward. The region where precipitation flux is over 100 mW/m2 is identified as auroral oval, whereas that where the flux is below the value is identified as subauroral region (Yahnin et al. 1997). In this manner, we selected only subauroral region flows. Finally, we obtained the event database of the flow speed together with MLAT, MLT, and SYM-H. SYM-H was obtained instead of the Dst index because we needed higher time resolution of parameters. We sampled the data points every 30 min. Geomagnetic data were obtained from the OMNI database provided by NASA/NSSDC. We utilized this database to investigate the correlation between flow speed and MLAT/SYM-H. From the event-searching process described above, we obtained 839 points of data for 104 days from December 2006 to August 2014.[image: A40623_2015_299_Fig2_HTML.gif]
Fig. 2Example of SuperDARN and NOAA particle data on December 15, 2012. The two-dimensional radar data show LOS velocity at 1420 UT. The color tile shows direction and speed of LOS velocity. The green and blue regions indicate the flows going away from the radar, and the yellow and red regions show flows toward the radar. The NOAA 19 satellite data along its footprint going equatorward show precipitation energy flux for 1400–1430 UT, obtained from TED instrumentation; the aqua color corresponds to flux over 100 mW/m2, and the purple color to flux less than 100 mW/m2. This precipitation flux can distinguish the subauroral region (flux <100 mW/m2) from the auroral oval (flux >100 mW/m2)




                        

Result
In Fig. 3, we show the result of the correlation between MLAT of westward flow and SYM-H. The vertical axis is MLAT of westward flow, and the horizontal axis is SYM-H. Three orange/green/blue curves show the empirical relationship between MLAT and Dst index (Wang et al. 2008). The empirical relationship for high, middle, and low conductivity, categorized by the electric conductivity determined from the solar zenith angle, is shown in orange, green, and blue lines, respectively (for details, refer to Wang et al. 2008). Because the positions of SAPS shift toward lower latitude as MLT progresses (Foster and Vo 2002), the flows are divided into 3-h MLT bins. It is apparent in Fig. 3 that there are two groups each for 16–19 MLT, 19–22 MLT, 22–1 MLT, and 1–4 MLT. One group in each of these panels is well aligned with the empirical curves. The other group, which exists within the region of 40° < MLAT < 60° and −40 nT < SYM-H < 20 nT, shows no correlation between MLAT and SYM-H.[image: A40623_2015_299_Fig3_HTML.gif]
Fig. 3Relation between westward flow position and SYM-H. The vertical axis is MLAT and the horizontal axis is SYM-H. Three color curves show the empirical relationship between MLAT and Dst index obtained in a previous study (Wang et al. 2008). Each panel is for the 3-h MLT range. a 13–16 MLT, b 16–19 MLT, c 19–22 MLT, d 22–1 MLT, e 1–4 MLT, and f 4–7 MLT




                        
From a detailed examination of the dataset, we found that we could separate the two groups by setting the flow speed threshold (details are shown below). We set the six speed thresholds from 50 to 300 m/s every 50 m/s as shown in Fig. 4. In this figure, we show the result of applying these speed thresholds to the 19–22 MLT data, which contains the largest number of events, to investigate the influence of flow speed on the latitude-MLT relationship. From Fig. 4a–f, speed thresholds are 50, 100, 150, 200, 250, and 300 m/s, respectively. Flows faster than the threshold are plotted with red crosses, whereas flows slower than the threshold are plotted with black squares. When the speed threshold is 50 m/s, the flows faster than the threshold are scattered, so it is not possible to separate the two groups clearly. However, as the speed threshold rises, the faster flow group is distributed along the empirical curves. As a result, we confirmed that the threshold of 150–200 m/s could separate the two groups most effectively.[image: A40623_2015_299_Fig4_HTML.gif]
Fig. 4Result of applying several speed thresholds to 22–1 MLT data of Fig. 3. Speed thresholds are a 50 m/s, b 100 m/s, c 150 m/s, d 200 m/s, e 250 m/s, and f 300 m/s. Flows faster than the threshold are plotted as red crosses, whereas flows slower than the threshold are plotted as black squares
                                    




                        
To confirm that the two groups can be separated by setting the flow speed threshold, speed threshold is further tested using a more quantitative approach. For each MLT bin, we set the latitudinal threshold to divide the flows aligned with the empirical curves from other flows. The black curve in Fig. 5, which crosses 55° geomagnetic latitude for SYM-H = −40 nT, is used for quantitative estimation as a latitudinal threshold. This latitude is adopted from Foster and Vo (2002) for Kp = 7, MLT = 19–22 h. Since it is not easy to identify the precise value of the SYM-H index for Kp = 7, we investigated the 3-h negative peak of the 1-h averaged SYM-H for Kp ≥ 7 during the period of statistical analysis and not associated with sudden commencement (Sc). We found that this negative peak has an upper limit of −40 nT, and we used this value as a reference in determining the threshold curve. In addition, this black curve has the same inclination as the empirical curves. We defined the flows above this black curve to represent SAPS. The latitudinal thresholds for each MLT bin are shown in Table 1. The result of the hypothesis test for each MLT bin is shown in Fig. 6. The vertical axis is the ratio of SAPS (identified as flows above the black curve) among the flows faster than the speed threshold, and the horizontal axis is the speed threshold. The percentage reaches 80–100 % asymptotically when the speed threshold is over 150–200 m/s except during 4–7 MLT, where there are fewer SAPS flows than other MLTs as already noted in previous studies (e.g., Foster and Vo 2002). This result means that flows faster than 150–200 m/s show good correlation between SYM-H and MLAT. Therefore, we can identify the slowest limit of SAPS speed as 150–200 m/s.[image: A40623_2015_299_Fig5_HTML.gif]
Fig. 5Similar to Fig. 4, with the black curve used for the test as latitudinal threshold to identify flows as SAPS. For details of determining this curve, please refer to the main text. The other parts are in the same format as Fig. 4c with 150 m/s threshold




                           Table 1Latitudinal threshold of each MLT bin at SYM-H = −40 nT, used for quantitative estimation


	MLT [h]
	13–16
	16–19
	19–22
	22–1
	1–4
	4–7

	MLAT [°]
	61
	58
	55
	54
	52
	50


For details, please refer to the main text



                           [image: A40623_2015_299_Fig6_HTML.gif]
Fig. 6Result of the test for each MLT bin. The vertical axis is the ratio of SAPS (identified as flows aligned with Wang’s curve) in the flows faster than speed threshold. The horizontal axis is the speed threshold. Each color line in the legend represents each MLT range




                        

Discussion
We performed a statistical analysis of the westward flows observed by the SuperDARN Hokkaido East radar, and as a result of the analysis, we found that the lowest limit of SAPS speed is 150–200 m/s. The strength of the electric field that generates the slowest SAPS is calculated from the equation [image: $$ \mathbf{v}=\frac{\boldsymbol{E}\times \boldsymbol{B}}{{\boldsymbol{B}}^2} $$]. Assuming that magnetic flux density B is 50,000 nT, corresponding to the value at about 55° geomagnetic latitude, the corresponding minimum electric field strength is 7.5–10 mV/m.
Schunk et al. (1975) performed one-dimensional numerical simulation to estimate the ionospheric parameter changes due to frictional heating. They concluded that the electric field should be 50 mV/m at least in order to cause O+ density decrease by 1/1.8. Thus, the minimum SAPS electric field of 7.5–10 mV/m is not enough to lead to frictional heating that can affect ionospheric plasma-density changes.
Frictional heating is considered as an indispensable mechanism to cause SAPS (Wang and Lühr 2013). Frictional heating raises the recombination rate and reduces electron density/conductivity, and then SAPS is generated by the electric field that increases in intensity because of current continuity. However, this small electric field of 7.5–10 mV/m cannot lead to frictional heating. In other words, frictional heating is not always necessary to generate SAPS in the framework of the coupled large-scale magnetosphere-ionosphere system. It should also be noted that frictional heating is indispensable only in the current generator model. Other models are based on other mechanisms of enhancing electric fields. For example, the voltage generator model proposes formation of greater electric fields under constant potential drop and narrower Alfven layer.
Based on several previous statistical studies of the relationship between SAPS latitudinal location and geomagnetic activity, we consider that the flows whose latitude is correlated with the SYM-H or Dst index are SAPS, and those without such correlation are not SAPS. This conclusion is based on the statement of Foster and Burke (2002) that SAPS is considered to be highly related to ring current particles.
It should be mentioned that the SuperDARN radar needs ionospheric irregularities to receive echoes, which are considered to be generated mainly by gradient-drift instability (e.g., Keskinen and Ossakow 1983), growing in intensity if the electric field and plasma density are strong enough and properly oriented. In fact, there is a weak relationship between the SuperDARN echo power and Doppler velocity (Fukumoto et al. 1999; Fukumoto et al. 2000). We therefore examined whether the low speed limit of SAPS is also the low speed limit of SuperDARN observations by checking the echo power around the above limit. The result is that the echo power is mostly 3 to 25 dB, well above the noise level (0 dB) around the lowest speed limit of SAPS (250 to 300 m/s) (not shown in the figure). Therefore, we can say that the lowest speed limit of SAPS is not the lowest speed limit of SuperDARN observation.
The flows that show no correlation between SYM-H and MLAT are considered to be mid-latitude F-region echoes (Fukao et al. 1988). In order to be sure that these echoes are the mid-latitude F-region echoes, it is necessary to confirm that they have similar characteristics. Fukao et al. (1988) revealed that mid-latitude F-region echoes have spectral width of 20–30 Hz using the MU VHF radar observation. Since the spectral width is considered to correspond to the decorrelation time of echoes, we need to confirm that our echoes with no SYM-H-latitude relationship have similar parameters. Thus, we checked the spectral width of these echoes converted into the values in the unit of Hertz instead of meters per second. We found that the majority of the echoes have spectral widths less than 40 Hz, which is comparable to the mid-latitude F-region echoes. On the contrary, most of the echoes identified as SAPS (with close SYM-H-latitude relationships) have spectral width wider than 40 Hz, indicating that their characteristics are different from mid-latitude F-region echoes.

Summary
We investigated the slowest limit of SAPS using the SuperDARN Hokkaido East radar. The flows with westward speed over 150–200 m/s show the correlation between SYM-H and MLAT. This tendency has been reported as an established feature of SAPS. On the contrary, flows slower than the threshold do not show this tendency and they are considered to be mid-latitude F-region echoes because of their spectral width. Therefore, this lowest speed gives us a minimum electric field that generates SAPS, corresponding to 7.5–10 mV/m. This value suggests that frictional heating is not always necessary to generate SAPS in the framework of the coupled large-scale magnetosphere-ionosphere system.
In order to perform a more comprehensive statistical study to identify the generation mechanism of SAPS in more detail, we have to analyze more events using other SuperDARN radars covering the subauroral region, such as the Hokkaido West radar that started operations in October 2014.
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