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Abstract
We carried out a statistical analysis of the propagation characteristics of Es and Medium-Scale Traveling Ionospheric Disturbances (MSTIDs) by combining data of HF Doppler (HFD) sounder and Total Electron Content (TEC) obtained from the GPS receivers of GEONET (GPS-TEC) for 4 years from 2014 to 2017. We made use of Es reflection data from the HFD receivers in Sugito, Saitama (36.0°N, 139.7°E), Fujisawa, Kanagawa (35.3°N, 139.5°E), and Sugadaira, Nagano (36.4°N, 138.3°E) in Japan. By using this triangle observation, we succeeded in deriving the horizontal speed and direction of the motion of Es. In addition, we estimated the phase velocity of MSTIDs observed in the simultaneously obtained maps of GPS-TEC with the same triangle observation procedure. The speeds of Es and MSTIDs were commonly less than 100 m/s in most cases and their propagation direction was predominantly southwestward. This result is consistent with the statistical characteristics of nighttime MSTIDs observed in the previous studies. More importantly, good correspondence between the propagation characteristics of the two phenomena at two different altitudes confirms that Es and MSTIDs move in tandem with each other, further suggesting that Es in the E region plays an important role in the generation and propagation of MSTIDs in the F region.
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Main text
Introduction
Sporadic E (Es) is one of the outstanding phenomena in the mid-latitude E region ionosphere during summer months (e.g., Haldoupis et al. 2007). Es is a thin and dense layer of ionization mainly composed of metallic ions originating from meteorites (Haldoupis 2011). It has been suggested that the vertically thin structure of Es is produced through a concentration of metallic ions caused by the vertical shear of zonal neutral wind (Whitehead 1961), which has been known as “wind shear theory.” Extremely high electron density within Es is known to reflect high-frequency (HF) and very high-frequency (VHF) radio waves, sometimes above 100 MHz, when the wave incidence is highly oblique to the ionosphere (Sakai et al. 2020). Such an Es reflection often causes radio interferences, for example, to aeronautical navigation systems (Sakai et al. 2019). For these reasons, Es has been studied intensively since 60’s by combining various ground-based radio instruments such as ionosondes. Recently, Maeda and Heki (2014) employed data of Total Electron Content (TEC) obtained from the GPS receivers of GEONET (GPS-TEC) in Japan and demonstrated a 2D frontal structure of Es elongating more in the zonal direction. Kurihara et al. (2010) observed Es at night with the Magnesium Ion Imager (MII) on the sounding rocket launched from the Uchinoura Space Center in Kagoshima, and confirmed that the horizontal structure of Es at night had a frontal structure extending from northwest to southeast.
In the recent a few decades, nighttime Es has been studied in close relationship with Medium-Scale Traveling Ionospheric Disturbances (MSTIDs; Hunsucker 1982), which are also one of the most prominent phenomena in the mid-latitude F region ionosphere. MSTIDs during nighttime are known as wave-like disturbances, whose wavefronts are elongated from northwest to southeast and propagate southwestward (e.g., Saito et al. 1998; Ogawa et al. 2009). MSTIDs are observed not only during nighttime but also during daytime, especially in winter. Since the characteristics of MSTIDs (e.g., propagation direction and local time variation) during daytime and nighttime are noticeably different, separate mechanisms have been proposed for explaining their generation. For example, Otsuka et al. (2013) investigated the statistical properties of MSTIDs using GPS-TEC observations in the European sector and reported significant differences between the nighttime and daytime MSTIDs. The daytime MSTIDs are frequently observed in winter and propagate mostly southeastward. In addition, the direction of propagation rotates from southeastward to southwestward (Otsuka et al. 2011). According to these previous studies, the daytime MSTIDs are manifestations of atmospheric gravity waves (AGWs: Hines 1960; Hooke 1968).
In contrast, the nighttime MSTIDs occur frequently in the Asian/Oceanian (eastern Pacific/American) region is higher during June (December) solstice (Park et al. 2010). In addition, the nighttime MSTIDs are often observed with Es (e.g., Hysell et al. 2011; Helmboldt 2016), which implies that the nighttime MSTIDs are generated by plasma instabilities (i.e., combination of Es instability and Perkins instability) in the E and F region coupling system (Cosgrove and Tsunoda 2004). Several studies tried to observe Es and MSTIDs at the same time. For example, Otsuka et al. (2008) compared the daily activities of Es and MSTIDs which were, respectively, observed by an ionosonde and GPS-TEC measurements in Japan. They demonstrated that the seasonal and day-to-day variations of the occurrence of MSTIDs is surely correlated with the appearance of Es. This result suggested a close connection between Es and F region phenomena via magnetic field line. However, chances of simultaneous observations of E and F region phenomena have still been limited; thus, the detailed dynamical characteristics of Es and MSTIDs have not yet been compared. Recent numerical simulations have suggested that Es itself or Es instability plays an important role in generating MSTIDs during nighttime (e.g., Yokoyama et al. 2009; Yokoyama and Hysell 2010).
Recently, Ejiri et al. (2019) observed the activity of Es by using a Lidar system in Tachikawa (35.7°N, 139.4°E), Tokyo and compared it with the variation of MSTIDs as visualized by GPS-TEC. In their study, the density of Es was estimated by using the column abundance of metalic ions (Ca+, Fe+, etc., Ca+ in their case) within Es. They found that the time series of GPS-TEC variation and Ca+ column abundance are very similar during the interval of interest, suggesting that Es and MSTIDs are closely connected with each other. However, the Lidar observation of Es by Ejiri et al. (2019) was a single point measurement over Tachikawa, Tokyo; thus, it was difficult to compare the propagation characteristics of Es and MSTIDs. In this study, we tried to derive the horizontal propagation speeds and directions of Es and MSTIDs by using multi-point observations of HF Doppler (HFD) sounding system and GPS-TEC, and then compared them in a statistical fashion. Based on the statistics, we discuss the E–F coupling process to further understanding the relation between the generation of MSTIDs and dynamical characteristics of Es.
Observation
In this study, we mainly use data from the HFD sounding system in Japan for detecting Es in the E region and those from the GPS-TEC of GEONET for observing MSTIDs in the F region. Here, we briefly introduce these radio observation techniques for measuring two different ionospheric phenomena at two different altitudes.
Ionospheric observations using the HFD sounding (Watts and Davies 1960) started at around the late 50s and early 60s and have been carried out in various latitudinal/longitudinal areas for precise measurements of ionospheric disturbances, such as MSTIDs and AGWs (e.g., Vincent and Reid 1983). In this study, we employ data from an HFD system currently operative in Japan (HFDOPE: http://​gwave.​cei.​uec.​ac.​jp/​~hfd). The HFDOPE system transmits radio waves at two frequencies (5006 and 8006 kHz) from a transmitter (Tx station) in Chofu, Tokyo (35.7°N, 139.5°E). Those transmitted waves are reflected by the ionosphere with a Doppler shift in frequency and are observed by receivers deployed in a number of Rx stations in Japan. The original sampling rate at the Rx stations is 100 Hz and we derive the amplitude and Doppler frequency every 10 s with an FFT (Fast Fourier Transformed) windows of ~ 40-s duration (4096 samples); thus, the temporal resolution of the Doppler shift data product is 10 s.
In order to detect the appearance of Es, we employ the amplitude data (not the Doppler shift data) at 8006 kHz at several stations in the eastern part of Japan (near Tokyo area). By applying a cross-correlation analysis to the amplitude data from closely distributed multiple Rx stations, we derive the propagation characteristics of Es. Before performing such an analysis, we have evaluated if the appearance of Es can be identified by the amplitude data at 8006 kHz by comparing the HFD data with the Es observation by the Lidar system as introduced by Ejiri et al. (2019). Figure 1a shows the Ca+ Lidar observations of Es layer on August 21, 2014. A thin layer of dense Ca+ (i.e., Es layer) is observed at around 100–110 km altitudes. The top panel of Fig. 1b shows the time series of the Ca+ column abundance between 80 and 130 km derived from Fig. 1a. The bottom three panels of Fig. 1b show the HFD amplitude in the same interval from three Rx stations in Sugito, Fujisawa, and Sugadaira. Although the temporal variations of the Ca+ column abundance and HFD data are slightly different, an overall one-to-one correspondence is observed between the peaks.[image: ]
Fig. 1Comparison between the data of the Lidar observation and HFD. a Ca+ density enhancement associated with Es layer on August 21–22, 2014 plotted as a function of time and height. The Ca+ density was observed by the scattering Lidar at National Institute of Polar Research (NIPR) in Tachikawa, Tokyo, Japan (Ejiri et al. 2019). b Comparison between the Ca+ column abundance between 80 and 130 km (blue line) with the HFD amplitude data (black dots) on August 22, 2014. From the top to bottom, Ca+ column abundance, the amplitude data from Sugito, Fujisawa, and Sugadaira are displayed as time series


When closer looking at the time series of the HFD data from Sugito, we can identify four characteristic peaks, the peaks at about 00:10, 00:25, 01:35, and 01:50 JST (JST/LT: Japan Standard Time). These four peaks can be found in the HFD data from the other two sites and also in the data of Ca+ column abundance from the Lidar. In particular, the peaks in the Ca+ column abundance data are located at the time of the peaks in the HFD data from Fujisawa. This is simply because the geographic locations of the Fujisawa and Tachikawa (where observation of Ca+ Lidar is conducted) are relatively close. This good correspondence suggests that the amplitude of the HFD signal increases when a dense Es passes through the reflection point; thus, the amplitude of the HFD data can be used as a proxy for the density of Es. Comparing the Ca+ column abundance data with the data from the other two HFD sites (Sugito and Sugadaira), there is a time delay of 5–10 min in timing of the peaks. These systematic delays were caused by the propagation of Es structure through the sensing areas of the Lidar and HFD observations, where the characteristic HFD peaks are detected in the order of Sugito, Fujisawa, and Sugadaira. Considering the geometry of the three points, Es should have propagated in the southwest direction. The detailed analysis of this event, including the MSTIDs observed simultaneously, will be introduced in the next section. Such an analysis is needed to evaluate if the multi-point HFD observation is able to estimate the propagation speed and direction of the Es event introduced by Ejiri et al. (2019), and to further confirm the reliability of the derived propagation parameters.
To detect MSTIDs and estimate their propagation characteristics, we also employ the Total electron content (TEC) data, derived for more than 1000 two-frequency GPS receivers of GEONET in Japan. We employed the GPS-TEC data provided by the DRAWING-TEC database (https://​aer-nc-web.​nict.​go.​jp/​GPS/​DRAWING-TEC/​). To detect small fluctuations in TEC caused by the propagation of MSTIDs, we made use of the 1-h detrended GPS-TEC data obtained from each pair of satellite and receiver, where the background trend for subtraction is calculated by averaging data in a 60-min window whose center is located at the time of interest (Tsugawa et al. 2007). After detrending, the slant TEC was converted to vertical TEC by multiplying a slant factor. The obtained vertical TEC values were mapped onto a map binned with horizontal cells whose resolution is 0.15° × 0.15° in latitude and longitude by assuming the altitude of Ionospheric Pierce Point (IPP) at 300 km. The TEC data within each horizontal cell were then averaged. In the later part of the paper, we make a time series of TEC data at the reflection points of HFD observations for the cross-correlation analyses. When carrying out such analyses, we use the averaged TEC data at a cell nearest to the reflection point of HFD. In such a case, we do not need to consider the motion of IPPs in time.
There is a possibility that the GPS-TEC values derived through the above-mentioned procedure are influenced by the appearance of Es. By considering that Es is much thinner in altitude, such a contribution would be negligible in most cases (the total contribution is well less than 1 TECU for cases of daytime Es, e.g., Maeda and Heki 2015) since MSTIDs exist in much denser F region. As will be mentioned in the next section, we set a threshold of 1 TECU (TEC Unit: 1.0 × 1016 m−2) for the detection of MSTIDs from the GPS-TEC data; thus, the variation of GPS-TEC is mainly due to the contribution from MSTIDs. We attach a movie of GPS-TEC data during MSTIDs created by assuming the IPP at 300 km to this paper. If the assumption of IPP at 300 km is incorrect or there is a significant contribution from the E region, it would be impossible to detect clear wavefronts of MSTIDs as shown in the attached Additional file 1: Movie S1. This supports our assumption that the contribution of Es to GPS-TEC observation is not significant for the nighttime MSTID events. However, Muafiry et al. (2018) demonstrated that the amplitude of TEC enhancement can be larger than 1 TECU for some strong Es events during daytime showing a single frontal structure. This means that the extraction of MSTID from the GPS-TEC data can be affected by the appearance of such extreme Es cases. Thus, we have checked GPS-TEC maps during 68 events used for the statistics, which is shown in Fig. 6, and confirmed the existence of multiple frontal structures indicating the propagation of MSTIDs in the F region.
Method and result
We derived the horizontal propagation speeds and directions of Es and MSTIDs, respectively, by using data from the HFD and GPS-TEC observations in Japan. We made use of Es reflection data (the amplitude of reflected radio waves) from the three HFD receivers at Sugito, Saitama (36.0°N, 139.7°E), Fujisawa, Kanagawa (35.3°N, 139.5°E), and Sugadaira, Nagano (36.4°N, 138.3°E) in the eastern part of Japan (Kanto area). Ionospheric reflection of the radio waves generally takes place at the mid-point between the Tx and three Rx stations. Figure 2 shows a map of Kanto area (33.5°–37.0°N, 137.0°–140.5°E), showing the locations of the Tx, Rx stations and three reflection points (i.e., mid-points). Three green points show the corresponding locations of the mid-points at the altitude of 300 km (F region mid-points) traced along the field line, i.e., F region mid-points of Sugito (34.3°N, 139.8°E), Fujisawa (34.5°N, 139.1°E), and Sugadaira (33.9°N, 139.7°E). This field line tracing was done by using a magnetic field model of IGRF-12 (Thébault et al. 2015). First, to compare the propagation parameters of Es and MSTIDs in a direct manner, we employed the 1-h detrended vertical TEC (dTEC) data at the F region altitude (300 km) immediately above the reflection points (black circles in Fig. 2) of Sugito, Fujisawa, and Sugadaira.[image: ]
Fig. 2Location of the Tx (blue circle), Rxs (red circles), reflection points (i.e., mid-points between Tx and Rx stations, black circles) and the corresponding F region (300 km altitude) mid-points derived by tracing along the magnetic field (green circles)


We calculated the propagation speeds and directions of events by estimating time lags between time series from three points. These times lags are primarily introduced by the horizontal propagation of a linear (i.e., frontal) structure passing through the three mid-points sequentially. Figure 3 demonstrates how the time lags were estimated from the HFD and GPS-TEC data from three points. Figure 3a shows the HFD data from the three Rx stations during a 2-h interval from 00 to 02 JST on August 22, 2014. In all the panels, the black lines indicate the original data showing variations of 8006 kHz amplitude caused by the passage of Es across the reflection points (Top: Sugito, Middle: Fujisawa, Bottom: Sugadaira).[image: ]
Fig. 3Cross-correlation analysis (i.e., time lag analysis) of the HFD and GPS-TEC data. a The amplitude of reflected radio waves obtained from the three HFD receivers (Sugito, Fujisawa, and Sugadaira) on August 22, 2014, 00:00–02:00 JST. b Vertical GPS-TEC data above the HFD sensing area (i.e., mid-points between Tx and Rx stations at Sugito, Fujisawa, and Sugadaira) during the same interval. The black dots are the original data and the red dots are the time-shifted data with the highest correlation coefficient relative to the data at the mid-point of Sugito


In the bottom two panels of Fig. 3a, the red lines indicate time-shifted data with a lag having the highest correlation coefficient with the original time series from Sugito. When estimating these time lag values, cross-correlation analyses were carried out, by using data from Sugito as a reference, with a shifting time window of 10 s. Here, the duration of the window for the cross-correlation analysis was 60 min, including 30-min intervals before and after the time of interest. Figure 3b shows the GPS-TEC data obtained above the three mid-points of HFD observation (Top: Sugito, Middle: Fujisawa, Bottom: Sugadaira). The format of the plots (i.e., the meaning of the black lines and red lines) is same as in Fig. 3a. The dTEC data were obtained every 30 s, while HFD data were 10 s; thus, the shifting time during the cross-correlation analysis was set to 30 s, but the same duration of the window was used for processing of both the data.
The comparison of the red lines in the bottom two panels of Fig. 3a and b (shifted time series) with the black line in the top demonstrates that the timings of the peaks are similar among them, indicating that the Es or MSTID structure causing these variations propagated through the stations without significant change of its spatial structure. As a next step, time lags will be used for calculating the propagation speeds and directions of events.
Here we introduce how we calculated the propagation direction and speed of Es/MSTID from the estimated time lag values. Figure 4 schematically illustrates the geometry of the calculation process, where point O corresponds to the mid-point of Sugito, point A to Sugadaira, and point B to Fujisawa. It is noted that, in Fig. 4, the wavefront of Es/MSTID is described to propagate in the southwest direction, but this is only for the sake of explanation. When we calculated the time lags between Sugito and the other two points, we shifted the data back and forth by 30 min (i.e., total 1 h surrounding the time of interest) and pick up a lag having maximum cross-correlation coefficient. Therefore, it is possible to calculate the propagation parameters even for cases where the receivers in Sugadaira and Fujisawa detected the signatures first. That is, the current method supports the detection of all the propagation direction.[image: ]
Fig. 4Geometry of the propagation parameter calculation. [image: $${V}_{x}$$] and [image: $${\theta }_{x}$$] are the propagation speed and direction, respectively. [image: $${\theta }_{\mathrm{OA}}$$] is the anti-clockwise azimuthal angle of OA from the geographic north and [image: $${\theta }_{\mathrm{OB}}$$] is that of OB. [image: $${V}_{\mathrm{OA}}={d}_{\mathrm{OA}}/\mathrm{LAG}2,{V}_{\mathrm{OB}}={d}_{\mathrm{OB}}/\mathrm{LAG}1$$], where [image: $${d}_{\mathrm{OA}}$$] is the distance from O to A, [image: $${d}_{\mathrm{OB}}$$] is the distance from O to B


As demonstrated in Fig. 3, two time lag values are estimated from the cross-correlation analyses: LAG1 between O (Sugito) and B (Fujisawa) and LAG2 between O and A (Sugadaira). By using these two time lags, we calculated [image: $${V}_{\mathrm{OA}}$$] and [image: $${V}_{\rm OB}$$], which are, respectively, apparent speeds of wavefront along OA and OB (i.e., [image: $${V}_{\mathrm{OA}}={d}_{\mathrm{OA}}/\mathrm{LAG}2,{V}_{\mathrm{OB}}={d}_{\mathrm{OB}}/\mathrm{LAG}1$$], where [image: $${d}_{\mathrm{OA}}$$] is the distance from O to A and [image: $${d}_{\mathrm{OB}}$$] is that from O to B). By using these two apparent speeds, we have derived the propagation direction of the wavefront, [image: $${\theta }_{x}$$], by using the following equation:[image: $$ \tan \theta_{x} = \frac{{V_{{{\text{OA}}}} \cos \theta_{{{\text{OA}}}} - V_{{{\text{OB}}}} \cos \theta_{{{\text{OB}}}} }}{{V_{{{\text{OA}}}} \sin \theta_{{{\text{OA}}}} - V_{{{\text{OB}}}} \sin \theta_{{{\text{OB}}}} }}. $$]

 (1)



In a similar manner, we have calculated the propagation speed, [image: $${V}_{x}$$], by using the following equations:[image: $$ V_{x} = \frac{{V_{{{\text{OA}}}} V_{{{\text{OB}}}} \sin \left( {\theta_{{{\text{OA}}}} - \theta_{{{\text{OB}}}} } \right)}}{{\sqrt {V_{{{\text{OA}}}}^{2} + V_{{{\text{OB}}}}^{2} - 2V_{{{\text{OA}}}} V_{{{\text{OB}}}} \cos \left( {\theta_{{{\text{OA}}}} - \theta_{{{\text{OB}}}} } \right)} }}. $$]

 (2)



Note here that [image: $${\theta }_{x}{ ,\theta }_{\mathrm{OA}},{ \mathrm{and} \theta }_{\mathrm{OB}}$$] are depicted as the anti-clockwise azimuthal angle from the geographic north in Fig. 4, but the propagation directions that follow are expressed in azimuthal angles with north as 0 degree.
First, we calculated the propagation speeds and directions of the Es and MSTID event introduced in the “Observation” section (Fig. 1). The data used for the analysis are the two-hour time series (black lines) shown in Fig. 3. By using these time series, we estimated the time lags for deriving the propagation characteristics. The estimated time lags in the HFD data were 380 s for the Sugito-Fujisawa pair and 720 s for the Sugito-Sugadaira pair. On the other hand, the time lags in the GPS-TEC data were 360 s for the Sugito-Fujisawa pair and 750 s for the Sugito-Sugadaira pair. By putting these values of time lag into Eqs. (1) and (2), we derived the horizontal propagation speeds and directions of Es and MSTIDs for this particular case, which are summarized in Table 1. The propagation speeds of Es and MSTID were 68.9 m/s and 68.1 m/s, respectively, which are fairly close to each other at around 70 m/s. The propagation directions of Es and MSTID also have similar values, which are 247° for Es and 250° for MSTID, respectively. These propagation parameters indicate that both the Es and MSTIDs in this time interval propagated in similar southwestward direction with an almost same speed; that is, their motion was in tandem with each other. Ejiri et al. (2019) observed the MSTID in the same interval by using GPS-TEC and demonstrated that it propagated in the southwest direction with a propagation speed of ~ 50 m/s. Ejiri et al. (2019) did not perform precise calculation of the propagation speed through a cross-correlation analysis; thus, quantitative comparison cannot be made. At least, however, the order of the propagation speeds is in good agreement with each other, implying the feasibility of the cross-correlation analysis used in this paper. Here, it is noted that the horizontal propagation velocity of Es was not estimated in Ejiri et al. (2019) because the Es was detected by the Lidar as a single point measurement.Table 1Propagation speeds and directions of Es/MSTIDs event on August 22, 2014


	 	Speed [image: $$(\mathrm{m}/\mathrm{s})$$]
	Azimuthal direction [image: $$(\mathrm{degree})$$]

	Es at E region
	68.9
	247

	MSTID at F region
	68.1
	250




As a next step, we analyzed all the cases of simultaneous appearance of Es and MSTIDs during summer months in 4 years from 2014 to 2017 in order to show the statistical characteristics of the propagation parameters. We analyzed all the nighttime data (18–03 JST) from all the months. However, all the extracted Es/MSTIDs events were observed in 5 months from May to September. To extract Es events from the large dataset, we employed the value of foEs from the ionosonde of NICT in Kokubunji, Tokyo (35.7°N, 139.5°E). foEs is the highest frequency of vertical incidence radio waves which can be reflected by Es at the E region altitudes (i.e., critical frequency of Es). For the detection of MSTIDs, we used the amplitude of vertical GPS-TEC data to extract the events. In the course of statistical analysis, if foEs is higher than 8 MHz and the amplitude of detrended GPS-TEC data is larger than 1 TECU, we carried out the automated estimation of propagation speeds and direction of Es and MSTIDs by using the method described in the “Method and result” section. We also guarantee simultaneous detection of Es/MSTID at the three points by setting an additional threshold in the correlation coefficient of 0.7 between Sugito and the other two points for both the HFD and GPS-TEC data.
In the statistics, if the foEs value at a specific time is higher than 8 MHz, we estimate the propagation parameters using 2 h of HFD data surrounding the central time when the foEs value is picked up. The foEs values are obtained every 15 min; thus, the propagation parameters are also derived every 15 min. The number of all the simultaneous detections of Es/MSTID was 122. Figure 5 shows the distributions of the directions and speed of Es and MSTIDs (i.e., 122 event pairs of Es/MSTIDs). In both the panels, the top and right panels are the histogram showing the number of Es (top) and MSTIDs (right) as a function of propagation parameter. The central color panel shows the distribution of the number of samples as a function of propagation parameters of Es (horizontal axis) and MSTID (vertical axis).[image: ]
Fig. 5Distributions of the directions and speed of Es and MSTIDs in 2014–2017. The total number of events is 122. a Propagation directions of Es and MSTIDs in 2014–2017. A number of samples are displayed in the central color map. In the top panel, the histogram shows the number of Es samples as a function of propagation parameter. In the right panel, the histogram gives the number of MSTIDs samples. b Speeds of Es and MSTIDs in 2014–2017 in a similar format as panel a


The color panel of Fig. 5a indicates that most of the samples are highly concentrated in the range from 180° to 270°, 81 samples (66% of total) being within this range. This implies that both the Es and MSTID propagated predominantly southwestward. Regarding the propagation speeds, Fig. 5b indicates that most of the samples (78 samples: 64%) are distributed in the range between 50 and 150 m/s, except for some large values of the speed of Es exceeding 200 m/s. The statistics again indicates that the speeds of Es and MSTID have similar values. One thing we need to bear in mind is that the distributions of both the parameters are more scattered for the Es samples. We will discuss the reason for this difference between the samples of Es and MSTIDs in the next section.
In Fig. 5, we compared the propagation characteristics of Es and MSTIDs which were derived by using simultaneous HFD and GPS-TEC observations at the same three sensing areas (i.e., three mid-points of HFD). In this comparison process, we simply picked up corresponding GPS-TEC data at the mid-points of the triangle HFD observation. To test the E–F coupling hypothesis (Cosgrove and Tsunoda 2002, 2004) in more rigorous way, however, we should have looked at two locations at two different altitudes (i.e., E and F region) electrically connected along the inclined geomagnetic field line.
Figure 6a and b, respectively, shows the propagation direction and speed of Es and MSTIDs for the direct comparison along the same magnetic flux tube. The format of the plots is the same as the ones in Fig. 5, but here we employed the GPS-TEC data from the green points (F region mid-points) in Fig. 2. The total number of events was reduced to 68, which is about a half the number of cases shown in Fig. 5, because the GPS-TEC data were not available in the sea area for many cases. Although the propagation directions shown in Fig. 6a look more scattered than those in Fig. 5a, we still see a clear concentration between 180° and 270° in the azimuthal direction (southwestward propagation). In Fig. 6b, most of the propagation speeds of Es and MSTID are distributed in the range less than 150 m/s. It is also found that there is a slight linear correlation between the speeds of Es and MSTIDs in the central color map.[image: ]
Fig. 6The propagation parameters of Es and MSTIDs derived by using data from corresponding E and F region data points. The format of the plots is the same as the ones in Fig. 5. Total number of samples was 68. a Propagation directions of Es and MSTIDs in 2014–2017. b Speeds of Es and MSTIDs in 2014–2017


Discussion
We studied an event of Es on August 22, 2014, which was previously investigated by Ejiri et al. (2019), and demonstrated that the propagation parameters of Es and MSTIDs are very similar. Particularly, the propagation directions of Es and MSTIDs are southwestward, which is consistent with the typical propagation direction of MSTIDs during summer nighttime in Japan (Shiokawa et al. 2003; Narayanan et al. 2006). This good correspondence between Es and MSTIDs strongly suggests that MSTIDs at 300 km altitude propagate in tandem with Es at 100 km altitude. To support the result of this case study, we carried out statistics using four years of HFD and GPS-TEC data.
The statistical results shown in Figs. 5 and 6 indicate that the directions of Es and MSTIDs are mainly southwestward, which are consistent with the statistical characteristics of MSTIDs during the nighttime. However, we should bear in mind that these results strongly depend on the assumption in the cross-correlation analysis that Es has a linear horizontal structure passing through the three sensing points sequentially. Such a linear frontal structure of Es was presented by Maeda and Heki (2014) for strong daytime Es events whose foEs exceeded 20 MHz, but it is still unclear if nighttime moderate (> 8 MHz) Es also has a similar frontal structure. Therefore, in order to exclude Es events which do not have a frontal structure, we set a relatively high threshold of 0.7 for the correlation coefficients in the Es extraction process. This allowed us to pick up only the linear frontal Es events for the statistical analysis. In addition, the propagation parameters of Es were derived by using the same method as used for MSTIDs, whose wavefronts can be confirmed visually by using sequential GPS-TEC maps, for example, the one attached to this paper as a movie. This is a strong indication that HFD should have observed the same wavefront of propagating Es in the E region.
As mentioned in previous section, the samples of Es in the color panels of Fig. 5 are more scattered that those of MSTIDs. This tendency is probably due to a difference in the extraction process of Es and MSTIDs in the statistics. We set a threshold in the detrended vertical GPS-TEC value for extracting MSTIDs, which allowed us to extract the phenomenon successfully in most cases. We were not able to employ a similar procedure because the amplitude of the HFD data is more arbitrary due to the changing propagation conditions. Thus, instead, we used the foEs data from near-by ionosonde to confirm the occurrence of Es in the statistics. This implies that some of the samples of HFD data in the statistics might have not represented the characteristics of Es, which is the possible reason for the more scattered Es samples in the statistical results.
In Fig. 6a and b, we directly compared the propagation direction and speed of Es and MSTIDs that appeared on the same magnetic flux tube. The total number of events was only 68, which is primarily due to the lack of the coverage of GPS receivers in the sea area. We need to use 2 h of HFD and GPS-TEC data for calculating the propagation parameters through cross-correlation. However, all the green points in Fig. 2 are located in the sea area, where the GPS-TEC data are often unavailable, for longer than 1 h in the worst case. This lack of GPS-TEC data reduced the number of points in the statistics and affected its statistical significance. In Fig. 6b, the propagation speeds of MSTIDs tend to be higher as compared to those in Fig. 5b. The reason for this increase in the speed of MSTIDs is unclear although slightly coarser data coverage of GPS-TEC in the sea area might have affected the velocity estimation. However, the propagation speeds of MSTIDs in Fig. 6b are closer to those of Es in comparison with Fig. 5b, suggesting that further stronger correlation is observed between the E and F regions when considering the field line mapping.
Although there was some scattering in the propagation direction and speed in Fig. 6a and b, the statistical results were generally consistent with those in Fig. 5a and b. The overall matching of the propagation parameters of Es and MSTIDs is still prominent even if we employ the data from different regions at two different altitudes connected via magnetic field line. This study assumed that the wavefronts of Es and MSTIDs have a plain wave structure extending for a long distance (Kurihara et al. 2010; Tsugawa et al. 2007). Such an elongating structure of MSTIDs, which is clearly shown in the attached Additional file 1: Movie S1 of dTEC map, can be detected even if the TEC data are obtained at points slightly different from the actual conjugate point of Es; thus, the overall agreement between the propagation characteristics of Es and MSTIDs is shown in Fig. 5.
Figure 7 shows the dependence of the propagation parameters on local time. In Fig. 7a, it is indicated that the number of events is smaller in the earlier and later JST intervals, in particular, before 20 JST and after 01 JST. We speculate that this is because the wave-like structures of Es or MSTIDs have not yet clearly been formed in those LT intervals. In this study, we processed the data from 18 to 03 JST. However, no wave-like signatures were detected before 18 JST, supporting the speculation mentioned above. Yokoyama et al. (2009) demonstrated by using the numerical simulation that the Perkins instability (Perkins 1973) and the Es layer instability (Cosgrove and Tsunoda 2002, 2003) have an important effect on the generation of Es and MSTIDs. In earlier LT intervals, there are a small number of events in those periods because this process is not working well enough yet. On the other hand, the low number of events after 01 JST is considered to be due to the smaller inhomogeneity of the plasma density in the E region, which causes a weaker contribution of MSTIDs to forming the wavefronts (Otsuka et al. 2008).[image: ]
Fig. 7a LT variation of the number of events. b LT variation of the averaged propagation speed. c LT variation of the averaged propagation directions. In the panel b and c, red circles indicate the parameters of Es and blue circles do MSTIDs


Figure 7b and c, respectively, shows the LT variation of the averaged propagation parameters. The averaged parameters are plotted every 15 min which is equal to the temporal resolution of foEs from the ionosonde used for the detection of Es. The red circles show the averaged parameter of Es and the blue circles show that of MSTIDs. It can be noted that the parameters of Es and MSTID are almost the same for both the propagation speed and propagation direction. Particularly, the propagation directions of Es and MSTIDs are southwestward for almost all the time period. Considering the tidal wind, the neutral wind changes in a clockwise direction near the altitude where Es is generated. Therefore, Es formed by shear is propagated southward by the southward neutral wind. However, because the wavefront is formed in the northwest-southeast direction, it apparently propagates in the southwest direction (Yokoyama et al. 2009). The results in Fig. 7 clearly show this tendency.
Figure 7c also confirms that MSTIDs, shown by the red points, also propagate in the southwest direction, the propagation azimuth being between 180° and 270°. This is consistent with the E–F coupling model in which the formation of MSTIDs in the F region is closely affected by Es in the E region and propagate in tandem due to electric coupling via magnetic field lines. Figure 7c also shows that the propagation azimuth of both Es and MSTIDs increases gradually with time. This means that the propagation direction is shifting from the southwest to west, i.e., the elongation of wavefront is getting more perpendicular to the east–west direction.
When considering the wavefronts of MSTIDs in the framework of Perkins instability, it is important to determine the direction of the electric current in the F region (~ 300 km), which is expressed by the following equation:[image: $$ {\varvec{J}} = \Sigma \left( {{\varvec{E}} + {\varvec{U}} \times {\varvec{B}}} \right), $$]

 (3)


where [image: $$\Sigma $$] is the field line-integrated conductivity, [image: $${\varvec{E}}$$] is the background electric field, [image: $${\varvec{U}}$$]  is the neutral wind, and [image: $${\varvec{B}}$$] is the magnetic field. In the mid-latitude nighttime F region,  [image: $${\varvec{E}}$$] is generated by the F region dynamo, so that [image: $${\varvec{E}}$$] is opposite direction to [image: $${\varvec{U}}\times {\varvec{B}}$$] and [image: $$\left|{\varvec{U}}\times {\varvec{B}}\right|$$] is larger than [image: $$\left|{\varvec{E}}\right|$$]. Therefore, [image: $${\varvec{J}}$$] flows in the direction of [image: $${\varvec{U}}\times {\varvec{B}}$$]. Considering the Perkins instability, when the direction of the wave vector [image: $${\varvec{k}}$$] is between the east–west direction and [image: $${\varvec{J}}$$], the instability grows (Perkins 1973). The neutral wind [image: $${\varvec{U}}$$] in the F region (~ 300 km) changes from southeast to south (HWM: Drob et al. 2015) during the local time interval considered here; thus, [image: $${\varvec{J}}$$] changes accordingly from northeast to east. Correspondingly, the direction of the wave vector [image: $${\varvec{k}}$$] also changes in a clockwise direction. This means that the wavefront of MSTIDs should become more perpendicular to the east–west direction under the influence of the local time variation of the background neutral wind. The similar change in the wavefront direction of Es would be due to the influence of the F region electrodynamics transferred along the magnetic field lines on the structure in the E region. In such senses, Es and MSTIDs influence each other and determine their propagation direction in the E–F region coupled system.
Shiokawa et al. (2003) conducted observations of MSTIDs using all-sky airglow imagers at Rikubetsu (43.5°N, 143.8°E) and Shigaraki (34.8°N, 136.1°E) in Japan, and performed a statistical analysis of MSTIDs using 2 years of data. They demonstrated that the propagation direction of MSTIDs during summer nighttime was southwest and the propagation speed ranges from 50 to 100 m/s. The propagation speed and direction of MSTIDs in our statistics are fairly consistent with those of Shiokawa et al. (2003). In this study, the propagation characteristics of Es were also statistically analyzed at the same time, and it was shown that the propagation parameters of Es are very close to those of MSTIDs. This result strongly supports the formation of wave-like structure (i.e., Es and MSTIDs) at two different altitudes through E–F coupling mechanism.
Studies of E–F coupling process include the simultaneous observation of MSTIDs in the F region and quasi-periodic (QP) echoes (Yamamoto et al. 1991) in the E region. Yamamoto et al. (1994) indicated that the QP echo had wavefronts extending from northwest to southeast and propagated southwestward at a speed of slightly faster than 100 m/s. Saito et al. (2007) conducted simultaneous observations of QP echoes by the MU radar and MSTIDs by GPS-TEC. Their results demonstrated that the band structure of QP echoes and MSTIDs were aligned from northwest to southeast, and they propagated to the southwest. Otsuka et al. (2007) showed that the period of the Doppler velocity variation in the QP echoes was very similar to that of MSTIDs observed in the airglow measurement. Furthermore, the increase or decrease of the airglow intensity within MSTIDs is closely related to the direction of the Doppler velocity of the QP echoes. These results strongly imply that the electrodynamical coupling between Es and F region could play an important role in generation and characterization of Es structures and MSTIDs.
The generation of MSTIDs through the E–F coupling mechanism has been supported by several theoretical studies (Cosgrove and Tsunoda 2002, 2004) and numerical simulations (Yokoyama et al. 2009; Yokoyama and Hysell 2010). However, simultaneous observations of propagation characteristics in the E and F regions using a large amount of data have not been made in the past. We have conducted for the first time a statistical analysis of the propagation characteristics of Es and MSTIDs based on simultaneous observations of two different altitudes. The results support the E–F coupling theory for the generation of MSTIDs. However, we only investigated the overall propagation characteristics of both the phenomena and have not yet their spatial characteristics, for example, period and wavelength. By comparing the black lines of Fig. 3a and b, we can find that the HFD observation captures the structure of Es at the same level as the horizontal wavelength of MSTIDs. We plan to focus our analysis on the spatial structure of Es and MSTIDs, especially their wavelengths and periodicity.
Summary and conclusion
In this study, we derived the horizontal propagation speed and direction of Es and MSTIDs from multi-point observations of HF Doppler sounder and GPS-TEC. During a case of Es/MSTIDs on the night of August 22, 2014, the propagation speed and direction of Es were 68.9 m/s and 247°, respectively, while those of MSTIDs were 68.1 m/s and 250°. The statistics using 122 Es/MSTID cases in four years from 2014 to 2017 also confirmed that Es and MSTIDs propagated together with similar direction and speed in most of the events. The propagation direction of Es and MSTID was southwest and the speed was 50–100 m/s, which is consistent with the characteristics of summer nighttime MSTIDs. This “in tandem” motion of Es and MSTIDs supports the generation of wave-like structures in both the E and F region ionosphere through the electric coupling of two instabilities at two different altitudes. This is the first statistical analysis comparing the motion of Es and MSTID based on the simultaneous observations at two altitudes although there were studies showing similar relationship using QP echoes as a manifestation of Es. The current approach of using HFD for observing the motion of Es will allow us to investigate the dynamical characteristics of the small-scale structures in the summer nighttime E region ionosphere.
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