[image: image1]Direct Connection Between Auroral Oval Streamers/Flow Channels and Equatorward Traveling Ionospheric Disturbances

		ORIGINAL RESEARCH
published: 21 October 2021
doi: 10.3389/fspas.2021.738507


[image: image2]
Direct Connection Between Auroral Oval Streamers/Flow Channels and Equatorward Traveling Ionospheric Disturbances
Larry R. Lyons1*, Yukitoshi Nishimura2, Shunrong Zhang3, Anthea Coster3, Jiang Liu1,4, William A. Bristow5, Ashton S. Reimer6, Roger H. Varney6 and Don L. Hampton7
1Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, Los Angeles, CA, United States
2Center for Space Physics and Department of Electrical and Computer Engineering, Boston University, Boston, MA, United States
3Haystack Observatory, Massachusetts Institute of Technology, Cambridge, MA, United States
4Department of Earth, Planetary and Space Sciences, University of California, Los Angeles, Los Angeles, CA, United States
5Department of Meteorology and Atmospheric Science, The Pennsylvania State University, State College, PA, United States
6Center for Geospace Studies, SRI International, Menlo Park, CA, United States
7Geophysical Institute, University of Alaska Fairbanks, Fairbanks, AK, United States
Edited by:
Georgios Balasis, National Observatory of Athens, Greece
Reviewed by:
Massimo Materassi, National Research Council (CNR), Italy
Octav Marghitu, Space Science Institute, Romania
* Correspondence: Larry R. Lyons, larry@atmos.ucla.edu
Specialty section: This article was submitted to Space Physics, a section of the journal Frontiers in Astronomy and Space Sciences
Received: 08 July 2021
Accepted: 15 September 2021
Published: 21 October 2021
Citation: Lyons LR, Nishimura Y, Zhang S, Coster A, Liu J, Bristow WA, Reimer AS, Varney RH and Hampton DL (2021) Direct Connection Between Auroral Oval Streamers/Flow Channels and Equatorward Traveling Ionospheric Disturbances. Front. Astron. Space Sci. 8:738507. doi: 10.3389/fspas.2021.738507

We use simultaneous auroral imaging, radar flows, and total electron content (TEC) measurements over Alaska to examine whether there is a direct connection of large-scale traveling ionospheric disturbances (LSTIDs) to auroral streamers and associated flow channels having significant ground magnetic decreases. Observations from seven nights with clearly observable flow channels and/or auroral streamers were selected for analysis. Auroral observations allow identification of streamers, and TEC observations detect ionization enhancements associated with streamer electron precipitation. Radar observations allow direct detection of flow channels. The TEC observations show direct connection of streamers to TIDs propagating equatorward from the equatorward boundary of the auroral oval. The TIDs are also distinguished from the streamers to which they connect by their wave-like TEC fluctuations moving more slowly equatorward than the TEC enhancements from streamer electron precipitation. TIDs previously observed propagating equatorward from the auroral oval have been identified as LSTIDs. Thus, the TIDs here are likely LSTIDs, but we lack sufficient TEC coverage necessary to demonstrate that they are indeed large scale. Furthermore, each of our events shows TID’s connection to groups of a few streamers and flow channels over a period in the order of 15 min and a longitude range of ∼15–20°, and not to single streamers. (Groups of streamers are common during substorms. However, it is not currently known if streamers and associated flow channels typically occur in such groups.) We also find evidence that a flow channel must lead to a sufficiently large ionospheric current for it to lead to a detectable LSTID, with a few tens of nT ground magnetic field decreases not being sufficient.
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1 INTRODUCTION
Heating and momentum transfer to the upper atmosphere within the auroral oval can lead to neutral atmospheric gravity waves. While shorter-period (≲30 min) waves are dampened and thus cannot propagate far from their source (Richmond, 1978), longer-period waves (≳60 min) can move large distances from the auroral region toward the equator. As a result of ion–neutral collisions, these neutral atmospheric waves can be seen in the ionosphere as waves in electron density (Hines, 1960; Francis, 1975; Richmond, 1978; Hunsucker, 1982), referred to as large-scale traveling ionospheric disturbances (LSTIDs). These large-scale waves may be important for transporting auroral region energy to mid- and low-latitudes (Richmond, 1979). The total electron content (TEC) from the Global Navigation Satellite System (GNSS) receiver network gives the two-dimensional and temporal structure of LSTIDs (Zakharenkova et al., 2017, and references therein; Zhang et al., 2019a), and has shown their spatial sizes to be larger than 1,000 km and horizontal speeds of 400–1,000°m/s. LSTID’s spatial and temporal structure has also been investigated using 630 nm airglow emissions (Kubota et al., 2001; Ogawa et al., 2002; Shiokawa et al., 2007), SuperDARN HF radars (e.g., Bristow et al., 1994; Hayashi et al., 2010; Frissell et al., 2014), and multipoint ionosondes (e.g., Shiokawa et al., 2002).
It is well known that auroral zone disturbances (e.g., Hajkowicz, 1991) with magnetic bays (e.g., Ding et al., 2008) can lead to LSTIDs propagating equatorward from the nightside auroral oval. Occurrence rates increase with increasing geomagnetic activity (Tsugawa et al., 2004), and duration of activity has been associated with the duration of LSTID activity (Davis, 1971). Magnetic bays result from different classes of auroral disturbances, including substorms and poleward boundary intensifications (known as “PBIs”), which are intensifications along the auroral poleward boundary. Auroral forms that extend equatorward from PBIs to lower latitudes are known as “auroral streamers” and can give large magnetic bays (Lyons, 2000; Lyons et al., 2013) as can omega bands (Jorgensen et al., 1999), which appear in the midnight to dawn sector. Substorms include auroral streamers, with the streamers being the dominant contributor to the magnetic bays of the substorm expansion phase (Nishimura et al., 2012; Lyons et al., 2013), but streamers are also common without the occurrence of a substorm.
Previous studies had used ground magnetic observations without auroral observations to detect auroral disturbances, and thus were not able to identify the specific type of disturbance that leads to a nightside LSTID. To overcome this limitation, in our previous study (Lyons et al., 2019), we used auroral images from the white-light all sky imager (ASI) array of the Time History of Events and Macroscale Interactions during Substorms (THEMIS), giving high temporal and spatial resolution continent-scale coverage over the North American auroral zone (Mende et al., 2008) and allowing the identification of the different types of auroral oval disturbances. We related these disturbances to LSTIDs as seen in vertical total electron content (TEC) measurements over North America (Coster et al., 2003; Rideout and Coster, 2006; Vierinen et al., 2016) and in 630 nm emissions from the Midlatitude Allsky-imaging Network for Geospace Observations (MANGO) ASI array over the western United States. Time periods with LSTIDs were found to start and stop with the initiation and cessation of overall periods of geomagnetic activity, consistent with the well-established association of LSTIDs with activity. Furthermore, many of LSTIDs were found to be associated with appropriate time delay to a specific auroral disturbance, suggesting that individual LSTIDs can be driven by identifiable auroral disturbances. We found LSTIDs to be associated with substorms and with auroral streamers in the absence of a substorm. Due to ground magnetic field depressions during substorms being directly related to streamers (Lyons et al., 2013), we suggested that auroral streamer disturbances may be the primary driver of individual LSTIDs seen on the nightside, independent of whether the streamers occur during a substorm. Auroral streamers result from the electron precipitation lying approximately adjacent to mesoscale flow channels (Gallardo-Lacourt et al., 2014), which are related to electric fields that map along field lines from the ionosphere to the magnetosphere (where they are often referred to as flow bursts) and move with an equatorward (earthward) component within the ionosphere (magnetosphere). Thus, the above suggestion would imply that the flows, electric fields, and electron precipitation associated with mesoscale flow channels drive the heating and momentum transfer that gives rise to the neutral atmospheric gravity waves that appear as LSTIDs. In the study by Lyons et al. (2019), we also found indications that a disturbance should have sufficiently large ground magnetic perturbation (ΔB) in order to lead to a detectable LSTID.
In the present study, we take advantage of simultaneous oval imaging, radar flows, and TEC over Alaska to examine whether, as suggested in our previous study, there is a direct connection of LSTIDs to auroral streamers and associated flow channels having a significant ΔB. The auroral observations allow us to identify auroral streamers, and the TEC observations allow us to detect TEC variations by both the electron precipitation associated with the streamers and by TIDs propagating equatorward from the equatorward boundary of the auroral oval. Radar observations, when available, allow us to directly detect the flow channels. Furthermore, the observations over Alaska allow us to take advantage of TEC coverage in both auroral and subauroral latitudes to see how TEC first increases within the auroral oval and then connects to TIDs propagating to lower latitudes. This overcomes the limitation in our previous study from the latitudinal gap between the ASIs within the auroral zone and the mid-latitude TEC measurements over the continental United States. Since the TIDs we observe are propagating equatorward from the auroral oval as in our previous study, they are likely LSTIDs. However, we do not have the continent-wide TEC coverage necessary to demonstrate that they are large scale.
2 METHODOLOGY
We started with 14 nights that were selected for having good auroral viewing from Poker Flat, Alaska. Of these, 11 were used in our previous substorm-related studies (Lyons, et al., 2021a; Lyons et al., 2021b), and the three others had been selected for other studies. We narrowed this list to seven nights that had clear observable flow channels and/or auroral streamers and did not have ambiguities due to multiple flow channels and streamers.
We use the Poker Flat Incoherent Scatter Radar (PFISR) data product that gives flow vectors along the radar magnetic meridian from a best fit to line-of-sight (LOS) flow velocities along all PFISR beams using the assumption that longitudinal variations within the radar field-of-view (FOV) can be neglected (Nicolls and Heinselman, 2007). We use only flow vectors having an estimated error magnitude less than both the flow magnitude and 1 km/s. Super Dual Auroral Radar Network (SuperDARN) observations are also included when and where echoes are available. We show these observations as maps of flow vectors obtained with the Bristow et al. (2016) technique, which gives spatial resolution that is set by the underlying measurements rather than by the smoothing inherent in the global fits using a coarse grid that are typically used for global SuperDARN convection maps. The vectors are determined by the local LOS observations and the divergence-free condition. They are not strongly influenced by information beyond a few grid cell’s distance so that localized steep gradients can be obtained without significantly influencing the remainder of the vector domain.
Figure 1 displays the coverage of the PFISR radar beams over Alaska (orange contour), and the Poker Flat green line (green circle) and THEMIS white light (dashed circles) ASIs having coverage that includes Alaska. Locations of ground magnetometer stations from which we show data are indicated.
[image: Figure 1]FIGURE 1 | FOVs of the Poker Flat 557.7 nm images, the THEMIS ASIs in the Alaskan sector, and the PFISR radar. Also shown are ground magnetometer locations. These include the THEMIS ASI stations, except that we do not use magnetometer data from T40. IAGA station names are used (see https://supermag.jhuapl.edu/ for station details).
To detect traveling ionospheric disturbances, we analyze global navigation satellite system (GNSS) TEC observations of differential TEC values of ΔTEC, as described in the study by Zhang et al. (2017) and Coster et al. (2017) and used in our previous study. They were derived at 1 min cadence by subtracting a smooth background TEC variation determined by a low-pass Savitzky–Golay filter (Savitzky and Golay, 1964). The filter uses least squares fitting of successive subsets of windows of a given length (e.g., 30 or 60 min) involving time-adjacent TEC data points from the same GNSS satellite–receiver pair and a linear basis function set. Thus, this filter removes high-frequency fluctuation from data while maximizing the preservation of the original shape and features of the signal. A 15° cutoff elevation for ground–satellite ray paths was used to eliminate data close to the horizon where the measurement uncertainty can be large. Data at the start and the end of each continuous segment from the same GNSS satellite–receiver pair were disregarded to avoid potential “edge” effects (Zhang et al., 2019b). Similar differential TEC analysis methods have been employed extensively (e.g., Saito et al., 1998; Tsugawa et al., 2007; Ding et al., 2008; Azeem et al., 2015). The accuracy of this method is based on the accuracy of the GNSS phase measurement, which is less than 0.03 TEC units (Coster et al., 2012), as all satellite and receiver bias terms cancel out.
Note that using a 30-min window could inhibit the detection of anything other than the first wave of a chain of waves with period larger than 30 min. However, Ding et al. (2008) found that most (79%) LSTID waves are solitary waves (i.e., a single perturbation pulse), and only 21% appear to be part of a wave chain. We are examining waves directly driven by a flow channel, and these waves would likely be initiated impulsively. If a flow channel were to lead to a chain of waves, we might only detect the first and largest one. But it is the impulsive response that we are looking for as a test of the proposed direct driving.
3 ANALYSIS
We start with two events for which the TEC coverage shows the best two-dimensional evidence for a direct connection between streamers and ensuing TIDs. The next three events show the direct connection for events having radar coverage, showing the flow channels associated with streamers and their connection to TIDs. The final two events have clear flow channels but substantially weaker ground magnetic depressions. These indicate that a flow channel must be associated with a sufficiently large ionospheric current to lead to a detectable LSTID.
3.1 March 2 and 1, 2017: Two-Dimensional TEC Coverage Showing Clear TIDs
Figure 2 shows an overview of observations from a period that included a substorm with onset at 0955:30 UT on March 2, 2017. The keograms on the left are, from top to bottom, 557.7 nm emissions from the Poker Flat ASI, vertical TEC, and vertical ΔTEC with two different scales. The keograms are along the PFISR magnetic meridian and cover available data over the entire range of Alaska magnetic longitudes (240–285°).
[image: Figure 2]FIGURE 2 | Overview of observations from a period that included a substorm with onset at 0,955:30 UT on March 2, 2017. Keograms on the (A) are, from top to bottom, 557.7 nm emissions from the Poker Flat ASI, vertical TEC, and vertical ΔTEC with two different scales along the PFISR magnetic meridian. Ground magnetometer observations are shown on the panel (B) from stations approximately along the Poker Flat meridian stacked from lower to higher latitudes.
The substorm onset appears as a small brightening within the equatorward portion of the auroral oval at magnetic latitude Λ ∼ 64°. As seen in the full ASI images in the movie Additional File S1, multiple streamers started soon before 10 UT, and then a large streamer near the Poker Flat meridian extended equatorward from the poleward expanded auroral poleward boundary starting at ∼1006 UT and reached the auroral equatorward boundary at ∼1010 UT. This streamer can be seen in the auroral keogram of Figure 2 and also, as a result of ionization from the electron precipitation, in the TEC keogram and quite clearly in the upper ΔTEC keogram (−1 to +1 TECU scale). The auroral activity decreased at ∼1020 UT, and then another group of streamers initiated at ∼1040 UT. As seen by the magnetograms in Figure 2B, the northward ground N-component (local magnetic north) started an abrupt substantial several hundred nT drop with the initiation of the two periods of streamers.
Notice that the equatorward moving TEC enhancements associated with the streamers do not stop at the oval equatorward boundary but appear to continue equatorward at reduced levels below that boundary. (The white dashed curves in the left side of Figure 2 show the estimated equatorward boundary of the auroral oval based on the ASI and TEC measurements.) The continuation is seen clearly in the lower ΔTEC panel (−0.2 to + 0.2 TECU scale) of Figure 2, where the dark red color of the streamers along the PFISR meridian can be seen to directly connect to equatorward moving dark red features having a lower slope (slower equatorward speed) than those of the streamers. The equatorward moving region equatorward of the oval is not the streamer-related flow channel and is supported by its different equatorward speed, implying a transition to the equatorward phase speed of a TID related to the streamer. This indicates a direct connection between the auroral streamers and a TID.
Figure 3 shows a sequence of the auroral images during the period of interest (557.7 nm emissions from the Poker Flat ASI with THEMIS ASI white light emissions in regions outside the Poker Flat ASI field-of-view, FOV) overlaid with all available ΔTEC measurements over the Alaska sector. Additional File S1 shows these panels every 30°s as a movie. Just at the time of substorm onset (Figure 3A), at Λ ≈ 66°, ΔTEC shows no enhancement within the auroral oval. ΔTEC can be seen to have enhanced within the oval after onset (Figure 3B) as the oval expanded poleward and equatorward extending streamers formed. Clearly discernible streamers are identified by yellow arrows in Figures 3B–D. A longitudinally extended region of ΔTEC enhancement then starts to move equatorward from the oval at ∼1002 UT, as encircled qualitatively with a yellow curve in Figure 3C (1007 UT). As encircled by the yellow curves in Figures 3D–H, this region continues to move equatorward as a detectable TID (most likely a LSTID) until ∼1054 UT. Following the initiation of the second group of streamers at ∼1040 UT (clearly discernible streamers are identified in Figures 3G,H), a second TID can clearly be seen moving equatorward from near the equatorward boundary of the auroral oval starting at ∼1050 UT. This TID is identified by the second set of encircling yellow curves in Figures 3H,I and continued to be discernible until ∼1129 UT. Both TIDs can be seen to have propagated from the equatorward boundary of the auroral oval at Λ ≈ 62°– Λ ≈ 55°, with data coverage being more limited at lower Λ.
[image: Figure 3]FIGURE 3 | Sequence of the auroral images during the period of interest on March 2, 2017 (557.7 nm emissions from the Poker Flat ASI with THEMIS ASI white light emissions in regions outside the Poker Flat ASI field-of-view, FOV), overlaid with all available ΔTEC measurements over the Alaska sector. Yellow curves encircle equatorward moving regions of ΔTEC enhancements equatorward of the auroral oval. Dark blue line is the magnetic midnight meridian and longitude lines are spaced 15° apart.
A different way to visualize the connection between the streamers and the TID is given in Figure 4, which shows all TEC and ΔTEC data points within 5° geographic longitude bins from west of, to near, Poker Flat (−147.4° longitude). This covers the longitude range of the first set of streamers, as seen in Figure 3 and Supplementary Material S1 (note the longitude lines in these plots are spaced by 15°). The second set of streamers also extends over this longitude range and additionally somewhat further to the east. In the TEC panels, we can see these two equatorward moving regions of enhanced ionization, the first from ∼1000 to 1020 UT and the second from ∼1035 to 1100 UT. These periods correspond to the two streamer periods, indicating that they result from the electron precipitation producing the streamer auroral emissions.
[image: Figure 4]FIGURE 4 | All TEC and ΔTEC data points within 5° geographic longitude bins from west of, to near, Poker Flat (−147.4° longitude) on March 2, 2017. The black solid curves give an approximation of the equatorward boundary of the electron auroral oval based on the auroral emissions in Figures 2, 3. The initial time edges of streamer ΔTEC enhancement regions are marked with yellow longer dashed lines (black dashed in the TEC panels). Initial edges of the more equatorward regions of equatorward moving ΔTEC enhancement are marked by yellow shorter dashed lines.
The black solid curves in Figure 4 give an approximation of the equatorward boundary of the electron auroral oval based on the auroral emissions in Figures 2, 3 and the TEC measurements. Note that the two regions of enhanced TEC appear to extend equatorward of the black curves but move equatorward at a different (slower) speed than does the enhancement due to the streamers. These are the TIDs identified in Figures 2, 3. The connection between the two streamer TEC enhancements and the more equatorward TEC enhancements of the TIDs can be seen clearly in the ΔTEC panels in the lower half of Figure 4. Here, initial time edges of the streamer regions as visually estimated from the plots are marked with a yellow longer dashed line (black dashed in the TEC panels), and the initial edges of the more equatorward regions are marked by a yellow shorter dashed line. The change of slope can be seen to have occurred quite near the black curves, indicating the direct connection between the sets of streamers and the two TIDs. In this case, it appears to not be single streamers that drive the TIDs but groups of streamers extending over a sector ∼15–20° wide in longitude and associated with fairly strong ground N magnetic decreases and thus fairly strong westward currents in the ionosphere. This can be seen from the auroral images in Figure 3 and Supplementary Material S1, and from the TEC enhancements of the streamers occurring over the 15–20° of longitude included in Figure 4.
Figure 5 shows a sequence of the auroral images overlaid with all available ΔTEC measurements over the Alaska sector during the period of interest of a substorm with onset at 0954:00 UT on March 1, 2017. Additional File S2 shows these panels every 30°s as a movie. As with the previous event, there were two separate periods of streamers, with the first extending from ∼0955 UT (soon after onset) to ∼1020 UT, and, while viewing conditions were partially obscured by clouds, the second started at ∼1035 UT. Hundreds of nT ground N-component decreases were observed for both.
[image: Figure 5]FIGURE 5 | (A) Sequence of the auroral images during the period of interest on March 1, 2017 (557.7 nm emissions from the Poker Flat ASI with THEMIS ASI white light emissions in regions outside the Poker Flat ASI field-of-view, FOV), overlaid with all available ΔTEC measurements over the Alaska sector. Yellow curves encircle equatorward moving regions of ΔTEC enhancements equatorward of the auroral oval. The blank square separates the time periods of the two TIDs. Dark blue line is the magnetic midnight meridian, and longitude lines are spaced 15° apart. (B) Ground magnetometer observations from stations approximately along the Poker Flat meridian stacked from lower to higher latitudes.
Figure 6 shows the TEC and ΔTEC data within 5° geographic longitude bins from west of, to near, Poker Flat. The two sets of streamers extended over and somewhat further to the east of this longitude range. In the TEC and ΔTEC panels, we can see these two equatorward moving regions of enhanced ionization. A connection to the two equatorward propagating TIDs can be seen in the ΔTEC panels, and the slower equatorward speed of the TIDs than that of the TEC enhancement of the streamers is clearly seen. The front edge of the TID shows in the ΔTEC plots as a transition from dark blue to dark red as in Figure 4 for the second TID and for the first TID below Λ ≈ 56°. For the first TID, the transition at the auroral equatorward boundary is more subtly from blue to mostly white (ΔTEC = 0), with the transition still being near to somewhat above the 0.03 resolution of the ΔTEC measurements. This is because of the region of strong auroral TEC seen in the TEC panels that brings the auroral equatorward boundary equatorward from ∼10 to ∼1030 UT. This enhances the sliding 30 min average that is subtracted to obtain the ΔTEC values, thus reducing the magnitude that is calculated for the ΔTEC of the TID. As with the previous case, it appears that each TID is driven by a group of streamers extending over a longitude sector ∼15–20° in longitude and associated with fairly strong ground N magnetic decreases.
[image: Figure 6]FIGURE 6 | Average TEC and ΔTEC over 5° geographic longitude increments from west of, to near, Poker Flat on March 1, 2017, in the same format as Figure 4.
3.2 November 21, 2012, and March 15 and 9, 2013: Radar Coverage of Flow Channels
Figure 7 shows observations on November 21, 2012, when there was a substorm onset at 0803:20 UT during a period when PFISR was operating, and there were sufficient SuperDARN echoes available in regions of interest to provide some two-dimensional flow coverage. The top left portion of the figure shows Poker Flat ASI 557.7 nm emissions with THEMIS ASI white light emissions in regions outside the Poker Flat ASI FOV overlaid with PFISR flow vectors along the radar magnetic meridian. The lower portion shows broader THEMIS ASI mosaics over a larger area overlaid with SuperDARN flow vectors. Flow vectors are scaled by color and length, with the foot of the arrow being at the location of the measurement. Heavier flow vector arrows are at points with a LOS flow measurement. The further from a region of heavier arrows, the more the flows revert to a statistical model.
[image: Figure 7]FIGURE 7 | Observations on November 21, 2012, during a period when PFISR was operating, and there were sufficient SuperDARN echoes available in regions of interest to provide some two-dimensional flow coverage. (A) Poker Flat ASI 557.7 nm emissions with THEMIS ASI white light emissions in regions outside the Poker Flat ASI FOV overlaid with PFISR flow vectors along the radar magnetic meridian. (B) Ground magnetometer observations from stations approximately along the Poker Flat meridian stacked from lower to higher latitudes. (C) THEMIS ASI mosaics over a larger area overlaid with SuperDARN flow vectors. Flow vectors are scaled by color and length, with the foot of the arrow being at the location of the measurement. Dark blue line is the magnetic midnight meridian, and longitude lines are spaced 15° apart. Heavier flow vector arrows are at points with a LOS flow measurement. The further from a region of heavier arrows, the more the flows revert to a statistical model. Yellow arrows point toward streamers and orange arrows indicate observed streamer-related flows.
Both the PFISR and SuperDARN flow measurements show an enhancement of an equatorward component of the flows pointing to near the location of substorm onset as seen in the aurora, which is a common feature signifying an earthward flow channel within the plasma sheet that likely leads to the onset (Nishimura et al., 2010; Lyons et al., 2021a). An enhancement of eastward flow is seen just poleward of the aurora after onset that is likely the dawnside flow enhancement recently referred to as dawnside polarization streams (DAPS, Liu et al., 2020). Neither of these flows are associated with a significant ground magnetic perturbation. Starting in the 0816 UT panels, 13 min after onset, we can see the formation of auroral streamers near and to the west of Poker Flat as identified by yellow arrows in the 0816 UT and subsequent panels. A strong equatorward flow adjacent to one of these streamers is very clearly seen with the PFISR flow vectors, and identified by the orange arrows. The SuperDARN flow vectors show the two-dimensional structure of streamer-related flow channels that continued until ∼0828 UT.
Unlike the onset-related flow channel, the streamer-related flow channels from ∼0816 to 0828 UT led to ∼300 nT magnetic perturbations on the ground as seen in the Figure 7B. The fact that this group of streamers connected to an equatorward moving TID can be seen in Figure 8, which shows the TEC and ΔTEC within 5° geographic longitude bins from west of, to near, Poker Flat for the event on November 21, 2012. Unlike the previous two cases, the signature is not to the darkest red color of the color bar. However, a slanted transition from blue shades to red shades that is near to somewhat above the 0.03 resolution of the ΔTEC measurements is discernible as indicated in the figure. Note again the difference in equatorward speeds of the streamer-related TEC enhancement and the TID propagation equatorward of the estimated equatorward boundary of the electron auroral oval.
[image: Figure 8]FIGURE 8 | Average TEC and ΔTEC over 5° geographic longitude increments from west of, to near, Poker Flat on November 21, 2012 in the same format as Figure 4.
Figures 9, 10 show observations from an event with onset at 1051:15 UT on March 15, 2013. In this case, the onset was west of Poker Flat and a streamer moved into the PFISR FOV as the substorm expansion-phase auroral bulge moved eastward. The flow channel associated with this streamer was seen by both PFISR and SuperDARN from ∼1103 to 1117 UT and was accompanied by an ∼300 nTN-component ground magnetic decrease as seen in Figure 9. Again, a direct connection between the streamer and an equatorward propagating TID can be seen in the ΔTEC panels in Figure 10. While the streamer-related TEC enhancement can be seen in the TEC panels to the equatorward boundary of the auroral oval, fairly intense post-midnight aurora persisted after the streamer within the two more eastern longitude sectors. This led to a few degrees in latitude gap between the TEC enhancement of the streamer and ΔTEC of the TID in those two sectors, with this effect in ΔTEC being the result of the background subtraction using a 30-min sliding average.
[image: Figure 9]FIGURE 9 | Observations on March 15, 2013 during a period when PFISR was operating, and there were sufficient SuperDARN echoes available in regions of interest to provide some two-dimensional flow coverage. Format is the same as Figure 7.
[image: Figure 10]FIGURE 10 | Average TEC and ΔTEC over 5° geographic longitude increments from west of, to 5° east of, Poker Flat on March 15, 2017, in the same format as Figure 4.
Figure 11 shows a somewhat more complicated event with onset at 0902:55 UT on March 9, 2013. Onset was to the east of Poker Flat, and, as seen in the 0,909:47 panel. PFISR saw enhanced flows in the SAPS region associated with the westward expansion of the onset brightening and eastward flow toward the head of the oncoming westward traveling surge, as discussed in the study by Lyons et al. (2021b). As identified on the Poker Flat ASI images/ground magnetic field plots on the left/right portion of the figure, three periods of streamers were identified after the surge head moved westward over Poker Flat with ∼100–300 ground N-component magnetic field decreases. Flow enhancements roughly parallel to the local streamer orientation were seen in the PFISR measurements for each as indicated by orange arrows, the enhanced flows being southwestward and just equatorward of the southwestward extending portion of the first streamers, southeastward and just poleward of the southeastward extending portion of one of the second group of streamers, and equatorward with the more north–south–oriented third streamer that was seen through increasingly cloudy skies.
[image: Figure 11]FIGURE 11 | Observations on March 9, 2013, during a period when PFISR was operating. (A) Poker Flat ASI 557.7 nm emissions with THEMIS ASI white light emissions in regions outside the Poker Flat ASI FOV overlaid with PFISR flow vectors along the radar magnetic meridian. (B) Ground magnetometer observations from stations approximately along the Poker Flat meridian stacked from lower to higher latitudes. “Str” is abbreviation for “streamer.” Yellow arrows point toward streamers, and orange arrows indicate observed streamer-related flows. Observations from the period before and during the first streamer period are shown in the top two rows, and observations from the second and third streamer period are shown in the third and fourth rows, respectively.
Turning to Figure 12, we can see the ionization from the three sets of streamers more clearly in the ΔTEC panels than in the TEC panels. Each of the streamer-related equatorward moving ΔTEC enhancements can be seen to connect to an equatorward propagating ΔTEC enhancement as indicated by the dashed lines, and thus to a TID at latitudes below the auroral oval. (In a few locations, the ΔTEC transitions, such as that for the first TID in the left column, are from white or light red to deeper red. But these still represent an increase near to somewhat above the 0.03 resolution of the ΔTEC measurements.)
[image: Figure 12]FIGURE 12 | Average TEC and ΔTEC over 5° geographic longitude increments from west of, to near, Poker Flat on March 9, 2013, in the same format as Figure 4.
3.3 November 11, 2012, and August 22, 2014: Weak Magnetic Depression
The two examples in Figure 13 have well-defined flow channels as seen in the SuperDARN flow vectors. Two separate flow channels are shown from November 11, 2012, one near 0956 UT and the other near 1030 UT. The flow channels both turn westward around a poleward boundary intensification seen in the aurora images and also eastward in the region of DAPS. The flow channel on August 22, 2014 is shown over a ∼15 min period and quite clearly moved into the auroral oval from the polar cap and turned eastward at Λ ∼65–67° into what is likely the DAPS region. As can be seen by the SuperMAG L index (SML), there were no ground magnetic field decreases exceeding a few tens of nT with these flow channels. While there are some TEC variations as seen within the auroral oval in the ΔTEC panels, there are no discernible equatorward moving regions of ΔTEC below the roughly (due to the weak TEC enhancement from the weak auroral precipitation) estimated equatorward boundary of the auroral oval near the times of the flow channels. (On November 11, 2012, the feature near 10 UT is approximately vertical in the plot, and thus cannot be an equatorward propagating TID. The features at 11 UT, and maybe also at 1130 UT, could be TIDs, but those are well after the time of the flow channels.) This lends support to our previous suggestion (Lyons et al., 2019) that a sufficiently large ionospheric current is necessary for a flow channel to lead to an LSTID, with a few tens of nT ground magnetic field decreases not being sufficient.
[image: Figure 13]FIGURE 13 | Examples having well defined flow channels as seen in the SuperDARN flow vectors. (A) Two separate flow channels are shown from November 11, 2012, one near 0956 UT and the other near 1030 UT and one from August 22, 2014. (B) Average TEC and ΔTEC over 5° geographic longitude increments from near and 5° east of, Poker Flat on the above two dates in the same format as Figure 4, except without dashed lines identifying features. (C) SuperMAG U and L indices (SMU and SML) for the above two dates.
4 SUMMARY AND CONCLUSION
LSTIDs are often viewed as a chain of waves having a period such as the 1.8 h average as in the study by Ding et al. (2008). However, Ding et al. noted that 79% of the events they detected were a single perturbation pulse, suggesting that LSTIDs may be generated impulsively. Consistent with this, the wave periods in their Figure 1 do not show a tendency for an intrinsic period. Instead, the periods are essentially distributed uniformly from ∼0.5 to ∼3 h. This suggests that most LSTIDs are generated impulsively. While Ding et al. only considered storm periods, it is reasonable that this result also applies to non-stormtime conditions. In the present study, we have taken advantage of the existence over Alaska of simultaneous auroral imaging with the Poker Flat and THEMIS ASIs, radar flow measurements with PFISR and SuperDARN, and TEC measurements. This has allowed us to test our previous suggestion that there may be a direct connection of LSTIDs to auroral streamers and associated flow channels having a significant ΔB. Such a connection would indicate that LSTIDs are often generated impulsively by the flow channels and their associated auroral precipitation.
We considered seven nights of observations from our previous studies that had good auroral viewing and clear observations of flow channels and/or streamers. 12 separate relatively ideal events were analyzed, and these events have allowed us to minimize ambiguities in looking for the direct connection of streamers with TIDs. Based on previous studies, TIDs propagating equatorward from the auroral oval in association with auroral zone disturbances are LSTIDs. Thus, the events analyzed here are likely LSTIDs, although we do not have sufficient TEC coverage to demonstrate that the events we observed are indeed large scale.
We started with two nights in 2017 for which the TEC coverage is the best, allowing for two-dimensional images that show the TEC enhancements from streamers and their ensuing connection to TIDs. For the four events on these nights, a longitudinally extended region of TEC enhancement was observed to start to move equatorward from the auroral oval as a group of streamers contacted the equatorward boundary of the oval, thus showing a direct connection covering the approximate range of longitude of the streamers. During the next three nights considered, we saw a direct connection of the streamer-associated ionization and a TID for five events having radar coverage, showing the flow channels associated with the streamers and their connection to TIDs.
For all the above events, these TID regions moved equatorward below the auroral equatorward boundary, and, for each event, the TID region moved at a slower speed than did the TEC enhancements due to the electron precipitation of the associated streamers. These observations indicate that the TID is indeed a different feature from the streamer precipitation. They further indicate that there is a direct connection between the streamers together with their flow channels within the auroral oval and an ensuing TID that propagates equatorward more slowly than does the streamer ionization enhancement. This is consistent with the possibility that heating and momentum transfer from the streamer-related precipitation and flow are responsible for forming the gravity waves that produce the TIDs arising from the nightside auroral-oval, as seen in the flow channel simulations in the study by Deng et al. (2019). Note that we have recently found interesting azimuthal diversion and expansion of flow channels as they approach the equatorward portion of the auroral oval/near-Earth plasma sheet (Wang et al., 2018; Lyons et al., 2021c) that has not yet been included in simulations to determine its effects on TID formation.
All the above events had ground magnetic N-component decreases of a few hundred nT. In contrast, the final two events we examined had clear flow channels in the SuperDARN data but substantially weaker ground magnetic depressions, and a discernible TID was not observed in association with these flow channels. These indicate that a flow channel must lead to a sufficiently large ionospheric current for it to lead to a detectable LSTID, with a few tens of nT ground magnetic field decreases not being sufficient.
Our results give evidence that LSTIDs can be generated impulsively by the flow channels and their associated auroral precipitation, offering a plausible explanation for Ding et al.’s (2008) results that the large majority of LSTID events are a single perturbation pulse. The fact that Ding et al.’s results are available for many events suggests that the impulsive generation by flow channels may be quite common. However, we have examined only 12 events so that further testing of this conclusion is warranted. We note One final point is that we had anticipated that we might see an association between individual flow channels and TIDs. However, we never observed just a single flow channel or streamer. Each of our events consisted of a few streamers and flow channels over a period on the order of 15 min and a longitude range of ∼15–20°. Such groups of streamers are common during substorms. However, to the best of our knowledge, there have not been studies of whether or not streamers and their associated flow channels typically occur in groups.
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