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Abstract

:

We investigate the interactions between medium-scale traveling ionospheric disturbances (MSTIDs) and the equatorial ionization anomaly (EIA) as well as between MSTIDs and equatorial plasma bubbles (EPBs) on the night of 13–14 May 2013, based on observations from multiple instruments (an all-sky imager, digisonde, and global positioning system (GPS)). Two dark bands (the low plasma density region) for the MSTIDs were observed moving toward each other, encountering and interacting with the EIA, and subsequently interacting again with the EIA before eventually dissipating. Then, a new dark band of MSTIDs moved in the southwest direction, drifted into the all-sky imager’s field of view (FOV), and interacted with the EIA. Following this interaction, a new dark band split off from the original dark band, slowly moved in the northeast direction, and eventually faded away in a short time. Subsequently, the original southwestward-propagating dark band of the MSTIDs encountered eastward-moving EPBs, leading to an interaction between the MSTIDs and the EPBs. Then, the dark band of the MSTIDs faded away, while the EPBs grew larger with a pronounced westward tilt. The results from various observational instruments indicate the pivotal role played by the high-density region of the EIA in the occurrence of various interaction processes. In addition, this study also revealed that MSTIDs propagating into the equatorial region can significantly impact the morphology and evolution characteristics of EPBs.
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1. Introduction


There are mainly three types of ionospheric phenomena after sunset in low-latitude ionospheric F regions: medium-scale traveling ionospheric disturbances (MSTIDs), the equatorial ionization anomaly (EIA), and equatorial plasma bubbles (EPBs). MSTIDs typically occur in mid-latitude regions, and Perkins instability and gravity waves are considered to be the primary mechanisms for their generation [1,2,3]. In the Northern (Southern) Hemisphere, their phase fronts usually align from the northwest (northeast) to the southeast (southwest) direction and propagate southwest (northwest) [4,5,6,7,8,9]. Most of the MSTIDs observed in low-latitude regions are believed to be primarily propagations of mid-latitude-originating MSTIDs [10,11,12]. The EIA is a large structure in the F region of the ionosphere near the magnetic equator which typically consists of two ionospheric ionization crests near ±15° magnetic latitudes and an ionization trough near the magnetic equator [13,14,15]. Its formation is usually explained by the ‘fountain effect’ resulting from vertical plasma drifts and diffusion [13,16]. The EPBs primarily occur in the low-latitude F region after sunset, with their main generation mechanism being attributed to the equatorial region’s Rayleigh–Taylor instability (RTI) [17,18]. They typically move from west to east [19,20,21,22]. The formation mechanism and evolutionary characteristics of these ionospheric structures have been extensively studied [7,8,9,15,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39].



In recent years, the interaction of these ionospheric structures has become a topic of research interest. Interaction between MSTIDs and EPBs is one of the most extensively studied aspects. Many studies have found that MSTIDs propagating toward the equatorial region can induce disturbances at the bottom of the ionospheric F region, thereby contributing to the generation of EPBs [40,41]. There have also been a few studies reporting interactions between MSTIDs and eastward-moving EPBs, with subsequent gradual dissipation of EPBs being attributed to the polarization electric field induced by MSTIDs, causing the surrounding plasma to fill the interior of the EPBs [38,42]. In addition, the EIA structure is considered to be a source hindering the propagation of MSTIDs [12,43]. Previous studies found that EIA crests often impede the propagation of MSTIDs. This is believed to be a major reason why most mid-latitude MSTIDs cannot propagate to lower latitudes [12,44]. However, rather few studies have reported interactions between MSTIDs. It was found that MSTID structures often change their morphologies and propagation directions after such interactions. These changes have been attributed to polarization electric field effects within the internal structures of MSTIDs [38,45]. With the increase in studies related to MSTIDs, some abnormal MSTIDs are gradually being reported. For example, some studies have found Northern Hemisphere MSTIDs that did not propagate southwestward [12,38,46]. The mechanisms behind the occurrence of MSTIDs in low-latitude and equatorial regions are currently not clear. The interactions between low-latitude MSTIDs and ionospheric irregularities remain a quite interesting research topic due to the complexity of these interactions. The complex interaction processes and physical mechanisms require further investigation. On 13–14 May 2013, an all-sky imager observed complex interactions of MSTIDs with MSTIDs, MSTIDs with the EIA, and MSTIDs with EPBs, providing favorable conditions to study the mechanisms, evolution, and interactions of MSTIDs, the EIA, and EPBs.



In this study, we present the interactions between MSTIDs and various ionospheric structures in the equatorial region on the night of 13–14 May 2013 by using the all-sky imager data as well as concurrent digisonde data and global positioning system (GPS) data. Each interaction process is analyzed in detail.




2. Materials and Methods


The observational data used in the study were obtained from four instruments: an all-sky imager, a digisonde, and two GPS receivers. The all-sky imager and digisonde were located at the Fuke station (geographic coordinates: 19.5°N, 109.1°E; geomagnetic latitude: 9.5°N) in China. The all-sky imager mainly consists of a 180° FOV fisheye lens, a 630 nm filter, and a charge-coupled device detector of 1024 × 1024 pixels. Relevant data from this all-sky imager have been utilized in many studies on ionospheric irregularities, and detailed information has been described in previous studies [32,47,48,49]. The vertical total electron content (VTEC) data were obtained from the GPS receivers at the Sanya (geographic coordinates: 18.3°N, 109.6°E; geomagnetic latitude: 8.8°N) and Wuhan (geographic coordinates: 30.5°N, 114.3°E; geomagnetic latitude: 20.6°N) stations.




3. Results


Figure 1 shows a series of airglow observation images obtained from the Fuke station on the night of 13–14 May 2013 between 10:14 p.m. and 3:00 a.m. local time (LT). It was a quiet day (maximum|Dst| < 20). Based on the unwarping process of Garcia et al. [50], the effects of compression and curving of the all-sky lens were removed, and we mapped each image into a uniform geographic coordinate system (from 101° to 117°E longitude and from 11.5° to 27.5°N latitude) under the assumption that the height of the airglow emission layer was 250 km. The right of each image was to the east, and the top was to the north. The red circle in each image represents the FOV of the digisonde at an altitude of 250 km.



The observation results in Figure 1 show the interaction processes of various ionospheric irregularities on the night of 13–14 May 2013. In low-latitude regions, the all-sky imager (630 nm filter) typically observes two types of ionospheric irregularities: MSTIDs and EPBs. We usually distinguish them based on their morphologies and propagation characteristics. In the Northern Hemisphere, MSTIDs typically align from northwest to southeast and propagate southwestward or northeastward [4,5,6,7,8,9]. The structures marked by the yellow dashed lines in Figure 1 exhibited such characteristics, indicating that these structures were MSTIDs. On the other hand, EPBs generally align from north to south and move from west to east [19,20,21,22]. The structures marked by the red dashed lines in Figure 1 exhibited the same characteristics, indicating that these structures were EPBs. After approximately 10:23 p.m. LT, a series of MSTIDs appeared in the FOV of the all-sky imager. We used T0, T1, and T2 to mark the dark bands within the MSTIDs. The dark band T0 propagated toward the northeast, while the dark band T1 propagated toward the southwest. (It was not easy to determine T0, T1, and their propagations in Figure 1 alone, but they can be clearly distinguished in Supplementary Material Movie S1.) At approximately 11:00 p.m. LT, T1 encountered T0, marking the first interaction in this event (the detailed interaction process can be viewed in Supplementary Material Movie S1). The interaction of the two dark bands (T0 and T1) resulted in the formation of a new dark band, T0-1, which continued to move southwestward. Subsequently, a new dark band, T2, drifted into the FOV and followed T0-1 as it moved southwest. At approximately 12:00 a.m. LT, these two dark bands entered a region with an extremely high plasma density (likely the EIA crest, as the TEC value was ~53 TECU; see the TEC observations later), and they started to interact with the high-density plasma. After this interaction process, T0-1 gradually faded away after 12:31 a.m. LT. However, an interesting phenomenon occurred with T2 after the interaction. After ~1:32 a.m. LT, a new dark band, T2a, split off from the eastern side of T2. T2 continued to propagate southwestward, while T2a moved northeast and rapidly dissipated within 30 min. More interestingly, after ~1:53 a.m. LT, T2 encountered two eastward-moving EPBs (b1 and b2). After interacting with the EPBs, T2 gradually faded away after ~2:11 a.m. LT. Conversely, the EPBs exhibited faster growth (poleward extension) after the interaction (after ~2:11 a.m. LT), extending more rapidly to the north while also showing a pronounced westward tilt. For better understanding of the airglow observation results described above, we show a schematic diagram of several main interactions in Figure 2. In Figure 2, the black regions represent MSTID structures corresponding to Figure 1, the red regions represent EPB structures, and the yellow regions represent the main EIA crest regions. (Subsequent TEC observations suggest that the main EIA crest in this region was mainly located near 20°N).



Figure 3 shows the ionograms during the night of 13–14 May 2013. The ionograms are from the digisonde located at the Fuke station between 10:00 p.m. and 2:45 a.m. LT. The time interval between each image was 15 min. In Figure 3, spread F began to appear after ~10:45 P.M. LT, although it was relatively weak. It continued to exist until 2:45 A.M. LT, and its presence aligned closely with the time when ionospheric irregularities were observed through airglow observations. The lack of an obvious spread F before 10:45 p.m. LT was due to the narrow observation FOV of the digisonde (the red circles in Figure 1 represent the FOV of the digisonde at an altitude of 250 km), and thus the MSTIDs might not have drifted into its FOV yet. Figure 1 also shows that before ~10:45 p.m. LT, no irregularities drifted into the FOV of the digisonde. After ~10:45 p.m. LT, T0 gradually drifted into the FOV of the digisonde. Furthermore, irregularities continuously appeared within the FOV of the digisonde. This corresponds with the observational results shown in Figure 3. It is worth noting that at ~1:30 a.m. LT, there were clear observations of strong sporadic E (Es) activity, which continued until ~2:30 a.m. LT. After that, the strong Es activity gradually dissipated.



Figure 4 shows simultaneous GPS-TEC observations during the night of 13–14 May 2013. The pseudorandom numbers (PRNs) 2, 3, 10, 17, and 28 from the Sanya station and PRNs 4 and 10 from the Wuhan station were used to track these ionospheric phenomena in the event. In each image of Figure 4, the trajectories of the ionospheric pierce points (IPPs) of the GPS signals were mapped onto the airglow images. The IPP trajectories of PRNs 2, 3, 10, 17, and 28 from the Sanya station and the IPP trajectories of PRNs 4 and 10 from the Wuhan station are marked with blue and black lines, respectively, with red dots indicating the positions of the IPPs corresponding to the times of the airglow images. Figure 5 shows the vertical TEC (VTEC) variations for each PRN corresponding to the IPP trajectories in Figure 4 from 10:00 p.m. to 3:00 a.m. LT on 13–14 May 2013. In Figure 4 and Figure 5, these IPP trajectories for the PRNs from the Sanya station passed through the airglow FOV during that time period, while those from the Wuhan station mainly passed through the northeastern region outside of the airglow FOV. For the PRNs from Sanya, PRNs two and three primarily detected T0-1 and T2. Near 12:00 a.m. LT, the IPP trajectories of PRNs two and three entered the T0-1 plasma depletion region, corresponding to the first trough in VTEC in Figure 5. Then, the IPP trajectories of PRNs two and three detected a significant increase in VTEC near ~1:00 a.m. LT, corresponding to a high-density region on the east side of T0-1. Following that, the IPP trajectories of PRNs two and three entered the T2 plasma low-density region, and a second noticeable trough in VTEC appeared. When compared with PRN three, PRN two exhibited a third prominent VTEC trough. This is because after ~1:30 a.m. LT, the IPP trajectories of PRN two entered the T2a region, detecting the split MSTID dark band. For PRN 10, it detected T0-1 at ~12:30 a.m. LT and subsequently entered a high-density region on the east side of T0-1, resulting in a significant increase in VTEC. Finally, it entered the T2 region, where the VTEC gradually decreased. Similarly, PRN 17 first detected T0-1, followed by detecting a high-density region to the east, and then it entered the T2 low-density region, leading to a gradual decrease in VTEC. Although PRN 28 did not pass through any MSTID or EPB regions, its IPP trajectories moved from near 20°N toward the magnetic equator. The VTEC variation showed a noticeable decrease over time, which indicates that the region near 20°N is a high-density plasma region: the EIA crest. Although the PRNs from Wuhan did not pass through the airglow FOV, they provided important information for understanding the origins of the MSTIDs. For the PRNs 4 and 10 from Wuhan, a significantly high VTEC structure was observed around 11:00 p.m. LT. This corresponds to the high-density region of the MSTIDs following T0-1, which later entered the airglow FOV. It also enhanced the VTEC region detected to the east of T0-1 through the PRNs from the Sanya station. In the VTEC results of Wuhan’s PRN four, other distinct VTEC peaks and troughs were detected after the high-density region at 11:00 p.m. LT, demonstrating the presence of MSTIDs in that region. This indicates that the southwest-propagating MSTIDs observed in the airglow FOV were propagated from the northeastern region outside of the airglow FOV. For the VTEC results for Wuhan’s PRN 10, almost no distinct MSTID structures were presented after 12:00 a.m. LT. This was due to the fact that, at this later time, the IPP trajectories of PRN 10 were almost parallel to the phase of the MSTIDs.




4. Discussion


4.1. The Interaction between MSTIDs and the EIA


The interaction between MSTIDs in this event was similar to that in a previous study by Wu et al. [38], and thus it will not be discussed further here. In this study, we mainly focused on the interactions between MSTIDs and the EIA as well as EPBs. The interaction between MSTIDs and the EIA is an important research topic. Some studies have already found that most mid-latitude MSTIDs propagating toward the equator cannot cross the EIA region [12,44,51]. In this study, T0 and T1 were hindered over the station by the northern EIA crest. Other studies found that some MSTIDs can propagate into regions quite close to the magnetic equator [10,12,18,51,52]. Thus, the interaction between MSTIDs and the EIA typically results in two outcomes; one is that MSTIDs continue to propagate toward the equatorial region after crossing the EIA crest, and the other is that they are hindered by the EIA crest and eventually dissipate near the EIA crest. In our study, the interactions between T0, T1, T0-1, and the EIA all fell into the second category. As described in previous studies, the high-density region of the EIA can increase ion drag while suppressing polarization electric fields, thereby restricting the propagation of MSTIDs [43,44,53,54]. Since both T0 and T1 propagated to the high-density region of the EIA, and the high-density region of the EIA hindered their further propagation forward, and this resulted in T0 and T1 being unable to cross the EIA region. After being hindered by the EIA, an interaction between T0 and T1 occurred, forming T0-1. Subsequently, T0-1 gradually dissipated after midnight.



What is even more interesting is that after the disappearance of T0-1, the subsequent MSTID dark band, T2, interacted once again with the EIA. However, T2 did not immediately dissipate. Instead, during its interaction with the EIA, a branch, T2a, emerged to the northeast of T2. This branch gradually separated from T2 and moved in a reverse direction to the northeast for some time before eventually fading away. There have been few studies that reported the occurrence of branched structures in MSTIDs [55,56]. However, to the best of our knowledge, no one has reported the splitting off of a branched structure from an MSTID structure. In previous research, the mechanism for the branching of an MSTID dark band was usually attributed to secondary gradient drift instabilities during the interaction process. The airglow images represent a crude map of the integrated Pedersen conductivity (    ∑   p    ) [57]. The depletion region represents low    ∑   p    , while enhancement represents high    ∑   p    . In order to keep J (∇ • J = 0), low    ∑   p     must have a larger electric field than the adjacent high    ∑   p     [6]. Thus, when the low plasma density of MSTIDs encounters the EIA, low plasma density (low    ∑   p    ) will develop large eastward polarization fields, which cause more rapid upward or poleward flows than in the background plasma [6,53]. Then, when the eastward polarization electric field acts on the northward plasma gradient region of the MSTID in the low-density region of the EIA, secondary gradient drift instabilities can trigger new branching [53,55]. In our study, the emergence process and location of the T2a branch were similar to the previous results. Thus, we can believe that its generation mechanism should mainly originate from the secondary gradient drift instabilities described in those previous studies. However, what differs from the previous studies is that the branching later split off. One possible reason for this is that to the southwest of T2, the high-density region (the high-density region in front of T2 in Figure 1) of the MSTIDs was blocked by the EIA and enhanced the EIA, strengthening the secondary gradient drift instabilities in that region, which ultimately caused T2a to split off to the northeast. Then, T2a interacted again with the EIA, and it was swiftly smoothed out by the high-density EIA region.




4.2. The Interaction between MSTIDs and EPBs


Many studies have found that MSTIDs can seed or influence RTI development, thereby affecting the occurrence or evolution of EPBs [40,41]. A study by Miller et al. [40] based on airglow and VHF radar observations showed that polarization electric fields associated with MSTIDs can seed the development of EPBs when entering low-latitude regions. Krall et al. [41] used SAMI3/ESF model simulations and found that coupling between an MSTID at low-to-middle latitudes and the equatorial F layer led to growth in EPBs. In addition to their ability to trigger EPBs, some studies also reported MSTIDs interacting with EPBs encountered during MSTID propagation. Otsuka et al. [42] and Wu et al. [38], based on airglow observations, reported the gradual decay of EPBs following encounters with MSTIDs. They attributed this interaction to the polarization electric field within MSTID structures, which resulted in the surrounding plasma filling the EPB structures. On the other hand, a limited number of studies have also found that when MSTIDs encountered EPBs, the polarization electric field within the MSTID structure could reactivate fossil EPBs [49,58]. However, in our study, the interaction between MSTIDs and EPBs was more complex and differed from previous studies. The EPBs did not fossilize before encountering MSTIDs, and after the interaction, they did not disappear; instead, they grew faster toward higher latitudes, accompanied by more pronounced depletion, and they exhibited distinct distortion at higher latitudes. In contrast, the MSTID dark band rapidly dissipated after interacting with the EPBs. The physical mechanisms of this interaction process warrant further investigation.



For the MSTIDs, they were located in the EIA crest region when they encountered EPBs. For growing EPBs, there are polarization electric fields within them [59,60]. The zonal component of the electric fields causes plasma to drift upward, while the vertical component of the electric fields causes plasma to drift along the zonal direction [61]. During the interaction, it is possible that due to the growth and drift EPBs, these electric fields push surrounding plasma into the low-density regions of the MSTIDs, ultimately resulting in the gradual disappearance of T2 of the MSTIDs and an increase in plasma dissipation within the EPBs. As for the sudden increase in the growth rate of EPBs, this is attributable to the emergence of an enhanced eastward electric field in the region following the interaction. Studies from Carrasco et al. [61] and Otsuka et al. [42] indicated that during the interaction of EPBs, associated changes in the electric field could cause abrupt growth of EPBs. Wrasse et al. [58] also showed that during the interaction between MSTIDs and EPBs, the enhancement of the eastward electric field plays an important role in the growth of EPBs. This eastward electric field, through E×B drifts, leads to an accelerated growth rate for EPBs. The variations in ionospheric virtual heights obtained from the ionosonde observations in Figure 6 also corroborate this result. After ~2:00 a.m. LT (following the interaction between MSTIDs and EPBs), there was a noticeable increase in the ionospheric virtual height, indicating a significant enhancement in the eastward electric field in that region. Furthermore, in Figure 3, noticeable strong Es activity appeared at ~1:30 a.m. LT, extending up to the F layer and persisting until ~2:45 a.m. LT. Previous studies have already found that when MSTIDs enter low-latitude regions, the polarization electric fields associated with MSTIDs can modulate E layer instability, leading to the formation of strong Es through E-F electrodynamic coupling [62]. Many previous studies also confirmed that the appearance of MSTIDs might be associated with the presence of Es [63,64,65,66]. Some modeling studies also showed that Es or Es instability can play a significant role in the generation of nighttime MSTIDs [67,68]. In such cases, there is a coupling between the generation of MSTIDs and Es. During this E-F electrodynamic coupling process, it may further influence the ionospheric electric field change [69]. Thus, in this event, one possible explanation is that when MSTIDs encounter EPBs, MSTIDs, through the E-F coupling mechanism, modulate the E layer instability to generate pronounced, strong Es activity. During this coupling process, it enhanced the eastward electric field in that region, resulting in significant growth for the EPBs. In addition, some studies have also shown that the morphology and structure of EPBs undergo changes during their interaction with other ionospheric irregularities [42,49,58]. Thus, changes in the morphology of EPBs are likely due to their encountering the dark band of MSTIDs in the northern region. Consequently, the northern motion is impeded, while other portions continue to move eastward smoothly, leading to a noticeable westward tilt and distortion.





5. Conclusions


In this study, we presented a unique multi-ionospheric irregularity interaction event in the equatorial region on 13–14 May 2013 based on observational data from multiple instruments. First, two MSTID dark bands with opposite propagation interacted in the EIA region, merged into a new dark band after interacting with each other, and then gradually dissipated after interacting with the EIA. Subsequently, a new MSTID dark band interacted with the EIA. After this interaction, a counter-propagating MSTID dark band split off to the northeast. This newly formed dark band rapidly dissipated after interacting with the EIA. Following this, the original dark band continued its southwestward movement and interacted with the eastward-moving EPBs that drifted into the FOV. Finally, the MSTID dark band gradually faded away while the EPBs experienced fast growth, with a pronounced westward tilt. The results of this study indicate that the high-density regions of the EIA play a crucial role in the interactions in this event.
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Figure 1. Airglow images from the all-sky imager (630 nm filter) located at Fuke station between 10:14 p.m. and 3:00 a.m. LT on 13–14 May 2013. All images were mapped into geographic coordinates by assuming that the emission layer was at an altitude of 250 km. The red star represents the station location. The red circles represent the field of view of the digisonde at an altitude of 250 km. The yellow dashed lines represent the MSTID structures, and the red dashed lines represent EPB structures. The top of each image is north, and the right of each image is east. 
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Figure 2. A schematic diagram of the main interactions in the airglow observation results. The red star represents the station location. The black regions represent MSTID structures corresponding to Figure 1, the red regions represent EPB structures, and the yellow regions represent the main EIA crest region (the northern crest). Arrows indicate the directions of movement for the respective structures. 
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Figure 3. The ionograms observed by the digisonde at Fuke during the night of 13–14 May 2013. 
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Figure 4. Blue and black lines to denote the trajectories of ionospheric piecing points of pseudorandom numbers (PRNs) 2, 3, 10, 17, and 28 from Sanya and PRNs 4 and 10 from Wuhan, respectively. Solid red points on the trajectories denote the positions of IPPs that correspond to the times of the airglow images taken. The red dashed lines represent the magnetic equator. 
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Figure 5. Vertical TEC changes detected by PRNs 2, 3,10, 17, and 28 from Sanya (blue lines) and PRNs 4 and 10 from Wuhan (black lines). 
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Figure 6. Temporal variations in the virtual height observed at Fuke station from 8:00 p.m. to 4:00 a.m. LT during