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Abstract
To elucidate the characteristics of electromagnetic conjugacy of traveling ionospheric disturbances just after the 15 January 2022 Hunga Tonga-Hunga Ha’apai volcanic eruption, we analyze Global Navigation Satellite System-total electron content data and ionospheric plasma velocity data obtained from the Super Dual Auroral Radar Network Hokkaido pair of radars. Further, we use thermal infrared grid data with high spatial resolution observed by the Himawari 8 satellite to identify lower atmospheric disturbances associated with surface air pressure waves propagating as a Lamb mode. After 07:30 UT on 15 January, two distinct traveling ionospheric disturbances propagating in the westward direction appeared in the Japanese sector with the same structure as those at magnetically conjugate points in the Southern Hemisphere. Corresponding to these traveling ionospheric disturbances with their large amplitude of 0.5 – 1.1 × 1016 el/m2 observed in the Southern Hemisphere, the plasma flow direction in the F region changed from southward to northward. At this time, the magnetically conjugate points in the Southern Hemisphere were located in the sunlit region at a height of 105 km. The amplitude and period of the plasma flow variation are ~ 100–110 m/s and ~ 36–38 min, respectively. From the plasma flow perturbation, a zonal electric field is estimated as ~ 2.8–3.1 mV/m. Further, there is a phase difference of ~ 10–12 min between the total electron content and plasma flow perturbations. This result suggests that the external electric field variation generates the traveling ionospheric disturbances observed in both Southern and Northern Hemispheres. The origin of the external electric field is an E-region dynamo driven by the neutral wind oscillation associated with atmospheric acoustic waves and gravity waves. Finally, the electric field propagates to the F region and magnetically conjugate ionosphere along magnetic field lines with the local Alfven speed, which is much faster than that of Lamb mode waves. From these observational facts, it can be concluded that the E-region dynamo electric field produced in the sunlit Southern Hemisphere is a main cause of the two distinct traveling ionospheric disturbances appearing over Japan before the arrival of the air pressure disturbances.
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Main text
Introduction
The Earth’s ionosphere is formed by ionization of upper atmosphere due to solar EUV radiation and energetic particle precipitation from the sun and magnetosphere. The spatial distribution of plasma density in the ionosphere shows a strong dependence on latitude, longitude, local time, season, and solar activity (e.g., Kelley 2009). Because the ionosphere consists of partially ionized layers where the charged particles frequently collide with the neutral atmosphere, perturbations in the neutral atmosphere cause a change in plasma density distribution in the ionosphere and a dynamo electric field through momentum transfer by ion-neutral collisions (e.g., Maeda and Kato 1966; Richmond 1979). The dynamo electric field drives [image: $$\mathbf{E}\times \mathbf{B}$$] drift of ionospheric plasma and propagates along magnetic field lines with a local Alfven speed in the F region of the ionosphere and the plasmasphere (e.g., Yamazaki and Maute 2017). The [image: $$\mathbf{E}\times \mathbf{B}$$] drift leads to the spatial inhomogeneity or gradient of plasma density and conductivity in the ionosphere. The gradient of the ionospheric conductivity creates polarization electric field to keep the current continuity. The neutral atmospheric perturbations, dynamo, and polarization electric fields generate TIDs observed as ionospheric TEC variations.
Volcanic eruptions, earthquakes, tsunami, and atmospheric convective systems cause atmospheric acoustic waves, AGWs and RWs in the lower atmosphere and ocean (Mayr et al. 1984a, b; Ajith et al. 2020), which generate the TIDs in the ionosphere (e.g., Choosakul et al. 2009; Heki 2006; Liu et al. 2011; Otsuka et al. 2006; Rolland et al. 2011; Saito et al. 2011; Tsugawa et al. 2011; Nishioka et al. 2013; Chou et al. 2017; Astafyeva 2019; Inchin et al. 2020). The 2011 Tohoku earthquake and tsunami generated concentric LSTIDs with a propagation speed of ~ 3.5 km/s in association with an RW (e.g., Galvan et al. 2012; Jin et al. 2015; Kakinami et al. 2013; Liu et al. 2011; Rolland et al. 2011). After the LSTID phenomena, MSTIDs with their propagation speed of 138–423 m/s were observed (Tsugawa et al. 2011). Savastano et al. (2017) found that TIDs with their propagation speed of 316 m/s are triggered by the 2012 Haida Gwaii earthquake and that the propagation speed agrees well with that of acoustic waves in the atmosphere. Shults et al. (2016) showed that acoustic waves propagating in the ionosphere with a phase speed of 900–1200 m/s were generated by the eruption of the Calbuco volcano on 22–23 April 2015. They also pointed out that the phase speed is similar to that of the acoustic waves triggered by three other volcano events shown in previous studies (Heki 2006; Dautermann et al. 2009a, 2009b; Nakashima et al. 2016). Nakashima et al. (2016) found that the TEC variations with three frequency ranges of 3.7, 4.8, and 6.8 mHz were observed after the 2014 eruption of the Kelud volcano. However, because the observed region of ionospheric disturbances triggered by the acoustic waves reported in the above events was limited within about 1000 km of the volcano source, electromagnetic conjugacy and global propagation nature of TIDs generated by volcanic eruptions have not yet been clarified.
The recent Hunga Tonga-Hunga Ha’apai volcanic eruption with VEI of 6 (Poli and Shapiro 2022) occurred at 04:10 UT on 15 January 2022 and a height of the volcanic plume reached 50–55 km near the stratopause or lower mesosphere (Carr et al. 2022). The large eruption generated the shock waves rippling through the air that vibrate the entire atmosphere. The images of NASA Earth observation satellites showed Lamb waves circulating the Earth, and the Lamb waves were observed as multiple air pressure waves by worldwide ground weather stations (Duncombe 2022; Imanishi 2022). The air pressure waves caused tsunamis through the air–sea coupling process (Carvajal et al., 2022; Tanioka et al. 2022). The atmospheric disturbances related to the violent eruption triggered atmospheric acoustic waves and AGWs (Adam 2022) that generate plasma density perturbations in the ionosphere (Astafyeva et al. 2022; Lin et al. 2022; Saito 2022; Themens et al. 2022). Actually, various types of TID signatures globally appeared in two-dimensional maps of detrended TEC obtained from many GNSS stations for several days after the Hunga Tonga-Hunga Ha’apai volcanic eruption. Further, the MSTIDs propagating westward over Japan were observed several hours before the arrival of the Lamb wave front. In this study, we clarify the characteristics and generation mechanism of the MSTIDs propagating westward over Japan using GNSS-TEC and SuperDARN Hokkaido pair of radars observation data with high time and spatial resolutions.
Observation data and analysis method
Observation datasets
To investigate the temporal and spatial variations of TEC associated with the 2022 Hunga Tonga-Hunga Ha’apai volcanic eruption, we use GNSS-TEC data with time resolution of 30 s derived from GNSS data. These GNSS data are obtained from many GNSS receivers all over the world. The number of GNSS stations are more than 8000 in January 2022. These data were provided by 50 data providers listed on the GNSS-TEC website at Nagoya University (http://​stdb2.​isee.​nagoya-u.​ac.​jp/​GPS/​GPS-TEC/​gnss_​provider_​list.​html). To find electric field perturbations that create the TEC variations triggered by the Tonga volcanic eruption, we use line-of-site plasma velocity data in the ionosphere observed by the SuperDARN Hokkaido pair of radars. An overview of the SuperDARN radars has been described by Nishitani et al. (2019). Time resolution of the line-of-site plasma velocity data is 1 min. To identify spatial and temporal evolutions of lower atmospheric disturbances associated with the Tonga volcanic eruption, we use TIR grid data of 6.2 μm wavelength with spatial resolution of [image: $${0.02}^{\mathrm{o}}\times {0.02}^{\mathrm{o}}$$] in geographical latitude and longitude obtained from the Himawari 8 satellite (Takenaka et al. 2020; Yamamoto et al. 2020). Time resolution of the TIR data is 10 min. The Himawari 8 satellite TIR grid data were provided by the CEReS, Chiba University (http://​www.​cr.​chiba-u.​jp/​databases/​GEO/​H8_​9/​FD/​index_​en_​V20190123.​html). Further, we use high resolution OMNI (HRO) data of the Bz component of the IMF in GSM coordinates, solar wind proton density and speed with time resolution of 1 min provided by the NASA CDAWeb (https://​cdaweb.​sci.​gsfc.​nasa.​gov/​index.​html/​), the AE index (World Data Center for Geomagnetism et al. 2015) and the SYM-H index (Iyemori 1990; Iyemori and Rao 1996; World Data Center for Geomagnetism et al. 2022) provided by the World Data Center for Geomagnetism, Kyoto University (http://​wdc.​kugi.​kyoto-u.​ac.​jp/​index.​html). These OMNI and geomagnetic indices are used to investigate solar wind and geomagnetic conditions during a period when the TIDs and plasma flow perturbations are triggered by the Tonga volcanic eruption. To obtain magnetically conjugate points in between the Northern and Southern Hemispheres, we use the IGRF-13 model (Alken et al. 2021).
Analysis method
In this study, we analyze 15-min detrended vertical TEC values with spatial resolution of [image: $${0.25}^{\mathrm{o}}\times {0.25}^{\mathrm{o}}$$] in geographic latitude and longitude. The detrended TEC values are derived from subtracting the 15-min running average of relative TEC values. They are obtained from a difference of the two carrier phases of GNSS. The initial phase ambiguities included in the carrier phases are removed by adjusting the relative TEC values derived from pseudoranges. The procedure has been developed by Sori et al. (2019) and Shinbori et al. (2020, 2021). To convert the detrended slant TEC into the vertical TEC, the detrended TEC is multiplied by a slant factor ([image: $$1/S\left(\epsilon \right)$$]) which is a ratio of the ionospheric thickness, 200 km, within a height range from 250 to 450 km. Here, S and [image: $$\epsilon$$] are the slant factor and elevation angle of the GNSS satellite. Details of the calculation method have been described in Saito et al. (1998a). For this conversion, we use the slant TEC value of the satellite zenith angle of less than 75°. Time and spatial resolutions of the grid data are 30 s and [image: $${0.25}^{\mathrm{o}}\times {0.25}^{\mathrm{o}}$$] in geographic longitude and latitude, respectively. When we derive the grid data, we calculate the average value with several different detrended TEC ones included in each grid.
We noted that atmospheric perturbations due to Lamb waves triggered by the Tonga volcanic eruption are much faster than cloud motions in the troposphere and calculated the normalized deviation from simple running average of the TIR grid data. The normalized deviation is calculated with the following equations:[image: $${T}_{avg}\left(t\right)=\frac{{T}_{bb}\left(t+10\right)+{T}_{bb}\left(t\right)+{T}_{bb}\left(t-10\right)}{3},$$]



[image: $${d}_{3}\left(t\right)=\frac{{{T}_{bb}\left(t\right)-T}_{avg}\left(t\right)}{{T}_{avg}\left(t\right)},$$]




where [image: $${T}_{bb}$$], [image: $$t$$], [image: $${T}_{avg}$$], and [image: $${d}_{3}$$] indicate thermal infrared temperature (K), time (min), simple running average, and normalized deviation from simple running average of the TIR gird data, respectively. In this study, we use the normalized temperature deviation ([image: $${d}_{3}$$]) of [image: $${T}_{bb}$$] in a comparison with GNSS-TEC and SuperDARN pair of radars observation data. Further, we conduct a [image: $$50\times 50$$] smoothing for the normalized temperature deviation data to easily identify the wavefront of air pressure disturbances associated with the Tonga volcanic eruption.
In the present study, we also take advantage of several integrated data analysis software, SPEDAS (Angelopoulos et al. 2019) and IUGONET (Hayashi et al. 2013) data analysis software (UDAS; Tanaka et al. 2013).
Results
Figure 1 shows the two-dimensional maps of detrended TEC and normalized temperature deviation in geographic coordinates at 07:00, 08:10, 09:00, and 11:20 UT on 15 January 2022. The blue and purple curves indicate the sunset terminators at a height of 105 and 300 km, corresponding to the E and F region heights, respectively. As shown in panels (a)–(d), the concentric wave structure in the normalized temperature deviation associated with the Tonga volcanic eruption extended spatially with time. In panels (b) and (c), the distinct TEC perturbations appeared with several north–south wave structures over Australia. From these maps, the amplitude of the TEC perturbations had more than 0.2 TECU. These wave structures exist almost along the structure of the normalized temperature deviation triggered by air pressure disturbances, which travel at a speed of approximately 320 m/s, corresponding to sound velocity in the troposphere. At 11:20 UT, the air pressure disturbances arrived near Japan, and the TEC perturbations was observed on the north side of the perturbation of normalized temperature deviation. Further, as indicated by the yellow dashed circle in panels (b) and (c), the TEC perturbations appeared with the north–south wave structures over Japan before the arrival of the air pressure disturbances. These wave structures propagated westward with time. Especially, in panel (c), the region where the TEC perturbations were observed over Japan corresponds to the sunset region at a height of the E or F region while the Australian region on the same longitude as that of Japan remained the sunlit region.[image: ]
Fig. 1a–d Two-dimensional maps of detrended TEC and normalized temperature deviation from simple running average of TIR (d3) in geographical coordinates at 07:00, 08:10, 09:00, and 11:20 UT on 15 January. The d3 value is indicated by the grey scale in a range from −0.0004 to 0.0004. The red horizontal dotted line represents the magnetic equator calculated with the IGRF-13 model. The blue and purple curves indicate the sunset terminators at 105 and 300 km, respectively. The yellow dashed circles in panels (b) and (c) show that the TEC perturbations appear with a north–south wavefront structure over Japan before the arrival of air pressure disturbances associated with the volcanic eruption


Figure 2 shows the two-dimensional maps of detrended TEC and line-of-site Doppler velocity observed by the SuperDARN Hokkaido pair of radars at 08:10 and 09:00 UT plotted with azimuthal equidistant projection. The center latitude and longitude of these maps are 45° and 135°, respectively. To elucidate the characteristics of magnetic conjugacy of the detrended TEC perturbations in both hemispheres, we overplotted the detrended TEC values in the Northern and Southern Hemispheres with the rainbow and gray colors, respectively. In panels (a) and (b), the detrended TEC values indicated by the gray scale color give the detrended TEC ones at the magnetically conjugate points over Japan. That is, most of the detrended TEC values correspond to those over Australia. In panel (b), several spatial distributions of the detrended TEC values in the Northern and Southern Hemispheres were almost consistent with each other. This signature indicates that the TEC perturbations appeared with magnetic conjugacy in both hemispheres. Further, in panel (c), it can be clearly seen that the perturbations of line-of-site Doppler velocity indicated by the pink dashed circle appeared in association with the passage of the TEC perturbations inside a field of view of the SuperDARN Hokkaido east radar. In this case, the positive line-of-site Doppler velocity was observed almost along the wavefront structure of positive TEC perturbations. The Doppler velocity with an amplitude of ~ 50 m/s corresponds to the south-west plasma flow velocity in the ionosphere. This observational fact indicates that the electric field is formed in the perpendicular direction of the wavefront of the TEC perturbations.[image: ]
Fig. 2Polar maps (a) and (b) of detrended TEC in geographic coordinates at 08:10 and 09:00 UT on 15 January. The detrended TEC values are indicated by two different color codes in a range of −0.2 to 0.2 TECU. The detrended TEC values expressed in the gray scale are the magnetic conjugate detrended TEC ones in the Southern Hemisphere. Polar maps (c) and (d) of detrended TEC and line-of-site Doppler velocity in geographic coordinates. The plotted time is the same as that of panels (a) and (b). The line-of-site Doppler velocity observed by the SuperDARN Hokkaido east and west radars is shown by the right-bottom color bar in a range of −80 to 80 m/s. The blue and purple curves show the sunset terminators at a height of 105 and 300 km, respectively. The pink dashed circle in panel (c) corresponds to the observed region of positive line-of-site Doppler velocity along the wavefront structure of positive TEC perturbations


In Fig. 2, we showed the magnetic conjugacy of the TEC perturbations observed over Japan and Australia after the Tonga volcanic eruption. To examine whether there is a significant phase difference of the TEC perturbations in between the Northern and Southern Hemispheres, we show the time-series plots of the TEC perturbations at (43.0oN, 140.0oE) and the magnetically conjugate point in Fig. 3. In panel (b), we can identify two distinct TEC perturbations with a large amplitude around 08:40 and 09:20 UT on 15 January 2022, respectively. Corresponding to these phenomena, the TEC perturbations were also observed in the Northern Hemisphere (panel (a)) and a phase difference of the TEC perturbations in between the Northern and Southern Hemispheres was very small. Therefore, this result suggests that the TEC perturbations occur almost simultaneously in both Hemispheres.[image: ]
Fig. 3Time-series plots (a) and (b) of detrended TEC at (43.0oS, 140.0oE) and the magnetic conjugate point in the Southern Hemisphere. The detrended TEC values are averaged in a latitude range of [image: $$\pm {2.0}^{\mathrm{o}}$$]. The vertical dotted red lines indicate the peak value of detrended TEC at the magnetic conjugate point


In order to investigate the relationship between the perturbations of plasma flow velocity and TEC observed by the Northern and Southern Hemispheres, respectively, we created the range-time plots of (a) line-of-site northward plasma flow velocity, (b) the 15-min high-pass filtered plasma flow velocity, (c) detrended TEC, and (d) normalized temperature deviation along the beam-08 direction of the SuperDARN Hokkaido east radar as shown in Fig. 4. The TEC variation and normalized temperature deviation were observed at the magnetically conjugate points in the Southern Hemisphere. In panel (a), the negative northward plasma flows were observed around 08:10 and 08:50 UT after the arrival of the air pressure disturbances associated with the Tonga volcanic eruption at the magnetically conjugate point of beam-08 in the Southern Hemisphere as shown in panel (d). The period of the plasma flow velocity perturbations was ~ 36–38 min. The onset times varied with dependence on the range gate number of beam-08, indicating that they were delayed with a decreased range gate below the 25 range gates. This time difference seems to correspond to the arrival time of the air pressure disturbances at the locations of each range gate number as shown in panel (e). Further, in panel (b), the 15-min high-pass filtered plasma flow velocity shows the bipolar perturbations with a peak-to-peak amplitude of more than 200 m/s, corresponding to the appearance of large amplitude TEC perturbations at the magnetically conjugate points in the Southern Hemisphere as shown in panel (c). As seen in panels (e) and (f), when the two distinct plasma flow and TEC perturbations with large amplitudes were observed in the Northern and Southern Hemispheres, respectively, the magnetically conjugate points of beam-08 in the Southern Hemisphere belonged to the sunlit region while the observed region of beam-08 in the Northern Hemisphere already entered the sunset region at a height of the E or F region. This suggests that ionospheric conductivity becomes much smaller in the Northern Hemisphere than in the magnetically conjugate Hemisphere.[image: ]
Fig. 4Range-time plots of a northward component of line-of-site plasma velocity, b 15-min high-pass filtered plasma velocity, c and d detrended TEC and normalized temperature deviation (d3) at the magnetic conjugate points of the beam-08 direction in the Southern Hemisphere, e and f two-dimensional maps of d3 in geographic coordinates. The two red curves with the yellow markers every 10 range gates indicate the locations of line-of-site of beam-08 of the SuperDARN Hokkaido east radar and their magnetic conjugate points in the Southern Hemisphere. The five orange points on these curves indicate the number of range gate from 0 to 40. The two triangles above the left panel correspond to the time of two-dimensional maps of d3. The blue and purple curves in panels (e) and (f) indicate the sunset terminators at a height of 105 and 300 km, respectively


Figure 5 shows the time-series plots of (a) line-of-site northward velocity, (b) line-of-site northward velocity mapped onto the Southern Hemisphere along the magnetic field lines and (c) detrended TEC with time interval from 07:50 to 09:50 UT on 15 January 2022. The northward plasma flow velocity in panels (a) and (b) is the 15-min high-pass filtered data. These values are averaged within the number of range gate from 14 to 18. In order to coincide with the time resolution of plasma flow velocity, we conduct a 1-min average of the detrended TEC value. As indicated by the red vertical dashed lines, the time when the TEC perturbations had a peak value does not coincide with that of the peak values of plasma flow velocity. The time difference between the two peak values of the TEC and plasma flow perturbations was 10–12 min. Because the period of the plasma flow velocity perturbation with a large amplitude of ~ 100 m/s was 36–38 min, the zonal electric field perturbations, inducing meridional plasma drift perturbations, coincide with the TEC perturbation with a phase advance of 100°–114°. The physical meaning of the phase difference of the TEC and plasma flow perturbations will be discussed in sections “Physical meaning of a phase difference between the TEC and electric field perturbations in the ionosphere”.[image: ]
Fig. 5Time-series plots of a line-of-site northward velocity, b line-of-site northward velocity mapped onto the Southern Hemisphere, and c detrended TEC with time interval from 07:50 to 09:50 UT on 15 January. These values are averaged within the number of range gate from 14 to 18. The two red dotted lines indicate the time of the peak values of two TEC variations with relatively large amplitude


Discussion
Influence of geomagnetic storm effects on the ionospheric disturbances
It is unfortunate that a major geomagnetic storm occurred during the Tonga volcanic eruption with a minimum SYM-H value of −101 nT at 22:17 UT on 14 January 2022. Geomagnetic storms are well-known to globally change a spatial distribution of plasma density in the ionosphere and to generate LSTIDs that propagate from high-latitude to low-latitude regions (e.g., Richmond 1978). The signature of LSTIDs is identified as TEC perturbations in two-dimensional maps of detrended TEC (e.g., Tsugawa et al. 2003). Therefore, it is important to investigate influence of geomagnetic storm on the ionospheric disturbances observed during the Tonga volcanic eruption. Figure 6 shows the time-series plots of (a) IMF By, (b) IMF Bz, (c) solar wind proton density, (d) solar wind flow speed, and (e) SYM-H with time interval from 14 to 15 January 2022. In panels (c) and (d), the solar wind flow speed shows a gradual increase from 350 to 580 km/s after a significant enhancement of solar wind proton density from 5 to 20/cc. This signature of solar wind variation is categorized by a CIR phenomenon. Associated with the arrival of the CIR structure, the IMF Bz showed a negative value from 15:00 to 22:45 UT on 14 January, and the amplitude increased until 22:27 UT. The strong southward IMF caused a major geomagnetic storm as shown in the SYM-H variation. The recovery phase of this geomagnetic storm started at 22:21 UT. Because the onset of the Tonga volcanic eruption was around 04:10 UT on 15 January (indicated by the red triangle in panel (e)), based on the Himawari 8 satellite observation, the onset time corresponds to the early recovery phase of the geomagnetic storm. Further, the IMF Bz perturbations became very small during a period from 04:20 to 13:00 UT on 15 January after the Tonga volcanic eruption. The AE index also showed a low value of less than 200 nT from 04:00 to 11:00 UT on 15 January according to a quick-look plot (http://​wdc.​kugi.​kyoto-u.​ac.​jp/​ae_​realtime/​202201/​index_​20220115.​html). Therefore, we can consider that an amount of input of solar wind energy to the polar ionosphere was relatively small during this period, and that an influence of this geomagnetic storm on the ionospheric disturbances is almost gone. Actually, we did not find the LSTID signatures propagating equatorward in two-dimensional maps of detrended TEC during the same period, whereas the propagation direction of the TIDs observed with magnetic conjugacy is westward, which is different from that of storm-time LSTIDs (e.g., Tsugawa et al. 2003).[image: ]
Fig. 6Time-series plots of a IMF By, b IMF Bz, c solar wind proton density, d solar wind flow speed, and e SYM-H with time interval from 14 to 15 January 2022. The red triangle indicates the onset time of the Tonga volcanic eruption


Characteristics of TIDs triggered by the Tonga volcanic eruption
The present study showed that the TEC perturbations with their north–south waveform structure appeared over Japan before the arrival of the air pressure disturbances triggered by the Tonga volcanic eruption. The spatial structure of the TEC perturbations is almost similar to that at the magnetically conjugate points in the Southern Hemisphere (Fig. 2). Further, corresponding to the TEC perturbations, the plasma flow perturbations in the ionosphere were observed by the SuperDARN Hokkaido east radar (Figs. 2 and 4). From the plasma flow perturbations, the magnitude of the electric field variations can be estimated as ~ 2.8–3.1 mV/m. These results imply that the TEC perturbations observed over Japan are not directly generated by atmospheric acoustic waves or AGWs propagating in the neutral atmosphere triggered by the Tonga volcanic eruption, but are driven by the electric field perturbations transmitted along magnetic field lines from the magnetically conjugate points.
Previous studies showed that the 2011 Tohoku earthquake and related tsunami caused the nighttime TIDs with magnetic conjugacy driven by AGWs (e.g., Huba et al. 2015). Huba et al. (2015) studied the ionospheric disturbances associated with tsunami-driven AGWs using the Naval Research Laboratory first-principles ionosphere model SAMI3. They showed that the neutral wind perturbations driven by AGWs lead to plasma flow variations both perpendicular and parallel to magnetic field lines, and that the electric field caused by the neutral wind perturbations propagates to the conjugate hemisphere along the magnetic field lines. Chou et al. (2022) found that the equatorward and westward propagating nighttime MSTIDs appeared over Japan and Australia simultaneously associated with the tsunami oceanic waves. They interpreted that the MSTIDs could be generated by the Perkins instability including the interhemispheric coupling process. Although the above previous studies dealt with the nighttime MSTIDs triggered by the 2011 Tohoku earthquake and related tsunami, the present study analyzed the TEC and plasma flow perturbations in the sunlit Southern and sunset Northern Hemispheres, respectively, at a height of the E region. In this case, because the E-region conductivity in the Northern Hemisphere is much lower than in the Southern Hemisphere, the E-region dynamo field can be generated in the sunlit Southern Hemisphere due to neutral atmospheric oscillation associated with atmospheric acoustic waves and AGWs. Further, the electric field can propagate along the magnetic field lines with a local Alfven velocity and map to the F region in the Northern Hemisphere.
Using Swarm satellite magnetic field, ground GPS-TEC and magnetic field observation data, Aoyama et al. (2016) reported that small-amplitude (~ 0.5 nT) magnetic field perturbations were observed with magnetic conjugacy in the sunlit region at a height of the E-region approximately 2 h after the first Calbuco volcanic eruption in southern Chile on 22 April 2015. They also found that the observed period of magnetic field perturbations was almost consistent with that of the TEC perturbations. From these observational facts, Aoyama et al. (2016) interpreted that the small-amplitude magnetic field perturbations are produced by small-scale field-aligned currents due to divergence of E-region dynamo currents flowing in the horizontal direction. According to Fig. 1 found in Aoyama et al. (2016), it is shown that a source of the E-region dynamo currents is the neutral wind oscillation due to AGWs triggered by a volcanic eruption. Such small-amplitude magnetic field perturbations are always observed with magnetic conjugacy in the topside ionosphere except for volcanic eruptions (Nakanishi et al. 2014).
Based on the above discussion, we can infer that the TEC perturbations with magnetic conjugacy after the Tonga volcanic eruption can be driven by the electric field perturbations generated by the E-region dynamo in the sunlit Southern Hemisphere, where the E and F regions of the ionosphere are also directly modulated by upward propagation of atmospheric acoustic waves and AGWs (e.g., Themens et al. 2022). In Figs. 2 and 5, the present study showed that there is no significant phase difference of the two distinct TEC perturbations in between the Northern and Southern Hemispheres around 08:10 and 09:00 UT, but that the phase difference of 10[image: $$-$$]12 min exists between the TEC and electric field perturbations. As will be shown in sections “Physical meaning of a phase difference between the TEC and electric field perturbations in the ionosphere”, this result suggests observational evidence that the TEC perturbations in both hemispheres are driven by the external electric field. Therefore, it can be thought that these two distinct TEC perturbations are more dominantly generated by the E-region dynamo electric field than by direct modulation of the ionosphere due to upward propagation of atmospheric acoustic waves and AGWs. On the other hand, in Fig. 1d, it was shown that the spatial structure of the TEC perturbations was different between the sunset Northern and Southern Hemispheres. For example, the TEC perturbations aligned with a wavefront of the air pressure waves over Japan had no magnetic conjugacy with those over Australia. In this case, because ionospheric Pedersen and Hall conductivities in this region are very small ([image: $${\Sigma }_{P}$$]: 0.2 S, [image: $${\Sigma }_{H}$$]: 0.1 S) (they are calculated with an IDL software package (Koyama et al. 2014)), it can be considered that the E-region dynamo process does not work enough to generate the electric field that drives the TEC perturbations. Therefore, the TEC perturbations with no magnetic conjugacy can be mainly driven by ionospheric modulation triggered by upward propagation of atmospheric acoustic waves and AGWs. Based on this discussion, it can be considered that ionospheric conductivity is one of the important parameters for generation of the E-region dynamo electric field and related TIDs. This point should be solved by atmosphere–ionosphere coupling model in future study.
Here, we discuss the short-circuited effect of the E-region dynamo field on mapping the electric field to the sunset Northern Hemisphere due to high conductivities in the sunlit ionosphere. Figure 7 shows an equivalent electric circuit of magnetosphere/plasmasphere–ionosphere current system connecting between the sunlit Southern Hemisphere and the sunset Northern Hemisphere. As seen in this figure, the dynamo layer is located in a height range from 80 to 130 km in the sunlit ionosphere (e.g., Shinbori et al. 2010), where the Hall conductivity is dominant, and the dynamo current is concentrated. The dynamo current produced by neutral atmospheric oscillation due to atmospheric acoustic waves and AGWs is estimated as:.[image: $$I_{x}^{dyn} = \int_{80}^{130} {j_{x}^{dyn} } dz = U_{xd}^{n} B\int_{80}^{130} {\sigma_{H} dz = \Sigma_{H} U_{xd}^{n} B,}$$]



[image: ]
Fig. 7Equivalent electric circuit of magnetosphere–ionosphere current system connecting between the sunlit Southern Hemisphere and the sunset Northern Hemisphere. The red arrows indicate the dynamo electric field mapped in the F region of the ionosphere and in the magnetically conjugate ionosphere


where [image: $${\Sigma }_{H}$$] is a height-integrated Hall conductivity of the dynamo layer, and [image: $${U}_{xd}^{n}$$] is a neutral particle velocity in the dynamo layer associated with atmospheric acoustic waves and AGWs. The dynamo current [image: $${I}_{x}^{dyn}$$] is partially shunted by a Pedersen current ([image: $${j}_{cx}={\sigma }_{P}{E}_{x}$$]) and is partially closed by a parallel current [image: $${I}_{z}$$] flowing along the magnetic field lines. The parallel current is closed by a Pedersen current ([image: $${j}_{cx}={\sigma }_{p}^{^{\prime}}{E}_{x}$$]) flowing in the magnetically conjugate ionosphere as shown in Fig. 7. The effective transverse current ([image: $${I}_{x}$$]) (dynamo current minus Pedersen current) is[image: $${I}_{x}={I}_{x}^{dyn}-{I}_{x}^{c}=\frac{{\Sigma }_{P}^{^{\prime}}{\Sigma }_{H}}{{\Sigma }_{P}+{\Sigma }_{P}^{^{\prime}}}{U}_{xd}^{n}B.$$]




The zonal electric field due to a voltage drop when current flows through the current circuit (Fig. 7) becomes[image: $${E}_{x}=\frac{{\Sigma }_{H}}{{\Sigma }_{P}+{\Sigma }_{P}^{^{\prime}}}{U}_{xd}^{n}B.$$]




This electric field propagates along the magnetic field lines and is mapped to both the F region in the Southern Hemisphere and magnetically conjugate ionosphere in the Northern Hemisphere as indicated by the red arrows in Fig. 7. From the above equation, the value of the mapped electric field depends on both the integrated conductivities ([image: $${\Sigma }_{H}$$] and [image: $${\Sigma }_{P}$$]) around current generator and on the condition of the electric circuit closing the conjugate ionosphere. For example, in a case of [image: $${\Sigma }_{P}^{^{\prime}}\to 0$$], the magnetic field variation is absent, and the electric field variation becomes maximum. When we calculate the realistic ionospheric Hall and Pedersen conductivities at (50.36oN, 149.20oE) and the magnetically conjugate point (33.52 oS, 143.26 oE) at 08:10 UT on 15 January 2022 with an IDL software package (Koyama et al. 2014), the [image: $${\Sigma }_{H}$$], [image: $${\Sigma }_{P}$$], and [image: $${\Sigma }_{P}^{^{\prime}}$$] values become 6.8 S, 5.5 S, and 0.58 S, respectively. Therefore, the relationship between the zonal electric field [image: $${E}_{x}$$] and the dynamo field [image: $${U}_{xd}^{n}B$$] is[image: $${E}_{x}=1.1{U}_{xd}^{n}B.$$]




This result indicates that an E-region dynamo field generated by neutral atmospheric oscillation due to atmospheric acoustic waves and AGWs triggered by the Tonga volcanic eruption can be mapped to the magnetically conjugate ionosphere even if there exists a shunted effect of the dynamo current on the high conductivity in the daytime F region. Further, from the SuperDARN radar observation and IGRF-13 model data, we can estimate the neutral wind oscillation due to atmospheric acoustic waves and AGWs in the sunlit Southern Hemisphere (33.52oS, 143.26oE) as ~ 46[image: $$-$$] 51 m/s.
Physical meaning of a phase difference between the TEC and electric field perturbations in the ionosphere
Our observations showed that the TEC perturbations caused by the Tonga volcanic eruption are accompanied by electric field perturbations and that the zonal electric field perturbation, inducing the meridional plasma drift perturbation, coincides with the TEC perturbation with a phase advance of 100°–114°. Nighttime MSTIDs with a wavefront elongating from northwest to southeast in the Northern Hemisphere (from southwest to northeast in the Southern Hemisphere), which are frequently observed at middle latitudes, are also accompanied by oscillating electric fields (Saito et al. 1998b; Shiokawa et al. 2003). An increase (decrease) in electron density caused by the nighttime MSTIDs coincides with the eastward (westward) component of the electric fields (Shiokawa et al. 2003; Otsuka et al. 2007). This result indicates that the electric fields in the nighttime MSTIDs are generated to maintain the current continuity which flows in the F region in the Northern Hemisphere (southeastward in the Southern Hemisphere). A fact that the phase relationship between the electron density and electric field for the TIDs after the Tonga volcanic eruption is different from that for the nighttime MSTIDs suggests the difference of mechanism generating TIDs. When the TID appeared for the first time over Australia, the ionosphere embedding the TIDs is located at the sunlit. Therefore, an electric field in the ionosphere could be generated mainly in the E region. Even if an electric field is generated by an F region dynamo due to the neutral wind oscillation associated with atmospheric acoustic waves and AGWs, the electric field is short-circuited thorough the highly conductive E region. Consequently, the TIDs after the Tonga eruption could be generated by the electric field perturbations driven by the E-region dynamo in the Southern Hemisphere.
To test this hypothesis, we have carried out a simple model calculation of the electron density for the case that an external oscillating electric field exists. According to Shiokawa et al. (2003) and Otsuka et al. (2013), from the continuity equation for the ions, the electron density perturbation [image: $${n}_{e1}$$] caused by oscillating ion velocity [image: $${v}_{1}$$] perpendicular to the geomagnetic field is obtained as follows:[image: $${n}_{e1}=-\frac{i}{\omega }{v}_{1}\frac{\partial {n}_{e}}{\partial z}\mathrm{cos}I,$$]




where [image: $$i = \sqrt { - 1}$$], [image: $$\upomega$$] is an angular frequency of MSTIDs, [image: $$I$$] is a dip angle of the geomagnetic field, [image: $${n}_{e}$$] is a background electron density, [image: $$z$$] is altitude. To derive this equation, perturbed quantities [image: $${n}_{e1}$$] and [image: $${v}_{1}$$] are assumed to be a plane wave [image: $${n}_{e1}, {v}_{1}\propto exp\{i\left(\upomega t-kx\right)\}$$], where [image: $$t$$] is time, [image: $$k$$] is a wave number, and [image: $$x$$] is a horizontal distance. Due to the ion motion at velocity of [image: $${v}_{1}$$] which is caused by [image: $$\mathbf{E}\times \mathbf{B}$$] drift due to the E-region dynamo electric fields, the F region is uplifted and pushed down. The vertical displacement of [image: $$\frac{\partial {n}_{e}}{\partial z}$$] is responsible for the electron density perturbation [image: $${n}_{e1}.$$] The amplitude of [image: $${n}_{e1}$$] is proportional to the vertical component of the [image: $$\mathbf{E}\times \mathbf{B}$$] drift, that is, [image: $${v}_{1}\mathrm{cos}I$$].
Figure 8a shows the calculated electron density as a function of time and altitude for the case that [image: $${v}_{1}$$] oscillates with a period of 36 min and amplitude of 100 m/s. These period and amplitude of [image: $${v}_{1}$$] is determined based on the observation of the ion velocity by the SuperDARN Hokkaido east radar, respectively. The background electron density is taken from the IRI-2016 model (Bilitza et al. 2017; Bilitza 2018) to reproduce the ionosphere at (32.4oS, 142.7oE) on January 2022 with F10.7 (Tapping 2013) equal to 115, The background vertical TEC, which is an integration of the electron density over an altitude range from 150 to 600 km in Fig. 8a, is 16.1 TECU, which is consistent with the TEC on this night. The TEC perturbation is shown in Fig. 5b. The amplitude of the TEC perturbation is approximately 0.7 TECU. This amplitude is also consistent with the GNSS-TEC observation. In Fig. 8b, it is found that a phase of [image: $${v}_{1}$$] is approximately 90° (7 min) earlier than that of the TEC perturbation, and that the observed phase relationship between the plasma drift velocity perturbation and TEC perturbation is well reproduced. The result obtained from the model calculation suggests that the TIDs after the Tonga volcanic eruption are caused by the perturbed electric field generated in a place different from the F region of the ionosphere.[image: ]
Fig. 8a Model calculation of electron density in the F region for the case the electric field oscillating with a period of 36 min and amplitude of 100 m/s for [image: $$\mathbf{E}\times \mathbf{B}$$] drift. Solid line and dotted line indicate peak altitude of electron density and original peak altitude of electron density without electric field oscillation, respectively. b Temporal variation of TEC (black) and plasma drift velocity (red) perturbations. TEC is an integration of the electron density from 200 to 600 km in altitude


Scenario of TEC and electric field perturbations in the ionosphere triggered by the Tonga volcanic eruption
On the basis of the above discussion in sub sections “Characteristics of TIDs triggered by the Tonga volcanic eruption” and “Physical meaning of a phase difference between the TEC and electric field perturbations in the ionosphere”, we can depict a schematic view of scenario of TEC and electric field perturbations in the ionosphere triggered by the Tonga volcanic eruption as seen in GNSS-TEC and SuperDARN Hokkaido pair of radars observations as shown in Fig. 9. In this scenario, we deal with two distinctive TEC and electric field perturbations with the large amplitude at 08:10 and 09:00 UT shown in Fig. 4. Associated with the Tonga volcanic eruption, atmospheric acoustic waves and AGWs are generated by air pressure disturbances and propagate in the lower atmosphere and thermosphere. The neutral wind oscillation triggered by these atmospheric disturbances drives an E-region dynamo in the sunlit region through the interaction between the charged and neutral particles and the dynamo electric field is transmitted to the F region in both hemispheres along the magnetic field lines. The propagation speed corresponds to a local Alfven speed depending on the magnetic field intensity and plasma density, which is much faster than that of atmospheric acoustic waves and AGWs. The dynamo field leads to the TEC and plasma flow perturbations in the F region in both hemispheres. In this case, because the electric field is an external field, there is a phase difference between the TEC and plasma flow perturbations as shown in Figs. 5 and 8.[image: ]
Fig. 9A schematic view of scenario of TEC and electric field perturbations in the ionosphere triggered by the Tonga volcanic eruption as seen in GNSS-TEC and SuperDARN radar observations. The red arrows perpendicular to magnetic field lines indicate the plasma flow variations driven by the eastward and westward electric fields. The pink and blue circles represent the positive and negative TEC perturbations, respectively


Conclusions
To elucidate the characteristics of electromagnetic conjugacy of TIDs observed in both Northern and Southern Hemispheres just after the 15 January 2022 Hunga Tonga-Hunga Ha’apai volcanic eruption and the generation mechanism, we analyze GNSS-TEC data derived from ~ 7200 globally distributed GNSS stations and ionospheric plasma velocity data obtained from the SuperDARN Hokkaido pair of radars. Further, we use TIR grid data with high spatial resolution observed by the Himawari 8 satellite to investigate lower atmospheric disturbances associated with surface air pressure waves propagating as a Lamb mode. After 07:30 UT on 15 January, two distinct TIDs propagating in the westward direction appeared in the Japanese sector with almost the same structure as those at the magnetically conjugate points in the Southern Hemisphere. Corresponding to these two distinct TIDs with their large amplitude of 0.5–1.1 TECU observed in the Southern Hemisphere, the plasma flow direction in the F region changed from southward to northward. At this time, the magnetically conjugate points in the Southern Hemisphere were located in the sunlit E region. The amplitude and period of the plasma flow variation were ~ 100–110 m/s and ~ 36–38 min, respectively. From the plasma flow perturbation, a zonal electric field can be estimated as ~ 2.8–3.1 mV/m. Further, there was a significant phase difference of ~ 10–12 min between the TEC and plasma flow perturbations. The existence of a phase difference between the TEC and plasma flow perturbations could also be verified by a simple model calculation of the electron density for the case that an external oscillating electric field exists. These results suggest that an E-region dynamo electric field driven by the neutral wind oscillation associated with atmospheric acoustic waves and AGWs propagates to the F region and the magnetically conjugate ionosphere along magnetic field lines with a local Alfven speed. The propagation speed is much faster than that of Lamb mode waves. As a result, the electric field generates ionospheric disturbances in both hemispheres with no significant phase difference before the air pressure disturbances related to the Tonga volcanic eruption arrive in Japan. Therefore, it can be concluded that the generation mechanism of the two distinct TIDs triggered by the Tonga volcanic eruption is different from that of normal nighttime MSTIDs.
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