[image: image1]Observations and simulations of large-scale traveling ionospheric disturbances during the January 14-15, 2022 geomagnetic storm

		ORIGINAL RESEARCH
published: 15 December 2023
doi: 10.3389/fspas.2023.1297632


[image: image2]
Observations and simulations of large-scale traveling ionospheric disturbances during the January 14-15, 2022 geomagnetic storm
Kedeng Zhang1,2 and Hui Wang1*
1Department of Space Physics, Hubei Luojia Laboratory, School of Electronic Information, Wuhan University, Wuhan, China
2State Key Laboratory of Space Weather, Chinese Academy of Sciences, Beijing, China
Edited by:
Jing Liu, Shandong University, China
Reviewed by:
Sampad Kumar Panda, K L University, India
Mirela Voiculescu, Dunarea de Jos University, Romania
* Correspondence: Hui Wang, h.wang@whu.edu.cn
Received: 20 September 2023
Accepted: 05 December 2023
Published: 15 December 2023
Citation: Zhang K and Wang H (2023) Observations and simulations of large-scale traveling ionospheric disturbances during the January 14-15, 2022 geomagnetic storm. Front. Astron. Space Sci. 10:1297632. doi: 10.3389/fspas.2023.1297632

Using the total electron content (TEC) observations from GPS, and simulations from the Thermosphere Ionosphere Electrodynamic General Circulation Model (TIEGCM), this work investigates the large-scale traveling ionospheric disturbances (LSTIDs) and the possible involved drivers during the geomagnetic storm on January 14-15, 2022. Based on the term analysis of O+ continuity equation in TIEGCM, it is found that the traveling atmospheric disturbances in equatorward winds are responsible for the LSTIDs, with minor contributions from plasma drifts owing to the prompt penetration electric field. A strong interhemispheric asymmetry of the LSTIDs is observed, which might be attributed to both the equatorward wind disturbances and background plasma. The stronger wind (plasma) disturbances occurs in the winter hemisphere than that in the summer hemisphere. The maximum magnitude of LSTIDs in electron density disturbances occurs at ∼250 and ∼270 km in the northern and southern hemispheres, respectively, owing to both the thermospheric equatorward winds and background plasma. An interesting phenomenon that tail-like LSTIDs occur at the dip equator and low latitudes might be related to the eruption of the Tonga volcano, but it is not well reproduced in TIEGCM that deserves further exploration in a future study.
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1 INTRODUCTION
During the disturbance periods, the interaction between the interplanetary magnetic field (IMF) carried by the solar wind and the geomagnetic field could lead to the energy and momentum deposition from the solar wind to the Earth’s upper thermosphere (e.g., Dungey, 1961). A large amount of energy and momentum deposition triggers disturbances in the thermo-sphere, traveling to middle and low latitudes from the source region. The thermospheric wind perturbations associated with the generated traveling atmospheric disturbances (TADs) could push the ionospheric plasma upward or downward along the geomagnetic field lines, causing the enhancement or depletion in plasma, referred to as large-scale traveling ionospheric disturbances (TIDs). TADs/TIDs appear as wave-like perturbations in thermospheric/ionospheric observations, i.e., thermospheric meridional winds and density, ionospheric plasma. Over the past decades, a large variety of TIDs has been observed in a series of studies (e.g., Munro, 1958; Hocke et al., 1996; Balthazor et al., 1997; Shiokawa et al., 2007; 2013; MacDougall and Jayachandran, 2011; Yin et al., 2019; Zhang K et al., 2019; Zhang SR et al., 2019; Nishimura et al., 2020), which is a hot topic in the ionospheric research.
Based on the wavelength, phase speed, and period, TIDs could be categorized as large-scale and medium-scale (Bruinsma et al., 2009; Shiokawa et al., 2013). The large-scale TIDs (LSTIDs) have a period longer than 60 min, a horizontal velocity of 400–1,000 m/s, and a wavelength larger than 1,000 km, while the medium-scale TIDs have a period ranging from 15 min to 1 h, a horizontal velocity of 250–1,000 m/s and a wavelength of hundreds of kilometers (Afraimovich et al., 2000; Zhang SR et al., 2019). Previous studies have demonstrated that LSTIDs in the upper thermosphere could be generated by the geomagnetic activity (i.e., geomagnetic storm, and substorm) (Pi et al., 2000; Shiokawa et al., 1999; 2003; 2007; Afraimovich et al., 2008; Lei et al., 2008; Nicolls et al., 2012; Borries et al., 2016; Cherniak et al., 2018; Katamzi-Joseph et al., 2019; Zhang SR et al., 2019; Jonah et al., 2020).
In the literature, LSTIDs have been observed at high latitudes (Pi et al., 2000; Shiokawa et al., 2003; Nicolls et al., 2012). Using Fabry-Perot interferometer (FPI) observed neutral winds and incoherent scatter radar measured plasma drift at high latitudes in October 1992 for ∼36 h, Pi et al. (2000) reported outstanding evidence for TADs and LSTIDs generated by the aurora heating effects. Utilizing a series of measurements at high latitudes, including neutral winds from FPI and TEC from GPS, Shiokawa et al. (2003) found prominent LSTIDs during a major storm event with a minimum DST index of −358 nT on 31 March 2001. A turning of the thermospheric meridional winds from equatorward of 94 m/s to poleward of 44 m/s was observed, indicating an intense poleward wind in the thermosphere during the LSTIDs. The generation of poleward wind in the auroral zone could be associated with an intense substorm. Analyzing the FPI-measured thermospheric wind for atmospheric gravity waves (AGWs) over Alaska on January 9-10, 2010, Nicolls et al. (2012) reported an event of AGWs with a period of 32.7 ± 0.3 min, a horizontal wavelength of 1,094 ± 408 km, the phase speed of 560 ± 210 m/s, propagation azimuth of 33.5 ± 15.8° east-of-north, which was associated with enhanced auroral activity and the potential sources might be Joule heating, Lorentz force, and body forcing of horizontal winds due to auroral activity, etc.
Apart from high-latitude LSTIDs cases, in recent decades, a large number of studies have been performed to investigate the LSTIDs at middle and low latitudes (e.g., Shiokawa et al., 2002; Afraimovich et al., 2008; Lei et al., 2008; Jonah et al., 2020; Nishimura et al., 2020). Using a comprehensive TEC observation from GPS and simulation from the Sheffield University Plasmasphere-Ionosphere Model (SUPIM), Shiokawa et al. (2002) investigated a prominent LSTIDs detected at 23-24 LT (14-15 UT) during the magnetic storm on 15 September 1999, in Japan (16°–37° magnetic latitudes, MLat). The nighttime LSTIDs might be generated by the enhancement of poleward neutral winds which propagates equatorward. The SUPIM results suggested that the equatorward movement of poleward wind pulse was linked to the auroral energy input. Afraimovich et al. (2008) compared the intensity of LSTIDs with the local electron density disturbances during the magnetic storm on October 29–31, 2003, and November 7–11, 2004. They found that LSTIDs in TEC were dominated by the auroral energy, and the TEC variations were mainly attributed to the electron density disturbances at F2-layer. A numerical simulation from the coupled magneto-sphere-ionosphere model (CMIT) was performed and TEC data from GPS in Japan were analyzed to explore prominent northward LSTIDs and two southward LSTIDs events during the magnetic storm on 15 December 2006 (Lei et al., 2008). In their results, the northward LSTIDs were generated in the southern hemisphere which propagated into the northern hemisphere, however, two southward LSTIDs were not well captured in the model. A series of LSTIDs in ionospheric TEC perturbations were generated because of the intense magnetic storm on 17 March 2015 (Borries et al., 2016), which was induced by the Joule heating in the auroral region, Lorentz force from the perturbed electric fields, and a minor particle precipitation effect. The origin, occurrence, and propagation of LSTIDs over the European on December 19–21, 2015 were investigated in Cherniak and Zakharenkova (2018). Two major sources of the LSTIDs, the quiet-time solar terminator passage, and disturbed-time auroral activity have been reported. Using ground- and space-based measurements (i.e., Global Navigation Satellite System receivers, and Swarm satellites) and TIEGCM simulations during two magnetic storm periods, Jonah et al. (2020) found that the meridional winds (background ionospheric plasma) played important roles in the propagation (amplitude) of LSTIDs at middle and low latitudes. Smaller electron density was correlated with the smaller amplitude of LSTIDs, and vice versa.
Recently, a moderate geomagnetic storm occurs on January 14-15, 2022. Furthermore, a huge geohazard event of the Tonga volcano eruption [−20.5° geographic latitudes (GLat), −174.5° geographic longitudes (GLon)] has great effects on the ionosphere-thermosphere coupled system. This might complicate the ionospheric plasma responses. In this work, the TEC data from GPS, and numerical simulations from TIEGCM are used to investigate the ionospheric plasma responses during the moderate geomagnetic storm, which could contribute to the understanding of the coupling between high- and low-latitudes, between ionosphere and thermosphere. In the rest of this article, Section 2 introduces the GPS data and the model; Section 3 gives the results of LSTIDs and data-model comparison; Section 4 is the discussion about potential physical mechanisms; Section 5 summaries the results of this work.
2 DATA AND MODEL
The GPS TEC dataset is obtained from the International Global Navigation Satellite System Service (IGS) Working Group, which is created in 1998 (Hernández-Pajares et al., 2009; Panda et al., 2022). The individual TEC maps are developed by eight Ionospheric Associate Analysis Centers (IAACs) under IGS. For example, the University of Bern (CODE, Switzerland), the European Space Agency (ESA, Germany), the Jet Propulsion Laboratory (JPL, America), and the University Politechnical Catalonia (UPC, Spain). The TEC data from IGS is the weighted mean of the eight analysis centers. The resolution of GPS TEC data in CDF format is 15 min, 1 and 2 h. A large amount of daily TEC files since 15 January 1998, is stored in IGS. In this work, TEC data with a resolution of 15 min on January 9-16, 2022 is used to explore the ionospheric disturbances during geomagnetic activity periods. The data could be downloaded from the link: https://cdaweb.gsfc.nasa.gov/pub/data/gps/tec15min_igs/2022/.
The Thermosphere Ionosphere Electrodynamic General Circulation Model (TIEGCM) is a three-dimensional time-dependent model of the coupled ionosphere-thermosphere system. It was developed at the High Altitude Observatory at the National Center for Atmospheric Research (NCAR/HAO). The driver of TIEGCM includes the high-latitude electric field from Heelis or Weimer models (Heelis et al., 1982; Weimer, 2005), the solar extreme ultraviolet and ultraviolet spectral fluxes that were parameterized by the F10.7 index (Richards et al., 1994), the lower atmospheric migrating and non-migrating diurnal and semi-diurnal tides generated from the Global Scale Wave Model (GSWM) (Hagan and Forbes, 2002; 2003), or tides derived from the observations from the Sounding of the Atmosphere using Broadband Emission Radiometry and TIDI (Zhang et al., 2018; Wu et al., 2019). The horizontal resolution is 2.5° GLat × 2.5° GLon. TIEGCM has a total of 57 pressure levels in the vertical direction, with the lower and upper boundary of 97 km and ∼700 km (depending on the solar activity), respectively. In this study, the migrating and non-migrating tides from GSWM were specified at the lower boundary and the electric field from the Weimer model was imposed at high latitudes.
3 RESULTS
3.1 Geomagnetic conditions
Figure 1A depicts the temporal variations of IMF Bz during the magnetic storm on January 14–16, 2022. It is found that IMF Bz is northward at 00–12 UT on January 14, with a maximum magnitude of 8.3 nT. At ∼12 UT on January 14, the northward IMF Bz starts to turn southward. The southward turning of IMF Bz arrives at its minimum value of −16.8 nT at 23 UT. Then, the strong southward IMF Bz quickly turns northward for a magnitude of ∼10 nT in 30 min. After that, the temporal variations of IMF Bz oscillate around 0 nT, with an absolute maximum magnitude of ∼8 nT. Figure 1B shows the temporal variations of Dst index on January 14–16, 2022. Based on the Dst index, the magnetic storm can be characterized by three phases, that is, initial, main, and recovery phases. During the initial phase of 08–12 UT on January 14, the Dst index is enhanced from 2 nT to 14 nT. During the main phase of 12–23 UT, the Dst index is significantly decreased to −91 nT. Then, during the recovery phase, the Dst index gets smoothly recovery to ∼−20 nT.
[image: Figure 1]FIGURE 1 | The temporal variations of IMF Bz (A) and Dst index (B) on January 14–16, 2022. The text of “Initial,” “Main” and “Recovery” in the bottom panel are the initial, main, and recovery phases of the magnetic storm, respectively.
3.2 Data-model comparison
Figures 2A, B show the geomagnetic latitude and UT variations of TEC observed from GPS and modeled by TIEGCM at −174.5° geographic longitude (GLon) on January 14–16, 2022. Note here that Tonga volcanic eruption occurs at −174.5° GLon. The data be-fore 14 UT on January 14 is not shown here, because the Dst index in Figure 1B starts to decrease to the negative peak at around 14 UT. The prominent feature of TEC is the strong equatorial ionization anomaly (EIA), which has been reported in a series of previous studies (e.g., Lin et al., 2005; Rajesh et al., 2021). During quiet time, EIA is the region between ±10° and ±15° magnetic latitude (MLat) across the magnetic equator (center) (e.g., Panda et al., 2018; Rajesh et al., 2021; Ogwala et al., 2022). As shown in Figure 2A, during the disturbed time, EIA in both hemispheres expands to higher latitudes, even to middle and high latitudes. The poleward edge could be seen at around ±60° MLat and 00 UT/12 LT on January 15. The maximum amplitude of TEC in the EIA region could reach ∼50 TECU at ±15° MLat and 00 UT/12 LT on January 15. At the dip equator, TEC is much weaker, with a value of ∼30 TECU, than that in the EIA region. These are the well-known two peaks of EIA (Lin et al., 2005). At the pre-dawn sector of 14–18 UT/02–06 LT on January 14, the GPS-observed TEC has an average value of ∼10 TECU, and the significant EIA has not been developed. With the onset of sunrise, the EIA begins to develop, and the maximum EIA occurs at around noon of 00–02 UT/12–14 LT on January 15. After the sunset of 08 UT/20 LT on January 15, the significant EIA disappears. During the daytime from 18 UT on January 15 to 08 UT on January 16, a similar prominent structure can be seen. An interesting phenomenon is found when the Tonga volcano eruption occurs, as indicated by the black star. A northward penetration of LSTID can be found at the post-dusk sector of 04–12 UT on January 15 after the eruption of Tonga volcano (black star), which seems like a tail-like structure following the EIA and deserves to explore. This tail-like structure disappears on January 16.
[image: Figure 2]FIGURE 2 | The geomagnetic latitude and UT variations of GPS observed TEC (A) and TIEGCM modeled TEC (B) at −174.5° GLon on January 14–16, 2022. TEC is given in TECU. The black star in Figure 2A is the time and location of the Tonga volcano eruption.
In Figure 2B, TIEGCM-modeled TEC also has a prominent character of EIA during daytime. A comparison between Figures 2A, B shows that the large-scale structure of TEC is similar to those two. The modeled EIA also expands to middle latitudes of ∼±60° MLat in both hemispheres, and the peaks of TEC also occur at around 02 UT/14 LT with a magnitude of ∼30 TECU. Compared to GPS-observed TEC, TEC in TIEGCM seems to be underestimated, which has been reported before (Shiokawa et al., 2007; Perlongo and Ridley, 2018) and might be attributed to the following potential reasons. For example, first, Joule heating tends to be underestimated in most large-scale models including TIEGCM due to the inability to capture small-scale features (Shiokawa et al., 2007). Second, the supply of O+ ions from the plasmasphere is underestimated in TIEGCM (Shiokawa et al., 2007). Third, the neutral winds are also underestimated in TIEGCM, as reported in previous studies (Perlongo and Ridley, 2018; Zhang et al., 2018). Fourth, the high-latitude electric field used in TIEGCM is an empirical model, which predicts only the state of plasma convection at high latitudes for a given 3-hourly Kp index or 1-min IMF, whereas the real high-latitude ion convection is much more complicated (Zhang et al., 2021). However, the large-scale structures of modeled TEC are similar to that of observed TEC, and a large degree of similarity between TIEGCM simulations and space-based/ground-based observations has been achieved in previous studies (Wang et al., 2012; Perlongo et al., 2018; Zhang et al., 2018; 2021). In summary, the reliability and stability of TIEGCM have been confirmed. Thus, it can be used to explore the ionospheric responses during the disturbed time in this work.
Representing the data-model comparison of the absolute vertical TEC, the ionospheric disturbances in TEC at −174.5° GLat on January 14–16 are shown in Figure 3. Note that ΔTEC in logarithm based on 10 is obtained from the ratio between the storm-time TEC on January 14–16 and background quiet-time average TEC on January 9–13. In Figure 3, at 04–16 UT/16-04 LT on January 15, an outstanding negative storm effect occurs at 15°–30° MLat in the southern hemisphere. The decrease of TEC might be caused by the changes in neutral composition owing to the thermospheric heating (Liu et al., 2014). The upwelling of molecular-rich air due to vertical advection at high latitudes would lead to a decrease in neutral composition in the ionosphere, then driven by the equatorward winds, the disturbance zone of O/N2 would travel to lower latitudes. The decreases in O/N2 produce the corresponding depletion in electron density. This TEC depletion follows the eruption of Tonga volcano. During the eruption, the generated gravity and lamb waves might release great energy into the ionosphere and thermosphere, causing disturbances in thermospheric winds (Harding et al., 2022; Zhang K et al., 2022; Zhang SR et al., 2022). Considering the reduction of solar radiation during nighttime, the transport effects due to disturbances in thermospheric winds might lead to the decrease in TEC, which deserves a further exploration. As indicated by two black arrows, two LSTIDs events are identified. LSTIDs in the northern (southern) hemisphere have a phase speed of ∼411 (∼463) m/s, consistent with previous studies (Bruinsma et al., 2009; Shiokawa et al., 2013; Zhang et al., 2019). An interesting LSTID is also observed after the onset of the Tonga volcano eruption, as indicated by the magenta arrow. This tail-like structure follows the EIA expansion during the daytime (Figure 2A). It has a phase speed of 347 m/s, which has been disclosed using GNSS TEC data (Zhang SR et al., 2022).
[image: Figure 3]FIGURE 3 | UT and MLat variations of GPS-observed residual TEC (ΔTEC). The residual TEC is obtained by a ratio between TEC on January 14–16 and the average TEC on January 9–13. ΔTEC is given in logarithm based on 10. The black and magenta arrows represent the LSTIDs.
Previous studies had disclosed that the variations in TEC were mainly controlled by the changes of electron density at an altitude of the highest density (hmF2) (Liu et al., 2016). The hmF2 has an average value of ∼300 km in this work (Figures not shown). Thus, the UT versus magnetic latitudes of ΔNe from TIEGCM at −174.5° GLon and ∼300 km is shown in Figure 4. LSTIDs in ΔNe can be found at 22-02 UT and middle latitudes in both hemispheres, as indicated by two black arrows. Comparing Figures 3, 4, we can find that two LSTIDs in ΔTEC are also reproduced in TIEGCM. The large-scale similarity of the equatorward traveling of LSTIDs between modeled and observed results is achieved, which ensures the reliability of TIEGCM in capturing the LSTIDs. However, the tail-like LSTIDs are not well reproduced in TIEGCM, because TIEGCM does not include the effects of huge geohazard events, i.e., a violent volcano eruption.
[image: Figure 4]FIGURE 4 | Similar to Figure 3, but for the TIEGCM modeled residual Ne (ΔNe) at 300 km.
4 DISCUSSION
Two LSTIDs have been observed in TEC observations from IGS, and confirmed in TEC and Ne simulations from TIEGCM. Previous studies have reported that large-scale ionospheric disturbances might be controlled by several forces, i.e., electric field, auroral heating, and neutral winds (e.g., Shiokawa et al., 2007; Katamzi-Joseph et al., 2019). Which one might be responsible for these two LSTIDs during storm periods? It is still unknown. Using TIEGCM, the potential drivers of two LSTIDs and their interhemispheric asymmetry have been disclosed in this work.
4.1 Term analysis of O+ continuity
Similar to the method used in previous studies (Liu et al., 2016; Qian et al., 2016; Zhang et al., 2021), a term analysis of the ionospheric O+ continuity equation (see Eq. 1) was performed in this work, to determine the relative contributions from neutral winds, chemical processes (including chemical production and loss rate), plasma drifts, and ambipolar diffusion.
[image: image]
where [image: image], q, [image: image], and [image: image] are the change rate of ionospheric main ions of O+, chemical production rate, loss rate, and effects from transport processes (including neutral winds, E × B drifts, and ambipolar diffusion), respectively. During the magnetic storm on January 14–16, 2022, the influences from chemical processes (both chemical production and loss rate) and ambipolar diffusion on O+ changes in the formation of LSTIDs are much weaker than that from E× B drifts and neutral winds (Figures not shown). Thus, only effects from E × B drifts and neutral winds are investigated in the following.
Figure 5 shows the UT versus magnetic latitudes of total O+ changes due to all forcing terms, E × B drifts, and neutral winds at ∼300 km and −174.5° GLon. In Figure 5A, the O+ changes due to forcing terms at middle latitudes in both hemispheres also show similar structures with LSTIDs in ΔNe at the end of January 14. The total O+ changes in the traveling path of LSTIDs in the northern hemisphere have an average value of ∼5 cm−3s−1. In the southern hemisphere, the average value of the total O+ changes is weaker (∼2 cm−3s−1) than that in the northern hemisphere. At the end of January 15, similar LSTIDs in total O+ changes at middle latitudes in the northern hemisphere can be found, ensuring the occurrence of LSTIDs in ΔNe.
[image: Figure 5]FIGURE 5 | The magnetic latitudes and UT variations of total residual O+ (ΔO+) (A), ΔO+ due to E × B (B), and ΔO+ due to neutral winds (C) at ∼300 km and −174.5° GLon on January 14–16, 2022. ΔO+ is obtained by removing the background quiet-time O+. ΔO+ is given in cm−3s−1.
Previous studies have reported the effects of Lorenz force due to the penetration of electric field on the equatorward LSTIDs (Borries et al., 2016). Figure 5B depicts the effects of E × B drifts on the O+ changes. It can be found that the average value of the O+ changes is ∼3 and ∼2 cm−3s−1 in the LSTIDs in the northern and southern hemispheres, respectively. However, there is not a significant time delay with respect to latitudes. The disturbances of O+ due to E × B drifts occur simultaneously at almost all latitudes (Zhang et al., 2019). Thus, we can conclude here that E × B drifts play negligible roles in the equatorward propagation of LSTIDs, but could contribute to the enhancement of ΔNe (Figure 5B). The ΔO+ enhancement owing to the plasma transport from E × B drifts supports the occurrence of LSTIDs.
The neutral winds play important roles in the vertical movement of ionospheric plasma (Liu et al., 2016; Zhang et al., 2019). Because thermospheric winds could move the charged ions upward/downward along the geomagnetic field lines, causing the enhancement/depletion of ionospheric plasma due to the chemical recombination (Rishbeth, 1967; Zhang et al., 2012). To disclose the roles of neutral winds, Figure 5C shows the O+ changes due to neutral winds at −174.5° GLon and ∼300 km during the disturbed time. In Figures 5A, C corresponding O+ enhancement due to neutral winds occurs at the traveling path of LSTIDs in both hemispheres. The mean value of LSTIDs in O+ changes is approximately 6 and 3 cm−3s−1 in the northern and southern hemispheres, respectively. A comparison between Figures 5A, C indicates that the LSTIDs in ΔNe is dominated by thermospheric winds. Figure 6 illustrates the UT and magnetic latitude variations of meridional wind disturbances at −174.5° GLon and ∼300 km during disturbed periods. As indicated by three black arrows, the LSTADs in the equatorward winds can be found. The average speed of LSTADs at the end of January 14 in the northern and southern hemispheres is ∼30 and ∼25 m/s, respectively. The magnitude of LSTADs at the end of January 15 in the northern hemisphere is smaller (∼20 m/s) than that at the end of January 14.
[image: Figure 6]FIGURE 6 | UT and MLat variations of TIEGCM-modeled meridional wind disturbances (ΔVN). ΔVN is the difference between VN during the disturbed and quiet time. ΔVN is given in m/s. Positive value stands for northward winds.
The interhemispheric asymmetry of LSTIDs might be attributed to the meridional wind disturbances, which are stronger in the northern hemisphere than that in the southern hemisphere. The vertical plasma drifts due to meridional winds are expressed as follows (Eq. 2; Zhang et al., 2012):
[image: image]
where [image: image], [image: image], [image: image] and [image: image] are plasma drifts, thermospheric meridional winds, magnetic declination, and inclination, respectively. In general, the stronger meridional wind disturbances might mean the faster vertical plasma drifts. Thus, owing to the faster equatorward winds, more plasma at lower altitudes can be transported to higher altitudes where the chemical recombination could be slower, generating a stronger disturbance in ionospheric plasma density. Thus, the magnitude of LSTIDs at the end of January 14 is stronger in the northern hemisphere than that in the southern hemisphere. Furthermore, the disturbances in meridional winds at the end of January 15 in the southern hemisphere are not strong enough to push enough plasma up to higher altitudes, hence the LSTIDs do not occur.
4.2 Vertical profile
Previous studies have reported the features of LSTIDs observed at different altitudes, e.g., incoherent scatter radar measurements at ∼325 km, Swarm-observed plasma at ∼460 and ∼540 km, CHAMP-observed electron density at ∼400 km, and GPS-observed TEC (Shiokawa et al., 2002; Lei et al., 2008; Borries et al., 2016). As discussed before, the thermospheric meridional winds are responsible for the LSTIDs in both hemispheres via moving plasma upward along the geomagnetic field lines. In Figure 4, LSTIDs in ΔNe at ∼23 UT on January 14 are located at approximately ±40°∼±50° MLat. To investigate the altitudinal variations, Figure 7 gives the vertical mean profile of ΔNe, modeled Ne, ΔO+ due to neutral winds, and meridional wind disturbances (ΔVN) at 23 UT within ±40° to ±50° MLat. In Figure 7A, ΔNe is enhanced at altitudes higher than 200 km. The maximum intensity of ΔNe is ∼3.5 × 1010 m−3 and ∼1.4 × 1010 m−3 in the northern and southern hemispheres, respectively. The altitude of maximum ΔNe is at ∼250 (∼270) km in the northern (southern) hemisphere, which might be attributed to the equatorward winds and background plasma (Afraimovich et al., 2008). As shown in Figure 7B, the background plasma density is the strongest at ∼230 and ∼240 km in the northern and southern hemispheres, respectively. A stronger background plasma could generate stronger LSTIDs in ΔNe (Ding et al., 2007), hence the strongest LSTIDs in ΔNe at ∼250 and ∼270 in the northern and southern hemispheres. During the disturbed period, ΔO+ due to neutral winds at middle latitudes is negative at low altitudes below 220 km, and positive at high altitudes >220 km (Figure 7C). Owing to the thermospheric equatorward winds (Figure 7D), the ionospheric charged ions are moved upward along the geomagnetic field lines to a higher altitude with slower chemical recombination (Zhang SR et al., 2022), resulting in an enhancement of plasma at a higher altitude above ∼220 km. Furthermore, the altitude differences between the maxima of ΔNe and background plasma is ∼20 and 30 km in the northern and southern hemispheres, respectively. This interesting phenomenon can be attributed to the wind transport effects.
[image: Figure 7]FIGURE 7 | The vertical profile of ΔNe (A), modeled Ne (B), ΔO+ due to neutral winds (C), and meridional wind disturbances [(D), ΔVN] at −174.5° GLon and 23 UT on 14 January 2022. The red and black lines represent northern and southern hemispheres, respectively.
An interhemispheric asymmetry also occurs in the altitudinal profile of LSTIDs in ΔNe. This might be related to two potential reasons. One is the equatorward wind disturbances, which shows interhemispheric asymmetry (Figure 7D). The other might be the stronger background plasma in the northern hemisphere than that in the southern hemisphere (Figure 7B). Owing to both the stronger ΔVN and background plasma, stronger LSTIDs occur in the northern hemisphere than that in the southern hemisphere (Zhang SR et al., 2012). The altitude differences between the maximum ΔNe and background plasma is smaller in the southern hemisphere than that in the northern hemisphere.
5 CONCLUSION
Using observations from GPS, and numerical simulations from TIEGCM, the LSTIDs in ΔNe and its interhemispheric asymmetry and altitudinal profile are investigated. Several interesting results are found.
1. The TIEGCM simulations show that the thermospheric equatorward winds are responsible for the LSTIDs. The interhemispheric asymmetry in plasma disturbances is related to the corresponding asymmetry in the meridional wind disturbances.
2. The vertical profile of ΔNe is also shown in this work, which is attributed to both the background plasma and transport effects from equatorward winds. The interhemispheric asymmetry also occurs in the altitudinal profile and is attributed to two factors: the background electron density and equatorward winds.
3. A tail-like LSTIDs is shown in the GPS-observed TEC after the eruption of the Tonga volcano, however, it is not reproduced by TIEGCM. The potential reason might be the huge geohazard event that is not included in the numerical physical model, and deserve further exploration in the future.
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