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Abstract

:

A large-scale underwater volcanic eruption occurred at the volcano of Hunga Tonga-Hunga Ha’apai (HTHH) on 15 January 2022. At present, there is no consensus on the ionospheric response characteristics and interaction mechanism during volcanic eruptions. Based on the Global Navigation Satellite System (GNSS), AQUA satellite’s Atmospheric Infrared Sounder (AIRS), the experiment studies the response characteristics of the ionosphere and gravity waves during the eruption of the volcano and their interaction mechanisms and the International Real-Time Geomagnetic Observation Network (INTERMAGNET). First, a geomagnetic anomaly was detected before the eruption, which caused variations in the ionospheric VTEC (Vertical Total Electron Content) by about 15 TECU. Based on the IGS (International GNSS Service) observations, the VTEC distribution between 60° north and south latitudes was retrieved. The results show that before and after the eruption of Tonga Volcano, significant ionospheric anomalies were observed to the south, northwest and southwest of the volcano, with a maximum anomaly of 15 TECU. The study indicates that the geomagnetic anomaly disturbance is one of the precursors of volcanic eruption and has a certain degree of impact on the ionosphere. A correlation between geomagnetic anomalies and ionospheric anomalies was found to exist. The vast impact from the volcanic eruption excites gravity waves over the surface, which then propagate longitudinally, further perturbing the ionosphere. It is also detected that the ionospheric anomaly perturbation has a high coincidence effect with the gravity wave anomaly. Therefore, the gravity waves generated by atmospheric variations are used to explain the ionospheric perturbation phenomenon caused by volcanic eruptions.
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1. Introduction


On 15 January 2022, a violent volcanic eruption occurred at the Hunga Tonga—Hunga Ha’apai (HTHH) submarine volcano (174°24′21.6″ W, 20°32′34.8″ S). The violent eruption of this volcano was the largest so far in the 21st century. The eruption produced large quantities of ash, gas and water vapor [1,2]. It has attracted the attention of experts in many fields, including meteorology, seismology, volcanology, high-performance and visualization computing, from all over the world. The monitoring of submarine volcanic activity and the study of atmospheric response during eruptions are not only conducive to the understanding of the mechanisms of crustal movement and inter-atmospheric interaction but also of great significance for the prevention and control of volcanic disaster risks.



Volcanic eruptions are a natural phenomenon, usually accompanied by earthquakes. It affects both the ionosphere and the upper atmosphere. In recent years, with the continuous development of GNSS technology, the means of observing the ionosphere using GNSS and the observation accuracy have been continuously improved. At present, increasing numbers of scholars are utilizing TEC to detect ionospheric variations [3,4,5]. Zakharenkova, I.E et al. [6] obtained Total Electron Content (TEC) data using GPS (Global Positioning System) observations, which provided information on the ionosphere in the study area and visualized anomalous ionospheric features. Numerous studies have found that anomalous ionospheric variations do exist before and after earthquakes. After the HTHH eruption on the 15th, atmospheric gravity waves that appeared to be associated with the eruption were detected at numerous observatories around the world [7]. These waves are likely to propagate upwards into the upper atmosphere, generating electron density perturbations in the ionosphere. In fact, TIDs were detected by total electron content (TEC) analysis, which may be caused by atmospheric waves [8].



In addition, for volcanoes characterized by submarine eruptions, conventional seismological or geodetic monitoring is usually insufficient because the energy of the impending eruption is not large enough to accumulate even in the absence of magmatic movement [9]. Continuous observations of the total geomagnetic intensity are often used to evaluate volcanic activity because they can reveal the accumulation of energy within an active volcano. Several attempts have been made to monitor the geostress state or temperature inside volcanoes by observing the surface geomagnetic field, and volcanic magnetic changes associated with anomalous volcanic activity have been reported for many volcanoes [10,11]. Adushkin, VV et al. detected changes in geomagnetism during the HTHH eruption using the INTERMAGNET network observatory. The results indicate that the eruption was accompanied by atmospheric wave disturbances and strong magnetic and electric field changes at the distance from the epicenter [12].



In summary, many scholars have studied the mechanism of TIDs and gravity waves triggered by the eruption of the volcano, and many results have been achieved. However, there is a lack of a comprehensive analysis of the characteristics and interaction mechanisms of the global ionospheric and geomagnetic activity and the response of the atmosphere above before and after the eruption of the volcano. In this paper, Vertical Total Electron content (VTEC) from the GNSS measurement is utilized to investigate ionospheric variations caused by volcanic eruption. The spatial and temporal characteristics of the ionosphere are analyzed in the prophase, metaphase, and anaphase of volcanic eruptions. The possible coupling mechanism of volcano-induced ionospheric variations and atmospheric fluctuations are discussed by combining the total intensity of the geomagnetic signal and gravity wave information.




2. The Variations of VTEC Calculation Method


The total electron content (TEC) is defined as the line integral of the electron density on a given ray path. This tilted TEC (STEC) corresponds to the total number of free electrons along a cylindrical path with a cross-sectional area of 1 m2. When the TEC is calculated over a vertical path in the local zenith direction, it is called the vertical total electron content (VTEC) [13]. Arikan, Erol, and Arikan [14] devised a technique to estimate the VTEC by combining the received signals from all satellites that are 10° above the GNSS elevation limit. The algorithm can be successfully applied to the ionosphere in high, mid-latitude, and equatorial regions on calm and disturbed days.



In this paper, IONOLOAB is used to calculate VTEC [15] Product data from satellite bias and receiver bias are used to eliminate bias. The following equation calculates STEC.


    S T E C   m     n   =     P 2   m     n   −   P 1   m     n     A       f   1   2     f   2   2       f   1   2     − f   2   2     +   s   m   + r  



(1)




where the receiver of the GNSS station records the signals transmitted at two L-band frequencies, f1 = 1575.42 MHz, f2 = 1227.60 MHz. The time delays that occur as these signals propagate through the ionosphere are converted to the Pseudo-range and recorded as P1 and P2 signals. A = 40.3 m3/s2; m is the number of satellites; n is the number of samples; Sm is the bias for the m-th satellite, r is the receiver bias.



The VTEC can be obtained by projecting the calculated STEC to the local zenith direction using the over-mapping function M(ϵ) [13,16]. The following equation calculates the VTEC:


    V T E C   m     n   =   S T E C   m     n   / M     ϵ   m     n      



(2)






  M     ϵ   m     n     =     1 −       R   cos  ⁡    ϵ   m     n       R + h       2       −   1   2      



(3)







In the above equation,     ϵ   m     n     is the elevation angle in the receiver coordinates of the mth satellite of the nth sample,   R   is the radius of the Earth, and   h   is the height of the ionospheric penetration point.



We take a time window of about two weeks before the eruption (i.e., 1 January 2022–13 January 2022), and compute the average VTEC value       X  −    t     and the instantaneous standard deviation     ∆   t     corresponding to each calendar element during this time window, which is given in the following equations:


      X  −    t   =         X   t       1   +       X   t       2   + ⋯ +       X   t       13     13    



(4)






    ∆   t   =            X   t       1   −     X  −    t       2   +           X   t       2   −     X  −    t       2   + ⋯ +           X   t       13   −     X  −    t       2     



(5)




where   t   is the time of the calendar element;     (   X   t   )   1   ,   (   X   t   )   2   , ⋯ ,   (   X   t   )   13     are the VTEC values of the corresponding days in the time window corresponding to the time of the calendar element. On this basis, the ionospheric anomaly is determined by twice the standard deviation above and below the mean value, and the following formula calculates the limit expected value:


          (   V T E C   u p   )   t   =     X  −    t   + 2 *   ∆   t             ( V T E C   d o w n   )   t   =     X  −    t   − 2 *   ∆   t          



(6)




where     (   V T E C   u p   )   t     and       ( V T E C   d o w n   )   t     are the upper and lower bounds, respectively. To determine VTEC variations caused by volcanic eruptions, data sets 14, 15, and 16 were used as test set data.     V T E C   t     indicates the VTEC value of the epoch on the day when the abnormal value is detected. The outlier of     ∆ V T E C   t     is calculated with the following formula:


    ∆ V T E C   t   =         V T E C   t   −       V T E C   u p       t   [   V T E C   t   >       V T E C   u p       t   ]         V T E C   t   −     ( V T E C   d o w n   )   t   [   V T E C   t   <     ( V T E C   d o w n   )   t   ]       0 [     ( V T E C   d o w n   )   t   <   V T E C   t   <       V T E C   u p       t   ]        



(7)








3. Datasets


3.1. Solar and Geomagnetic Activity


Ionospheric variations are generally influenced by solar activity and geomagnetic disturbance. In order to accurately analyze the response of the ionosphere to volcanic eruptions, The solar F10.7 radio flux index (F10.7), Disturbance Strom Time Index (Dst), and AP are used to determine the solar and geomagnetic activities, respectively. These indexes are collected ±15 days centered on volcanic eruptions and their variations are shown in Figure 1. The solar activity is usually determined using the solar F10.7 radio flux index (F10.7). The variations in the F10.7 index can classify the solar activity into low level (70 sfu < F10.7 < 100 sfu), medium level (100 sfu < F10.7 < 150 sfu), and high level (150 sfu < F10.7 < 250 sfu). The geomagnetic activity was judged using the Dst and Ap indices. Among them, magnetic storms can be classified as strong (Dst < −100 nT), medium (−100 nT < Dst < −50 nT), and weak (−50 nT < Dst < −30 nT) according to the variations of the Dst index (Ke et al., 2018). In Figure 1a, the Dst decreases quickly to about −90 nT and recovers to −30 nT around 15 January 2022, indicating that a moderate magnetic storm occurred. The Ap variations in Figure 1b confirm that. As illustrated in Figure 1c, the magnitudes of F10.7 range from 85 to 130 sfu, which suggests that the solar activity has been low to moderate during the eruption. Therefore, the effects of magnetic storms on the ionosphere cannot be ignored when studying the effects of volcanic eruptions on ionospheric variations [17].




3.2. Data


A violent eruption occurred on 15 January 2022, at the submarine volcano of Hunga Tonga-Hunga Ha’apai (HTHH), Tonga, a South Pacific island nation. The total geomagnetic intensity data are obtained from the International Real-Time Geomagnetic Observatory Network (INTERMAGNET). The only operating observatories close to HTHH and its magnetic conjugate point were API (Apia—Western Samoa, geographic coordinates 13.82° S, 171.78° W). The data sampling interval is 30 s. The distribution of IGS stations is shown in Figure 2. The data of IGS stations between 60° north and south latitude from 1 January 2022 to 31 March 2022, were selected to calculate the ionospheric changes before and after the volcanic eruption. In addition, the experiment uses the 4.3 µm dataset and the 15 µm “high” dataset that Hoffmann et al. [18,19] provided for gravity wave detection. The Atmospheric Infrared Surveyor (AIRS) dataset was obtained on board the NASA AQUA satellite. The detection method is based on the 4.3 µm and 15 µm brightness temperatures in the CO2 baseband measured in AIRS. Considering the 109 orbital trajectories of the satellite, the peak events are detected based on the brightness temperature variations using a radiative transfer model and an optimal estimation retrieval scheme. Thus the gravity wave distribution is obtained.





4. Results


4.1. Continuous Geomagnetic Signal


The continuous geomagnetic signal can analyze the volcano state, and to study the interaction mechanism between gravity waves, geomagnetism, and ionospheric variations, the total intensity of the geomagnetic signal from 1 to 31 January 2022, was first selected using the API of the geomagnetic observatory near the volcano. Figure 3 shows the variations in the total geomagnetic signal intensity in the month of the volcanic eruption. It can be seen in the selected 30 days that the total geomagnetic intensity shows periodic and regular variations before the occurrence of the volcanic eruption event. It varies between 38,750 nT and 38,850 nT within 24 h. After the volcanic eruption, the position of the red circle in Figure 4 shows an overall decreasing trend of the total geomagnetic signal intensity due to the volcano’s influence. The total geomagnetic intensity hovered around 38,850 nT during 15–16 days and reached the lowest value in the interval. To further remove the cyclical effect of the total geomagnetic intensity, 13 days are used as the background window to remove the effect of the background total geomagnetic intensity using the standard deviation. The results are shown in Figure 4. It could be seen that the geomagnetic anomaly was about −50 nT on the night of 14 January 2022, during the pre-eruption period, followed by a moderately active state of geomagnetic activity on the day of the eruption. This state persisted until 16 January 2022.



The changes in the magnetic signal of the volcano are mainly caused by the magma movement and the temperature changes on the volcano’s surface. Considering the complexity of the magma movement and the chemical and thermal processes occurring inside, the SO2 produced by the volcanic eruption was further probed in Figure 5. It is found that volcanic eruptions bring about a significant effect on temperature changes. Related studies have shown that gravity waves often accompany temperature changes [20]. Therefore, the effect of volcanic eruptions on gravity wave generation was further explored.




4.2. Gravity Wave Response to HTHH


To further analyze the post-eruption interaction mechanism of the volcano. Strong atmospheric gravity waves were observed in the stratosphere 8.5 h after the eruption using the Atmospheric Infrared Surveyor (AIRS), a satellite instrument near Tonga [21]. The atmospheric gravity wave properties were determined from horizontal fluxes for the 4.3 µm data set and the 15 µm “high” data set. As the results in Figure 6 show, since the density decreases with height, the wave amplitude is bound to increase with height according to the continuum of energy flow. Therefore, when the monitoring height reaches 40–45 km, it is evident that the amplitude becomes more extensive, and the fluctuations are more pronounced. Thus, atmospheric gravity waves excited by volcanic eruptions have a large amplitude and a broad spatial and temporal range of spectra in the mesosphere. During the geomagnetic disturbance, the vertical propagation velocity of gravity waves and the magnitude of their vertical wavelengths are similar to the exponential variations of geomagnetic disturbance AE with a linear relationship. The vertical altitude variations can reach 520 km [22], which can cause variations in the ionosphere at altitudes of 80–600 km.



It is further confirmed that the volcanic eruption caused the atmospheric gravity wave disturbance and the analyzed gravity wave anomaly changes before and after the explosion. As shown in Figure 7b, the volcanic eruption caused a circular disruption in the area above it at the beginning of 40–45 km on 15 January 2022. Figure 7a,c show no significant gravity waves appear above the volcano on the 14th and 15th. This is due to the rapid rise of hot air and ash from the volcanic eruption, which causes the air molecules in the atmosphere to oscillate in the air column by vertical perturbations. The atmospheric gravity waves then propagate outward in a circular pattern in the vertical direction. The average speed of its propagation is 310 m/s, which is the same as the atmospheric gravity wave propagation speed. The gravity wave transports energy with kinetic energy from the lower atmosphere to the upper atmosphere. And have the necessary characteristic amplitude and phase velocity to penetrate the ionosphere and excite responsive ionospheric variations [23].




4.3. GNSS VTEC Response to HTHH


To investigate the interaction mechanism of volcanic eruption generation. In this paper, the experiment first excludes the perturbation of ionospheric anomalies by magnetic storms and compares the GNSS VTEC of IGS stations under equivalent magnetic storms and standard conditions (equivalent magnetic storms occurred on 4 November 2021, and 15 January 2022, and normal conditions on 20 December 2021). As shown in Figure 8, three stations (FRDN/GOL2/THTI) are selected for equal distribution, where the ionospheric variations on the day of the volcanic eruption are significantly more abnormal than the other two days. The ionospheric anomaly caused by the magnetic storm on 4 November 2021, is significantly smaller than that caused by the volcanic eruption. Based on this, the response of GNSS VTEC to the volcanic eruption from 1 to 16 January 2022 is analyzed by excluding the perturbation of ionospheric anomalies by magnetic storms. To determine that the volcanic eruption causes the VTEC perturbation, the 14th, 15th, and 16th data sets are used as the test set data. The mean value of the VTEC and the corresponding momentary standard deviation are calculated for the period from January 1 to 13, two weeks before the volcanic eruption. The mean value plus or minus twice the standard deviation is the VTEC average interval. The background ionospheric data were thus removed from the test set data. The VTEC anomalies were compared between the 14th, 15th, and 16th latitudes.



As shown in Figure 9, the background values of ionospheric variations were removed the day before the eruption (14 January 2022). It can be found that small changes in VTEC were detected in the northwest of the volcano starting at UTC 20:00 (Figure 9k). The variations were detected increasing to about 10 TECU at UTC 22:00 (Figure 9l). At the same time, about −5 TECU was detected southeast and southwest of the volcano. The overall changes are basically consistent with the changes in ionospheric anomalous perturbations in GIM.



On the day of the eruption on 15 January 2022, the anomalous ionospheric variations with background values removed broke the regularity and periodicity of the ionospheric distribution. At UTC 00:00 (Figure 10a), VTEC variations were detected in the south, northwest, and southwest of the volcano, ranging from about −5 to 10 TECU. At the same time, the variation was detected in the southwest of the volcano at about −10 TECU, but a comparison of the anomaly distribution of the GIM ionosphere revealed that the anomaly did not exist. Combined with the site distribution, it is found that the anomaly distribution interpolated on this basis has errors due to the scarcity of GNSS sites in the southwest of the volcano. Subsequently, after the eruption of the volcano (UTC 04:00, Figure 10a), an anomalous perturbation of about −10 TECU was observed near the equator, and a perturbation of about 5 to 15 TECU was also observed in the northern part of the volcano. Until UTC 20:00 (Figure 10k), the anomalies gradually decreased in each region and resumed the obvious trend. Except for the missing site region, the overall trend of the other regions is very similar to that of GIM.



As shown in Figure 11 one day after the 16 January 2022 eruption, UTC 00:00–08:00 (Figure 11a–e), the eruption-induced ionospheric disturbances are still present. However, most of the area has returned to normal, and only a small-scale disturbance of about −5 to 5 TECU exists at 60° N north of the volcano.





5. Discussion


The Volcano is located on the southwest Pacific plate boundary. It results from the subduction of the Indo-Australian plate into the Pacific plate [24], which causes mantle magma to rise into the Earth’s crust [25]. And erupts in the plate boundary region, forming volcanoes. The violent eruption of the volcano on 14–15 January 2022, was the largest of the 21st century so far. The explosion led to the formation of airwaves and electrical and magnetic effects [12]. Significant anomalies in the geomagnetic signal, ionosphere, and gravity waves were excited in the upper atmosphere.



Anomalous responses caused by irregular events (e.g., geomagnetic storms and solar flares) may produce large- and mesoscale TIDs moving from high latitudes to the equator. Figure 3 shows the 15-day record of geomagnetic and solar activity indices before and after the eruption. The Dst and Ap indices were high from 18:00 UTC on 14 January 2022, to 02:00 UTC on 15 January. During that time, we experienced a moderately strong geomagnetic storm, which led to anomalously sharp fluctuations in the geomagnetic signal, revealing to some extent the cause of the mesoscale nonvolcanic disturbances in the ionosphere during this time [26]. The green box verifies this conclusion in Figure 4 and the content of Figure 10a,b. We were followed by a gradual recovery of the magnetic storm [26]. At the same time, the gathering and uplift of magma prior to eruption may have led to the demagnetization of the crust by increasing the temperature above the Curie temperature [27]. The content of the purple box in Figure 4 verifies the recovery of the magnetic storm after a moderately intense geomagnetic storm and the return of the geomagnetic signal to normal.



Figure 3 Solar activity on day 15 was also moderate (F10.7 = 116), suggesting that another significant factor on the day of the event led to TIDs. The volcano’s massive eruption at 04:00 UTC on 15 January 2022, produced a plume of up to 58 km high, with the ash continuing throughout the night, and the eruption lasted 12 h [28]. This was the first time the volcano had been in a state of volcanic eruption, and it was not the only time the eruption occurred in the Earth’s magnetic field. However, it was also the only time the volcano was in a state of volcanic eruption. As magma begins to accumulate and sublimate toward the surface, its movement causes rupture and deformation of subsurface rocks, which leads to changes in the geomagnetic field. Telesca L et al. [29] found that changes in the magnetic signature of volcanoes arise primarily from changes in volcanic temperature caused by magmatic movement. The magnetic variations are generated by stress redistribution caused by magma intrusion at different depths [10]. Its magnetic changes occur almost simultaneously with the rise of the magma pulse, leading to significant temperature changes above the volcano [29]. The red box in Figure 4 reflects the anomalies in the geomagnetic signal due to the eruption.



In addition, eruptions produce a large number of gases [1,5], including SO2, CO, water vapor (H2O), CO2, H2S, HCl, hydrogen fluoride, hydrogen bromide, CH4, CH3Cl, H2, and heavy metals [30]. The process of accumulating gases in the atmosphere can bring about the ionization of air, a critical key driver of possible electrical phenomena in the atmosphere and ionosphere, altering the Earth’s global circuitry [31,32]. Figure 9, Figure 10 and Figure 11 trace the state of TIDs before and after volcanic eruptions using IGS observatories around the globe. Figure 10k,l and Figure 11a,b validate the anomalous ionospheric fluctuations due to a moderate-intensity geomagnetic storm. Figure 11c–l verifies TIDs caused by volcanic eruptions. The results show that the ionospheric electron density is greatly perturbed around the eruption site and in the region extending northward. The most robust ionospheric response associated with the 15 January 2022 eruption is produced far from the epicenter. This is the same as Themens et al. [1] observed.



At the same time, it has been shown that the ground motion of gravity waves is excited by the interaction between the solid Earth and the ionosphere [33]. Gravity waves transport energy and kinetic energy from the lower to the upper atmosphere. Gravity waves have the necessary characteristic amplitudes and phase velocities to penetrate the ionosphere and excite responsive ionospheric disturbances [23]. This is because gravity waves exist over an extensive altitude range (50–500 km) from the mesosphere to the ionosphere. At such altitudes, due to the presence of charged and neutral particles, the vortex structures generated by gravity waves carry captured particles, resulting in the transport of plasma particles through the atmosphere [34]. The volcano’s eruption on January 15 induced a strong air mass movement, which resulted in significant changes in the atmospheric pressure at significant distances. Liu X et al. [35]. detected the presence of solid gravity waves with amplitudes more significant than 30 K, twice the regular gravity waves, on the 15th. As shown in Figure 7, the gravity wave fluctuations occurring above the volcano on the 14th–16th days were analyzed in comparison. Compared to the 14th and 16th days, an apparent ring-shaped fluctuation appeared over the volcano on the 15th day, and the frequency of its fluctuation was significantly higher than that on the other two days. It is further verified that the volcano’s eruption caused the atmospheric gravity wave disturbance.



In this study, we systematically analyzed the response characteristics and interaction mechanisms among geomagnetic signals, ionosphere, and atmospheric disturbances by using the International Real-Time Geomagnetic Observation Network (INTERMAGNET), the IGS monitoring station and the Atmospheric Infrared Sounder (AIRS).




6. Conclusions


In this paper, the gravity waves and ionospheric variations generated during the eruption of the volcano on 15 January 2022, are presented, and the ionospheric and gravity wave response characteristics and their interaction mechanisms are analyzed. The main findings are summarized as follows:




	
The API of geomagnetic sites near the volcano was detected and found that the volcanic eruption caused a decrease in the total geomagnetic intensity in the vicinity, leading to some extent to ionospheric anomalies.



	
The gravity waves presented in this study were obtained based on AIRS on the AQUA satellite with longitudinal propagation characteristics, and ionospheric anomalies were also detected in the region, showing the same trend.



	
Ionospheric anomalies were observed before and after the eruption using GNSS data, with significant anomalies mainly to the south, northwest and southwest of the volcano, with a maximum anomaly of 15 TECU. On the second day of the eruption, VTEC anomalies were observed on the volcano’s north and east sides, disrupting the ionospheric distribution’s regularity and periodicity



	
Before the eruption, total geomagnetic intensity anomalies were detected using the geomagnetic site (API) on 14 January 2022, in Figure 4. The geomagnetic solid anomaly resulted in an anomalous ionospheric variation of about 10 TECU at UTC 22:00 on 14 January 2022, in the western part of the volcano in Figure 9. The phenomenon persisted until UTC 00:00 on the 15th; thereafter, strong gravity waves were induced and detected on the volcano with the considerable impact triggered by the eruption in Figure 7b. In Figure 10, gravity waves propagate vertically upward into the ionosphere, producing variations of about 5 to 15 TECU in the southern, northeastern, and northwestern parts of the volcano. Based on GNSS data, INTERMAGNET data and 15 µm datasets provide essential information about geomagnetic, gravity wave and ionospheric variations. In this way, the ionospheric and gravity wave response characteristics and their interaction mechanisms during volcanic eruptions are presented.
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Figure 1. The solar index F10.7, the Dst and Ap indexes of the geomagnetic activity from 1 to 31 January 2022. 
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Figure 2. Global Positioning System (GPS) stations of IGS and Location of HTHH and API. 
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Figure 3. The Variations of Geomagnetic Signal. 
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Figure 4. Geomagnetic Variations anomalies with the total background geomagnetic intensity removed. 
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Figure 5. The Variations of SO2 on 15 January 2022. 






Figure 5. The Variations of SO2 on 15 January 2022.



[image: Atmosphere 14 01619 g005]







[image: Atmosphere 14 01619 g006] 





Figure 6. Brightness Temperature Variance at 4.3 Micron (Blue Line) and 15 Micron (High Altitudes) (Red Line) on 15 January 2022. 
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Figure 7. Brightness Temperature Variance at 15 Micron (High Altitudes) on 14 January 2022 (a), 15 January 2022 (b) and 16 January 2022 (c). 
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Figure 8. The VTEC in Three Different Cases. 






Figure 8. The VTEC in Three Different Cases.



[image: Atmosphere 14 01619 g008]







[image: Atmosphere 14 01619 g009] 





Figure 9. The Abnormal VTEC between 60 Degrees North and 60 Degrees South on 14 January 2022 and the black triangle represents the location of the volcano. 
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Figure 10. The Abnormal VTEC between 60 Degrees North and 60 Degrees South on 15 January 2022 and the black triangle represents the location of the volcano. 
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Figure 11. The Abnormal VTEC between 60 Degrees North and 60 Degrees South on 16 January 2022 and the black triangle represents the location of the volcano. 
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