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Abstract

:

The Hunga Ha’apai volcano eruption (20.536°S, 175.382°W in Tonga) reached its maximum outbreak on 15 January 2022, at 04:15 UT, leading to huge oceanic fluctuations and atmospheric disturbances. This study focuses on the response of the ionosphere to the eruption of Tonga volcano, based on observations from a low-latitude station of the Meridian Project at Fuke, Hainan (19.310°N, 109.080°E). We identified the anomalies in the plasma drift caused by the volcanic eruption and discussed the possible mechanisms. The following results were obtained: (1) The anomalies of ionospheric plasma drift were observed at Fuke Station, during the main eruption; (2) A sudden increase and inversion of the plasma drift velocity occurred on January 15, and a large fluctuation of the drift velocity occurred afterwards; (3) By comparing the anomalous propagation velocity with the background drift, it was confirmed that the anomaly was the response of the low latitude ionosphere to the Tonga volcano eruption. Furthermore, we analyzed a possible mechanism for the effect of volcanic eruptions on ionospheric plasma drift. A large number of charged particles could be brought out by the explosion to generate an atmospheric electric field, which may cause the ionospheric plasma to change its original motion.
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1. Introduction


The ionospheric plasma is mainly caused and maintained by ionization through various solar radiations. The plasma drift velocity is a series of directional movements of the ionized particles under the combined electric field, magnetic field, gravity, and other forces [1,2]. As one of the important parameters of the ionosphere, the plasma drift velocity is of great significance to the study of the ionospheric morphology and dynamics [3].



The study of ionospheric plasma can be performed in terms of ionospheric dynamics. For example, plasma drift with small-scale irregularities [4], the daily and seasonal variations of plasma vertical drift velocity at mid-low latitudes [5], and the characteristics of plasma drift at low latitude during geomagnetic activities [5] have been widely studied over the years. The ionospheric plasma motions are mainly driven by local ionospheric electric field and neutral wind [6,7], while the magnetic field disturbances during strong magnetic storms could also have a significant impact on plasma drift velocity [8,9,10,11]. In addition, previous results also show that there is a certain coupling between the lower atmospheric disturbances and the ionospheric plasma drift. In a plasma bubble event, the vertical drift velocity will change while the bubbles generated in the lower atmosphere are lifted to the top of the ionosphere [12]. And during the Sudden Stratosphere Warming (SSW) event, the equator plasma drift perturbation is enhanced substantially in the vertical direction at the nightside [13].



On the other hand, studies using ionospheric altimeter research on ionospheric response to earthquakes around the world have shown that ionospheric disturbances near the epicenter are often observed and detected [14,15]. The strong pre-seismic ionospheric disturbances observed in ground-based ionospheric and satellite ionospheric measurements have been synthesized, and the pre-seismic E layer critical frequency enhancement and layer expansion phenomena in the literature have been summarized [8,16]. The multiple pre-earthquake E layer critical frequency (foES) enhancement and sporadic E layer (ES) extension phenomena have all been observed. Based on the global Position System (GPS) observatory stations over China, researchers have also conducted a large number of applied studies on the seismic-ionosphere couplings [17]. According to the statistical analysis of 736 earthquakes with the seismic magnitude scale of the Richter scale M > 6 in the global area from 2002 to 2010, it could be concluded that spatially perturbed anomalies in TEC often occurred near the epicenter [18]. Therefore, the investigation of the coupling mechanism between earthquakes and the ionosphere is of profound significance for the study of ionospheric morphology and dynamical processes.



In addition, the volcanic eruption, which may often be accompanied by earthquakes, is also considered to be responsible for multiple ionospheric disturbances [19,20,21,22,23,24,25,26,27,28,29,30,31]. Overall, the specific physical mechanism of volcanic-ionosphere coupling is still highly uncertain, which is why a large amount of observational evidence is both necessary and important [16,32,33,34,35,36]. For our case study, we consider the Hunga Ha’apai volcanic eruption in Tonga (20.536°S, 175.382°W), which is one of the strongest volcanic eruptions in recent years with a start date of 20 December 2021, universal time (UT) [37,38]. This is an important example for investigating the characteristics and physical mechanisms of volcano-ionosphere coupling, with important research significance [29,37,38,39,40,41,42,43,44,45,46,47,48,49].



Hunga Ha’apai’s last violent eruption was in 1100 A.D., indicating a possible cycle of about a thousand years for violent eruptions [40,42]. On December 20, 2021, its eruption column reached 16 km, and two existing volcanic islands (Hunga Tonga and Hunga Ha’apai) that were once separated are now joined together [42,46]. Furthermore, a violent eruption occurred again around 04:00 UT on 15 January 2022, accompanied by a strong explosion and a large number of lightning strokes (about 5000–6000 times a minute) [42]. The eruption emitted about 400,000 tons of sulfur dioxide and ruined the previously expanded volcanic island by extending into the sea [45,46]. In addition, several other large eruptions were recorded on 23 December 2021, and 13 and 14 January 2022. The eruption column reached an altitude of more than 40 km and a diameter of 440 km, while the top umbra cloud reached a maximum diameter of 500 km during the eruption on 15 January 2022 [42,46]. The eruption on 15 January 2022 is the largest outbreak recorded in this cycle [42,46]. Current analysis suggests that it has a Volcanic Explosivity Index (VEI) of 5 or 6 or even higher, similar to the type of Surtseyan or Plinian eruptions [42,45].



In this paper, we investigate the effect of the Tonga volcano eruption on the plasma drift in the ionosphere. The plasma drift data are analyzed in three directions: longitudinal, latitudinal, and vertical, based on the observations at Fuke, Hainan station (19.310°N, 109.080°E) from the Meridian Project. By identifying the correlation between anomalous drift velocity and eruption event, the possible coupling between volcanic eruption and plasma drift is discussed. Our results could possibly contribute to the further study of the global ionospheric dynamics mechanism.




2. Materials and Methods


The ionospheric sounding is an important way for understanding the morphological characteristics, structure, and disturbances of the ionosphere [50]. At present, the detection methods can be divided into two main categories, i.e., space-based detection and ground-based detection [51]. The space-based method can detect ion concentration distributions above the F2 layer [52]. The mass spectrometer can obtain important information such as the velocity distribution, mass spectrum, and energy spectrum of ionospheric particles [53]. The ground-based detection can be achieved by incoherent scatter radar (ISR), very high-frequency (VHF) coherent scatter radar, ionosonde, and GPS receiving stations [54].



The ionospheric plasma drift can be measured in several ways [54]. For example, the averaged plasma velocity can be observed by the Langmuir probe carried by the space-based observing platform [52]. The irregular drift velocity is calculated from the ground-based received GPS signal after ionospheric scintillation through a three-point GPS observation system [55]. Furthermore, the plasma drift velocity can be calculated by the scattering radar time delay echo analysis [17].



The plasma drift data used in this study come from the ionosonde at Fuke station of the Chinese Meridian Project. The ionosonde of the DPS-4 type in Fuke can detect the structure and dynamic characteristics of the ionosphere through parameters such as phase shift and time delay of the received echo [56]. The drift velocity mode is based on the Doppler frequency shift and phase shift of the echoes the Drift Data Analysis (DDA) processing can obtain the distribution map of the plasma reflection region and, finally, the three-dimensional velocity of the plasma motion without interruption [57]. The calculation method is described below.



The Doppler shift is equal to:


  Δ f =   2  v  l o s    λ  ,  



(1)




where    v  l o s     is the drift velocity, and  λ  is the wavelength of the emitted pulse wave [58].



Furthermore, the drift velocity can be written as:


   v  l o s   =   Δ f λ  2  .  



(2)







According to Chapman’s law, the ionosphere can be divided into D, E, and F layers through ionization characteristics [58]. The ionospheric plasma can reflect electromagnetic waves of the corresponding response frequency, so each reflection zone is used as a wave source for an independent vector wavenumber [57]. Since the distance between the receiving antennas is much smaller than the distance from the ionosphere to the antenna, the reflected wave is approximated as a plane wave, i.e., the incident angle on all receiving antennas is considered to be the same [17].



For a wave number K for the electromagnetic that echo arrives at the receiving antenna, the phase is


   α a  = K ·  r a  ,  



(3)




where a and    r a    are the ath receiving antenna and its position relative to the first antenna [56].



The phase difference between the two receiving antennas is


   α  a b   =  α b  −  α a  = K ·    r b  −  r a    .  



(4)







The DPS-4 ionosonde has four receiving antennas (as shown in Figure 1). The direction of the echo, i.e., azimuth and zenith angle, can be obtained by the least squares method, which is given by


   ϵ 2  =  ∑  j = 1   N − 1    ∑  i = j + 1   N − 1         − K    r i  −  r j    −    φ i  −  φ j       2   6  ,  



(5)




where N is the number of receiving antennas [56].



Assuming that the top ionosphere above the observation point has an overall and uniform velocity of motion, then for all reflection points that produce echoes, there are [53]:


   ϵ 2  = ∑   (     v  s , l o s    2  − (   v x  s i n θ c o s φ +  v y  s i n θ s i n φ +  v z  c o s φ  )  )  2  .  



(6)







Thus, the overall three-dimensional motion velocity    V →     v x  ,  v y  ,  v z      can be calculated. Here,    v x    is the north-south (meridional) drift velocity, with northward positive;    v y    is east-west (latitudinal) drift velocity, with eastward positive; and    v z    is the vertical drift velocity, with upward positive [53].




3. Observations and Results


On 15 January 2022, a violent eruption occurred at 04:15 UT on Hunga Ha’apai Island in the Kingdom of Tonga, a South Pacific country. The powerful underwater eruption generated tsunami waves that were transmitted to the atmosphere as well [59]. The eruption process was accompanied by a large number of lightning strikes [44], and the outbreak produced acoustic shock waves sufficient to disturb the ionosphere [60]. Some researchers believed that its eruption VEI index was 5–6 or even higher, not unlike a Surtseyan or Plinian type of extreme volcanic eruption [48,61]. After the eruption, the meteorological satellite [59], the Global Navigation Satellite System (GNSS) stations [60], the superDARN radar [49], and the ionosonde received continuous abnormal signals. Images collected by the Atmospheric Infrared Sounder (AIRS) satellite several hours after the main eruption revealed puzzling atmospheric ripples and dispersion circles [59]. The observations of superDARN radar indicated that the eruption caused oscillations in the ionosphere of the northern hemisphere [49].



Therefore, the study based on the Meridian Project can help understand the mechanism of the impact of the volcanic eruption on the global ionosphere. Figure 2 shows the plasma drift velocity curves in three directions. The red curves represent the background drift velocity distributions averaged from 14 to 16 January (the background drift velocity profile for day i is obtained by averaging the drift velocity values for the same moments within days i − 1, i, and i + 1).



The blue lines are the time series of the drift velocity from 14 to 16 January. It can be found that before the main eruption, the drift velocity curves in the three directions on 14 January were basically consistent with the trend of the three-day velocity mean curve. Before 13: 00 UT on 15 January, the plasma drift velocities in the three directions were still consistent with the background profile, with no significant anomaly appearing.



However, the vertical drift velocity (Figure 2a) showed anomalies from 13:27 UT to 17:02 UT on 15 January. The drift velocity observations revealed a noticeable upward increase relative to the background profile. The maximum increase in drift velocity exceeds 300 m/s. And the vertical drift velocity indicated a series of large-scale anomalous fluctuations during this period.



The zonal velocity curve showed the occurrence of velocity fluctuation and velocity reversal from 14:17 UT to 16:47 UT on 15 January (Figure 2b). Relative to the background, the zonal drift velocity westward can reach a maximum value of about 80 m/s.



The meridional anomalies occurred at 13:47 UT on 15 January, and there were significant fluctuations in the rising phase of the background profile (Figure 2c). Thereafter, until 16:52 UT, the meridional drift velocity was above background values.



Overall, after processing the low-latitude ionospheric plasma drift velocity curves during the 3 days before and after the eruption, it was found that the anomalous change in drift velocity in three directions only occurred after 13:00 UT on January 15. Furthermore, as shown in Figure 2a–c, the anomalous direction of the drift velocity is in the same direction as the direction of the Tonga volcano pointing vector toward Fuke Station. A series of oscillations are generated after the anomalies and slowly recover to the background profile by 16 January. From the plasma velocity curves on 16 January, it can be seen that the anomalies slowly recover to “normal” or background levels.




4. Discussion


The correlation between the anomalous drift velocity and the volcanic eruption can be further illustrated by calculating the propagation velocity compared with the actual drift speed. It is first assumed that the anomaly is caused by the fluctuations of the volcanic eruption in the ionosphere. According to the time of the anomaly occurrence, which is at about 11:15 UT, combined with the main eruption at 04:15 UT, the time difference between the eruption and the anomaly is about 7 h. The spherical distance between two points of different diameters in the spherical model is calculated as the length of the inferior arc of the great circle passing through these two points, based on the distance of the high-altitude arc between the measuring station and the eruption location of Tonga. Suppose the longitudes and latitudes of the excitation source and reception points on the sphere are   A    α 1  ,  β 1      and   B    α 2  ,  β 2     , respectively, where    α 1    and    α 2    are the longitudes of the two points;    β 1    and    β 2    are the latitudes, and  R  is the radius of the sphere. As shown in Figure 3a, the arc distance between two points of the spherical model can be written as:


  L = R θ = R · arccos   cos    α 1  −  α 2    cos  β 1  cos  β 2  + sin  β 1  sin  β 2    .  



(7)







The latitude and longitude of Fuke station are 19.310°N, 109.080°E, and the geographic coordinates of the volcanic eruption of Tonga are 20.536°S, 175.382°W. According to the latitude and longitude, the distance could be calculated using the spherical model. Furthermore, the arc distance between the volcanic eruption point and Fuke Station is calculated to be about 9858 km at an altitude of about 350 km. The average drift velocity of the anomaly should be about 287 m/s, according to the final calculation results and the time difference between the eruption and the anomalous event.



The statistical results shown in Table 1 are the plasma drift observations from the ionosonde at Fuke station. Based on the plasma drift velocities in each direction during the time period corresponding to the appearance of the anomalies, the drift velocity      V →     v x  ,  v y  ,  v z        is calculated to be around 327 m/s. Thus, the modeled velocity (e.g., 287 m/s) is consistent with the observed result.



Furthermore, this study conducted wavelet analysis (as depicted in Figure 4) on the time series data to examine the periodic characteristics of the ionospheric response to the volcanic eruption.



The results of the wavelet analysis on the vertical (as depicted in Figure 4a) and zonal (as depicted in Figure 4b) drift velocities reveal that prior to 15 January, on 4:30 UT, the spectral power of periods shorter than 0.03125 days is relatively low. However, after 4:30 UT, a significant increase in the power spectrum of these shorter periods is observed. This power spectral enhancement coincides with the timing of the volcanic eruption. In the longer period range, the power of vertical drift velocity with a period of approximately 0.125 days starts to increase on 15 January, 0:00 UT. The enhancement in zonal velocity spectral power, spanning a period of 0.125–0.25 days, occurs slightly earlier, around 14 January, 22:00 UT. Furthermore, there is a notable amplification in meridional velocity spectral power (as depicted in Figure 4c) with a period of about 0.0625–0.125 days, beginning at approximately January 15, 2:30 UT.



Interestingly, the enhancement of power spectra in the 0.0625–0.25-day period range occurs earlier than those with periods less than 0.0325 days. This observation suggests a potential energy accumulation process prior to the volcanic eruption.



In addition, previous research showed considerable atmospheric ripples were caused by the eruption, as seen in images collected by the Atmospheric Infrared Sounder (AIRS) on the Aqua satellite in the hours following the eruption of Tonga [59]. Each concentric circle represented a rapidly moving atmospheric gravity wave in the atmosphere, accompanied by upward and downward transmitted energy [19]. Based on the GNSS receiving network over New Zealand, Australia, and Japan, the Lamb waves over Japan were imaged [44]. Combined with the observations in Australia and Japan during 08:00 UT and 10:00 UT on 15 January, the horizontal phase velocities of direct and conjugate concentric traveling ionosphere disturbances (CTIDs) were calculated to be 320–390 m/s [35]. The sound velocity was calculated to be about 340 m/s close to the ground, arriving in Japan after 6 h [35]. Therefore, the anomalous drift velocity recorded at Fuke station is close to the results of previous studies, consistent with the range of gravity wave velocities. These results indicate that the plasma drift velocity could be affected by the disturbance of gravity waves from the lower atmosphere.



On the other hand, in the study of the low-latitude ionosphere, it was found that the plasma drift velocity will attenuate due to the drag effect of the background zonal wind on the plasma. The plasma drift velocity is overall modulated by the particle collision frequency, the cyclotron frequency, and the latitudinal wind component perpendicular to the magnetic line [62]. The electric field causing the plasma drift during a quasi-magnetostatic day comes from the E region [58]. Since the collision frequency in the E region is large enough during the daytime, the zonal wind cutting the magnetic field lines can cause a strong tidal electric field perpendicular to the geomagnetic field [62]. At night, the zonal wind in the F region will cut the magnetic field line and generate a polarized electric field to drive the plasma motion. The fitting shows that the zonal plasma drift velocity is mainly caused by the electric drift caused by the vertical electric field and the night polarization electric field [63]. The meridional plasma drift velocity is affected by the zonal neutral wind. The vertical plasma drift velocity is affected by the atmospheric electric field for the season.



In summary, the fitting results show that the zonal plasma drift velocity is mainly controlled by the electric drift caused by the nighttime vertical and polarized electric fields [8,64,65,66]. The meridional plasma drift velocity is influenced by the zonal neutral wind [64]. The vertical plasma drift velocity is affected by the seasonal atmospheric electric field [64]. Therefore, it is shown that the plasma drift will not only be dragged by the neutral wind but also by electromagnetic force. During the volcanic eruption, various hot materials in the interior are ejected outward, and visible volcanic ash is ejected to several kilometers of height, which is far below the ionosphere [64]. However, the volcanic eruption can bring out a large amount of charged particles. The directional movement of volcanic ash cuts the magnetic lines, generating a polarized electric field that could possibly penetrate to higher altitudes [8,64,66]. Under the effect of its short time and rapidly established polarized electric field, the described mechanisms may have some influence on the plasma in the ionosphere [8,64,65,66].



It is noteworthy that the volcanic eruption also coincided with a small magnetic storm. The Dst index began to drop to −94 nT at 23:00 UT on 14 January [44]. However, it was found that the interplanetary magnetic field at z direction (IMF-Bz) deflected southward after 18:00 UT and gradually reached −18 nT at 22:30 UT [44]. The solar wind speed was just 350–380 km/s, and the particle density changed slightly, indicating a limited influence of this magnetic storm [44].




5. Conclusions


The mechanisms of volcanic eruption and ionospheric coupling are crucial to the study of ionospheric dynamics. On 15 January 2022, the Hunga Ha’apai volcano eruption (20.536°S, 175.382°W in Tonga) reached its maximum outbreak. In this paper, the plasma drift observations of DPS-4 ionosonde at Fuke station (19.310°N, 109.080°E) from January 14 to 16 are analyzed. The response of the low-latitude ionosphere to the eruption of Tonga volcano is detailed. It is found that the plasma drift velocity in the three directions on the day before the eruption is consistent with the background mean curve. While the plasma drift vertical velocity on 15 January at 13:27 UT, the latitudinal and longitudinal directions at around 14:00 UT all show anomalies in plasma drift velocity with different scales. The drift velocities in the three directions after the anomalous event appear to fluctuate significantly, accompanied by abnormal velocity inversions. We assume that the detected anomalous event was caused by the volcanic eruption. According to the distance between the volcanic eruption foot-point and the receiving station, combined with the time difference between the abnormal event and the eruption moment, the average velocity of the plasma drift is calculated. Comparing the observed plasma drift velocity with the modeled anomalous velocity further confirms the correlation between the ionospheric plasma drift anomaly and the volcanic eruption.
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Figure 1. The measuring principle illustration for the DPS-4 ionosonde with four receiving antennas. 
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Figure 2. (a) Vertical plasma drift velocity curves from 14 to 16 January 2022. (b) Zonal plasma drift velocity curves from 14 to 16 January. (c) Meridional plasma drift velocity curves from 14 to 16 January. The blue line is the velocity curve in the corresponding direction of the day, the black line corresponds to the data in Table 1, and the red line is the background velocity curve. All data were five-point smoothed. 
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Figure 3. (a) The illustration of an ellipsoidal model of the Earth. (b) The distance and time of the anomaly propagation at 350 km altitude. 
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Figure 4. Wavelet analysis results of (a) Vertical plasma drift velocity; (b) Zonal plasma drift velocity; (c) Meridional plasma drift velocity. The upper panel illustrates the observed signal, the left panel depicts the time-averaged global wavelet power, while the middle/central panel represents the time-frequency spectral power content with the outside zone of the cone of influence shaded. 
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Table 1. Observations from the ionosonde in Fuke station during the period of anomalous drift velocity.
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	Date
	Receive Time

(UT)
	Longitudinal Velocity (m/s)
	Latitudinal Velocity (m/s)
	Horizontal Velocity (m/s)
	Vertical Velocity (m/s)





	1
	15 January 2022
	16:02:02
	52.64
	−138.75
	148.40
	290.90



	2
	15 January 2022
	16:07:02
	−40.44
	−111.87
	118.95
	250.78



	3
	15 January 2022
	16:12:02
	81.54
	−130.52
	153.90
	302.49



	4
	15 January 2022
	16:17:02
	11.85
	−26.30
	28.84
	288.31



	5
	15 January 2022
	16:22:02
	−46.08
	−92.49
	103.33
	242.83



	6
	15 January 2022
	16:27:02
	36.21
	−24.76
	43.87
	305.03



	7
	15 January 2022
	16:32:02
	31.45
	−119.53
	123.60
	284.41



	8
	15 January 2022
	16:37:02
	61.08
	−119.65
	134.34
	297.49







Note: UT-Universal Time.
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