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Abstract  

 This study reports ionospheric observations over Thailand during the period surrounding the Hunga Tonga-Hunga 

Ha’apai volcanic eruption on 15 January 2022 (∼04:14 UT). These observations document substantial ionospheric 

variability over Thailand during a period influenced by volcanic forcing under concurrent geomagnetic activity, providing 

a regional reference for assessing potential impacts on radio propagation and communication systems. Total electron 

content (TEC) measurements from 4 GNSS receiver stations in Bangkok (KMI6), Chumphon (CPN1), and Nakhon 

Ratchasima (RUTI) in Thailand, and Vientiane (NUO2) in Laos were processed to derive vertical TEC (VTEC), detrended 

TEC (dTEC), and the rate-of-TEC index (ROTI). These parameters were examined using distance-time plots, time-

stamped maps, and longitude stack graphs to characterize their temporal evolution, propagation features, and disturbance 

directions. A coherent disturbance signature was identified in both dTEC and ROTI approximately 8 h after the eruption, 

with dTEC perturbations reaching several tens of TECU and exceeding typical background variability for this region and 

period. The dTEC analysis reveals a large-amplitude feature near 12:00 UT with characteristics consistent with a traveling 

ionospheric disturbance (TID), propagating toward Thailand with an estimated horizontal propagation speed of ∼312  

13 m/s. Concurrent ROTI enhancements appear at ∼12:20 UT along the dTEC propagation path and persist for 

approximately 3 h. Equatorial plasma bubbles (EPBs) are identified using ROTI and corroborated by very high frequency 

(VHF) radar range-altitude-time intensity (RATI) observations from the CPN1 station. EPBs on 15 January showed larger 

horizontal and vertical extents (up to ∼1,000 km and ∼650 - 700 km, respectively) than those on 14 and 16 January. In 

addition to the main post-eruption interval, smaller perturbations in VTEC and dTEC are observed on 16 January, 

indicating possible contributions from other disturbance sources. 
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Introduction 

 The impact of the Hunga Tonga volcanic eruption 

(~04:14 UT on 15 January 2022) on the ionosphere has 

been widely investigated [1-11], particularly at global  

 

and regional scales. This study focuses on the 

ionospheric response over Thailand, a low-latitude 

region characterized by strong ionospheric variability, 
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and presents a detailed analysis of its temporal and 

spatial characteristics. The Hunga Tonga volcano is 

located at 20.54°S geographic latitude and 175.38°W 

geographic longitude in the South Pacific Ocean. 

Previous studies have shown that this eruption, hereafter 

referred to as the HT eruption, generated large-scale 

atmospheric and ionospheric disturbances that 

propagated over long distances and were detectable 

worldwide. During the HT eruption, an estimated 16 - 

75 × 1015 J of thermal energy was released, generating a 

wide range of geophysical disturbances [3], including 

notable effects in the ionosphere. Consequently, 

significant Total electron content (TEC) perturbations 

were detected globally, even in regions thousands of 

kilometers away from the eruption source. These 

ionospheric disturbances are commonly analyzed 

through detrended TEC (dTEC) fluctuations, which 

reflect wave-like perturbations propagating outward 

from the eruption.  

 Numerous studies have reported traveling 

ionospheric disturbances (TIDs) associated with the 

Hunga Tonga eruption [2-11]. The HT eruption and its 

aftermath generated various atmospheric waves, 

including acoustic waves, gravity waves, and the Lamb 

wave [12]. Each wave type exhibits distinct propagation 

characteristics. In particular, the Lamb wave, a trapped 

surface mode with a nearly constant phase speed of 

approximately 300 m/s, propagated globally multiple 

times with minimal attenuation (e.g., [3,9]). Vadas et al. 

[13] analyzed Tonga-induced disturbances using 

observations from the High-resolution Thermospheric 

Imaging (MIGHTI) instrument onboard the Ionospheric 

Connection Explorer (ICON) satellite, reporting 

medium- to large-scale gravity waves with speeds 

ranging from 100 to 600 m/s. Heki [14] similarly 

reported ionospheric disturbances over Japan 

propagating at velocities comparable to atmospheric 

Lamb waves, suggesting efficient upward energy 

coupling from the troposphere into the ionosphere. 

These co-volcanic ionospheric disturbances often 

exhibit quasi-periodic TEC variations with periods of 12 

- 30 min [15]. However, longer-period (> 1 h) gravity 

waves have also been emphasized in the thermosphere 

following the eruption [13], indicating that a broad 

spectrum of wave processes contributed to the observed 

ionospheric response. 

 TIDs may contribute to the formation of equatorial 

plasma bubbles (EPBs), in association with large-scale 

lower atmospheric disturbances, variations of the 

equatorial ionization anomaly (EIA), and magnetic field 

perturbations [3]. EPBs are ionospheric irregularities 

characterized by localized plasma density depletions, 

typically occurring at night in equatorial and low-

latitude regions. They are primarily generated by the 

Rayleigh-Taylor instability (RTI), which develops when 

a denser plasma overlies a less dense one, allowing 

perturbations at the interface to grow and initiate EPB 

formation [16]. During their evolution, plasma depletion 

regions rise to higher altitudes due to polarization 

electric fields within the EPBs, resulting in structures 

that align along geomagnetic field lines and extend to 

low-latitudes away from the magnetic equator [17-19]. 

EPBs are most frequently observed shortly after the 

evening terminator, around 19:00 Local Time (LT). This 

enhanced occurrence is associated with the pre-reversal 

enhancement (PRE) of the zonal electric field, which 

drives upward (𝐸⃑ × 𝐵⃑ ) drift of the F-region plasma, 

thereby steepening electron density gradients at the 

bottomside F-region [16]. In addition, EPBs can be 

influenced by additional mechanisms, including 

atmospheric gravity waves, medium-scale traveling 

ionospheric disturbances (MSTIDs), and thermospheric 

wind effects [20-22]. Global observations further show 

that increases in the rate of TEC index (ROTI) 

correspond to enhanced phase fluctuations and TEC 

variability, making it a useful indicator of EPB activity 

[23]. 

 The plasma density irregularities associated with 

EPBs affect radio wave propagation and can disrupt a 

wide range of communication and navigation systems 

(e.g., [24]). One of the remote-sensing techniques used 

to study EPBs is the very high frequency (VHF) radar. 

Operating in the 30 - 300 MHz range, VHF radars 

transmit signals upward and receive backscattered 

echoes from ionospheric irregularities, such as EPBs 

[25]. Due to their wide spatial coverage and high 

temporal and spatial resolution, VHF radars enable 

detailed observations of EPB development [26]. 

Nighttime F-region field-aligned irregularities (FAIs) 

observed by VHF radar (e.g., 30.8 MHz) exhibit spatial 

patterns similar to EPBs, implying a close association 

[27]. In addition, mid-latitude FAIs have been reported 
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to occur in conjunction with MSTIDs [28]. One 

commonly used radar representation for investigating 

EPBs is the range-altitude-time intensity (RATI) plot, in 

which radar signal intensity (or power) is displayed as a 

function of time and altitude. This type of visualization 

provides information on the temporal evolution and 

vertical structure of ionospheric irregularities and is 

widely used to examine EPB development [26]. 

 Thailand serves as a strategic observational 

region; however, despite extensive global and regional 

investigations of the HT eruption, detailed observational 

studies of ionospheric responses over Thailand using 

locally available Global Navigation Satellite System 

(GNSS) and radar instrumentation remain limited. 

Thailand is situated in the low-latitude ionosphere near 

the crest of the EIA, where strong electrodynamic 

processes and plasma instabilities generate significant 

spatial and temporal variability. Previous studies have 

shown that irregularities over Thailand typically occur 

at night, with spread F and pre-midnight scintillation 

often inhibited by geomagnetic activity [2,29]. 

Enhanced EPB activity has also been reported following 

the HT eruption, particularly over East and Southeast 

Asia [7,30], indicating that eruption-related 

disturbances may influence irregularity development in 

this region.  

 The combined use of GNSS and VHF radar 

observations provides complementary information on 

ionospheric processes. GNSS TEC measurements 

capture large-scale disturbances while VHF radar 

observations are sensitive to plasma irregularities 

associated with EPB development. While previous 

studies have primarily focused on large-scale 

disturbances derived from GNSS observations, this 

study integrates both datasets to enable concurrent 

analysis of wave propagation and irregularity 

development. This approach provides additional 

observational constraints on the possible coupling 

between atmospheric waves generated by the eruption 

and ionospheric instability processes in the low-latitude 

region. 

 In this study, we investigate the ionospheric 

response over Thailand, a region located far from the 

eruption source using GNSS and VHF radar 

observations. Because the eruption coincided with a 

geomagnetically disturbed interval, geomagnetic 

conditions must also be considered when interpreting 

the observed ionospheric disturbances. Therefore, 

geomagnetic indices are examined as external 

background diagnostics to contextualize the ionospheric 

observations and to compare the timing of the strongest 

ionospheric disturbances with the evolution of 

geomagnetic activity. Specifically, we (1) characterize 

TEC disturbances over Thailand during the HT eruption, 

(2) identify propagating wave signatures, and (3) 

examine irregularity-related activity such as EPBs under 

the influences of volcanic and geomagnetic conditions. 

The following sections describe the datasets and 

analysis methods used to examine these responses.  

 

 Data and methodology 

 GNSS-derived TEC observations over Thailand 

are analyzed to investigate ionospheric disturbances 

associated with the HT eruption. In this study, GNSS 

observations from the Global Positioning System 

(GPS), Galileo (GAL), and Quasi-Zenith Satellite 

System (QZS) were analyzed. Additional datasets, 

including radar measurements and geomagnetic indices, 

are used to identify wave-like structures, including 

TIDs, and ionospheric irregularities. The analysis 

enables characterization of disturbance features and 

their temporal and spatial evolution.  

 

 Data source 

 The representative grid positions closest to each 

GNSS receiver station are demonstrated by black 

crosses within the colored squares in Figure 1. These 

stations are located at CPN1 (10.76°N, 99.37°E) in 

Chumphon, Thailand (blue), KMI6 (13.77°N, 

100.53°E) in Bangkok, Thailand (orange), RUTI 

(14.99°N, 102.12°E) in Nakhon Ratchasima, Thailand 

(red), and NUO2 (17.98°N, 102.63°E) in Vientiane, 

Laos (green) [31]. A summary of the ionospheric pierce 

point (IPP) ranges and median GLAT/GLON used for 

VTEC, dTEC, and ROTI analysis is provided in                   

Table 1. In addition to TEC data, VHF radar data 

(transmitting at 39.65 MHz) were obtained from the 

Prachomklao VHF radar station (10.76°N, 99.37°E), 

located at the King Mongkut’s Institute of Technology 

Ladkrabang (KMITL) Chumphon campus. These data 

were provided by the National Institute of Information 

and Communications Technology (NICT) and KMITL 

[26]. In geomagnetic coordinates, the Chumphon station 

is located at 1.33°N, 172.19°E. The radar operates with 
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5 beams at different azimuth angles: (Fd1) –48°, (Fd2) 

–24°, (Fd3) 0°, (Fd4) 24°, and (Fd5) 48°, spanning west 

to east, as seen in Figure 2. The RATI data 

measurements from the VHF radar (Figure 2) at the 

CPN1 station are included. 

 

 TEC and ROTI derivation 

 Slant total electron content (sTEC) is obtained 

from dual-frequency GNSS ranging observations and 

derived from dual-frequency carrier-phase 

measurements (𝐿1 and 𝐿2). The geometry-free linear 

combination of carrier phase observables is employed to 

isolate the ionospheric contribution, which is 

proportional to sTEC [32,33]. The geometry-free carrier 

phase combination was first formed as: 

 

𝐿𝐼
𝑗(𝑡𝑘) = 𝐿1 − 𝐿2 = 𝜆1Φ1

𝑗(𝑡𝑘)  −  𝜆2Φ2
𝑗(𝑡𝑘),     (1) 

 

where 𝐿𝐼
𝑗(𝑡𝑘) is the geometry-free carrier phase 

combination. Φ1
𝑗(𝑡𝑘) and Φ2

𝑗(𝑡𝑘) are the observed 

carrier phase of carrier phase ranges 𝐿1 and 𝐿2 in an 

epoch 𝑡𝑘 of satellite pseudorandom noise (PRN), 𝑗.  𝜆1 

and 𝜆2 are their wavelengths, corresponding to GNSS 

carrier frequencies 𝑓1 and 𝑓2 of 1,575.42 and 1,227.60 

MHz, respectively. Accordingly, the sTEC can be 

calculated as [33]: 

 

sTEC𝑗(𝑡𝑘) =
1

40.3

𝑓1
2𝑓2

2

𝑓1
2−𝑓2

2 𝐿𝐼
𝑗(𝑡𝑘) + 𝐶𝑗,        (2) 

 

where 40.3 (m3 s−2) is the ionospheric delay constant, 

relating TEC to the dispersive delay of GNSS signals. 

TEC is expressed in TEC unit (TECU), where 1 TECU 

= 1016 electrons m−2. The term 𝐶𝑗, which includes the 

constant phase ambiguity and instrumental biases, is 

treated through a zero-level adjustment following the 

relative TEC approach of Pi et al. [23]. This procedure 

removes the constant offset in sTEC and allows the 

analysis to focus on short-term TEC fluctuations 

associated with ionospheric irregularities. The derived 

sTEC is then mapped to VTEC using a thin-shell 

ionospheric approximation [34,35]:  

 

VTEC = sTEC cos 𝑧′,            (3) 

 

where 𝑧′ is the zenith angle at the ionospheric pierce 

point, defined as 

 

𝑧′ = arcsin (
RE cos𝛼

RE+ℎ
).            (4) 

 

here, 𝛼 is the satellite elevation angle, RE is the mean 

Earth radius, and ℎ is the ionospheric shell height, 

assumed to be at 350 km, a commonly adopted value 

representing the F-region peak altitude. While this 

assumption may introduce small uncertainties in the 

absolute TEC values and spatial mapping, it does not 

significantly affect the relative variations, propagation 

characteristics, or main conclusions of the study. 

Compared to pseudorange-based TEC, carrier phase 

measurements provide significantly higher precision 

and are therefore more suitable for calculating ROT and 

ROTI, which are sensitive to small-scale TEC 

fluctuations [33]. To examine ionospheric irregularities, 

we use 1-s VTEC, 1-s dTEC, and 5-min ROTI 

parameters derived from 1-s sTEC observations 

recorded at 4 GNSS receiver stations: CPN1, KMI6, 

RUTI, and NUO2.  

 Detrended TEC (dTEC) was calculated by 

removing the slowly varying background component 

from the original sTEC time series. For each satellite 

arc, the background TEC was estimated using a centered 

15-min moving average, and the detrended TEC was 

obtained as [36]: 

 

dTEC
𝑗(𝑡𝑘) = sTEC𝑗(𝑡𝑘) − sTECj ̅      (𝑡𝑘),       (5) 

 

where 

 

sTECj ̅      (𝑡𝑘) =
1

𝑁
∑ sTEC𝑗(𝑡𝑚)𝑘+𝑁/2

𝑚=𝑘−𝑁/2 .         (6) 

 

here, 𝑗 denotes the satellite PRN, 𝑡𝑘 is the observation 

epoch, and N is the number of samples within the 15-

min smoothing window. With the 1-s sampling interval, 

𝑁 = 900, used in this study, the resulting dTEC 

represents short-period TEC fluctuations after removal 

of the slowly varying diurnal and large-scale 

ionospheric background. 

 The ROT describes the temporal variation of 

sTEC between consecutive epochs and is calculated as 

[23,37] 
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ROT𝑘
𝑗
=

sTEC𝑘
𝑗
−sTEC𝑘−1

𝑗

𝑡𝑘−𝑡𝑘−1
,         (7) 

 

where 𝑗 denotes the satellite observed within the 

receiver’s field of view. 𝑘 is the time of epoch, and 𝑡𝑘 −

𝑡𝑘−1 is the sampling interval of 1 s. ROTI is then 

calculated as the standard deviation of ROT within a 5-

min window:  

 

𝑅𝑂𝑇𝐼 =  √〈𝑅𝑂𝑇2〉 − 〈𝑅𝑂𝑇〉2.        (8) 

 

 High ROTI values indicate rapid TEC fluctuations 

and are commonly associated with ionospheric 

irregularities, including EPBs [30,36]. In this study, 

enhanced ROTI values reaching ~1 - 5 TECU/min were 

observed during 14 - 16 January (Table 2), indicating 

intensified small-scale plasma structuring during the 

disturbance interval. The 5-min window is appropriate 

for the 1-s GNSS sampling rate because it reduces 

random measurement noise while preserving short-

timescale ionospheric variability associated with plasma 

irregularities and traveling disturbances. In addition, the 

5-min interval is widely adopted in previous ROTI 

studies [23,37] and provides a balance between temporal 

resolution and statistical stability. This interval is 

therefore suitable for characterizing short-timescale 

ionospheric TEC fluctuations associated with TIDs and 

plasma irregularities.  

 

 Data analysis 

 The VTEC, dTEC, and ROTI data are analyzed 

using 3 complementary visualization formats: longitude 

stack graphs, distance-time plots, and time-stamped map 

plots. The longitude stack graphs in Figures 3(a) - 3(c) 

provide a clearer representation of amplitude variations 

in VTEC, dTEC, and ROTI, respectively, beyond what 

is apparent from the distance-time color scales. The 

distance-time plots in Figure 4 illustrate the propagation 

of wave-like ionospheric disturbances from the HT 

eruption toward Thailand and nearby regions calculated 

along the great-circle path from Hunga Tonga to the site, 

as well as their temporal evolution. For visualization 

purposes, the color scales for the 3 parameters are 

defined based on their respective minimum and 

maximum ranges. The VTEC scale uses the minimum 

and maximum values across all 3 days due to their 

similar ranges, whereas the dTEC and ROTI scales are 

determined from the minimum and maximum values 

observed before and after the eruption day, as 

summarized in Table 2. During key transition periods, 

the map plots in Figures 5 - 7 show the spatial 

distribution of disturbances and their propagation 

directions. The data are ordered from bottom to top, 

corresponding to locations nearest to the HT eruption 

(with larger longitudes) at the bottom and progressively 

more distant locations (with smaller longitudes) toward 

the top. 

 

 Geomagnetic data 

 The geomagnetic activity was investigated using 

the SYM-H and Kp indices [38-39], shown in Figure 3. 

The SYM-H index is a 1-min-resolution measure of the 

globally symmetric disturbance magnetic field 

associated primarily with variations in the ring current. 

The minimum SYM-H value is commonly used to 

identify the main phase of a geomagnetic storm. The Kp 

index is a 3-h planetary geomagnetic activity index 

derived from standardized magnetometer observations 

at mid-latitude stations. Kp and SYM-H values were 

used to identify the timing and intensity of geomagnetic 

activity during the study period and to provide context 

for interpreting the observed ionospheric responses. 

These indices were not used as explanatory variables in 

a quantitative model but were examined as external 

diagnostics to contextualize the ionospheric 

observations under concurrent geomagnetic activity. 

The storm onset is identified at approximately 10:53 UT 

on 14 January, based on a local enhancement in the 

SYM-H index (~17 nT). The initial and main phases of 

the geomagnetic storm each lasted approximately 5 - 6 

h. The end of the main phase is identified by the 

minimum SYM-H value, which occurred at around 

22:30 UT on 14 January, when SYM-H reached 

approximately −100 nT and the Kp index reached 6−, 

indicating strong geomagnetic storm conditions. As 

shown in Table 2, geomagnetic indices were examined 

qualitatively alongside TEC-derived parameters to 

assess whether major ionospheric disturbances 

coincided with periods of strongest geomagnetic activity 

or occurred preferentially following the eruption. The 

associated ionospheric responses are discussed in the 

next section.
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Figure 1 GNSS stations used in this study: CPN1 (blue), KMI6 (orange), and RUTI (red) in Thailand, and NUO2 (green) 

in Laos. These locations correspond to the stations shown in the longitude stack plots in Figure 3. The representative grid 

points nearest to each station are illustrated by black crosses within the colored squares, assuming an ionospheric pierce 

point (IPP) altitude of 350 km. The direction from the HT eruption (magenta cross) toward Thailand is indicated by the 

magenta arrow. 

 

 

 

Figure 2 Map of the Chumphon station’s VHF radar beams (1.33°N, 172.19°E in geomagnetic coordinates). The radar 

operates with 5 beams with different azimuth angles of (Fd1) −48°, (Fd2) −24°, (Fd3) 0°, (Fd4) 24°, and (Fd5) 48° from 

west to east, corresponding to the RATI observations shown in Figure 8. 
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Table 1 Reference ionospheric pierce point (IPP) ranges, including minimum, maximum, and median geographic 

latitude/longitude (GLAT/GLON) values used for VTEC, dTEC, and ROTI analysis. 

Station System PRN 

Range  

[min_lat°, max_ lat°],  

[min_ lon°, max_lon°] 

Median (lat°, lon°) 

CPN1 GPS 32 [−2.90, 24.33], [82.26, 116.84] (11.42, 99.48) 

KMI6 GPS 32 [−0.32, 25.30], [86.17, 115.42] (14.16, 100.73) 

NUO2 GAL 22 [13.13, 22.19], [97.57, 107.66] (18.68, 102.70) 

NUO2 GPS 29 [13.14, 22.15], [97.56, 107.67] (18.66, 102.54) 

RUTI GPS 29 [10.19, 19.38], [97.14, 106.97] (15.70, 102.03) 

RUTI QZS 03 [10.59, 17.44], [103.43, 106.83] (15.42, 104.28) 

 

Table 2 Summary of geomagnetic and ionospheric parameters during 14 - 16 January 2022. 

Date Max Kp 

Min 

SYM-H 

(nT) 

VTEC 

(TECU) 

ROTI 

(TECU/min) 

dTEC 

(TECU) 

Min Max Min Max Min Max 

2022-01-14 6− ~ −101 0.00 59.32 0.00 0.88 −2.06 2.88 

2022-01-15 5− ~ −78 0.00 61.62 0.00 5.55 −10.33 12.80 

2022-01-16 4+ ~ −53 0.00 60.93 0.00 0.77 −2.41 2.98 

 

Results and discussion 

 The ionospheric disturbances associated with the 

volcanic eruption were analyzed using TEC-derived 

parameters over the region above Thailand. GNSS-

derived VTEC observations were used to examine large-

scale ionospheric variations through the diurnal 

variation of TEC. The dTEC analysis further enhanced 

the detection of small-scale perturbations and wave 

propagation structures, while ROTI measurements 

characterized short-term ionospheric irregularities. The 

geomagnetic indices indicate that the HT eruption 

occurred during the recovery phase of a moderate-to-

strong geomagnetic storm. Therefore, geomagnetic 

activity is considered a potential background contributor 

to the observed ionospheric variability and is discussed 

when interpreting the timing of TEC and EPB 

responses. The minimum and maximum values of 

VTEC, ROTI, and dTEC during 14 - 16 January 2022 

are summarized in Table 2 together with the 

corresponding geomagnetic indices. The minimum and 

maximum values of VTEC, ROTI, and dTEC varied 

substantially during 14 - 16 January 2022, as 

summarized in Table 2. To distinguish volcanic from 

geomagnetic influences, the maximum dTEC 

amplitudes and ROTI values were compared between 

the geomagnetic storm main phase on 14 January and 

the post-eruption interval on 15 January. Despite 

stronger geomagnetic forcing during the storm main 

phase (Kp = 6−, SYM-H ≈ −100 nT), the largest dTEC 

and ROTI disturbances were observed during the post-

eruption interval, when geomagnetic activity had 

weakened (Kp = 5−, SYM-H ≈ −60 nT). In particular, 

the maximum dTEC amplitude on 15 January exceeded 

that on 14 January by 12.80 TECU. This comparison 

suggests that the enhanced ionospheric disturbances 

observed on 15 January were not controlled solely by 

geomagnetic storm intensity and are consistent with 

additional influences associated with the HT eruption. 

This quantitative comparison supports the interpretation 

that eruption-driven atmospheric forcing was a major 

contributor to the observed ionospheric disturbances 

during the post-eruption interval, rather than 

geomagnetic storm effects alone. 

 

 Main disturbance response 

 The main ionospheric response over Thailand was 

observed during the post-eruption interval on 15 January 

2022. Although geomagnetic activity was at the 

strongest level on 14 January, VTEC variations over 

Thailand during the storm main phase remained 
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relatively weak compared with the disturbances 

observed after the eruption (Figure 3; Table 2). This 

indicates that large-scale VTEC disturbances over the 

study region were not strongly enhanced during the 

storm main phase. The 14 January observations 

therefore provide a useful pre-eruption reference for 

evaluating the stronger post-eruption ionospheric 

response. VHF radar observations provide an additional 

reference for the irregularity background. EPB1, 

observed on 14 January, represents a pre-eruption 

nighttime EPB event that developed under enhanced 

geomagnetic activity and is used here as a reference case 

(Figure 8). In contrast, EPB2a-2d, observed on 15 

January, represent the main eruption-day EPB sequence 

associated with the stronger post-eruption disturbance 

interval.  

 Clear temporal correspondence was observed 

between enhanced dTEC structures, ROTI 

intensification, and VHF radar-detected EPB activity. 

The periods exhibiting the strongest concurrent 

responses are indicated as References A-C in Figures 4, 

6 - 8. Reference A corresponds to the initial 

development of strong positive dTEC enhancement and 

ROTI activity, whereas References B–C represent the 

subsequent intensification and spatial expansion of 

irregularity structures. Following the eruption, 

pronounced wave-like TEC disturbances and enhanced 

ionospheric irregularities were observed over Thailand. 

The simultaneous occurrence of enhanced dTEC 

structures, increased ROTI, and VHF radar signatures 

suggests that the large-scale TEC perturbations and 

irregularity development were part of the same 

disturbance sequence. 

 The first strong positive dTEC enhancement 

reached approximately 10 - 12 TECU. This 

enhancement was accompanied by clear ROTI 

disturbances and short-duration EPB2a activity, 

suggesting the onset of plasma structuring following the 

arrival of the eruption-related disturbances. Before this 

interval, only weak negative dTEC signatures were 

detected without corresponding ROTI enhancement, 

indicating that the earlier response was dominated 

mainly by large-scale wave propagation before 

significant irregularity development. During the main 

disturbance interval, mixed positive and negative dTEC 

structures were observed while irregularities expanded 

across nearly the entire approximately 1,000 km 

observation region. VHF radar measurements at CPN1 

station further detected enhanced EPB2b-2c activities, 

including structures that rose from lower altitudes to 

approximately 650 - 700 km and drifted predominantly 

westward. This altitude range is higher than the altitude 

range reported for representative EPB events observed 

by the Chumphon VHF radar in previous studies, which 

typically extended to about 550 km [26,42], although 

more intense EPBs can reach higher altitudes [43]. The 

observed altitude extension is therefore consistent with 

enhanced irregularity development during the post-

eruption disturbance interval. The simultaneous 

occurrence of strong dTEC disturbances, ROTI 

enhancement, and EPB2b-2c activities suggests possible 

coupling between eruption-driven atmospheric waves 

and low-latitude ionospheric instability processes. 

However, these EPBs’ activities remained confined to 

the nighttime sector, indicating that post-sunset 

electrodynamic processes were still required for EPB2a-

2c developments. In addition, the localized intensity and 

rapid upward development of some EPB structures 

indicate that local electrodynamic conditions may also 

have modulated the response. Therefore, eruption-

driven disturbances may have enhanced or modulated 

the development of the irregularities rather than acting 

as the sole driver of EPB formation. 

 To evaluate whether the strongest TEC 

disturbances were temporally associated with the storm 

main phase or the post-eruption interval, the maximum 

dTEC amplitudes and ROTI values were compared 

between 14 and 15 January. Although geomagnetic 

activity was at the strongest level on 14 January, the 

largest dTEC and ROTI disturbances occurred on 15 

January, when geomagnetic activity had weakened 

during the recovery phase. This comparison suggests 

that the enhanced ionospheric disturbances observed on 

15 January were not controlled solely by geomagnetic 

storm intensity. Instead, the timing and magnitude of the 

disturbances are consistent with a major contribution 

from eruption-driven atmospheric forcing, although 

modulation by geomagnetic activity cannot be fully 

excluded. To quantitatively assess the eruption-related 

response on 15 January relative to adjacent days, dTEC 

measurements were compared using the Mann-Whitney 

U test, which is appropriate for non-Gaussian data 

distributions [40,41]. This statistical approach is 

particularly relevant for low-latitude ionospheric 



Trends Sci. 2026; 23(12): 13644   9 of 17 

observations, where substantial day-to-day variability 

occurs due to electrodynamic processes and plasma 

irregularity activity [1,20,21]. The results show 

statistically significant enhancements on 15 January 

across all stations and GNSS constellations (𝑝 ≪ 0.001). 

These findings support the interpretation that the 

observed disturbances represent a regionally coherent 

eruption-associated enhancement rather than ordinary 

background ionospheric variability. 

 

 Propagation characteristics 

 Pronounced TID-like structures were observed 

during the initial propagation phase following the 

eruption. During this interval (around 08:30 UT), dTEC 

and VTEC exhibited well-defined positive–negative 

band structures, while ROTI enhancement and EPB 

occurrence were not yet detected. This suggests that the 

early response was primarily associated with large-scale 

wave propagation rather than fully developed plasma 

irregularities. The progression of the propagation 

pattern is indicated by transitions 1′ - 6′ in Figures 4 and 

5.  

 The propagation velocity estimated from the early 

disturbance features was approximately 427 ± 19 m/s. 

This velocity, corresponding to Transitions 1′ - 2′, is 

comparable to fast atmospheric wave components and 

secondary gravity waves reported in previous Hunga 

Tonga studies. The disturbances propagated generally 

westward across the observation region, consistent with 

the arrival of eruption-related atmospheric–ionospheric 

wave disturbances over Thailand. A later disturbance 

sequence propagated with an estimated velocity of 

approximately 312 ± 13 m/s. This velocity, 

corresponding to Transitions 3’ - 4’, is consistent with 

typical propagation velocities reported for Lamb-wave-

related TIDs and acoustic–gravity wave disturbances. 

The occurrence of multiple apparent propagation speeds 

suggests that more than one atmospheric wave 

component contributed to the observed ionospheric 

response. The faster component (V1′ - 2′) likely represents 

an early-arriving wave structure, while the later V3′ - 4′ 

disturbance is more consistent with Lamb-wave-related 

propagation.  

 During the main propagation phase, 

approximately 8 h after the eruption, the disturbance 

sequence became more complex. Stronger dTEC 

enhancements were observed together with increased 

ROTI values, indicating that large-scale wave 

perturbations were accompanied by rapid TEC 

fluctuations and irregularity-related plasma structuring. 

The development from coherent TID-like propagation to 

enhanced ROTI and EPB2a-2c activities suggests a 

progressive evolution from large-scale wave arrival to 

plasma instability growth. The dTEC structures became 

less coherent as the disturbances evolved farther along 

the propagation path, corresponding to Transitions 5′ - 

6′. Regions closer to the eruption direction showed 

clearer double-peaked enhancement patterns, whereas 

more distant regions exhibited weaker or mixed 

positive–negative dTEC variations. This behavior 

suggests that the propagating disturbances gradually lost 

coherence and amplitude with increasing distance, 

likely due to dissipation, dispersion, and interaction with 

background ionospheric structures or multiple wave 

components. Overall, the propagation features indicate 

strong and spatially coherent ionospheric forcing during 

the early and main disturbance phases, followed by 

weakening of wave structures at greater distances and 

later times.  

 

 Post-event behavior 

 After the main disturbance interval, the ionosphere 

over Thailand showed evidence of continued variability 

and partial recovery. Around the pre-midnight period, 

EPB2d was observed in the VHF radar data. Although 

corresponding ROTI measurements were unavailable 

during this interval, weak dTEC variations were 

detected, suggesting possible ionospheric irregularity 

activity during this period. On 16 January, daytime 

VTEC and dTEC observations showed reduced TEC 

conditions relative to the pre-storm interval. This 

behavior is consistent with possible recovery processes 

involving plasma recombination, modified 

electrodynamics, and disturbed neutral atmosphere 

conditions following earlier ionospheric perturbations. 

The post-event TEC conditions may reflect combined 

influences from geomagnetic storm recovery, residual 

eruption-related disturbances, and ordinary low-latitude 

ionospheric variability. Previous studies have reported 

that eruption-induced electrodynamic disturbances and 

large-scale atmospheric waves associated with the 

Hunga Tonga eruption could persist for extended 

periods and continue to modulate ionospheric plasma 

distributions on subsequent days. However, 
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distinguishing the relative contributions of geomagnetic 

storm recovery and remaining eruption-related effects 

requires additional observational and modeling studies. 

 During the post-sunset period on 16 January, weak 

EPB activity (EPB3) was detected together with weak 

dTEC variations (Figures 4 and 8). Because both 

geomagnetic disturbances and eruption-driven 

atmospheric waves can modulate EPB occurrence and 

plasma instability growth, it remains difficult to 

determine whether EPB3 was primarily associated with 

storm-time electrodynamics, residual eruption-related 

disturbances, or ordinary post-sunset EPB generation 

processes. Nevertheless, the relatively weak dTEC 

variations observed during this interval suggest that 

ionospheric forcing was substantially weaker than 

during the main disturbance phase on 15 January. 

Overall, the observed ionospheric signatures suggest a 

progressive sequence from large-scale TID propagation 

to enhanced TEC fluctuations, increased ROTI, and 

subsequent EPB development. Although geomagnetic 

activity likely contributed to background ionospheric 

variability and electrodynamic conditions, the timing, 

propagation characteristics, and spatial coherence of the 

15 January response are more consistent with a major 

contribution from eruption-driven atmospheric waves 

superimposed on geomagnetic background conditions.

 

 

Figure 3 Longitude-time stack plots of (a) VTEC, (b) dTEC, and (c) ROTI derived from 6 representative positions from 

4 GNSS receiver stations (CPN1, KMI6, RUTI and NUO2), indicated by the colored squares in Figure 1. Panels (d) and 

(e) show the Kp and SYM-H indices, respectively, during the geomagnetic storm and the HT eruption. The onset of the 

geomagnetic storm at ∼10:53 UT on 14 January is marked by a red dashed line, while the beginning of the recovery phase 

at the minimum SYM-H value (∼22:30 UT on 14 January) is indicated by a blue dashed line. The volcanic eruption at 

∼04:14 UT on 15 January is denoted by the magenta dashed line. 
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Figure 4 Distance-time plots of (a) VTEC, (b) dTEC, and (c) ROTI derived from the GNSS observations during 14 - 16 

January 2022. The magenta dashed line indicates the onset of the HT eruption at 04:14 UT on 15 January 2022. Grey 

dashed lines denote prominent wave-like disturbances propagating along the great-circle path from the HT eruption. The 

main ionospheric disturbances in all parameters appear approximately 8 h after the eruption. 

 

 

Figure 5 Time-stamped dTEC map plots showing the spatial variations and propagation directions during 3 transition 

intervals associated with significant dTEC changes. Transition 1′ - 2′ correspond to the onset of (a) positive dTEC (red) 

at 08:30 UT and (b) negative dTEC (blue) at 09:30 UT. Transition 3′ - 4′ correspond to (c) positive dTEC (red) at 11:20 

UT and (d) negative dTEC (blue) at 12:00 UT, while Transition 5′ - 6′ corresponds to (e) positive dTEC (red) at 13:10 

UT and (f) negative dTEC (blue) at 13:50 UT. The propagation directions are indicated by the 3 paired green arrows 

shown in Figure 4. 
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Figure 6 Time-stamped dTEC map plots showing the spatial variations and propagation directions from the onset to the 

end of References A - C, marked by the 3 solid magenta lines in Figure 4(b). These dTEC features during these intervals 

occur simultaneously with the corresponding VTEC and ROTI signatures shown in Figures 4(a) and 4(c), respectively. 

Reference A is shown at (a) 12:20 UT and (b) 12:40 UT, Reference B at (c) 12:30 UT and (d) 13:20 UT, and Reference 

C at (e) 14:00 UT and (f) 15:30 UT. 

 

 

Figure 7 Time-stamped ROTI map plots showing the spatial variations and propagation directions from the onset to the 

end of References A - C, marked by the 3 solid magenta lines in Figure 4(c). The ROTI features during these intervals 

occur simultaneously with the corresponding VTEC and dTEC signatures shown in Figures 4(a) and 4(b), respectively. 

Reference A is shown at (a) 12:20 UT and (b) 12:40 UT, Reference B at (c) 12:30 UT and (d) 13:20 UT, and Reference 

C at (e) 14:00 UT and (f) 15:30 UT. 
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Figure 8 Range-Altitude-Time Intensity (RATI) observations from 14 - 16 January 2022 for 5 radar beams with a zenith 

angle of 9.6° and azimuth angles of (a) −48°, (b) −24°, (c) 0°, (d) 24°, and (e) 48° from west to east. The corresponding 

3D beam geometry is illustrated in Figure 2. The solid red and green lines indicate the time of sunrise and sunset, 

respectively. The RATI observations reveal EPB activity during the interval surrounding the HT eruption under 

concurrent geomagnetic storm conditions. The onset times of the EPBs are indicated by dashed lines. 

 

 The observed ionospheric signatures suggest a 

close association between large-scale wave propagation 

and plasma instability development. Initial TID arrival 

was followed by enhanced plasma structuring, and 

subsequent EPB development. This temporal sequence 

indicates a progressive evolution of atmospheric-

ionospheric disturbances rather than isolated events.  

 The early-phase TID activity may have provided 

seed perturbations favorable for plasma instability 

growth in the low-latitude ionosphere [3,7,8]. The 

subsequent increase in ROTI and the emergence of 

large-scale EPBs suggest enhanced nonlinear 

development and vertical extension of plasma depletion 

structures associated with RTI growth [7,18]. Similar 

transitions from coherent wave propagation to enhanced 

plasma irregularities have been reported in previous 

studies of the Tonga eruption and interpreted as 

evidence of coupling between eruption-driven 

atmospheric waves and low-latitude ionospheric 

electrodynamics [7,8,13,30].  
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 Although geomagnetic activity likely contributed 

to the background ionospheric variability and 

electrodynamic conditions, the observed temporal 

evolution, propagation characteristics, and spatial 

coherence are consistent with a major contribution from 

eruption-driven atmospheric waves during the main 

disturbance interval. The timing and morphology of the 

ionospheric response therefore suggest strong influence 

from eruption-driven disturbances superimposed on 

geomagnetic background conditions. 

 

Conclusions 

 This study presents GNSS-TEC and VHF radar 

observations of ionospheric variability over Thailand 

associated with the 15 January 2022 Hunga Tonga-

Hunga Ha’apai volcanic eruption. Disturbance 

signatures were detected approximately 8 h after the 

eruption, and exhibited clear wave-like dTEC structures 

with amplitudes of approximately 10 - 12 TECU, 

consistent with TIDs. The associated disturbances 

propagated toward Thailand with an estimated 

horizontal propagation speed of approximately 312 ± 13 

m/s, consistent with acoustic-gravity and Lamb-wave 

propagation speeds [3,13,14]. ROTI enhancements were 

observed concurrently with the main dTEC wave 

features, indicating the presence of strong ionospheric 

irregularities during the disturbance interval. VHF radar 

measurements from the CPN1 station further revealed 

enhanced EPB activity on the eruption day. The EPBs 

exhibited substantial vertical development, with plasma 

irregularities extending to approximately 650 - 700 km 

altitude and irregularity regions extending over ∼1,000 

km horizontally, indicating large-scale irregularity 

development during the post-eruption disturbance 

interval. 

 The temporal correspondence between TID 

signatures, ROTI enhancement, and EPB development 

is consistent with a dynamically coupled response, in 

which large-scale wave disturbances may have 

influenced the growth and morphology of plasma 

irregularities. Although the eruption occurred under 

concurrent geomagnetic storm recovery conditions, the 

most pronounced disturbances over Thailand were 

observed during the post-eruption interval, and the 

observed disturbance magnitudes were larger than those 

during the preceding geomagnetically active interval. 

Smaller TEC perturbations on the following day imply 

that additional background processes remained active 

and may also have contributed to regional variability. 

Overall, these observations provide a regional reference 

for ionospheric responses over Thailand during the 

Hunga Tonga eruption. The timing, propagation 

characteristics, and spatial coherence of the main 

disturbances are consistent with a major contribution 

from eruption-driven atmospheric waves, although 

modulation by geomagnetic activity cannot be fully 

excluded. The results also provide useful context for 

assessing potential impacts on GNSS-based navigation 

and radio communication systems in low-latitude 

Southeast Asia. 

 

Research limitations 

 This study focuses on the Hunga Tonga volcanic 

eruption, which represents an exceptionally strong and 

rare event. As such, the statistical generality of the 

results is limited, and additional events are required to 

further validate the findings. The analysis is based on 

observations over Thailand, where high-resolution 

temporal and spatial variations of ionospheric 

irregularities can be examined. However, the 

propagation characteristics of TIDs would be more 

comprehensively assessed through coordinated 

observations across neighboring regions. Such regional 

comparisons would help to better constrain the 

horizontal propagation and evolution of the 

disturbances. 

 In addition, this work is primarily based on 

ground-based observations. Investigation of the global 

ionospheric response would benefit from the inclusion 

of satellite-based measurements or numerical modeling, 

which can provide a broader spatial context and support 

interpretation of large-scale coupling processes. Future 

work may also include the development of an 

ionospheric model over Thailand using the 

observational dataset presented here. This would help 

improve understanding of ionospheric response 

mechanisms in the low-latitude region, where 

observations remain limited, particularly in Southeast 

Asia.  
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