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Abstract: On 15 January 2022, a violent eruption and tsunami of the Hunga Tonga-Hunga Ha’apai
(HTHH) volcano in Tonga, South Pacific, caused widespread international concern. In order to
detect the anomalous environmental response caused by the HTHH volcanic eruption based on
GNSS ionospheric data, GNSS tropospheric data and GNSS coordinate time series, a new method
combining the zenith non-hydrostatic delay difference method and the extreme-point symmetric
mode decomposition (ESMD) method, was proposed to detect tropospheric anomalies. The moving
interquartile range method and the ESMD method were introduced to detect ionospheric anomalous
and coordinate time series anomalies, respectively. The results showed that 9-10 h before the eruption
of the Tonga volcano and 11-12 h after the eruption of the Tonga volcano, obvious total electron
content (TEC) anomalies occurred in the volcanic eruption center and its northeast and southeast,
with the maximum abnormal value of 15 TECU. Significant tropospheric anomalies were observed
on the day of the HTHH volcano eruption as well as 1-3 days and 16-17 days after the eruption,
and the abnormal intensity was more than 10 times that of normal. The coordinate time series
in direction E showed very significant anomalies at approximately 2:45 p.m. on 14 January, at
approximately 4:30 a.m.-5:40 a.m. on 15 January, and at approximately 3:45 a.m. on 16 January, with
anomalies reaching a maximum of 7-8 times daily. The abnormality in the direction north (N) is
not obvious. Very prominent anomalies can be observed in the direction up (U) at approximately
4:30 a.m.-5:40 a.m., with the intensity of the anomalies exceeding the normal by more than 10 times.
In this study, GNSS was successfully used to detect the anomalous environmental response during
this HTHH volcano eruption.

Keywords: Tonga submarine volcano eruption; global navigation satellite system; ionospheric
anomalies; tropospheric anomalies; ground position anomalies

1. Introduction

On 15 January 2022, a violent volcanic eruption and tsunami occurred at the Hunga
Tonga—Hunga Ha’apai (HTHH) submarine volcano (175°23'58.54""W, 20°30'57.78"'S), ap-
proximately 65 km north of Nuku’alofa, the capital of the South Pacific island nation of
Tonga. Tsunami warnings were issued in Australia, Japan, the USA, and Chile on the Pacific
coast. The volcanic eruption produced large quantities of ash, gas, and water vapour [1,2].
This was the most violent eruption of the HTHH underwater volcano since 1100 AD [3],
attracting widespread attention worldwide. Volcanic eruptions are a manifestation of the
movement of the earth’s crust and the release of energy from the earth’s interior at the
surface, while more than 70% of all volcanic activity on earth occurs on the submarine [4].
The monitoring of submarine volcanic activity and the study of environmental responses
during volcanic eruptions not only are beneficial to the understanding of crustal move-
ments and the mechanism of interaction between circles but also have great significance for
the prevention and control of volcanic hazard risks.
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Volcanic eruptions are often accompanied by strong seismic activity, which not only
causes displacement of the crust but also affects the ionosphere and upper atmosphere.
The ash and water vapour from volcanic eruptions can also cause tropospheric anoma-
lies [5]. In recent years, benefiting from the development of GNSS technique, the means
of using GNSS to observe ionosphere, troposphere, and ground displacement have been
continually improved and the accuracy of the observations has been increasing. Volcanic
eruptions are usually accompanied by strong earthquakes, and the relationship between
earthquakes and ionospheric anomalies has been studied since the 1965 Alaska earth-
quake in the USA. The discovery by Leonard and Barnes Jr [6] of ionospheric anomalous
perturbations at the time of this major earthquake led to a wave of research on the corre-
lation between the ionosphere and earthquakes. The scientists showed that anomalous
changes in the ionosphere associated with seismic activity actually exist and concluded that
lithosphere—atmosphere-ionosphere coupling excites disturbances in the ionosphere and
atmosphere [7-9]. Numerous works have found that ionospheric anomalous perturbations
do exist before and after earthquakes and have a conjugate structure with a tendency to
drift towards the magnetic equator [10-12]. Studies of seismic ionospheric effects from
Mw 6+ earthquakes located in the Pacific Rim seismic zone also show a strong correla-
tion between total electron content (TEC) anomalies and magnitude, source depth, and
geographic location [10,13].

Volcanic eruptions produce large amounts of water vapour and ash which can cause
anomalies in GNSS signal delays. Solheim et al. [14] studied the relationship between
atmospheric water vapour, water condensate, and other particles (sand, dust, aerosols, and
volcanic ash) and GNSS signal propagation and concluded that the propagation delays
of water vapour, cloud liquid, rain, and dust storms are closely related to GNSS precision
positioning. Stoycheva et al. [15] studied the process of fog formation, development, and
dissipation through GNSS. GPS data were also taken to analyze the relationship between
haze and zenith delay, and the results showed that haze varies synchronously with zenith
delay [16]. Tang et al. [17] researched typhoons using GPS technology which showed that
GPS-estimated PWV changes could be used to predict whether a typhoon would land.
Guo et al. [18,19] used GNSS to detect particulate matter from forest fires and found that
the concentration of particulate matter had a high correlation with GNSS non-hydrostatic
delay.

Volcanic eruptions are often accompanied by strong seismic activity, and anomalous
disturbances may occur at ground-based GNSS station locations during both the prepara-
tion process of earthquakes and earthquake occurrences, making GNSS technique widely
used in the detection of anomalous pre-seismic and co-seismic crustal deformation. Wallace
et al. [20] studied the 2010-2011 slow slip event in the Hickory subduction zone of New
Zealand and found that, unlike in other regions, one year after the long-term slow slip
event in this region, short-term creep slip occurred, with the onset of this phenomenon
occurring in the upper part of the plate interface locking region, which may be related to
interseismic coupling. Socquet et al. [21] studied the precursory mechanism of the 2014
intellectual Mw8.1 earthquake and showed that GNSS stations in the coastal region accel-
erated westward eight months before the main earthquake. Chen et al. [22] explored the
pre-seismic and co-seismic deformation field characteristics of the 2011 Mw?9.0 earthquake
in Japan and pointed out that the pre-seismic trend offset of GNSS coordinate time series is
useful for earthquake precursor characterization. Yue et al. [23] used high-frequency GPS
observations to invert the rupture process of the 9.0 magnitude earthquake in Japan and
found anomalies in ground displacement before and after the earthquake.

Previous studies have analyzed the anomalies caused by volcanoes from a single as-
pect. The purpose of this paper is to comprehensively analyze the environmental anomalies
caused by the 2022 Tonga volcano eruption from the ionosphere, troposphere, and station
location based on GNSS technique. A new method combining the zenith non-hydrostatic
delay difference (AZNHD) method and the ESMD method was proposed to detect tropo-
spheric anomalies. The moving interquartile range (MIQR) method and the ESMD method



Remote Sens. 2022, 14, 4847

30f19

were introduced to detect ionospheric anomalous perturbations and coordinate time series
anomalies respectively. Section 2 introduces data collection and research methods. Results
and analysis are presented in Section 3. Finally, the conclusion is given in Section 4.

2. Materials and Methods
2.1. Materials

As the Tonga volcano is located in the Kingdom of Tonga, a South Pacific island nation,
there is only one GNSS station available nearby, approximately 70 km from the eruption
centre. Therefore, this station was chosen as an example. The GNSS coordinate time series
were obtained from The Nevada Geodetic Laboratory (http://geodesy.unr.edu/index.php
(accessed on 23 September 2022)), with a 5 min sampling interval and a coordinate time
series period of 15 December 2021-15 February 2022. GNSS ZNHD time series are obtained
from the Nevada Geodetic Laboratory (http://geodesy.unr.edu/index.php (accessed on 23
September 2022)), with a time resolution of 1 h.

The data processing strategy [24] is shown in Table 1.

Table 1. The data processing strategy.

Parameter Strategy
Software used GipsyX Version 1.0
Elevation angle cutoff 7°
Mapping function Vienna Mapping Function (VMF1)
Estimated frequency of tropospheric parameters Zenith delay and gradients as random walk every 5 min

Ionosphere corrected

1st order effect: Removed by LC and PC combinations
2nd order effect: Modeled using IONEX data with IGRF12

Solid earth tide and pole tide IERS 2010 Conventions

Earth orientation parameter (EOP) model

Ocean tide loading FES2004

IERS 2010 Conventions for diurnal, semidiurnal, and long
period tidal effects on polar motion and UT1

In order to ensure the reliability of the experimental results, we analyzed the reliability
of the data from the geological characteristics and data accuracy of the Tonga Station. The
monument of the Tonga Station is made of concrete block and its geological characteristic
is bedrock. Therefore, the geological characteristics are very stable. We have computed
statistics on the calculation accuracy of the data of the Tonga Station for the period 15
December 2021-15 February 2022, as shown in Table 2. The mean of 5 min final coordinate
solution accuracy in directions E, N, and U are 8.1 mm, 9.7 mm, and 25.8 mm, respectively.
The accuracy of ZTD and PWYV is 2.21 mm and 0.36 mm, respectively. The accuracy of
ZNHD should be better than 2.21 mm. To sum up, the data of the Tonga Station is stable
and reliable.

Table 2. Accuracy statistics of coordinate solution and tropospheric solution of the Tonga Station

(mm).
Index Max Min Mean Std
E 22.3 55 8.1 2.1
Coordinate N 26.9 6.6 9.7 2.5
U 55.1 20.8 25.8 79
Troposphere ZTD 3.30 1.70 2.21 0.26
POSp PWV 0.53 0.28 0.36 0.04

To calculate the ZNHD due to water vapour, “total_column_water_vapour” data from
the ERA5 model was also used, for the period 15 December 2021-15 February 2022. The
temporal resolution of the data is 1 h. The spatial grid size is 0.25° x 0.25°.
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The TEC data are derived from the Global Ionospheric Map (GIM) provided by the
Centre for Orbit Determination in Europe (CODE) (ftp://ftp.unibe.ch/aiub (accessed on
23 September 2022)) from 18 December 2021 to 16 January 2022. The GIM data are obtained
from IGS stations and national GPS stations at two-hour intervals forming a 5° x 2.5° grid.

In order to exclude anomalous solar perturbations to the ionosphere, the solar radio
flux F10.7 and sunspot number SSN (http:/ /www.sepc.ac.cn (accessed on 23 September
2022)) provided by the Space Centre of the Chinese Academy of Sciences for the period
from 18 December 2021 to 16 January 2022 were analyzed in this paper.

2.2. Methodology
2.2.1. Zenith Non-Hydrostatic Delay Difference Calculation Method

The zenith total delay (ZTD¢) was processed as an unknown parameter using the
GNSS carrier phase observation equation [25].

L =p|+c(dti—at) + M+ ZTDG — I, + AN+ ) M)

where i is the receiver, j is the satellite, p{: is the geometric distance from the receiver to
the satellite, c is the speed of light, dt; is the receiver clock offset, d tl is the satellite clock
offset, M is the troposphere mapping function, IZ[ f is the slant ionosphere delay, A is the
wavelength of phase observation, Nl] fis the phase ambiguity, 8]1 s other errors. The zenith

hydrostatic delay (ZHD¢) was then calculated using the Saastamoinen model [26].

0.00227768 * P
1 —0.00266 * COS(2L) — 0.00028 «+ H

ZHD; = (2)

where P is the atmospheric pressure, L is the latitude of the GNSS station, and H is the
height of the GNSS station. The ZTDg minus the ZNHD gives the GNSS calculated
tropospheric non-hydrostatic delay (ZNHDg), and the equation is

ZNHDg = ZTDg — ZHDg 3)
The delay in the atmosphere caused by liquid water and water vapour is given by [27]

R

ZNHDy = Poap(2)dz @

/vup
Terr Jo
where pvap(z) is the water vapour density at height Z and R is the maximum height of

the integral, usually considered to be the top of the water vapour, i.e., the total column
water vapour, which can be obtained with the ERA5 model. The mid-latitudes are based

on empirical values that take l;:;; =6.19 (cm®g ™), where B, = 1720.6" (Kem3g™!) and

T,rr = 278'K.

! The ZT Dg is the delay caused by all substances in the atmosphere, which includes de-
lays caused by substances such as standard dry atmosphere, water vapour, and particulate
matter. The ZHDg; is the delay caused by the standard dry atmosphere calculated by the
model, which does not include delays caused by substances such as particulate matter in
the atmosphere. Therefore, the delay caused by substances such as particulate matter in
the air can be expressed as

AZNHD = ZNHDg — ZNHDy (5)

where AZNHD is the zenith non-hydrostatic delay difference.
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2.2.2. Extreme-Point Symmetric Mode Decomposition Method

The ESMD method is an improvement and innovation of the empirical mode decompo-
sition (EMD) method [28,29]. The ESMD method is able to smooth complex signals so that
the different scales or periodic oscillations and trend components inherent in the original
signal sequence are extracted step by step, resulting in a number of eigenmodes (Models)
with different characteristic scales or intrinsic periods, as well as the true trend components.
The ESMD is one of the latest methods for extracting signal trends, as it effectively solves
the “modal conflation” (or “frequency crossover”) problem in the decomposition of EMD
methods [28,29]. Due to its adaptive and local variability-based nature, the ESMD method
is widely applicable to the processing and analysis of non-stationary, non-linear signals
(data) in the fields of oceanography, atmospheric science, ecology, and seismology [29]. The
ESMD modal decomposition process is as follows:

(1) Enter the time series Y (t), set the maximum number of filters, find all the poles in
the time series and denote them as E;(1 < i < n), connect the adjacent poles with a line
segment, denote the midpoint of the line segment as F;(1 < i < n — 1) in turn, and add the
left and right boundary midpoints Fy and F,. The boundary midpoints are supplemented
as follows:

Linear interpolation is conducted using the 1st and 2nd extreme value points, and
then linear interpolation is conducted using the 1st and 2nd extreme value points to obtain
two interpolation lines noted as Y (t) = ki + by and Y (t) = kp + by, respectively; the 1st
point of the data is then noted as Y3, and the boundary midpoints are then supplemented
according to the following three scenarios:

a. If b, < Y7 < by, define by and b, as the boundary maxima and minima, respectively.

b. If by <Yy < (31 —by)/2 (or (3b1 — by)/2 < Yy < by), then define Y7 and b; (or by
and Y1) as the boundary maxima and minima, respectively.

c. If Y7 > (3b1 —bp)/2 (or (3b1 — by)/2 > Y1), then define Y7 as the boundary minima
(or minima) and use the line leading from the first minima to define the boundary
minima (or minima). The magnitude of the slope here is determined by the left
boundary point) and the line at the first extreme value point.

(2) Two interpolation curves, denoted L and L, are constructed from the obtained

n + 1 midpoints, the midpoints of odd order L; are generated by cubic spline interpolation,

and the midpoints of even order L, are generated by cubic spline interpolation to calculate
the mean curve L*:

L* = (L1 + Ly)/2 ©)

(3) Repeat steps (1) and (2) for the sequence Y (t) — L* until |L*| < ¢ or the set max-
imum number of screens is reached, at which point the decomposition yields the first
empirical mode Model 1, where ¢ is a predetermined allowable error usually taken as
0.00010p and oy can be expressed as

%z%ZLM—ﬂ2 %)

where Y is the global average.

(4) Repeat steps (1)—(3) for the Y (t) — Model 1 sequence to obtain Model 2, Model 3, . ..
in turn until the trend residual term R(#) matches the predetermined number of remaining
poles [.

(5) Given that the maximum number of screening K takes values within the integer in-
terval [Kiyin, Kimax], calculate the variance ratio G. Note that the time seriesis Y (t) = {xi}il,
the trend term is R(t) = {r;}),, and the variance ratio G can be expressed as

G= ®)

o
0o
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When G is smallest, it means that the time series with the trend term R(t) removed is
closest to the original time series Y(f), i.e., the decomposition works best.

(6) Determine the minimum variance ratio corresponding to the number of times to
execute a large screening Ky, at which point R(t) is the best-fit curve, then repeat steps 1-5
at K to obtain the best decomposition result.

3. Results and Discussion
3.1. Analysis of lonospheric Anomalies Prior to the Tonga Volcanic Eruption

The release of large amounts of energy from the crust during volcanic eruptions
can cause anomalies in the ground position and also affect the ionosphere and upper
atmosphere [5]. Therefore, the study of ionospheric anomalies before volcanic eruptions is
important for further research on the dynamic coupling mechanism between the lithosphere
and the atmosphere before volcanic activity [9,30].

(1) Anomalous TEC disturbance detection prior to the Tonga volcanic eruption

The closest GNSS TEC to the HTHH underwater volcano eruption site in Tonga was
extracted from the GIM information provided by CODE. We compared bilinear interpo-
lation, cubic spline interpolation, and nearest neighbor interpolation algorithms through
experiments; we found that the accuracy of bilinear interpolation and cubic spline interpo-
lation is similar, but the efficiency of bilinear interpolation is the highest, and the accuracy
of nearest neighbor interpolation is poor. Therefore, the bilinear interpolation was used to
obtain the TEC at the eruption center. Using the MIQR, a 27-day ionospheric anomaly at
the center of the HTHH underwater volcano eruption was detected using the observations
at the same time on 27 days as the background value and 1.5 times the interquartile range
as the limit difference. The results are shown in Figure 1.
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Figure 1. Results of ionospheric anomaly detection near the eruption centre of the HTHH underwater

volcano (0 represents the day of the eruption). (a) Variation in TEC, upper TEC limit, and lower TEC
limit (b) Time distribution of TEC anomaly value.

As can be seen in Figure 1, TEC levels were high on the 27th day before the eruption,
exceeding 60 TECU, gradually decreasing from the first 24 days, reaching a minimum TEC
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level of below 30 TECU from the first 11 days to the first 8 days, and then gradually starting
to increase again, exceeding 55 TECU on the day of the eruption.

For most of the 27 days before the volcanic eruption, the TEC in the HTHH underwater
volcano eruption center was within the normal range, but some abnormal moments were
still detected. Large-scale positive TEC anomalies were observed from day 22 to day 27
before the HTHH eruption, with anomalies exceeding 10 TECU at some moments. Minor
negative anomalies were observed on day 16, day 10, and day 1 before the HTHH eruption,
all with anomalies less than 5 TECU.

In order to exclude TEC anomalies partially caused by solar activity, we also analyzed
the solar radio flux F10.7 and sunspot number (SSN) for the 27 days before the HTHH
volcano eruption; anomaly detection was also performed using the MIQR method, and the
results are shown in Figure 2.

10 1 a

8 -

6 -

4

2

0- T
-25
-25

AF10.7(SFU)

-20 -15 -10 -5 0

25 A
20 1
15 1

ASSN

10 1

0- T

-20 -15 -10 -5 0
Date

Figure 2. Solar activity anomaly detection results (0 represents the day of the eruption). (a) Represents
the anomaly detection result of the solar radio flux F10.7, and (b) represents the anomaly detection
result of sunspot number (SSN).

As can be seen from Figure 2, the solar activity was generally stable during the nearly
one-month period before the HTHH eruption, but some periods of anomalies still occurred.
As shown in Figure 3a, significant anomalies were observed on day 26 and day 27 before the
HTHH volcano eruption, with anomalous values reaching 6 SFU and 1 SFU, respectively.
As shown in Figure 2b, the SSN index was also accompanied by significant anomalies on
days 25, 26, and 27 before the HTHH volcano eruption, with anomalous values exceeding
7. Combined with the TEC anomaly results in Figure 2, it is clear that the TEC anomaly
27-25 days before the HTHH underwater volcano eruption may have been caused by solar
activity.



Remote Sens. 2022, 14, 4847

8 of 19

15

10

VTEC(TECU)

-10

60°E 180° 60°W 60°E 180° 60°W 60°E 180° 60°W
Figure 3. Global TEC anomaly distribution for 24th day prior to the HTHH volcano eruption. (a-1) are
0:00-24:00 UTC, respectively, at 2 h intervals; the position of the pentagram is the location of the
eruption center.

(2) Global distribution of TEC anomalous disturbances

According to the results of TEC abnormal disturbance detection in the HTHH un-
derwater volcano eruption center, the TEC abnormal disturbance 22 to 27 days before the
HTHH underwater volcano eruption is particularly obvious. At the same time, consider-
ing the detection results of solar activity anomalies, we studied the global TEC anomaly
distribution on the 24th day before the HTHH underwater volcano eruption. The global
TEC anomaly distribution on the day of the HTHH underwater volcano eruption and the
day before was also analyzed.

It can be seen from the figure that at 0:00 on the 24th day before the HTHH underwater
volcano eruption, a wide range of TEC anomalies appeared in the HTHH underwater
volcano eruption center, the north, east, and west of the center. At 2:00, the intensity and
range of TEC anomaly further increased, and the maximum anomaly reached 16TECU.
At 4:00, the TEC anomaly on the north side of the HTHH underwater volcano eruption
center gradually decreased, and the TEC anomaly range and intensity on the west side of
the HTHH underwater volcano eruption center and the west side further increased. At
6:00-10:00, there was still a large area of TEC anomaly in and around the HTHH underwater
volcano eruption center, but the anomaly intensity decreased gradually. At 12:00-14:00, the
range and intensity of TEC anomalies gradually decreased. At 16:00-22:00, TEC anomalies
in the HTHH underwater volcano eruption center, northwest, and east of the center tended
to increase. However, it can be seen from Figures 2 and 3 that during the 22-27 days before
the volcanic eruption, F10.7, SSN, and TEC had obvious abnormal phenomena, and the
trend of abnormal changes was similar. Therefore, we believe that the TEC anomaly during
the 22-27 days before the eruption of the volcano was caused by solar activity and had
little to do with the eruption of the HTHH underwater volcano.

Figures 4 and 5 show the global TEC anomaly distribution on the day of the HTHH
underwater volcano eruption (15 January 2022) and the day before. The HTHH underwa-
ter volcano erupted at approximately 5:30-6:00 UTC. As can be seen in Figures 4 and 5,
approximately 9-10 h before the HTHH underwater volcano eruption, large TEC anomaly
disturbances were observed to the northwest and southwest of the HTHH underwater vol-
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cano eruption center, with particularly strong anomalies in the northwest, with anomalies’
maximum exceeding 15 TECU, and a significant negative anomaly near the south pole. At
2:00 UTC, the TEC anomaly was mainly distributed due north and west of the eruption
center, with a marked decrease in extent and intensity of the anomaly. At 6:00 UTC, the
extent and intensity of the TEC anomaly were further reduced. As time progressed, the
TEC anomaly gradually moved from west to east and its extent diminished, and by 18:00
UTC, the global ionosphere returned to calm.

15
60°E 180° 60°W 10
(f)

L5 -
=]
)
i
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@]
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—5

60°E 180° 60°W

-10

60°E 180° 60°W 60°E 180° 60°W 60°E 180° 60°W

Figure 4. Global TEC anomaly distribution the day (2022/1/14) before HTHH volcanic eruption.
(a-1) are 0:00-24:00 UTC, respectively, at 2 h intervals; the position of the pentagram is the location of

the eruption center.
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Figure 5. Global TEC anomaly distribution on the day (2022/1/15) of the HTHH volcanic eruption.
(a-1) are 0:00-24:00 UTC, respectively, at 2 h intervals; the position of the pentagram is the location of

the eruption center.
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3.2. Analysis of Tropospheric Anomalies before and after the Tonga Volcanic Eruption

As the HTHH volcano is a submarine volcano, the scale of this eruption is huge, and
the eruption produced a large amount of volcanic ash and water vapour. Therefore, it may
have had a great impact on the tropospheric delay of GNSS signal. The tropospheric delay
calculated by GNSS is divided into ZHDg (also known as zenith dry delay) and ZNHDg
(also known as zenith wet delay). The ZHDg; is calculated from the standard atmospheric
composition, while the ZNH Dg; is calculated using the ZT D¢ minus the ZHD . Delays
caused by substances in the atmosphere other than the standard atmosphere (e.g., volcanic
ash, water vapour, etc.) are included in the ZNHDg. In contrast, the ZNHDy calculated
from meteorological parameters is due to water vapour only. Therefore, the difference
between the ZNHD and ZNHDy is caused by substances other than water vapour,
including atmospheric particulate matter, etc. In this paper, the ZNHD and the AZNHD
were used as the subject of this study, and the ESMD method was introduced to analyze
the anomalies over the troposphere before and after the HTHH eruption.

First, the ZNHDg, the ZNHDy, and AZNHD from 1 December 2021-31 January 2022
were studied and the results are shown in Figure 6.

400 AZNHD T T
ERA5-ZNHD
GNSS-ZNHD
300 - b
E 200 -
£
[m)
=
N 100 b
_ 100 1 L Il 1 1 1
-50 -40 -30 -20 -10 0 10 20

Date(day)

Figure 6. Variation in zenith non-hydrostatic delay (0 represents the day of the eruption).

As can be seen from Figure 6, the ZNHDg and ZNHDy are in very high agreement.
Statistically, the correlation between the ZNHD; and ZNHDy before the HTHH under-
water volcano eruption (before 15 January 2022) is as high as 93.76%. After 15 January,
the agreement between them begins to decline, with their correlation dropping to 88.23%.
It is also clear from the AZNHD that most of the AZNHD was below 30 mm and varied
relatively smoothly until 15 January. Between 15 and 16 January, the AZNHD increased
significantly, with a maximum of over 80 mm, and the subsequent fluctuations also in-
creased significantly. The above phenomenon indicates that the HTHH underwater volcano
eruption had a relatively large impact on the GNSS tropospheric observations.

To further analyze the impact of the HTHH underwater volcano eruption on GNSS
tropospheric observations, the two-month AZNHD time series was decomposed using
the ESMD method. The time-varying frequency and amplitude of the decomposed signal
(Model) were analyzed. The results are shown in Figure 7.
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Figure 7. Time-varying amplitude (A1-A5) and frequency (F1-F5) of different model signals of
AZNHD (0 represents the day of the eruption).

As can be seen from Figure 7, the amplitude of the Model 1 signal increased sig-
nificantly 1-3 days after the HTHH underwater volcano eruption, with the anomalous
amplitude being approximately 3—4 times the normal level, and the frequency of the signal
also remains at a low level 3—4 days after the HTHH underwater volcano eruption. The
Model 2 signal showed a significant reduction in high-frequency signal after the HTHH
underwater volcano eruption, and the amplitude of the Model 3 signal showed a significant
anomaly on the day of the HTHH underwater volcano eruption, with anomalies up to three
times the normal size. Similarly, the amplitude of the Model 4 signal showed a significant
anomaly on the day of the HTHH underwater volcano eruption.

In addition, the total energy of the AZNHD signal was analyzed, as shown in Figure 8.
The equation of total energy is

E(t) = 3 Y1, A30) (10)

where A is the amplitude of the jth Mode.
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Figure 8. Total energy distribution of the AZNHD time series (0 represents the day of the eruption).

On the day of the HTHH underwater volcano eruption, the total signal energy in-
creased significantly, and was approximately three times that of the energy before the
volcanic eruption. The most pronounced anomalies appeared 2-3 days after the eruption,
with anomaly sizes reaching more than 10 times that of the energy before the HTHH
underwater volcano eruption, and the signal energy has remained high since the HTHH
underwater volcano eruption.

3.3. Influence of the HTHH Underwater Volcano Eruption on the Location of GNSS Station

The HTHH underwater volcano eruption was accompanied by strong seismic activity,
and the occurrence of earthquakes can have a significant impact on GNSS station locations.
In addition, GNSS stations may also have a certain response during the earthquake prepara-
tion period and a period of time after the earthquake. Therefore, high-frequency coordinate
time series (one solution every 5 min) for one month before and one month after the HTHH
underwater volcano eruption were analyzed using the ESMD method. The coordinate
time series in the directions N, E, and U were decomposed to analyze the amplitude and
frequency characteristics of each decomposed signal (Model), and the results were shown
in Figures 9-11.

As can be seen from Figure 9, the Model 1 signal amplitude of GNSS coordinate
time series in direction E had obvious abnormal disturbance before and after the HTHH
underwater volcano eruption. The first disturbance before the HTHH underwater volcano
eruption occurred at approximately 2:45 p.m. on 14 January, and the abnormal amplitude
reached 0.062 m, approximately 2-3 times that of the daily amplitude. From 4:30 a.m.
to 5:40 a.m. on 15 January, the abnormal amplitude was approximately 0.093 m, reach-
ing 4-5 times that of the daily amplitude. At approximately 3:45 a.m. on 16 January,
the abnormal amplitude was approximately 0.073 m. The Model 2 signal disturbance
occurred at the same time as the Model 1 signal disturbance. However, the extent of the
disturbance was smaller, with anomalous amplitudes of 0.051 m, 0.062 m, and 0.036 m,
respectively. The Model 3-Model 7 signal anomalous disturbances were not significant.
The frequency of Model 8 and Model 9 signals increased significantly on the 10th day after
the earthquake. The decomposition results in Figure 10 show that the anomalous response
of coordinate time series at direction N to the HTHH underwater volcano eruption was not
significant. From the results in Figure 11, during the HTHH underwater volcano eruption,
Model 1-Model 3 signals had obvious amplitude abnormal disturbance, and the amplitude
abnormal sizes were 0.37 m, 0.21 m, and 0.16 m, respectively.
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Figure 9. Time-varying amplitudes and frequencies of different Model signals for direction E coordi-
nate time series (0 represents the day of the eruption).
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The total energy of the signal has also been analyzed and the results are shown in
Figure 12.
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Figure 12. Total energy distribution of the coordinate time series (0 represents the day of the eruption).

It can be seen from Figure 12 that there are very obvious energy abnormalities in
direction E at approximately 2:45 p.m. on 14 January, 4:30-5:40 a.m. on 15 January, and
3:45 a.m. on 16 January. The three obvious abnormalities reach 3—4 times, 7-8 times, and
4-5 times that of the daily level, respectively. The energy anomaly in direction N was
not obvious. During the HTHH underwater volcano eruption, a very prominent energy
anomaly can be observed in the direction U. The anomaly occurs from 4:30 a.m. to 5:40 a.m.,
and the intensity of the anomaly was more than 10 times that of the normal level.

In order to study the response mechanism of coordinate time series in different di-
rections to the volcanic eruption, the plate tectonics near HTHH underwater volcano was
studied, as shown in Figure 13. As can be seen from Figure 13, HTHH underwater volcano
is located at the junction of the Australian plate and the Pacific plate, and the crustal
movement is very active. The subduction of the Pacific plate under the Australian plate
caused the Australian plate to rise upward, which accelerated the eruption of the HTHH
underwater volcano. The relative motion of the Pacific plate and the Australian plate is
mainly in the east-west direction and vertical direction. This also leads to more obvious
abnormal responses of coordinate time series in direction E and direction U to HTHH
underwater volcano eruption.
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4. Conclusions

In this paper, the method of combining ESMD and AZNHD is proposed to detect
the tropospheric anomaly caused by the HTHH underwater volcano eruption, and ESMD
and MIQR method are introduced to detect the TEC anomaly and station position change
anomaly caused by HTHH underwater volcano eruption. The following conclusions are
drawn:

(1) Based on GNSS ionospheric data, F10.7, and SSN and using the moving interquar-
tile range method, ionospheric anomalies were detected for 27 days prior to the HTHH
underwater volcano eruption. The results show that the TEC shows large scale positive
anomalies on days 22-27 before the eruption, with anomalies exceeding 10 TECU at some
moments. However, we believe that the TEC anomaly during the 22-27 days before the
eruption of the volcano was caused by solar activity. Minor negative anomalies, all less
than 5 TECU, were observed on day 16, day 10, and day 1 before the HTHH underwater
volcano eruption, with the TEC anomalies on days 25-27 before the eruption likely due to
solar activity.

(2) Tropospheric anomalies were detected 45 days before and 15 days after the HTHH
underwater volcano eruption based on AZNHD and using the ESMD method. The results
show significant tropospheric anomalies on the day of the HTHH underwater volcano
eruption, 1-3 days after the eruption, and 16-17 days after the HTHH underwater volcano
eruption, with maximum anomalies up to 10 times the normal level. The different responses
of the three directions to anomalies were caused mainly by plate tectonics.

(3) Station location anomalies were detected based on GNSS high-frequency coordinate
time series and using the ESMD method for one month before and one month after the
HTHH underwater volcano eruption. The results show that direction E showed very
significant anomalies at approximately 2:45 p.m. on 14 January, 15 January at approximately
4:30 a.m.-5:40 a.m., and at approximately 3:45 a.m. on 16 January, with anomalies reaching
a maximum of 7-8 times the daily level. The anomaly in direction N is not obvious. Very
prominent anomalies can be observed in the direction U from 4:30 to 5:40 a.m., and the
intensity of the anomaly was more than 10 times that of the normal level.
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