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Abstract: Research concerning the response characteristics of lower atmosphere to volcanic eruption
is a key and hot topic in the field of volcanic environment research. Against the background of a
submarine volcano in the South Pacific island country of Hunga Tonga-Hunga Ha’apai (HTHH)
on 15 January 2022, this paper explores the response characteristics of this volcanic eruption on
environmental factors in the lower atmosphere region using a priori data such as ERAS reanalysis
data, water vapor data from GNSS inversion and surface temperature data from Landsat inversion
for the Tonga Islands region. Among them, (1) The amount of precipitable water (PWV) in Tonga
was abnormally high on 15 January. (2) The water vapor flux was mainly in the lower space below
850 hPa. (3) The average surface temperature in December 2021 was higher. In February 2022, the
average surface temperature was lower. (4) There was a low-pressure center near 30° S on the south
side of Tonga volcano on 14 January, and a new low-pressure center was formed on the east side
of Tonga volcano after the eruption of Tonga volcano on 15 January. Furthermore, the precipitation
area of Tonga increased in January and decreased in February 2022. The PWYV values, water vapor
fluxes, temperature and circulation response characteristics, and precipitation characteristics show
that the volcanic eruption affected part of the atmospheric and oceanic circulation, and water vapor
was transported to the low-pressure center along the direction of atmospheric circulation. With
the continuous water vapor transport, precipitation formed in Tonga, and the intensity and area of
precipitation in Tonga increased significantly in January. Thus, the volcanic eruption could have
significantly triggered the response between the low-pressure center, PWV, precipitation and surface
temperature in the lower atmosphere, which influenced the environmental characteristics of this
eruption.

Keywords: Tonga volcanic eruption; lower atmosphere; GNSS; Landsat

1. Introduction

The lower atmosphere refers to the Earth’s atmosphere below 25 km in altitude [1]. It
includes the troposphere and the lower and middle stratosphere. The lower atmosphere
contains more than 80 percent of the air in the entire Earth’s atmosphere and has a direct
impact on weather and climate. In particular, most environmental responses to natural
disasters such as volcanoes, earthquakes, and tsunamis occur in the lower atmosphere.
For example, volcanic eruptions emit a large amount of ash and gases, mainly residing
in the stratosphere and seriously impacting the Earth’s climate [2]. Seismological and
climatological methods mainly study the environmental response of volcanic eruptions in
the lower atmosphere. However, these methods study mainly one environmental factor and
need help to obtain the response characteristics of the whole lower atmosphere. The results
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are most powerful when combined with other methods, such as low-pressure centers, water
vapor, precipitation, surface temperature, and volcanological studies [3,4].

Significant volcanic eruptions regulate atmospheric and oceanic circulation in the
lower atmosphere and thus determine the genesis and activity of cyclones in the Pacific [5].
Meanwhile, cyclone and Sea Surface temperature (SST) [6], large-scale circulation [7,8] and
precipitation [9] were directly related. Cyclones will affect the direction of circulation and
thus affect water vapor transport, which is a necessary condition for forming precipita-
tion [10]. Tonga is located in the Southwest Pacific Convergence Zone (SPCZ), which is
generally regarded as a breeding area for cyclones [11] because the region within 10 degrees
of the polar position of the average SPCZ has favorable conditions for the occurrence of
tropical cyclones [12,13].

Volcanoes release large amounts of volcanic gases in the lower atmosphere when
they erupt, with water vapor accounting for 60% to 90% of the total gas volume [14].
During its change, water vapor absorbs and releases large amounts of latent heat, directly
affecting ground and air temperatures and thus influencing the formation and evolution
of weather systems. Numerous studies have shown anomalous changes in water vapor
both before and after geological hazards [15-17]; for example, there may be a sudden
increase in columnar water vapor in the atmosphere before an earthquake, and this is
attributed to increased evaporation due to increased surface heat flux. Water vapor may
decrease after an earthquake, while over the ocean, water vapor is found to increase after
an earthquake [18]. Severe weather conditions related to significant transient changes in
atmospheric water content, such as low pressure and storms, can be well identified by
the abrupt change in precipitable water vapor (PWV) [19,20]. Atmospheric water vapor
content is also a critical factor in studying climate change and volcanic activity through
latent atmospheric heat and surface evaporation, and small changes in water vapor content
can amplify temperature changes caused by other greenhouse gases [21-23]. PWV can also
determine atmospheric temperature [24]. Both climate models and observations confirm
that regional increases (decreases) in PWYV are strongly correlated with increases (decreases)
in surface temperature [25-27].

Volcanic eruptions release large amounts of gas into the atmosphere, where the vol-
canic gases undergo a series of chemical reactions to form volcanic aerosols [28]. Aerosols
reduce the direct solar radiation and increase the scattering amplitude, ultimately reducing
the total solar emissivity, possibly lowering surface temperatures [29-31]. Wang et al. [32]
observed negative surface temperature anomalies after eruptions in a volcanic eruption.
Okazaki et al. [33] found similar temperature decreases between ~10.5 and ~11.5 km alti-
tude for the April 2010 Eyjafjallajokull eruption and the June 2011 Puyehue eruption. The
advantages and effectiveness of satellite remote sensing for volcanoes are demonstrated
by a large number of thermal infrared images for the time-series monitoring of surface
temperatures [34-37].

In response to the preliminary and incomplete study of the environmental response of
the lower atmosphere during the volcanic eruption, this paper describes the environmental
response characteristics of the lower atmosphere of the eruption in terms of PWV, water
vapor flux, surface temperature, low-pressure center, and precipitation. The analysis found
that the volcanic eruption could have significantly triggered the response between the
low-pressure center, PWYV, precipitation, and surface temperature in the lower atmosphere,
which influenced the environmental characteristics of this eruption.

2. Datasets and Methodology

The violent eruption of a submarine volcano and tsunami on Ahapai Island (HTHH)
(Figure 1a), Tonga, on 15 January 2022, has attracted widespread international attention. In
this paper, we investigate the response characteristics of this volcanic eruption to environ-
mental factors in the lower atmosphere region using a priori data such as ERA5 reanalysis
data, water vapor data from GNSS inversion and surface temperature data from Landsat
inversion for the Tonga Islands region.



Appl. Sci. 2023,13, 10095

3 0f20

 S.MKEA

FMhﬂﬁ
CKIS
5 GAMB

 —
165°W 150°W 135°W

%
60°N |
00_
, :
. v L
5 o 4 TONG  ® IGS Sites ,g
C
agline, e M

00

60°E 120°E 180° 120°W 60°W 0°

Figure 1. (a) Tonga location distribution, the red triangle is the HTHH volcano. (b) Distribution of 11
IGS sites in Tonga region. (c) Global distribution of 237 IGS sites; the blue triangle is the location of
the HTHH volcano, and the red circles are the locations of IGS sites. The black box is the range of

(b) graph.

The surface temperature data are Landsat OLI/TIRS sensor data released by the
United States Geological Survey (USGS) and cropped from April 2019 to April 2022 at a
spatial resolution of 30 m. The atmospheric circulation, precipitation, water vapor flux, and
water vapor flux dispersion data used in the experiment are from the European Centre
for Medium-Range Weather Forecasts (ECMWEF) ERAD reanalysis. The climate state used
for the experiment is from 1981 to 2010. The GNSS data used in the experiment are
provided by an international collaboration established by the International Association
of Geodesy (IAG), which provides GNSS observations from various tracking stations and
various products of the IGS. Data from 11 regional IGS stations (Figure 1b) worldwide and
237 IGS stations (Figure 1c) in Tonga were selected from January 2020 to March 2022 for the
GNSS/MET net inversion of water vapor using GAMIT/GlobK software (version 10.71).

The surface temperature inversion is mainly based on the surface thermal radiation
observed via the thermal infrared sensor of the satellite. Then, the atmospheric influence is
subtracted from it to obtain the surface thermal radiation intensity, and finally, the surface
temperature is obtained by converting the thermal radiation intensity. PWYV is obtained
based on the basic theory of the ground-based GNSS inversion of atmospheric precipitable
water, i.e., the inversion of PWV via the PWV and ZWD relationship equation. The water



Appl. Sci. 2023,13, 10095

4 0f 20

vapor flux and water vapor flux divergence are calculated from meteorological elements
such as air density, specific humidity, and wind speed.

2.1. Calculation of Blackbody Radiant Brightness and Surface Temperature

Using the radiative transfer equation:
Ly = [eB(Ts) + (1 —¢e)L ]+ LT 1)

where ¢ is the surface-specific emissivity; T; is the actual surface temperature (in K); B(Ts) is
the thermal luminosity of the blackbody; 7 is the atmospheric transmittance in the thermal
infrared band. Then, the radiant luminosity B(T;) of a blackbody at temperature T in the
thermal infrared band is

[Ly — LT — (1 —¢)L}]

B(Ts) = - 2

T, = K
* 7 In[Ky/B(Ts)] +1

For TIRSBand10 data, K = 774.89W/ (m?-um-sr), K, = 1321.08K.

®)

2.2. GNSS PWYV Inversion

When GNSS signal passes through the atmosphere, the signal delay is caused by the
atmosphere, namely Zenith Total Delay (ZTD). ZTD is mainly composed of ionospheric
delay and tropospheric delay, among which, the ionospheric delay can eliminate 99% of the
influence via a dual-frequency receiver. Tropospheric delay is mainly composed of Zenith
Hydrostatic Delay (ZHD) and Zenith Wet Delay (ZWD), that is, ZWD = ZTD — ZHD.

H
ZTD = 1076 x ky x Rd/
H,

0

rdh +107° x /H<k2 x P 721 4 ks x LN z;l)rdh 4)
Hp T Ty

where k1, ky and k3 represent atmospheric refraction constants, respectively. R; is dry air
gas constant; P, and Z;, are the local pressure and compressibility coefficient of water
vapor, respectively. H and Hj represent the top tropospheric height and the height of the
station, respectively. ZHD can be obtained from site information and ground pressure.

Py
ZHD = [(2.279 == 0.0024 5
[< T “f(qf»HJ ©®
F(¢, H) = 1 — 0.0026c0s(2¢) — 0.00028H ©)

where Py is the ground pressure of the station, in units of hPa; ¢ is the geographical latitude
of the station, and H is the altitude of the station, in km.
10°
PWV = e X ZWD (7)
R (n + k/) pw

where p,, represents water density; R = 461 ] - kg~! - K~1; Ty, is the weighted average
temperature of the atmosphere, which can be obtained via the IGPT2w model proposed by
Huang [38].

2.3. Water Vapor Flux

The whole layer water vapor flux can be written as [39]:

1 [Pt
Q=—[ qVdp 8
8 Jps
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where g is the acceleration of gravity, g is the specific humidity, ps is the surface pressure, p;
is the upper boundary pressure and V represents the wind speed vector. The wind speed
can be divided into a latitudinal component (u, positive to the east) and a longitudinal
component (v, favorable to the north), so the whole layer of water vapor flux can also be
written in the form of latitudinal and longitudinal members:

1 rpe

Q= [ qudp ©)
8 Jps
1 rpe

Qp=—[ qudp (10)
8 Jps

3. Results and Discussion
3.1. Analysis of PWV Values

Precipitable water volume (PWYV) has indicative significance for small-scale catas-
trophic weather forecasting and is one of the critical parameters in response to low-level
atmospheric characteristics. This article explores the relationship between PWV changes
and volcanic eruptions by studying the global PWYV distribution on 15 January 2022. Specif-
ically, the global PWV anomaly distribution on 15 January 2022 was obtained by using the
15 January 2020 and 2021 data as the background value and finding the difference between
the date of 15 January 2022 and the background value (Figure 2). At 0:00 (Figure 2a), the
PWYV anomaly was mainly distributed in the Tonga region, northern Africa, the Indian
Ocean, and southern South America. From 2:00 to 16:00 (Figure 2b—i), the PWV remained
unusually significant in Tonga, but the Northern Hemisphere anomaly began to disappear
at 1400 (Figure 2h). From 18:00 to 22:00 (Figure 2j-1), the negative PWV variation gradually
spread from the Tonga region to the whole South Pacific, while the North Pacific PWV was
positive. It can be seen from Figure 2 that the PWV changes were mainly concentrated in
the Tonga region, and the degree of PWV anomalies in the Tonga region was the largest
before and after the HTHH volcanic eruption. Thus, there is a specific correlation between
PWYV anomalies and volcanic eruptions.

In addition, in order to more accurately reflect the characteristics of PWV anomalies
during volcanic eruptions, in this paper, data from 11 stations in the Tonga region were
selected for analysis (Figure 1). Using the data of January 2020 and 2021 as the background
values and finding the difference between the data of January 2022 and the background
values, we obtained the water vapor anomaly map for the period from 1 January 2022 to 24
January 2022 for the 11 stations (Figure 3).

As can be seen from Figure 3, the PWV around Tonga was normal from 1 January
to 9 January (Figure 3a—i), and the PWV on the south side of Tonga was positively weird
on 10 January and remained so until 12 January (Figure 3j-1), when the PWV returned
to normal. A negative water vapor anomaly was observed in the lower right of Tonga
on 13 January (Figure 3m), and a positive water vapor anomaly north of Tonga and a
negative water vapor anomaly east of Tonga occurred on the 14th (Figure 3n). The anomaly
reached its highest value on the 15th (Figure 30). The positive water vapor anomaly was
the highest on the 16th (Figure 3p), and after the 16th, the water vapor did not increase, but
the anomaly decreased (Figure 3q—x). From Figure 4, it can be seen that the PWV anomaly
in Tonga was an overall increase in January, and the PWV anomaly was an overall decrease
in February. Therefore, volcanic activity has a strong impact on the changes in PWV in the
lower atmosphere of the surrounding area.
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Figure 2. Global PWV anomaly distribution from 0:00 to 22:00 (UTC) on 15 January 2022. Blue
is the PWV anomaly reduction area. Red is the PWV anomaly increase area. Red box indicates

Tonga region.
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Figure 3. Distribution of water vapor anomalies from 1 January 2022 to 24 January 2022; blue is
the area of PWV anomaly decrease, and red is the area of PWV anomaly increase. Black triangle is
Tonga'’s position.

3.2. Analysis of Atmospheric Circulation

In addition, atmospheric circulation serves as a direct factor affecting water vapor flux
and water vapor flux divergence. This article also studied the characteristics of regional
circulation changes during volcanic eruptions. Specifically, from Figure 5a, it can be seen
that there was low pressure near 30° S on the south side of the 500 hpa Tonga volcano on
14 January. High pressure on the north side, corresponding to the low-level 850 hpa Tonga
volcano, also had low pressure near 30° S on the south side (Figure 5b), while the high-
pressure field was south of 30° S as well as on the north side of Tonga volcano, which was
located on the north side of the cyclone with a prevailing northwest wind. The low pressure
at 500 hPa on the south side of the volcano moved southward on 15 January (Figure 5c),
and the volcano was covered by high pressure with solid northwesterly winds; the low
pressure at 850 hPa on the south side of the volcano also moved southward (Figure 5d),
while weak low pressure appeared on its northeast side. On the 16th (Figure 5e), the
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500 hpa volcano was located on the west side of the high pressure, and easterly winds
prevailed over it.
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Figure 5. The 850 hPa (b,d,f,h) and 500 hPa (a,c,e,g) temperature fields (color shaded areas, unit: °C)
and wind fields (arrows, unit: m-s~1) for January 2022. All red boxes indicate low pressure centers
south of Tonga, and all green boxes indicate low pressure centers east of Tonga. The red and green
boxes indicate changes in the two low pressure centers.

In contrast, the corresponding 850 hpa volcano was located on the south side of the
low pressure (Figure 5f), and easterly winds prevailed, bringing warm advection. On the
17th (Figure 5g), the 500 hpa volcano was still located on the west side of the high pressure,
and easterly winds prevailed over it. In contrast, the corresponding 850 hpa volcano was
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located on the south side of the low pressure (Figure 5h), and easterly winds brought warm
advection. Using the circulation data from 1981 to 2010 as the climate state, anomaly levels
of 850 hPa and 500 hPa geopotential height field, temperature field, and wind field were
obtained from 14 to 17 January 2022 (Figure 6).
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Figure 6. The 850 hPa (b,d,f,h) and 500hPa (a,c,e,g) temperature anomaly fields (color shaded areas,
unit: °C) and wind anomaly fields (arrows, unit: m-s~1) for January 2022. Climate state is from 1981
to January 2010 data. The red box indicates the low pressure center on the south side of Tonga. The
green box indicates the low pressure center on the east side of Tonga.
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From Figure 6, we can see a low-pressure anomaly on the southwest side of 500 hpa
Tonga volcano on 14 January (Figure 6a) and a low-pressure anomaly on the corresponding
lower 850 hpa (Figure 6b), with westerly winds prevailing over the volcano, bringing
cold advection from the south. The wind field converged on the volcano’s east side, and
the convergence of cold and warm advection was conducive to precipitation. By the
16th (Figure 6e), the 500 hpa Tonga volcano was located on the north side of the high-
pressure anomaly, with prevailing easterly winds bringing cold advection at high latitudes;
a weak low-pressure anomaly was found on the south and east sides of the corresponding
850 hpa volcano (Figure 6f), with the convergence of wind fields and convergence of cold
and warm advection overhead. By the 17th (Figure 6g), the 500 hpa Tonga volcano was
located on the north side of the low-pressure anomaly, with prevailing easterly winds
and cold advection overhead; a weak low-pressure anomaly was found on the east side
of the lower 850 hpa volcano (Figure 6h). There was a weak low-pressure anomaly with
easterly winds prevailing over it, bringing cold advection transport. From the temperature
field, the temperature overlapped with the low-pressure center in southern Tonga, and the
sea around Tonga was warmer. Based on the discussion of the circulation above, it can
be concluded that volcanic activity can cause changes in the regional circulation layer in
different directions and amplitudes.

3.3. Analysis of Surface Temperature

As the most directly affected factor of volcanic activity, the characteristic change trend
of temperature is also one of the research contents in the lower atmospheric region. In this
paper, we used USGS Landsat 8 data to obtain the surface temperature of the small island
of Tonga between April 2019 and April 2022, as shown in Figure 7, where the solid black
line indicates the profile before the 15 January 2022 eruption and P1 to P4 are the selected
feature points.

As shown in Figure 7, the surface temperature around Tonga varies cyclically, with
cooler temperatures from April to August (Figure 7a—d, h—j,p—s) and warmer temperatures
from November to February (Figure 7f-g k-n,u-w). However, in November and December
2022, the temperature on Ahapai Island was unusually high (Figure 7v,w), and the surface
temperature of the crater was 10 °C Celsius higher than that in previous years (Figure 7).
The surface temperature of Ahapai Island decreased in February 2022. In this paper, four
feature points were selected for time series analysis in Ahapai Island (Figure 7x). Points
P1 and P2 were located near the crater, and P3 and P4 were located on the east and west
ridges. The time series results of the feature points are shown in Figure 8. Until November
2022, the surface temperature at point P3 was always higher than that at points P1 and P2
in the crater, and the surface temperature at point P4 was the lowest. However, starting
from October 2022, the surface temperatures at points P1 and P2 suddenly increased, and
their values were also more significant than those at point P1. The temperatures were P1,
P2, P3, and P4 in descending order, and this order became clearer in December 2022.

Overall, the HTHH volcano had an apparent change in surface temperature before
and after the eruption, with the HTHH volcano having an anomalously high surface
temperature before the eruption and a decrease in surface temperature after the HTHH
eruption [40,41]). The decrease in the surface temperature of Ahapai Island may have come
from gases released by the eruption [42], such as sulfur dioxide, water vapor, and other
volcanic gases.

3.4. Analysis of Water Vapor Flux Divergence and Water Vapor Flux

Water vapor flux and water vapor flux divergence are the most direct types of evidence
for predicting precipitation [43]. Therefore, this article also considers water vapor flux
and water vapor flux divergence as feedback factors for changes in low-level atmospheric
environmental characteristics. Among them, water vapor flux was introduced to quantify
the direction and magnitude of water vapor transport and where it was concentrated. Water
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Figure 7. Surface temperature map for Tonga, April 2019-April 2022. The black line depicts the

volcano’s outline before it erupted on 15 January 2022. P1, P2, P3, and P4 are the feature points.
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In this paper, the water vapor flux, water vapor flux dispersion, and the anomaly
level of water vapor flux dispersion and water vapor flux from 14 to 17 January 2022, were
analyzed, where the climate state was the data from 14 to 17 January 1981 to 2010.

As shown in Figure 9, a positive divergence of water vapor flux indicates that water
vapor is diverging, while a negative divergence indicates that water vapor is converging.
On 14 January (Figure 9a), there was a weak water vapor convergence zone over the
Tonga volcano, and on 15 January (Figure 9b), this weak water vapor convergence zone
strengthened due to increased water vapor transport from high latitudes. On the 16th
(Figure 9c), the Tonga volcano had a weak water vapor divergence zone over 850 hpa, and
the northeast air flow inhibited the water vapor transport. On the 17 January (Figure 9d),
the water vapor divergence increased, and the easterly airflow increased, inhibiting water
vapor transport over the ocean at high latitudes.

As shown in Figure 10, there was an anomalous area of water vapor irradiation over
Tonga volcano on 14 January (Figure 10a), and the westerly airflow brought high-latitude
water vapor transport, and this anomalous area of irradiation over Tonga volcano was
strengthened on 15 January (Figure 10b). Water vapor transport was also strengthened at
850 hPa. On 16 January (Figure 10c), there was a weak anomalous area of water vapor irra-
diation over Tonga volcano, and the easterly airflow suppressed water vapor transport. On
17 January (Figure 10d), the anomalous area of water vapor irradiation was strengthened,
and the easterly airflow was also strengthened.

A low-pressure center is also known as a cyclone [44]. Figure 9 shows that the
direction of water vapor transport largely coincides with the direction of atmospheric
circulation [45,46]. A large amount of water vapor is accumulated in the southern cyclone
of Tonga, where most of the water vapor comes from the diversion of the low-pressure
center in eastern Tonga. The intensity of water vapor transport in the southern cyclone
reached the highest value on the second day after the eruption of the HTHH volcano
(Figure 9¢). On 15 January, the southern cyclone of Tonga moved toward New Zealand
under the influence of the volcanic eruption (Figure 9b). At the same time, a low-pressure
center in eastern Tonga began to build up and move towards Tonga, transporting large
amounts of water vapor to Tonga. As shown in Figure 10, a westerly wind formed under
the influence of the low-pressure center in southern and eastern Tonga. This westerly wind
transported a large amount of water vapor to southern and eastern Tonga. The water vapor
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transport intensity of the southern cyclone in Tonga reached the highest value on the 16th
(Figure 10c), consistent with the PWV results. The anomalous water vapor of the southern
cyclone in Tonga on the 16th was most likely from the water vapor released by the HTHH
volcanic eruption [47]. The eastern low-pressure center was moving toward Tonga after the
eruption (Figure 10d), and the influence of water vapor on CKIS was weakened (Figure 4i),
so the PWV of CKIS returned to normal after 17 January [48]. The formation of the cyclone
in eastern Tonga may have been related to the eruption of the HTHH volcano and may
have affected precipitation in the South Pacific [49-51]. It is worth noting that the volcanic
activity in Tonga volcano was also intense on the 15th. Therefore, we can conclude that
volcanoes have a certain correlation with water vapor activity.
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Figure 9. The 850 hPa water vapor flux divergence (color shaded areas, unit: g-cm~2-h-Pa=!-s71)
and 850 hPa water vapor flux (arrows, Unit: g-cm*1 -hPa~1.s71) from 14 to 17 January 2022 at 23:00
(UT). The red and green boxes indicate the main areas of water vapor flux concentration. All red and
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3.5. Analysis of Rainfall

s~1) anomaly fields

Whether it is PWV, atmospheric circulation, temperature, water vapor flux, or water
vapor flux divergence, the ultimate focus is on precipitation, so changes in precipitation
characteristics are important characterizations in the lower atmosphere. For precipitation
characteristics, the two cyclones mentioned above continuously transport water vapor to
the surrounding areas of Tonga, and the water vapor delivery may bring rainfall [10,43].
The eruption of the HTHH volcano may have had an impact on the precipitation around
Tonga. In this paper, the precipitation in January and February in Tonga in the recent seven
years was analyzed, and the precipitation distribution in the surrounding area of Tonga in

January and February was obtained.

As shown in Figure 11a—e, the precipitation in the eastern part of Tonga in January was
significantly less than in the central part of Tonga. However, in January 2022 (Figure 11f),
the precipitation in the Tonga region increased significantly, especially in the eastern part
of Tonga, forming a large precipitation region. This area of precipitation was consistent
with the location of the low-pressure center in eastern Tonga [52-54]. As can be seen in
Figure 11g-k, there was significant precipitation in the central and eastern parts of Tonga in
February. The precipitation area in the east of Tonga was more extensive, but in February
2022 (Figure 111), the precipitation area in the east of Tonga was significantly reduced.
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Taking the average precipitation in January of the past six years as the background value,
the precipitation anomaly map for January 2022 (Figure 12a) was obtained, which shows
that the precipitation in Tonga and the eastern region has significantly increased. Taking
the average precipitation in February in the recent six years as the background value, the
precipitation anomaly map for February 2022 was obtained (Figure 12b). It can be seen
that only Tonga and a few areas (concentrated around 20° S) experienced an increase in
precipitation, while most of the rest experienced a decrease in precipitation. In February
2022, the surface temperature decreased (Figure 7), PWV values around Tonga generally
reduced (Figure 4), and precipitation around Tonga also decreased significantly (Figure 111).
It can be concluded that there is a strong correlation between volcanic activity and rainfall
characteristics.
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Figure 11. Precipitation distribution maps for January (a—f) and February (g-1) for Tonga region from
2017 to 2022 (color shaded areas, unit: mm); red triangles are HTHH volcano locations. Dashed boxes
indicate precipitation in January (a—f) and February (g-1) of previous years, and solid boxes indicate
precipitation in January (a—f) and February (g-1) of 2022.
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In conclusion, it can be seen that PWV, water vapor flux, temperature, and precipitation
are closely related [55,56]. When the water vapor flux increases abnormally, the PWV value
also changes, precipitation increases, and surface temperature increases. When PWV
generally decreases, precipitation decreases, and surface temperature decreases. At the
time of a volcanic eruption, the temperature of the surrounding sea rises, and the PWV
located in the troposphere begins to be anomalous. The water vapor flux at the height
of 500 hpa from the surface is transported to the low-pressure center by the circulation.
Rainfall begins to form in the path of the transport of the water vapor flux, and they jointly
influence the environmental characteristics in the lower atmosphere.

4. Conclusions

The lower layers account for more than 80 percent of the entire Earth’s atmosphere
and directly impact weather and climate. Most natural hazards are affected in the lower
atmosphere. The environmental response characteristics of volcanic eruptions are generally
obtained from a single environmental factor. In this paper, the environmental response
characteristics and evolution of the 2022 Tonga volcanic eruption in the lower space were
obtained from the combined analysis of multiple environmental factors such as PWYV,
circulation, water vapor flux, surface temperature, and precipitation. Two cyclones ap-
peared in the east and south of Tonga before and after the HTHH eruption. The southern
cyclone strongly influenced water vapor transport and precipitation around Tonga, and
the intensity of water vapor flux in the south of Tonga reached its maximum on the second
day of the eruption (16 January). The eastern cyclone appeared after the volcanic eruption
and was probably regulated by the volcanic eruption on the atmospheric and oceanic
circulation, resulting in a new cyclone. The two cyclones affect water vapor, precipitation,
and temperature around Tonga. PWV also appeared to be anomalous after the eruption,
with anomalous values reaching a maximum on the day after the violent eruption (16
January 2022). After the volcanic eruption, the southern cyclone of Tonga moved toward
New Zealand, and the eastern cyclone gradually formed and moved toward Tonga. After
obtaining the anomalous water vapor flux through the climate state, it could be found that
a large amount of water vapor released from the HTHH volcanic eruption on 15 January
may have been transported to the cyclone in the eastern part of Tonga and brought a large
amount of rainfall to the area. The changes in PWYV, surface temperature, and precipita-
tion before and after the HTHH volcanic eruption are closely related. It could be found
that when PWYV increased in Tonga, the surface temperature increased and precipitation
increased in February 2022. When PWV decreases, surface temperature decreases, and
precipitation decreases.
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