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Abstract: In this study, an overview of two years of research findings concerning the 2022 Hunga
Tonga—Hunga Ha’apai (HTHH) volcanic eruption in the stratospheric environment is provided,
focusing on water vapor, aerosols, and ozone. Additionally, the potential impacts of these changes
on aviation equipment materials are discussed. The HTHH volcanic eruption released a large
amount of particles (e.g., ash and ice) and gases (e.g., H,O, SO,, and HCl), significantly affecting
the redistribution of stratospheric water vapor and aerosols. Stratospheric water vapor increased
by approximately 140-150 Tg (8-10%), with a concentration peak observed in the height range of
22.2-27 km (38-17 hPa). Satellite measurements indicate that the HTHH volcano injected approxi-
mately 0.2-0.5 Tg of sulfur dioxide into the stratosphere, which was partially converted into sulfate
aerosols. In-situ observations revealed that the volcanic aerosols exhibit hygroscopic characteristics,
with particle sizes ranging from 0.22-0.42 um under background conditions to 0.42-1.27 pum. The
moist stratospheric conditions increased the aerosol surface area, inducing heterogeneous chlorine
chemical reactions on the aerosol surface, resulting in stratospheric ozone depletion in the HTHH
plume within one week. In addition, atmospheric disturbances and ionospheric disruptions triggered
by volcanic eruptions may adversely affect aircraft and communication systems. Further research
is required to understand the evolution of volcanic aerosols and the impact of volcanic activity on

aviation equipment materials.
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1. Introduction

On 15 January 2022, at approximately 4:10 AM UTC, the underwater volcano known
as Hunga Tonga—-Hunga Ha’apai (HTHH), located in the South Pacific islands (20.54° S,
175.38° W), erupted explosively. This event, marked by a Volcanic Explosivity Index
(VEI) of 5 to 6, propelled an eruption plume to the mesosphere with a maximum altitude
of ~57.5 km [1-3]. The volcanic eruption released a large amount of plume containing
volcanic ash, ice clouds, and gases, including sulfur dioxide (5O;), hydrogen chloride (HCI),
and water vapor. These substances were injected into the stratosphere, triggering large
disturbances to stratospheric water vapor and aerosols. Although only a small fraction of
the volcanic plume reached the lower mesosphere, this eruption was the most powerful
and remarkable volcanic activity in the last 30 years. According to measurements from
geostationary satellites, the height of the volcanic plume reaching the mesosphere was the
highest recorded height in recent years [2,4].

Despite the intense eruptive activity of the HTHH volcano, satellite observations
indicate that the total amount of sulfur dioxide (SO;) released by this eruption was initially
only 0.2 to 0.5 Tg [3,5,6]. This value is significantly lower than the 14 to 23 Tg of SO,
released by the Pinatubo volcano in 1991 [7]. Preliminary estimations based on existing

Atmosphere 2024, 15, 483. https:/ /doi.org/10.3390/atmos15040483

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos15040483
https://doi.org/10.3390/atmos15040483
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-4812-5000
https://doi.org/10.3390/atmos15040483
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15040483?type=check_update&version=2

Atmosphere 2024, 15, 483

2 0f 10

stratospheric chemistry theories, observational data, and climate models, suggest that
the volcanic eruption of HTHH will not greatly impact the global climate. Within 1 to
2 years after the volcanic eruption, the surface temperature decreased by only 0.01 °C to
0.1118 °C [8,9]. However, recent research results indicate that, 17 months after the eruption,
stratospheric aerosols from the HTHH volcano did not rapidly settle as initially expected.
Instead, they only slightly settled and continued to persist in the stratosphere [10,11].
Moreover, the substantial injection of water vapor during the initial phase of the volcanic
eruption accelerated chemical reactions leading to stratospheric ozone depletion [12]. Water
vapor persisting in the stratosphere dominates the net warming effect at the top of the
atmosphere [13], increasing the global mean surface temperature by 1.5 °C [14].

The increase in water vapor and sulfate aerosols in the stratosphere not only leads to
ozone depletion [15], but also exerts far-reaching effects on other stratospheric chemical pro-
cesses and the radiation balance. Furthermore, it plays a key role in contributing to global
climate change. These changes potentially impact the materials used in aviation equipment.
Therefore, it is essential to identify the evolution of ozone, water vapor, and aerosols in the
stratosphere after the HTHH volcanic eruption. This overview includes three sections: the
introduction, the impact of the HTHH volcano on the stratospheric environment (e.g., water,
aerosol, and ozone), and, lastly, the discussion and conclusion section.

2. The Impact of the HTHH Volcanic Eruption on the Stratospheric Environment
2.1. The Impact of the HTHH Volcano on Stratospheric Water Vapor

Nineteen hours after the HTHH volcanic eruption, weather balloons carrying Vaisala
RS41 radiosondes were launched in Nadi, Fiji (17.77° S, 177.45° E). The abnormal water
vapor signals within the volcanic plume were detected in the measured profiles, with high
vertical resolution [16]. The observational data revealed significantly elevated water vapor
mixing ratios in the stratosphere, reaching up to 1300 ppmv at altitudes of 19-28 km, far
exceeding the background water vapor value in the stratosphere (~5 ppmv). However, the
balloon explosion occurred at 28 km, and no further information on the above water vapor
profiles was obtained. Subsequently, weather balloons were launched at two sites on the
east coast of Australia (Willis Island and Woodstock), and the maximum water vapor values
reached 2900 ppmv, approximately 580 times greater than the background stratospheric
water vapor (~5 ppmv). The COSMIC-2 satellite data validated these findings, showing
that the water vapor value reached 2500 to 3500 ppmv at 29-33 km, which is consistent
with the radiosonde measurements [17]. Water vapor injected into the stratosphere by
the HTHH volcano diffuses globally with stratospheric circulation, and the maximum
stratospheric water vapor at 19-28 km gradually weakens.

Conventional radiosondes cannot meet the precision requirements for measuring low
stratospheric water vapor compared to abundant tropospheric water vapor. However, the
Cryogenic Frostpoint Hygrometer (CFH) is an effective scientific instrument for detecting
water vapor in the stratosphere. However, its high cost prevents it from being launched in
the global operational upper air network. Twelve weeks after the eruption of the HTHH
volcano, on 9 April 2022, the Institute of Atmospheric Physics of the Chinese Academy
of Sciences launched radiosonde balloons from Lijiang, Yunnan (26.8° N, 100.2° E). The
CFH measurements showed an enhanced water vapor signal at altitudes of 24-25 km in the
extratropical westerly jet of the Northern Hemisphere (Figure 1: right). The measured water
vapor value was 8 ppmv, and water vapor profiles from the Microwave Limb Sounder (MLS)
also indicated an increase in water vapor at 20-30 hPa, with values of 6-7 ppmv [18,19].

Although radiosondes provide high vertical resolution profiles and detailed infor-
mation on the vertical distribution of water vapor, their spatial and temporal coverage
is limited. Therefore, sun-synchronous orbit satellite remote sensing data are crucial for
studying the evolution of water vapor during the early stages of volcanic eruptions. Based
on an analysis of Microwave Limb Sounder (MLS) satellite data, two high-level water vapor
layers were observed in the stratosphere two days after the volcanic eruption (Figure 1: left).
These layers consisted of a small amount of water vapor concentrated in the upper strato-
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sphere at pressure heights of 1-8 hPa, and most of the water vapor was concentrated
in the middle stratosphere at pressure heights of 10-80 hPa [3,6,19]. After 2 weeks, the
slightly increasing water vapor in the upper stratosphere diffused rapidly, almost com-
pletely mixing with the surrounding background. Consequently, the disturbance to the
background values decreased to a negligible level. In contrast, the diffusion rate of water
vapor in the middle stratosphere was lower. During the first two weeks of the HTHH
eruption, the height of the enhanced water vapor layer in the middle stratosphere slightly
decreased, and then the positive anomalous water vapor extended throughout the tropics
of the Southern Hemisphere within a few months (Figure 1: middle). Compared to zonal
diffusion, the meridional diffusion of water vapor is slower and takes several months to
diffuse to the Northern Hemisphere and even polar regions. The chemistry transport model
(the Chemical Lagrangian Model of the Stratosphere, CLaMS) simulations indicated that
within 1-2 months of the HTHH volcanic eruption, the deep branch of the Brewer—-Dobson
circulation and transport along isentropic surfaces shifted anomalously high levels of water
vapor to the South Polar regions [3].
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Figure 1. (left) MLS/Aura time series of mean (30° S-5° N) stratospheric water vapor anomalies
(ppmv) from 100 to 1 hPa after the HTHH eruption (15 January 2022), from January-April 2022. The
anomalies are calculated by subtracting the water vapor averaged 0-10 days prior to the eruption of
the HTHH from the daily water vapor data. (middle) Zonal mean water vapor anomalies (ppmv) as
a function of latitude and time at 38-17 hPa levels. The locations of the HTHH volcano and Lijiang
are marked with a black plus symbol and a triangle, respectively. (right) Vertical profiles of water
vapor at Lijiang on 9 April 2022, derived from in-situ observations (blue), and MLS remote sensing
observations (black). The gray line shows the mean April water vapor with standard deviations
derived from MLS during 2005-2020 (adapted from Xu et al., [19]).

In summary, the eruption of the HTHH volcano injected approximately 140-150 Tg
of water vapor into the stratosphere [3,6,13,19], resulting in an increase of approximately
8-10% in stratospheric water vapor. The enhanced total amount of water vapor is different
when using different versions of MLS data or balloon soundings. The anomalous amount of
water vapor is approximately 50 Tg when using balloon measurements [16]. The enhanced
value for water vapor is approximately 139 Tg when using MLS V4, and the 10-day mean
value of water vapor before the volcanic eruption is selected as the reference value [19].
However, the positive anomaly value of water vapor is approximately 146 Tg when using
the same version of MLS data, but the 2005-2021 January-February—March average value
is selected as the background value [6]. The total amount of water vapor from the HTHH
eruption was ~145 Tg when using the MLS V5 and selecting the 2021 data as the background
value [13]. The enhanced water vapor was mainly concentrated in the altitude range of
22.2-27 km (38-17 hPa) in the Southern Hemisphere during the first year after the eruption.
The substantial increase in water vapor led to a short-term infrared radiative cooling
within this region, resulting in a temperature decrease of 4 K [20]. The cooling, in turn,
triggered enhanced meridional winds at 20 hPa in the Southern Hemisphere [21]. Notably,
stratospheric water vapor is an important greenhouse gas with a long lifetime and no
significant sink in the stratosphere. Therefore, such a large injection of water vapor into the
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stratosphere will persist for several years and will affect stratospheric chemistry, radiation
balance, dynamic processes, and polar ozone depletion.

2.2. The Impact of the HTHH Volcano on Stratospheric Aerosols

High-spatio-temporal-resolution visible cloud images from the geostationary satellite
Himawari-8 show the plume evolution of the HTHH volcanic eruption for one week.
During the first eruption stage, the volcanic plume formed as a brownish-black mushroom-
shaped cloud composed mainly of volcanic ash and water condensates (liquid water and ice
crystals) [3,6]. However, two days after the eruption, the volcanic ash component was barely
detectable in the ultraviolet imagery due to diffusion and gravitational settling effects [22].
Measurements from the Ozone Monitoring Instrument (OMI), the Tropospheric Monitoring
Instrument (TROPOMI) and the Ozone Mapping and Profiling Suite (OMPS) onboard the
European Space Agency’s Sentinel-5P satellite, indicate that the HTHH eruption injected
~0.4-0.5 Tg of sulfur dioxide into the stratosphere [5]. Moreover, studies also indicate that
the amount of SO, may reach 1.5 Tg due to the initial SO, being quickly converted into
sulfates [23]. Two or three days after the volcanic eruption, sulfate aerosols were found to be
the dominant component in the greenish plume observed by the Himawari-8 satellite [14].
This phenomenon is inconsistent with the typical rate of sulfate aerosol formation, which
usually takes months for sulfur dioxide to oxidize and regenerate as sulfate aerosols under
stratospheric temperature and humidity conditions. The rapid conversion of sulfur dioxide
into sulfate aerosols could be attributed to the abundant presence of water vapor during
the initial phase of the HTHH volcanic eruption [23-25]. After the volcanic eruption,
French scientists conducted sounding measurements on Reunion Island in the Southern
Hemisphere (La Réunion, 21.1° S, 55.3° E). Sounding balloons were launched with a
portable Light Optical Aerosol Counter (LOAC) to detect volcanic aerosols [26]. Due
to the stratospheric eastward wind belt in the Southern Hemisphere, Reunion Island
was located downwind of the HTHH volcanic plume. The light optical aerosol counter
showed an aerosol extinction coefficient up to ~4 x 1073 km~! at altitudes of 22.6 km and
24.9 km on 23 January. The observed aerosol extinction coefficient was 0.4 x 1073 km~3 at
19.5 km on 26 January. In-situ measurements provide more quantitative information on
volcanic plumes than satellite measurements do. The observed aerosol size distribution
was unimodal, with aerosol radii smaller than 1 um. This distribution is different from the
bimodal distribution typically observed in volcanic aerosols [27]. According to the LOAC
aerosol classification, aerosols with radii in the range of 0.5-1.0 um appeared to be liquid
or semitransparent, indicating that the volcanic plume mostly consisted of sulfate droplets.
Particles with radii smaller than 0.5 pm were hygroscopic and semitransparent, suggesting
that the dominant component of the aerosols was sulfate droplets enclosing volcanic ash,
which is consistent with the results of Yuen et al. [28] regarding particle formation from
magma-seawater interactions. Notably, satellite remote sensing measurements fail to
retrieve relevant information regarding these small, absorptive aerosols [26].

To study the spatiotemporal distribution characteristics of atmospheric components
over the Tibetan Plateau, the Atmospheric Composition sounding team from the Institute of
Atmospheric Physics, Chinese Academy of Sciences, has conducted the Water Vapor, Ozone,
and Particles (SWOP) campaign over the Tibetan Plateau since 2009 [29-32]. A Cryogenic
Frost Point Hygrometer (CFH), a Compact Optical Backscatter Aerosol Detector (COBALD),
and a Portable Optical Particle Spectrometer (POPS) were used to determine the particle size
distribution, with diameters ranging from 0.13 to 3.0 um. On 9 April 2022 (12 weeks after
the HTHH volcanic eruption), balloon-borne measurements in Lijiang, Yunnan captured
strong aerosol and water vapor signals at approximately 24-25 km in the westerly jet
stream of the Northern Hemisphere (Figure 2). The COBALD and POPS observations
provided the microphysical properties of volcanic aerosols, such as the backscatter ratio,
particle concentration, and size distribution. The volcanic aerosol number density was
approximately 1 cm 2 and mainly consisted of particles with diameters between 0.42 pm
and 1.27 um, which differed from the size distribution of stratospheric aerosols (without
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the HTHH volcano), where the peak was between 0.22 pym and 0.42 um [18]. The in-
situ measurement data over the Tibetan Plateau characterize the features of the volcanic
plume and will be useful for understanding the physical and chemical processes of the
volcanic plumes.
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Figure 2. (a) Vertical profiles of the backscatter ratio (blue for 455 nm, red for 940 nm) data derived
from the COBALD sonde and the effective radius (green) from the POPS measurements obtained in
Lijiang on 9 April 2022. (b) Vertical profiles of the aerosol number density for bins of eight sizes from
the POPS measurements obtained on 9 April 2022. (c) Profiles of water vapor on different days in
Lijiang. (d) The European Centre for Medium-range Weather Forecasts (ECMWF) Reanalysis version
5 (ERAD) streamline data obtained at 30 hPa on 9 April 2022. The yellow dots mark the CALIPSO
footprints when volcanic plumes (with altitudes of 22-25 km) were detected by an expedited level
2 vertical feature mask (VFEM) algorithm on 7, 8, and 9 April. The asterisk marks the Lijiang site (from
Figure 2 of Bian et al. [18]).

During the first three weeks after the volcanic eruption, the height of the volcanic
plume decreased by several kilometers due to the net radiative cooling effect of water
vapor (Figure 3). After several weeks, the gravitational settling of aerosols and the uplift
of the water vapor layer caused the separation of the water vapor layer and the aerosol
layer [3,23]. The phenomenon of aerosol and water vapor stratification has also been
observed in volcanic plumes in the Northern Hemisphere [18]. Based on the preliminary
understanding of volcanic eruptions and stratospheric chemistry, it is expected that the
influence of stratospheric aerosol optical thickness will persist until mid-2023, with a
total duration of 14 to 17 months for the volcanic eruptions. However, the latest satellite
measurements confirm that there is almost no volcanic ash in the volcanic aerosol layer.
The main component is sulfate aerosols (with an effective radius of ~0.4 um). Despite the
presence of the volcanic aerosol layer in the stratosphere for 17 months, there is only a slight
reduction in particle size, and the estimated amount of sulfuric acid is 0.66 &+ 0.1 Tg [10],
which will continue to exist in the stratosphere and have a sustained impact on stratospheric
chemistry, radiation, and dynamic processes.



Atmosphere 2024, 15, 483

6 of 10

28CALIOP 532 nm scattering ratio (colour) + MLS water vapour (ppmv) in zonal band 15°S-5°S

P —— 75T e
N

Altitude (km)

01-Feb 01-Mar 01-Apr 01-May 01-jun 01-Jul

OP 532 nm scattering ratio (colour) + MLS water vapour (ppmv) in zonal band 25°S-15°S

& 10.0 Te———_ I

Altitude (km)

0 01-Feb 01-Mar 01-Apr 01-May 01-jun 01-Jul
Day in 2022
Figure 3. Panels (top, bottom) show zonal and latitude band averages as a function of time for the
CALIOP 532 nm scattering ratio (color) and MLS water vapor (contours, ppmv) for the 15-5° S and
25-15° S latitude bands, respectively (adapted from Legras et al. [23]).

2.3. The Impact of the HTHH Volcano on Stratospheric Ozone

The eruption of the HTHH volcano injected a large amount of water vapor, along
with a small amount of HCI, CIO, and other gases into the stratosphere. Radiosonde data
and remote sensing observations indicate that the elevated water vapor layer induces
radiative cooling and increases the surface area of stratospheric aerosols. This triggered
heterogeneous chemical reactions of chlorine on the surface of volcanic aerosols in the
plume soon after the HTHH eruption [33,34]. Under moist conditions on a volcanic aerosol
surface, HCl is rapidly oxidized to ClO. In the presence of decreased NOx concentrations,
reactive chlorine then engages in destructive reactions with ozone molecules. Satellite
observations show a decrease of 0.4 ppbv in HCl and an increase of 0.4 ppbv in CIO inside
the plume, averaged between 16 and 24 January 2022, providing direct evidence for these
chlorine activation reactions. Within just one week after the volcanic eruption, stratospheric
ozone partial pressure impacted by heterogeneous chemical reactions of chlorine was
evidently reduced by 5% in the tropical western Pacific and Indian Ocean regions (Figure 4,
Evan et al. [34]). In September—October-November 2022, the ozone loss at the midlatitudes
in the Southern Hemisphere was up to —7% and the ozone concentration increased by 5%
in the tropics [13]. This study only focuses on the latest two-year research after the HTHH
eruption; more research associated with the ozone loss in the Antarctic polar region caused
by the volcanic eruption will be published in the future.

Based on the Whole Atmosphere Community Climate Model (WACCM), it has
been confirmed that the primary cause of ozone depletion in the initial eruption plume
is the reaction of HOx and ClOx [24]. The crucial heterogeneous chemical reaction
HOCI + HCl — Cl, + H,O, with a reaction rate of 10* cm 3 s~ 1, becomes the predomi-
nant process leading to ozone depletion. Notably, this differs from the spring polar ozone
depletion involving HCI + CIONO,. The injection of a large amount of water vapor into
the stratosphere increases the relative humidity over ice by as much as 70-100%, reducing
the H,SO4 /H,O ratio from 70% to 35%. The volcanic plume temperature also decreases by
2-6 K, and these variations accelerate the occurrence of heterogeneous chemical reactions.
Understanding these intricate and extensive connections between volcanic emissions and
atmospheric chemistry is crucial for improving model simulations.
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Figure 4. After the HTHH eruption, a balloon campaign took place at Reunion Island. Plume
dynamics showcase the volcanic injection of H,O vapor, sulfur dioxide (SO,), and HCI, promoting
rapid chlorine activation in hydrated volcanic aerosols and O3 depletion in the stratosphere. The
22 January 2022 Oj profile (black line) contrasts with Reunion’s climatology (red line), displaying a
notable decline (from the first figure of Evan et al. [34]).

3. Discussion and Conclusions

The eruption of the HTHH volcano not only affects the atmospheric composition but
also generates a series of atmospheric fluctuations with different lengths and frequencies,
including surface-guided Lamb waves, acoustic waves, and gravity waves [35]. In addition
to triggered wave activity, a volcano can serve as a continuous source of waves through
convective plumes and latent heat release from water vapor after the initial eruption. The
HTHH volcano has produced multiple atmospheric waves that propagate worldwide,
with unique energy and propagation ranges [36]. Research indicates that during the initial
stage of the HTHH volcanic eruption, gravity waves generated by mechanical oscillations
experienced continuous amplification of amplitude during their propagation in the middle
atmosphere. The amplitude and phase velocity exceeded historical records [37]. These
atmospheric disturbances pose a series of challenges and risks to aircraft and spacecraft.
Moreover, abnormal gravity waves may cause unexpected deviations in the trajectory
of stratospheric balloons, resulting in loss of control and their drifting out of safe and
controlled airspace.

In addition, large volcanic eruptions can cause ionospheric disturbances. These distur-
bances are mostly driven by the upward propagation of Rayleigh waves and gravity waves,
and they become the primary driving force behind ionospheric disturbances. After the
HTHH volcanic eruption, ionospheric disturbances (TIDs) originating from the volcanic
center were detected by the global navigation satellite system, demonstrating the sensitivity
of the ionosphere to atmospheric anomalies [38]. Moreover, the atmospheric waves gener-
ated by the HTHH volcanic eruption propagated throughout the Earth’s upper atmosphere
for several days, further causing the generation of equatorial ionospheric plasma bubbles.
These plasma bubbles create irregular regions with reduced plasma density in the F-layer
of the equatorial ionosphere and can seriously interfere with satellite communications [39].
Plasma bubbles are typically generated by solar activity, but intense volcanic activity can
also lead to ionospheric anomalies. For stratospheric long-duration aircraft or balloons, the
irregular plasma disturbances in the ionosphere can induce multipath propagation and
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refraction of wireless communication signals, resulting in signal attenuation or delay. This
can negatively impact satellite communications and long-endurance aerostats.

The HTHH volcanic eruption in 2022 significantly affected the stratospheric envi-
ronment (e.g., water vapor, aerosols, ozone, and equipment materials). First, the HTHH
volcanic eruption injected a large amount of water vapor into the stratosphere, altering the
concentration and distribution of water vapor in the stratosphere and impacting strato-
spheric chemistry, radiation balance, and climate. The aerosol optical depth variation in the
stratosphere after a volcanic eruption impacts radiative forcing. Therefore, the strength-
ening of stratospheric chemistry—aerosol—climate models will be useful for estimating
the climate effects of volcanic eruptions [40]. Although the HTHH volcano injected only
0.2-0.5 Tg of SO, into the stratosphere, the SO, quickly transformed into sulfate aerosols
due to the increased water vapor in the stratosphere. Additionally, the enhanced water
vapor increased the surface area of stratospheric aerosols and induced heterogeneous
chlorine chemical reactions on the surface of volcanic aerosols. This led to the depletion
of stratospheric ozone during the first stage and further affected chemical reactions in the
stratosphere. Finally, atmospheric waves and ionospheric disturbances triggered by the
HTHH volcanic eruption may negatively impact spacecraft and aerostats.

In conclusion, due to the lack of measurements of volcanic plumes during the early
stages of eruptions, there is considerable uncertainty regarding the evolution and effects
of volcanic aerosols. However, studies have shown that volcanic activity impacts the
stratosphere. Further research is needed to investigate the impact of atmospheric waves and
ionospheric disturbances on aviation equipment materials. Increasing attention, research,
and interdisciplinary cooperation will contribute to a better understanding and response to
the challenges and impacts of the HTHH volcano eruption in the future.
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