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Abstract Approximately 150 Tg of water vapor and 0.42 Tg of sulfur dioxide were injected directly into the
stratosphere by the January 2022 Hunga volcanic eruption, which represents the largest water vapor injection in
the satellite era. A comparison of numerical simulations to balloon‐borne and satellite observations of the water‐
rich plume suggests that particle coagulation contributed to the Hunga aerosol's effective dry radius increase
from 0.2 μm in February to around 0.4 μm in March. Our model suggests that the stratospheric aerosol effective
radius is persistently perturbed for years by moderate and large‐magnitude volcanic events, whereas extreme
wildfire events show limited impact on the stratospheric background particle size. Our analysis further suggests
that both the particle optical efficiency and the aerosols' stratospheric lifetime explain Hunga's unusually large
aerosol optical depth per unit of the SO2 injection, as compared with the Pinatubo eruption.

Plain Language Summary The Hunga Tonga‐Hunga Ha'apai (HTHH) submarine volcano erupted
in January 2022, injecting a modest amount of SO2 but a record amount of water vapor relative to other eruptions
into the mid‐stratosphere observed in the satellite era. Our climate model simulations of the stratospheric aerosol
suggest that the large water vapor injection caused the new particle formation of many new sulfuric acid solution
particles with small radius, enhancing the collision efficiency. Rapid collision led to a peak radius of 0.2 μm by
February and 0.4 μm by March of 2022. Our analysis finds that both particle optical properties and aerosol
persistence collectively exert an influence on normalized anomaly aerosol optical depth, explaining the high
aerosol optical depth per unit emission of SO2 by HTHH, relative to the 1991 Pinatubo eruption.

1. Introduction
The Hunga submarine volcano (20.54°S 175.38°W) erupted on January 13–15 of 2022. The Hunga eruption
released moderate amounts of sulfur dioxide (SO2) gas (0.4–0.5 Tg), as well as 150 Tg of water vapor directly into
the stratosphere (Millan et al., 2022; Vömel et al., 2022; Xu et al., 2022). The injection heights span up to the
mesopause (∼50 km) with the bulk injected at around 25–30 km, higher than previous volcanic injection heights
of the 20th–21st centuries (less than 20 km) (Baron et al., 2023; Carr et al., 2022; Proud et al., 2022; Taha
et al., 2022; Yuen et al., 2022). Recent modeling studies have shown that this direct co‐injection of water vapor
and SO2 led to sulfate aerosols with a surprisingly large particle size and long lifetime in the stratosphere, which is
supported by both satellite and in situ observations (Asher et al., 2023; Khaykin et al., 2022; Tilmes et al., 2018;
Yu et al., 2023; Zhu et al., 2022).

Aerosol microphysical properties are a major source of uncertainty in evaluating the stratospheric and climate
effects from volcanic eruptions (Ansmann et al., 2022; Hamill et al., 1977; Kremser et al., 2016; Sekiya
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et al., 2016). Many previous studies have investigated the microphysical processes (e.g., nucleation, condensa-
tion/evaporation, and coagulation) of the stratospheric sulfate aerosol following volcanic eruptions (Dhomse
et al., 2014; English et al., 2013;Wrana et al., 2023; Zhu et al., 2022). Zhu et al. (2022) showed that Hunga's water
injection shortened the lifetime of SO2 vapor, which accelerated nucleation of sulfuric acid particles leading to
coagulation and producing a large particle effective radius in the volcanic plume. However, the extent to which
the injected water vapor affects the coagulation of Hunga's particles and the long‐term size evolution of strato-
spheric background particles remains unclear. The Hunga plume exhibited large particles, requiring comparison
with moderate and large magnitude volcanic eruptions, as well as extreme wildfire events.

Stratospheric volcanic aerosols increase the stratospheric aerosol optical depth (sAOD) and influence the Earth's
radiative balance. A four‐fold to five‐fold increase in the sAODwas observed after the Hunga eruption, producing
an optical depth that exceeded by far that of any other volcanic or wildfire event in the last three decades (Khaykin
et al., 2022; Schoeberl et al., 2022, 2023; Yu et al., 2023; Zhu et al., 2022). Compared with Mt. Pinatubo eruption
in 1991, a large magnitude eruption, HTHH generates a high sAOD per unit of injected SO2 mass (Asher
et al., 2023). Asher et al. (2023) suggested that the ∼560 nm diameter mode of aerosol particles inside of the
volcanic plume led to the high sAOD relative to its emission.

Here, we compare simulations from a sectional aerosol‐climate model (CESM1‐CARMA) (Yu et al., 2015) with
satellite and balloon‐borne observations to investigate the microphysical processes that contributed to the evo-
lution of the stratospheric aerosol effective radius following the Hunga eruption.We also quantitively evaluate the
factors contributing to the high AOD of Hunga relative to its modest size of the injection.

2. Methods
2.1. CESM1‐CARMA Aerosol Model

We simulated the microphysical processes of the Hunga eruption using a sectional aerosol microphysics model,
the Community Aerosol and Radiation Model for Atmospheres (CARMA), coupled with the specified dynamics
(SD) version of the Community Earth System Model Version 1 (CESM1‐CARMA) (Bardeen et al., 2008; Toon
et al., 1988; Yu et al., 2015). Simulations are nudged to Modern‐Era Retrospective analysis for Research and
Applications meteorology (Rienecker et al., 2011). The model was run on a grid of 1.9° latitude × 2.5° longitude
with 56 vertical layers from the surface up to 45 km. The modeled winds and temperatures were nudged to the
Goddard Earth Observing System 5 (GEOS‐5) reanalysis data set (Molod et al., 2015). In our simulations,
CARMA is fully coupled to the chemistry and radiation scheme of CESM. The gas‐phase chemical scheme used
is the Model for Ozone and Related Chemical Tracers (MOZART) that is used for both tropospheric (Emmons
et al., 2010) and stratospheric chemistry (English et al., 2011; Mills et al., 2016). Unlike the modal aerosol model
used by Zhu et al. (2022), the CESM1‐CARMA aerosol model is a sectional model that tracks two groups of
aerosols in 20 discrete size bins each: the first group is composed of pure sulfate and the other is composed of
internal mixtures of various aerosol components including sulfate (in the form of sulfuric acid), organics, black
carbon, dust, and salt. The dry radius of the pure sulfate particles ranges from 0.2 nm to 1.3 μm, and the dry radius
of the mixed particles ranges from 0.05 to 8.7 μm (Yu et al., 2015). For both groups, the wet (ambient) radius is
determined by the modeled relative humidity. For the pure sulfate group, a parameterization by (Tabazadeh
et al., 1997) determines the weight percent of H2SO4 in the H2SO4/H2O particles while in the mixed group, the
wet radius is parameterized based on the weighted hygroscopicity of the internally mixed species (Petters &
Kreidenweis, 2007).

Three sets of Hunga simulations were performed, initialized from January of 2022 to ending December of 2023.
One set of simulations (named “Full‐HTHH”) considered 0.42 Tg SO2 and 150 Tg water vapor injected between
25 and 30 km between 22°S and 14°S following Zhu et al. (2022). Note that we injected SO2 with the same
vertical distribution to that of water vapor. However, SO2 was injected at lower altitudes than water vapor in Zhu
et al. (2022). To identify the impact of injected water vapor from the Hunga eruption, another set of simulations
(named “SO2‐only‐HTHH”) considered injections of SO2 but not water vapor; the third set of simulations (named
“Control”) represented the unperturbed atmosphere without eruption. In addition, we compared the simulated
microphysical processes among various volcanic and wildfire events. We performed simulations of the 1991 Mt.
Pinatubo eruption, with 12 Tg SO2 injected at 18–20 km between 0 and 15 ºN (Mills et al., 2016), and the
Australian New Year (ANY) wildfire pyroCb event, with 0.9 Tg of smoke particles injected at 13 km (Yu
et al., 2021). Note that the observed SO2 injection by Pinatubo was 18 ± 4 Tg from most analyses (Carn
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et al., 2016). The Mills et al. (2016) estimate may have been affected by using a modal aerosol model. However,
the magnitude of the injection does not impact the results presented here all of which use the same sectional
aerosol microphysics model.

2.2. Observed Water Vapor and Volcanic Aerosol

The Portable Optical Particle Spectrometer (POPS) is a light‐weight balloon‐borne instrument that measures
particle number concentration and size within a 70 nm–1.25 μm radius range (Gao et al., 2016; Todt et al., 2023).
Balloon‐borne POPS measurements of the Hunga plumes at La Réunion island (21°S, 55°E) (Asher et al., 2023)
and Lauder (45°S, 170°E) taken from January 2022 to September 2023 were used in our study. In addition, water
vapor measured by the balloon‐borne Cryogenic Frost‐point Hygrometer (CFH) launched at Lijiang (100.22°E,
26.85°N) on 9 April 2022 was also used (Xu et al., 2022).

The simulated global distributions of stratospheric water vapor and aerosol optical depth were compared against
satellite observations from the Microwave Limb Sounder (MLS) (Lambert et al., 2015) and the Stratospheric
Aerosol and Gas Experiment on board the international space station (SAGE III/ISS) (Cisewski et al., 2014).

3. Results
3.1. Stratospheric Water and Aerosol Abundance

The simulated time series of the stratospheric water vapor anomalies (Figure S1a in Supporting Information S1)
and the sAOD (Figure S1b in Supporting Information S1) were compared with MLS (Lambert et al., 2015) and
SAGE III/ISS (Cisewski et al., 2014), respectively. Figure S1a in Supporting Information S1 shows that
approximately 75% of the simulated global water vapor anomalies from Hunga were located in the upper
stratosphere (1 to 30 hPa) in the first year since eruption. The model underestimates the observed water vapor in
the upper stratosphere by ∼20 Tg. Both MLS data and the model suggest that Hunga water vapor in the upper
stratosphere declined by ∼50% in the second year.

Figure S1b in Supporting Information S1 shows that the majority of aerosols stayed in the lower latitudes of the
Southern Hemisphere (SH) in the first 3 months and were gradually transported toward the South Pole. Both the
model and SAGE III/ISS observations show that the volcanic plume was transported to midlatitudes centered at
45°S by mid‐April (3.5 months after the eruption) and stayed out of the polar vortex due to the transport barrier in
the first year (high sAOD is not observed poleward of 60 S). After the polar vortex broke down in December of
2022, some Hunga plumes were transported into the polar region (60°S–90 S) with sAOD elevated by 0.003. A
small amount of Hunga plumes were transported to the Northern Hemisphere (NH) as observed in Xu
et al. (2022). In the second year, the simulated Hunga AOD anomalies were homogeneously distributed in SH,
with a hemispheric average of about 0.015, which is 42.86% of the stratospheric background sAOD. Note that a
small amount of the simulated Hunga water vapor was transported to the NH starting from November of 2022.
Figure S1c in Supporting Information S1 shows that the simulated stratospheric sAOD anomalies agreed
consistently with the observations to within 7% with a correlation coefficient of 0.892.

3.2. Vertical Distributions of the Hunga Particle Size Distributions

Figure 1a compares the simulated and observed vertical distributions of the aerosol effective radius for the particle
size range from 70 nm to 1.25 μm in diameter. Balloon‐borne particle size distributions were measured at La
Réunion Island (21°S, 55°E) from January to March of 2022 using POPS (Asher et al., 2023). In general, the
model reproduces the observed aerosol effective radius both in the troposphere and perturbed stratosphere. The
observed and simulated effective radius of aerosols in the troposphere between 10 and 15 km was approximately
100–150 nm, the lowest size the POPS can measure. The effective radius increases to about 200 nm with altitudes
from 17.5 to 20 km. The elevated effective particle radius in the stratosphere is consistent with the in situ airborne
aerosol measurements in mid‐latitudes of the upper troposphere and lower stratosphere (UTLS) by Murphy
et al. (2021). On 22 January 2022, the peak aerosol effective radius inside of the Hunga volcanic plume was
approximately 300 nm near 26–27.5 km. Larger peaks over 400 nm were measured by two balloon launches in
February–March of 2022 at lower altitudes between 23 and 25 km. Both model and observations suggested that
the stratospheric aerosol effective radius is elevated from 200 nm to about 400 nm in the first few months due to
2022 Hunga eruption. The evolution and the microphysical processes associated with the particles size changes
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are discussed in Section 3.3. Shown in Figure S2 in Supporting Information S1, without water vapor injection, the
model underestimates the observed number concentration for particles greater than 0.2 μm in diameter. The
comparison between the simulated size distributions with water vapor injection (Figure 2) and without water
vapor injection (Figure S2 in Supporting Information S1) indicates that water vapor accelerates the coagulation
growth of the Hunga particles indirectly by accelerating the oxidation rate of SO2, which increases the con-
centration of small aerosols.

The measured and simulated number and volume size distributions inside of the plume during the three balloon
launches are shown in Figures 1b–1g. Measured size distributions range from 140 nm to 3 μm, while the simulated
aerosol size distribution span across four orders of magnitude, allowing for diagnostics of the early evolution of
the volcanic plumes. As expected, the modeled stratospheric size distributions were dominated by the pure
sulfuric acid following Hunga eruption. In January, the simulated particle number concentrations around 10 nm in
diameter were elevated by seven orders of magnitude compared with the control simulation due to efficient
nucleation of sulfate in the first few weeks. The simulated nucleation mode particle number concentrations around
10 nm were still elevated by two orders of magnitude in February (Figure 1c), however no enhancement in the
nucleation mode was simulated on 31 March 2022 (Figure 1d).

Figure 1. Comparison of the aerosol size with balloon‐borne observations. (a) Observations of the aerosol effective radius (unit: nm) inside of the volcanic plume from
the portable optical particle spectrometers (POPS) launched in Réunion Island (21°S, 55.4°E) on January 22, February 11 and March 31 of 2022 are denoted by solid
lines. Simulated daily mean vertical distributions of aerosol effective radius inside the plume located near Réunion Island on the three balloon launch days are denoted
by the dashed lines. (b–d) Comparison of the simulated aerosol number size distributions (dN/dlogr, unit: #/cm3) with balloon observations (denoted by the black filled
circles) at 26 km (Asher et al., 2023) on the three balloon launch days shown in each panel, respectively. Simulated aerosol number size distributions for the pure sulfate
and mixed aerosols (detailed model settings in Section 2 and Yu et al., 2015) are denoted by the blue and red boxes, respectively. The simulated pure sulfate number size
distributions on each balloon launch day without HTHH eruption are denoted by the green solid lines in each panel, respectively. Panels (e–g) same as panels (b–d) but
for volume distribution (dV/dlogr, unit: μm3/cm3).
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3.3. Evolution of Hunga Aerosol Effective Radius

As shown in Figure 2a, the simulated evolution of the near‐global (60°S‐60°N) mean aerosol effective radius
between 22 and 28 km after the Hunga eruption exhibited three stages: (a) a reduction in the effective dry radius
from the unperturbed background value of ∼180 nm to around 100 nm due to the enormous amount of new
particles formed due to the oxidation and nucleation processes in weeks one and two; (b) the simulated effective
dry radius peaked at ∼280 nm via effective coagulation inside of the plume when the particle number concen-
tration was high in weeks 3 and 4; (c) the slow decline in the effective dry radius, as the larger particles pref-
erentially sedimented out of the stratosphere after the first month. The simulated near global stratospheric aerosol
effective dry radius remained elevated (∼240 nm) compared with the background value (∼180 nm) for 2 years
after the eruption. Three similar stages of effective radius were found for the 1991 Pinatubo Eruption, a large‐
magnitude eruption (Figure 2a). The large‐magnitude injection of SO2 from 1991 Pinatubo eruption resulted
more new particle formation and a lower effective dry radius (∼60 nm) in the first stage, which accelerated the
coagulation efficiency and led to the formation of aerosols with larger particle peak effective dry radius at 450 nm
within 2 months. Note that in our model simulations, we inject SO2 at 18–20 km following Mills et al. (2016).
However, Quaglia et al. (2023) showed that the injection altitudes of Pinatubo ranged from 18 to 30 km.
Additionally, multiple climate models have demonstrated large variability in the simulated effective dry radius
with various injection altitudes. Consequently, the evolution of the dry effective radius is expected to be
dependent on the injection altitude range utilized in model simulations. After extreme wildfire events, which
inject large amounts of organic particles into the stratosphere (e.g., 2019–2020 Australian New‐year, ANY
event), the aerosol effective radius increases slightly in the initial stage and slowly declines with time. Note that
we assumed that the primary aerosol emissions dominate the ANY event, and we ignored the secondary formation
of organics in the fire plume in our model simulation. Besides, following previous modeling study on ANY event
(Yu et al., 2021), we ignored the detailed chemical processes near the fire source but directly injected smoke

Figure 2. (a) Simulated temporal evolution of the aerosol effective dry and wet radius (unit: nm) averaged over 60°S–60°N and between 22 and 28 km after HTHH
eruption is denoted by the solid and dashed red line, respectively. The simulated particle effective dry and wet radius averaged over 60°S–60°N and between 18 and
20 km after the 1991 Pinatubo event and the 2019–2020 ANY wildfire event are shown in black and green lines, respectively. (b) Scatterplot comparing the simulated
dry and wet effective radius averaged over 60°S–60°N for the Pinatubo, Full‐HTHH and the SO2‐only‐HTHH simulations denoted by the black, red and blue dots,
respectively. The black dashed lines denote 1:1 relationship between the simulated dry and wet effective radius. (c, d) Simulated temporal evolution of the aerosol
effective wet radius averaged over 30°S–0°S and between 20 and 25 km. The simulated aerosol effective radius in the Full‐ HTHH and SO2‐only‐HTHH scenarios are
denoted by the blue and red solid lines, respectively. The black line denotes the simulated stratospheric background aerosol effective wet radius in the control simulation
without the influence of HTHH. Observation from portable optical particle spectrometers (POPS) launched in Réunion Island (21°S, 55.4°E) and Lauder (45°S, 170°E)
are denoted by the open triangles.
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aerosol at ∼12 km, with the majority of the aerosol mass concentrated in the accumulation mode, based on the
optical measurements near the fire source (Yu et al., 2015). Figure S3 in Supporting Information S1 shows the
simulated smoke particles from the ANY event were mainly in the accumulation mode with comparatively lower
particle number concentrations and a lower coagulation rate compared with newly nucleated particles formed
after volcanic eruption. Lower particle number concentrations from the ANY event led to smaller coagulation
rates. Consequently, there is a limited change in the stratospheric aerosol effective radius in the first 3 weeks after
the ANY event.

Hydroscopic growth of aerosols is mostly determined by the ambient relative humidity and aerosol hygroscop-
icity. Figure 2a shows that the simulated wet (ambient) effective radius follows the evolution of the dry radius in
all three stages discussed above. The simulated evolution of the wet (ambient) effective radius was primarily
driven by the dry radius. However, the hydroscopic growth of particles from the Pinatubo volcanic eruption was
slightly higher than that from Hunga eruption as shown in Figure 2b. This greater hydroscopic growth when the
plume is spread out after a few months since eruption is because the Pinatubo injection was at lower altitudes (i.e.,
18–20 km (Mills et al., 2016)), with higher relative humidity than the altitudes of Hunga particles (i.e., 22–28 km).

Zhu et al. (2022) showed that the water vapor injection from Hunga likely accelerated the oxidation of SO2 and
promoted rapid formation of the sulfate aerosol compared with a case if only SO2 (and no water vapor) was
injected. Consistent with this study, our Hunga simulation showed low effective radius in the first stage compared
to the simulation without a water vapor injection (Figure 2c). Shown in Zhu et al. (2020), simulated evolution of
the aerosol size distribution following Mt. Kelut volcano is dominated by the coagulation process. Because more
particles formed in the first stage with the water injection due to faster oxidation of SO2, the coagulation of
particles was much faster with the addition of stratospheric water vapor. The simulated effective dry radius also
reached the peak in 1 month as a result of the water vapor injection, while it took 4 months to reach its peak
without water vapor injection. Simulations and observations from La Réunion and Lauder suggest that the
stratospheric aerosol effective size was persistently elevated for 2 years (Figures 2c and 2d).

4. Discussions
The Hunga eruption resulted in a four‐fold to five‐fold increase in the global mean sAOD, exceeding the optical
depth of any volcanic or wildfire event in the last three decades by far (Khaykin et al., 2022). Asher et al. (2023)
suggested that the large size of the Hunga particles with a mode radius of ∼280 nm was responsible for the
observed high extinction coefficients in the volcanic plume.We used CARMA to quantify the factors contributing
to the large global mean sAOD of Hunga for a relatively low SO2 injection. As shown in Figure 3a, the simulated

Figure 3. (a) Calculated stratospheric between 60°S and 60°N stratospheric aerosol optical depth (sAOD) per injection (sAOD/Injection) for HTHH, Pinatubo and ANY
are denoted in red, black and green bars respectively. (b) The volcanic and wildfire aerosol extinction efficiency normalized by the size of the particle (Qext/Radius)
based on the Mie theory are denoted in black and green solid lines, respectively. The calculated global mean effective radius above 200 mb for HTHH, Pinatubo and
ANY averaged in the first year since eruption are denoted in red, black and green circles, respectively. The simulated range of the stratospheric effective radius following
the three events are denoted in red, black and green shaded region, respectively. (c) Simulated temporal evolution of the global mean aerosol burden anomalies above
200 mb normalized by the stratospheric injection (Burden/Injection) for Pinatubo, HTHH and ANY events are denoted in black, red and green solid lines, respectively.
The stratospheric aerosol burden normalized by the injection for the three events averaged in the first year are denoted by the filled and color‐coded circles, respectively.
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global and annual mean normalized sAOD (defined by the sAOD divided by the injection) of Hunga is 2.7‐fold
larger than Pinatubo's and 1.9‐fold larger than ANY's.

To understand why the Hunga global mean sAOD is so large, first we assume that the aerosol column mass and
the optical depth are uniform over an area of the Earth (A). Next, we separate the global mean sAOD per mass
injected (E) into two terms in Equation 1: one term is sAOD per aerosol stratospheric mass burden (B); the other
term is stratospheric mass burden per mass injected. Both terms vary over time. The first term varies due to the
change in radius with time, the second varies due to sedimentation (removal of mass from the stratosphere).

sAOD
E

=
sAOD
B

∗
B
E

(1)

According to Mie Scattering Theory and Clyne et al. (2021), we know that for a homogeneous layer of thick-
ness ∆z

sAOD = Qextπr2 · N ·∆z (2)

Qext denotes the particle optical extinction efficiency, r denotes the particle radius and N is the number con-
centration. Replacing N with column mass density (M = B/A) Equation 2 is transformed to

sAOD
B

=
3
4ρA

∗
Qext
r

(3)

where ρ denotes the particle density.

Based on Equation 3, we know that the global mean sAOD for fixed global mass burden, (sAODB ), is proportional to
Qext
r . Figure 3b shows the relation between the size of particle (r) and the optical efficiency (

Qext
r ) (i.e., AOD per

fixed mass burden) based on the Mie theory (Clyne et al., 2021). Figure 3b shows that particles with the radius
around 0.3 μm have the largest optical efficiency (Qextr ) with similar finding reported in Clyne et al. (2021). Note
that in the model, the refractive indices of BC are set at 1.95–0.79i at mid‐visible light, while the refractive indices
of OC and sulfate are set at 1.43–0i. Because the wildfire smoke aerosol is dominated by OC, with mass fraction
of about 98% (Yu et al., 2019), the total extinction efficiencies (Qext) of wildfire smoke and volcanic aerosol are
similar. Figure 2a shows the simulated effective radius in the first year after the Hunga eruption was about
0.28 μm, which is near the peak of the theoretical aerosol extinction efficiency shown in Figure 3b. Figure 2a
shows the simulated effective radius was over 0.4 μm for most of the year after the Pinatubo eruption. Addi-
tionally, the ANY event exhibited a smaller effective radius around 0.2 μm. Our model suggests that the global
and annual mean sAOD per fixed mass burden (Qextr ) of the Hunga was 1.5‐fold higher than that of the Pinatubo
event and 1.25‐fold higher than that of the ANY wildfire. However, the optical efficiency alone does not explain
why the simulated global and annual mean normalized sAOD (sAOD/E) of Hunga was 2.7‐fold larger than
Pinatubo's and 1.9‐fold larger than ANY's sAOD (Figure 3a).

The fraction of mass remaining, (BE), is highly sensitive to the altitude and latitudes of injection. The value of the
annual mean BE is proportional to aerosol' lifetime. As shown in Figure 3c, the modeled

B
E of Hunga remains about

1.8‐fold larger than that of Pinatubo and also 1.45‐fold higher than that of the ANYwildfire averaged over the first
year after the injection. The long lifetime of Hunga particles is largely caused by its extremely high injection
altitude (i.e., 25–30 km). Based on our simple analysis, the 2019–2020 ANY fire shows 20% smaller optical
efficiency (Qextr ) and a 30% smaller fraction of mass remaining (

B
E) in the first year when compared with Hunga. In

contrast, the 1991 Pinatubo eruption shows 40% smaller optical efficiency (Qextr ) and 60% smaller fraction of mass
remaining (BE) than that of Hunga. Our study suggests that both high optical efficiency and long aerosol lifetime
contribute to a higher sAOD relative to its emission of Hunga.

5. Summary
We simulated the microphysical processes affecting stratospheric aerosols from the Hunga eruption using a
sectional aerosol model coupled with a climate model, CESM1‐CARMA. Simulated stratospheric aerosol and
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water vapor anomalies were compared against observations from MLS, SAGE III/ISS and in situ balloon‐borne
POPS launched in La Réunion Island (21°S, 55.4°E) and Lauder (45°S, 170°E). Both the model and satellite
measurements suggested that the volcanic plume remained in the lower latitudes of the Southern Hemisphere in
the first 3 months and was excluded from the polar vortex due to the transport barrier in the austral summer/spring
of 2022. Comparisons of the simulated aerosol size distributions with balloon‐borne observations showed that the
peak effective radius (∼0.4 μm) occurred at 20–25 km altitude in March 2022, which is significantly greater than
the background aerosol effective radius (∼0.2 μm or smaller).

We also compared the simulated temporal distributions of the particle effective radius of the Hunga aerosol layer
with those of other volcanic and wildfire events. The injection of water vapor accelerated the oxidation of SO2 as
explained in Zhu et al. (2022). The comparison suggested the injected water vapor from Hunga led to the rapid
formation of new particles by increasing the SO2 oxidation rate, enhancing coagulation efficiency resulting in the
aerosol particles reaching peak wet radius (∼350 nm) more rapidly than in the case of Pinatubo. Our study in-
dicates that the stratospheric aerosol effective radius is perturbed by moderate and large‐magnitude volcanic
events for years after the injection. Note that we ignored the detailed chemical processes near the fire source, but
injected the aerosols in the upper troposphere directly and in the accumulation mode bins. The simulated effective
radius from extreme wildfire events is fixed at the time of injection.

Our study also reveals that both the optical efficiency and aerosol lifetime contributed to the observed higher
stratospheric sAOD normalized by emission of Hunga, when compared with the Pinatubo volcanic eruption and
the ANY wildfire event. The high optical efficiency of the Hunga particles due to their optimal particle size
accounted for 1.5‐fold higher normalized AOD observed in Hunga compared to Pinatubo. In addition to the
optical efficiency, Hunga's high injection height significantly extended the lifetime of particles and consequently
elevated the aerosol burden in the stratosphere. The simulated high fraction of mass remaining of Hunga's
aerosols accounted for another 1.8‐fold higher normalized AOD than Pinatubo.

Data Availability Statement
MLS data (Lambert et al., 2015) can be obtained from https://acdisc.gesdisc.eosdis.nasa.gov/data//Aura_MLS_
Level2/ML2H2O.004/2022/ and SAGE III/ISS data (NASA/LARC/SD/ASDC, 2017 can be obtained from
https://doi.org/10.5067/ISS/SAGEIII/SOLAR_BINARY_L2‐V5.2). Simulation data used in this work are
available in Li and Yu (2024). The data analysis provided in this paper was created by NCL (The NCAR
Command Language, 2019). All Figures were made with Matplotlib version 3.8.2 (The Matplotlib Development
Team, 2023).
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