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Abstract. The Hunga Tonga—Hunga Ha'apai (HTHH) undersea volcano injected approximately 0.5 Tg of sulfur dioxide
(SO2) and about 150 Tg of water vapor (H20) into the stratosphere. Using a combination of observations and model
simulations, we investigate the response of the Quasi-Biennial Oscillation (QBO) to these stratospheric SO» and H>O
perturbations, as well as the dynamic mechanisms underlying the QBO modification. A portion of the sulfate aerosols and
H>O remained in the tropical stratosphere for over a year. The water-rich HTHH eruption significantly influenced the QBO
amplitude, with the simulated 30 hPa QBO index anomalies accounting for 11-32% of the anomalies observed in the 2022
reanalysis data. The combined effect of H>O and sulfate aerosols on stratospheric temperature is mainly concentrated in the
tropical stratosphere (south of 15°N). H2O-induced radiative cooling reshapes the residual circulation and tropical upwelling
response, reducing the upward advective tendency acting on positive zonal wind perturbations in key regions and favoring
their downward propagation into the 30—100 hPa layer. This process effectively modulates the amplitude of the stratospheric
QBO through the “upwelling mechanism”. Additionally, the cooling of the stratosphere caused by H>O and sulfate aerosols
generates easterly and westerly wind shear through the “thermal wind balance mechanism” between April and October,

further influencing the stratospheric QBO.
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1 Introduction

Volcanic eruptions have widespread impacts on human economics, the environment, and the climate (Stone et al., 2017,
Wang et al., 2023). Explosive volcanic eruptions can inject large amounts of sulfur dioxide (SOz) into the upper troposphere
and, in some cases into the stratosphere (Quaglia et al., 2023), along with volcanic ash and other gases (Babu et al., 2022;
Brown et al., 2023). After being injected into the stratosphere, SO; is oxidized into sulfate aerosols (Santer et al., 2015;
Toohey and Sigl, 2017; Bluth et al., 1992; Stone et al., 2018). These sulfate aerosols have a relatively long lifetime (~1-3
years) in the stratosphere (Wang et al., 2022; Gao et al., 2023) and can be transported globally by the Brewer-Dobson
circulation (BDC), leading to their widespread distribution (Kremser et al., 2016; Tilmes et al., 2017). Once distributed in the
stratosphere, sulfate aerosols play an important role in the Earth’s radiative balance by scattering incoming solar radiation
and thereby cooling the surface (Wang et al., 2023; Zhou et al., 2023), while also absorbing terrestrial longwave and near-
infrared radiation (Kremser et al., 2016). This combination of radiative effects results in net heating in the lower tropical
stratosphere (Timmreck, 2012; Zuo et al., 2018; Toohey et al., 2011), which perturbs the thermal structure of the tropical
stratosphere and influences large-scale atmospheric dynamics (Bittner et al., 2016), including modulation of the quasi-
biennial oscillation (QBO) (Aquila et al., 2014; Franke et al., 2021; Brown et al., 2023; Niemeier et al., 2020; Richter et al.,
2017; Tilmes et al., 2017).

The QBO is a periodic oscillation with an approximate period of 28 months, characterized by alternating tropical zonal
easterly and westerly winds in the stratosphere, typically between 16 and 40 km altitude (Brown et al., 2023; Aquila et al.,
2014; Baldwin et al., 2001). This oscillation is driven by vertically propagating equatorial waves, including Kelvin and
Rossby-gravity waves, which deposit momentum into the mean flow and generate the alternating wind regimes (Baldwin et
al., 2001; Franke and Giorgetta, 2024). These wind regimes propagate downward from the upper stratosphere (above 5 hPa)
towards the tropopause (Brown et al., 2023). The rate of downward propagation is determined by the balance between wave-
driven acceleration and the vertical advection of momentum by troptical upwelling associated with BDC (Baldwin et al.,
2001; Aquila et al., 2014; Brown et al., 2023). Previous studies have shown that the QBO exerts a significant influence on a
wide range of atmospheric processes (Anstey et al., 2021; Wang et al., 2025; Trepte and Hitchman, 1992; Garfinkel and
Hartmann, 2011). For example, on shorter timescales, the QBO modulates tropical convection, circulation, and weather
systems (Son et al., 2017), while on seasonal to interannual timescales it is closely linked to stratospheric sudden warming
events and variations in the strength of the polar vortex (Anstey et al., 2021; Wang et al., 2025). Consequently, the QBO
plays an important role in both weather and climate (Scaife et al., 2014).

Following volcanic eruptions, radiative heating induced by stratospheric sulfate aerosols in the lower stratosphere enhances
tropical upwelling and modifies the downward propagation of QBO shear zones (Aquila et al., 2014). For example, sulfate
aerosols formed after the 1991 Mount Pinatubo eruption led to a warming of approximately 3.5 K in the lower stratosphere,
delaying the downward propagation of easterly shear and resulting in a prolonged persistence of westerly shear in the lower

stratosphere (Labitzke, 1994). Model studies further report that sustained SO injection can lengthen the QBO period and
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favor persistent westerly shear regimes (Aquila et al., 2014; Richter et al., 2017; Franke et al., 2021; Brown et al., 2023;
Ferraro et al., 2012).

The modulation of the QBO by volcanic aerosols is primarily explained by two mechanisms: the “upwelling mechanism”
and the “thermal wind balance mechanism” (Aquila et al., 2014; Franke et al., 2021). The upwelling mechanism is
associated with aerosol-induced radiative heating in the tropical lower stratosphere, which strengthens the upward branch of
the BDC. The resulting enhancement of tropical upwelling increases the vertical advection of momentum, thereby reducing
the descent rate of QBO shear zones and influencing their downward progression and amplitude (Bittner et al., 2016; Franke
et al.,, 2021). Under typical sulfate-driven warming, this effect tends to delay the descent of easterly shear and favor
persistent westerly shear in the tropical lower to middle stratosphere (DallaSanta et al., 2021; Brown et al., 2023). In addition,
sulfate-induced rediative heating modifies the meridional temperature structure in the lower stratosphere, altering
temperature gradients between the tropics and subtropics. Through thermal wind balance, these changes induce zonal wind
shear and therby modifying the vertical structure of the QBO.

These two mechanisms are not independent and can operate simultaneously. Their combined effects lead to a QBO response
that depends on both the background QBO phase and the magnitude of volcanic forcing (Brown et al., 2023). Following the
Pinatubo eruption, the period and amplitude of the QBO were strongly influenced by the phase at the time of the eruption:
eruption occurring during the westerly phase tend to extend the QBO period, whereas those during the easterly phase tend to
shorten it (Dallasanta et al., 2021). Previous studies indicated that, for typical sulfate-dominated volcanic eruptions, the
upwelling mechanism plays a dominant role in modulating the QBO by directly affecting the downward propagation of shear
zones, particularly in the early stage of the perturbation. In contrast, the thermal wind balance mechanism is generally
weaker initially but may become more important over longer timescales by modifying the meridional structure of the zonal
wind (Aquila et al., 2014; Brown et al., 2023). Under stronger forcing conditions (e.g., SO2 emissions approximately 60
times that of the Pinatubo eruption), however, the QBO response becomes less dependent on the initial phase and is more
strongly influenced by thermal wind balance mechanism, which primarily modifies the zonal wind structure (Brenna et al.,
2021).

Traditional volcanic eruptions primarily inject large amounts of SO> into the atmosphere, and previous studies have mainly
focused on the chemical and climatic effects associated with the formation of sulfate aerosols. However, the eruption of
Hunga Tonga—Hunga Ha’apai (HTHH) volcano (20.54°S,175.38°W) on 15% January 2022 was significantly different (Proud
et al., 2022). Unlike typical SO»-rich eruption, the HTHH eruption injected an exceptionally large amount of water vapor
(H:20) into the stratosphere while releasing only a relatively small amount of SO,. Satellite observations from the Microwave
Limb Sounder (MLS) indicate that the eruption increased the stratospheric H>O burden by around 150 Tg, corresponding to
an increase of about 10% (Randel et al., 2023; Zhou et al., 2024). In contrast, the SO injection was only about 0.5 Tg, nearly
30 times smaller than that of the Pinatubo eruption (Carn et al., 2022). Stratospheric H>O is a greenhouse gas and a source of
OH radical, and also contributes to the formation of polar stratospheric clouds (PSCs) (Solomon et al., 2015). H>O from the

HTHH eruption significantly altered the radiative balance, dynamics, and photochemistry of the stratosphere in the months

3



100

105

110

115

120

125

130

https://doi.org/10.5194/egusphere-2026-5104
Preprint. Discussion started: 23 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

following the eruption (Xia et al., 2022; Xia et al., 2021), including net cooling of stratospheric temperatures (Schoeberl et
al., 2022; Sellitto et al., 2022; Zhang et al., 2025). As a result of warming induced by sulfate aerosols and cooling induced by
enhanced stratospheric H>O, the HTHH eruption represents a fundamentally different radiative forcing compared with
typical SOz-rich volcanic eruptions, with potentially distinct impact on the QBO.

In this study, we investigate the effects of SO2 and H>O injections from HTHH eruptions on the stratospheric QBO. Section
2 describes the datasets, model simulations, and methods. Section 3 presents the QBO and temperature responses. Section 4

analyses the underlying dynamic mechanisms, and section 5 provides a discussion and conclusions.

2 Data, Models and Methods
2.1 Satellite observations

The Microwave Limb Sounder (MLS) instrument was launched on NASA’s Aura satellite on 15 July 2004 into a sun-
synchronous orbit with equator crossing times of 01:45 LST (descending orbits) and 13:45 LST (ascending orbits) (Ern et al.,
2022). MLS utilizes five broad microwave spectral regions, with centers ranging approximately from 118 to 2500 GHz, in a
limb-viewing configuration to measure various atmospheric microwave emissions in a limb-viewing geometry (Waters et al.,
2006), from which temperature and numerous trace gas species are retrieved. For this work, we use MLS version 5.1 H2O
and SO; products. Spatial coverage is near-global (82°S—82°N) and the vertical resolution of the H>O retrievals varies with
pressure, from 1.5 km at 316 hPa to about 3.5 km to 4.64 hPa, and degrades to ~15 km above 0.1 hPa, covering pressure
levels 316 hPa to 0.00215 hPa. The vertical range of the SO retrievals is from 215 to 10 hPa, with a vertical resolution of
about 3 km. The anomalies for 2022 are calculated as deviations from the climatological mean over 2007-2021, and we
focus on anomalies that exceed the range of previous variability.

The Suomi National Polar-orbiting Partnership (NPP) Ozone Monitor and Profiler Suite Limb Profiler (OMPS-LP) Level 3
aerosol extinction coefficient monthly gridded product provides stratospheric aerosol measurements derived from the
OMPS-LP sensor onboard the Suomi-NPP satellite (Jaross et al., 2014). This Level 3 product provides spatially and
temporally averaged data for selected retrieved quantities, including aerosol extinction coefficient, aerosol-to-molecular
extinction ratio, number density, and aerosol optical depth. Each granule contains data from the daylight portion of each
orbit averaged over an entire month in 5°x15°latitude—longitude grids. Spatial coverage is global (90°S—90°N). The profiles
are gridded from the surface up to about 41 km with a vertical resolution of 1.0 km. We used the Aerosol Optical Depth at

510 nm (AODs1o) to characterize stratospheric aerosols.

2.2 ERAS reanalysis dataset

The monthly zonal wind used in this study is derived from the fifth generation European Centre for Medium-Range Weather
Forecasts atmospheric reanalysis of the global climate (ECMWF) reanalysis dataset, ERAS, with a horizontal resolution of

0.25°%0.25° for the period 2007-2022 (Hersbach et al., 2020). The dataset is provided on 137 model levels, extending from
4
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the surface to approximately 0.01 hPa. For convenience, the data are interpolated to 37 pressure levels (0.1-1000 hPa),
covering the troposphere, stratosphere, and part of the middle atmosphere (Hersbach et al., 2020). This vertical structure
meets the needs of both tropospheric and stratospheric studies. The 30 hPa and 50 hPa QBO indices are defined as the zonal-
mean zonal wind at the equator (2°S-2°N) at the corresponding pressure levels (Randel and Wu, 1996; Lu et al., 2019).
Since 2022 corresponds to a transition from easterly to westerly QBO (EQBO to WQBO), the 30 hPa QBO index is
classified as EQBO when it is less than -5 m/s and as WQBO when it is greater than 5 m/s (Lu et al., 2019; Mo and Hu,
2024). This threshold-based definition is used to distinguish QBO phases for subsequent analysis.

2.3 Model Simulations
2.3.1 Model Description

We used the Whole Atmosphere Community Climate Model version 6.0 (WACCMG6) coupled with the global Community
Earth System Model 2 (CESM2) (Bogenschutz et al., 2018; Gettelman et al., 2019) to simulate the QBO response due to the
HTHH eruption. WACCMG6 includes comprehensive chemistry spanning the Troposphere, Stratosphere, Mesosphere, and
Lower Thermosphere (TSMLT), as well as interactive aerosol-cloud processes (Mills et al., 2016). The model is configured
with 70 vertical layers extending up to about 140 km and a horizontal resolution of 0.95° x 1.25° (Tilmes et al., 2019; Liu et
al.,, 2021). WACCM6 incorporates a comprehensive representation of physical and chemical processes relevant to
stratospheric dynamics and aerosol evolution (Gettelman et al., 2019), enabling the simulation of radiative forcing and
aerosol transport following volcanic eruptions. In particular, the model includes oxidation processes for sulfur-containing
gases and H2SOys, allowing it to simulate volcanic SO; injections and their subsequent conversion into sulfate aerosols (Mills
et al., 2016). In WACCMBO6, aerosols are represented using the Modal Aerosol Module version 4 (MAM4), which describes
aerosol populations using a modal framework with four lognormal modes (Ge et al., 2021). This module simulates aerosol
microphysical processes and lifecycle evolution, including nucleation, condensation, coagulation, aging, and removal
processes such as dry and wet deposition. Major aerosol species represented in the model include sulfate, ammonium, black
carbon, organic carbon, dust, and sea salt aerosols (Liu et al., 2016). With its relatively high vertical resolution and
representation of wave-driven processes, including improved gravity wave parameterization (Guarino et al., 2024),
WACCMBS6 can internally generate a QBO-like oscillation, that is consistent with observed characteristics (Fu et al., 2020),
allowing it to reproduce the response of QBO shear-zone propagation, phase, and amplitude to volcanic perturbations

(Gettelman et al., 2019; Brenna et al., 2021).

2.3.2 Model Design

In this study, four groups of experiments are conducted (Table 1). As a baseline simulation (base run), a no-volcanic-
emissions experiment is performed, in which no volcanic SO, or H>O emissions are included in either the troposphere or

stratosphere. The model is integrated for 31 years, with the first 11 years discarded as spin-up, and the remaining 20 years
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used for analysis. Based on ERAS reanalysis data, the QBO transitioned from a westerly to an easterly phase in 2022, as
indicated by zonal-mean winds averaged over 2°S—2°N at 10-100 hPa (Fig. Sla). To reproduce this real-world background
state, one year from the final 20 years of the base run is selected that best matches the observed 2022 QBO phase in 2022
(denoted as sim_select; Fig. S1b). The QBO index at 30 hPa shows consistent variability between ERAS and sim_select (Fig.
Slc and d), indicating that the selected year provides a suitable initial condition for the sensitivity experiments starting in
January. Based on this configuration, three sets of sensitivity ensemble experiments (sim_control, sim SO: and
sim_SO»+H>0) are performed (Table 1). Each experiment includes 20 ensemble members to isolate the forced response.
The reported anomalies are defined as the difference between the ensemble mean of the forcing experiments and that of the
control experiment.

In the volcanic forcing experiments, a total of 0.5 Tg of SOz is injected into the stratosphere at 20-30 km around 20.5°S. The
injection is applied continuously during January with a constant emission rate in each simulation. H>O is injected following
the same approach, with a total emission of 145.8 Tg. After the SO> from the HTHH eruption fully entered the stratosphere,
it is found that simulated SO. emissions in sim_SO>+H>O are consistent with the results of the MLS satellite data on 18
January 2022 (Fig. S2a and b). Furthermore, the simulated monthly H>O anomalies from sim_SO»+H»O for January 2022

agree well with MLS data (Fig. S3), providing confidence in the representation of volcanic perturbations in the model.

Table 1. Simulation design.

Experiments Specified SO; and H,O Forcing Initial condition
base run no volcanic SOz or H>O emissions in the troposphere or stratosphere free run
sim_control no volcanic SO; or H>O emissions in the troposphere or stratosphere sim_select
sim_SO; volcanic SOs injection in the stratosphere sim_select
sim_SO,+H,O both volcanic SO, and H>O injection in the stratosphere sim_select

2.4 Calculation of Brewer-Dobson circulation
The BDC is calculated in a pressure coordinate system (Edmon et al., 1980):
- =[]
S=e ol ()

where ~ is the mean meridional wind, is the potential temperature, ~ is average vertical velocity and is the radius of the
earth. The subscripts and  represent derivatives with pressure  and latitude , respectively. The overbar denotes the

zonal mean and the prime denotes the deviations from the zonal mean value.
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2.5 Calculation of Eliassen-Palm (EP) flux

The EP flux (Andrews et al., 1987) is calculated to diagnose wave activity propagation and wave-mean flow interaction in
the stratosphere. The meridional () and vertical () components of the EP flux in spherical geometry are expressed as

(Zhang et al., 2019; Lu et al., 2023):

= ,cos ( 7/ =)
= ,c0s {[ — (cos )Y*(cos )] /7 - '}
And the divergence is expressed as:
dv = - /(o cos )

Here, o is the air density, is the radius of Earth, is the latitude, and represent the zonal and meridional winds,
respectively, is the altitude, is the potential temperature; is the Coriolis parameter; and  is the vertical velocity.

Overbars denote zonal means, and primes denote deviations from the zonal mean.

2.6 Calculation of Thermal Wind Balance

Thermal wind balance describes the dynamical relationship between the vertical shear of the zonal mean zonal wind () and

the zonal mean meridional temperature gradient (). It can be expressed as (Franke et al., 2021; Holton, 2004):

== )

for an equatorial B plane. Assuming equatorial symmetry of the zonal mean temperature field, one can set =0 Kkm™ at
the Equator and apply the rule of L'Hospital:

== ()7
R denotes the gas constant for dry air, H denotes the scale height, and f denotes the meridional gradient of the Coriolis

parameter at the Equator. denotes the meridional curvature of the zonal mean temperature.

3 QBO response to tropical water-rich HTHH eruption
3.1 Stratospheric Sulfate Evolution

To analyze the impact of the water-rich HTHH eruption on stratospheric sulfate aerosols, we examine the monthly evolution
of SOz and sulfate aerosol perturbations (defined as differences relative to the no-volcanic control simulation) in the
sim_SO>+H>0 and sim_SO; experiments for 2022 (Fig. 1a and b). In January, SO; and H2O are injected into the tropical

stratosphere at 5-100 hPa. Although the prescribed SOz emissions are identical in both experiments, SO> perturbations are

7
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smaller in sim SO;+H>O (Fig. 1a) than in sim_SO: (Fig. 1b) over 10°S—10°N at 10-100 hPa. In both experiments, SO2

perturbations reach their maximum in February (Fig. 1a and b).
In the stratosphere, SO> is primarily oxidized by - OH radicals to form H>SO4, which subsequently contributes to sulfate

aerosol formation (Kremser et al., 2016). Enhanced H2O in sim SO>t+H2O increases + OH concentrations, thereby
accelerating the conversion of SO; to sulfate aerosols. As a result, SO, perturbations are reduced, while sulfate perturbations
are enhanced in sim_SO»>+H>O compared to sim_SO» (Fig. 1a and b). The contrast becomes more evident when considering
the difference between the two experiments (sim_SO>+H20 minus sim_SO»; Fig. 1c and d). In the tropical stratosphere, the
enhanced oxidation leads to an additional SO> decrease of about 0.08 ppbv in February (Fig. 1c), accompanied by an
increase in sulfate aerosol concentrations of approximately 0.01 pg/m? (Fig. 1d). This pattern persists during the first few
months following the eruption, indicating a more rapid sulfur conversion pathway in the presence of enhanced H:O.

Consequently, sulfate aerosol perturbations remain larger in sim_SO»>+H>O throughout the year, particularly in the tropical

stratosphere (Fig. 1d). and hence the SO entering the stratosphere from the HTHH eruption can complete its conversion

about one month earlier and thus have an impact on the stratosphere.

Figure 1. Simulated SO: and sulfate aerosols differences averaged over 5-100 hPa and 10°S-10°N (a) between sim_SO:+H:0O and
sim_control (sim_SO:;+H:0 — sim_control), (b) between sim_SO: and sim_control (sim_SO; — sim_control). (¢c) SO difference, (d)
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Sulfate aerosols difference between sim_SO:+H:O and sim_SO: (sim_SO:+H;O — sim_SO:). Asterisks indicate that the difference
is significant at the 95% confidence level. Here, the statistical significance is estimated by Student's t-statistic, which tests whether
two sample populations have significantly different means (the same as follows).
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Figure 2. The stratospheric Zonal mean AOD distribution in the tropical stratosphere. (a) Zonal mean AODs;o in OMPS-LP L3
data for 2013-2022; (b) Zonal mean differences in OMPS-LP L3 data (2022 minus the average for 2020-2021), with the white grid
showing zonal mean AOD at 550 nm (AODsso) differences between sim_SO;+H;0 and sim_control (sim_SO,;+H:O — sim_control,
only AOD values greater than 0.001 are plotted); (c) Zonal mean AODssy differences between sim_SO: and sim_control (sim_SO; —
sim_control,); (d) The Zonal mean AODss difference between sim_SO:+H>O and sim_SO; (sim_SO:;+H;0 — sim_SO>).

Figure 2a shows the stratospheric AOD from OMPS-LP observations for 2013-2022. Elevated stratospheric AOD values
appear in 2014-2016, followed by a gradual decline as aerosols are transported downward. Stratospheric AOD increases
again in 2019 and becomes significantly larger in 2022 following the HTHH eruption (Fig. 2a). To isolate the eruption signal,
stratospheric AOD anomalies in 2022 are calculated relative to the 2020-2021 mean. The observed stratospheric AOD
anomalies indicate that stratospheric sulfate aerosols are transported poleward, particularly toward Antarctica via the BDC,
while a portion remains in the tropical stratosphere (Fig. 2b). The spatial distribution of stratospheric AOD in sim_SO>+H>O
experiment exhibits a similar pattern (Fig. 2b), whereas stratospheric AOD values in sim_ SO, are weaker (Fig. 2c). The
difference between the two simulations (sim SO>+H>O minus sim SO»; Fig. 2d) further confirms that enhanced sulfate

aerosol loading in sim_SO>+H>0 is consistent with the accelerated sulfur conversion identified in Fig. 1.
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3.2 QBO amplitude variation after HTHH eruption

Volcanic sulfate aerosols in the stratosphere can perturb the thermal structure and circulation of the tropical stratosphere,
thereby modulate the QBO. Figure S4 shows the temporal evolution of the zonal mean zonal wind over 2°S-2°N at 5-100
hPa in the three experiments (sim_control, sim SO, and sim_SO>+H>0). The timing of the QBO phase transition is similar
across all experiments and consistent with the observed evolution in 2022 (Fig. S1), with a transition from westerly to
casterly shear during the study period (Fig. S4). However, the magnitude and vertical propagation of zonal wind
perturbations differ substantially among the experiments. In particular, zonal wind perturbations are significantly stronger in
sim_SO>+H>0 than in sim_SO> (Fig. S4b-c), indicating that the combined injection of H>O and SO» primarily enhances the

amplitude and downward propagation of the QBO, rather than altering the timing of its phase transition.
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Figure 3. Zonal mean zonal wind differences in the tropical stratosphere (2°S-2°N) at 5-100 hPa. (a) Zonal mean zonal wind
differences from ERAS (2022 minus the climatology from 2007-2021), with anomalies removed the effects of the 2022 QBO (50
hPa) and ENSO using linear regression; (b) Zonal mean zonal wind anomalies between sim_SO;+H:O and sim_control
(sim_SO2+H:;O - sim_control); (c) same as (b), but between sim_SO: and sim_control (sim_SO: — sim_control); (d) same as (b), but
between sim_SO>+H;O and sim_SO; (sim_SO;+H,0 — sim_SO;). Hatching indicates statistically significant areas at the 95%
confidence level.

Figure 3a shows the zonal mean zonal wind anomalies over 2°S-2°N for 2022 derived from ERAS5 (2022 minus the 2007—
2021 climatology), which includes both natural variability in 2022 and the potential contribution from the HTHH eruption.

To better isolate the volcanic signal, contributions from ENSO and the background QBO (50 hPa) are removed using linear
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regression. Following the HTHH eruption, positive zonal wind anomalies dominate the upper stratosphere (5-10 hPa) during
January—March and descend to 10-50 hPa by April, continuing to propagate downward and persist throughout the year (Fig.
3a). In contrast, negative zonal wind anomalies appear at 10-50 hPa during January—March and at 5-20 hPa from April
onward. In the lower stratosphere (50-100 hPa), significant positive zonal wind anomalies are evident from January to
March, as well as in November and December (Fig. 3a).

To isolate the volcanic signal, Figure 3b presents the zonal wind perturbation relative to the control simulation
(sim_SO2+H20 — sim_control). After the volcanic eruption, a clear positive zonal wind perturbation appears in the upper
stratosphere (5—20 hPa) in January and gradually propagated downward, reaching approximately 100 hPa by September
(Fig. 3b). Starting in April, a statistically significant positive zonal wind perturbation emerges near 30 hPa, exceeding 3 m
sl and persisting until October (Fig. 3b). Meanwhile, a significant negative zonal wind perturbation appears at 5-20 hPa
from April and continues through the end of the year. The major positive features are consistent between ERAS and the
model results, whereas some ERAS5 anomalies (e.g., negative zonal wind anomalies at 10—50 hPa from January to March
and at 50-100 hPa from August to October) are not reproduced in the sim_SO>+H>O experiment (Fig. 3 and b), suggesting
that these features are more likely attributable to internal variability rather than the volcanic forcing, while positive zonal
wind anomalies occur at 50—100 hPa from January to March. In comparison, the sim SO, experiment also shows positive
zonal wind perturbations relative to sim_control (sim SOz — sim_control), but with weaker amplitude, lower onset altitude,
and shorter duration (Fig. 3c). Although a statistically significant positive perturbation (95% confidence level) appears at
30 hPa from April, it persists only until early May (Fig. 3c). Moreover, no significant negative perturbation is simulated in
the upper stratosphere (5-20 hPa), indicating that the negative wind response at these levels is primarily associated with
H>O injected by the HTHH eruption.

Although H>O enhances sulfate formation by accelerating SO, oxidation, its direct contribution to sulfate mass remains
relatively small (peaking at ~10% in February and March, Fig. 1). Therefore, the dynamical impact of H2O is primarily
reflected in the difference between sim SO>+H>O and sim SO,. Figure 3d shows that zonal wind perturbations in
sim_SO>+H>O are substantially stronger and exhibit more pronounced downward propagation than in sim_ SOz, with
maximum differences exceeding 3 m s*!. This indicates that H>O injected by the HTHH eruption significantly enhances
zonal wind perturbations and their downward propagation in the tropical stratosphere, thereby contributing to a stronger
QBO response.

Figure S5 shows the QBO index at 30hPa in the three sets of experiments. All experiments (sim_control, sim SO, and
sim_SO>+H,0) reproduce the transition from EQBO to WQBO, consistent with Fig. S4. Compared to sim_control, the 30
hPa QBO index perturbations are weaker in sim_ SO, while they are significantly stronger in sim_SO,+H>O (Fig. S5).
Moreover, in sim_SO>+H>0, the QBO transitions more rapidly into the westerly phase. This behavior is consistent with the
enhanced zonal wind perturbations shown in Fig. 3b, highlighting the significant modulation of the QBO by H>0 and SO>
injected during the HTHH eruption.
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Figure 4. Monthly 30 hPa QBO index differences in the tropical stratosphere (2°S—-2°N). (a) 30 hPa QBO index differences from
ERAS data (2022 minus the climatology from 2007-2021), with differences removed the effects of the 2022 QBO (50 hPa) and
ENSO using linear regression; (b) 30 hPa QBO index differences between sim_SO:;+H:O and sim_control (sim_SO+H,O —
sim_control, green line), 30 hPa QBO index differences between sim_SO: and sim_control (sim_SO; — sim_control, blue line), and
the difference in 30 hPa QBO index between sim_SO;+H:0 and sim_SO; (sim_SO:;+Hz0 — sim_SO, red line).

Figure 4a shows the 30 hPa QBO index anomalies from ERAS data (2022 relative to the 2007-2021 climatological mean).
The index exhibits negative anomalies from January to April and then increases steadily, reaching a maximum in August
before gradually declining thereafter. Positive anomalies persist from May to October before transitioning to negative
anomalies in November and December. In sim_SO»+H,O, the 30 hPa QBO index perturbation strengthens relative to
sim_control (sim_SO2>+H20 — sim_control) from April onward and reaches maximum positive perturbations exceeding 3 m
s'! during June-August (Fig. 4b, green line). The positive perturbation then gradually weakens but remains positive and

consistently higher than in sim_control for the remainder of the year. In contrast, the sim SO experiment produces weaker
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perturbations (sim_SO: — sim_control, blue line), with smaller amplitudes and a less persistent positive phase compared to
sim_SO>+H>0. A negative perturbation appears in September, and the positive perturbation remains weak from October to
December. Although the maximum positive perturbation at 30 hPa in the sim SO»+H,O experiment exceeds 3 m s, it
remains smaller than the corresponding anomaly in ERAS. This difference is expected, as volcanic forcing represents only
one of several contributors to QBO variability. Moreover, the temporal evolution of the 30 hPa QBO index perturbations in
sim_SO>+H>0 closely follows the ERAS anomalies, supporting a substantial volcanic contribution of SO2 and H>O injected

by the HTHH eruption to the modulation of the stratospheric QBO.

Table 2. 30 hPa QBO index anomalies from May to October in 2022, based on CESM2 simulations and ERAS data.

data Category May June July August September October
ERAS Anomaly 8.31 m/s 11.10 m/s 14.53 m/s 22.86 m/s 20.22 m/s 7.31 m/s
. Anomaly 1.59 m/s 1.00 m/s 0.04 m/s 0.00 m/s —0.13 m/s 0.02 m/s

slm_50: Percentage 19.13% 9.01% 0.28% 0.00% —0.64% 0.27%
Anomaly 2.68 m/s 3.26 m/s 3.03 m/s 3.06 m/s 2.31 m/s 1.31 m/s

sim_SO+H>O
Percentage 32.25% 29.37% 20.85% 13.39% 11.42% 17.92%

We further quantify the 30 hPa QBO response to the HTHH eruption by comparing simulations with ERAS for May-October
2022 (Table 2). In sim_SOs», the volcanic-induced QBO index perturbation (sim_SO: — sim_control) is positive but much
smaller, accounting for 9-19% of the ERA5 anomalies in May-June and less than 1% thereafter. In contrast, sim_SO>+H>O
produces a substantially stronger volcanic-induced QBO index perturbation (sim_SO»>+H>0 — sim_control), accounting for
approximately 11-32% of the ERAS5 anomalies, with peaks in May-June (from 7 to 23 m s™!). This comparison demonstrates
that stratospheric H>O injected by the HTHH eruption markedly amplifies the QBO response relative to the SOz-only case,
indicating a strong dynamical synergy between volcanic water vapor and sulfate aerosols.

Based on the evolution of the 30 hPa QBO response, April, July, and October are selected as representative stages. Figure 5
shows the zonal mean zonal wind perturbations in theses months. In April, sim_SO>+H>0 (sim_SO>+H>0 — sim_control)
exhibits enhanced water vapor in the tropical middle and upper stratosphere, while sulfate aerosols are mainly confined to
the middle and upper stratosphere in the Southern Hemisphere (Fig. 5a). Correspondingly, significant positive zonal wind
perturbations relative to sim_control occur over 15°S—20°N at 7-50 hPa (95% confidence level). In sim SO, positive zonal
wind perturbations relative to sim_control are also found in the tropical regions influenced by sulfate aerosols, but their
magnitude is substantially smaller than that in sim SO»+H>O (Fig. 5a and b). The difference between sim_SO>+H>O and
sim_SO; highlights this enhancement, with tropical positive wind perturbations exceeding those in sim_SO: by more than 3
m s and beginning to propagate downward (Fig. 5¢). By July, stratospheric water vapor in sim_SO2>+H>O spreads further

into the Northern Hemisphere, while sulfate aerosols descend toward the lower stratosphere (Fig. 5d). At the same time,
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significantly positive zonal wind perturbations propagate downward to 30-50 hPa. Although a similar downward
propagation is also simulated in sim_SO», the amplitude of the positive perturbations remains much smaller (Fig. 5e). The
difference between the two experiments indicates that positive zonal wind perturbations in sim_SO>+H>O are about 3 m s!
stronger than those in sim_ SO, with a magnitude comparable to that in spring but occurring at lower altitudes (Fig. 5f). In
October, positive zonal wind perturbations in sim_SO>+H2O continue to descend into the lower stratosphere (Fig. 5f). The
zonal wind perturbations in sim_SO; are weaker, but also descend into the lower stratosphere, with positive differences
located at slightly higher altitudes (Fig. 5h). The contrast between the two experiments remains pronounced, with
substantially stronger positive perturbations in sim_SO>+H>O (Fig. 5i). These results indicate that water vapor injected by
the HTHH eruption enhances the strength of zonal wind perturbations in the upper stratosphere and accelerates their

downward propagation, thereby amplifying the dynamical response of the tropical stratosphere.
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Figure 5. Zonal mean zonal wind anomalies in the tropical stratosphere. (a, d, g) Zonal mean zonal wind anomalies between
sim_SO:+H:0 and sim_control (sim_SO;+H:0 — sim_control), with results for (a) April, (d) July, and (g) October, respectively,
from top to bottom; (b, e, h) the same as (a, d, g), but showing the results between sim_SO: and sim_control (sim_SO; —
sim_control); (c, f, i) the same as (a, d, g), but showing the results between sim_SO:+H;O and sim_SO; (sim_SO;+H:O — sim_SO).
The thick red solid line represents sulfate aerosol concentration of 0.3 ng/m?3, and the thin solid line represents 0.1 png/m?; the thick
blue solid line represents H>O concentration of 3 ppmv, and the thin solid line represents 1 ppmv. Hatching indicates statistically
significant areas at the 95% confidence level.
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4 Dynamic mechanisms of QBO modification

The dynamic mechanisms through which volcanic eruptions modulate the QBO have been widely discussed in previous
studies. For sulfate-dominated volcanic eruptions, lower-stratospheric warming induced by sulfate aerosols has been
identified as an important driver of QBO modification (Aquila et al., 2014; Franke et al., 2021). Previous studies further
suggest that the relative importance of the “upwelling mechanism” and the “thermal wind balance mechanism” varies across
sulfate-dominated eruptions (Franke et al., 2021; Bittner et al., 2016). Sulfate acrosols absorb terrestrial longwave radiation
and incoming near-infrared radiation, producing net warming in the lower tropical stratosphere (Babu et al., 2022; Timmreck,
2012; Toohey et al., 2011; Zuo et al., 2018). However, the HTHH eruption differs fundamentally from these cases because it
injected a large amount of water vapor into the stratosphere, and the enhanced stratospheric H>O leads to net radiative
cooling rather than warming (Wang et al., 2023). Because the sign of the radiative forcing is reversed in the HTHH case, it is
necessary to examine the stratospheric temperature response before analyzing how H>O and sulfate aerosols influence the

QBO through changes in tropical upwelling and thermal wind balance.

4.1 Stratospheric temperature variation after the HTHH eruption

In April, the spatial distribution of sulfate aerosols largely overlaps with that of HoO in the sim SO>+H>O experiment
(sim_SO>+H>O — sim_control; Fig. 6a). Under these conditions, the radiative cooling induced by stratospheric H>O
dominates over the warming effects associated with sulfate aerosols, leading to a net temperature decrease in the upper
stratosphere. The maximum negative temperature perturbation exceeds 1.0 K and is statistically significant at the 95%
confidence level. In contrast, positive temperature perturbations are mainly confined to the lower stratosphere around 50 hPa,
with a maximum of approximately 0.3 K, indicating that sulfate aerosol induced warming remains locally important at these
levels. In the sim_SO; experiment (sim_SO> — sim_control; Fig. 6b), sulfate aerosols produce a pronounced temperature
increase in the tropical upper stratosphere (5-20 hPa), with a maximum perturbation of about 0.9 K. This warming is
associated with shortwave scattering by sulfate aerosols, which enhances upward radiative flux and leads to increased
absorption above the aerosol layer. Although sulfate acrosols are also present below 20 hPa, enhanced scattering within the
high-concentration regions reduces net radiative heating, resulting in weaker temperature increase at lower levels. The
contribution of H>O can be further isolated by comparing sim_SO>+H>O with sim_SO» (sim_SO>+H>0 — sim_SO3; Fig. 6c¢).
Relative to the SO»z-only case, the presence of H>O leads to a pronounced cooling in the middle and upper stratosphere,
confirming that H>O radiative effects dominate at these altitudes. Meanwhile, a weak but significantly warming (~0.2 K)
persists near 50 hPa. This feature is consistent with previous CESM simulations showing that lower-stratospheric
temperatures can respond directly to H>O injected by the HTHH eruption, suggesting a contribution from the direct radiative
effect of HoO (Zhang et al., 2025). Thus, the weak warming near 50 hPa may partly reflect the direct radiative response to
H>0, although the sim SO>+H>O — sim_SO> difference may also include indirect effects associated with H>O-enhanced

sulfate aerosol formation and dynamical adjustments.
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The heating rate perturbations in April support this interpretation. In sim_SO>+H>O, the longwave heating rate shows a
negative perturbation in the tropical Southern Hemisphere between 5 and 20 hPa (sim_SO»>+H>O — sim_control; Fig. 7a),
where H>O perturbations are strongest, consistent with the upper-stratospheric cooling (Fig. 6a). In contrast, in the sim_SO»
experiment, the shortwave heating rate exhibits a negative perturbation within the aerosol layer and a positive perturbation
above it (sim_SO; — sim_control; Fig. 7b), reflecting the redistribution of radiative flux by sulfate aerosols.

In July, cooling associated with H2O remains evident in the stratosphere, with a maximum perturbation of about 0.6 K in the
sim_SO>+H>0 experiment (sim_SO>+H20 — sim_control; Fig. 6d). Compared to April, both the spatial extent and magnitude
of the cooling are reduced (Fig. 6a and d). Meanwhile, warming associated with sulfate aerosols is still present near 50 hPa,
with a maximum of about 0.4 K. In the sim SO, experiment, sulfate aerosols continue to produce strong warming in the
tropical upper stratosphere (5-20 hPa), with maximum perturbations exceeding 0.9 K (sim_SO> — sim_control; Fig. 6e).
Although H>O still induces significant cooling in the upper stratosphere, the overall temperature decrease in the middle
stratosphere is smaller than in April, partly due to the vertical redistribution of H2O and the continued influence of sulfate
aerosol warming. Near 50 hPa, a significant warming of about 0.4 K persists (Fig. 6e and f), consistent with the April pattern
and likely related to the direct radiative effect of H>O (Zhang et al., 2025). Correspondingly, heating rate perturbations in
July show patterns similar to those in April. Regions of temperature perturbations in the tropical Southern Hemisphere
closely correspond to longwave and shortwave heating rate perturbations (Fig. 7c and d), indicating that radiative processes

continue to dominate the temperature response.

16



https://doi.org/10.5194/egusphere-2026-5104
Preprint. Discussion started: 23 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

sim_SO2+H20 - sim_control sim_SO2 — sim_control sim_SO2+H20 - sim_SO2
a temperature difference (April) b temperature difference (April) C temperature difference (April)
5 = 5 5 — =
= 7 33 = 7 - 7 0.9
g = = 33 _ Fos
= 10 250 = & 10 = Ao
2 23 $ £ 208 03
2 55 3 = 3 = | 03
2 30 B 2 S 230 - 2% O
= s @ s £ S |06
& 50 21D & I & 50 - 21E foo
70 A 70
100 : : | 7 100 ; ; ; 100 : ; , F7 K
30°S 15°S EQ 15°N 30°N 30°S 15°S EQ 15°N 30°N 30°S 15°S EQ 15°N 30°N
d temperature difference (July) € temperature difference (July) g temperature difference (July)
5 5
g0 r®8_ =0 B Las Moe
=10 = & 10 ~ & 10 £ Moa
= L2 E S 2o E £ 9B O
£ -~ 2 =] g 0
Z L5 E 3 L o5 2 = L o5 2 | -03
g 30 1 ® g% = 230 &0
£ 50 - 21 £ os0 F21l 2 £ 50 A t 21z 09
70 70 70 A K
100 : : : P17 100 ; ; ; r 100 : : : r
30°S i5s EQ 15°N 30°N 30°S 15°S EQ 15°N 30°N 30°S 15°S EQ 15°N 30°N
g temperature difference (October) h temperature difference (October) i temperature difference (October)
5 5 T 5
~ 0.9
£ g s Eg w
& -
< 0E< r20 8 S 205 | 0s
2 5% 2 s E S 255 03
g 30 B g3 2 3 C, H_O'S
& 50 21T & 50 Lotz & 21 09
70 70 2 K
100 ‘ ; ; Q7 100 A ; : ; - 17 100 . ‘ ‘ r
30°S 15°S EQ 15°N 30°N 30°S 15°S EQ 15°N 30°N 30°S 15°S EQ 15°N 30°N
Latitude Latitude Latitude
——80, (0.1 pg/m’) H.O (1 ppmv) 80, (0.3 ug/m’) ———H,0 (3 ppmv)

400 Figure 6. Same as Figure 5, but for zonal mean temperature differences.

In October, stratospheric H>O is transported to higher altitudes, sustaining cooling in middle and upper stratosphere in
sim_SO»+H>O relative to sim_control (sim_SO>+H>O — sim_control; Fig. 6g). In contrast, warming persists in the lower
stratosphere, where sulfate aerosol perturbations remain important. In sim SO, warming dominates the tropical stratosphere,
particularly in the middle and lower stratosphere, reflecting the continued descent of sulfate aerosols (sim_SO; — sim_control;
405 Fig. 6h). Relative to sim_SOa, the cooling effect associated with H2O remains strong in sim_SO»+H:O (Fig. 6i). The heating
rate perturbations in October (Fig. 7e and f) exhibit spatial distributions that closely correspond to the temperature
perturbations, indicating that the temperature response is primarily driven by radiative processes. Overall, these results
indicate that H>O injected by the HTHH eruption is the primary driver of stratospheric cooling, whereas sulfate aerosols
induce comparatively weaker warming. The radiative effects of both components are concentrated mainly in the tropical
410 Southern Hemisphere, while the longwave and shortwave heating rate perturbations in the tropical Northern Hemisphere

remain relatively weak (Fig. 7).
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Figure 7. Zonal mean longwave heating rate and shortwave heating rate differences in the tropical stratosphere. (a, ¢, €) Zonal
mean longwave heating rate differences between sim_SO;+H>O and sim_control (sim_SO:+H:O — sim_control), with results for (a)
April, (d) July, and (g) October, respectively, from top to bottom; (b, d, f) the same as (a, c, e), but showing the zonal mean
shortwave heating rate differences between sim_SO; and sim_control (sim_SQ; — sim_control). The thick red solid line represents
sulfate aerosol concentration of 0.3 ng/m3, and the thin solid line represents 0.1 pg/m3; the thick blue solid line represents H,O
concentration of 3 ppmv, and the thin solid line represents 1 ppmv. Hatching indicates statistically significant areas at the 95%
confidence level.

Figure S6a further shows the zonal mean relationship between temperature and H>O perturbations in sim_SO>+H>O relative
to sim_control (sim_SO>+H>O — sim_control). In the upper stratosphere (10-30 hPa), temperature perturbations are strongly

negatively correlated with H,O perturbations (R = —0.78, 95% confidence level), providing robust statistical support for the
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radiative cooling effect of H>O identified above. By contrast, in sim_SO», temperature perturbations relative to sim_control
(sim_SO2 — sim_control) in the same region are positively correlated with sulfate aerosol perturbations (R = 0.65, 95%
confidence level), consistent with the warming effect associated with sulfate aerosols.

Taken together, these results highlight pronounced hemispheric differences in the drivers of temperature variability. In the
tropical Southern Hemisphere, temperature perturbations are strongly correlated with chemical perturbations (H2O and
sulfate aerosols), indicating that the thermal response is primarily controlled by volcanic radiative forcing. In the tropical
Northern Hemisphere, the correlation is weaker, particularly between 15°N and 30°N. This suggests that temperature
variability there is more strongly influenced by dynamical processes, such as changes in BDC and wave propagation, rather
than by local radiative effects (Fig. 7 and S6). These findings further support the radiative modulation of stratospheric
temperature by H>O and SO» from the HTHH eruption in the Southern Hemisphere and their differential contributions to

tropical zonal temperature anomalies during the transport process.

4.2 Modification of tropical upwelling

Enhanced tropical upwelling in the ascending branch of the BDC, driven by aerosol-induced warming, has been identified as
an important mechanism for QBO modification in response to stratospheric aerosol perturbations (Aquila et al., 2014).
Tropospheric planetary wave activity plays a major role in driving the BDC (Randel et al., 2002). Planetary wave
propagation and wave-mean flow interaction in the stratosphere, diagnosed using the EP flux and its divergence provides,
are therefore important for understanding how volcanic perturbations influence tropical upwelling and QBO variability
(Andrews et al., 1987). However, residual upwelling is also constrained by the thermodynamic balance, because upward
residual motion induces adiabatic cooling in the tropical stratosphere. Radiative heating or cooling perturbations can
therefore modify the thermal constraint on the BDC and reshape the residual circulation response. In the HTHH case, the
H>0-induced radiative cooling discussed in Sect. 4.1 provides an additional thermal constraint that differs from the sulfate-
aerosol warming mechanism in sulfate-dominated eruptions. Here, we examine how HTHH-induced perturbations in
planetary waves 1 and 2, EP flux convergence, and radiative-dynamical coupling modify tropical upwelling and the
downward propagation of QBO-related zonal wind perturbations.

In April, sim_SO>+H>O relative to sim_control (sim_SO>+H>O — sim_control) shows spatially heterogeneous changes in
planetary waves 1 and 2 (Fig. S7a). Planetary wave 1 exhibits positive differences mainly in the Antarctic upper stratosphere,
the tropical stratosphere between 30 and 100 hPa, and the Northern Hemisphere mid-to-high latitudes. Positive planetary
wave 2 differences are primarily located over the Southern Hemisphere subtropics to mid-latitudes and the Northern
Hemisphere mid-to-high latitudes. These wave perturbations are associated with negative EP flux divergence anomalies over
the Antarctic, particularly over 70°S—90°S at 30-100 hPa and near 60°S at 5-20 hPa (Fig. 8a), indicating enhanced wave
convergence and strengthened wave forcing on the mean flow in the Antarctic stratosphere. However, this high-latitude
wave-forcing response does not directly explain the negative residual vertical velocity perturbations in the tropical Southern

Hemisphere between 5 and 30 hPa (Fig. 9a), which indicate weakened local upwelling. Instead, the H,O-driven radiative
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cooling discussed in Sect. 4.1 modifies the upper-stratospheric thermal balance, reducing the requirement for adiabatic
cooling by upwelling in this region and contributing to a weakening of the tropical upwelling branch of the BDC during this
stage. The weakened upwelling reduces the upward advective tendency acting on zonal wind perturbations, allowing the
positive upper stratospheric zonal wind perturbation to propagate downward more efficiently toward ~30 hPa (Fig. 5a). This
H,O-associated circulation adjustment, together with the pronounced temperature perturbations discussed in section 4.1,
contributes to the enhanced 30 hPa QBO index response that becomes more evident after April (Fig. 4b). Meanwhile,
planetary waves 1 and 2 are enhanced over the Northern Hemisphere mid-to-high latitudes (Fig. S7a). This enhanced wave
activity suggests increased wave propagation into the stratosphere and is accompanied by localized EP flux convergence
between 5 and 30 hPa (Fig. 8a), indicating strengthened wave forcing in this region. The enhanced convergence strengthens
the Northern Hemisphere residual circulation and contributes to increased residual upwelling (Fig. 9a).

In the SOz-only experiment, sim_ SO relative to sim_control (sim_ SOz — sim_control) shows weaker and more regionally
confined perturbations in planetary waves 1 and 2 than sim SO»+H>O (Fig. S7b). Planetary wave 1 decreases in the
Antarctic 5-30 hPa layer, whereas planetary wave 2 increases in the Southern Hemisphere mid-latitudes (Fig. S7b).
Compared with sim SO>+H>0, the absence of strong H>O-induced radiative cooling makes the residual circulation response
appear more directly linked to wave forcing. The enhanced Southern Hemisphere mid-latitude wave 2 propagates upward
into the stratosphere and is associated with EP flux convergence (Fig. 8b), contributing to increased residual vertical velocity
in the tropical Southern Hemisphere between 5 and 20 hPa and thus strengthened upwelling (Fig. 9b). However, this positive
response does not extend downward continuously, as residual vertical velocity slightly decreases near the equator between
30 and 50 hPa (Fig. 9b). This vertically less coherent circulation response is consistent with the weaker downward
propagation of positive zonal wind perturbations in sim SO; than in sim_SO>+H>O (Fig. 5b and c). In the Northern
Hemisphere, upward-propagating planetary waves 1 and 2 from high latitudes are reduced (Fig. S7b). Although EP flux
convergence still occurs, it shifts downward into the mid-latitudes and is accompanied by enhanced divergence (Fig. 8b).
This leads to decreased residual vertical velocity in the upper stratosphere (Fig. 9b), consistent with the positive temperature
perturbations shown in Fig. 6b. Overall, SOz-only forcing can still modulate stratospheric wave forcing and residual
circulation, but the response remains less vertically coherent than in sim  SO»+H>0O. This contrast highlights the role of H.O-
induced radiative cooling in reshaping the thermal constraint on the BDC, and promoting stronger downward propagation of

QBO-related zonal wind perturbations.
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Figure 8. Zonal mean Eliassen-Palm (EP) flux and EP flux divergence differences in the stratosphere. (a, ¢, €) Zonal mean
Eliassen-Palm (EP) flux and EP flux divergence between sim_SO:;+H:0O and sim_control (sim_SO:;+H;O — sim_control), with
results for (a) April, (d) July, and (g) October, respectively, from top to bottom; (b, d, f) the same as (a, c, e), but showing the
results between sim_SO; and sim_control (sim_SO; — sim_control). The arrows (meridional and vertical components are divided
by 10° and 105, respectively) represent the EP flux, and the shading indicates the EP flux divergence.

In July, sim_SO2+H>O relative to sim_control (sim_SO2+H>O — sim_control) shows enhanced planetary wave activity in the
tropical stratosphere and mid-latitudes (Fig. S7c). Planetary wave 1 exhibits positive differences mainly in the tropical
stratosphere, the Southern Hemisphere mid-latitudes between 30 and 100 hPa, and the Northern Hemisphere mid-latitudes
between 5 and 30 hPa. Positive planetary wave 2 differences are evident from the subtropics to middle latitudes in both
hemispheres, with extensions toward higher latitudes in the Southern Hemisphere. The associated EP flux indicates

enhanced wave propagate toward the middle and high latitudes in Southern Hemisphere, with downward propagation and
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convergence near 60°S (Fig. 8c). However, strong EP flux divergence is also present in the 5-30 hPa layer, indicating
weakened effective wave driving of the BDC at these levels. The residual vertical velocity response in July further indicates
that the tropical upwelling response is not purely wave-driven. In sim_SO>+H-O, residual vertical velocity perturbations
exhibit a meridionally structured response, with negative perturbations dominate on the Southern Hemisphere side of the
tropics and localized positive perturbation near the equatorial upper stratosphere (Fig. 9c¢). This pattern indicates a
redistribution of tropical upwelling rather than a uniform weakening. The H2O-induced radiative cooling modifies the
tropical thermal balance and contributes to this restructuring of the residual circulation. This restructured residual circulation
is consistent with further downward propagation of positive zonal wind perturbations into the 30—50 hPa layer (Fig. 5d),
thereby contributing to the enhanced 30 hPa QBO index response (Fig. 4b). The localized increase in equatorial residual
vertical velocity is also consistent with the cooling between 5°S—15°N at 5-30 hPa (Fig. 6d), indicating continued coupling
between radiative and dynamical processes.

In the SOz-only experiment, sim SO relative to sim_control (sim_SO; — sim_control) exhibits vertical and latitudinal
planetary wave perturbations distinct from that in sim_ SO;+H;0O in July (Fig. S7d). Planetary wave 1 exhibits positive
differences over most regions, except in the Antarctic 5-20 hPa layer, the Southern Hemisphere mid-to-high latitudes
between 30 and 100 hPa, and the Northern Hemisphere mid-to-high latitudes between 5 and 20 hPa (Fig. S7d). Positive
planetary wave 2 differences are mainly located in the Southern Hemisphere low-to-mid latitudes and the Northern
Hemisphere mid-to-high latitudes. The associated EP flux patterns are broadly similar to those in sim_SO>+H,O, but the
divergence-convergence structure is stronger and is accompanied by downward wave propagation over the Antarctic (Fig.
8d). This indicates stronger wave-driven forcing of the residual circulation in the SOz-only case, contributing to increased
residual vertical velocity on the Southern Hemisphere side of the tropics between 5 and 20 hPa and strengthened local
upwelling (Fig. 9d). However, this positive perturbation is displaced south of the equator, while residual vertical velocity
decreases near the equatorial 30 hPa region (Fig. 9d). This spatially offset circulation response is consistent with the weaker
downward extension of positive zonal wind perturbation into the 30-50 hPa layer in sim_SO» than sim_SO>+H>0O (Fig. 5d-e).
In the tropical Northern Hemisphere, negative residual vertical velocity perturbation above 30 hPa are spatially consistent
with the temperature increase shown in Fig. 6e, suggesting that dynamical adjustments may also contribute to the

temperature response in the SOz-only case.
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Figure 9. Zonal mean residual vertical velocity differences in the stratosphere. (a, ¢, €) Zonal mean residual vertical velocity
difference between sim_SO:+H>O and sim_control (sim_SO:+H>O — sim_control), with results for (a) April, (d) July, and (g)
October, respectively, from top to bottom; (b, d, f) the same as (a, c, e), but showing the results between sim_SO: and sim_control
(sim_SO: — sim_control).

In October, both experiments exhibit circulation responses that differ from those in April and July. In sim_SO»+H>O relative
to sim_control (sim_SO>+H>O — sim_control), planetary wave 1 shows positive differences mainly over the Southern
Hemisphere mid-to-high latitudes, while positive planetary wave 2 differences are evident over the Antarctic and
across15°S-30°N (Fig. S7e). The associated EP flux shows convergence over the Antarctic, accompanied by enhanced

divergence near 60°S between 5 and 20 hPa (Fig. 8e), indicating active wave-mean flow interaction in the Southern

Hemisphere high latitudes. These planetary-wave perturbations contribute to the October adjustment of the residual
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circulation. Consistent with this wave-forcing response, residual vertical velocity perturbations are evident throughout the
tropical stratosphere, indicating that the BDC structure is associated with decreased residual vertical velocity in the tropical
Northern Hemisphere between 5 and 20 hPa and increased between 20—100 hPa (Fig. 9e), causing the positive zonal wind
anomaly to propagate downward to the 50-100 hPa range (Fig. 5g). In sim_SO: (relative to sim_control; sim SOz —
sim_control), planetary wave 1 increases over the Antarctic 80°S—90°S range (Fig. S7f). Planetary wave 2 increases over the
Antarctic 80°S-90°S and 40°S—10°N (Fig. S7f). Although the increase in planetary waves is limited over the Antarctic, the
convergence process is strong (Fig. 8f). This leads to an increase in residual vertical velocity in the tropical Southern
Hemisphere (Fig. 9f), while changes near the equator at 50-100 hPa remain small. Consequently, the positive zonal wind
anomaly propagates downward only slightly (Fig. 5h).

It is worth noting that enhanced high-latitude wave activity and associated EP-flux convergence are evident in both
experiments, although their spatial patterns differ between sim SO>+H>O and sim SO: (Figs. S7e-f and 8e-f). In
im_SO2+HO0, positive residual vertical velocity perturbations are mainly confined to the tropical Northern Hemisphere near
5-20 hPa (Fig. 9¢), whereas in sim SO2 they extend more broadly across the tropical Northern Hemisphere between
approximately 5 and 30 hPa (Fig. 9f). These contrasting upwelling structures are accompanied by different temperature
responses in the tropical Northern Hemisphere (Figs. 6g—h), suggesting that the additional H2O forcing further modulates the
residual-circulation adjustment beyond the principal volcanic-forcing region.

In summary, H>O and sulfate aerosols from the HTHH eruption modify planetary waves 1 and 2, alter EP flux convergence
and divergence at different latitudes and altitudes, and thereby affect residual circulation and tropical upwelling. However,
the comparison between sim_SO»+H>O and sim_SO: indicates that planetary wave forcing alone cannot fully explain the
simulated residual circulation response. In particular, H>O-induced radiative cooling modifies the thermal constraint on the
tropical upwelling branch of the BDC, reshapes the residual circulation response, and reduces the upward advective tendency
acting on zonal wind perturbations in key regions. This favours stronger downward propagation of positive zonal wind
perturbations into the 30—100 hPa region and provides an important upwelling-related pathway through which the HTHH

eruption modulated the amplitude and downward propagation of the stratospheric QBO.

4.3 Modification of thermal wind balance

Besides changes in tropical upwelling, QBO modification can also be influenced by changes in thermal wind balance
(Aquila et al., 2014). As discussed in Sect. 4.1, the HTHH eruption induced substantial temperature perturbations in the
tropical and subtropical stratosphere. These temperature perturbations modify the zonal-mean meridional temperature
gradient (), and its meridional curvature (), thereby affecting the vertical shear of the zonal-mean zonal wind through
thermal wind balance. In April, sim_SO>+H>O relative to sim_control (sim_SO>+H>O — sim_control) shows pronounced
negative temperature perturbations in the tropical middle and upper stratosphere (Fig. 6a), producing a spatially

heterogeneous meridional temperature-gradient response. Positive ~ perturbations form a tilted band extending downward
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and equatorward from around 30°S at 5-10 hPa toward the equatorial region near 30 hPa (Fig. 10a). These positive
perturbations correspond to significant negative perturbations (Fig. 11a), which are associated with enhanced westerly
shear under thermal wind balance. This shear structure is consistent with the strong positive zonal wind perturbation mainly
at 10-50 hPa in sim_SO»>+H>O (Fig. 5a). Meanwhile, negative  perturbations are found in the tropical 5-10 hPa layer and
in the subtropical regions of both hemispheres between 10 and 30 hPa (Fig. 10a), accompanied by corresponding positive
perturbations (Fig. 11a). These structures favour easterly shear and are consistent with the negative zonal wind
perturbations above the positive wind response (Fig. 5a), thereby shaping the vertical structure of the QBO-related wind
perturbation during the early transition stage. Although the thermal-wind response is stronger in sim_SO>+H>O in April, its
effect is mainly expressed as a vertically distributed shear structure over the 10-50 hPa layer and has not yet been fully
projected onto the 30 hPa QBO index. This is consistent with the stronger 30 hPa QBO index response in sim_SO;+H,O
emerging after April rather tha immediately in April (Fig. 4b).
In the SO2-only experiment (sim_SO: — sim_control), a significant negative ~ perturbation appears in the tropical Southern
Hemisphere between 5 and 20 hPa (Fig. 10b), accompanied by positive perturbations (Fig. 11b). This temperature-
curavture structure favours easterly shear and is consistent with the negative zonal wind perturbation at 10-20 hPa (Fig. 5b).
Compared with sim_SO>+H20, sim_ SO shows weaker negative perturbations near 30 hPa (Fig. 11a-b), consistent with
a weaker positive zonal wind perturbations near this level in April (Fig. 5a-b). The negative zonal wind perturbation aloft
further indicates that the thermal-wind adjustment shapes the vertical shear structure of the QBO-related wind perturbation in
the SOz-only experiment. Therefore, the thermal wind balance mechanism contributes to the April positive zonal wind
perturbation in both experiments, but the contribution is substantially stronger when H>O is included. This contrast indicates
that H2O-induced temperature perturbation enhance the early thermal-wind adjustment, but the subsequent 30 hPa QBO
index evolution cannot be attributed to thermal wind balance alone and reflects the combined effects of thermal wind balance
and tropical upwelling changes. This result is consistent with previous studies showing that, during QBO phase transition,
volcanic perturbations can induce westerly shear accompanied by easterly shear above it (Franke et al., 2021; Aquila et al.,

2014).
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Figure 11. Same as in Figure 10, but for zonal mean meridional temperature curvature () differences.

In July, sim_SO»+H>0 (sim_SO>+H>0 — sim_control) shows significant positive perturbations near 50 hPa (Fig. 10c),

accompanied by negative perturbations (Fig. 11c). These structures are favorable for westerly shear, but their spatial
extent is limited and they correspond only weakly to the positive zonal wind perturbation near 30-50 hPa (Fig. 5d). By
contrast, significant negative  perturbations between 5 and 30 hPa (Fig. 10c), together with positive perturbations (Fig.
11c), are more clearly associated with the pronounced negative zonal wind perturbation above the positive wind response
(Fig. 5d). In sim_SO: (sim_SO> — sim_control), no significant

or perturbations are found in the regions

corresponding to the positive zonal wind perturbations (Fig. 10d and 11d), suggesting that thermal wind balance provides
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only limited support for this perturbation in this experiment. The weak upper-level wind response in Fig. Se further indicates
that the thermal-wind contribution is small in the SO2-only experiment. Overall, the July results indicate that thermal wind
balance is more clearly related to the upper-level wind-shear structure than to the positive zonal wind perturbation near 30—
50 hPa. However, over 0°-20°N at 7-20 hPa, positive  perturbations and negative perturbations are present (Fig. 10d,
11d), which are consistent with local easterly wind-shear adjustment in this region (Fig. Se).

In October, the thermal wind balance response in sim_SO2+H20 (sim_SO2+H>0 — sim_control) is broadly similar to that in
July (Fig. 10e and 11le). The and perturbations make only a limited contribution to the positive zonal wind
perturbations that have propagated downward into the 50-100 hPa layer (Fig. 5g, 10e, and 11le). Instead, regions with
negative and positive perturbations are more closely associated with negative zonal wind perturbations above the
positive wind response. A similar behavior is found in sim_SO: (sim_SO; — sim_control; Fig. 5h, 10f, and 11f), where
thermal wind balance contributes little to the weak positive zonal wind perturbation in the lower stratosphere but remains
relevant for the negative zonal wind perturbations aloft.

The stratospheric temperature anomalies caused by H>O and sulfur emissions from the HTHH eruption produced both
positive and negative anomalies in April. To maintain thermal wind balance, this temperature structure led to the
formation of a westerly anomaly in the tropical stratosphere, thereby influencing the QBO. In the subsequent months of July
and October, however, the contribution of this mechanism to the positive zonal wind anomaly gradually weakened, but it had
a significant impact on the negative anomaly above the positive zonal wind anomaly. Furthermore, the contribution of the
HTHH eruption to easterly anomalies was stronger in sim_SO»+H>O than in sim SO, (Fig. 10-11). The stratospheric
temperature exhibits more uniform meridional variation in sim_SO», leading to a weaker contribution to westerly anomalies,
which is consistent with the findings of Franke et al., (2021).

In summary, the thermal wind balance mechanism contributes to the QBO response mainly during the early stage after the
HTHH eruption. In April, H2O and SO injections produce zonal-mean meridional temperature-gradient and curvature
perturbations that favor enhanced westerly shear in the tropical stratosphere, especially in sim_SO>+H>O. This contributes to
the formation of positive zonal wind perturbations in the 10-50 hPa layer and shapes the vertical wind-shear structure during
the early transition toward the WQBO phase. However, because this wind-shear response is vertically distributed and not yet
fully projected onto 30 hPa in April, the stronger thermal-wind adjustment in sim_SO,+H>O does not immediately produce
the largest 30 hPa QBO index response. Instead, the more pronounced 30 hPa response after April reflects the combined
influence of the early thermal-wind adjustment and the upwelling-related downward propagation discussed in Sect. 4.2. In
July and October, the contribution of thermal wind balance to the positive zonal wind perturbation weakens, while its
influence on the negative zonal wind perturbation above the positive wind response remains evident. Compared with the
SOz-only experiment, sim_SO>+H>0 shows stronger temperature-gradient and curvature perturbations, indicating that H>O-
induced temperature changes amplify the thermal wind adjustment and contribute to the vertical structure of the QBO-related

zonal wind perturbations. Sulfate aerosols and HoO from the HTHH eruption enhanced the westerly wind anomaly and
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accelerated the downward propagation. Furthermore, for maintaining thermal-wind balance in the atmosphere, these aerosols
and water vapor also induced a strong easterly wind anomaly above the westerly wind anomaly, thereby influencing

stratospheric dynamic processes.

5 Conclusions

The HTHH eruption injected approximately 0.5 Tg of SOz and around 150 Tg of H>O into the stratosphere on January 15
2022. Using MLS and OMPS-LP observations together with CESM-WACCM6 sensitivity simulations, this study
investigated the effects of the water-rich HTHH eruption on the tropical QBO and the associated dynamic mechanisms. The
results demonstrate that the large H2O injection substantially modified the stratospheric response relative to the SOz-only
case. Enhanced stratospheric H2O accelerated SO2 oxidation through increased - OH production, leading to more rapid
conversion of SO» to sulfate aerosols and enhanced sulfate aerosol loading in the tropical stratosphere. A portion of the
injected H2O and sulfate aerosols remained in the tropical stratosphere throughout 2022. However, their radiative effects
differed substantially. H>O-induced longwave cooling dominated the middle and upper tropical stratosphere, whereas sulfate
aerosols contributed to localized warming in the lower stratosphere. As a result, the HTHH eruption produced a vertically
structured temperature response that differs from the lower-stratospheric warming typically associated with sulfate-
dominated volcanic eruptions.

The simulated QBO response was substantially stronger in sim_SO>+H>0O than in sim_SOz. In im_SO»+H:O, positive zonal
wind perturbations developed in the upper stratosphere and subsequently extended downward to the 30-100 hPa layer. The
corresponding 30 hPa QBO index perturbation exceeded 3 m s during June—August and accounted for approximately 11—
32% of the 2022 ERAS 30 hPa QBO index anomalies relative to the 2007-2021 climatology from May to October. In
contrast, the SO2-only experiment produced weaker and less persistent positive QBO index perturbations, accounting for less
than 1% of the ERAS anomalies after June. These results indicate that the injected H.O was an important contributor to the
enhanced QBO amplitude and downward extension of positive zonal wind perturbations.

The analysis of the upwelling mechanism indicates that planetary-wave and EP-flux perturbations provide the dynamical
forcing for adjustments of the residual circulation, whereas H>O-induced radiative cooling modifies the thermodynamic
constraint on tropical upwelling. In April, the negative residual vertical velocity perturbations in the tropical Southern
Hemisphere were more consistent with the additional H>O-induced radiative cooling than with a simple wave-driven
strengthening of the BDC. The associated reduction in local tropical upwelling weakened the upward advective tendency
acting on positive zonal wind perturbations and favoured their initial downward extension. In July and October, the residual-
circulation response became more vertically and meridionally heterogeneous. Compared with sim_SO-, the additional H,O
forcing reshaped the tropical upwelling response to the already asymmetric volcanic perturbation, producing a more
localized and hemispherically asymmetric residual-circulation structure. This circulation reorganization was associated with

the stronger downward extension of positive zonal wind perturbations in sim_SO>+H>0.
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The thermal wind balance mechanism also contributed to the QBO response, particularly during the early stage after the
eruption. In April, the H>O- and sulfate-induced temperature perturbations modified the meridional temperature gradient and
its curvature, favouring a vertically structured combination of westerly shear at 10-50 hPa and easterly shear aloft. This
thermal-wind response was stronger in sim_SO>+H>O and contributed to the early development of the positive zonal wind
perturbation. This response differs from that expected for sulfate-dominated eruptions, in which lower-stratospheric sulfate
warming more directly favours persistent westerly shear and can exert a stronger influence on the lower-stratospheric QBO
evolution. In the HTHH case, H2O-induced cooling in the middle and upper stratosphere produced a vertically contrasting
thermal-wind response, which was most evident during the early stage and primarily shaped the vertical shear structure of
the zonal wind perturbations. In July and October, thermal wind balance remained relevant to the upper-level negative zonal
wind perturbations but contributed less directly to the positive zonal wind perturbations that had propagated into the lower
stratosphere.

Overall, the HTHH eruption demonstrates that the QBO response to volcanic forcing cannot be understood solely in terms of
sulfate-aerosol-induced lower-stratospheric warming. For water-rich eruptions, enhanced stratospheric H2O can both alter
sulfate aerosol evolution and impose substantial radiative cooling in the middle and upper stratosphere. The combined
radiative and dynamical effects modify the thermal structure, residual circulation, and downward propagation of QBO-
related zonal wind perturbations. These findings highlight the need to explicitly consider stratospheric H2O, in addition to

sulfur emissions, when assessing the dynamical impacts of future water-rich volcanic eruptions on the stratosphere.
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