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Key Points:

. Simulated climate responses to the Hunga eruption based on specified-chemistry runs
show good agreement with previous coupled-chemistry runs

. Ozone, water vapor, and aerosol from the Hunga eruption each contributed to the
circulation and temperature anomalies in the stratosphere

. The simulated springtime ozone anomalies contributed to the temperature anomalies in
the Southern Hemisphere lower stratosphere during winter 2022
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The Hunga Tonga-Hunga Ha’apai (Hunga) volcanic eruption in January 2022 injected a
substantial amount of water vapor and a moderate amount of SO into the stratosphere. Both
satellite observations in 2022 and subsequent chemistry-climate model simulations forced by
realistic Hunga perturbations reveal large-scale cooling in the Southern Hemisphere (SH)
tropical to subtropical stratosphere following the Hunga eruption. This study analyzes the drivers
of this cooling, including the distinctive role of anomalies in water vapor, ozone, and sulfate
aerosol concentration on the simulated climate response to the Hunga volcanic forcing, based on
climate simulations with prescribed chemistry/aerosol. Simulated circulation and temperature
anomalies based on specified-chemistry simulations show good agreement with previous
coupled-chemistry simulations and indicate that each forcing of ozone, water vapor, and sulfate
aerosol from the Hunga volcanic eruption contributed to the circulation and temperature
anomalies in the Southern Hemisphere stratosphere. Our results also suggest that 1) the large-
scale stratospheric cooling during the austral winter was mainly induced by changes in
dynamical processes, not by radiative processes, and that 2) the radiative feedback from negative
ozone anomalies contributed to the prolonged cold temperature anomalies in the lower

stratosphere (~70 hPa level) and hence to long lasting cold conditions of the polar vortex.

Plain Language Summary

In January 2022, the Hunga Tonga-Hunga Ha’apai (Hunga) volcanic eruption injected large
amounts of water vapor and moderate amounts of sulfur dioxide into the stratosphere. Previous
observational and modeling studies show that this injection led to decreases in stratospheric
temperature. We use a climate model forced with prescribed chemical composition from the

Hunga eruption to explore how the changes in water vapor, ozone, and sulfate aerosols affected
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stratospheric climate. Our findings confirm that these forcings all contributed to the changes in
temperatures and circulation in the Southern Hemisphere’s stratosphere. The cooling during
austral winter was mainly due to changes in atmospheric dynamics rather than direct radiative
effects, but the ozone’s radiative feedback also contributed to sustaining the cold temperature

anomalies in the lower stratosphere in late spring.
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Main Text:

1. Introduction

The Hunga Tonga-Hunga Ha’apai (Hunga) volcanic eruption (21°S, 175°W) was one of the
most explosive eruptions observed since satellite era. Observations reveal that the Hunga
eruption injected a substantial amount of water vapor (>150 Tg) into the stratosphere, resulting
in a ~10% increase in the stratospheric water vapor burden (Khaykin et al., 2022; Millan et al.,
d2022; Vomel et al., 2022), which was unprecedented in the available observational record. The
Hunga eruption also injected a moderate amount of SO; (~0.4-0.5 Tg) into the stratosphere (Carn
et al., 2022; Taha et al., 2022; Witze, 2022; Sellitto et al., 2022). The injected SO, was quickly
converted to sulfate aerosol particles through oxidation, which was accelerated by the excessive

moisture (Zhu et al., 2022; Wang et al., 2023; Asher et al., 2023).

Many studies have explored the impacts of the Hunga water vapor and aerosol perturbations
on stratospheric temperatures, circulation and chemistry. Both satellite observations in 2022 and
subsequent model simulations forced by realistic Hunga perturbations reveal large-scale cooling
in the Southern Hemisphere (SH) tropical to subtropical stratosphere, large mesospheric
temperature anomalies (Yu et al., 2023), a strengthening and equatorward shift of the
stratospheric polar night jet, and a weaker stratospheric overturning circulation (Coy et al., 2022;
Schoeberl et al., 2022; Wang et al., 2023; Fleming et al., 2024). Substantial ozone reduction was
also observed in the mid-stratosphere over SH mid-latitudes during austral winter and over polar
regions during austral spring (Lu et al., 2023; Zhang et al., 2023; Wang et al., 2023). The net
tropospheric radiative forcing from the Hunga perturbations is estimated to be small but negative
due to compensation between a heating linked to the water vapor increase and a cooling due to

the reduction in direct solar flux by the aerosol layer (Schoeberl et al., 2023).
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The changes in stratospheric composition and circulation in response to the Hunga forcing
evolve through complex interactions in the atmosphere. This complexity makes it challenging to
quantify the exact role of each forcing on climate anomalies in a coupled chemistry-climate
model simulation. For example, the evolution of ozone is simulated through both dynamical and
chemical processes in a coupled chemistry model. The changes in ozone can affect temperatures
and thus circulation through radiative effects, which, in turn, can affect the ozone concentration
again. Thus, in a coupled chemistry simulation, it is difficult to quantify to what extent the
circulation anomalies in 2022 were forced by the ozone perturbations. Additionally, while some
single forcing (e.g., water vapor or SO; only) experiments can be conducted in the coupled
chemistry-climate setting to separate the role of each Hunga volcanic forcing on the climate
responses, they require assumptions that any differences in the evolution of water vapor and SO-
among different experiments are negligible. Thus, making a precise attribution of each forcing

on the circulation anomalies in the coupled chemistry simulation is difficult.

Wang et al. (2023) conducted comprehensive analyses using coupled chemistry-climate
simulations forced by realistic Hunga inputs of H>O and SO». Their simulations successfully
reproduced the observed changes in temperature, circulation, and ozone, demonstrating how the
Hunga forcing contributed to the stratospheric climate anomalies and ozone losses in 2022. Here
we conduct further analysis aimed at identifying the contribution of each individual forcing term
that contributes to those climate anomalies: ozone, water vapor, and aerosols, respectively. To do
s0, we ran a series of numerical experiments using the “Specified Chemistry” (SC) version of the
Whole Atmosphere Community Climate Model (WACCM; Gettelman et al., 2019) forced with
prescribed chemical composition from the previous “Free Running” (FR) WACCM simulations

by Wang et al. (2023).
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2. Method
2.1. SC-WACCM

To isolate the circulation responses to the Hunga perturbations from the coupled
chemistry-climate interactions, we used the SC version of the WACCM (SC-WACCM; Smith et
al., 2014). The SC-WACCM simulations were run with a horizontal resolution of 1.25° x 0.9°,
70 vertical levels, and a model top at about 140 km. The model was coupled to interactive ocean,

land, and sea ice models.

The SC-WACCM simulation is essentially identical to the FR-WACCM simulation
except that the chemical composition of the middle atmosphere is prescribed as data, rather than
calculated by the model (details described in Smith et al., 2014). SC-WACCM simulates only the
radiative effects of prescribed concentrations of gases and aerosols on the temperature fields, but
not the influence of dynamical fields on the chemical species. Thus, using SC-WACCM, we can
estimate the circulation responses to specified amounts of gas and aerosol perturbations in a
consistent manner across various sets of experiments. For example, sulfate aerosol in the SO.-
only experiment run on the FR-WACCM simulations may not be identical to the aerosol in the
FR-WACCM simulations run with both SO: and H-O forcing due to differences in the dynamical
and chemical evolution of the sulfate aerosol between the two runs. However, in SC-WACCM,
we can apply the same aerosol forcing for different sets of experiments. Since SC-WACCM does
not involve any calculations of chemical reactions, it can also reduce computational costs to
about half of those for the FR-WACCM, while reproducing similar results in long-term statistics

of climate scale (Smith et al., 2014).
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2.2. Experiments

We used two sets of FR-WACCM experiments conducted by Wang et al. (2023) to
generate the prescribed chemical composition forcing files and compare the results: 1) FR-
CTRL, the control case run without the Hunga volcanic forcing, and 2) FR-ALL, the perturbed
case run with realistic Hunga forcing. The Hunga volcanic forcing in the FR-ALL runs included
the injection of 150 Tg of H20O and 0.42 Tg of SO into the stratosphere (for details, see section
2.3 in Wang et al., 2023). In parallel with their FR-WACCM simulations, we performed five sets
of additional SC-WACCM experiments forced with different combinations of prescribed

chemical compositions (water vapor, ozone, and aerosol) as follows:

1) SC-CTRL, control experiments forced with the water vapor, ozone, and aerosol fields

taken from the FR-CTRL runs,

2-4) SC-H20, SC-03, and SC-SULF, three sets of single forcing experiments forced
with water vapor, ozone, and sulfate aerosol field, respectively, from the FR-ALL runs and two

other fields from the FR-CTRL runs, and
5) SC-ALL, all forcing experiments forced with all three fields from the FR-ALL runs.

The forcing files were generated based on zonal-mean and daily-mean fields from each
ensemble member. We used 10 ensemble members for each set of experiments, each run with
forcing files generated from the corresponding ensemble member of the FR runs, to isolate the
circulation responses to the Hunga forcing from other forms of internal climate variability. All

ensemble members were integrated from January 1, 2022, until December 31, 2022.
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To reproduce the initial structure and development of the Hunga plume, the modeled
winds and temperatures were relaxed toward reference meteorology from Modern-Era
Retrospective Analysis for Research and Applications version 2 (MERRA2, Gelaro et al., 2017).
Following Wang et al. (2023), in all experiments we adjusted the WACCM wind and
temperature fields to match the MERRA?2 data with a relaxation time of 12 hours throughout

January 2022. After February 1, 2022, the model was free-running without any nudging applied.

The differences in ensemble mean fields between the forcing and control runs are
explored to estimate the mean climate anomalies in response to the Hunga forcing. The t-statistic
was used to assess the statistical significance of the difference (p < 0.05) in mean climate
between two sets of simulations. The main purpose of this study was to examine the climate
response to the chemical forcing derived from the previous FR-WACCM simulations. Thus, we
compared the results from the SC runs with those from the FR runs, rather than with

observations.

2.3. Ozone Monitor and Profiler Suite Limb Profiler (OMPS-LP)

The ozone anomaly data for 2022 (with respect to the 2012-2021 mean seasonal cycle)
were derived from the Ozone Mapping and Profiler Suite Limb Profiler (OMPS-LP) instrument
(Taha et al., 2021; Zawada et al., 2018). OMPS-LP observations have been employed in multiple
studies investigating the Antarctic ozone hole (Kramarova et al., 2014; Rieger et al., 2021; Yu et
al., 2021; Wang et al., 2023). We note that the OMPS ozone data were used to compare the
modeled evolution of 0zone with observations but not used as prescribed forcing in the model

experiments.
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3. Results

The Hunga perturbations in the FR-ALL simulations consist of stratospheric aerosol and
gases that evolve over time following the initial injection of SO and H>O into the stratosphere.
Wang et al. (2023) demonstrated that the simulated evolution of the H>O and sulfate aerosol
plumes, resulting from the initial perturbations, closely matches the patterns from satellite
observations. We hypothesized that water vapor, ozone, and sulfate aerosol were the main
radiative forcings resulting from the initial injection of the Hunga forcing. Thus, we used the
water vapor, ozone, and sulfate aerosol fields from the FR-ALL (FR-CTRL) experiments to

form the prescribed Hunga forcing in the SC-ALL (SC-CTRL) experiments.

We assess whether the simulated circulation and temperature anomalies from the SC-
WACCM runs, forced with prescribed stratospheric water vapor, ozone, and aerosols, align well
with the results from the FR-WACCM runs. Figure 1 shows the temperature responses (averaged
over 50°S—0°) to the Hunga forcing as differences between the all forcing (ALL) runs and the
control (CTRL) runs in FR- and SC-WACCM simulations (top and bottom, respectively)..
Consistent with findings from previous studies (Wang et al., 2023; Fleming et al., 2023), the
Hunga perturbations lead to cooling of ~1 K over much of the middle stratosphere above ~30
hPa level, juxtaposed with weaker warming in the lower stratosphere below ~50 hPa throughout
2022, in both the FR and SC runs (Fig. 1). Close similarity in the climate responses to the Hunga
perturbations between the FR and SC runs shown in Fig. 1 suggests that 1) the three forcings in
SC runs effectively represent the net radiative forcing of the Hunga perturbations, and 2) the
simulated SH temperature anomalies in the stratosphere during 2022 are radiative responses to

the Hunga forcing.
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We next explore the extent to which the climate anomalies in 2022 were affected by each
forcing of ozone, water vapor, and sulfate aerosol from the Hunga eruption. Figure 2 reveals the
temperature anomalies based on the single forcing experiments, SC-H20, SC-03, and SC-
SULF. The temperature anomalies based on single forcing experiments show that the persistent
cold temperature anomalies above ~30 hPa level are largely due to the water vapor perturbations
(Fig. 2a). This is expected, as the radiative effects of stratospheric water vapor will induce
cooling in the stratosphere (Forster et al., 1999). Wang et al. (2023) also showed that the cold
temperature anomalies overlap with the water vapor plume. The warm temperature anomalies
below the ~30 hPa level result from radiative heating from the volcanic aerosol layer in the lower
stratosphere. These warm anomalies are reinforced by the absorption of upwelling longwave

radiation by the water vapor plume (Figs. 2a and 2c, and also Figure 3 in Wang et al., 2023).

In the all forcing (Fig. 1), SC-O3 (Fig. 2b), and SC-SULF (Fig. 2¢) runs, the dipole
vertical structure, characterized by cooling above and warming below, becomes less distinct
during the austral winter. Instead, warming features emerge in the SC-O3 and SC-SULF runs
(Figs. 2b-c). Given that cold temperature anomalies are also observed over high latitudes during
austral winter (Figs. 3, 4b, and 4c¢), the warming pattern over the tropics suggests the well-known
out-of-phase temperature variations between the tropics and extratropics, associated with
changes in the Brewer-Dobson circulation (Yulaeva et al., 1994; Randel et al., 2007; Ueyama
and Wallace, 2010). We infer that the dynamical warming over the tropics partially offsets the
radiative cooling caused by water vapor in all forcing experiments during the winter (Figs. 1, 3a,

and 3b).

In the following section, we explore the wintertime circulation and temperature

anomalies. Figure 3 reveals the difference in wintertime (July-August-September) zonal-mean

10
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temperature (top) and zonal wind (bottom) between the all forcing (ALL) runs and the control
(CTRL) runs in (left) FR- and (right) SC-WACCM simulations. The simulated temperature
differences show a cooling pattern in the stratosphere centered at extratropical latitudes ~60°S in
both the FR and SC runs (Figs. 3a-b). The zonal wind anomalies also reveal a strengthening of

the equatorward flank of the winter westerlies in both runs (Figs. 3c-d).

However, unlike the substantial cooling pattern that emerges at high latitudes, the water
vapor-driven cooling anomalies at tropical latitudes (above 30 hPa), discussed in the previous
section, become less distinct during August—October in the SC-ALL runs (Figs. 1 and 3). Given
that cold temperature anomalies are observed at extratropical latitudes during the austral winter
(Fig. 3), we expect dynamically induced warming over the tropics due to the well-known out-of-
phase temperature variations between the tropics and extratropics, associated with changes in the
Brewer-Dobson circulation (Yulaeva et al., 1994; Randel et al., 2007; Ueyama and Wallace,
2010). The signatures of a warming pattern over the tropics, coupled with the cooling over the
extratropics, are also evident in the SC-SULF runs, where the tropical cooling from the water
vapor anomalies is absent (Figs. 2c and 4d). Thus, we infer that the dynamical coupling of
wintertime circulation between the extratropics and tropics induces warming over the tropics
which partially offsets the radiative cooling caused by tropical water vapor forcing in SC-

ALL runs (Figs. 1 and 3).

Figure 4 presents the wintertime circulation anomalies from the three single forcing
experiments, showing the differences between each of the three forcing runs (SC-H20, SC-03,
and SC-SULF) and the SC-CTRL runs. The single forcing runs exhibit a similar pattern of

wintertime climate anomalies, including cooling of the Antarctic polar vortex and a

11
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strengthening of the equatorward flank of the stratospheric polar jet, consistent with the all

forcing runs.

The SC-SULF runs exhibit the largest zonal wind and temperature anomalies among the
three single-forcing experiments (Fig. 4). Aerosols from large tropical volcanic eruptions can
influence stratospheric temperatures and winds through direct radiative effects (e.g., DallaSanta
et al., 2019; Kodera, 1994; Robock, 2000; Robock & Mao, 1995; Toohey et al., 2014) and
indirect mechanisms (e.g., Coupe & Robock, 2021). Previous modeling studies have also shown
that direct warming in the tropical stratosphere leads to the strengthening of the winter polar
vortex (e.g., DallaSanta et al., 2019; Toohey et al., 2014; Revell et al., 2017). In the SC-SULF
runs, warm temperature anomalies are observed in the lower tropical stratosphere due to
radiative heating from the volcanic aerosol layer (Figs. 2¢ and 4c¢). Thus, consistent with findings
from other modeling studies, the wintertime climate anomalies in the SC-SULF runs indicate the

response to lower tropical warming induced by the aerosol layer (Figs. 4c and 4f).

However, we note that the extratropical circulation anomalies in the single-forcing
experiments have much smaller amplitudes compared to those in the all-forcing runs (Figs 3 and
4) and are not statistically significant (p > 0.05). Thus, including both water vapor and sulfate

aerosol forcings is expected to be important for a realistic simulation of the Hunga forcing.

It is also known that the circulation response can be obscured by the large internal
variability of the stratospheric polar vortex (DallaSanta & Polvani, 2022). Dynamical analyses
based on the FR runs by Yu et al. (2023) and Wang et al. (2023) also suggest a considerable
contribution of stochastic components in the wintertime extratropical circulation response to the
Hunga eruption. Thus, while the similarity between the circulation anomalies in the FR and SC

runs (Fig. 3) provides circumstantial evidence that the wintertime circulation anomalies are

12
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likely due to the Hunga eruption, we also note that considerable stochastic variability remains

due to the limited number of available ensemble members.

To better understand the wintertime climate responses to the Hunga forcing, the time
series of daily-mean polar cap averaged (60-90°S) temperature anomalies are illustrated in Figure
5. Given the low signal-to-noise ratio observed in the wintertime circulation anomalies from the
single forcing experiments (Fig. 4), we focus on the results based on all forcing experiments. The
vertical structure of the polar cap temperature responses both in the FR and SC runs shows
similar cooling pattern across most of the stratosphere during the austral winter and spring 2022,
with the largest cold anomalies in August-September (Fig. 5). Extratropical winds are in thermal
wind balance with the temperature anomalies. Thus, the pattern of extratropical (30—-60°S) zonal
mean zonal wind anomalies is illustrated in Figure 6. The intensification of the extratropical
zonal mean zonal winds is shown throughout the stratosphere during winter, extending into the
lower stratosphere in spring (Fig. 6). We note that the SC runs do not show significant

tropospheric or surface temperature anomalies in 2022 (not shown).

We further assess the contribution of radiative and dynamical processes to the simulated
polar cap averaged (60-90°S) temperature anomalies focusing on the results from the SC-
WACCM experiments (SC-ALL minus SC-CTRL) in Figure 7. The polar cap temperature
anomalies at the upper (5 hPa) and lower (70 hPa) stratospheric levels are decomposed into three
components: shortwave (SW) heating rates, longwave (LW) heating rates, and dynamical
temperature changes, in Figs. 7a and 7b, respectively. The temperature tendencies from different
dynamical and physical processes are derived from the output fields in CESM: DTCORE for
tendency driven by dynamical processes (i.e., the temperature tendency calculated by the

dynamical core), QRL for longwave heating, and QRS for shortwave heating. Other physical

13
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processes (e.g., vertical diffusion, gravity wave drag, and moisture processes) also contribute to
temperature changes. However, their effects were negligible in our analyses, which focused on

the differences between the SC-ALL and SC-CTRL experiments.

The results shown in Figure 7 are not time series of temperature tendencies (units: K/sec),
but time-integrated temperature tendencies (units: K) since January 1, 2022. The time integration
of temperature tendencies enables us to directly compare the temperature changes calculated
from each temperature tendency with the temperature anomalies shown in Figure 5. The same

method was used in Zou et al. (2021) for their temperature diagnosis.

Cold temperature anomalies in the upper stratosphere begin to develop in early June
(with the onset indicated by the grey line), primarily due to enhanced dynamical cooling,
partially offset by decreased longwave cooling from the reduced Planck feedback (Fig. 7a).
These changes in dynamical temperature tendencies are consistent with findings in previous
studies (Wang et al., 2023; Coy et al., 2022), which indicate that the wintertime circulation
responses to the Hunga forcing are characteristic of dynamically forced effects, including
weakened planetary-scale wave forcing and changes in the residual mean (Brewer-Dobson)

circulation.

Interestingly, while dynamical cooling drives the cold temperature anomalies in the lower
stratosphere (70 hPa) during June-November, a comparable amount of negative anomalies in
shortwave heating also contribute to the prolonged cold temperature anomalies during October-
December (Fig. 7b). We identify the source of these SW heating anomalies by comparing the
SW heating anomalies in the all forcing (SC-ALL) and ozone-only forcing (SC-03) experiments
in Figure 8. The results from the SC-ALL and SC-03 runs reveal a consistent pattern of changes

in shortwave heating rates, including substantial negative anomalies in the lower stratosphere

14
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during October-December (Figure 6). However, no significant changes in SW heating rates are
observed in the SC-SULF and SC-H2O runs (not shown). This suggests that the SW heating
anomalies in the lower stratosphere in late spring are largely driven by the radiative effects of
ozone. The results are also consistent with findings from previous studies suggesting that ozone
changes are the primary driver of temperature changes in the lower stratosphere during austral

spring (Calvo et al., 2012; 2017).

Figure 9 shows the evolution of springtime polar-cap ozone anomalies in 2022 based on
OMPS observations (top) and simulated ozone from FR-WACCM (bottom). Both the
observations and the WACCM simulations show negative anomalies in polar-cap ozone
concentrations across much of the stratosphere during spring 2022. Zhang et al. (2023) reported
that most of the ozone anomalies in 2022 were primarily driven by circulation anomalies.
However, their findings also show that the chemical loss of ozone was particularly large in the
lower stratosphere during austral spring 2022, accounting for up to ~20% of the Antarctic ozone
loss at 80 hPa in October 2022. Thus, together with the findings from Zhang et al. (2023), the
results in Figs. 8-9 emphasize the role of chemistry-climate interactions in driving climate
anomalies in the lower stratosphere. We note that the occurrence of positive ozone anomalies
above the negative ozone anomalies is consistent with the signatures of dynamical changes

investigated in previous studies (Calvo et al., 2012, 2017).

4. Summary and Conclusions

Recent observational and modeling studies explored the stratospheric climate anomalies
following the Hunga volcanic eruption, including influences on the stratospheric temperatures,

chemistry, large-scale circulation, and net radiative forcing (Wang et al., 2023; Coy et al., 2023;

15
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Zhang et al., 2023; Lu et al., 2023; Schoeberl et al., 2022, 2023; Fleming et al., 2024). Two
recent studies used the same chemistry-climate model (WACCM) but with different
configurations to address various aspects of the climate responses to the Hunga eruption. Wang
et al. (2023) explored the evolution of stratospheric composition and circulation using a free-
running version of WACCM, while Zhang et al. (2023) focused on changes in stratospheric

chemistry with a specified-dynamics version of WACCM.

Here, we extend their method, but focusing on decomposing the contributions of each
forcing — ozone, water vapor, and sulfate aerosol — from the Hunga volcanic eruption to the
simulated stratospheric circulation and temperature anomalies in 2022. To do so, we examined
differences in climate anomalies based on a series of specified-chemistry WACCM experiments

with various configurations of prescribed Hunga forcing.

The simulated climate responses to the Hunga forcing based on our specified-chemistry
simulations (SC-ALL) show good agreement with previous coupled-chemistry simulations (FR-
ALL). We find that the large-scale stratospheric cooling that occurred in 2022 austral
winter/early spring (June-December) was mainly driven by changes in dynamical processes and
not by direct radiative forcing. However, a key finding of this paper is that from October to
December 2022, ozone’s radiative feedback contributed to the prolonged cold temperature
anomalies in the lower stratosphere (=70 hPa) from October to December 2022 and hence to

long lasting cold conditions of the polar vortex.

Together with findings from Wang et al. (2023) and Zhang et al. (2023), our results
highlight that consistent model experiments with different configurations of a single model can
improve our understanding of the climate responses associated with the observed volcanic

eruption event. Our results also highlight some practical implications of using Specified
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Chemistry setting of WACCM for studying climate and chemistry interactions. The similarity
between the results from the FR and SC runs suggests that the SC runs can effectively estimate
the temperature and circulation responses to the Hunga perturbations, providing a more
computationally efficient alternative to fully coupled chemistry simulations (Smith et al., 2014).
This efficiency makes SC runs useful for isolating the climate response to perturbations in

individual chemical components.
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