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4 Hunga effects on stratospheric temperatures and circulation

Key points

• The Hunga H2O cloud, injected into the stratosphere in 2022, was spread globally by the residual mean

circulation and lateral mixing along surfaces of constant potential temperature. The water vapour

anomaly reached the polar region of each hemisphere after the breakdown of the Southern and Northern

polar vortices in December 2022 and April 2023, respectively, and continues to persist over much of the

stratosphere to the present (2025).

• The Hunga eruption led to a 0.5-1 K cooling of the global stratosphere in early 2022, which has extended

through 2024. Larger temperature anomalies are observed in specific regions, but local Hunga impacts

are entangled with dynamically forced variability.

• Cooling in the stratosphere is mainly due to radiative impact of the Hunga H2O. The Hunga forced

cooling contrasts to the stratospheric warming associated with aerosols in other major volcanic eruptions.

• The Southern Hemisphere winter stratospheric circulation was significantly disrupted following the

Hunga eruption in 2022, with an unusually strengthened and equatorward shifted of the winter strato-

spheric jet, weakened residual mean circulation, and reduced planetary wave forcing. Models reproduce

this observed behaviour but also exhibit significant internal variability of the same amplitude. Model

simulations for spring 2023 show a wide range of Northern Hemisphere stratospheric responses, making

it challenging to attribute changes to the Hunga eruption given the influence of internal variability.

• Observed temperature and circulation changes following Hunga eruption in the SH mid latitude strato-

sphere during the first austral winter are captured by global data assimilation systems. The MERRA-2

reanalysis, which assimilates MLS temperature observations above the 5-hPa level, follows best the MLS

observations in and above the upper stratosphere. Without knowledge of the water vapour anomaly,

these systems tracked Hunga induced changes in assimilated temperature observations, thus providing

gridded global analysis of meteorological fields during 2022 and following years.

• Current pieces of evidence are insufficient to draw conclusions on whether the Hunga eruption affected

the QBO, given the inconsistency between observations and the model simulations and the possible

large internal variability in the system and the unrealistic QBO representation in the models.
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4 Hunga effects on stratospheric temperatures and circulation

Preamble

The Hunga submarine volcano erupted on 15th Janu-

ary 2022 injected a massive plume of water vapour

into the stratosphere. It increased the global strato-

spheric water burden by ~15% (Chapter 3), setting a

record high for direct water vapour injection into the

stratosphere in the modern satellite era and differen-

tiating itself from previous major volcanic eruptions

(Vömel et al., 2022; Khaykin et al., 2022). Most of the

Hunga H2O cloud then dispersed globally, remain-

ing in the upper atmosphere through 2024 (Millán

et al., 2022; Khaykin et al., 2022; Zhou et al., 2024). In

addition to the water vapour, a moderate amount of

sulfur-containing gas, equivalent to 0.5–1 Tg sulfur

dioxide (SO2), was lofted into the stratosphere by the

Hunga eruption according to Carn et al. (2022), and

converted to sulfate aerosol particles within one to

two weeks (Zhu et al., 2022). After three months, the

Hunga aerosol separated from the H2O due to aer-

osol growth and sedimentation (Legras et al., 2022)

and was mainly transported into the Southern Hemi-

sphere (SH) lower stratosphere (Duchamp et al., 2023).

Additional details on plume dispersion are discussed

in Chapter 3. The large H2O and aerosol perturba-

tions affected stratospheric temperatures, circulation,

and transport, as analysed in this chapter.

4.1 The large-scale evolution of the Hunga H2O

cloud

Satellite observations show that the Hunga H2O

plume has persisted in the stratosphere and evolved

from 2022 through the end of 2024 (Millán et al.,

2024). The global, latitude and altitude evolution of

the Hunga H2O anomaly followed the well-known

residual mean (or Brewer-Dobson) circulation in the

stratosphere (Figure 4.1). During January 2022, the

initial volcanic cloud, near 20°S, 175°W, spread lon-

gitudinally around the globe with most of the water

vapour anomaly remaining near the 20°S, 20 hPa (Fig-

ure 4.1a). The H2O then spread laterally within the

tropical pipe (Plumb, 1996), reaching 10 hPa by Feb

2022. It spread deep into the SH in December 2022,

when the austral polar vortex broke down removing

the mixing barrier. It then spread deeper into the

Northern Hemisphere (NH) a few months later, in

March, when its vortex broke down, removing mix-

ing barriers in the north. Furthermore, by the start of

2023 the initial water vapour perturbation had been

advected upward in the tropics and was now replaced

by the typical dryer air through the tropopause (Fig-

ure 4.1b). Note that the upward motion at the equator

was initially slow until June 2022.

4.2 Stratospheric transport, temperatures and

zonal winds

4.2.1 Observations of temperature anomalies

following the eruption of Hunga

Substantial stratospheric warming linked to enhanced

aerosols has been observed following major volcanic

eruptions such as El Chichón and Pinatubo (Labitzke

and McCormick, 1992). However, the unprecedented

H2O perturbation after the Hunga eruption presents

a distinct case in the observational record. Unlike

sulfate aerosol, stratospheric water vapour acts as

a greenhouse gas and is a strong emitter of long-

wave radiation, leading to localised cooling effect in

the stratosphere (Sellitto et al., 2022). The dynam-

ical variability and cooling trends in the stratosphere,

along with the potential non-local dynamical effects

from H2O and aerosol clouds, make it challenging

to isolate the stratospheric temperature impacts of

the Hunga eruption. To address these complications,

we have detrended the entire historical datasets from

the Stratospheric Sounding Unit (SSU) channels and

Microwave Limb Sounder (MLS) using regression fits

based on the pre-Hunga period and additionally re-

moved the influence of the 11-year solar cycle (Steiner

et al., 2020; Randel et al., 2024). The Hunga-related

temperature anomalies are compared to variability in

the longer-term stratospheric climate record across

several stratospheric layers over the modern satellite

era in Figure 4.2. The time series in the stratosphere

captures two distinct warming spikes in 1982 and

1991, corresponding to the El Chichón and Pinatubo

volcanic eruptions. The warming in 2020 caused by

the smoke injected from the Australian New Year’s

fires can also be seen (Rieger et al., 2021). Cooling

effects from the Hunga eruption are noticeable in the

middle to upper stratosphere during 2022–2023, with

temperature residuals revealing anomalies of approx-

imately -0.5 to -1 K throughout the stratosphere. The

Hunga-related cooling is comparable in magnitude,

though opposite in sign, to the warming anomalies as-

sociated with the El Chichón and Pinatubo eruptions.

The sign difference is attributed to the intensified

longwave cooling rate caused by the large amount

of H2O injected by Hunga (Wang et al., 2023; Wang

and Huang, 2024; Gupta et al., 2025), as opposed to

the sulfate aerosol-driven warming observed after El

Chichón and Pinatubo. Additionally, the Hunga cool-

ing anomalies increase substantially in magnitude

from the lower to upper stratosphere into the meso-
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Figure 4.1:Water vapour anomaly (1.4 ppm contour) plotted for each month starting at January 2022 (labelled 1) for a)

January 2022 through May 2023, and b) May 2023 through September 2023. In a) the filled contours for earlier months

are plotted on top of the later months, with the dashed curve being month seventeen.; in b) the filled contours for later

months are plotted on top of the earlier months. The monthly averaged fields are taken from the MERRA-2 Stratospheric

Composition Reanalysis of Aura Microwave Limb Sounder (M2-SCREAM), a global constituent data assimilation system.

The red cross denotes the location 20oS, 20 hPa.

sphere in response to ozone depletion (see discussion

in Chapter 6), whereas the warming anomalies from

El Chichón, Pinatubo, and the Australian wildfire

peak in the lower stratosphere and decrease with alti-

tude.

The systematic cooling influence of the Hunga erup-

tion on global stratospheric temperatures is also evid-

ent in MLS observations. The global average MLS

temperature anomalies as a function of altitude and

time over 2022 to 2024 are presented in Figure 4.3.

These anomalies are calculated as differences from the

2005–2021 MLS average after removing the decadal

trends and natural variabilities via regression as dis-

cussed above. The black contour denotes the corres-

ponding Hunga H2O at 1 ppmv level. The H2O cloud

originated near 25–30 km in January 2022, with sub-

sequent upward transport to the upper stratosphere

and mesosphere by mid-2023. Cold anomalies of 0.5

K originated near 25–30 km two months after the

eruption, coinciding with the altitude of the rising

plume. During 2022 and 2023, cold temperature anom-

alies of ~0.5–1.0 K in the stratosphere closely aligned

with the ascending Hunga H2O, with slightly larger

anomalies (~1.5–2.0 K) above ~45 km in the lower

mesosphere after mid-2023. The vertical and tem-

poral overlap of these temperature and H2O anom-

alies provides strong evidence for the Hunga forcing

on the observed temperature cooling. Gupta et al.

(2025) quantified the radiative effects of stratospheric

H2O using satellite observations and radiative trans-

fer simulations under clear sky conditions. Their res-

ults show that the Hunga H2O caused a net radiative

cooling rate of −0.15 K day-1 in the stratosphere in

2022, and a continued cooling of −0.1 K day-1 in 2023,

consistent with our findings.

Notably, the mid-stratosphere experienced even more

pronounced cooling in austral winter 2022. The global

temperatures in the mid-stratosphere fell well below

those recorded in previous years (Figure 4.4). These

cold anomalies stood out one-to-two months after

the eruption. This delay is consistent with a radiat-

ive response to the increased H2O near this altitude,

with a radiative damping time scale of ∼10–20 days

(Hitchcock et al., 2010). By July and August 2022, 20

hPa global temperatures were ~1 K below the multi-

year average over 2005 to 2021. The cold anomalies

persisted into 2023, becoming slightly weaker than in

2022 but remaining beyond the range of variability.

In the months following the eruption, both the water

vapour and sulfur dioxide anomalies spread in latit-

ude creating local temperature anomalies. Observed

cold temperature anomalies and the H2O plume over-
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Figure 4.2: Time series of monthly global average temper-

ature anomalies for thick-layer averages spanning the

lower to upper stratosphere (bottom to top). Linear trend

and solar cycle fits have been subtracted. Lower strato-

sphere temperatures (TLS) are ~13-22 km layer averages

from satellite microwave measurements. Middle and up-

per stratosphere data are from the SSU channels updated

with microwave measurements, representing thick-layer

averages centred near 30, 38 and 45 km (SSU1, SSU2 and

SSU3, respectively). Mesospheric temperatures represent

50–70 km averages based on MLS data from 2005 to Feb-

ruary 2025 (Randel et al., 2024). The four vertical dashed

lines mark the timing of major events that caused stra-

tospheric temperature anomalies: the eruptions of El

Chichón (1982), Mount Pinatubo (1991), the 2019–2020

Australian wildfires, and the 2022 Hunga eruption. Ad-

apted and updated from Randel et al. (2024).

lapped until April (Figure 4.5a) and decoupled in early

SH winter. In particular, 2022 austral winter months

exhibited a striking cold anomaly in the mid latitudes

of the SH, not directly overlapping the H2O plume, as

illustrated in Figure 4.5b. This significant cooling, in

excess of 15 K in the mid-latitude upper stratosphere,

is surprising in that much of it was located well above

the water vapour anomaly, suggesting a non-local dy-

namical response to the volcanic perturbations. Part

of the tropical and extratropical temperature maxima

could be related to the phase of the QBO in 2022 (Coy

et al., 2022). The temperature contrast between high

and low latitudes is suggestive of a meridional shift of

the zonal winds and associated changes in the mean

meridional circulation (Yulaeva et al., 1994; Wang et
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Figure 4.3: Height and time sections of anomalous global

average temperature anomalies (colour shadings) from

MLS observations. Dashed blue contours indicate tem-

perature anomalies at 0.5 K intervals. Solid black con-

tour shows the location of Hunga H2O plume at 1 ppmv

level. The MLS observations have been detrended based

on the entire MLS data (2005-2024) using fits derived

from the pre-Hunga period (2004-2021) and the 11-year

solar cycle, ENSO, and QBO variabilities have been re-

moved using multilinear regression fits (adapted from

Randel et al., 2024). The hatched regions are those eval-

uated as significant based on twice of the standard de-

viation of the anomalies for the period 2005-2021.
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anomalous cooling since 2022. Gray lines show time

series of MLS temperatures for 2005–2021 while the

black line is the climatology. Navy/light-blue/purple

lines show 20 hPa temperature for 2022/2023/2024, re-

spectively.

al., 2023).

4.2.2 Assimilated temperature and wind

anomalies following the Hunga eruption

Global atmospheric reanalyses are one of the fun-

damental data sets to understand atmospheric vari-

ability, and there are multiple reanalyses available,

which sometimes show different results for the same

diagnostic (SPARC, 2022). Here, we evaluate the influ-

ences of the Hunga eruption on stratospheric temper-
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indicate where the 2022 anomalies are outside the range of all variability during 2005–2021 (Wang et al., 2023).

ature and circulation across the global data assimila-

tion (DA) systems, including MERRA-2 (Gelaro et al.,

2017), JRA-3Q (Kosaka et al., 2024), ERA5 (with the

period 2000–2006 replaced with ERA5.1) (Hersbach

et al., 2020; Simmons et al., 2020), and JRA-55 (Kobay-

ashi et al., 2015). Note that none of these reanalyses

include the enhanced water vapour due to the Hunga

eruption in the radiative transfer calculations in their

forecast model. Thus, the temperature signals mainly

come from various assimilated temperature observa-

tions. Coy et al. (2022) analysed MERRA-2 data and

found that adjustments made during data assimila-

tion compensated for the missing radiative cooling

caused by the Hunga water vapour. This suggests

that while the direct radiative impact of the eruption

was not explicitly modelled, the resulting meridional

circulation signals are likely realistic.

The temperature anomaly time series at 20 hPa at 45º S

shows the strongest cooling in August 2022 following

the Hunga eruption based on four reanalyses (Figure

4.6). These anomalies are calculated with respect to

the 2005–2021 climatology. All four reanalyses track

the temperature changes frommonth to month nearly

identically, and all show negative anomalies after the

Hunga eruption at 20 hPa, 45º S mid-stratosphere,

with temperatures down to ~-8 K in themiddle of 2022,

comparing well with the MLS observation (Figure

4.5b).

For examination of changes at all latitudes and pres-

sures, we focus on themonths of July andAugust 2022,

when the SH stratospheric polar vortex is strongest.
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Figure 4.6: Temperature anomaly times series at 20 hPa,

45ºS for the four reanalyses. These anomalies are with

respect to the 2005-2021 climatology.

During this period, record low stratospheric temper-

ature in the satellite era were just equatorward of the

polar vortex edge (Figure 4.5b). These months are

also when stratospheric planetary activity becomes

important to the circulation variability. Hunga may

impact stratospheric circulation not only through ra-

diative forcing but also by modifying wave–mean

flow interactions.

Temperature anomalies with horizontal gradients im-

ply the existence of vertical wind shear anomalies

through thermal wind balance. In austral winter 2022,

the maximum stratospheric cooling was consistent

with positive and negative vertical wind shears equat-

orward and poleward, respectively, leading to positive

wind anomalies of over 40 m s-1 at 40°S in the upper

stratosphere shown in MERRA-2 (Figure 4.7). The

location of the large wind anomaly amplitudes coin-
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Figure 4.7: Zonal mean zonal wind anomaly for July and

August 2022. The grey contours show the background

zonal winds with an interval of 10 m s-1. MERRA-2 wind

anomalies are calculated relative to the 2005-2021 mean

and 2005-2023 trend. Red contours highlight anomalies

exceeding 2 standard deviations.

cided with the location of the polar vortex at these

altitudes. The enhanced zonal winds in this region

exceeded the range of internal variability observed

in previous years (Wang et al., 2023). The other three

reanalyses produce a similar pattern and magnitude

(not shown).

In addition, we investigated the evolution of the

global averaged temperature anomalies using the

Reanalysis Intercomparison Dataset (Martineau et

al., 2018) for the four reanalyses. Global temperature

anomalies for the years 2022 to 2024 are shown in

Figure 4.8. The anomalies were obtained by regress-

ing out the components of the seasonal cycle, lin-

ear trend, the QBO, solar cycle, and ENSO (Niño 3.4)

for the period 1980–2023, excluding the 24 months

after the three major tropical eruptions (from Janu-

ary 2022 to December 2023 for the Hunga eruption).

In MERRA-2, negative temperature anomalies first

appeared around 20 hPa in April 2022, ascending to

around 5 hPa by one year later. Separately, there is

a continuous negative temperature anomaly around

1 hPa throughout the year 2022. These features are

similar to the MLS measurements shown in Figure

4.3, in part because MLS temperature retrievals have

been assimilated in this reanalysis.

Other reanalyses JRA-3Q, ERA5, and JRA-55 show

generally similar negative anomalies of -0.5 K in the

mid-stratosphere around 20–10 hPa, but do not show

ascending anomalies up to 5 hPa. This is probably

because these latter three reanalyses do not assimilate

MLS temperatures, and other temperature-sensitive

microwave and infrared satellite sounders may not be

able to strongly constrain upper stratospheric temper-

atures in these reanalysis systems. Also, the negative

anomalies are much weaker in JRA-3Q than in the

other three reanalyses; this is in part because in JRA-

3Q, mid-stratospheric subtropical positive anomalies

are much greater, partially cancelling the SH mid lat-

itude negative anomalies in the global means.

Overall, global DA systems tracked the observed cool-

ing anomalies up to the mid-stratosphere despite the

modelling component being unaware of the com-

position perturbation following the Hunga eruption.

Above about the 10 hPa level, MERRA-2 is the only

reanalysis that provides similar temperature signals

to those in the MLS observations because MERRA-2

is the only reanalysis that assimilates MLS temper-

ature retrievals above the 5 hPa level. In addition,

these reanalyses provide global information on winds

and circulation patterns, with multi-year reanalysis

products enabling potential identification of post-

Hunga eruption anomalies.

4.2.3 Hunga induced temperature and

circulation anomalies in models

Global atmospheric models can isolate the effects

of the Hunga eruption on temperatures and winds

through the use of control and ensemble simulations,

aiding in our understanding of these impacts. Using

multiple ensemble members with slightly perturbed

initial conditions can capture natural variability while

the volcanic perturbations to atmospheric composi-

tion can be excluded in control runs or included in

volcano runs. The forced signal induced by Hunga

can be extracted by the statistically significant differ-

ences between the volcano and the control ensembles.

Here, we analyse four models that participated in

the Hunga Tonga-Hunga Ha’apai Volcano Impact

Model Observation Comparison (HTHH-MOC) Pro-

ject (Zhuo et al., 2025): Community Earth System

Model, version 2 / Whole Atmosphere Community

Climate Model version 6 (CESM2/WACCM6, here-

after referred to as WACCM) with modal aerosol

module (MAM), Goddard Earth Observing System

earth system model (GEOSCCM), Goddard Space

Flight Center two-dimensional model (GSFC2D), and

the Model for Interdisciplinary Research on Climate

– Chemical Atmospheric general circulation model

for Study of atmospheric Environment and Radiat-

ive forcing (MIROC-CHASER). After adding realistic

amounts of H2O and SO2 perturbations from the

Hunga eruption in January 2022, all models can cap-

ture the evolution of the water vapour and temperat-

ure perturbations on a global scale (see detailed com-
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Figure 4.8: Global-mean temperature anomalies in the stratosphere from the ERA5, JRA-3Q, JRA-55, andMERRA-2 reanalyses.

These anomalies were obtained by regressing out the components of seasonal cycle, linear trend, the QBO, solar cycle, and

ENSO for the period 1980-2023, excluding the 24 months after the three major tropical eruptions, for each reanalysis. The

hatched regions are those evaluated as significant based on twice of the standard deviation of the anomalies for the period

2005-2021. Note that MERRA-2 assimilated temperature retrievals from Aura MLS at pressures 5 hPa and less, but the

other three did not.

parison and Figure 4 in Zhuo et al., 2025). The global

time-height temperature response from WACCM is

shown in Figure 4.9 as a reference. Notable similarit-

ies to the observations (Figure 4.3) include the ascent

of the cooling of ~0.5 K overlapping the H2O cloud,

followed by a systematically larger temperature re-

sponse in the mesosphere. Note that global average

data show very small warming effects from Hunga

aerosol in the lower stratosphere in both observations

andmodel simulations, so themain Hunga impacts on

temperature appear to be due to the radiative cooling

effects of H2O.

During austral winter months in 2022, the WACCM

ensemble mean averaged over 60 ensemble members

reproduced the strong monthly mean negative tem-

perature anomaly in the SH (Figure 4.10a), matching

the altitudes and latitudes in the observations (Figure

4.5b), but with a weaker magnitude. The simulated

zonal wind changes also show a strengthening and

equatorward displacement of the winter westerlies

in response to the Hunga forcing (Figure 4.10b), with

WACCM
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Figure 4.9: Modelled global mean temperature perturba-

tion (color shading at 0.5 K intervals) as a function of

pressure and time from CESM2-WACCM6. Solid black

contour shows the location of forecasted H2O plume at 1

ppmv level. Regions where differences are not significant

at the 95% level using t-test are shaded white.

patterns similar to the observed anomalies (Figure

4.7). Both the ensemble mean temperature and mean

wind anomalies in the model ensemble are only about

half as pronounced as those observed in 2022. Despite

the smaller magnitude, the similarity in timing and
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spatial structure of observed and modelled temper-

ature and wind patterns is strongly suggestive of an

Hunga attribution for the observed anomalies. GEO-

SCCM with 10 ensemble members did show a cooling

signal in this region during the same months, but it

was not statistically significant at 95% level (Figure

4.10c). The GSFC2D model (Figure 4.10d) uses spe-

cified lower tropospheric forcing for the planetary

and gravity wave parameterisations that is identical

for both the control and Hunga runs, thus lacking pos-

sible wave–mean flow feedbacks due to the Hunga

eruption. The internal variability is very small in

the 2D model, and it captures only small dynamical

changes due to the direct radiative impacts of the

Hunga H2O and aerosol. It simulates significant cool-

ing of about 2 to 3 K in the tropical stratosphere near

20 hPa, with weaker warming below the cooling layer.

The 2D model does not reproduce the mid latitude

cooling in the ensemble mean, which is consistent

with the hypothesis that the observed mid latitude

cooling anomalies in austral winter 2022 are a com-

bination of the dynamical (wave) response to Hunga’s

radiative forcing and internal (unforced) variability.

The MIROC-CHASER model simulates cooling in re-

gions overlapping the Hunga H2O, but it does not

reproduce the mid latitude cooling and underestim-

ates sulfate concentrations and the associated infrared

heating (Figure 4.10e).

These discrepancies among the models and observa-

tions suggest that while the radiative effect of H2O is

a robust feature of the Hunga eruption’s impact, not

all global climate models reproduce the strong mid

latitude cooling pattern with statistical significance,

indicating that the observed response may contain

significant internal variability (Yu et al., 2023).

Reasons behind the specific patterns of temperature

and wind observed in 2022, and how those patterns

are related to the Hunga water and aerosol anomalies,

continue to be an active research topic (Yook et al.,

2025). Ongoing research should provide additional

insights into the dynamical processes, that is, the

relationships between the temperature, wind, and

wave anomalies, in these observed fields.

As the water vapour anomaly spread into the NH

it was blocked by the formation of the NH strato-

spheric jet (Figure 4.1b), and did not reach the coldest

regions of NH 2022/2023 winter stratospheric polar

vortex (Chapter 3). However, the possibility of an-

omalous cooling outside of the vortex and at upper

levels, modifying the evolution of the NH polar re-

gion, remains to be fully explored (Kuchar et al., 2025).

Reanalysis shows that zonal mean zonal winds dur-

ing the 2022/2023 winter were within the range of

internal variability (supplementary Figure S4.1), and

the MLS temperatures show no clear or persistent de-

partures from the mean state (supplementary Figure

S4.2). Current modelling research suggests Hunga

effects at a level much smaller than annual variability

(Figure S3.28), and therefore it is difficult to identify

or quantify any Hunga signal (Bednarz et al., 2025).

These results highlight the need for additional studies

using larger model ensemble sizes to constrain the

role of the Hunga eruption in modulating the NH

stratospheric circulation (Figure S3.33).

4.3 Residual mean meridional circulation and

Eliassen-Palm flux

Comparisons between global DA systems and models

can provide complete diagnostics on the effects of the

Hunga eruption on the atmospheric circulation. Here,

the focus is on the effects of theHunga eruption on the

mean meridional transport circulation (residual mean

circulation RMC) and its wave forcing as diagnosed

by the Eliassen-Palm flux (EP flux).

4.3.1 Residual mean meridional circulation and

EP flux in the global data assimilation

systems

In the austral winter months following the Hunga

eruption, the RMC developed a clockwise anom-

aly, which indicates anomalous SH mid-latitude up-

welling and low-latitude downwelling that opposes

and weakens the normal background circulation (Fig-

ure 4.11a). By austral winter of 2022, this RMC anom-

aly encompassed the vertical extent of the SH strato-

sphere and extended into the NH in the lower stra-

tosphere in MERRA-2 (Figure 4.11a). It is important

to note that the full RMC remained downward in the

SH high latitudes. However, it was weakened by the

anomaly. These circulation anomalies remained as

strong clockwise circulation anomalies during June

to August 2022, based on the 43-year (1980–2022)

MERRA-2 dataset (Coy et al., 2022). Note that the

“upward” residual circulation anomaly in the SH ex-

tratropics is consistent with the cold anomaly (Fig-

ure 4.6), as the RMC anomaly reduced the adiabatic

heating from the climatological downward RMC. The

downward anomaly in the tropics, however, would

be associated with anomalous warming, which would

oppose the radiative signal.

The wave forcing of the stratosphere also displayed

significant changes after the Hunga eruption. EP
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Figure 4.10: Modelled temperature differences in July and August 2022 (colour shading, K) from (a) WACCM with modal

aerosol module (MAM), (c) GEOSCCM, (d) GSFC2D, and (e) MIROC-CHASER. Red contours denote the sulfate aerosol

extinction at 745 nm in 10-3 km-1, and black contours denote the anomalous H2O concentration in ppmv. (b) Zonal mean

zonal wind differences averaged in July and August 2022. Colours show zonal mean zonal wind anomalies in WACCM

simulations compared to the control runs. Gray contours show the background zonal winds with an interval of 15 m s-1.

The vectors depict the significant anomalies in the residual mean circulation. Hatched regions indicate where anomalies

are statistically significant at the 95% level according to Student's t–test.

fluxes are a measure of the propagation of wave

activity. In the SH winter climatology, EP fluxes are

upward and equatorward, as these waves are typ-

ically forced from the troposphere. Along with the

zonal wind, temperature, and RMC anomalies, the

July–August 2022 upward and equatorward EP fluxes

were reduced in high latitudes at 60ºS throughout the

stratosphere (Figure 4.11b). Since the climatological

EP fluxes are upward, the downward EP flux anom-

alies in Figure 4.11b indicate weaker upward EP flux

from the mid-stratosphere upward over 40ºS–60ºS

and hence, reduced planetary wave activity in austral

winter 2022. Note that there was some increase in the

upward and equatorward EP flux vectors in the lower

to mid stratosphere near 45ºS. Since the planetary

waves preferably propagate in the regions of strong

potential vorticity gradients, this equatorward shift

in EP flux was consistent with a more equatorward

expanded polar vortex in 2022 (Wang et al., 2023).

With reduced upward EP fluxes, the wave forcing of

the zonal mean zonal flow from the flux divergence

results in reduced drag, leading to strengthening of

the polar vortex. Climatologically, wave activity acts

to decelerate the zonal mean zonal wind in the region

of the polar vortex, i.e., EP flux divergence is negative.

The July–August 2022 EP flux divergence anomaly

is accelerating the zonal mean zonal wind in the SH

upper stratosphere (Figure 4.10b), and thus acting to

reduce the climatological drag on the zonal wind.

4.3.2 Residual mean circulation and EP flux

changes in models

Detailed comparisons of simulated anomalies from

global models against DA results confirm the mod-

els’ ability to simulate the RMC and EP fluxes. The

WACCM simulation, used as an example, has been

able to represent the RMC anomalies in austral winter

months during 2022. The upward residual circulation

anomaly at 60ºS and downward anomaly extending

across the equator (Figure 4.10b) compares well with

the DA-derived RMC in Figure 4.11a. The changes in

the RMC are associated with adiabatic cooling in the

stratosphere in the SH extratropics, consistent with a

weakened planetary-scale wave forcing in the middle
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Figure 4.11: (a) Monthly mean residual circulation anomaly for July-August 2022. The arrows show the circulation calculated

from the stream function anomaly. The dashed contours show the corresponding temperature anomaly (K) for the same

month. (b) EP flux divergence anomalies for July-August 2022 (filled contours) and EP flux anomaly vectors (arrows). The

scale arrows are 3x106 kg s-2 for the meridional component and 6x103 kg s-2 for the vertical component. The grey contours

show the corresponding zonal mean zonal wind anomaly (m s-1). Fields are shown relative to the 2005-2021 mean, with the

2005-2023 linear trend subtracted.

and upper stratosphere.

The coupling of planetary wave amplitudes and stra-

tospheric temperature is a well-known feature of the

winter stratosphere (Andrews et al., 2016; Randel and

Newman, 1998). The correlation is evident in Figure

4.12, which shows results from all available WACCM

ensemble members in the HTHH-MOC Project (Zhuo

et al., 2025), consisting of 60 Hunga-forced and 60

control simulations. Over July and August from 2022

to 2031, a significant positive correlation (r = 0.76,

p-value < 0.0001) is found between polar temperat-

ure versus the vertical component of the EP flux in

the lower stratosphere (grey dots). Among the 60

Hunga-forced ensemble members, 44 runs exhibit a

cold temperature anomaly in 2022 (red dots in Figure

4.12), and several simulations produce temperature

and wave responses comparable to the observations

(black dot in Figure 4.12). There is a systematic shift

in temperatures and wave activity in the integrations

with the eruption in 2022 (red dots in Figure 4.12) with

respect to the 10-year control ensemble background

(grey dots in Figure 4.12). Specifically, 39 out of 60

ensemble members (65%) exhibit both colder temper-

atures and weaker upward EP fluxes in response to

the Hunga eruption, compared to 42% in the control

ensemble. We view this shift as a fingerprint of the re-

sponse to the Hunga forcing in WACCM simulations.

However, there is considerable stochastic variability

among the volcano realisations. We conclude that in-

ternal variability in the ensemble model simulations

contributes to the weaker amplitudes of the ensemble

average temperature and wind anomalies compared

to the observed pattern in 2022. Similar strong correl-
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Figure 4.12: Relationship between July–August average

temperatures at 10 hPa and upward EP flux at 70 hPa

over 55°S–65°S. Red dots represent the Hunga-forced

minus controlWACCM simulation for July–August 2022,

based on 60 ensemble members. Gray dots represent

deviations from the control ensemble mean for July–

August averages across 2022–2031 (60 ensemble mem-

bers over 10 years). The black dot indicates the July–

August 2022 average from ERA5.

ations between temperature and wave activities are

found in the other two 3D models (supplementary

Figure S4.3). However, the Hunga-forced simulations

in these models exhibit considerable spread, and with

only 10 ensemble members, it is difficult to determine

whether there is a clear shift toward colder temperat-

ures.
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4.4 Interaction of Hunga with the

Quasi-Biennial Oscillation (QBO)

The Quasi-Biennial Oscillation (QBO) occurs in the

lower stratosphere near the equator, manifesting as al-

ternating easterlies and westerlies that descend from

the stratopause to the tropopause with a period of ~28

months (Baldwin et al., 2001). Such equatorial zonal

wind anomalies are balanced by a meridional circu-

lation that extends temperature anomalies through-

out the tropical stratosphere (Plumb and Bell, 1982).

Depending on the QBO phase, the QBO meridional

circulation may reinforce or weaken the background

RMC.

In early 2022, QBO had easterly winds in the lower

stratosphere with westerly winds above (Figure 4.13),

a configuration associated with a lower stratosphere

secondary circulation descending at the equator and

ascending at the subtropics. Such a circulation may

have enhanced the cross-equatorial transport of water

vapour following the Hunga eruption (Schoeberl et al.,

2023). Jucker et al. (2024) further suggested from their

chemistry-climate model simulations that excessive

stratospheric water vapour like that injected by the

Hunga eruption tends to stay longer in the middle

atmosphere if the QBO is in the easterly phase than

the westerly phase at 50 hPa, as observed in 2022,

and effects of the initial easterly QBO phase could

persist over a few years (Diallo et al., 2018; Jucker

et al., 2024).

Given the potential impact of the QBO on RMC, aus-

tral winter 2022 offers an opportunity for comparing

the QBO-induced circulation anomaly to the changes

caused by the Hunga eruption. The QBO signal in

RMC is derived from the 1980-2021 MERRA-2 re-

cord by averaging daily July–August residual mean

circulations on days with a similar QBO phase to

July–August 2022. The estimated QBO effect on the

RMC (Figure 4.14a) generally opposed the August

2022 residual circulation in the SH (Figure 4.11b), res-

ulting in a slight reduction in the strength of the aus-

tral winter 2022 residual circulation anomaly (Figure

4.14b), especially equatorward of 30°S latitude. The

QBO-induced residual circulation anomaly in the up-

per stratosphere (above the main QBO region) shows

a downward circulation just equatorward of the main

cold anomaly, which may have had a minor influ-

ence in limiting the equatorward extent of the cold

anomaly. However, since the QBO signal in residual

circulation is much weaker than the full residual cir-

culation, and does not extend into the main cooling

anomaly region (40°–60°S) during July–August 2022,
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Figure 4.13: Monthly mean zonal wind measured by ra-

diosondes from the Meteorological Service Singapore

Upper Air Observatory (station code 48698) (black con-

tours) and its differences with respect to the months

between 1979-2014 that has similar QBO phase (colour

shading, unit: m/s). QBO phase is determined by the

two leading EOFs in the Singapore wind between 100-10

hPa following Wallace et al. (1993). We compare the

wind profile in each month to those months that have

QBO phase within ±0.1𝜋 of this month, representing a

small fraction of the QBO cycle. Hatches indicate the

differences that are statistically significant at 90% con-

fidence level based on the Student’s t-test. The turquoise

box marks the period after the eruption. The turquoise

box marks the common region plotted in Figure 4.15.

it does not appear to have played a major role in the

creation and maintenance of the cold anomaly. There-

fore, this suggests that the anomalous temperature

and RMC responses in the mid-latitude were primar-

ily caused by the large internal variability and the

Hunga forcing.

The QBO progression before and after the Hunga

eruption in radiosonde observations shows that the

equatorial zonal wind was easterly between 20 hPa

and 60 hPa in early 2022 when the Hunga volcano

erupted (Figure 4.13). These easterlies descended over

the next few months, and westerlies dominated the

equatorial stratosphere in late 2022. By early 2024,

the wind profile returned to a similar structure as in

early 2022, corresponding to a period of ~2 years. This

particular QBO cycle is faster than the average period

(~28 months) but is still within the range of variations

seen in observations over the past few decades.

The amplitude of the QBO following the eruption

showed some significant regions of stronger than

usual westerlies and easterlies (Figure 4.13). How-

ever, the easterly anomalies are significant only for

one month below 60 hPa in 2022, and the westerlies
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Figure 4.14: (a) Estimated QBO signal in the residual mean circulation, calculated as the average circulation during July-

August of years with similar QBO phase as in 2022; (b) Residual mean circulation after QBO-induced circulation shown in

(a) from the full circulation shown in Figure 4.11a. Gray contours denote the July-August 2022 temperature anomaly. The

arrow lengths, based on the stream function, are scaled by pressure. Note that the contour interval is halved in (a) relative

to (b) and that the scale of the arrows in (a) are double the arrow scale in (b). All fields are from MERRA-2.

appear for just three months in the lower stratosphere.

It is difficult to attribute these changes to the Hunga

eruption given the complicated interaction between

the waves generated from convection in the tropo-

sphere and the stratospheric circulation responsible

for creating the highly variable QBO.

We also examined the QBO simulated across all mod-

els participating in HTHH-MOC, enabling the exam-

ination of equatorial zonal wind anomalies due to

the additional sulfate aerosols and water vapour from

the eruption (Figure 4.15). The models did not simu-

late a statistically significant response to the Hunga

eruption in the equatorial winds over most of the stra-

tosphere and mesosphere. Instead, they revealed a

generally insignificant weakening of QBO amplitude

from 2023 onward, a result that disagrees with the

stronger anomalies observed. Models are known to

have problems simulating the QBO, including produ-

cing a wind oscillation that is too weak in the lower

stratosphere, not capturing the ozone feedback, and

not having the correct gravity wave spectrum (An-

stey et al., 2022). The possible inability of models

to simulate a realistic QBO limits our ability to say

whether the QBO changes in observations are part of

natural variability or a result of the forced response

to the eruption.

4.5 Summary

Satellite and reanalysis systems demonstrated persist-

ent perturbations in stratospheric temperature and

circulation following the Hunga eruption. The Hunga

H2O injected by the eruption in 2022 remains until

the present in 2025. It was spread globally by the

Brewer-Dobson circulation, which includes vertical

and meridional transport by the residual mean circu-

lation and mixing along isentropic surfaces.

During the austral winter months in 2022, obser-

vations showed large-scale SH stratospheric cool-

ing, consistent with the equatorward shift of the SH

winter stratospheric jet and the slowing of the re-

sidual mean circulation with reduced wave activity

seen in the DA system. In the first two years follow-

ing the Hunga volcanic eruption, the global average

stratospheric temperatures decreased by 0.5 to 1.0 K.

This impact was mainly due to radiative cooling from

H2O injected into the stratosphere by the Hunga erup-

tion. The observed cooling patterns rose in altitude

over time following the evolution of the H2O plume.

Unlike earlier sulfur-rich volcanoes, satellite obser-

vations provide little evidence of global warming im-

pacts from Hunga aerosols in the lower stratosphere.

Global atmospheric models were used to isolate the

effects of the Hunga eruption on stratospheric tem-

peratures and winds by distinguishing volcanic for-

cing from natural variability. Simulations from the

HTHH-MOC Project, including WACCM, GEOSCCM,

GSFC2D, and MIROC-CHASER, tracked the evolu-

tion of water vapour and temperature perturbations,

showing ~0.5 K global stratospheric cooling overlap-

ping the H2O cloud and a stronger response in the

mesosphere. While all models captured the radiative

cooling due to Hunga H2O, not all global chemistry-

climate models reproduced the large-scale Southern

Hemisphere cooling and equatorward-shifted polar

vortex. This suggests that the observed mid latit-

ude temperature anomalies might contain substantial
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Figure 4.15: Ensemble mean equatorial zonal mean zonal wind averaged over 5°N-5°S simulated in (a) MIROC-CHASER

fixed SST runs (b) GEOSCCM fixed SST runs (c) WACCM fixed SST runs and (d) WACCM coupled ocean runs. Black

contours represent the equatorial winds in no-volcano runs, while colour shading shows anomalies due to volcanic aerosols

and water vapour in units of m s-1. Diagonal hatches indicate differences between the two simulations are statistically

significant at 90% confidence level. Statistical significance is estimated based on the two-sided Student’s t–test. The

turquoise box marks the common region plotted in Figure 4.13.

internal variability, with local Hunga impacts inter-

twined with dynamically forced anomalies.

While a slightly faster and stronger QBO was ob-

served following the Hunga eruption, this change was

within the range of variability and was not simulated

across the participating models in the HTHH-MOC

activity, indicating that the eruption likely had no

significant impact on the QBO.
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