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7 Radiative forcing and climate impacts caused by the 2022 Hunga volcano eruption

Key points

Radiative Forcing

Hunga’s stratospheric sulfate aerosol (SA) loading following the eruption was small compared
to significant climate-impacting eruptions like the 1991 Mt. Pinatubo eruption. The initial
reported observed amount of SO, released in the major emission pulse on 15 January 2022 was 0.5
Tg. Global climate models require 0.65-1.0 Tg of SO, to produce stratospheric aerosol optical depths
(SAOD) comparable with observations. This higher SO, value is consistent with later eruption estimates.
Hunga’s sulfate aerosol layer stayed in the stratosphere for less than two years.

Hunga injected significant amounts of water vapour (WV) into the mid-stratosphere, which
will remain in the stratosphere for 4-7 years and could very slightly contribute to warming
of the Earth’s climate. A portion of Hunga’s water vapour layer was lifted by the Brewer-Dobson
Circulation (BDC) into the upper stratosphere and, therefore, persisted in the stratosphere longer than
volcanic aerosols. The Hunga water vapour layer decreases the outgoing longwave (LW) radiation at
the top of the atmosphere (TOA) and increases the LW downward flux at the tropopause.

The net Hunga radiative forcing (RF) was dominated by SA in the first two years. The net
global average volcanic RF was about —0.4:0.1 W/m?, averaged for the two years following the
eruption. At all atmospheric levels, the negative RF caused by SA is an order of magnitude larger than
Hunga’s WV positive RF during the first two years after the eruption.

The WV-induced middle and upper stratospheric cooling (—0.2 K Day™') is stronger and more
persistent than the stratospheric heating by Hunga’s SA. The WV cooling in the 10-30 hPa layer
weakened in the two years after the eruption as the Hunga’s water vapour ascends, disperses, and is
partially removed from the stratosphere.

Stratospheric temperature and ozone changes in the Southern Hemisphere only slightly
modified the RF. The reduction in ozone increases the downward short wave (SW) flux at the tropopause,
warming the troposphere. Stratospheric temperature adjustment (cooling) reduces the outgoing LW
radiation at TOA, warming the climate system. However, during the first two years following the Hunga
eruption, the contributions of ozone and stratospheric temperature adjustments to the TOA radiative
forcing are significantly smaller than that of SA.

Beyond 2024, the Hunga aerosol loading has largely disappeared, and the stratospheric water
vapour TOA RF is negligible (<0.005 W m2).

Climate Perturbations

158

« Itis estimated that the Hunga eruption cooled the global average surface air temperature (SAT)

by 0.05 K, but this reduction is so subtle as to be indistinguishable from the natural variability
of the current climate.

Beyond 2024, once the SA loading has dissipated, the residual warming from Hunga-injected
water vapour will be minimal and unable to counteract the accumulated cooling from SAs.
The overall perturbation to global average climate is indistinguishable from natural climate variability.
Hunga-induced ozone perturbations and stratospheric cooling from WV may drive regional
changes in tropospheric circulation. Stratospheric meridional temperature gradient changes can
impact the troposphere through stratosphere-troposphere dynamic coupling. Ozone depletion-driven
cooling of the polar stratosphere in both hemispheres has the potential to strengthen winter polar
vortices and delay stratospheric final warming. While these effects are evident in model simulations,
their amplitudes remain below the threshold necessary for clear attribution in observations.

Hunga Eruption Atmospheric Impacts Report (2025)
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7 Radiative forcing and climate impacts caused by the 2022 Hunga volcano eruption

Preamble

Chapter 7 assesses the tropospheric and climate im-
pacts of the Hunga eruption. The chapter focuses
on the radiative forcing associated with the Hunga
volcanic eruption and its effect on tropospheric tem-
peratures, as well as indirect effects related to ozone
and temperature changes in the stratosphere. Be-
cause many of the observed stratospheric changes
following the Hunga eruption are detailed in previous
chapters, this chapter is closely linked to Chapters 3-
5. Chapter 7 also uses the results of HTHH-MOC
(see Supplementary S1 and S3) analysis to quantify
Hunga’s radiative forcing and climate impact, as well
as the results of published empirical and modelling
studies.

7.1 Mechanisms of volcanic climate impacts

Explosive volcanic eruptions release sulfur-bearing
gases, volcanic ash, water vapour (WV), halogens,
and other trace substances into the atmosphere, dis-
rupting stratospheric chemistry. The injection alti-
tude can vary from the lower stratosphere (LS, below
25 km) to the upper stratosphere (US, above 25 km),
though most stratosphere-reaching eruptions inject
material primarily into the LS. Sulfur gases such as
SO, and H,S undergo oxidation to form sulfate aero-
sols (SAs), which can persist in the stratosphere for
several years, significantly impacting Earth’s radiat-
ive balance.

Volcanoes emit large amounts of solid particles, i.e.
volcanic ash. Ash comprises recondensed silicate
particles with diameters typically larger than 2 pm.
While ash usually settles out of the stratosphere
within one to two weeks after an eruption, it can gen-
erate a short-lived but measurable radiative forcing
(RF) (Niemeier et al., 2009; Stenchikov et al., 2021).
However, no significant ash particles were observed
in the Hunga eruption plume (see Chapters 1 and 2;
Legras et al., 2022; Sellitto et al., 2022; Kloss et al.,
2022; Baron et al., 2023).

If the eruption is sufficiently large in terms of SO,
emission (>5 Tg), it can have noticeable effects on
atmospheric temperatures, ocean heat content, and
both atmospheric and oceanic circulation (Hansen,
2002; Robock, 2000; Timmreck, 2012; Stenchikov,
2016; Swingedouw et al., 2017; Marshall et al., 2022).
The estimated Hunga SO, emission was between 0.5-
0.7 Tg (Carn et al., 2022) based on satellite observa-
tions of SO, and the amount of sulfate aerosol that
formed after the eruption.
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7.1.1 Impacts of volcanic sulfate aerosols

Sulfate aerosol particles are typically not emitted dir-
ectly by volcanic eruptions but instead form in the
stratosphere through oxidation of SO, followed by the
binary nucleation of sulfuric acid and water vapour.
This process is followed by particle coagulation, con-
densational growth, and gravitational settling (Turco
et al., 1982; Pueschel, 1996; Hamill et al., 1997). The
typical timescale for the conversion of SO, to sulfate
(SO,) is about one month (Bluth et al., 1992; Read
et al., 1993; Hopfner et al., 2015; Wang et al., 2013).
However, the conversion rate can vary depending on
the stage of the process and is influenced by factors
such as water vapour availability and injection alti-
tude (Hopfner et al., 2015; LeGrande et al., 2016; Carn
et al., 2016; Zhu et al., 2022; Abdelkader et al., 2023).

SAs can significantly disrupt the planet’s radiative
energy balance, impacting stratospheric and tropo-
spheric temperatures and the circulation (Lambert
et al., 1993; Baran and Foot, 1994; Bluth et al., 1997;
Barnes and Hofmann, 1997; Lacis et al., 1992; Perl-
witz and Graf, 2001; Kremser et al., 2016). SAs scatter
shortwave (SW) radiation in the entire solar spec-
trum, increasing the planetary albedo. SAs absorb
solar near-IR (NIR) and longwave (LW, A>4 pum) radi-
ation.

SAs are dispersed throughout the stratosphere by
eddies and the Brewer-Dobson Circulation (BDC)
(Holton et al., 1995). In the tropical stratosphere, their
movement is also influenced by the Quasi-Biennial
Oscillation (QBO) (Trepte and Hitchman, 1992). The
tropical upward branches of BDC and buoyancy gen-
erated by aerosol radiative heating can loft aerosols
against gravitational settling, increasing their resid-
ence time. The residence time of tiny (< 0.1 pm) back-
ground aerosol particles in the stratosphere is about
two to three years (Hamill et al., 1997). The resid-
ence time of stratospheric volcanic SAs is shorter
than background aerosols due to their larger particle
size (Deshler, 2008), which increases gravitational
sedimentation rates. For example, an analysis of SA
observations suggests a mean stratospheric aerosol
lifetime from the 1991 Pinatubo eruption of around 22
months and tropical eruptions have longer lifetimes
than extra-tropical eruptions (Toohey et al., 2025).
Models simulate the formation of SAs using a variety
of parametrisation schemes. This leads to discrepan-
cies between models on the SA size distributions and
the subsequent SA’s radiative properties and resid-
ence time (Quaglia et al., 2023; Kremser et al., 2016;
Timmreck et al., 2018).

Hunga Eruption Atmospheric Impacts Report (2025)
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Direct instrumental observations of the radiative for-
cing of SAs are rare (Dutton and DeLuisi, 1983; Dutton
and Christy, 1992; Dutton et al., 1994; Minnis et al.,
1993; Russell et al., 1993; Andersson et al., 2015; So-
lomon et al., 2011). Overall, stratospheric SAs have
a net cooling effect on Earth's surface and the tropo-
sphere by reducing solar radiation while warming
the stratosphere by absorbing NIR and infrared (IR)
radiation. Solar spectral irradiance is relatively weak
at wavelengths longer than 2.5 pm, where SAs are
absorptive, resulting in relatively modest NIR heat-
ing by SAs. Consequently, IR radiative heating rates
within the aerosol layer are roughly twice as large
as those from SW heating. However, the volcanic
SW RF at the top of the atmosphere (TOA) dominates
over the LW RF (Stenchikov et al., 1998). The stra-
tospheric heating caused by volcanic aerosols’ LW
and NIR absorption cannot be neglected because it
influences stratospheric temperature and circulation
patterns (Graf et al., 1994; Kodera, 1994; Thompson
and Wallace, 1998; Stenchikov et al., 2002).

7.1.2 Impact of volcanic water vapour

Water vapour is the most abundant gas emitted
through volcanic eruptions. The amount of water
vapour in the volcanic plume can be significantly en-
hanced by entraining environmental water (Guo et
al., 2004a; Guo et al., 2004b; Joshi and Jones, 2009).
The amount of WV that remains in the stratosphere
is influenced by the ambient temperature at the injec-
tion plume height. Lower stratospheric temperatures
range from 180 to 230 K, but temperature increases
with altitude, reaching around 270 K near the strato-
pause (~50 km). At lower temperatures, ice particles
form and sediment downwards if the water vapour
concentration exceeds the temperature-dependent
nucleation threshold. Because stratospheric temperat-
ures rise rapidly with altitude, higher injection levels
within the stratosphere lead to greater retention of
water vapour, resulting in higher stratospheric wa-
ter vapour concentrations. For example, the 1991
Pinatubo eruption injected over 80 Tg of water va-
pour just above the tropopause; however, this vapour
quickly condensed and was almost entirely removed
through the sedimentation of ice crystals (Stenchikov
et al., 2021; Abdelkader et al., 2023; Guo et al., 2004a;
Guo et al., 2004b).

Enhanced concentrations of WV in a volcanic plume
can also accelerate the conversion of SO, to sulfate
(LeGrande et al., 2016; Abdelkader et al., 2023). Strong
volcanic eruptions could potentially heat the tropo-
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pause via SA NIR and IR absorption, increasing tro-
pospheric water vapour entering the stratosphere.
While simulations have demonstrated this effect
(Joshi and Shine, 2003; Robock et al., 2009; Kroll et al.,
2021; Kroll and Schmidt, 2024), it has not yet been ob-
served in real-world situations, including the 1991 Mt.
Pinatubo eruption (Fueglistaler et al., 2013; Randel
et al., 2004; Chiou et al., 2006).

7.1.3 Stratospheric chemistry and dynamics
feedbacks

Ozone is a radiatively active tracer, absorbing solar ul-
traviolet (UV) and visible radiation and emitting and
absorbing IR radiation primarily in a band centred
at 9.6 pm. Chemically driven changes in ozone thus
can lead to changes in stratospheric heating rates
and temperatures. Changes in the meridional tem-
perature gradient in the stratosphere, driven by the
radiative effects of SA, WV, or ozone, can alter strato-
spheric circulation and trigger dynamical interactions
between the stratosphere and troposphere (Graf et
al., 1994; Kodera, 1994; Thompson and Wallace, 1998;
Stenchikov et al., 2002; Maycock et al., 2013). The in-
duced dynamical changes can alter the distribution of
other chemical species. Volcanic radiative processes
may also change the phase, strength, and duration of
El Nino-Southern Oscillation (ENSO) (Predybaylo et
al., 2017; Pausata et al., 2015), as well as the strength
of the Atlantic Meridional Overturning Circulation
(AMOC) (Stenchikov et al., 2009).

7.1.4 The 2022 Hunga eruption

The shallow-underwater eruption of Hunga was un-
usual in that it increased the WV content in the strato-
sphere by 10-15% (see Chapters 2 and 3). The Hunga
eruption was rated as a Volcanic Explosivity Index
(VEI) 6 eruption (see Chapter 1; Newhall and Self
1982; Carn et al. 2022). Hunga’s SO, emission in the
primary eruption on 15 January 2022 was relatively
small compared to climatologically significant erup-
tions such as the VEI 6 1991 Pinatubo eruption. Ini-
tial estimates place Hunga’s SO, release in the major
pulse at around 0.5 Tg (Carn et al., 2022; Duchamp
et al., 2023). If we account for smaller SO, injections
before the primary eruption, the total SO, reaches
0.7 Tg (Carn et al., 2022), but the smaller emissions
dispersed to a lower altitude than the main eruption.
From the perspective of SO, emissions alone, Hunga’s
climate impact would likely resemble eruptions with
moderate SO, output, e.g., St. Helens (1980, 0.875 Tg
SO;), Calbuco (2015, 0.4 Tg SO,), Raikoke (2019, 1.4
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Tg SO,), Sarychev (2009, 1.2 Tg SO,), all of which
have had a negligible climate impact.

7.2 Hunga’s radiative forcing agents
7.2.1 Hunga’s sulfate aerosol perturbation

As already noted, the Hunga eruption injected a mod-
est amount of SO, in the upper stratosphere and lower
mesosphere (Carn et al., 2022; Taha et al., 2022; Witze,
2022; Sellitto et al., 2024), increasing by a factor of
~5-10 the background stratospheric sulfur burden. By
comparison, the 1991 Pinatubo event increased the
stratospheric sulfur burden by a factor of 100 (Bluth
et al., 1992).

Satellite observations from the Ozone Mapping and
Profiler Suite (OMPS) Limb Profiler (LP) instrument,
the Stratospheric Aerosol and Gas Experiment III
(SAGE III) onboard the International Space Station
(ISS), and Infrared Atmospheric Sounder Interfero-
meter (IASI) observations can be used to derive aero-
sol properties, including extinction, effective radius,
surface area density (SAD), and stratospheric optical
depth (SAOD) (Duchamp et al., 2023; Taha et al., 2021;
Taha et al., 2022; Bourassa et al., 2023; Schoeberl et al.,
2024; Sellitto et al., 2024; Johnson et al., 2025). We
also use the Global Space-based Stratospheric Aerosol
Climatology (GloSSAC) combined observational data-
set (Thomason et al., 2018; Kovilakam et al., 2020),
which mostly consists of SAGE observations. Fig-
ure 7.1a (see also Chapter 3) shows the evolution of
the 1020 nm global average (60°S—60°N) SAOD follow-
ing the eruption from four sources: NASA OMPS-LP
(Taha et al., 2021; Johnson et al., 2025); USask OMPS-
LP (Bourassa et al., 2023); SAGE III/ISS (Thomason
et al., 2018); and GloSSAC (Kovilakam et al., 2020).
For the NASA OMPS-LP data shown in Figure 7.1a, we
use the latest Version 2.5 product (Johnson et al., 2025),
replacing the Version 2.1 product used by Taha et al.
(2022). In the new NASA OMPS-LP V2.5 algorithm,
convergence was improved over V2.1 by significantly
increasing the number of iterations to improve the
retrieval performance. The short-wavelength aero-
sol profiles at 510, 600, 675, and 745 nm were filtered
for unrealistic values (mostly at lower altitudes and
large scattering angles) using the colour ratio relat-
ive to 869 nm. To eliminate unrealistic and anomal-
ous retrievals, the aerosol profiles were also filtered
for values greater than 0.1km™ and where the re-
trieval residual is greater than 50%. See Supplement-
ary S2 (Figure S.I1.3) for a detailed comparison of
NASA OMPS-LP V2.5 and V2.1 SAODs.

We use the SAGE Angstrom Exponent to convert the
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NASA and USask OMPS 745 nm SAODs to 1020 nm in
order to compare them with the HTHH-MOC model
output, which is available at this wavelength. Addi-
tionally, we present the original SAGE 1020 nm SAOD,
GIloSSAC, and the NASA OMPS 997 nm SAOD. Due
to limited sampling, SAGE data smooth the initial
rise in Hunga’s SAOD, but they provide the most reli-
able observations 3—4 months after the eruption and
serve as the foundation for the GloSSAC combined
observational dataset.

Since our focus is on Hunga’s impact on SAOD, we
removed the background SAOD from all observed
SAOD records by defining Hunga’s SAOD as the in-
crease over a 10-day average SAOD prior to the erup-
tion. While this approach is not entirely precise, us-
ing a climatological background SAOD seasonal cycle
would also be problematic because of interannual
variability. Therefore, we opted for this method as
the simplest and most easily reproducible.

Figure 7.1a compares SAOD estimates described
above. The NASA OMPS-V2.5 1020 nm SAOD con-
verted from 745 nm observations is unrealistically
high. The NASA OMPS-V2.5 SAOD at 997 nm is in
better agreement with the other sources. It reaches
~0.006 in one month after the eruption, while the
USask OMPS SAOD is a factor of 1.5 smaller. The
SAGE III/ISS SAOD and GloSSAC lie between the two
OMPS estimates. The differences in the SAOD estim-
ates between the various satellite retrieval algorithms
can be viewed as uncertainty in the measurement.

All the measurements show a shift in SAOD from the
tropics to the extratropical Southern Hemisphere (SH)
during May-June 2022 (Schoeberl et al., 2023). Mod-
els capture the transport of the SA plume throughout
the stratosphere reasonably well (see Chapter 3). The
stratospheric SAs are removed from the stratosphere
by gravitational sedimentation, mixing into the tro-
posphere through tropopause folds, and transport to
the troposphere in the polar regions (e.g., Kremser
et al.,, 2016). The decay time for stratospheric sulfate
aerosols depends on the latitude of the eruption (Too-
hey et al., 2025; Oman et al., 2006). According to
observations, most of the Hunga aerosol loading had
disappeared by the end of 2023 (Figure 7.1a; Schoeberl
et al., 2024).

To depict Hunga’s SAOD from the HTHH-MOC mod-
els, Figure 7.1b presents the difference between sim-
ulations with volcanic emissions and their corres-
ponding control runs, thereby effectively removing
the background SAOD. The models exhibit a range
of results, with WACCM6MAM and GEOSCCM pro-

Hunga Eruption Atmospheric Impacts Report (2025)
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Figure 7.1: Near-global average (60°S-60°N) Hunga SAOD
for the first two years after the eruption, with back-
ground SAOD removed. (a) Observational estimates:
NASA OMPS-LP-V2.5 at 1020 nm SAOD is derived by
converting 745 nm SAOD using the SAGE III/ISS 745-
t0-1020 nm Angstrom exponent. USask OMPS-LP 1020
nm SAOD is obtained in the same way. NASA OMPS-
LP-V2.5 997 nm and SAGE III/ISS 1020 nm SAODs are
shown directly, without conversion, along with GloSSAC
1020 nm. (b) Model results: Ensemble-mean Hunga
— control SAODs from WACCM6MAM-co, WACCM6-
MAM-fs, WACCM6CARMA-fs, MIROC-CHASER-fs, and
GEOSCCM-fs ensembles.

ducing the highest SAOD and MIROC-CHASER the
lowest. Removing the background helps bring the
model SAODs closer to the observations. Neverthe-
less, considering the spread in both observational and
model data, the modelled SAODs are a factor of 1.3
to 2.0 lower than the observed SAOD. Assuming that
the model reduced SAOD is due to smaller initial SO,
injection, the corresponding adjusted SO, emission es-
timate would be 0.65-1.0 Tg. This higher SO, amount
is consistent with more recent estimates reported by
Stenchikov et al. (2025), Schoeberl et al. (2024), and
Sellitto et al. (2024). The observational estimate of
0.7 Tg by Carn et al. (2022) lies at the lower bound of
this range.

Hunga’s SAOD is the largest in the observation re-
cord since the 1991 Pinatubo eruption (Khaykin et al.,
2022). It was suggested that the Hunga eruption was
approximately twice as effective at producing SAOD
per unit mass of emitted SO, compared to similar
or more significant eruptions like Raikoke, Calbuco,

Hunga Eruption Atmospheric Impacts Report (2025)

or Nabro (Sellitto et al., 2022; Taha et al., 2022); see
Chapters 2 and 3 for further information. We attrib-
ute Hunga’s relatively high SAOD to the fact that the
volcanic materials were initially injected in the upper
stratosphere and did not interact with the tropopause
layer during their descent to the lower stratosphere
(see Chapter 2). As a result, volcanic clouds did not
lose SO; and SOy through the tropopause (Stenchikov
et al., 2021; Stenchikov et al., 2025), which led to lar-
ger SAOD generation per unit mass of emitted SO,.
Stenchikov et al. (2025) demonstrated that Hunga’s
aerosol size enhanced SAOD per unit SO, mass by
only 10-15% relative to Raikoke and Nabro. Thus, re-
conciling the simulated and observed SAOD requires
assuming an SO, emission greater than 0.5 Tg.

7.2.2 Hunga’s water vapour perturbation

The Hunga eruption injected WV directly into the up-
per stratosphere even reaching the lower mesosphere
(Khaykin et al., 2022; Millan et al., 2022; Vomel et
al., 2022). Satellite observations from the Aura Mi-
crowave Limb Sounder (MLS) revealed unpreceden-
ted stratospheric H,O concentrations following the
eruption (see Chapter 3). The amount of volcanic WV
retained in the stratosphere after the eruption was un-
usually high, exceeding 120-130 Tg, which represents
about a ~10-15% increase in the global stratospheric
WYV burden (Vémel et al., 2022; Millan et al., 2022;
Millan et al., 2024; Santee et al., 2023). As a result,
the 2022 Hunga eruption sparked considerable debate
about its climate effect.

Hunga’s WV cloud initially formed over the volcano
at (175° W; 20°S) and spread throughout the tropics
south of the equator. Millan et al. (2024) detailed the
evolution of the WV anomaly using MLS observa-
tions. Models reproduce the transport of the WV
cloud throughout the stratosphere reasonably well
(see Chapter 3). The large injection of water vapour
has the potential to alter stratospheric chemistry and
circulation (Coy et al., 2022; Chen et al., 2023; Flem-
ing et al., 2024; Niemeier et al., 2023; Maycock and
Shine, 2012) and might indirectly impact other radi-
atively active gases, like ozone and methane, and the
tropospheric climate.

The WV plume initially descended from 30-40 km to
25-27 km, then slowly ascended over the following
year, reaching mesospheric altitudes (>50 km) during
2023-2024 (see Chapters 2 and 3; Sellitto et al., 2022;
Nedoluha et al., 2024; Millan et al., 2024; Wallis et al.,
2025; Randel et al., 2023; Niemeier et al., 2023). This
initial plume descent was not seen in SAGE III/ISS
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Figure 7.2: Perturbation of the global stratospheric wa-
ter vapour burden (Tg) observed by MLS (black) and
simulated using several chemistry-climate models, as
indicated in the legend. The light-gray shading indicates
the 20 variability range of the MLS observations calcu-
lated using data from 2005-2021, while the dark-gray
shading represents 2o variability over the MLS observa-
tional record for the 2022-2025 period. (Adapted from
Zhuo et al., 2025.)

observations, because SAGE III/ISS missed the initial
stage of the plume evolution. In the model simula-
tions (Chapter 3, e.g., WACCM6MAM) the descent
phase is short-lived, as WV and SO, were released
near 30 km, just above the level where the plume des-
cent halted. The excess Hunga WV will ultimately
return to the troposphere at mid-high latitudes via
the BDC (Holton et al., 1995; Appenzeller et al., 1996)
and by sedimentation of polar stratospheric cloud
(PSC) ice crystals in the Antarctic polar vortex (see,
e.g., Kelly et al.,, 1989; Fahey et al., 1990; Vomel et al.,
1995; Nedoluha et al., 2002; Zhou et al., 2024).

Given the multiyear stratospheric lifetime for trace
gas anomalies, the Hunga WV will have a multi-year
impact. The HTHH-MOC simulations suggest that
stratospheric WV will take 4-7 years to return to pre-
eruption levels (Figure 7.2, see also Chapter 3). Based
on model simulations, Fleming et al. (2024) and Zhou
et al. (2024) suggested a ~2.5-4-year decay timescale
for the Hunga water vapour anomaly, and Schoeberl
et al. (2025) found that Hunga’s WV lifetime is ~3.7
years, which is consistent with the HTHH-MOC’s
model results (Figure 7.2). MLS observations suggest
a significantly longer e-folding decay timescale of 12.2
years (Millan et al., 2024). This discrepancy might be
partly caused by the shorter water vapour record used
by Millan et al. (2024), and how the MLS residence
time was calculated (Schoeberl et al., 2025; Toohey
et al., 2025).
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7.2.3 Hunga’s ozone perturbation

Wang et al. (2023) and Wilmouth et al. (2023) used
models and observations to show that for a few
months after the Hunga eruption in the SH tropics
ozone mixing ratio increased in the upper and middle
stratosphere but decreased in the lower stratosphere.
The amplitude of ozone changes was within natural
variability. The aerosol and water vapour anomalies
can affect stratospheric dynamics and chemistry, res-
ulting in detectable effects on atmospheric radiation
and potentially the surface climate (Muthers et al.,
2015; Wang et al., 2013; Fleming et al., 2024). The
added stratospheric radiative cooling from the water
vapour injection set up a secondary circulation (Coy
et al,, 2022) that lifted the ozone layer at southern mid-
latitudes near 25 km. This decreased the mid-latitude
ozone concentration in the 20-25 km layer by trans-
porting lower concentration ozone upward. MLS also
detected enhanced ClO (Santee et al., 2023) due to
heterogeneous chemistry on aerosols. Relative to the
climatology, the ozone perturbations in the strato-
sphere are within 2-3% and in the mesosphere 5-6%.
However, the absolute changes in ozone content in
the mesosphere are minor because of low background
concentration (Santee et al., 2023; Schoeberl et al.,
2024). After 2023, ozone losses in the tropics remain
modest (<10 DU).

7.3 Hunga’s radiative forcing

RF refers to the perturbation of the radiative energy
flux at TOA, tropopause (TROP), and surface (SURF)
caused by radiatively active agents of interest. RF at
TOA measures the energy imbalance at the boundary
of the Earth's climate system and is predictive of the
global mean temperature impact of a particular radiat-
ive agent (Ramaswamy et al., 2019). The forcing at the
tropopause integrates the change in the energy bal-
ance of the troposphere-surface system. RF at SURF
is indicative of the radiative heating or cooling of
the land and ocean. Ocean heating/cooling induced
by volcanic RF initiates long-term climate changes
that can persist for several decades after the volcanic
event (Stenchikov et al., 2009; Delworth et al., 2006).
Table 7.1 defines some standard terms used in this
chapter.

7.3.1 IRF, ERF, and SARF

Depending on the methods, RF can be categorised as
Instantaneous Radiative Forcing (IRF), stratosphere-
adjusted radiative forcing (SARF), or effective radiat-
ive forcing (ERF) (Hansen et al., 2005; Ramaswamy
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et al.,, 2019; Andrews et al., 2021). IRF is defined as the
radiation perturbation caused by the change in the
radiative agent of interest when no other changes to
the atmosphere-surface system are allowed. IRF can
be calculated using radiative transfer models (Sellitto
et al., 2022; Jenkins et al., 2023; Stenchikov et al., 2025;
Yu and Huang, 2024) following the partial radiative
perturbation concept (Wetherald and Manabe, 1988)
without accounting for atmospheric adjustments. IRF
is also often evaluated using empirical formulas or
scaling relations (Hansen et al., 2005; Larson and Port-
mann, 2016; Yu et al., 2023b; Schoeberl et al., 2023;
Schoeberl et al., 2024; Marshall et al., 2020). Column
stand-alone radiative-transfer models driven by ob-
served meteorology and atmospheric composition are
well suited for evaluating IRF. IRF calculations are also
implemented in regional and global climate models by
a “double call” of radiative routines (Stenchikov et al.,
1998). The double-call approach computes radiative
fluxes twice, once with and once without the optically
active constituents of interest, using the same meteor-
ological profiles, and defines the IRF as the difference
between the two.

Unfortunately, a double-call capability is not imple-
mented in most of the HTHH-MOC models. Instead,
they calculated IRF in the runs with nudged met-
eorology as a difference of radiative fluxes in per-
turbed and control experiments. SA+WV IRF was
calculated using the nudged meteorology ensemble
with SA and WV emissions. WV IRF was calculated
in the nudged meteorology runs with only WV emis-
sion. SA IRF was calculated in the experiments with
nudged meteorology and only SO, emissions. Be-
cause nudging suppresses variability in meteorolo-
gical fields, it typically excludes the stratospheric tem-
perature adjustment. However, the clear-sky SA+WYV,
SA, and WV IRFs still inherently reflect the influence
of non-nudged variables that affect radiative fluxes
- such as ozone perturbations and changes in PSCs.
This must be kept in mind when interpreting the IRFs
obtained with HTHH-MOC models.

Subsequent to the introduction of IRF, stratospheric
temperature adjustment was recognised as an essen-
tial process influencing the RF magnitude, leading
to the definition of SARF, which is often quantified
by the Fixed Dynamical Heating method (Fels et al.,
1980). SARF does not include any tropospheric ad-
justments or other stratospheric adjustments than
temperature. For stratospheric water vapour perturb-
ations in the middle and upper stratosphere, IRF at
the tropopause usually closely matches the SARF at

Hunga Eruption Atmospheric Impacts Report (2025)

the tropopause (Jenkins et al., 2023; Solomon et al.,
2010).

Recently, it has been recognised that fast tropospheric
adjustments can also play an important role for ra-
diative forcing (Sherwood et al., 2015). This finding
led to the introduction of ERF, which accounts for
both stratospheric and tropospheric adjustments. In
many forcing cases (e.g., carbon dioxide), ERF is a
better predictor of eventual global mean surface air
temperature change than IRF (Hansen et al., 2005;
Smith et al., 2020; Andrews et al., 2021). For example,
some studies have suggested that cloud adjustment
in the troposphere can add an essential modification
to the radiative effect of stratospheric water vapour
(Huang et al., 2020; Li and Newman, 2020; Wang and
Huang, 2024; He and Huang, 2025). In the HTHH-
MOC experiments, ERF is calculated as the difference
in radiative fluxes between perturbed (with radiat-
ively active agents) and control (without radiatively
active agents) runs with prescribed sea surface tem-
peratures (SST). We note that this diagnosis of ERF
includes chemical adjustments, e.g., via stratospheric
ozone, as well as physical adjustments.

Short-wave IRF, SARF, and ERF are largely independ-
ent of changes in environmental temperature, and as
a result, their values are similar. In contrast, long-
wave SARF and ERF differ from the LW IRF because
they are influenced by changes in atmospheric tem-
perature, whereas the LW IRF is not (Forster et al.,
2016).

7.3.2 Clear sky and all sky RF

RF can be calculated for all-sky or clear-sky condi-
tions. The all-sky RF provides a better estimate of
the global average surface temperature response. For
example, Wang and Huang (2024) showed that cloud
feedback in their model tends to reduce the SW radi-
ative impact of the Hunga volcanic cloud. However,
clear-sky forcing is a more meaningful metric than
all-sky forcing for characterising the evolution of a
volcanic cloud and comparing model performance,
as cloud parametrisations vary significantly across
models. We must emphasise that an all-sky forcing is
acting within the models, i.e., an all-sky forcing drives
the simulated climate responses in the HTHH-MOC
ensembles.

Using observed distributions of WV and SA, we can
calculate the 2022-2024 radiative forcing and com-
pare it with available ground-based observations and
satellite retrievals (Schoeberl et al., 2022; Schoeberl
et al., 2023; Schoeberl et al., 2024; Sellitto et al., 2022;
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Table 7.1: Radiative Forcing Terminology.

Acronym Term Definition
IRF Instantaneous Radiative Radiation perturbation at TOA, TROP, or SURF caused by the change
Forcing in the radiative constituents alone.

ERF Effective Radiative Forcing A difference in corresponding radiative fluxes between perturbed and
unperturbed experiments with prescribed SST which allow for
radiative adjustments in the atmosphere and by the land surface.

SARF Stratosphere-adjusted Radiative forcing that accounts only for stratospheric temperature

Radiative Forcing adjustment.

TOA Top of Atmosphere The model’s top level.

TROP Tropopause The tropopause level, e.g., 100 hPa.

SURF Surface Surface level.

Sicard et al., 2025; Gupta et al., 2025). Beyond 2024,
we must rely on models to estimate the RF. To in-
crease the model’s credibility, we use the observa-
tions to validate models for the 2022-2024 period. To
calculate Hunga’s radiative impact, we must account
for the effects of stratospheric SA, WV, and changes
to other radiatively active constituents, e.g., strato-
spheric ozone.

7.3.3 Hunga’s sulfate aerosol and water vapour
IRF

The radiative impact of volcanic aerosols is well-
known (e.g., Ramaswamy et al., 2019; Kremser et al.,
2016; Stenchikov et al., 1998). They cool the surface-
troposphere system by reducing downwelling solar
radiation, while simultaneously causing warming
within the stratospheric aerosol layer due to absorp-
tion of solar NIR and terrestrial LW radiation. As
noted in Section 7.2.1, Hunga’s SO, injection is small
compared to climatologically significant eruptions
like the 1991 Pinatubo event. The SO,-to-SO4 conver-
sion rate in the Hunga plume appears to be 1-2 weeks
due to the enhanced WV mixing ratio (see Chapter
3). This is 2-3 times faster than in all previously ob-
served eruptions (Carn et al., 2016). After the major
Hunga eruption pulse on 15 January 2022, the SAOD
increased during a few weeks after the eruption due
to the rising of the SO4 mass and particle coagulation
and condensation growth (Zhu et al., 2022), which
led to local IRF values reaching nearly —2.0 W m™ in
some locations (Sellitto et al., 2022; Sicard et al., 2025),
and a global averaged IRF of —0.5 W m™? through the
first year (Schoeberl et al., 2023; Stenchikov et al.,
2025). The LW SA IRF is positive at the TOA, SURF,
and the TROP, but SW SA IRF is negative at all atmo-
spheric levels. The absolute value of SA SW IRF is
approximately five times larger than that of SA LW
IRF, i.e., the net IRF due to Hunga SA is negative at
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all levels.

Figure 7.3 presents the all-sky and clear-sky net IRFs
averaged over 0-60°S at the TOA, TROP, and SUREF, cal-
culated using the WACCM6MAM-nd ensemble with
nudged meteorological fields (see Supplementary S1
for more information about HTHH-MOC). The all-
sky SA+WV and SA IRFs are approximately 20-30%
smaller than their clear-sky counterparts. The all-
sky IRF exhibits stronger temporal changes than the
clear-sky IRF due to cloud variability (Figure 7.3). The
near-hemispheric (0-60°S) average clear-sky SA+WV
net IRFs at TOA, TROP, and SURF generally follow
the SA net IRF, averaging around —0.5 W m? over
2022-2023. The increase in SA IRF magnitude dur-
ing the austral summer of 2022-2023 is attributed to
the poleward spread of SA into southern mid- and
high latitudes and the seasonal rise in solar insolation.
As previously noted, the IRFs in Figure 7.3 are based
on the simulations with a 0.5 Tg SO, emission. To
match the observed SAOD the models would likely
have to increase SO, emissions by a factor of 1.3-2.0.
With this adjustment and considering that Figure 7.3
shows the 0-60°S average rather than global IRF, the
HTHH-MOC results are consistent with findings from
Schoeberl et al. (2024), Stenchikov et al. (2025) and
Gupta et al. (2025).

The clear-sky WV net IRF at TOA in the WACCM6-
MAM-nd run with nudged meteorology is negative in
2022, but counter-intuitively becomes slightly posit-
ive in 2023 (Figure 7.3a). This may be due to changes
in ozone or PSCs, as the method used by the HTHH-
MOC models to calculate IRF does not isolate or re-
move the effects of ozone and PSCs. The HTHH-MOC
WYV IRF is broadly consistent with other estimates of
WYV IRF (Stenchikov et al., 2025; Wang and Huang,
2024). The SW WV IRF is caused by WV NIR ab-
sorption and is at least one order of magnitude smal-
ler than the LW WV IRF. Although it is included in
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all calculations, its contribution appears negligible.
Stenchikov et al. (2025) and Wang and Huang (2024)
calculated the WV IRF using climate models and re-
ported consistent WV IRFs at TOA of the order —0.05
W m™.

After the first 5-6 months following the injection,
Hunga’s WV layer tends to ascend in the stratosphere
and thus has a longer stratospheric residence time
(4-7 years) than SA (see Figures 7.1 and 7.2). SA and
WYV radiative impacts counteract each other for about
2 years when Hunga’s SAs are present in the strato-
sphere. In contrast to SA, which warms the strato-
sphere and cools the troposphere, stratospheric WV
cools the stratosphere and warms the troposphere
(Forster and Shine, 1999; Solomon et al., 2010; Dessler
et al., 2013). The SA RF<0 prevails during the first 2
years (Schoeberl et al., 2024; Stenchikov et al., 2025;
Gupta et al., 2025). After 2 years, only Hunga WV
RF>0 matters, which could potentially warm the cli-
mate (Jenkins et al., 2023; Jucker et al., 2024; Wang
and Huang, 2024), even though, as assessed in this
Chapter, that impact is likely to be undetectable.

The stratospheric WV layer absorbs upward LW flux,
attenuating the outgoing LW irradiance above the
WV layer. However, it also increases upward LW
flux from local emission, compensating for this at-
tenuation. As a result, WV LW RF at TOA remains
minimal, while heating rates within the WV layer
reach —0.2 K/day, causing cooling in the stratosphere
(Chapter 4; Stenchikov et al., 2025). Riese et al. (2012)
show that a stratospheric WV layer below 20 hPa
causes a positive IRF, while a WV layer above 20 hPa
causes a negative IRF. However, whether there is over-
all heating or cooling of the Earth’s surface strongly
depends on the water vapour’s vertical (and perhaps
horizontal) distribution and stratospheric temperat-
ure adjustment. These factors deserve further consid-
eration.

7.3.4 Empirically calculated ERF

Schoeberl et al. (2024) computed the clear-sky SA ERF
(Figure 7.4) using observed aerosol extinction and a
parametrisation similar to Yu et al. (2023a), Yu and
Huang (2023) and Yu et al. (2023b). In Figure 7.4, the
total forcing along with the various forcing compon-
ents are shown. Figures 7.4a, b show the net forcing
computed using the NASA and USask OMPS aerosol
SAOD estimates. The SA forcing is confined mainly
to the Southern Hemisphere low- and mid-latitudes
(see Figure 7.4a, b, Stenchikov et al., 2025; Schoeberl
et al., 2023; Schoeberl et al., 2024). The clear-sky net
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ERF calculated using NASA OMPS-LP-V2.1 SAOD
exceeds —1 W/m? in the tropics, while the ERF calcu-
lated using the USask SAOD retrievals is about half
that amount. The components of ERF from various
optically active agents are shown at the equator, 20°S,
and 40°S, illustrating their evolution over time. The
black line is the net total ERF. The SW SA forcing
component is in red. As the aerosol disperses and sed-
iments out of the stratosphere, its radiative forcing
becomes negligible by the end of 2023. The SA load-
ing, initially highest in the tropics at the beginning
of 2022, shifts to the southern extra-tropics by the
end of 2022. NIR absorption by WV (yellow-green) is
much weaker than its LW emission (green). The WV
LW flux increases the TROP ERF, whereas the NIR
absorption by WV reduces it. Finally, the changes
in LW flux due to stratospheric temperature changes
(dark blue) also modify the net flux. The temperat-
ure anomalies are the observed 2022-2023 differences
from the 10-year climatology. These anomalies reflect
some natural variability and therefore do not provide
a clean estimate of the temperature adjustment contri-
bution to the ERF. The impact of natural temperature
variability, which is highest in the extra-tropics, can
be seen toward the end of 2023, where all the other
radiative anomalies have diminished.

The secondary circulation set up by the water vapour
radiative cooling in the stratosphere causes a decrease
in column ozone in mid-to-late 2022 (Wang et al.,
2023; Wilmouth et al., 2023). The ozone decrease
could be partially caused by changes in planetary
wave propagation and the BDC driven by the Hunga
volcanic (WV+SA) forcing (Yu et al., 2023b). Ozone
depletion causes increases in the SW downward flux
at TROP and SUREF, partly compensating for aerosol
dimming. Schoeberl et al. (2024) computed ozone
IRF directly from observed changes in stratospheric
ozone (see Figure 7.4), which is surprisingly large. The
stratospheric ozone reduction increases the solar flux,
even though the ozone reduction is modest (orange
line). Ozone LW flux (blue-green) changes are small
and are included here only for completeness. It should
be noted that the ozone ERF estimate presented here
represents an upper bound, as it does not account
for the attenuation of tropical UV flux by the Hunga
aerosol layer. The ozone ERF is significantly smaller
than the SA IRF.

7.3.5 Model calculated ERF

On average, the stratospheric net IRF driven by WV
(and ozone) is small compared to the aerosol net IRF.
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Figure 7.3: All-sky (dotted curves) and clear-sky (solid curves) (0-60°S) average net SA+WV, WV, and SA IRFs (W m™)
from the WACCM6MAM-nd run with nudged meteorology: (a) at TOA; (b) at TROP; (c) at SURF. (Adapted from

Quaglia et al., 2025.)

During the first two years, the WV and ozone IRFs
were overwhelmed by a negative SA IRF, so the net
global IRF at all levels was about —0.4+0.1 W m™
(Schoeberl et al., 2024; Stenchikov et al., 2025). This
is also found for ERF. Unlike IRF, the ERF cannot be
calculated simultaneously for the SA and WV in a
climate model in one run (Stenchikov et al., 2025).
However, the SW components of IRF and ERF are
similar at all levels. The LW ERF might differ from
the LW IRF due to, e.g., stratospheric temperature
adjustment. For example, the LW WV ERF at TOA
has a different sign (positive) than the LW WV IRF
(negative).

Stenchikov et al. (2025) calculated LW and SW WV
and SA ERF, combining results from the different ex-
periments (SA+WV and WV only) with a regional
climate model, WRF-Chem, that interactively calcu-
lated the spatial-temporal distribution of volcanic
plume, SAOD, and temperature responses. Wang
and Huang (2024) calculated WV ERF assuming a
prescribed WV perturbation in the 50-10 hPa layer
using the FDH method (Fels et al., 1980). Despite dif-
ferent approaches, globally averaged WV ERF from
Stenchikov et al. (2025) and WV ERF from Wang and
Huang (2024) are consistent with each other, amount-
ing to 0.05 W m™.

In the HTHH-MOC, SA+WYV EREF is obtained from the
prescribed ocean WACCM6MAM-fs ensemble, with
SO, and WV emissions. Long-term integrated effects
can be determined by computing an integrated aver-
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age ERF defined as

— 1 t

ERF(t) = " x/ ERF(t")dt’ (7.1)
0

To evaluate the long-term radiative impact of the

Hunga plume, we plot in Figure 7.5 the (0-60°S) av-

erage clear-sky net time integrated ensemble mean

SA+WYV net ERF. We also show IRF

_ 1 t

IRF(t) = " X / IRF(t")dt’ (7.2)
0

calculated within the run with nudged meteorology,

WACCM6MAM-nd, and RF calculated as (Hunga-

control) within the WACCM6MAM-co ensemble with

coupled ocean using a similar operator:

t
RE(t) = % x/ RF(t")dt' (7.3)
0

In Figures 7.5a, b, ¢ we present net ERF, IRF, and
RF at the TOA, TROP, and SURF, respectively. At
each time, ERF (as well as IRF and ﬁ) is equal to
the average forcing for all previous periods starting
from the time of the Hunga eruption. ERF is much
smoother than the instantaneous (0-60°S) averaged
ERF and is a more precise metric of the perturbation
of the energy balance of the climate system. Increased
stratospheric WV tends to warm the climate system
on average, but SA cooling prevails for the entire
simulation period.
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Figure 7.4: Hunga’s clear-sky empirically calculated ERF at the TROP: (a) Using SAOD obtained by the NASA OMPS-LP-
V2.1 algorithm (Taha et al., 2021; Taha et al., 2022) and (b) Using SAOD obtained by the USask algorithm (Bourassa
et al., 2023), which has a smaller estimated SAOD. Panels (c, d, e) show the various radiative forcing components of
TOA’s ERF as labelled in the legend at the Equator, 20°S, and 40°S. (Adapted from Schoeberl et al., 2024, reproduced
with permission.)
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In 2023, the IRF (calculated within the run with
nudged meteorology, WACCM6MAM-nd) reaches
—-0.5 Wm™ at the TOA, —0.55 Wm™ at the tropo-
pause, and —0.45 W m™ at the surface, with values
around —0.4 W m™ at all levels in 2024. The ERF (cal-
culated within the ensemble with prescribed ocean,
WACCM6MAM-fs) is slightly weaker, reaching —0.3
Wm?, -0.45 Wm?, and —0.4 Wm™ at TOA, TROP,
and SURF, respectively. The RF (calculated within the
ensemble with coupled ocean, WACCM6MAM-co)
closely tracks ERF during the first two years follow-
ing the eruption.

In 2030, ERF is still of the order of —0.1 W m™, indic-
ating the decadal-average cooling effect of the Hunga
eruption. Two years after the eruption, ERF at TOA
equals —0.3 W m2, while IRF equals —0.4 W m. This
is consistent (assuming an increase of SO, emission
by a factor of 1.3-2.0, as discussed above) with other
estimates made using observations and different mod-
els (Schoeberl et al., 2024; Stenchikov et al., 2025;
Gupta et al., 2025).

7.3.6 Uncertainty in radiative forcing

Discrepancies among the various estimates of the
radiative forcing of Hunga primarily stem from un-
certainties in the amount of injected SO, (Carn et al.,
2022; Sellitto et al., 2024) and in the measurements
of SAOD (Figure 7.1a, Taha et al., 2022; Bourassa et
al., 2023; Schoeberl et al., 2024). Models may also
introduce inconsistencies due to differences in their
representations of SA and WV transformation pro-
cesses and transport. The abundance of WV affects
stratospheric temperature, chemistry, and dynamics,
as described in 4 and 5, with the potential to indirectly
influence the planet's radiative balance. These pro-
cesses are technically included in the HTHH-MOC,
but the ability of the model to quantitatively simulate
these indirect effects remains a challenge.

The RFs calculated with the same model but in
different experiments also could differ. The net
SA+WV IRF calculated from the WACCM6MAM-nd
run with nudged meteorology, ERF calculated using
the WACCM6MAM-fs ensemble with prescribed SST,
and RF calculated using the WACCM6MAM-co en-
semble with coupled ocean are shown in Figure 7.6 at
TOA, TROP, and SURF. The difference between the
RFs appears to be about 10-20%.

However, the uncertainties in clear-sky IRFs calcu-
lated in four different models (Figure 7.7) reach 50%
at TOA and TROP and are slightly smaller at SURF.
These models all use nudged meteorology so that
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Figure 7.5: Near-hemispheric (0-60°S) average clear-
sky net ensemble-mean Hunga ERF from the
WACCM6MAM-fs prescribed-ocean ensembles, IRF
from the WACCM6MAM-nd run with nudged meteoro-
logy, and RF from the WACCM6MAM-co coupled-ocean
ensemble: (a) at TOA; (b) at TROP; (c) at SURF. (Adapted
from Quaglia et al., 2025.)

temperature differences are minimised. Thus, the
discrepancies in IRF are only due to model differ-
ences in radiatively active constituents and radiat-
ive transfer parametrisations (ozone, H,O, aerosols,
PSCs), with aerosol differences being the dominant
contribution. The uncertainty between the models
is likely driven by the differences in the aerosol mi-
crophysics parametrisations, as the most significant
IRF differences are seen between the models with dif-
ferent aerosol microphysics. The net IRF is highest
in WACCM6MAM, which uses mode microphysics
(Mills et al., 2016). In contrast, WACCM6CARMA,
which employs bin microphysics (Tilmes et al., 2023),
produces a net IRF that is roughly half as strong as
that of WACCM6MAM. Finally, calculating RF for
WYV using broadband radiative transfer models (used
in all climate models) could also be associated with a
30% computational error (Maycock and Shine, 2012;
Forster et al., 2011; Stenchikov et al., 2025). However,
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this computational uncertainty is likely not critical,
as the WV IRF is relatively small compared to the SA
IRF during 2022-2024.

7.4 Hunga’s climate impact

The impact of the Hunga eruption on tropospheric
climate has been assessed using energy balance mod-
els (EBM) (e.g., Jenkins et al., 2023; Zhang et al., 2022),
statistical relationships from past volcanic events (e.g.,
Schoeberl et al., 2024), or by scaling based on histor-
ical eruptions like Pinatubo in 1991 (Stenchikov et
al., 2025). Clear-sky and all-sky RF are effective scal-
ing predictors, producing comparable estimates for
the Hunga eruption. From this perspective, Hunga’s
clear-sky SA + WV net RF is almost one order of mag-
nitude smaller (in absolute value) than the clear-sky
net SA RF generated by the 1991 Pinatubo eruption
(-3.5 W/m?; Stenchikov et al., 1998). Consistently, the
maximum global mean surface temperature change
in response to the Hunga eruption is expected to
be about 10 times smaller than that caused by the
Pinatubo eruption (Santer et al., 2001; Stenchikov et
al., 2009), i.e., of the order of 0.05 K.

Climate models are more advanced tools (compared
to EBMs and scaling) for assessing climate impacts.
However, the internal variability in climate models
can complicate the interpretation of climate responses
to external forcing, especially when the forcing is
small. Several studies have utilised climate models
to evaluate the impact of the Hunga eruption (Zhu
et al,, 2022; Jucker et al., 2024; Stenchikov et al., 2025;
Kuchar et al., 2025; Yook et al., 2025; Zhuo et al.,
2025; Bednarz et al., 2025). Challenges arise due to
the small response magnitude and RF uncertainties,
complicating interpretation of the results. Here we
show output from the HTHH-MOC ensemble runs
(see Supplementary S3), which provide standardised
simulations of the climate consequences of the Hunga
eruption.

Section 7.3 describes Hunga's RFs, revealing that
in the first two years following the eruption (2022-
2023), SA RF dominates over the WV RF. After 2024,
however, the SA RF decreases, so that the impacts
of perturbations in WV and ozone become domin-
ant. Accordingly, we divide our analysis of tropo-
spheric climate changes into two phases: (1) the
period when direct SA RF primarily drives climate
perturbations (2022-2023) and (2) the period when
only direct WV RF remains (2024-2031). It has been
suggested (Kuchar et al., 2025; Stenchikov et al., 2025;
Bednarz et al., 2025) that the direct WV radiative effect
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may be complicated by secondary effects resulting
from the substantial chemical and dynamic feedbacks
to perturbations of temperature, chemical compos-
ition, and circulation in the stratosphere caused by
the Hunga eruption. If these stratospheric changes
influence the troposphere, they could lead to longer-
term tropospheric impacts. Therefore, we dedicate a
separate section to examining tropospheric perturba-
tions, focusing on stratosphere-troposphere dynamic
interactions in high latitudes of both hemispheres and
the role of stratospheric ozone changes.

7.4.1 SA-dominated climate response
(2022-2023)

A detailed comparison of the models in the HTHH-
MOC collection is provided in Supplementary S3 and
in Zhuo et al. (2025). Here, we show the output
from the WACCM6MAM ensemble, which exhibits
the largest (in absolute value) IRF (see Figure 7.7), to
explore the physical aspects of the response while
utilising results from multiple models to assess the
spread of outcomes, which we interpret as an uncer-
tainty range.

First, we tested the global average surface air temper-
ature (SAT) response to Hunga's RF (see Figure 7.8).
We analyse the ensemble mean SAT perturbations
ASAT calculated as the difference between perturbed
WACCM6MAM-co (with coupled ocean model) and
WACCM6MAM-fs (with prescribed SSTs) runs with
SO, and WV emissions, and the corresponding con-
trol ensemble WACCM6MAM (without volcanic emis-
sions).

We consider ASAT averages over land (ASATy), over
the ocean (ASATp), and globally (ASATg). In the
WACCM6MAM-co ensemble, ASAT; is three times as
large compared to ASATp, but hardly exceeds two
SAT standard deviations in the control ensemble
without volcanic injections during the 2022-2023
period. In other words, Hunga’s climate impact re-
mains barely distinguishable from natural internal
variability, even when averaged over the 30-member
ensemble. In the WACCM6MAM-fs ensemble with
prescribed SSTs, the ASAT variability lacks the low-
frequency oscillation induced by the perturbation of
the ocean’s ENSO cycle.

To reduce the SAT variability, we introduce an integ-
rated time-dependent average ASAT

- 1 ¢
ASAT(t) = " x/ ASAT(t")dt’ (7.4)
0

ASAT represents the average of ASAT over a given
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Figure 7.6: Near-hemispheric (0-60°S) SA+WYV clear-sky RFs (W m?) from the WACCM6MAM-nd run with nudged
meteorology, the WACCM6MAM-co ensembles with coupled ocean, and the WACCM6MAM-fs ensembles with prescribed
SSTs, shown at (a) TOA, (b) TROP, and (c) SURF. Dark shading indicates the one-standard-deviation range for
WACCM6MAM-fs, while light shading indicates the one-standard-deviation range for WACCM6MAM-co. (Adapted

from Quaglia et al., 2025.)

time period starting from the Hunga eruption. ASAT
over land (ASAT;), ocean (ASATy), and global
(ASAT) areas are shown in Table 7.2. As expec-
ted, ASAT}, in the coupled-ocean runs is almost three
times larger than ASAT . An interactive ocean adds
to the low-frequency variability (with ~3-year peri-
odicity) in ASAT. The global accumulated cooling
is largest at two years past the eruption, reaching
—0.0303 K. This agrees with the —0.05 K cooling es-
timate obtained by scaling the Pinatubo SAT perturb-
ation (Stenchikov et al., 2025). This magnitude of cool-
ing is also consistent with other estimates (Zhang et
al., 2022; Schoeberl et al., 2023). Such a slight temper-
ature change would not be detectable above internal
variability (see Figure 7.8).
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The ASAT in the WACCM6MAM-fs ensemble with
prescribed SST is presented in Table 7.3. It also shows
a generally small cooling response. However, the vari-
ability of the response indicates that the effect of nat-
ural variability is significant. For example, ASAT over
the ocean is positive (while RF < 0) during the first
year, indicating that internal variability exceeds the
forced signal. However, the 10-year average global
mean ASAT is negative and consistent between the
coupled-ocean and fixed-SST ensembles. As expec-
ted, ML in the coupled-ocean runs is almost three
times larger than ASAT .
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Figure 7.7: Near-hemispheric (0-60°S) average WV+SA (a, d, g), SA (b, e, h), and WV (c, f, i) clear-sky net IRFs (W m™)
calculated in runs with nudged meteorology for different models, as indicated in the legend, at: (a—c) TOA, (d—f) TROP,

and (g—i) SURF. (Adapted from Quaglia et al., 2025.)

Table 7.2: Ensemble mean ASAT (K) from the WACCM6MAM-co ensemble.

AREA 6 MONTHS 1YEAR 2YEARS 5YEARS 10 YEARS
LAND —0.0850 —0.0240 —0.0836 —0.0274 —-0.0173
OCEAN 0.0021 —0.0005 —0.0009 0.0038 0.0038
GLOBAL —0.0295 —0.0086 —0.0303 —0.0074 —0.0004

7.4.2 WV-dominated climate response
(2024-2030)

It is expected that the Hunga WV has a residence time
of 4-7 years, longer than SAs (Fleming et al., 2024;
Schoeberl et al., 2025). However, despite its prolonged
presence in the stratosphere, WV’s ability to impact
surface temperature and climate depends on its alti-
tude and latitudinal distribution (Solomon et al., 2010).
Like the transient climate effects of SA, Hunga’s WV
impact on middle and lower stratosphere temperature
and ozone concentration is limited to 2-3 years. As
WYV ascends into the upper stratosphere and meso-
sphere, its direct influence on the dynamics and chem-
istry of the middle and lower stratosphere diminishes.

Figure 7.9 presents the ensemble mean zonally av-
eraged temperature responses (Hunga — control) at
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the surface and in the stratosphere at the 20 hPa and
50 hPa pressure levels, derived from the 30-member
WACCM6MAM-fs and WACCM6MAM-co ensembles.
In experiments with prescribed SST, ASAT is negli-
gible within the 60°S-60°N latitude band; however,
in coupled ocean-atmosphere simulations, equatorial
temperatures exhibit periodic fluctuations with an
amplitude of approximately 0.3 K due to ENSO vari-
ability. These ensemble-mean equatorial ASAT per-
turbations remain detectable even four years post-
eruption (Bednarz et al., 2025).

The La Nifia could be affected by negative SA RF,
and by the northward shift of the intertropical con-
vergence zone (ITCZ) forced by the SA’s cooling of
the SH (Pausata et al., 2015; Predybaylo et al., 2017).
The strengthening of El Niflo in 2025-2026 may be

173



7 Radiative forcing and climate impacts caused by the 2022 Hunga volcano eruption

Table 7.3: Ensemble mean ASAT (K) from the WACCN6MAM-fs ensemble.

AREA 6 MONTHS 1YEAR 2YEARS 5YEARS 10 YEARS
LAND —0.0052 0.0055 —0.0086 —0.0265 —0.0235
OCEAN 0.0148 0.0026 —0.0008 —0.0007 —0.0020
GLOBAL 0.0072 0.0034 —0.0038 —0.0102 —0.0099
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Figure 7.8: Near-global (60°S-60°N) averaged ensemble
mean surface air temperature SAT (K) change (Hunga -
control) from the WACCM6MAM-co (left column) and
prescribed SST WACCM6MAM-fs (right column) en-
sembles. Red solid lines show the 30-member ensemble
mean. Gray shading belts are + 2 SAT standard devi-
ations from the control run. (a, b) ASAT g (global), (c, d)
ASAT[, (land), and (e, f) ASATo (ocean). Dots at the
bottom of the panels indicate the time periods when the
SAT perturbation exceeds 2 standard deviations.

in response to a stronger La Nifla in 2022-2023. The
enhancement of the ENSO cycle amplitude might po-
tentially affect tropospheric temperature and circula-
tion, as well as cause perturbations in the stratosphere
(Simpson et al., 2011; Walsh et al., 2022). However, the
perturbations from Hunga are too weak to produce a
significant global climate response, and further ana-
lysis is required to determine whether the simulated
ENSO changes can be attributed to the eruption’s
impact.

In contrast to the troposphere, the stratosphere ex-
hibits lasting forced temperature signals correspond-
ing to Hunga’s water vapour in the upper and lower
stratosphere, as well as ozone perturbations in po-
lar regions in both hemispheres (see Figure 7.9 and
Chapters 4 and 5). Notably, the stratospheric temper-
ature responses in the coupled-ocean and prescribed
SST ensembles were nearly identical in the low and
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SH midlatitudes but differed in the polar stratosphere.
Polar stratospheric cooling may be linked to dynam-
ics (strengthening of the polar vortex) and/or Hunga-
induced ozone depletion (see Chapter 5), which could
delay (at least in the model) the spring break-up of
the polar vortices.

7.4.3 Indirect atmospheric effects

Although Hunga’s direct radiative impact on the tro-
pospheric climate is limited, climate feedbacks driven
by stratospheric WV perturbations may influence tro-
pospheric conditions. Among the most significant
feedback mechanisms are the chemical and dynam-
ical effects of elevated stratospheric WV on ozone
concentrations (Fleming et al., 2024; Schoeberl et al.,
2024; Evan et al.,, 2023; Lu et al,, 2023; Zhang et al.,
2024; Wang et al., 2023; Wilmouth et al., 2023), as well
as the stratospheric cooling resulting from WV’s ra-
diative effects (Coy et al., 2022; Schoeberl et al., 2022;
Kuchar et al., 2025; Bednarz et al., 2025; Niemeier
et al., 2023).

Changes in equatorial stratospheric temperatures and
polar ozone concentrations modify the meridional
temperature gradient between the equator and the
poles, thereby influencing stratospheric circulation by
strengthening or weakening the polar vortices. These
changes involve wave-mean flow interactions and
can propagate downward, affecting the troposphere
through stratosphere—troposphere dynamical coup-
ling. This coupling can alter the strength and position
of the subtropical jet (Thompson and Wallace, 1998;
Thompson and Wallace, 2000; Baldwin et al., 2001;
Stenchikov et al., 2002; Kuchar et al., 2025; Bednarz
et al., 2025). Such interactions may lead to modifica-
tions of the Northern Hemisphere (NH) and Southern
Hemisphere (SH) annular modes (NAM and SAM),
potentially enhancing or weakening them, which in
turn influences winter climate in extratropical regions
(Ramaswamy, 2006; Shindell et al., 2003; Shindell et
al., 2004; Stenchikov et al., 2002; Stenchikov et al.,
2004; Stenchikov et al., 2006; Perlwitz and Graf, 2001;
Kodera, 1994; Graf et al., 1994).

Hunga’s water vapour radiative forcing drives strato-
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Figure 7.9: Zonally averaged ensemble mean perturbations (Hunga - control): (a, b) surface air temperature ASAT (K)
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spheric temperature perturbations in the middle and
upper stratosphere for at least two years, as shown in
Figures 7.9c—f and discussed in Chapter 4. In simula-
tions that include both SO, and WV emissions, high-
latitude ozone perturbations persist for 3—-4 years (see
Figure 7.10 and Chapters 3 and 4 for further details).
As illustrated in Figures 7.9c—f, equatorial temper-
ature anomalies exhibit opposite signs in the lower
stratosphere (around 50 hPa) and upper stratosphere
(around 20 hPa). This pattern indicates that Hunga’s
stratospheric temperature perturbations generate pos-
itive wind shear in the LS, reinforcing the Southern
Hemisphere polar vortex, while inducing negative
wind shear in the US, contributing to its weakening.
As a result, the Hunga-induced temperature anom-
alies exert opposing influences on stratospheric cir-
culation in the LS and US, complicating the interpret-
ation of their net effect.

Polar ozone depletion can influence polar temperat-
ures and strengthen the polar vortices, thereby fa-
vouring the positive phases of the SAM and NAM
(Stenchikov et al., 2002; Waugh and Polvani, 2010;
Dennison et al., 2015; Ivy et al.,, 2017). In the South-
ern Hemisphere, ozone depletion during the austral
springs of 2024 and 2025 is linked to a stronger polar
vortex and a delayed final warming. For instance,
in the WACCM6MAM-fs and WACCM6MAM-co en-
sembles, the ozone loss observed during the 2023/2024
austral spring (Figures 7.10a, b) enhances the SH polar
vortex, as reflected by stronger zonal winds at 50 hPa
near 60°S (Figures 7.10c, d), delays the final warming,
and produces a sea-level pressure anomaly consistent
with a positive SAM phase (Figures 7.10e, f). Ozone
depletion is more pronounced in the WACCM6MAM-
fs ensemble compared to WACCM6MAM-co, result-
ing in larger anomalies in both the 50 hPa zonal wind
and sea-level pressure response.

After 2025, Hunga-driven polar ozone perturbations
are no longer robust. It is important to emphasise that
both polar stratospheric responses and stratosphere—
troposphere dynamical coupling are sensitive to
model configurations and experimental setups. For ex-
ample, in the WACCM6MAM-fs and WACCM6MAM-
co ensembles (Figures 7.9c, d and 7.10c, d), the
ensemble-mean perturbations of the SH and NH polar
vortices differ between the ensembles. This incon-
sistency arises because the forced responses to the
Hunga eruption are masked by substantial internal
variability in the high-latitude climate.

In contrast to ozone variations in the middle stra-
tosphere, which are more prominent at high south-
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ern and northern latitudes (Figures 7.10a, c), ozone
perturbations in the upper stratosphere and lower
mesosphere are observed primarily in the low and
midlatitudes starting in 2024 (see Chapter 5). How-
ever, these perturbations lead to only minor changes
in the total ozone column, as ozone concentrations at
these altitudes are inherently low.

7.4.4 Uncertainties in climate response

To assess the intrinsic uncertainties in model simu-
lations of the long-term SAT response to the 2022
Hunga eruption, we compare the responses from
different models participating in HTHH-MOC. The
global monthly ensemble mean ASAT exhibits signi-
ficant temporal variability. Among the models, the
WACCM6MAM-co ensembles and MIROC-CHASER-
fs with prescribed SST demonstrate the most sig-
nificant variability. It is expected that the coupled
model exhibits larger year-to-year variability than
the model with prescribed SST. For example, the vari-
ance of WACCM6MAM-co’s ASAT is largest among
the presented HTHH-MOC ensembles. However,
the MIROC-CHASER-fs (not shown) has larger vari-
ance than WACCM6MAM-fs, almost matching the
WACCM6MAM-co variability. This indicates that
MIROC-CHASER-fs might have larger land temperat-
ure variability than WACCM6MAM-fs and WACCM6-
MAM-co, even though its SAOD perturbation (see
Figure 7.1) is smaller than in the WACCM6MAM-co
and WACCM6MAM-fs ensembles.

An integrated average ASAT introduced in Eq. 7.4 is
more stable than the instantaneous ASAT, allowing a
more reliable conclusion (see Table 7.4). All models
show a negative ASAT two years following the erup-
tion, reflecting the integrated effect of negative SA
forcing (cooling). The decade-average ASAT is also
negative across all models. However, their absolute
values vary by an order of magnitude.

7.5 Discussion and conclusions

Chapter 7 explores the direct and indirect radiative
effects of stratospheric WV and SA from the Hunga
eruption and their potential climate impacts. The
shallow-underwater eruption of the Hunga volcano
was distinctive due to the significant amount of in-
jected WV that is expected to persist in the strato-
sphere for 4-7 years. Unlike the plumes from the
1991 Pinatubo and 2019 Raikoke eruptions, the Hunga
plume was initially injected at altitudes of 30-40 km,
with overshoots reaching up to 58 km. It then gradu-
ally descended to around 27 km over the follow-
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Figure 7.10: Simulated ensemble-mean zonal-mean ozone changes (%) (Hunga — control) from (a) WACCM6MAM-fs and
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from (e) WACCM6MAM-fs and (f) WACCM6MAM-co. Hatching indicates regions where the signal exceeds two standard
deviations of the ensemble mean. (Adapted from Bednarz et al., 2025.)
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Table 7.4: Ensemble means ASAT (K) from different ensemble simulations.

Model 6 MONTHS 1YEAR 2YEARS 5YEARS 10 YEARS
WACCM6-MAM-co —0.0295 —0.0086 —0.0303 —0.0074 —0.0004
WACCM6-MAM-fs 0.0072 0.0034 —0.0038 —0.0102 —0.0099
MIROC-CHASER-fs —0.0324 —0.0045 —0.0085 —0.0055 —0.0060
GEOSCCM-fs 0.0043 —0.0041 —0.0114 0.0016 —0.0016

ing weeks, staying well above the tropopause (see
Chapter 3). The injection height allowed the vol-
canic plume to initially persist within the high and
middle stratosphere, which increased the SAOD per
unit mass of emitted SO, compared to previous stra-
tospheric penetrating volcanic eruptions (Stenchikov
et al., 2025).

In the first two years following the Hunga eruption,
the tropospheric cooling caused by stratospheric SAs
outweighed the warming due to WV, possibly caus-
ing weak, undetectable surface cooling. The radiative
impact of stratospheric WV on the tropospheric cli-
mate decreases rapidly with the altitude of the WV
perturbation (Solomon et al., 2010; Riese et al., 2012;
Dessler et al., 2013; Banerjee et al., 2019; Nowack
et al., 2023). Since the Hunga eruption injected WV
into the middle and upper stratosphere, its overall cli-
mate impact is relatively weak despite the substantial
increase in stratospheric WV.

The overall (SA + WV) long-term direct radiative ef-
fect of Hunga’s WV appears to be insignificant; that
said, the Hunga eruption presents a unique oppor-
tunity to address broader questions regarding climate
variability and stratospheric WV feedbacks in global
warming (Forster and Shine, 2002; Solomon et al.,
2010; Dessler et al., 2013; Charlesworth et al., 2023;
Banerjee et al., 2019; Nowack et al., 2023). While
WYV leads to noticeable radiative cooling in the stra-
tosphere, its IRF and ERF at TOA are minimal. As a
result, the direct RF from WV is insufficient to trigger
slow climate feedback mechanisms linked to ocean
heat content (Sellitto et al., 2022; Stenchikov et al.,
2025), and its radiative influence will diminish as the
WYV forcing decreases.

The main findings of this Chapter are as follows:

« Hunga’s water vapour initially produced strong
localised radiative cooling in the stratosphere,
in contrast to the radiative heating typically
caused by volcanic ash in the lower strato-
sphere following major explosive eruptions
(e.g., the 1991 Pinatubo eruption).

« Accurate simulation of the Hunga cloud’s initial
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evolution is critical, as WV phase transitions
and the early dispersion of WV, SO, and SA
strongly depend on injection altitude — a key
factor in shaping its long-term behaviour. How-
ever, both observations and the HTHH-MOC
models only partially capture the descent tra-
jectory of the fresh Hunga cloud.

Calculating IRF in HTHH-MOC models based
on radiative flux differences between perturbed
and control runs with nudged meteorology
presents challenges in interpreting RF contri-
butions from SA and WV. This approach in-
troduces contamination from ozone and PSC
effects, making it difficult to isolate the indi-
vidual RFs of WV and SA. Integrating a double-
call capability into the standard climate model
configuration would help mitigate this issue, al-
lowing for more precise attribution of radiative
forcing components.

Estimating SA radiative forcing using SO,-only
simulations may be unreliable, as the absence
of WV-induced cooling prevents plume des-
cent and leads to a markedly different evol-
ution compared to simulations with concur-
rent WV and SO, emissions. However, in the
WACCM6MAM experiments, this approach re-
mained effective due to the relatively low in-
jection height (~30 km), placing the plume near
its level of neutral buoyancy.

Comparison of stratospheric aerosol simu-
lations with observations indicates that the
Hunga volcano injected between 0.65 and
1.0 Tg of SO,, with initial observational estim-
ates falling at the lower end of this range.
During the first two years (2022-2023), the ra-
diative effects of WV and SAs counteract each
other: WV cools the stratosphere and warms
the troposphere, while SAs warm the strato-
sphere and cool the troposphere. This has
not been observed in previous volcanic erup-
tions. Sulfate aerosol RF dominates in 2022-
2023, while WV RF becomes dominant (but
tiny) in 2024-2031. On average in 2022-2023, a
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net global SA+WYV IRF and ERF are about —0.4
W/m? at all atmospheric levels.

« WV IRF at TOA is negative, but ERF is positive,
proving that Hunga's WV has a net (but very
minor) warming effect on the planet. The WV
RF is small at TOA and tropopause, and negli-
gible at SURF, suggesting that the Hunga WV
direct radiative impacts on climate are insigni-
ficant.

« Hunga's RF causes global 0.3-0.4 K cooling in
the middle and upper stratosphere, but the do-
main average maximum ASAT is weaker than
—0.05 K, remaining within the bounds of nat-
ural variability.

« Climate model simulations show that Hunga
may have had a very slight influence on the
timing of ENSO and produced slight shifts in
the subtropical jet. These changes would be
overwhelmed by natural variability. The over-
all long-term SAT perturbations caused by the
Hunga eruption are hardly detectable in the
model simulations.
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