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School of Earth and Environment
INSTITUTE FOR CLIMATE & ATMOSPHERIC SCIENCE

The 2022 Hunga-Tonga volcanic cloud: 
Stronger than expected stratospheric aerosol optical depth, 

alongside also continuing water vapour radiative & chemistry effects
Graham Mann, Sandip Dhomse, Wuhu Feng, Martyn Chipperfield (University of Leeds, U.K.)

Ghassan Taha (NASA Goddard Space Flight Center, USA)

1. Most explosive eruption in satellite era – injected ~120 Tg H2O & 0.4Tg SO2 to stratosphere

(Explosive power “likely larger than 1991 Pinatubo & possibly comparable to 1883 Krakatoa”, 

see Wright et al., 2022, Nature, https://doi.org/10.1038/s41586-022-05012-5 ).” 

2. Net surface warming eruption (strat water vapour forcing > aerosol forcing, Sellitto et al., 2022) 

3. Hunga-Tonga caused 2022 highest stratosphere AOD for 30 years (Khaykin et al., 2022) 

and increased 2022 Antarctic O3 loss by ~20-30% (Wang et al., in review, 2023)

Royal Meteorological Society “Atmospheric Science Conference”, Tue 21 Mar 2023                         Email:  G.W.Mann@leeds.ac.uk

https://doi.org/10.1038/s41586-022-05012-5
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The IPCC-AR5 report states (WG1, Ch. 8):

“Volcanic eruptions […] are the dominant natural cause of externally forced climate 
change on the annual and multi-decadal time scales […]”

“The RF [radiative forcing] of volcanic aerosols is well understood”

Table 8.5 from Myhre et al., 2013 | Confidence levels for the forcing estimates

Figure 8.18 from Myhre et al., 2013 Time evolution for 
anthropogenic and natural forcing mechanisms

“The volcanic RF has a very irregular 
temporal pattern and for certain years 
has a strongly negative RF”

“Although the effects of volcanic 
eruptions on climate are largest in the 2 
years following a large stratospheric 
injection […] there is new work 
indicating extended volcanic impacts
via long-term memory in the ocean heat 
content and sea level […]”
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Volcanoes and climate in a sketch

Figure 1 from Timmreck et al., 2011 | Schematic overview over the climatic effects of very large volcanic eruptions
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Science & Society à Hunga-Tonga net surface warming with tangible impact on near-term climate projections

Emerging policy-relevance of Hunga-Tonga impacts à for both near-term climate projections and impacts on the ozone layer

Submitted case for Hunga-Tonga to be one of World Climate Research Programme annual “10 new insights into climate science” 
peer-reviewed article in policy-facing journal Global Sustainability, see https://10insightsclimate.science/call-for-inputs-2023/

Projected 5-10 year longevity of the stratospheric water vapour enhancement à a new paradigm in volcano-climate impacts, 
and the positive radiative forcing from this unique eruption will be a lasting benchmark test for chemistry-climate models. 

Wang et al. (submitted Dec 2022) in review in Science à Hunga-Tonga caused ~20-30% more Antarctic ozone loss in 2022
à due to heterogeneous chemistry on volcanic aerosol https://essopenarchive.org/doi/full/10.1002/essoar.10512922.1

Sellitto et al. (2022) Jenkins et al. (2023)

https://10insightsclimate.science/call-for-inputs-2023/
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fessopenarchive.org%2Fdoi%2Ffull%2F10.1002%2Fessoar.10512922.1&data=05%7C01%7CG.W.Mann%40leeds.ac.uk%7Ca859a67668f74876460b08dada0d5751%7Cbdeaeda8c81d45ce863e5232a535b7cb%7C1%7C0%7C638062048103172552%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=w0kl3UWdmnRkyyZd3GU42Z5hp7Y77j3NwQt2IGbanGU%3D&reserved=0


Wang et al. (in review, 
MS shared on ESSOAR)

Wang et al. (in review, 2023) 
submitted MS shared on ESSOAR:
https://essopenarchive.org/doi/full/10.1002/essoar.10512922.1

2022 Antarctic ozone hole was
depleted, at similar strong
depletion seen in 2021 

Model predictions show HT
increased 60S-82S ozone loss 
by ~20-30% -- due to
chemistry on volcanic aerosol

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fessopenarchive.org%2Fdoi%2Ffull%2F10.1002%2Fessoar.10512922.1&data=05%7C01%7CG.W.Mann%40leeds.ac.uk%7Ca859a67668f74876460b08dada0d5751%7Cbdeaeda8c81d45ce863e5232a535b7cb%7C1%7C0%7C638062048103172552%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=w0kl3UWdmnRkyyZd3GU42Z5hp7Y77j3NwQt2IGbanGU%3D&reserved=0
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New project of World Climate Research Program “Stratospheric Processes & Role in Climate” SPARC activity 
à 2022-2025 SPARC cross-activity focus project “Hunga-Tonga impacts on the stratosphere”

See also   https://www.sparc-climate.org/activities/hunga-tonga/
and January 2023 SPARC newsletter:

https://www.sparc-climate.org/publications/newsletter/

SPARC Hunga-Tonga impacts activity to
co-ordinate for 2025 Honga-Tonga report
aligned to 2026 WMO/UNEP “Scientific 
Assessment of Ozone Depletion” report

Upcoming 2-half-day online science meeting
on Hunga-Tonga Tue 16th & Wed 17th May

Also EGU session AS3.13 on Mon 24th April 
“volcanic impacts & strat-aerosol layer” 

Hunga-Tonga invited Sergey Khaykin (CNRS)
https://meetingorganizer.copernicus.org/EGU23/session/46826#Orals

https://www.sparc-climate.org/activities/hunga-tonga/
https://www.sparc-climate.org/publications/newsletter/
https://meetingorganizer.copernicus.org/EGU23/session/46826


UM-UKCA interactive stratosphere aerosol microphysics model
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(ACP, 2014)
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UK Chemistry & Aerosol (UKCA)
sub-model within 
UM Met Office Unified Model

(initial model described in Dhomse et al., 2014 
within HadGEM3-A-r2.0, UMv7.3 N48L60,
à strat-updated GLOMAP – version 8.0)



Updated GA4 UM-UKCA stratospheric aerosol model (GLOMAP v8.2) 
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See Brooke et al. (JGR, 2017)
Marshall et al. (ACP, 2018)
Marshall et al. (JGR, 2019)
Dhomse et al. (ACP, 2020)

Clyne et al. (ACP, 2021)
Quaglia et al. (ACP, 2023)
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UK Chemistry & Aerosol (UKCA)
sub-model within 
UM Met Office Unified Model
(updated model in all publications since 2017   

within GA4 UM-UKCA, UMv8.4 N96L85,
-- trop-aerosol updates to GLOMAP à 8.1 
-- strat-aerosol meteoric smoke effects à v8.2)

Adapted for ash-SO4 (Shallcross et al., 2021)
( https://homepages.see.leeds.ac.uk/~amtgwm/vEGU_vPICO_PinatuboAshAndSO4_final.mp4 )

https://homepages.see.leeds.ac.uk/~amtgwm/vEGU_vPICO_PinatuboAshAndSO4_final.mp4
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UM-UKCA interactive stratospheric aerosol Pinatubo radiative forcings

In UM-UKCA GCM simulations, 
emit an assumed SO2 to 
form volcanic sulphate aerosol 
interactively, within well-resolved 
stratosphere (85 vertical levels)

SW surface-cooling effect 
and LW surface-warming effect

(both stem from emitted SO2) 

Compare 10Tg, 14Tg and 20Tg 
SO2 emission model runs
(emitted at 21-23km altitude)

ERBE satellite-observed SW and 
LW TOA (36-day & 72-day data)
(Wielicki et al., 2002) 

Dhomse et al. (2020, ACP)
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Simulated volcanic aerosol Surface Area Density (SAD)
à key metric for stratospheric ozone layer impacts

AgungPinatubo El Chichon

þ þ þ

Lower panels show “3-lamda” SAD dataset for 1960-2010 CCMI integrations (SAGE-II for Pinatubo) 
Good agreement for UM-UKCA simulated Pinatubo, El Chichon & Agung (Dhomse et al., 2020)

à validates predictive capability à heterogeneous chlorine activation on volcanic aerosol

Dhomse et al.
(2020, ACP)



SPARC 2006 Assessment of Stratospheric Aerosol Properties report (“ASAP report”)

Pinatubo aerosol cloud in tropics self-lofted & became deeper 

Then aerosol 
progresses to 
higher altitude 
& ~6km deep
(20-26km)

Initial 
Pinatubo
aerosol layers 
~1-2km deep
(~21-23km)
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UM-UKCA tropical lower stratospheric aerosol-absorptive heating

Within the ERA-interim T-anomaly have both volcanic aerosol heating, but also 
warming-driven circulation-responses (e.g. changes in strat O3 and H2O) & effect of prevailing QBO 

(n.b. easterly phase of QBO after Pinatubo à cold-anomaly, offsetting part of aerosol heating signal)

UM-UKCA Pinatubo
warming of stratosphere
(monthly model delta-T)
compared to ERA-interim 
temperature-anomaly 
from 5-year mean (1991-95)

þ

Dhomse et al. (2020, ACP)
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Identify phases of the dispersion
And detections of the plume/filaments at MLO and at NH mid-lat sites. 

Ground-based lidar measurements at Mauna Loa (19N), and 3 NH-mid-latitude sites

Sarah Shallcross 
(PhD thesis, 2020)



Identify phases of the dispersion
And detections of the plume/filaments at MLO and at NH mid-lat sites. 

Phase duration Filament duration
SMURPHS/ACSIS datasets compare well 
but upper extent is too high in model

Sarah Shallcross
(PhD thesis, 2020)
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Wang et al. (in review, 2023) 
submitted MS shared on ESSOAR:
https://essopenarchive.org/doi/full/10.1002/essoar.10512922.1

OMPS-LP observations show 
that the Hunga-Tonga aerosol 
penetrated into the vortex
during August 2022 (in the 
lower-most stratosphere)

But water vapour remained 
outside the vortex 
(transported to high latitudes 
only after vortex breakup).

2022 SH stratosphere coldest 
for entire MLS-Aura record

Stratospheric water vapour
strongly cooled the lower 
stratosphere through 2022

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fessopenarchive.org%2Fdoi%2Ffull%2F10.1002%2Fessoar.10512922.1&data=05%7C01%7CG.W.Mann%40leeds.ac.uk%7Ca859a67668f74876460b08dada0d5751%7Cbdeaeda8c81d45ce863e5232a535b7cb%7C1%7C0%7C638062048103172552%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=w0kl3UWdmnRkyyZd3GU42Z5hp7Y77j3NwQt2IGbanGU%3D&reserved=0
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UM-UKCA interactive strat-aerosol Hunga-Tonga simulations using 
“free-running approximate QBO” future projection approach

Same model setup as for HErSEA UM-UKCA runs (Agung, El Chichon & Pinatubo) -- see Dhomse et al. (2020) 

Ø(a) GA4 UM-UKCA v8.4 (L96L85), with GLOMAP-v8.2 

Ø(b) interactive strat-aerosol coupled with radiation scheme (RADAER) à so then aerosol-absorptive heating 
influences volcanic aerosol dispersion 

Ø(c) includes Meteoric Smoke Particle (MSP) interactions with sulphate (2 types)
à “pure sulphuric” particles & “meteroric-sulphuric” particles (as in Murphy et al., 2014, QJRMS)
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UM-UKCA interactive strat-aerosol Hunga-Tonga simulations using 
“free-running approximate QBO” future projection approach

Same model setup as for HErSEA UM-UKCA runs (Agung, El Chichon & Pinatubo) -- see Dhomse et al. (2020) 

Ø(a) GA4 UM-UKCA v8.4 (L96L85), with GLOMAP-v8.2 

Ø(b) interactive strat-aerosol coupled with radiation scheme (RADAER) à so then aerosol-absorptive heating
influences volcanic aerosol dispersion

Ø(c) includes Meteoric Smoke Particle (MSP) interactions with sulphate (2 types)
à “pure sulphuric” particles & “meteroric-sulphuric” particles (as in Murphy et al., 2014, QJRMS)

Ø Four simulations each injecting SO2@29-31km 

Ø0.4 Tg (best-estimate for the 15/01 explosions)

Ø0.8 Tg (x 2)

Ø1.2 Tg (x3)

Ø1.6 Tg (x4)

17th Jan 2022 CALIOP 
transect across Australia

29-31km altitude-range 
chosen as indicative of the 
“main detrainment” of the 
Hunga-Tonga SO2

e.g. 17th Jan 2022 CALIOP 
transect across Australia

Reunion Island lidar 
1st detections of sheared 
aerosol cloud confirm 
detrainment ~26-30km, (with 
only weak layer below 25km) 

CALIOP & Reunion Island Figures
(Sergey Khaykin, Bernard Legras ) 

17th Jan 2022 
Himaweri satellite image 
with CALIOP transect
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Evaluation of the initial 29-31km SO2-only UM-UKCA 
Hunga-Tonga model projections (first 4 months after) 

§ Best-estimate SO2 emission of 0.4Tg 
generated only ~ 0.01 sAOD at 870nm

§ The ~0.03 sAOD869nm observed by OMPS 
corresponds to ~1.2-1.6 Tg of SO2
(according to UM-UKCA simulations)

§ Temporal progression with 1.2 - 1.6 Tg
SO2 matches relatively well to OMPS 
but the model band is too narrow à
OMPS has 25oS-10oN 

n.b. UM-UKCA  strat-AOD@ 870nm
shown to compare with “cleanest” 
OMPS aerosol retrieval (869nm channel)

control 0.4Tg of SO2

0.8Tg of SO2 1.2Tg of SO2

1.6Tg of SO2

All simulations here emitted SO2 at 29-31km 
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Approximate-QBO free-running approach enables simulations
to project forward how sAOD will evolve (869nm/870nm)

2. In the tropical reservoir, the 4 x SO2
(1.6 Tg) model projections match 

observed strat-AOD  

3. OMPS observed sAOD shows H-T cloud 
spreads southward from late-February, 
but modelled cloud remains confined 
between  20S-20N until mid-March

4. H-T cloud remained
confined to SH 
through to May 22

1. Retrospective of 
initial model 
projections and
Initial evaluation vs
OMPS obs (May ‘22)

5. Microphysical UKCA model projections 
generate modest initial uplift of cloud 
then steady ~1km/mo descent 
(sedimentation proceeds at size predicted)
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Extinction@879nm

Satellite obs indicate that, in contrast to 
Pinatubo’s absorptive-heating self-lofting, 

HT-aerosol descended rapidly due to 
water vapour LW radiative cooling

When emitting only SO2, exploring the extent
to which can adjust to emit at 23-25km .

These simulations then do not attempt to
capture the steep-descent phase, but where
the aerosol emerges in mid-February 2022

20S to 40S 20S to 20N
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ERA5-nudged “Hunga-Tonga re-analysis” GA4 UM-UKCA runs

During autumn 2022, ERA5-nudging capability 
back-ported to GA4 UM-UKCA

We have recently then been able to perform a 
“Hunga-Tonga re-analysis” for full 2022 period.

Hunga-Tonga MIP co-ordinated by U. Colorado 
(initially WACCM UM-UKCA, SOCOL) has begun, 
with the aim to test model SO2 & water vapour

à 1st phase experiments are SO2-only
à 2nd phase SO2 and water vapour emission

Plots show x2, x3, x4 scaled-up SO2 emissions, 
here with different injection heights 20-25km
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Conclusions

• 2022 Hunga-Tonga eruption unprecedented in satellite era, explosivity similar to Krakatau
à emitted 150 Tg of water vapour but only ~0.4 Tg of sulphur dioxide into stratosphere

• Volcanic aerosol initially at higher altitude than Pinatubo (~30km), descended to ~23-25km

• Much stronger than expected stratospheric aerosol enhancement from Hunga-Tonga 
à stratospheric aerosol optical depth consistent with ~3-4 times emitted SO2.

• Water-vapour dominated cloud caused highly unusual strong cooling of the stratosphere,     
causing a steep descent of volcanic plume in initial weeks after (aerosol & water vapour)

• Challenging for global models to represent two-phase progression of the volcanic cloud

• Heterogeneous chemistry on Hunga-Tonga aerosol caused substantial O3 depletion in 2022
S. Hemisphere stratosphere à ~20-30% more O3 loss at high-latitudes (Wang et al., 2023)

• HT strat H2O remained outside 2022 Antarctic vortex à but likely to enhance PSCs in 2023
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Free-running UM-UKCA, initialised for “approximate QBO transition” 
à capability to project volcanic aerosol dispersion for T+1yr

When Hunga-Tonga (19S) erupted Jan 2022, 
the QBO easterly phase similar to that
seen at the time of Pinatubo.

In the model --> we run projections for the 
volcanic aerosol dispersion forward in time

“Mirror-image” of Pinatubo (19N, Jun 1991)
• Westerly to easterly transition
• Summer-time str. circulation
• Edge of the tropical lats



High-altitude balloon measurements at Laramie in Aug, Sep and Oct 1991 (Deshler et al., 2003) 
à validate UM-UKCA simulated particle size variations           (Dhomse et al., 2014)
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Impacts on climate from large-magnitude explosive eruptions arise primarily from emitted SO2
à but growing understanding of influences from co-emitted species (e.g. halogens, ash & water vapour)

Staunton-Sykes et al. (2021) Zhu et al. (2020)



June 14 to July 26 1991 (sunset)
1 µm extinction (at theta = 425K)

June 23 to Aug 8 1991 (sunrise)
1 µm extinction (at theta = 425K)

Trepte et al. (1993)

Satellite-observed progression of Pinatubo aerosol cloud



UM-UKCA has well-resolved stratospheric dynamics for internally-generated QBO
(e.g. for Pinatubo, June 1991)

Trepte et al. (JGR, 1993)

Trepte & Hitchman (Nature, 1992)

Dhomse et al. (2014, ACP)
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3 ensemble members with 
easterly QBO phase

ERA-interim

Ensemble-1
Ensemble-2

Ensemble-3

Dhomse et al.
(ACP, 2020)


