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Synergy of modelling and observations

- Data assimilation
- Forcing and Initialization
- Model validation and improvement

(ECMWF)

- Interpretation of observations
- Gap-filling
- Forecasting and decision making
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(Sukhodolov et al., 2021)
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Climate group at PMOD

- Solar irradiance and Earth radiation balance science
- Aerosol-chemistry-climate modelling of the atmosphere
- Specific focus on the middle atmosphere



(IPCC, AR6)
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Forcings not covered by the IPCC scenarios
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Volcanic activity

(Sigl et al., 2022)

- Major volcanic eruption will happen in the future
- Do we understand their impacts well?
- Understanding the impacts depends on understanding the processes 



6

(Brodowsky, Sukhodolov et al., 
2024)

(Kremser et al., 2016)

Volcanic activity

- Volcanic sulfur compounds undergo complex chemical, microphysical, 
radiative, and transport processes in the atmosphere
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Mt. Pinatubo eruption in 1991 (10-20 Tg SO2) Mt. Tambora eruption in 1815 (60 Tg SO2)

(Clyne et al., 2021)

Large uncertainty among models!

(Quaglia et al., 2023)

But it is getting better

Modelling the major eruptions
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(Perny, Sukhodolov, et al., 2026)

Some processes are still challenging



Hunga Tonga-Hunga Haapai eruption in January 2022 (150 Tg of water)

Hunga-Tonga event

(Kuchar, Sukhodolov, et al., 2025)- Hunga-¢ƻƴƎŀ ŘƛŘƴΩǘ ǎǘǊƻƴƎƭȅ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ŎƭƛƳŀǘŜ
- However, it provided a perfect test-case for the models and observations
- E.g., impacts on ozone and atmospheric dynamics
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Climate change: what are the alternatives?

AGU (2024)

SAI
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Ideal particle for SAI:
ÅNo impacts on the ozone layer
ÅNo absorption in the LW
ÅHigh back-scattering efficiency
ÅSmall mass
ÅNo health and biosphere impacts
ÅCloud nucleation efficiency?

Stratospheric aerosol injection scenarios

(Visioni et al., in prep)
(Vattioni et al., 2025)
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Solid particles for SAI

(Stefanetti, Sukhodolov, et al., 2024)
(Sedlacek, Sukhodolov, et al., in prep)
(Geurts, Sukhodolov, et al., in review)

Effects of 1K cooling

Å Stratospheric T, U, and WV side effects 
are substantially reduced in solid 
particle cases compared to sulfur

Å This helps to drastically reduce side-
effects in circulation and hydrological 
cycle

ω However, many of the properties of 
solid particle SAI candidates are still 
very uncertain
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New concern: rocket industry growth

(Brown et al., 2024)



14

Rocket emission impacts on the ozone layer

- Ozone losses similar in magnitude to, e.g., the 3-5% losses in the 

Southern Hemisphere following the 2019/20 Australian wildfires 

- Rockets can delay the ozone recovery by years/decades
(Revell et al., 2025)
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O3

Multi -scale uncertainties for SAI and rockets

- Even more uncertainties than for SAI (re-entry emissions, fuel use 

projections, etc)


