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Soot

* Particulates emitted into the
atmosphere by the
iIncomplete combustion of
hydrocarbons and biomass

 Also called “black carbon”
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Soot emissions by human activities

Emissions

Approximate
emissions

Compound Type

Mtyr, 2024

Sulfur dioxide Gaseous precursor 71
Ammonia Gaseous precursor 71
Organic carbon Particulate matter 36 |
Soot Particulate matter 8 |

Source: Forster et al. (2025) https://doi.org/10.5194/essd-17-2641-2025; Ren et al. (2025) https://doi.org/10.1038/s41467-025-62468-5
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Particulate matter is harmful to human health
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* Particulate matter causes disease.
* Mostly cardiovascular and chronic

respiratory diseases SUSTAINABLE
DEVELOPMENT

* Globally, ambient particulate matter
pollution contributed to between
3.5 and 5.8 million deaths in 2021

* Up 31% since 2010, especially in Asia GOODHEALTH

» In France, 40,000 deaths, 8 months of OIS
lost life expectancy for people over 30

Sources: Global Burden of Disease 2021; Medina et al., Santé Publique France, 2021
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Reduction of Tropical Cloudiness by Soot
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What happens when you put something black
In the atmosphere?
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What happens when you put something black

In the atmosphere?
‘A4 * Increased absorption of solar radiation

<‘> * Less solar radiation reaches the surface
’Y‘ .{ Less reflection * Less solarradiationis reflected to space

More absorption




What happens when you put something black

In the atmosphere?
‘A4 * Increased absorption of solar radiation

<‘> * Less solar radiation reaches the surface
)Y‘ .{ Less reflection * Less solarradiationis reflected to space

* Additional, local heating
 Decreased atmospheric lapse rate

 Change in atmospheric stability




Absorption modifies
cloud formation

Without absorption With absorption
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~ Combined liquid cloud effects

BC cloud indirect effects
Climate warming and cocling effects

Semi-direct effects

Divergent region,
BC above cloud
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Import of moisture
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BC below cloud

Destabilizes
atmosphera
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Increased
convective clouds

Liquid-cloud effects
First indirect effect or cloud albedo effect

Bond et al. (2013) https://doi.org/10.1002/jgrd.50171
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Source: Ramanathan et al. (2001) https://doi.org/10.1029/2001JD900133
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The large scale: Atmospheric brown clouds

Mars 2014

10 Jan 2003

Source: Satellite imagery, MODIS/Aqua instrument, https://worldview.earthdata.nasa.gov



https://worldview.earthdata.nasa.gov/

Climate impacts of soot emissions

The impact of BC on snow and ice causes additional warming BC in northern hemisphere mid-latitude snow leads to
in the Arctic region and contributes to snow/ice melting.

regions. LIKELY BUT MAGNITUDE UNCERTAIN
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VERY LIKELY BUT MAGNITUDE UNCERTAIN
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The warming caused by BC c>
is concentrated in the northern hemusphere
VERY LIKELY, f’"\S;.
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g Absorbing aerosols may have

Q ~ caused changes in precipitation . ¢
~ “patterns with largest effects likely
® to be in SouthAsia. __—~__, e
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Absorbing aerosols may cause circulation changes

earlier springtime melt and reduces snow cover in some

The hemispheric nature of the BC forcing
— causes a northward shift in the ITCZ.
LIKELY.

over the Tibetan Plateau and darkening of the snow.
The importance of this for glacier melting is unknown.

Source: Bond et al. (2013) https://doi.org/10.1002/jgrd.50171
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Soot and the South Asian monsoon

Elevated heat pump Build up of soot over Earlier monsoon onset in
northern India causes northern India
warming aloft Weaker rainfall over central
and southern India
Cloud microphysics Increased pollutions leads Rainfall suppression
modification to clouds with more,

smaller droplets

Large-scale circulation Northward shift of Regional redistribution of
changes intertropical convergence rainfall

zone
Snowmelt Darkening of snow andice  Hydrological cycle

by deposited soot feedback

Source: Section 8.3.2.4.1 and Box 8.1 of the 6" Assessment Report of the IPCC https://doi.org/10.1017/9781009157896.010
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Soot and climate warming

(b) Change in GSAT, 1750 to 2019
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Source: IPCC AR6 (2021) Figure 6.12b https://dx.doi.org/10.1017/9781009157896.008

* Sootis the 5" strongest

climate warmer

Reducing soot emissions
Is also attractive because
of their impacts on
regional water cycles, and
because of potential
future increase in wildfire
frequency and severity

Reducing soot emissions
benefits both climate and
air quality
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Soot and climate warming

Win-win for soot mitigation is in stark contrast to SO, mitigation:
- In 2020, global decrease in sulfur content of maritime
Carbon ¢  ghipping fuel to 0.5%/0.1%. Very high economic cost.

Mi Avoids ~40,000 premature deaths per year.
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Source: IPCC ARG6 (2021) Figure 6.12b https://dx.doi.org/10.1017/9781009157896.008
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In summary

* V Ramanathan’s research led to the recognition of soot as highly
relevant to climate change, in addition to local air quality

* Soot has distinctive climate impacts compared to other particulate
emissions by human activities

* Soot climate mitigation has large benefits on human health
* Soot concentrations are decreasing in many regions of the world, including India
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