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Part 1 – health impacts
(focus on particulate matter)



“Pollution”

pollution /pəˈluːʃ(ə)n/ noun.

“the presence in or introduction into the environment of a substance which 
has harmful or poisonous effects”

–Oxford English Dictionary
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Types of pollutants

• Responsible for toxic/adverse health effects: 
• damaging to biological function 

• acute / chronic

• morbidity / mortality

• carcinogens, mutagens, teratogens

• radiation

• Species contributing to “endangerment” of health

• Negative impacts on ecosystem welfare
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5 (reduced in 2021)

1987



Study designs

Type Description

Cohort associate long-term cumulative exposure with health outcomes

Time series associate daily exposure levels with population-averaged health 

outcomes

Case-crossover study acute exposure and health outcomes in individuals selected 

after event

Panel Follow preselected individuals in detail and investigate changes in 

repeated outcome measures

Areecheewakul et al., Nanoimpact, 2020

Epidemiology

Toxicology

also: 

• ex vivo

• in silico

in vitro

acellular / chemical assays

cellular / biological assays

in vivo

human subjects

other animal subjects

Peng and Dominici, Statistical Methods for Environmental Epidemiology with R: A Case Study in Air Pollution and Health, 2008

Shiraiwa et al., ES&T, 2017

also: 

• cross-sectional
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In vivo toxicology studies

• High dose and exposure concentrations

• Short timescale of experiments

• Interpolation to low concentrations
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Particulate matter 
and health

• Mortality

• Respiratory illnesses

• Cardiovascular effects

• Neurogenerative diseases

source: WHO

https://vizhub.healthdata.org/gbd-compare/

State of Global Air 2024
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Cohort study of 8111 Americans

Medical history and lifestyle examined over 14-

16 years

Association found between excess mortality 

and fine particulate matter pollution



Survival analysis
Cox proportional hazards model
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hazard function baseline hazard confounders exposure

log-linear relation to exposure

adapted from van Dijk et al., 2008

population 1

population 2

survival probability



Confounders

• Stratified by age group and sex

• Smoking

• Education level

• BMI

• Exposure to local sources (occupational exposure)
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Improvements in estimates

• Larger cohorts

• Better exposure estimate
• combine ground-based measurements, satellite remote sensing, and air quality model 

simulations

• high resolution

• capture microenvironments

• More confounding variables
• environmental variables

• behavioral, social, and economic variables

• demographic variables

• Specific chemical constituents
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On a per mass basis, SOA is associated with a 6.5× 

higher rate of mortality than PM2.5, and biogenic and 

anthropogenic carbon sources both play a role in 

the overall SOA association with mortality.



Hazard ratios quantify risk per unit of PM

Harrell, Jr., Regression Modeling Strategies, 2015

Armitage et al., Statistical methods in medical research, 2002
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Mechanisms
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Deposited particles

• mucocilliary clearance

• dissolution and blood stream

• translocation



Some hypotheses

• mass concentrations

• ultrafine particles

• particle acidity

• transition metals

• oxidative stress

18

Brooks et al., Circulation, 2010



Acidity hypothesis

19

Toxicological effects

irritation

alteration of physiological function

• epithelial thickness

• alveolar clearance

• mucociliary clearance

• activation of macrophages

• secretory cells

tissue damage

(Lippman et al.)



Mass concentration hypothesis

• Consistent association between 
PM and health effects found 
across studies where chemical 
composition varied widely

• Maybe no smoking gun 
(chemically)

• Effect of size not available at 
the time

• Bioavailable species 
concentrations also not widely 
available
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Panel study

• 1759 children in 12 Southern 
California communities

• Eight year study (10% attrition 
rate)

• Proportion of children with 
decreased lung function 
associated with PM2.5 and other 
pollutants



Time-series study 

• National Morbidity, Mortality, and Air Pollution 
Study (NMMAPS)

• 90 cities

• 14 years 1987-2000

• Consider lagged relationships (1-day lag)

• 0.21-0.27% change in overall mortality with 10 
µg/m increase in PM10

www.ihapss.jhsph.edu

Dominici et al., J. Env. Tox. Health, 2005



Ultrafine particle 
(UFP) hypothesis
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Metals hypothesis

• PM samples from three emission 
sources (two oil and one coal fly ash) and four 
ambient airsheds (St. Louis, MO; Washington; 
Dusseldorf, Germany; and Ottawa, Canada)

• PM administered to rats by 
intratracheal instillation

• “lung dose of bioavailable transition 
metal, not instilled PM mass, was the 
primary determinant of the acute 
inflammatory response for both the 
combustion source and ambient PM 
samples”
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illustration:

Hyytinen, Scand. Cardiovas. J., 1998



Atlanta, GA 1998-2013

Risk ratio for cardiovascular emergency 

department visits more strongly associated with 

water-soluble Fe than PM2.5 (and other 

pollutants.)

Water-soluble metals



Oxidative potential hypothesis 
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Naphthalene (simplest polycyclic 

aromatic hydrocarbon) secondary 

organic aerosol generated and aged in 

laboratory

human bronchial epithelial cell line 

(BEAS-2B) exposed

measure up-/down-regulation of 

proteins

unsaturated carbonyls implicated in 

toxicity

Mechanistic link for 
oxidative stress and 
inflammation



Metals, acidity, and size

• acidic aerosols, which are 
smaller, solubilize metals to 
make them water-soluble

• study in Atlanta, GA – more 
metals from non-exhaust 
emissions can be solubilized 
near road
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Europe (estimated for 2011):

Greatest mass from soil and 

biogenic organic aerosols

Greatest oxidative potential from 

anthropogenic sources - (wood 

burning and non-exhaust 

emissions)

Sources of 
oxidative potential



Progress continues

Better characterization of biological response

• Instrumentation / analytical techniques / cell lines 
for measuring biological response

• Models of biological response

Better characterization of exposure estimates

• Instrumentation for chemical composition

• Hierarchical strategy for monitoring (high spatial and temporal coverage)
• satellite
• low cost sensors
• conventional monitoring networks
• Supersites

• Models of chemical transport



Part 2 – atmospheric chemistry 
and global energy balance



Emission and transformations
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source: Seinfeld and Pandis 2006

source: Heald and Kroll, Sci. Adv., 2020



Atmospheric oxidation

Earth’s atmosphere is an oxidizing environment.

Main oxidants:

• Ozone 

• Hydroxyl radical

• Nitrate radical

Example of reactivity with β-pinene
(Fry et al., Atmos. Chem. Phys., 2009)

Wayne et al., Atmos. Environ., 1991
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Examples of oxidation reactions
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Atmospheric reactions can happen in the gas-phase or condensed-phase 

(aerosols and clouds)



Air pollution effects on ecosystems

• Nutrient transport

• Acid precipitation

• Precipitation patterns

• Energy balance
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Acid deposition

Mechanisms

• dry deposition (20-70%)

• wet deposition

Impacts

• (aquatic) loss of fish 
populations

• (terrestrial) leaching of 
nutrients
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Pye et al., Atmos. Chem. Phys., 2020

Likens and Butler, 2020
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Akimoto et al., Ambio, 2022

Grennfelt et al., Ambio, 2020

Likens and Butler, 2020 



The nitrogen cascade

source: European Nitrogen Assessment, 2011
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Nitrogen deposition
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Galloway et al., Science, 2008
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adapted from Pandis et al., J. Phys. Chem., 1995

• Atmospheric PM is a complex mixture 

of a large number of molecules (to be 

contrasted with other pollutants which 

are single atoms one or two molecules)

• “A pollutant for all seasons”

There are many sources of 

aerosols:

• Biogenic (terrestrial vegetation, 

marine, dust) 

• Anthropogenic (industrial, 

transportation)

Impacts:

• Health

• Visibility

• Nutrient transport

• Climate
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Connections between volatile organic compound (VOC) emissions, 
nanoparticle growth, climate, and air quality. 

Riipinen, Nature Geosci., 2012



Atmospheric aerosols vary in size in shape

Coz et al., Aerosol Sci. Tech., 2008

source: http://www.dwanepaulsen.net

Scanning electron microscopy images

• Sizes (before atmospheric 

processing) are indicative of 

emission or production mechanism

• Size determines atmospheric 

lifetimes and impacts

• Shape (morphology) determines 

surface area; gas-particle 

interactions
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Average chemical composition
Major components:
• Inorganic salts/ions

• Organic compounds (10,000+)

• Black carbon/soot

• Crustal elements (dust)

Occur in different proportions throughout the world

NR-PM1: Zhang et al., Geophys. Res. Lett., 2007
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Earth’s energy balance

UV Vis near-IR mid-IR far-IR

Wallace and Hobbs (2006)

Sun Earth

US Department of Energy



Aerosol direct effect

Pittsburgh, PA, 2001-2002

Lack and Cappa, Atmos. Chem. Phys., 2010

~15 μg/m3

~45 μg/m3
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Aerosols can scatter or absorb solar 

radiation.



Aerosol indirect effect

source: NASA
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Size and abundance of aerosols affect lifetime of clouds



Aerosol 
forcings
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IPCC, 2021

Depending on the measurement technique/ community,

black carbon is also called soot or elemental carbon.

Vander Wal et al. (2007)



Black carbon 
impacts on climate

Wallace and Hobbs (2006)

Bond et al. (2013)

Adachi et al. (2010) 48
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Bond et al. (2013)Bond et al. (2013)



Geoengineering

source: BBC
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Technologies:

➢ Solar Radiation Management 

(SRM)

➢ Cirrus cloud thinning (CCT)

➢ Negative Emissions Technologies 

(NETs)

Governance:

➢ Impact assessment

➢ Economic analysis

➢ Policy analysis

➢ Transparency
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UK Royal Society, Geoengineering the climate: 

Science, governance and uncertainty, 2009 



Stratospheric sulfate injection
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source: New Scientist

source: http://atmospher.org

source: Harvard Magazine



• Injection of SO2 leads to hygroscopic sulfate particles that 
facilitate release of catalysts for ozone destruction (NOx, 
ClOx, BrOx radical families) through heterogeneous 
chemistry

• Instead use calcium carbonate (limestone)
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Air quality and climate change
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from CalNex 2010 White Paper

Research at the Nexus of Air Quality and Climate Change
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