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About me

Formation

• BS Civil Engineering

• PhD Chemical Engineering

• Scripps Institution of Oceanography

• EPFL 

Research in aerosol science and atmospheric chemistry



After this lecture, you will be able to answer 
the following questions

• Why do we care about atmospheric aerosols?

• What are some properties of atmospheric aerosols?

• Why do we need to measure chemical constituents?

• What are important light-matter interactions?

• What are the impediments to ubiquitous chemical measurements?



Outline

• Atmospheric composition

• Aerosols

• Aerosol impacts on climate and health

• Light-matter interactions

• Environmental monitoring via infrared

Related lectures:

“To reduce pollution, you must first measure it”

“You can’t improve what you don’t measure”



Atmospheric composition

• Interest in trace compounds (in the 1%). 

• Contribution of water to mass budget is 
also on the order of 1%.

• The atmosphere is a highly nonlinear 
system (magnitude of response is not 
proportional to its input)

• Elements additionally distributed 
throughout atmosphere, biosphere, 
lithosphere, hydrosphere, etc.
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N2 (78%)

O2 (21%)

Other (1%)

Dry air composition

Source: Institute for Computational Earth System Science



Tropospheric species in the gas phase
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Residence Time and Spatial Scales of 
Variation of Chemicals in the Atmosphere
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Wallace and Hobbs, Chapter 5.1



Atmospheric aerosols
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Scanning electron microscopy images
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5

Varies in 

➢ size

➢ shape

➢ phase

➢ composition



Aerosol sources

(Schmale lecture)



Aerosol composition
Major components:
• Inorganic salts/ions

• Organic compounds (10,000+)

• Black carbon/soot

• Mineral dust

Occurs in different proportions over time and 

throughout the world

NR-PM1: Zhang et al., Geophys. Res. Lett., 2007
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Aerosols and climate

(Schmale lecture)

IPCC 2013



Aerosols and health
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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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Incidence rate Baseline incidence rate 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 (1993 – present)

• 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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5 (reduced in 2021)

(Breider lecture)



Mechanisms
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Deposited particles

• mucocilliary clearance

• dissolution and blood stream

• translocation



Toxicity studies

in vitro

• acellular / chemical assays

• cellular / biological assays

in vivo

• human subjects

• other animal subjects
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Areecheewakul et al., Nanoimpact, 2020
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• High dose and exposure concentrations

• Short timescale of experiments

• Interpolation to low concentrations



Measuring chemicals with 
infrared (thermal / mid-infrared)
light-matter interactions



Electromagnetic 
spectrum

Wikimedia

https://ozonedepletiontheory.info/what-is-radiation/



Absorption



Hyperphysics, Georgia State Univ.

Relationship between 

wavelength, energy, 

and frequency:

E =
hc

l
= hu

Wallace and Hobbs (2006)



Conceptual model 1:
Bohr’s model of the atom

Ultraviolet radiation

• electronic transitions 

(non-ionizing) induce 

excited states

• Ionizing at higher 

energies (sunburn and 

skin cancer)

Visible radiation

• electronic transitions 

induce excited states

Hyperphysics, Georgia State Univ.



Conceptual model 2:
(an)harmonic oscillators

Infrared radiation induces changes in 

vibrational and rotational motion

Finlayson-Pitts and Pitts, 1999

https://www.analyticon.eu/en/nir.html



Most major constituents of atmospheric aerosols 
have absorption bands in the mid-infrared

Ivlev and Popova, Izv. Atmos. Ocean. Phys., 1973



Radiative transfer models

Pandis and Seinfeld (2006)

https://www.edinst.com/blog/the-beer-lambert-law/

Bouguer-Lambert-Beer law of absorption

Particles scatter radiation

Atmosphere is a mixture of multiple phases



Applications to environmental 
monitoring / Earth Observation



ACE-FTS aboard the SCISAT-1
Atmospheric Chemistry Experiment – Fourier Transform Spectrometer

https://uwaterloo.ca/atmospheric-chemistry-experiment/mission/solar-occultation-orbit

https://uwaterloo.ca/atmospheric-chemistry-experiment/instruments/ace-fts

https://www.nasa.gov/image-article/scientific-satellite-atmospheric-chemistry-experiment-1-scisat-1/

Wavenumber

https://uwaterloo.ca/atmospheric-chemistry-experiment/mission/solar-occultation-orbit
https://uwaterloo.ca/atmospheric-chemistry-experiment/instruments/ace-fts
https://www.nasa.gov/image-article/scientific-satellite-atmospheric-chemistry-experiment-1-scisat-1/


Oh et al., doi:10.5194/amt-11-2361-2018, 2018

Solar-viewing FTS in the NDACC
Network for the Detection of Atmospheric Composition Change



Open-path infrared (“standoff detection”)

Kira et al., Atmos. Environ., 2016



virtual experiment

➢ ammonium sulfate 5 µg/m3

➢ path lengths 1 and 10 km



virtual experiment

➢ ammonium sulfate 5 µg/m3

➢ path length 10 km

➢ H2O: 50%RH at 25 deg.C

(11 g/m3)

➢ CO2: 420 ppm

(0.8 g/m3)

➢ CH4: 1911 ppb

(1 mg/m3)



Advances in open path technologies

• High intensity source

• High spectral resolution (remove gas 
phase)

• Stable baseline

• Select applications



Mid-infrared in aerosol chemical monitoring



Particle collection for infrared sensing

substrate

detector
source

areal number density

substrate face velocity



…~45 years later →



Chemical measurement technology tradeoffs

• offline / online

• time resolution

• chemical resolution (number of species)

• quantitative / qualitative

• physical / chemical separation vs algorithmic separation

• scalability – labor and cost



Conventional chemical speciation methods
Laborious and costly

Thermal-optical analysis

(Organic and elemental carbon)

Ion chromatography

(Inorganic salts)

Gravimetry

(Mass)

X-ray fluorescence

(Metals)
Pretreatment

Water 

extraction

Vaporization

Transport and storageSample collection

Required for compliance monitoring



Mid-infrared spectrometry
Single analytical technique for chemical speciation

Gravimetry

(Mass)
PretreatmentTransport and storageSample collection

Required for compliance monitoring

Infrared 

spectroscopy

(Organic matter,

elemental carbon,

inorganic ions,

metals)



Challenges for quantitative analysis of 
atmospheric aerosols with infrared

Environmental infrared spectra is especially complex

• heterogeneous media leading to scattering and other 
phenomena

• mixtures leading to overlapped peaks

• interference from substrate

Algorithmic approach 
for quantitative analysis of atmospheric aerosols:

• ensure reliability across diverse samples in 
measurement network

• expert systems (first wave of AI)

• data-drive modeling (machine learning)

43

Debus, Takahama et al., Appl. Spectroscopy, 2018

blank Teflon filter

particle-loaded filter



Example demonstration in IMRPOVE
Interagency Monitoring of Protected Visual Environments

44

IMPROVE network, 161 sites 21 sites selected based on abundance of 

spectral types
Debus et al., Atmos. Meas. Tech. Discuss, 2021
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carbon

metals

inorganic salts

and PM2.5

Predictions for ~61,500 samples from 

2015-2017

Prediction accuracy compared against 

collocated precision of reference

Error for Ti in Sycamore Canyon (AZ)





Takahama et al., Atmos. Meas. Tech., 2019

Debus et al., Atmos. Meas. Tech., 2022

Network implementation

Quantification of major species:

➢ Organic and elemental carbon

➢ Organic matter

➢ Inorganic salts

➢ Mineral dust

~200,000 samples 

over 8 years across 5 separate monitoring networks



Toward an automated infrared monitor



Methods for particle collection

• Passive sedimentation

• Filtration

• Impaction

• Electrostatic deposition

• Thermophoresis



Harrick 1979

(1st printing 1967)

Johnson 1981

Argonne National Lab

Ofner et al. 2008

Tech. Univ. Vienna

Past designs proposed



Velocity eld

Electrostatic eld Particle trajectories

2012-2013 2014-2017 2017-2019

Evolution in design at EPFL

Florian Breider
Rob Modini

Christophe Delval
Nikunj Dudani



Core innovation in particle collection

Dudani and Takahama (US patent)

filed 2020; granted 2024

High collection efficiency

Uniform deposition

Minimal chemical

modification

Low particle

size dependence

High throughput

Dudani, PhD thesis, 2021



Toward automated measurement

Prototype collector

3-D printed

2019-2021

Sample collector

machine fabrication

2023

Fully-integrated 

online monitor

2023-2024

Prototype v1 Prototype v2



Need for cost-effective 
monitoring of air pollution

Estimated PM2.5 concentrations

Population density

Available monitoring data

WHO

OpenAQ

Lack of monitors in 

high population areas

Malings et al., 2020



Advanced scientific instruments

Low-cost sensors Regulatory monitors

• High chemical resolution

• Deploy in short, intensive campaigns

• Expensive

• Reliable, standardized

• Accurate

• Cost-effective

• Chemical speciation

• High spatial (and time) resolution

• Personalized information (“citizen science”)

• No chemical information, low accuracy

Ground-based aerosol
measurements

55



Complementary monitoring strategies

Reference monitors 

(high data quality, 

“chemical fingerprint” of sources)

Low-cost sensors

(high spatial coverage, low data quality)

Satellite observation

(intermittent, clear-sky coverage)

Figure from Lenschow et al., Atmos. Environ., 2001 

Spatial extent of urban city
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