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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?



Related lectures:

Outline

Atmospheric composition

Aerosols

Aerosol impacts on climate and health
Light-matter interactions
Environmental monitoring via infrared

“To reduce pollution, you must first measure it”

“You can’t improve what you don’t measure”
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Dry air composition

Atmospheric composition

N, (78%)

Other (1%)

AtmgSpheres
\ 02 (21 %)
.

* 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
»~ pher @ proportional to its input)
AN S e nills ere‘

ii T - Elements additionally distributed

. throughout atmosphere, biosphere,
Source: Institute for Computational Earth System Science |ithOSphel’e, hyd I’OSphere, etC.




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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Abteilung Luftreinhaltung und Chemikalien

Feinstaub (PM2.5): Jahresmittel 2022
Feinstaub PM2.5
Fragen und Antworten zu Eigenschaften,
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Quelle: Bundesamt fur Umwelt, 2023

Abbildung 4 Jahresmittel 2022 von PMZ2.5, berechnet aus einer Kombination von
Messwerten und Modelldaten.



Atmospheric aerosols

Scanning electron microscopy images
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Aerosol sources

Natural

Forest fires

Traffic / Transport Domestic activities Agriculture

Anthropogenic

(Schmale lecture)
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Major components: MW «f%w

* Inorganic salts/ions Black carbon . 29
« Organic compounds (10,000+) 20 7
 Black carbon/soot Crustal elements|- 10%
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NR-PM,: Zhang et al., Geophys. Res. Lett., 2007



Aerosols and climate

Scattering aerosols
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Aerosols and health



Particulate matter
and health

* Mortality
» Respiratory illnesses
» Cardiovascular effects

Neurogenerative diseases

High Blood Pressure |

Tobacco

Dietary Risks -

High Glucose 4

High Body-Mass Index

High LOL Cholesteral -

Kidney Dysfunction 4

Child and Maternal Malnutrition 1

High or low tempearature 1

2 4 6 8 10
Total number of deaths (milllons) in 2021

https://vizhub.healthdata.org/gbd-compare/
State of Global Air 2024

Figure 20: Deaths attributable to AAP in 2012, by disease
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Percentage represents percentage of total AAP burden. AAP: ambient air pollution; ALRI: acute lower respiratory disease; COPD:
chronic obstructive pulmonary disease ; IHD: ischaemic heart disease.

source: WHO



The New England
Journal of Medicine

©Copyright, 1993, by the Massachusetts Medical Society

Volume 329 DECEMBER 9, 1993 Number 24

AN ASSOCIATION BETWEEN AIR POLLUTION AND MORTALITY IN SIX U.S. CITIES

Doucras W. Dockery, Sc.D., C. Arpen Pore 111, Pu.D., Xipine Xu, M.D., Pu.D.,
Joun D. SPENGLER, Pu.D., James H. WARE, Pu.D., MarTHA E. Favy, M.P.H.,
BenjamiN G. Ferris, Jr., M.D., AND Frank E. Speizer, M.D.

Cohort study of 8111 Americans

Medical history and lifestyle examined over 14-
16 years

Association found between excess mortality
and fine particulate matter pollution
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Figure 2. Crude Probability of Survival in the Six Cities, According
to Years of Follow-up.
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Figure 3. Estimated Adjusted Mortality-Rate Ratios and Pollution Levels in the Six Cities.
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Survival analysis
Cox proportional hazards model
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Confounders

 Stratified by age group and sex

« Smoking

* Education level

« BMI

« Exposure to local sources (occupational exposure)

17



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

18



Global urban temporal trends in fine particulate matter

Lancet Planet Health 2022;
6:e139-46

(PM,,) and attributable health burdens: estimates from bubliched Online

global datasets

Veronica A Southerland, Michael Brauer, Arash Mohegh, Melanie S Hammer, Aaron van Donkelaar, Randall V Martin, Joshua S Apte,

Susan C Anenberg
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WorldPop estimates
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January 5, 2022
https://doi.org/10.1016/
S$2542-5196(21)00350-8

Summary

Background With much of the world’s population residing in urban areas, an understanding of air pollution exposures
at the city level can inform mitigation approaches. Previous studies of global urban air pollution have not considered
trends in air pollutant concentrations nor corresponding attributable mortality burdens. We aimed to estimate trends
in fine particulate matter (PM, ;) concentrations and associated mortality for cities globally.

Methods We use high-resolution annual average PM, . concentrations, epidemiologically derived concentration
response functions, and country-level baseline disease rates to estimate population-weighted PM, ; concentrations
and attributable cause-specific mortality in 13160 urban centres between the years 2000 and 2019.

Findings Although regional averages of urban PM, ; concentrations decreased between the years 2000 and 2019,
we found considerable heterogeneity in trends of PM, ; concentrations between urban areas. Approximately 86%
(2-5 billion inhabitants) of urban inhabitants lived in urban areas that exceeded WHO’s 2005 guideline annual average
PM, ; (10 pg/m3), resulting in an excess of 1-8 million (95% CI 1-34 million-2-3 million) deaths in 2019. Regional
averages of PM, -attributable deaths increased in all regions except for Europe and the Americas, driven by changes in
population numbers, age structures, and disease rates. In some cities, PM, ;-attributable mortality increased despite
decreases in PM, ; concentrations, resulting from shifting age distributions and rates of non-communicable disease.

Interpretation Our study showed that, between the years 2000 and 2019, most of the world’s urban population lived in
areas with unhealthy levels of PM, ., leading to substantial contributions to non-communicable disease burdens. Our
results highlight that avoiding the large public health burden from urban PM, ; will require strategies that reduce
exposure through emissions mitigation, as well as strategies that reduce vulnerability to PM, ; by improving overall

public health.
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A pollutant is a substance detectable in the environment, at least partially due
to human activity, and that may induce adverse effects on the living organisms.
Moriarty 1983

(Breider lecture)

AIR POLLUTION AND
CHILD HEALTH

Prescribing cleaon air
uuuuuuu

@) e

Guideline levels for each pollutant (ug/m3):

PMs s 1 year —+0- 5 (reducedin 2021)
24 h (99th percentile) 25

PM 1o 1 year 20

24 h (99th percentile) 50

Ozone, O3 8 h, daily maximum 100

Nitrogen dioxide, NO, 1 yr 40
1h 200

Sulfur dioxide, SO, 24 h 20

10 min 500 20



Mechanisms

Nanotoxicology: An Emerging Discipline Evolving from Studies
of Ultrafine Particles
Giinter Ob -2 and Jan Oberdérster?®

Department of Environmental icine, Uni: of R 7 R , New York, USA; 2Department of Biology, Southern
Methodist University, Dallas, Texas, USA 3Toxlcology Department, Bayer CropSmence Research Triangle Park, North Carolina, USA
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Toxicity studies

in vitro in vivo
« acellular / chemical assays * human subjects
e cellular / biological assays  other animal subjects
In vitro studies In vivo studies
'- ._‘. - a J Inflammatory culs
[ nstamid H
w%g | ‘ ::;:::hm
’moumooo 2LXL23

B ‘-/_.‘ Hatopathology

Neose-only inhalation exposure

Areecheewakul et al., Nanoimpact, 2020
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Nanotoxicology: An Emerging Discipline Evolving from Studies
of Ultrafine Particles
Giinter Oberdérster,” Eva Oberdérster,? and Jan Oberdérster?

'Department of Environmental Medicine, University of Rochester, Rochester, New York, USA; 2Department of Biology, Southern
Methodist University, Dallas, Texas, USA; *Toxicology Department, Bayer CropScience, Research Triangle Park, North Carolina, USA

* High dose and exposure concentrations
« Short timescale of experiments

Interpolation to low concentrations

Response
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Some hypotheses

mass concentrations

ultrafine particles

particle acidity

transition metals

oxidative stress

Acute

2 Chronic

PM or constituents
in the circulation

UFP, soluble metals
Organic compounds

l

Vasculature
Vasoconstriction
Endothelial dysfunction
PM-mediated ROS
t BP
? Atherosclerosis

Blood

? t Platelet aggregation

Pulmonary oxidative
stress & inflammation

Sub-acute e
Chronic

“Systemic

N

Cellular inflammatory response (t activated WBCs, platelets, MPO)
t Cytokine expression/levels (t IL-1B, IL-6, TNF-a)
? t ET, histamine, cell microparticles, oxidized lipids; + anti-oxidants

l Acute phase response
t Adipokines " - ’ t Clotting factors
(PAI-1, Resistin) o ™ Fibrinogen, CRP

Activated or Activated or
Inflamed fat l l Inflamed liver
Direct actions
Vasculature Endothelial cell dysfunction/vasoconstriction, tROS
Atherosclerosis progression/plaque vulnerability
t Thrombogenecity (e.g. tissue factor)
Metabolism Insulin resistance, dyslipidemia, impaired HDL function
Blood + Coagulation, thrombosis; + fibrinolysis (e.g. PAI-1)

ANS imbalance

spill-over”
e

Systemic Oxidative Stress and Inflammation

Vasculature
Vasoconstriction
Endothelial dysfunction
Neural-mediated ROS
t BP

Blood
t Platelet aggregation

Heart
+ HRV
t Heart rate
t Arrhythmia potential

Brooks et al., Circulation, 2010
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Aerosol monitoring



E'stime_lte'd%PMz_‘5 concentrations

Need for cost-effective monitoring w5
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Complementary monitoring strategies

Satellite observation
(intermittent, clear-sky coverage)

Low-cost sensors
? (high spatial coverage, low data quality)

—  Reference monitors

(high data quality,

PM [pg/m?]
A
c 1
o 60
= = |90
8 E 40+ 2 2 Traffic
o e )
| 4 o 30_ ’ it _ H
<9 e urban origin "\ .
Q L— Berlin agglomeration —’I :
O (10+ P
regional background
< Spatial extent of urban city >

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

chemical information)
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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



Ground-based aerosol
measurements

Advanced scientific instruments

« High chemical resolution

« Deploy in short, intensive campaigns
« EXxpensive

Low-cost sensors Regulatory monitors

« High spatial (and time) resolution Reliable, standardized
« Personalized information (“citizen science”) Accurate

« No chemical information, low accuracy Cost-effective
Chemical speciation

29



Ground-based aerosc
measurements

Advanced scientific instruments
High chemical resolution
Deploy in short, intensive campaigns

Low-cost sensors Regulatory monitors

« High spatial (and time) resolution * Reliable, standardized
« Personalized information (“citizen science”) * Accurate

« No chemical information, low accuracy « Cost-effective

» Chemical speciation
30



Measuring chemicals with

infrared (thermal / mid-infrared)
light-matter interactions



Electromagnetic
spectrum
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Absorption

An oscillating dipole can absorb energy
from an oscillating electric field if the field
also oscillates at the same frequency.

» a molecular dipole moment occurs
because of unequal sharing of
electrons

» electron densities of molecules are
often approximated by point charges
on atoms

Direction of
propagation

-‘ 7~ " (Distance)
H, | O , T |
| \vl \vl

FIGURE 3.10 The instantancous clectric (E ) and magnetic (H.)
field strength vectors of a plane-polarized light wave as a function of
position along the axis of propagation (x) (from Calvert and Pitts,

1966). y - %
Finlayson-Pitts and Pitts, 1999

http://www.chem.ox.ac.uk/
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Conceptual model 1:
Bohr's model of the atom

-------------

e E"E"i:iff e 078 Ultraviolet radiation
2 ——— n=3 « electronic transitions
Hydrogen T g : (non-ionizing) induce

excited states

* lonizing at higher
energies (sunburn and
Skin cancer)

Visible radiation

..:,.-;heus o ° €lectronic transitions

“orbits” induce excited states

of electron

% Violet

Hyperphysics, Georgia State Univ.



C tual model 2 a
(an)harmonic oscillators
o)
Infrared radiation induces changes in
vibrational and rotational motion > \ IV"=Vibfa“°"a' S riGee
@
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. . . FIGURE 3.2 (a) Vibration of diatomic molecule, HCI, (b) poten-
Flnlayson-Pltts anq Pitts, 1999. tial energy of an ideal harmonic oscillator, and (¢) an anharmonic
https:/fwww.analyticon.eu/en/nir.html oscillator described by the Morse function.



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

£ s".{?'fmole"lv:m

J

2

5 7 ; 11 17 Aum

Fig. 5. Molar coefficients of absorption of the most

important constituents of the atmospheric aerosol: 1)

carbonate class; 2) sulfate class; 3) silicates; 4)

amorphous hematite; 5) carbon black; 6) ammonium
group,

Ivlev and Popova, /zv. Atmos. Ocean. Phys., 1973



Detection and quantification O
via Bouguer-Lambert-Beer law

Fig. 5. Molar coefficients of absorption of the most

important constituents of the atmospheric aerosol: 1)

carbonate class; 2) sulfate class; 3) silicates; 4)

amorphous hematite; 5) carbon black; 6) ammonium
group,

Iy I Symbol Description Units
e
Incident Light Transmitted Light by wavenumber em L
/ I intensity (radiant flux) W m 2
: -3
Bouguer-Lambert-Beer law of absorption N number density cm
o absorption cross section cm?
dlI(?) = —No(v)Ids
I £ 14 path length m
N N Td |
ﬁu dI(?) ﬁ No(©)Ids T transmittance
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Radiative transfer models
Modified BLB equations
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Applications to environmental
monitoring / Earth Observation



ACE-FTS aboard the SCISAT-1

Atmospheric Chemistry Experiment — Fourier Transform Spectrometer

Wildfire smoke destroys stratospheric ozone

Peter Bernath>% Chris Boone?, Jeff Crouse?
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https://www.nasa.gov/image-article/scientific-satellite-atmospheric-chemistry-experiment-1-scisat-1/
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Solar-viewing FTS in the NDACC

Network for the Detection of Atmospheric Composition Change

for greenhouse gas monitoring
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Oh et al., doi:10.5194/amt-11-2361-2018, 2018



Open-path infrared ("standoff detection”)
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Advances in open path technologies

High intensity source

High spectral resolution (remove gas

phase)

Stable baseline

Select applications

Proceedings
ol the
Combustion
Institute
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Standoff Aerosol Sensing with
Mid-infrared Dual Frequency Comb Spectroscopy
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Figure 1: Experimental setup used to perform DCS measurements of aerosol absorption spectra (a). Measured and best-fit
spectrum of aerosolized dioctyl sebacate (DOS) (b).



Mid-infrared in aerosol chemical monitoring



Particle collection for infrared sensing
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Composition of Organic Por-
tion of Atmospheric Aerosols
in the Los Angeles Area

PAUL P. MADER, ROBERT D. MACPHEE,
ROBERT T. LOFBERG, AND GORDON P. LARSON

Los Angeles County Air Pollution Control District, Los Angeles, Calif.
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Conventional chemical speciation methods
Laborious and costly

Sample collection

Required for compliance monitoring
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Mid-infrared spectrometry
Single analytical technique for chemical speciation

Sample collection

Required for compliance monitoring

Transport and storage Pretreatment
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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 Al)
data-drive modeling (machine learning)
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Example demonstration in IMRPOVE network, USA

Interagency Monitoring of Protected Visual Environments
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Network implementation

Model building phase Operational phase Quantification Of major SpeCieS:

estimation

<+> e [ i » Organic and elemental carbon
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spectral
processing

spectral
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e
~200,000 samples

“P=L Takahama et al., Atmos. Meas. Tech., 2019 over 8 years across 5 separate monitoring networks
Debus et al., Atmos. Meas. Tech., 2022
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Toward an automated infrared monitor



Methods for particle collection

Passive sedimentation
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Evanescent Wave
Bulk Sample
7" AR Crystal

Past designs proposed
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Evolution in design at EPFL

2014-2017

2012-2013
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Core innovation

Uniform deposition

a3

.-.. ...-

Minimal chemical
modification

High collection efficiency

0. 0.0 Low particle

size dependence

High throughput

In particle collection
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Geometric variables Operating variables Inlet variables Performance variables

Re: Collection disc radius | Q4: Aerosol flow rate
R: Inlet radius E: Electric field strength
H: Electrode separation : Voltage difference
distance between z=0 and z=H

Dp: Particle diameter
n: no. of elementary

charges on the particle
[ m Sheath position
r : Inlet position

;—’;: Dimensionless final
position of deposition
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Toward an automated instrument

Prototype collector Sample collector Fully-integrated
3-D printed machine fabrication online monitor
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Thanks for your attention!
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