
Chapter 4

Tropospheric Chemistry and Air Pollution
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Basic Concepts of Chemistry

ÅSource, sink, production, loss, destruction

ÅMass, loading, burden, content, concentration, mixing 
ratio

ÅResidence time (burden/loss rate)

ÅLifetime (e-folding time ?)

Å1 Tg= 1012 grams; 1 Pg= 1015 grams = 1 Gt

Å1 mole = 6.022 x 1023 molecules/atoms
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Key Chemical Species in the Troposphere

ÅMain pollutants: O3, PM, CO, NO2, SO2, NMVOC...

ÅOxygen family: Ox = O3 + O (+ NO2)

ÅNitrogen family: NOx = NO + NO2

ÅNitrogen family: NOy = NOx + NOz= NOx + NO3 + 2N2O5 + 
HONO + HNO3 + PANs + Χ

ÅAmmonia species: NHx = NH3 + NH4

ÅCarbon species: CO, CH4, NMVOC

ÅSulfur species: SO2, SO4, SO3Σ Χ

ÅRadicals: HOx = OH + HO2;  RO, RO2, NO3, Halogen

ÅGHGs: H2O, CO2, O3, CH4, N2O, CFCs, HCFCs, HFCs, SF6

ÅPM species: SO4+NO3+NH4,, POA+SOA, BC, sea salts, dusts
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Lifetime (Residence Time)
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Fout, L and D:

ü Is often proportional to m, thus ̱ is an e-folding time

ü Can depend on m in high orders (e.g., for CH4, COΧύ

ü Can vary complexly in time, so does ̱(e.g., for CO2)  

Jacob, 1999



Mass, Reservoir, and Lifetime
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Basic Concepts of Chemistry

ÅPhotolysis: A + h Ą˄ B + C

d[A]/ dt =  j * [A]

Ґ  ŀŎǘƛƴƛŎ ŦƭǳȄ ϝ cross_section* yield * [A]

ÅReaction: A + B ĄC + D

d[A]/ dt Ґ  ƪ ϝ ώ!ϐ ϝ ώ.ϐ

lifetime of A: 1 / (k * [B])

ÅEquilibrium: A + B ҭ / + D

d[A]/ dt Ґ  kf * [A] * [B] + kb * [C] * [D] = 0
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Bimolecular Reactions: Increase with T
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ÁCollision theory
ÁTransition state theory
ÁPotential energy surface

Seinfeld and Pandis, 2006

ü Collision-like
ü Electronic rearrangement
ü Time to re-distribute energy

Most bimolecular reactions are 
fastened by increasing T, but 
some exhibit the opposite.

Collision theory:

Arrhenius Form:
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Pseudo-Steady-State Approximation (PSSA)
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A* is in PSS:

Form:

Truth:

If [M] is constant:

Therefore:

And:

Seinfeld and Pandis, 2006

?



TermolecularReactions: Decrease with T
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is in Pseudo-Steady-State

Form:

Truth:

Where:

Pseudo-Second-Order:

Troe(1983):

F = 0.6
Seinfeld and Pandis, 2006



Basic Chemistry

ÅNO + O3ĄNO2 (R1)

ÅNO2 + h Ą˄NO + O (R2)

ÅO + O2 + M ĄO3 + M (R3)

ÅThus, [NO] / [NO2] = jNO2/ (k * [O3])

ÅHere, O atom is in pseudo steady state T

ÅWithout perturbation, this is a null cycle

üThis is one of the most important relations regulating 
concentrations of NO, NO2 and O3 in the troposphere

üIt leads to the chemical family of NOx = NO + NO2
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Basic Chemistry

ÅOH + CO ĄHO2 + CO2 (R1)

ÅOH + VOC ĄRO2ĄΧ ĄHO2 (R2)

ÅHO2 + NO ĄNO2 + OH     (R3)

ÅThus, [OH] / [HO2] = k3 * [NO] / (k1 * [CO] + k2 * [VOC])

üThis is one of the most important relations regulating 
concentrations of OH and HO2 in the troposphere. 

üIt leads to the chemical family of HOx= OH + HO2
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Ozone
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ü ᵩЇ ᵩЇ ҿ
Ї ҿ ɼ ᵒ Ї
ᵒԓ ɼ

ü1840 Ї Schonbein ɼ ԓ ָת
Ї Schonbein Ὶ ҿOzein, the Greek 

ǿƻǊŘ ŦƻǊ Ψǘƻ ǎƳŜƭƭΩЇ Ozoneɼ

ü1881 ЇHartley ҅ү ᾩ 300 
nm Ҳ ɼ

ü1917 ЇFowler Struttװ 1921 Fabry
Buisson ᾩ ⅎ ԋ ҅ ɼ

ü1925 ЇCabannes Dufay ₴ԋ
ҏ₉װ ῎ Ғ ᵤ ɼ

ü ֙ ҿҏқ 30 Sidney Chapmanש
ᵲ Dobson ᵲ ԋ ɼ



Stratospheric and Tropospheric Ozone
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Ozone layer



Sources of Tropospheric Ozone
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Daytime versus Nighttime Chemistry of Ozone

15Yan et al., 2018, ACP



Photochemistry for Tropospheric Ozone
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Destruction

Production

Initiation

Termination

Propagation

CO+ OH (+ O2) Ҧ /h2 + HO2

RH+ OH (+ O2) Ҧ wh2 + H2O

NO+ RO2 (+ O2) Ҧ Carbonyl + NO2 + HO2

NO+ HO2Ҧ OH + NO2

NO2 + h˰ Ҧ NO + O(3p)   (ɣ < 420 nm)

O(3p) + O2 + M Ҧ O3 + M

HO2 + HO2Ҧ I2O2 + O2

HO2 + CH3O2Ҧ /I3OOH + O2
OH + NO2Ҍ a Ҧ Ibh3 + M

O3 + h ˰ Ҧ O2 + O(1D)   (ɣ < 330 nm)

O(1D) + H2O Ҧ 2OH

OH + O3Ҧ O2 + HO2

HO2 + O3Ҧ 2O2 + OH

NO + O3Ҧ O2 + NO2

VOC



Ozone Formation: Sensitivity to NOx and VOC
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Sillmanet al., 1990

HOx, RO2, etc.

VOC, CO, CH4NOx, NOy

O3

hɜ

NOx-limited

NOx-saturated

Ozone mixing ratio as a function of 
NOx and NMVOC emissions



Ozone Production in a CO-NOx-HOxSystem
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Low-NOx limit

High-NOx limit

Seinfeld and Pandis, 2006

PHOxḙ



CO-led Ozone Production As a Function of NOx
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Seinfeld and Pandis, 2006

At Earth surface
T = 298 K
CO = 200 ppb ?
NO2 / NO = 7

=́ 2.5 x 1019 molecules/cm3

1 ppb



Ozone Production Efficiency (OPE)
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Regression OPE Lagrangian OPE



More Chemistry
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Gaseous chemistry (important in weak h˄ ):
Å NO + O3ĄNO2 + O2

Å NO2 + O3ĄNO3 + O2

Å NO2 + NO3 + M ҭ N2O5 + M
Å NO3 + VOC ĄHNO3 + carbonyl
Å NO3 + VOC ĄOrganic nitrates
ÅO3 + VOC ĄΧ

Heterogeneous chemistry (important in high-aerosol cases):
Å N2O5 + H2O(s) Ą 2 HNO3

Å NO2 + H2O(s) ĄHONO (important source of HONO and OH)
Å NO2 + H2O(s) Ҧ NO3

- (important in China ?)
Å NO2 + SO2 + H2O(s) Ҧ SO4

-2 (important in China ?, in high pH env.?)
Å HO2 + H2O(s) Ą 0.5 H2O2 (important in China ?)
Å TMI catalyzed processes ??? (HO2, SO2; in low pH env.)



Budget of Tropospheric Ozone in 2009

22Yan et al., 2016

Ox = O3 + O + NO2 + 2NO3 + 3N2O5 + PANs + HNO3 + HNO4 (Wu et al., 2007)



Tropospheric Ozone Column Detected From Space
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2004/10ς2010/12 mean; ~ 31 DU on average

Cooper et al., 2014, Elementa; OMI/MLS data from Ziemkeet al.



Tropospheric Ozone Mixing Ratio Detected From Space
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2004/ 10ς2010/ 12 mean; in ppbv

Cooper et al., 2014, Elementa; OMI/MLS data from Ziemkeet al.



Tropospheric Ozone Mixing Ratio Detected From Space
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2004/10ς2010/12 data; in ppbv

Cooper et al., 2014, Elementa; OMI/MLS data from Ziemkeet al.



Vertical Profile of O3 in the Troposphere
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Comparisons with MOZIAC and HIPPO profiles

Obs
Two-way
Global

Yan Y.-Y. et al., ACP, 2014, 2016



Long-term Trends of Near-Surface Ozone
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Tarasicket al., 2019 Elementa



Long-term Trends of Near-Surface Ozone
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Cooperet al., 2014, Elementa

Mostly rural sites except in Asia
Circle: Surface site below 1km
Triangle: Surface site above 1km
Square: Ozonesonde
Diamond: Aircraft

Trends in annual average ozone 
(mostly rural sites except in Asia)

CARSNET



Contrasting Tends of O3 at Different Times of Day
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2004-2012 trends of O3 at 1000 US EPA AQS sites (Yan et al., 2018a, ACP)

1995-2014 trends of O3 at 93 EU EMEP sites (Yan et al., 2018b, ACP)



Factoring Affecting O3 Growth between 1980 and 2010
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Zhang et al., 2016, Nature Geoscience

Total growth Dueto emission shift

Due to emission increase Due to CH4 increase



Atmospheric OH
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Turner et al., 2019, PNAS

ü OH sources:O3 photolysis, HONO photolysis, VOC ozonolysis, NO+HO2, NO+RO2Χ
ü OH sinks: OH+CO, OH+CH4, OH+NMVOC, OH+NO2, etc.
ü hI ƭƛŦŜǘƛƳŜΥ Җ мǎ
ü HO2 lifetime: 1-2 mins

Changes in CH4



Tropospheric OH: The Cleanser (pacman)

Production:
ÅO3 + h +˰ H2OҦ O2 + 2OH (ɣ < 330 nm)
ÅHONO + h˰Ҧ OH +NO
ÅO3 + VOC ҦΧ
Å Isoprene +OH Ҧ OH + Χ???
ÅNO+ HO2Ҧ OH
ÅNO+ RO2Ҧ HO2 + Χ Ҧ OH
ÅHO2 + O3Ҧ 2O2 + OH

Loss:
ÅOH + COĄHO2

ÅOH + VOCĄRO2

ÅOH + O3Ҧ O2 + HO2

ÅOH + NO2 + M ĄHNO3 + M
ÅΧ

32

NO2



Budget of Tropospheric OH
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ᴕMCF: Methyl chloroform (CH3CCl3) is an excellent tracer to study changes in OH

Yan et al., 2014, ACP



Factors Determining Tropospheric OH
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Murrayet al., 2014, ACP Murrayet al., 2021, PNAS



Global OH Concentrations Near the Surface
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Tropospheric OH: Meridional-Vertical Cross Section
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Modeled Change in Tropospheric OH: 1850-2000
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Naiket al., 2013, ACP



Obs-based Estimate of OH Temporal Variation

38

Montzka et al., Science, 2011

CH3CCl3 ᴕ

Prinnet al., 2001

Loss coef.

Obs. change

Global mass

Emis



Obs-based Estimate of Trop. OH Interannual Variability
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Global OH

Hemispheric OH

CH3CCl3
Prinnet al., 2001

Montzka et al., 2011, Science1978     1982      1986       1990      1994      1998   



Unclear Recent Trend of OH Related to CH4 Growth
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Nauset al., 2019, ACP

Bias in box modeling affecting MCF-based OH estimate:
1. Inter-hemispheric transport
2. Sampling bias
3. N/S OH ratio
4. MCF loss to stratosphere



Near-Surface Air Pollution

ÅOutdoor Air Pollution

V Ozone

V PM2.5

V Acid deposition

ÅConsequences

V Health impacts

V Agriculture

V Ecosystems
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ѧᶂּוỗעᶫԇἵ2023

Chinese Air Quality Status



Health Impacts of Air Pollution
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Population in 2017

Population in 2100
% change from 2010

Years of healthy life lost (DALYs) in 2019

https://www.thelancet.com/infographics-do/gbd-2019



Health Impacts of Air Pollution
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Burnett et al., 2018 PNAS

Di et al., 2017 NEJM



Ozone Exposure Can Lead to Reduced Crop Yields
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Dose-response Functions :

ὙὣὶὩὰὥὸὭὺὩώὭὩὰὨὥ ὃὕὝτπ ὦ
Fenget al., 2022, Nature Food
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WHO Air Quality Guidelines
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CO

WHO, 2021
https://cese.pku.edu.cn/kycg/131451.htm



Ambient Air Quality Standards

46HTAP, 2010

China:
75 ˃ g m-3 for 24-h avg.
35 ˃ g m-3 for 1-yr  avg.

Ozone

PM2.5



Air Quality Index (China)
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2018 9 1 ╦Е ҿ1atmɻ273KЃ ᵩ Є
2018 9 1 Е ҿ1atmɻ298KЃ ᵩЄЖ ‟Ѓ Є



Anthropogenic Emissions in China
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SO2 NOx VOC

PM2.5 BC OC

ᾥ ̆2014



Anthropogenic Emissions in China: 1990-2020
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SO2 NOx NMVOC

CO PM2.5 BC

OC NH3 CO2

Bo Zheng



Increases of NO2 VCD Observed from Space
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Tropospheric NO2
vertical columns

(2003,12~2004,11)

(Richter et al, 2005: 
Nature, 437:129-132)


