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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, SO3, 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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Basic Concepts of Chemistry

ÅPhotolysis: A + h Ą˄ B + C

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

= - actinic flux * cross_section* yield * [A]

ÅReaction: A + B ĄC + D

d[A]/ dt = - k * [A] * [B]

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

ÅEquilibrium: A + B ҭ C + D

d[A]/ dt = - kf * [A] * [B] + kb * [C] * [D] = 0
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More About the Rate Constant
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Termolecular reactions:

Bimolecular reactions: Arrhenius form (E is the activation energy)



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

*** This is one of the most important relations regulating 
concentrations of NO, NO2 and O3 in the troposphere.
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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])

*** This is one of the most important relations 
regulating concentrations of OH and HO2 in the 
troposphere.
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Sources of Tropospheric Ozone
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Photochemistry for Tropospheric Ozone
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Destruction

Production

Initiation

Termination

Propagation

CO+ OH (+ O2) Ҧ CO2 + HO2

RH + OH (+ O2) Ҧ RO2 + H2O

NO+ RO2 (+ O2) Ҧ Carbonyl + NO2 + HO2

NO+ HO2Ҧ OH + NO2

NO2 + h Ҧ˄ NO + O(3p)   ( <˂ 420 nm)

O(3p) + O2 + M Ҧ O3 + M

HO2 + HO2Ҧ I2O2 + O2

HO2 + RO2Ҧ ROOH + O2

OH + NO2Ҍ a Ҧ Ibh3 + M

O3 + h Ҧ˄ O2 + O(1D)   ( <˂ 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



More Chemistry
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Gaseous chemistry (important if weak h˄ ):
Å NO3 + VOC ĄHNO3 + carbonyl
Å NO3 + VOC ĄOrganic nitrates
ÅO3 + VOC ĄΧ  όƻȊƻƴƻƭȅǎƛǎύ
Å NO + O3ĄNO2 + O2

Å NO2 + O3ĄNO3 + O2

Å NO2 + NO3 + M ҭ N2O5 + M

Heterogeneous chemistry:
Å N2O5 + H2O(s) Ą 2HNO3

Å NO2 + H2O(s) ĄHONO (important source of OH!!!)
Å NO2 + H2hόǎύ Ҧ bh3

- (important in China ?)
Å NO2 + SO2 + H2hόǎύ 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.)



NOx Emissions by Source
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Anthropogenic NOx Emissions: 1950-2014

13CEDS inventory



Anthropogenic Emissions of NOx: 1950-2019
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CEDS v2 inventory



Tropospheric NO2 Column: 2005-2019
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www.temis.nl



Sources of Sinks of CO
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Logan et al. (1981)



Anthropogenic Emissions of CO: 1950-2014

17CEDS inventory



Anthropogenic Emissions of CO: 1950-2019
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CEDS v2 inventory



Satellite Measurements of CO

19

2004/ 05-2005/ 04 2004/05-2005/04

2004/ 05-2005/ 042004/ 07-2005/ 06

Kopaczet al., 2010, ACP



Sources of Non-Methane Volatile Organic Compounds
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ԑ 200-600

Brasseur et al., 1998; WengHJ et al., SD, 2020



Biogenic NMVOC Emissions: 1980ς2017
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WengHJ et al., SD, 2020



Anthropogenic NMVOC Emissions: 1950-2014

22CEDS inventory



Anthropogenic Emissions of NMVOC: 1950-2019
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CEDS v2 inventory



Tropospheric HCHO Column: 2005-2015
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Tropospheric Ozone Column Seen 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.



Budget of Tropospheric Ozone in 2009

26Yan et al., 2016

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



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



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 OH lifetime: Җ 1s
ü HO2 lifetime: 1-2 mins

Changes in CH4



Atmospheric OH Variations
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Montzka et al., Science, 2011

CH3CCl3 ᴕ

Prinnet al., 2001

Loss rate

Obs. change

Global mass

Emis



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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Chinese Air Quality Status



How Pollution Affects the Human Body ?
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