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Physical and chemical processes in the atmosphere
 Ambient pollutants emitted from sources are affected by various physical and 

chemical processes before removed from the atmosphere.
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(U.S. EPA)



Photochemical reaction cycle
 Secondary pollutants are formed via complex photochemical reaction cycle.
 VOCs are important precursors for ozone and SOA.

3

COC : Condensable Organic Compounds
SOA : Secondary Organic Aerosol
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Non-linear relationships
 Non-linear relationships between secondary pollutants and precursors 

caused by complex photochemical reaction cycle should be understood to 
develop effective strategies.
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3-D regional air quality simulation
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Roles of air quality simulations
 Clarify formation mechanism of air pollution
 Identify key emission sources on ambient pollutant concentrations
 Evaluate effectiveness of emission controls implemented to suppress 

ambient pollutant concentrations.
 Predict ambient pollutant concentrations based on future scenarios 

considering various pathways of emission controls and activities
 Forecast ambient pollutant concentrations for a few coming days

 Governments utilize air quality simulations to tackle air quality issues
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Photochemical reactions in models
 Important species and reactions are explicitly represented.
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VOC representations in models
 Many kinds of VOCs exist in the atmosphere.
 Impossible to explicitly represent all individual VOCs in models.
 Chemical mechanisms
 Lump similar VOCs
 Lumping based on structures (CB6)

 Pentane (C5H12) → 5PAR
 1-Pentene (C5H10) → 3PAR+1OLE

 Lumping based on reactivities (SAPRC, CRACMM)
 Pentane (C5H12), Hexane (C6H14), Heptane (C7H16) → ALK4

 Explicitly represent important VOCs (Benzene, Toluene, Xylene, etc.)
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Name Definition Examples

ALK1 Alkanes and other non-aromatic compounds that react only with 
OH, and have kOH between 2 and 5 x 102 ppm-1 min-1 Ethane

ALK2 Alkanes and other non-aromatic compounds that react only with 
OH, and have kOH between 5 x 102 and 2.5 x 103 ppm-1 min-1 Propane

ALK3 Alkanes and other non-aromatic compounds that react only with 
OH, and have kOH between 2.5 x 103 and 5 x 103 ppm-1 min-1 Butane

ALK4 Alkanes and other non-aromatic compounds that react only with 
OH, and have kOH between 5 x 103 and 1 x 104 ppm-1 min-1

Pentane, Hexane,
Heptane

ALK5 Alkanes and other non-aromatic compounds that react only with 
OH, and have kOH greater than 1 x 104 ppm-1 min-1

Octane, Nonane,
Decane

ARO1 Aromatics with kOH < 2 x 104 ppm-1 min-1 Propylbenzene

ARO2 Aromatics with kOH > 2 x 104 ppm-1 min-1 Ethyltoluene

OLE1 Alkenes (other than ethene) with kOH < 7 x 104 ppm-1 min-1 1-Butene, 1-Pentene

OLE2 Alkenes with kOH > 7 x 104 ppm-1 min-1 2-Butene, 2-Pentene

Examples of lumped VOC species (SAPRC07)
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Photochemical reactions of lumped species (SAPRC07)
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VOC speciation
 Need to speciate VOC emissions into lumped species in chemical 

mechanisms.
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Local information of VOC profiles
 Profiles in addition to total emission amounts of VOCs are complied in 

emission inventories.
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VOC profiles complied in the VOC emission inventory in Japan



SPECIATE
 VOC profiles of various emission sources are available.

https://www.epa.gov/air-emissions-modeling/speciate
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https://www.epa.gov/air-emissions-modeling/speciate


Lumping information
 Relationships between individual and lumped species are available.
 Prof. Carter’s information (https://intra.engr.ucr.edu/~carter/emitdb/SpecDB.xls)

 Speciation tool (https://www.cmascenter.org/speciation_tool/)
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https://intra.engr.ucr.edu/%7Ecarter/emitdb/SpecDB.xls
https://www.cmascenter.org/speciation_tool/


Speciated emissions as model inputs
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VOC monitoring and analysis
 Collect air in canisters
 5 locations in Tokyo
 2 days per season in 2019-2020
 October 15 – 17 (Fall), December 9 – 11 (Winter),

April 20 – 22 (Spring), and June 29 – July 1 (Summer)
 3 times per day
 18 – 6, 6 – 12, and 12 – 18

 Identify 126 VOCs and 13 aldehydes
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VOC air quality simulations
 Regional meteorological model
 WRF-ARW version 4.2.1

 Regional chemical transport model
 CMAQ version 5.3.2

 3 nested target domains
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d01 (45 x 45 km) d02 (15 x 15 km) d04 (5 x 5 km)



Target VOC species
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SAPRC07 Monitored VOC species

Alkane ALK1 Ethane, Dichloromethane, 1,1-Dichloroethane, 1,2-Dichloroethane, 1,2-Dibromoethane,
1,1,2-Trichloroethane, Tetrachloroethylene

ALK2 Propane, Ethylchloride, Methylacetate, Ethylacetate, 1,2-Dichloropropane

ALK3 Isobutane, n-Butane, 2,2-Dimethylbutane, Methyl-t-butylether, c-1,2-Dichloroethylene,
2,2,4-Trimethylpentane, Trichloroethylene

ALK4
Isopropanol, n-Propanol, Cyclopentane, 2-Methylbutane, n-pentane, Methylcyclopentane,
2,3-Dimethylbutane, 2-Methylpentane, 3-Methylpentane, n-Hexane, 2,4-Dimethylpentane,
n-Heptane, 2,3,4-Trimethylpentane, Butylacetate

ALK5
Acrylonitrile, Vinylchloride, Isobutanol, n-Butanol, 3-Chloro-1-propene, Cyclohexane,
1,1-Dichloroethene, Methylcyclohexane, 2-Methylhexane, 2,3-Dimethylpentane, 3-Methylhexane, 
Ethyl-t-butylether, c-1,3-Dichloropropene, t-1,3-Dichloropropene, 2-Methylheptane,
3-Methylheptane, n-Octane, n-Nonane,n-Decane, n-Undecane

Alkene ETHENE Ethylene

PROPENE Propylene

BUTADIENE13 1,3-Butadiene

OLE1 1-Butene, 1-Pentene, 3-Methyl-1-butene, 1-Hexene, 1-Heptene

OLE2
c-2-Butene, t-2-Butene, Isobutene, c-1,3-Pentadiene, t-1,3-Pentadiene, c-2-Pentene, t-2-Pentene,
2-Methyl-1-butene, 2-Methyl-2-butene, 2-Methyl-1-pentene, c-3-Hexene, c-2-Hexene, t-2-Hexene,
c-3-Methyl-2-pentene, t-3-Methyl-2-pentene, Styrene



Target VOC species
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SAPRC07 Monitored VOC species
Alkyne ACETYLENE Acetylene

Aromatic BENZENE Benzene

TOLUENE Toluene

MXYL+PXYL m,p-Xylene

OXYL o-xylene

ARO1 Ethylbenzene, Chlorobenzene, Isopropylbenzene, Propylbenzene, Benzylchloride,
m-Dichlorobenzene, p-Dichlorobenzene, o-Dichlorobenzene

TMBENZ124 1,2,4-Trimethylbenzene

ARO2 1,2,3-Trimethylbenzene, 1,3,5-Trimethylbenzene, m-Ethyltoluene, o-Ethyltoluene, p-Ethyltoluene,
m-Diethylbenzene, p-Diethylbenzene, 2-Ethyl-p-xylene, 1,2,3,5-Tetramethylbenzene

Biogenic ISOPRENE Isoprene

APIN α-Pinene

TERP β-Pinene, Camphene, Limonene



SAPRC07 Monitored VOC species
Aldehyde HCHO Formaldehyde

CCHO Acetaldehyde

ACROLEIN Acrolein

IPRD Crotonaldehyde

RCHO Propionaldehyde, Butyraldehyde, Isovaleraldehyde, Valeraldehyde, Hexanaladehyde

BALD Benzaldehyde, o-Tolualdehyde, m,p-Tolualdehyde, 2,5-Dimethylbenzaldehyde

Ketone ACETONE Acetone

MEK Methylethylketone

PRD2 Methylisobutylketone

Other NROG
Chloromethane, Bromomethane, Chloroform, 1,1,1-trichloroethane, Carbontetrachloride,
1,1,2,2-Tetrachloroethane, 1,2,4-Trichlorobenzene, Hexachloro-1,3-butadiene, HCFC-22,
HCFC-142, HCFC-141, CFC-12, CFC-11, HCFC-123, CFC-114, CFC-113, HCFC-225ca,
HCFC-225cb

Target VOC species
20



Comparison of monitored and simulated VOCs
 Total VOC concentrations at all locations for all periods were underestimated.
 Underestimations of alkanes and ketones are evident.
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Monitored (left) and simulated (right) concentrations averaged for each period



Comparison of monitored and simulated VOCs
 Smaller deviations in propylene-equivalent (PE) concentrations considering 

reactivities in the atmosphere.

 𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑂𝑂𝑂𝑂
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑂𝑂𝑂𝑂

 Underestimation of alkenes and overestimation of aromatic are evident.
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Monitored (left) and simulated (right) PE concentrations averaged for each period



Comparison of monitored and simulated VOCs
 Underestimations of smaller alkanes (mainly ethane and propane) and 

acetone are evident.
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Monitored (left) and simulated (right) concentrations of alkanes and ketones averaged for each period



Comparison of monitored and simulated VOCs
 Underestimations of OLE1 and OLE2, and overestimations of XYL and 

ARO2 are evident in PE concentrations.
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Monitored (left) and simulated (right) concentrations of alkenes and aromatics averaged for each period



VOC compositions in monitoring and emissions
 VOC compositions in monitoring and emissions are generally consistent.
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OLE1
V057: 1-Butene
OLE2
V064: Isobutene
ARO2
V093: 1,3,5-Trimethylbenzene
V094: m-Ethyltoluene
V095: o-Ethyltoluene
V096: p-Ethyltoluene

Fractions of individual VOC species 
in the monitored concentrations (left) 
and emissions (right)



Contributions of sources to VOC specie emissions
 Underestimation of alkenes and overestimation of aromatic seems to be 

affected by fuel evaporation and paint application, respectively.
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Implications of VOC air quality simulations
 Validations of air quality simulations on VOC species are suggested whereas 

monitoring data of individual VOC species are limited.
 Uncertainties in emissions and models are clarified by air quality simulations.
 Information of individual VOC species is useful to identify problems in 

emissions and models.

 Poor model performances on VOC species may introduce inappropriate 
ozone formation regimes.
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Summary
 Air quality modeling is essential to consider effective strategies for 

suppressing ambient concentrations of secondary pollutants.
 Representation of VOCs in chemical transport models is simplified in 

chemical mechanisms.
 VOC emissions need to be speciated to lumped species of chemical 

mechanisms based on speciation profiles.
 Observations of individual VOC species are useful to validate and improve 

air quality modeling of NMVOC.
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