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Secondary Organic Aerosols (SOA)
 Gap between modeled and measured SOA: models underestimate SOA 

by a factor up to 10

(Volkamer et al., 2006, GRL; de Gouw and Jimenez, 2009, EST)



SOA Observed
(offline: EC-tracer; online: AMS-OOA)

2.3 – 23.0 (12.7)      Fine at al., 2001  (Northern US)
5.6 – 61.8  (23.4)     Fine et al., 2002  (Southern US)

（Zhang et al., 2007）

OC/EC from biomass burning

Cereal straw burning

Wood burning

OC/EC > 7 
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ΔSOC = SOCEC-tracer - SOCSOA-tracer

(Ding et al., JGR, 2012)

SOA observed by tracer methods

Overestimated under the influence of biomass burning



Bond et al., 2004, JGR

SOA observed



Volkamer et al., 2006, GRL Zhao et al., 2014, JES; 2015,JAC
Zhang et al., 2005, EST; Zhang et al., 2007, GRL

Organic acids

SOA observed

Many OOA might be primary 



LV-OOA：Sulfate
SV-OOA：Nitrate
HOA：NOx，EC
COA：C5H8O+, C6H10O+, C7H12O+

BBOA：levoglucosan
CCOA: ……
NOA:……
…….

mz 44: OOA
mz 41,43,55,57: HOA

Zhang et al., 2011, ABC

SOA observed

Online VS Offline?



Predicted SOA matched the observed in chamber studies?

Chamber studies: emission and meteorological factors are excluded



SOA formation from individual VOC in SMOG chamber
Two product model

Odum et al., 1996; Ng et al., 2007; Wang et al., 2014

a-pinene

1,2,4-TMB

m-xylene



SOA formation from  gasoline vapor in chamber

• SOA yield curves of 17 individual aromatic species from smog chamber gasoline
experiments.

• These yield curves, interpreted within the framework of a gas/aerosol absorption
model, are used to quantitatively account for the SOA that is formed from the
whole vapor of 12 different reformulated gasolines.

• The total amount of secondary organic aerosol produced from the atmospheric
oxidation of whole gasoline vapor can be represented as the sum of the
contributions of the individual aromatic molecular constituents of the fuel.

Odum et al., 1997; EST



SOA formation from  whole gasoline vapor in chamber



Matrix effect: purified air VS ambient air
SOA from “SO2+NOx+toluene”

Ng et al., 2007; Hildebrandt et al., 2009; Deng et al., 2017

2P

VBS 



Combustion sources are important and far more 
complex with emission of organics from very volatile 
organic compounds to low- and non-volatile organic 
compounds that all potentially contribute to SOA 
formation.

Globally important: biomass burning

Important in urban areas: vehicle exhaust (diesel in particular)

SOA formed from these important sources can be predicted with traditinal precursors?



GIG Smog chamber (30m3)

Vehicle exhaust Biomass burning
Gas/Dies C/W/R

Presenter
Presentation Notes
So we chose typical gasoline and diesel vehicles, we chose the most popular crops, that is corn, rice, and wheat, we introduce vehicle exhaust directly into the chamber, we introduce the plumes from open burning of the crop residues into the chamber, and see what happen under light 因此我们选取了典型的道路机动车，汽油车和柴油车，以及小麦、玉米、水稻三种典型农作物的秸秆，并将它们的尾气导入烟雾箱进行实验，实验过程中有一系列仪器监测气相颗粒相污染物浓度变化



Experimental design

BC/BrC

POA

SOA, ……



Biomass burning：open or quasi-open combustion of any non-fossilized 
vegetative or organic fuel 

(Andreae and Merlet, 2001, GBC; Akagi et al., 2011, ACP)

Forest Grassland Crop residue

Peat/Charcoal Biomass pellet Garbage



More than 90% of global primary organic carbon
More than 60% of global black carbon

(Bond et al.,  JGR, 2004 )

Biomass burning: globally important pollution source



Biomass burning: the largest BC and OC source

(Bond et al., 2013, JGR; Huang et al., 2015, AE)

  

A B C 

Power Plant Industry Resi. Coal Resi. Fuelwood Resi. Crop Residue 
Other Resi. Fuel Motor Vehicle Aircraft & Ship Agriculture 

Globe Developed Developing

Global OC emission

Biomass burning: globally important pollution source



(Tsigaridis et al., 2014, ACP; Shrivastava et al., 2015, JGR)

Global seasonal SOA production:
peaks when BB is at its maximum in the 
North Hemisphere

BBSOA: 71% in global SOA burden

Secondary organic aerosol budget



SOA mass prediction

22 NMOGs (11 containing O): 
explained 84-116% formed 
SOA in beech burning plume

How about agricultural 
residue burning?

Aromatic and biogenic 
hydrocarbons: explain <20% 
formed SOA in oak and pine 
burning plume

(Grieshop et al., 2009, ACP; Bruns et al., 2016, Sci. Rep.)



Previous chamber work on BBSOA

Reported BBOA enhancement ratios during the photoaging process: 0.7-6.8

Author Year Fuels Relative humidity

（%）

UV light Time（h） OA enhancement 

ratio

Grieshop et al. 2009 Pine, oak ~5 Yes 5-6 1.5-2.8

Heringa et al. 2011 Beech 50 Yes 5 4.1±1.4

Hennigan et al. 2011 Wildfire fuels 19 Yes 3-4.5 1.7±0.7

Ortega et al. 2013 16 unique 

biomasses

30 Yes 3-120 1.4±0.4

Bruns et al. 2016 Beech 55 Yes 4-6.5 ~3-7

Tiitta et al. 2016 Birch, beech, 

spruce

60±5 Yes/No 4.5-16 1.6-2.6

Tkacik et al. 2017 Pine, spruce Not reported Yes/No ~3.5 1.8±0.9



Corn, Rice, Wheat contributed most to BB emissions in China

Zhou et al., 2017, ACP



SOA precursors—straw burning

Reacted VOC SOA yield

• Biomass Burning: 20 NMHCs and OVOCs only account for 5.0-27.3% of formed SOA

(Fang et al., 2017, ACP)

rice, corn, wheat

Presenter
Presentation Notes
For the SOA precursors, we found that traditional VOC precursors can only explain 5-27% of formed SOA.



Considering unspeciated organics

SOA prediction improved with unspeciated organics accounted:

SOA yiledunsp=[Unexplained SOA]/[Unspeciated organics], then SOA surrogate was 
determined according to the SOA yieldunsp

(Jathar et al., 2014, PNAS)



• China overtook USA as the largest auto market in 2010；

• Increasing at a rate over 20% per year in the recent years

• Passenger cars dominates

China Auto Web
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Vehicle emission of primary PM: over 90% by diesel

(中国机动车环境管理年报，2017)

diesel
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SOA formation from diesel vehicle exhaust

SOA/POA：~3

(Robinson et al., 2007) 27

Presenter
Presentation Notes
除了一次排放之外，柴油车尾气经过光照能生成SOA



28

Conditions country literatures
idle USA Weitkamp et al., 

2007
idle USA Robinson et al., 

2007
idle，60 km/h Switzerland Chirico et al., 2010
idle，UDDS，UC USA Gordon  et al., 

2014; Zhao et al., 
2014; 2015

idle USA Presto et al., 2014

SOA formation from diesel vehicle exhaust



柴油车尾气采集

Diesel
Exhausts

30m3烟雾箱

柴油车尾气在线监测、分析系统

Idle
20 km/h
40 km/h

25 ˚C，
< 5%，

VOC/NOx≈ 3

SOA from diesel vehicle exhaust



Expt. 

No. 

Predicted SOA (μg m-3) Predicted SOA/ 

Measured SOAa Benzene Toluene C2-benzene C3-benzene C4-benzene Alkanes Alkenes 

1 0.015 0.019 0.022 0.081 0.085 0.022 0.080 2.6% 

2 0.202 0.028 0.050 0.068 0.114 0.002 0.012 2.2% 

3 0.069 0.013 0.051 0.054 0.068 0.038 0.082 1.4% 

4 0.127 0.055 0.013 0.007 0.017 0.028 0.013 0.8% 

5 0.074 0.012 0.082 0.075 0.108 0.030 0.229 1.6% 

6 0.237 0.213 0.496 0.018 0.007 0.029 0.090 3.1% 

7 0.164 0.065 0.014 0.052 0.077 0.049 0.019 1.2% 

8 0.329 0.072 0.067 0.124 0.229 0.052 0.34 2.3% 

  

SOA from diesel vehicle exhaust: precursors

C2-C12 NMHCs: <3% SOA explained；

VOC consumed yield



 Aromatic hydrocarbons + PAHs: <10% SOA explained；
 OVOCs：15~45% SOA expalined
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(Zhao et al., 2014; Zhao et al., 2015)

 idle：IVOC/POA = 20.4±3.7

 driving：IVOC/POA = 8.0±3.6

IVOC: such like C12~C22 alkanes?

SOA from diesel vehicle exhaust: precursors

Presenter
Presentation Notes
这张片子主要是解释为什么SOA生成降低了，通过估算得出可能是由于IVOC的排放降低了导致的



• IVOC: can explain up to 63-81% of formed SOA. 

Deng et al., in preparation
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(Gentner et al., 2012,PNAS)
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Presentation Notes
即使国外，考虑SOA的生成，柴油车与汽油车谁占主导也还是不确定。



SOA formation from idling gasoline passenger vehicle emissions

Nordin et al., 2013; ACP

6m3

• Injecting the vehicle exhaust into the chamber directly;

• SOA Production factor: 0.005 – 0.09 g kg-1; 0.48 g kg-1 for the cold start;

• SOA/POA ratios: 7-510;

• Classic C6-C9 aromatics can explain up to 60% of the formed SOA.

EU vehicles

Presenter
Presentation Notes
Simulating the photochemical aging. 




Liu et al., 2015, ACP
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• SOA Production factor: 0.001-0.044 g kg-1; 

• SOA/POA ratios: 12-259;

• Traditional single-ring aromatics and naphthalene can explain 51-90% of the 

formed SOA.

SOA formation from idling gasoline passenger vehicle emissions

GIG

SMOG

CHAMBER

China vehicles



Gordon et al., 2014, ACP

SOA formation from gasoline vehicles during driving cycle

• Pre-LEV, LEV-1, LEV-2;  hot-start and cold-start;

• SOA Production factor: 0.02-0.13 g kg-1; SOA/POA ratios: 1-15;

• Except pre-LEV, the SOA production could not be fully explained by the measured 

traditional SOA precursors.

• About 30% of the NMOGs from news vehicles could not be speciated (IVOCs), which 

may contribute to SOA formation. 

US vehicles

Presenter
Presentation Notes
15 GVs



Platt et al., 2013, ACP

SOA formation from gasoline vehicles during driving cycle

EU vehicles

New European Driving Cycles, NEDC

• SOA Production factor: 0.344-0.347 g kg-1; 

• SOA/POA ratios: 9-15;

• Traditional single-ring aromatics and naphthalene can only explain less than 

20% of the formed SOA.

Presenter
Presentation Notes
1 EU vehicle. 2 tests



Large gaps between measured and calculated SOA

0 km/h

20 km/h

40 km/h

• Idling: 30-55%

• Driving: Less than 1% !!!

Zhang et al., in preparation



Zhao et al., 2016, EST

Predicted SOA formation from gasoline vehicles emissions of IVOC

• Using the chassis dynamometer testing at CARB; UC; 

• Measured the emission factor of IVOCs from GVs exhaust;

• Estimated the SOA formation by using published SOA yields based on smog chamber;

• IVOC emissions only correspond to approximately 4% of NMHC, but they are estimated to 

produce as much or more SOA than single-ring aromatics. 

• Even adding IVOC formed SOA, about 30% and 65% of measured SOA remains unexplained. 



Zhao et al., 2014 EST; 2016 EST

IVOC-to-NMHCs ratios
• Hot Cycles: 0.17
• Cold UC: 0.04

IVOC-to-POA ratios
• Hot Cycles: 8.5
• Cold UC: 7.3

ΔM = [HC] ×(1 − e-kOH×[OH] ×Δt) ×Y

formation  of SOA from IVOC? 
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• IVOCs-to-NMHCs ratios: 0.17; 

• IVOC SOA contribute: 603-1189% at idling;

• IVOC-SOA contribute 6-130% under driving
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• IVOCs-to-NMHCs ratios: 0.04; 
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for idling.

• IVOC SOA contribute: 135-266% at idling;

• IVOC-SOA contribute 2-31% under driving.



• IVOCs-to-POA ratios: 8.5 
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field observation in China

• One year concurrent observation  (2012-2013) 48-h Sampling, biweekly

(4)

(3)
(5)

(Ding et al., JGR 2014, 2016; ACP 2015; SR 2016; ES&T, 2017)



Silylation

Methylation

GC-MS

SOA tracers analysis

• 13 SOA tracers
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Tracers of isoprene SOA

• High levels in summer (red) and southern China 

• Unexpected increase in winter (yellow)

Ding et al., SR 2016



(Guenther 1993, 1995, 1998, 2006, 2014)

I I L TE EF C C= × ×
Templight

MEGAN：

Spring-summer
Biogenic emission control

Fall-winter
Non-biogenic control



Biomass Burning affects seasonal trend of isoprene SOA
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• Spring-summer：determined by biogenic emissions

• Fall-winter：highly associated with BB enhancement



Tracers of monoterpene SOA

• High levels in spring-summer (blue & red) and southern China 

• Unexpected increase in winter (yellow) at some sites

Ding et al., JGR 2016



(Akagi et al.,  ACP 2011 )

Isoprene
Monoterpenes

Aromatics 
NOx

Large amounts of VOCs and NOx from Biomass Burning



Unexpected high levels of isoprene during non-growing seasons
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• Significantly high mixing ratios of isoprene were observed during non-growing seasons from

ambient observation results.

• Biomass/biofuel/coal burning might be the potential sources？

Model

Observation



Tracer of β-Caryophyllene SOA (SOAC)

• Unexpected high levels in winter (yellow)  at many sites in China

(Ding et al., JGR, 2016)
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High levels of SOAC tracer during winter in South China

• Similar seasonal trend at 9 sites in South China

• Highest levels in winter (January)

(Ding et al., in preparation)

  
 

  
 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  



Significant impact of Biomass Burning on SOAC

• Strong and significant correlations with the BB tracer (levoglucosan)

• BB could be an important source of SOAC in wintertime

Levoglucosan
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Biomass Burning could be an important source of SOA 

OH/O3/NO3 Oxidation 
products

Semi-volatile
products

SOA

Secondary Organic Aerosol

Biomass
Burning Heterogeneous 

processes Homogeneous 
processes

Evolution

NOx
VOCs

POA



SOA estimation: Tracer method

Chamber

Ambient

Ambient
SOC

(Kleindienst et al. 2007)



Spatial distribution of SOA

• High levels of SOA in the southern China;

• Aromatics are dominant over the biogenic VOCs in the northern China;

• The BVOCs’ contributions are high in southern China. 



(Ding et al., JGR, 2016)
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对于异戊二烯和单萜烯对我国自然源SOA的相对贡献，前期不同模式的估算结果，存在极大差异。如图中绿色，和蓝色所示，不同模式的结果甚至完全相反。我们的实测结果表明，异戊二烯贡献大于单萜烯，另外更重要的是，如图中红色所示，倍半萜烯的贡献被严重低估，甚至忽略。这些结果将为后续模式研究，提供国家尺度的判断依据。




Missing OH reactivity in a forest: sesquiterpenes or higher? 

Carlo et al., 2004, Science



Unexplained SOA at 9 sites in South China

ECECOCOCSOC ×−= p)/(EC method:
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• SOCTracer explains 30-70% of total SOC with an average of ~50%

• SOCTracer explains more in summer and fall, less in winter and spring



Summaries

 For important emission sources, including biomass burning and vehicle 

exhaust, traditional VOCs can explain quite limited portions of SOA formed;

 Further source characterization of these combustion sources and biogenic 

emission is need with the inclusion of IVOC/OVOC/SVOC to update emission 

inventories and related emission standards

 Biomass burning could be an important source of traditionally biogenic VOCs 

and hence contributes to isoprenoid-SOA especially in wintertime.

 Improving SOA monitoring is needed.

 Field observation suggest that SOA reconstructed with SOA-tracer of 

traditional precursors (including sesquiterpenes) could explain ~50% of SOC 

estimated by EC-tracer method.
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