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Secondary - Primary Split in Models
1054 M. Kanakidou et al.: Organic aerosol and global climate modelling

!

!
Fig. 1. Ratio of concentrations of the secondary organic aerosol

(SOA) to the total organic aerosol (OA) as computed by a 3-D

global chemistry transport model for surface (upper panel) and

zonal mean distribution (lower panel) for the month of July (Tsi-

garidis, 2003; Tsigaridis and Kanakidou, 2003).

90% in tropical forested areas (Andreae and Crutzen, 1997;

Talbot et al., 1988, 1990; Artaxo et al., 1988, 1990; Roberts

et al., 2001). Significant amounts of carbonaceous aerosols

are also observed in the middle troposphere (Huebert et al.,

2004). A substantial fraction of the organic component

of atmospheric particles consists of water-soluble, possibly

multifunctional compounds (Saxena and Hildemann, 1996;

Kavouras et al., 1998; Facchini et al., 1999a). Carbonaceous

species that exist in the aerosol phase tend to be identified ac-

cording to the manner in which they entered the particulate

phase. Organic compounds that are emitted directly in partic-

ulate form are referred to as Primary Organic Aerosol (POA).

Note that the particulate matter in which these organic com-

pounds reside may contain non-organic compounds as well.

Many gas-phase organic compounds undergo oxidation in

the gas phase to yield products, generally oxygenated, that

have sufficiently low vapor pressures that they will partition

themselves between the gas and aerosol phases. Such com-

pounds are often referred to as semi- or non- volatile, and

when residing in the aerosol phase, as Secondary Organic

Aerosol (SOA). Thus, in its common usage, SOA refers to

that organic component of particulate matter that transfers to

the aerosol phase from the gas phase as products of gas-phase

oxidation of parent organic species. Other classes of aerosol

organic compounds exist that do not fit neatly into these two

categories. One class is organic compounds emitted into

the atmosphere in vapor form, which subsequently condense

into the aerosol phase without undergoing gas-phase chem-

istry. Since these compounds can be identified with a par-

ticular source, it seems most appropriate that they fall into

the POA category. Another class of compounds are gas-

phase organic species that are absorbed into cloud droplets

and subsequently end up in the aerosol phase when the cloud

droplets evaporate and leave residual aerosol. Again, the dis-

tinction can be drawn as to whether the compound was emit-

ted directly by a source or resulted from chemical process-

ing in the atmosphere, in terms of its categorization as POA

or SOA, respectively. Model studies (e.g. Pun et al., 2003;

Kanakidou et al., 2000; Tsigaridis and Kanakidou, 2003) in-

dicate that under certain circumstances the main fraction of

organic aerosol can be of secondary origin, i.e. it is chemi-

cally formed in the atmosphere (Fig. 1).

This applies also to the free troposphere where low tem-

peratures favour condensation of semi-volatile compounds

that have been chemically produced locally or elsewhere.

This highlights the importance of secondary organic aerosol

(SOA) for direct and indirect forcing. In addition, inclu-

sion of SOA in climate models is needed since verification

of aerosol calculations with remote sensed techniques (e.g.

satellite/sun photometers) requires a full description of all

aerosol components. In-situ measurements are often not able

to discriminate between primary organic aerosol (POA) and

SOA.

The processes that have to be considered in climate mod-

els to account for the organic aerosol (OA) and its climatic

impact comprise chemistry, physics and biology. Chemical

processes include chemical formation and transformation of

the OA by homogeneous reactions followed by condensa-

tion or/and by heterogeneous reactions on particle surfaces

or/and in clouds. Physical processes that determine OA mass

and size distributions are emissions of primary OA and SOA

precursors, followed by transport by advection, convection

and diffusion, mixing with other particles by coagulation,

evaporation and condensation of organic vapours as well as

dry and wet removal (in cloud and below cloud scavenging).

Emissions of primary organic particles and also SOA precur-

sors can occur by various sources in the boundary layer and

to a lesser extent in the free troposphere. The dry and wet

Atmos. Chem. Phys., 5, 1053–1123, 2005 www.atmos-chem-phys.org/acp/5/1053/

Most of the world mostly POA [Kanakidou et al. ACP 2005]
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Aerosol Mass Spectrometer DataQ. Zhang et al.: Hydrocarbon-like and oxygenated organic aerosols 3301
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Figure 9. 

 

 
Fig. 9. Mass spectra of (a) HOA and (b) OOA, colored with the estimated contribution of each element (C, H, and O) to the mass of each

m/z fragment. The elemental compositions of each m/z in HOA and OOA are estimated according to Table 2.

(Canagaratna et al., 2004); 2) the OOA spectrum is dom-

inated by m/z 44 (CO+
2 ) and m/z 28 (CO+) and demon-

strates close similarity in the overall pattern with those of

aged/oxidized organic aerosols in rural and urban areas; and

3) the OOA spectrum is also qualitatively similar to the

AMS mass spectrum of Suwannee River fulvic acid (Alfarra,

2004), which is a class of highly oxygenated organic com-

pounds that have been proposed as models of the highly ox-

idized organic aerosols that are ubiquitous in the atmosphere

(Decesari et al., 2002). In addition, neither HOA nor OOA

mass spectrum represents individual species, but rather, they

represent mixtures of many individual organic species asso-

ciated with the same group of sources and atmospheric pro-

cesses (i.e., urban emissions vs. regional secondary aerosol).

Based on estimated elemental compositions of m/z’s, we

estimate that the average molar ratio of C:H:O in OOA

is 1:1.6:0.8 (or 5:8:4) and that the average molar ratio of

C:H in HOA is 1:1.9 (or 10:19). The organic mass to or-

ganic carbon ratios (OM:OC) of HOA and OOA are es-

timated at 1.2 and 2.2µg/µgC, respectively. This HOA

OM:OC ratio is consistent with the value (1.2µg/µgC) of

hydrocarbons (Turpin and Lim, 2001) – the major compo-

nents of urban fresh combustion aerosols. In addition, the

OOA OM:OC ratio is close to the value estimated for nonur-

ban aerosols (2.1±0.2µg/µgC) (Turpin and Lim, 2001) but

is significantly higher than estimates based on functional

group measurements by FTIR spectroscopy for samples col-

lected in northeastern Asia and the Carribean (1.2–1.6, mean

≈1.4µg/µgC) (Russell, 2003).

The average OM:OC ratio of submicron organic aerosols

(OOA plus HOA) estimated with this procedure is ∼1.8, a
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Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10. Scatter plot between organic carbon concentra-

tions estimated from AMS mass spectra and component-specific

m/zelemental compositions, and those measured by the Sunset Lab

carbon analyzer.

value that is close to the number determined by comparing

organic mass concentration from the AMS and organic car-

bon concentration from a Sunset labs carbon analyzer (Zhang

et al., 2005b). It is also comparable to the number (1.6±0.2)
proposed by Turpin and Lim (2001) for urban aerosols. This

analysis is summarized in Fig. 10, where the organic carbon

contents derived from the HOA and OOAmass spectral anal-

ysis show good agreement with the organic carbon (OC) con-

centrations from the carbon analyzer (r2=0.87 and the linear

regression slope=1.01±0.11).

www.atmos-chem-phys.org/acp/5/3289/ Atmos. Chem. Phys., 5, 3289–3311, 2005

43 = C3H7

57 = C4H9∂ = 14 = CH2

29 = C2H5 71 = C5H11

O:C ~ 0:1

44 = CO2

43 = CH3CO

28 = CO (watch out for N2...)

18 = H2O  (% = %44) O:C ~ 1:1

Ambient organic aerosol in AMS resolve into 2 factors (these from Pittsburgh).
HOA looks like diesel and has little oxygen.
OOA looks highly oxidized. [Qi Zhang et al. ACP 2005]
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AMS Global Observations

Most of the world 33 - 67% OA [Qi Zhang et al. GRL 2007]

7



AMS OOA

Cities mixed, more than 50% OA
Remote sites almost all OOA [Qi Zhang et al. GRL 2007]

OK, so what is OOA?? ... HOA is convincingly POA, so ...
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Continued Processing
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How Far Does it Go??
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mean particle age ~ 7 days?
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Production of a Semi-Volatile Compound
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Partitioning of Single Component
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Partitioning of Single Component (log X Axis)
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Partitioning at Specified COA in Solution
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The Volatility Basis Set
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α-pinene + Ozone
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[Presto and Donahue, ES&T, 2006]
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α-pinene and the Basis Set
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α-Pinene + Ozone Mass Balance
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α-Pinene + Ozone Product Distribution
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Note very small yield of ‘nucleator’, consistent with [Burkholder et al. 2006]
Multiply yields by mass of α-pinene consumed to get product masses.

[Donahue et al. in prep]
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Basis-set 101: Basis Basics
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Oxidize some amt. of precursor, say 25µgm−3, and distribute products.
Start adding from left and see which bin is roughly saturated.
Partition that bin 50:50, others accordingly. Add salt to taste. Adjust accordingly.

[Donahue et al. in prep]
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Basis-set 101: Pop Quiz!!
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Basis-set 101: Answer
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α-Pinene + Ozone Partitioning
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Partitioning changes with mass loading: x18 total loading = x100 COA.
Most of the OA compounds at 100µgm−3 are not in the particles at 1.

[Donahue et al. in prep]
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α-pinene + Ozone: UV (no NOx)
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[Presto et al., ES&T, 2005a]
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α-pinene + Ozone: VOC:NOx
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[Presto et al., ES&T, 2005b]
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RO2 Fate

hv         (+ OH)

Ox

(+ NO2)

NO HO2

terpene

RO2

ROONO ROOH

RORONO2
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Bottom line – tie SOA module into gas-phase RO2 chemistry:

{α} = β {α}low−NOx + (1− β) {α}high−NOx
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α-Pinene + Ozone T Dependence
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[Pathak et al., JGR, 2007], [Stanier et al., ACPD, 2007]
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α-Pinene + Ozone Total Mass 300 K
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Dark green yields are guesses – total is constrained.
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α-Pinene + Ozone Total Mass 243 K
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Products shift left by 2.5 orders of magnitude.

(Note – [Saathoff et al. IAC 2006] saw ∼1 AMF at 100-200 µgm−3 and 243 K.)
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α-Pinene + Ozone Total Mass 350 K
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Products shift right by 2.5 orders of magnitude.
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α-Pinene + Ozone Thermodenuder























    
























Given time, all SOA evaporates at 70C.

[An et al., Aerosol Sci., 2007]
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α-Pinene + Ozone Thermodenuder
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[Pierce et al., in prep, 2007]
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α-pinene + O3 Dilution
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Generate high SOA and then flush 90% of chamber air.
Particles shrink slowly to expected size. [Grieshop et al., GRL 2007]
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Dilution of Diesel Emissions
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Figure 1 
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Dilution to smbient COA causes 67-90% evaporation of primary emissions.

[Shrivastava, Robinson, et al., ES&T [2006]
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Basis Set Representation of Diesel Emissions
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Figure 1 
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  Emissions span volatility range, including ‘IVOC’.

[Robinson, et al., Science [2007]
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Basis-set 701: Advanced Basis
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b) High !!pinene (468 µ g m!3)
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e) High !!pinene (468 µ g m!3) with wall deposition

Consider static chamber experiments – i.e. 12 m3 CMU chamber.
Generate 100µgm−3 SOA and then let 90% deposit to the walls (purple).
What is in equilibrium?
Vapors + suspended aerosol or Vapors + suspended aerosol + wall aerosol??

(work it out....) [Donahue et al. in prep]
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Basis-set 701: Wall Deposition
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f) High !!pinene (468 µ g m!3) after wall deposition
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c) Medium !!pinene (94 µ g m!3)

The answer is BOTH!
The suspended particles still represent the composition of 100µgm−3 SOA!

Deposition fractionates the total suspension toward the volatile products.
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Basis-set 702: Steady-State Chambers
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Now what happens in a ‘steady-state’ flow-through chamber?
Imagine an experiment with 10µgm−3 suspended SOA that lasts 9 deposition
lifetimes, so that
Cwall = 9Csuspended.

What happens to the distribution as particles collect irreversibly on the walls??
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Basis-set 702: Flow-Through Wall Deposition
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d) Medium !!pinene (94 µ g m!3) after wall deposition

The suspended particles still represent the composition of 10µgm−3 SOA!
However, the walls are covered with lower-volatility junk, total system at 100µgm−3

Perturbing this system could have all kinds of strange consequences (it is buffered).
Bottom Line: Individual particles only know about the vapors.
Be very, very careful designing (and interpreting) experiments.
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CONGRATULATIONS!

You are now a basis-set black belt.
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Does Chamber SOA = OOA?
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And now for the start of a lot of bad news... Chambers don’t make OOA
AMS spectrum from limonene + O3 is not OOA. [J. Zhang et al. JPhysChem. 2006]
α-pinene + O3 just as bad – in fact no volatile precursors make OOA in chambers.
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Where Are We?

• The existing picture – nonvolatile POA and semi-volatile SOA – is wrong.

– SOA (as OOA) has relatively low volatility.

– POA (as HOA) is quite volatile.

• At the same time, chamber SOA is not oxidized enough in the AMS.

• The hypothesized solution is chemical aging:

– Most mass, even low volatility emissions, is in vapor phase.

– Gas-phase OH rate constant ∼ 3× 10−11 : τ ∼ 6 hr.
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Implications: Vapors

!"
!#

!"
"

!"
#

!"
$

!"
%

!"
&

"

"'#

"'$

"'%

"'&

!

!'#

!'$

!'%

(
)*
+,!-+.

!/
0

!
"+
,1
2
3.
4
567
8
9
+*
8
32
:
2
5+
;
4
:
:
+<
34
=
>6
2
?
0

Condensed Phase

Vapor Phase

The mass not seen in the particles is in the gas phase, very low vapor pressure.
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Limonene + Ozone Mass Balance
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D-limonene + O3 makes more SOA than α-pinene (2nd generation of oxidation).

[J. Zhang et al., JPC, 2006]
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Implementing Basis Set in PMCAMx

July 2001 Biogenic SOA

Old ∼constant yield New Basis set yields Multi-generation aging

• New basis set parameters cause most SOA to evaporate at ambient COA.
• Adding aging (gas-phase OH oxidation) can generate lots of SOA.
• Aging parameters are not yet known (these are a reasonable guess).

[Lane et al. in prep]
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Photooxidation of Diesel Emissions

Oxidized fraction looks a lot like OOA.
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Implementation in PMCAMx
(A) Traditional Model (B) Semivolatile POA

(C) Semivolatile POA + Aging (D) SVOC + IVOC + Aging
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Oxidation of vapors produces regional organic aerosol.

Robinson et al. Science [2007]
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SOA in PMCAMx
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Robinson et al. Science [2007]
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Conclusions Picture
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