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Global Non-methane Carbon Flux Balance

Emissions ~1300 TgC/yr

Ox. to 
CO + CO2
300-500 TgC/yr

• Methane is another 500 Tg C yr−1.
• Most of the NMHC does not get to CO2 [Goldstein and Galbally et al. ES&T 2007]

(Including methane, CO2 formation is about 900 Tg C yr−1)
• Reduced carbon flux is thus about 2 Gt C yr−1; 1 Gt C yr−1 to CO2 in the atm
• Compare with 14 GY yr−1 CO2 amplitude –∼ 10% of NPP goes into VOC fluxes!
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Global Non-methane Carbon Flux Balance

Emissions ~1300 TgC/yr

Ox. to 
CO + CO2
300-500 TgC/yr

Deposition 800-1000 TgC/yr
• Majority of carbon is removed by deposition. [Goldstein and Galbally et al. ES&T 2007]

• What phase??
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Aerodyne AMS Surface Observations

• Surface 33 - 67% OA:
Organic Sulfate
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Particle Ablation Laser Mass Spec. (PALMS)
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Figure 5.  (a) Vertical profile of the fraction of organic ions based on negative ion mass spectra.  

Although many peaks were considered, the peaks contributing the most organic ion signal were 

C
-
, C2

-
, C2H

-
, and CN

-
.  The most important sulfate peak was HSO4

-
.  Each point is an average of 

100 to 250 mass spectra at high altitudes and 1500 to 5000 mass spectra at low altitudes, except 

the Atlanta point is an average over the entire deployment with a bar showing the range of 

approximately half day averages.  (b) The ion ratios transformed to approximate mass fraction 

using the fit of the PALMS to the AMS data shown in Figure 4b.  Mass fractions below about 

0.3 are especially uncertain because the negative ion mass spectra are not well suited to small 

organic fractions and the fit in Figure 4b is nearly horizontal at small mass fractions, implying 

great uncertainty when it is inverted. 

 

Organic Sulfate

• Most of the troposphere ∼50% OA (1:2 < OA:Sulfate < 2:1) [Murphy et al., 2007]
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What do Individual Particles Look Like?

Oxidized Organic 
(OOA)

Sulfate

Nitrate

Ammonia
Black
Carbon

HOA

Crustal

OOA

HOA

• Most particles are an internal mixture dominated by condensation.
− Core is primary (i.e., no core for nucleated particles),
− ‘Coating’ is a mixture, may be several distinct phases.
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Where are the Health Effects?

Seasonal Analyses of Air Pollution and Mortality 589

TABLE 2. National average estimates of the overall and season-specific effects of PM10* at lags of 0, 1, and 2 days for 100 US cities,
National Morbidity and Mortality Air Pollution Study, 1987-2000t

Winter Spring Summer Fall All seasons

Estimate 95% PI* Estimate 95% P1 Estimate 95% P1 Estimate 95% P1 Estimate 95% P1

Lag 0 -0.04 -0.30, 0.21 0.32 0.08, 0.56 0.13 -0.11, 0.37 0.05 -0.16, 0.25 0.09 -0.01, 0.19

Lag 1 0.15 -0.08, 0.39 0.14 -0.14, 0.42 0.36 0.11, 0.61 0.14 -0.06, 0.34 0.19 0.10, 0.28

Lag 2 0.10 -0.13, 0.33 0.05 -0.21, 0.32 -0.03 -0.27, 0.21 0.13 -0.08, 0.35 0.08 -0.03, 0.19

* PM10, particulate matter less than 10 lm in aerodynamic diameter; PI, posterior interval.
t Estimates were obtained by pooling city-specific coefficients from the main effect and pollutant X season interaction models, respectively,

and represent the percentage increase in daily mortality for a 10-gg/m3 increase in PMo0.

that were qualitatively similar to those for total nonacci-
dental mortality, with larger summer effects in the Industrial
Midwest and the Northeast, as well as overall for the entire
United States.

Figure 4 shows samples from the joint posterior distribu-
tions of the regionally and nationally pooled harmonic
coefficients 031 and P32 in the sine/cosine model for PM10 at
lag 1. The region with the strongest evidence of a seasonal
pattern is the Northeast: The marginal posterior probability of

02's being greater than 0, given the data, is 0.96 (Prob(3 2 >
01data) = 0.96). There is moderate evidence of seasonality
in the Industrial Midwest and the Northwest (Prob(P32 >

01data) = 0.85 and Prob(3 2 > 01data) = 0.74, respectively).
The joint distributions of the coefficients for the Southeast,
the Southwest, the Upper Midwest, and Southern California
are centered at zero, indicating a lack of any seasonal
variation. At the national level, the marginal posterior
probability of 32's being greater than 0, given the data, is
0.88 (Prob(032 > 01data) = 0.88), while the marginal
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distribution for 13P is centered almost exactly around zero.
PM 10 at lag 0 shows slightly more evidence of seasonality
for the national average. However, the overall short-term
effect of PM10 at lag 0 is smaller on average, as indicated in
table 2. There is little evidence of seasonal variation in the
short-term effect of PM10 at lag 2.

Sensitivity analyses

We performed several additional analyses to explore the
sensitivity of the estimated seasonal PM10 log relative rates
to model specification. Specifically, we examined sensitivity
to 1) adjustment for long-term trends and seasonality in
mortality; 2) the inclusion of other pollutants; 3) the
exposure lag; and 4) the specification of the temperature
component.

Selecting the degrees of freedom of the smooth function
of time used to control for long-term trends and seasonality
is an important issue in time series models of air pollution

100 200 300 1
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FIGURE 3. National and regional smooth seasonal effects of particulate matter less than 10 gm in aerodynamic diameter (PM10) at a lag of 1 day
for 100 US cities, National Morbidity and Mortality Air Pollution Study, 1987-2000. Estimates were obtained by pooling city-specific coefficients
from the sine/cosine model (equation 2). Dotted lines indicate pointwise 95% posterior intervals.

Am J Epidemiol 2005;161:585-594
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[Peng et al., 2005]

• Health effect from PM10 (also PM2.5) regional and seasonal.
− SO=

4 peaks in N.E. Summer,
− However, so does OOA1! (OOA:SO=

4 ).
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Organic Aerosol Flux Balance

Emissions ~1300 TgC/yr

Ox. to 
CO + CO2
300-500 TgC/yr

60-330 Tg C/yr

S ~ 80-110 Tg/yr
SO4 ~ 240-330 Tg/yr
OA ~ 120-660 Tg/yr
OM:OC ~ 2:1
OC ~ 60-330 Tg/yr

470-940 TgC/yr

120-660 Tg OA/yr (Kanakidou: 12-70 Tg SOA/yr)

• Really large number for OA flux! Consistent with global budgets.
• About 4x more OA than models predict (wide error).

• Note large residual vapor deposition term. Few constraints.
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Net Fluxes are not Gross Fluxes!

Emissions ~1300 TgC/yr

Ox. to 
CO + CO2
300-500 TgC/yr

50-300 Tg C/yr
500-1000 TgC/yr

100-600 Tg OA/yr

>> 50-300 Tg C/yr

• What is the gross flux into and out of OA?
• There are several major questions relating to assumed organic vapors.

• Oxidation state, as we will see, is a critical part of this.
• HR-ToF PTRMS!!
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Phase Behavior of a Semi-Volatile Compound
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• Note that we tend to work on a mass basis in particle world.
Instead of vapor pressure, we use saturation mass concentration C∗.
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Semi-Volatile Mass Fraction
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Partitioning of Single Component
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Standard Hinshelwood-type saturation curve.
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Partitioning of Single Component (log X Axis)
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Now it looks like a gain curve! 1 decade linear region.
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Raoult’s Law
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Partitioning at Specified COA in Solution
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Raoult’s law; really semi-ideal soln. with const. activity coeff.
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The Volatility Basis Set
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The Volatility Basis Set: Nomenclature

C∗
i =

{
0.01,0.1,1,10,100,1000,104,105,106

}
µgm−3

C∗
i = {0.01,0.1,1} µgm−3 Low Volatility Organic Compounds (LVOC).

Mostly in aerosol.

C∗
i = {10,100,1000} µgm−3 Semi Volatile Organic Compounds (SVOC).

Both vapor and aerosol, depends a lot on local conditions.

C∗
i =

{
104,105,106

}
µgm−3 Intermediate Volatility Organic Compounds (IVOC).

Entirely vapor, but untold numbers and hard to measure.

C∗
i > 106 µgm−3 Pretty much anything you can name (the VOCs)

It is not that I don’t know the identity of all these xVOCs: I have absolutely no idea
what I would do with the information even if I knew it!!
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Direct Emissions in the Continental U.S.

 • Biogenic emissions (green) dominate.
−They are much more volatile than anthropogenic emissions (blue).

THIS DOES NOT INCLUDE WILDFIRES! (' ANTHROPOGENIC?)
Shrivastava, et al., JGR submitted [2008], Millett [MEGAN biogenic fluxes]
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Cumulative Emissions in the Continental U.S.
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Figure 6.  (a) Cumulative emissions of anthropogenic and biogenic organics for the continental US 

and estimated aerosol yield as a function as a function of volatility.  (b) Estimate cumulative 

contribution of different classes of organic aerosol as a function of volatility (the same information 

is also plotted in (a)). 
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Figure 6.  (a) Cumulative emissions of anthropogenic and biogenic organics for the continental US 

and estimated aerosol yield as a function as a function of volatility.  (b) Estimate cumulative 

contribution of different classes of organic aerosol as a function of volatility (the same information 

is also plotted in (a)). 

 

• Cumulative fluxes in red, xfer function to OC in black, cumulative OC in:
− Black is primary OA (condensed ∼ always in atmosphere),
− Blue is ‘non-traditional’ SOA (less volatile precursors now usually POA),
− Green is traditional SOA.

• Less volatile precursors should have a higher probability of contributing to OC.
• About half of the SOA comes from ‘non traditional’ precursors.
• This transfer fcn. is an educated guess (like almost everything!).

− What is it for real?
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The Essential Issue

VAP

AER

E

C

Volatility

Chemistry
reducing
volatility

Chemistry
increasing
volatility

• Volatility is everything (well, no), and we have to conserve mass.
• When chemistry happens, products either:

− Move to lower volatility, in which case aerosol mass will go up, or
− Move to higher volatility, in which case aerosol mass will go down.

• Is SOA/OOA a major product of a minor species
or a minor product of a major species?
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What Does Chemistry Do?

VAP

AER

E

C

SOA2 DECOMP

OLIGO VOL

Volatility

HOHO O

CO2
O Thermodynamic

end product!

• SOA chemistry = decreasing volatility.
• CO2 formation is thermodynamic imperative, given sufficient time.
• Which phase the reaction occurs in clearly matters.

− We will focus on the gas phase here.
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α-pinene + Ozone
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• Cyan line is pinonaldehyde? m/z 151 + 169.
• Small interference for α-pinene at 137 – we subtract this out ∝ pinonaldehyde.

[Presto and Donahue, ES&T, 2006]
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Aerosol Mass Fraction
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dχ(pin) =10 ppb
d CROG ~ 100 μg m-3

COA ~ 3.5 μg m-3

ξ = COA / dCROG ~ 0.035

ξi =
1

1 +
C∗

i
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[Odum, et al ES&T, 1996]
24



α-pinene + Ozone
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α-pinene and the Basis Set

!"
!#

!"
!!

!"
"

!"
!

!"
#

!"
$

"

"%"&

"%!

"%!&

"%#

"%#&

"%$

'
()
*+!,*-

!$
.

!
"*
+/
0
1-
2
345
6
7
*)
6
10
8
0
3*
9
2
8
8
*:
12
;
<4
0
=
.

I

α1α2

α3

α4

α5

α6

(mass yields α′)

α′i = {.004, 0, .05, .09, .12, .18, ...}

26



α-Pinene + Ozone Mass Balance
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• Mass yields α′i = {.004,0, .05, .09, .12, .17, .29, .29, .20}
• Only around 0.055 SOA formation from α-pinene in the LVOC range at low NOx.
• Mass balance for ‘nominal product’ demands ξmax =

∑
i αi ' 1.2− 1.4.
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α-Pinene + Ozone Product Distribution
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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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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 ∆Hv 300 K
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α-Pinene + Ozone Products 243 K
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• Products shift left by 2.5 orders of magnitude with a 60 K temperature shift.

(Preliminary data from Saathoff et al. ∼1 AMF at 100-200 µgm−3 and 243 K in AIDA.)
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α-Pinene + Ozone Products 350 K (Denuder)
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• Products shift right by 2.5 orders of magnitude with a 60 K temperature shift.
• Mass loss depends on mass-transfer kinetics, but it should be substantial.
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α-Pinene + Ozone Thermodenuder























    
























• Given time, all α-pinene SOA evaporates at 70 oC.
[An et al., Aerosol Sci., 2007]
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α-Pinene + Ozone Denuder Model
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α-Pinene + Ozone Denuder Model
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α-Pinene + Ozone Denuder Model
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α-Pinene + Ozone Denuder Model
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α-Pinene + Ozone Denuder Model
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α-pinene + O3 Dilution
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Figure 3a shows the time series of the fractional contribu-
tions to the overall AMS organic loading from ions at m/z
43 (C3H7, C2H3O

+), 44 (CO2
+), 55(C4H7

+, CH2CHCO
+), 91,

100, 109 and 139. The AMS signal at m/z 44 is an indicator
of oxidized and polar OA and has been corrected for
interference from gas-phase CO2. The AMS was operated
in jump mass spectrum (JMS) mode (J. Crosier et al.,
Technical note: Description and use of the new Jump Mass
Spectrum mode of operation for the Aerodyne Quadrupole
Aerosol Mass Spectrometers (Q-AMS), submitted to Aero-
sol Science and Technology, 2006) during a 2-step injection
experiment. In this experiment, a second a-pinene injection
added roughly 3 times the a-pinene of the first injection in
order to investigate changes in composition with both
increasing and decreasing COA. Also plotted in Figure 3a
is the time series of the total (suspended + wall) AMS
organic mass during the experiment.

[20] The fractional contributions of all the target AMSm/z
co-vary with COA, with the exception of m/z 139. The relative
contributions of some mass fragments increase while others
decrease with changing COA. These changes were observed
with both increasing COA via a-pinene addition and decreas-
ing COA via dilution. Therefore, the composition of the SOA
changes with partitioning.
[21] Figure 3b plots the fractional contribution from m/z

44 in terms of the total COA; m/z 44 contributes a larger
fraction of the total organic signal at lower COA, indicating
more polar components contribute a larger fraction of the
SOA at low COA. Conceptually this makes sense since the
more polar components of SOA likely have lower saturation
vapor pressures and therefore condense preferentially at
lower COA. This sort of behavior has been observed
previously in traditional yield experiments [Zhang et al.,
2006].
[22] The reversibility of the changes in composition can

be evaluated by comparing the AMS data from the forma-
tion and dilution portions of the experiment. For example,
the m/z 44 data shown in Figure 3b reveal a modest increase
in the fractional contribution with time. Therefore, changes
in composition due to partitioning may not be completely
reversible.

6. Conclusion

[23] This work demonstrates a new method to investigate
the gas-particle partitioning of SOA formed in a smog
chamber. The results show that SOA from a-pinene ozo-
nolysis repartitions reversibly upon dilution, but on a much
longer time scale than has been observed in single-
component aerosols of similar sizes. We hypothesize that
the surprisingly slow evaporation rate may be due to some
mixture effect or decomposition of weakly bound
oligomers, but we cannot determine the mechanism from
our data. Regardless of the mechanism, the relatively slow
equilibration rate may influence behavior of SOA in the
atmosphere and certainly affects interpretation of laboratory
SOA data [An et al., 2007].
[24] The composition of aerosols also varies systemati-

cally with partitioning. At lower COA, more polar compo-
nents appear to dominate the aerosol, while other products
become more prevalent at higher concentrations when more
volatile species will condense. Clearly, SOA composition
must be considered concentration-dependent, as more-or
less-volatile components partition with concentration or
temperature changes.
[25] Our experiments only considered higher concentra-

tion conditions which are commonly encountered in smog
chambers. They are at the upper end of atmospheric con-
centrations. The experiments also only considered relatively
fresh SOA. Both of these parameters may influence the
reversibility of gas-particle partitioning.

[26] Acknowledgments. The authors would like to acknowledge the
assistance of Gabriella Englehart in running SOA experiments. This
research was supported by the EPA STAR program through the National
Center for Environmental Research (NCER) under grants R832162 and
RD-83108101. It has not been subject to EPA’s required peer and policy
review, and therefore does not necessarily reflect the views of the Agency.
No official endorsement should be inferred.

Figure 3. Changes in SOA composition measured using
an AMS. (a) Time series of the fractional contributions to
the total AMS organic signal of ions at m/z 43, 44, 55 along
with larger fragments (shown scaled up by a factor of 10) at
m/z 91, 100, 109 and 139 (left-axis) and of the wall loss-
corrected AMS organic aerosol concentration (right-axis).
(b) Fractional contribution of ions at m/z 44 versus COA

(based on SMPS data assuming r = 1 g cc!1). Lines in
Figure 3b are shown to guide the eye along trajectory during
particle formation (black) and evaporation (grey).

L14810 GRIESHOP ET AL.: REVERSIBILITY OF GAS-PARTICLE PARTITIONING L14810
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µ

• 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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Mixtures of Organic Fractions
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Toluene SOA on 
Ammonium Sulfate

Diesel SOA on 
Diesel HOA

• Toluene SOA associates with sulfate seed area.
• New OOA associates with HOA mass on diesel (more about this later).
• This is the difference between 2 separate phases (on one particle) and a mixture.

– The SOA/AS separation remains at 90% RH. They don’t mix!
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Implications: Vapors
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• The mass not seen in the particles is in the gas phase, very low vapor pressure.
• Measuring the partitioning of well-chosen compounds (volatility tracers).

Accurate, precise measurements in both phases is a first-order need.

42



Generations in Terpene + O3

• Multiply unsaturated terpenes like d-limonene should suffer multiple ozonation.

• Which double bond goes first, and what phase is the second reaction in???

k ' 8× 10−18

k ' 3× 10−16
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Limonene and the Basis Set (1 ppm O3)
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Limonene + Ozone Mass Balance
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D-limonene + O3 makes more SOA than α-pinene.
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Limonaketone + Ozone
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But limonoketone is just like α-pinene.
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Generations of Limonene Oxidation

(COA, C*) (µg m!3)
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What happens with 2nd oxidation on real aerosol??.
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Limonene + Ozone (100 ppb ozone)
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Low-NOx data on complete oxidation line as limonene oxidized!
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Low-NOx limonene Q-AMS Data vs COA
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· More oxidized material favored at low COA has lower C* (lower vapor pressure).
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Limonene + Ozone 2-D NMR (HSQC)
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• Double bond at 4.8 ppm H and 115 ppm 13C totally gone for excess ozone.
• Persistent down-field ‘box’ at 3.5-4.5 ppm H is multi-functional ROOH and ROH.
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Limonene + Ozone H-NMR (Quantitative)

Aldehydes

OOH/OH

Terminal Unsaturation

H-C-O

H-C-C=

H-C

• Quantify unsaturation vs something else (we use 3.3-4.7 H-C-O, can use other).
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Limonene + Ozone Titration
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• Loss of unsaturation is much more gradual than homogeneous prediction.
• Consistent with uptake of O3 as we hypothesized.
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Limonene SOA as α · β-pinene (Operator)
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• Limonene can be characterized by an ‘aging operator’.
• Can we formalize this?
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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 factors (these from Pittsburgh).
(From many thousands of compounds!!!)
− HOA looks like diesel and has little oxygen.
− OOA looks highly oxidized. [Qi Zhang et al. ACP 2005]
− More factors give OOA1 (O:C∼1), OOA2 (O:C∼ 0.5), BBOA, ...
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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 OOA is SOA?
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OA Volatility in the Atmosphere

OOA

Marker

HOA

Marker
(upper limit)

Current Models:

POA non-volatile

SOA semi-volatile

POA non-volatile

Huffman, Jimenez et al., Geophys. Res. Lett., in prep., 2007

More ‘bad’ news... [Huffmann, Jimenez et al. ES&T, submitted]

• Ambient (Mexico City) OOA is LESS volatile than HOA!!
• THIS COMPLETELY REVERSES THE CURRENT PARADIGM!!!!
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Dilution of Primary Emissions

 17

Figure 1 

 

10
0

10
1

10
2

10
3

0.00

0.25

0.50

0.75

1.00

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0

1

2

0

1

2

  Measured

  Fit of data

  95% PI

 

N
o

rm
a

li
z
e

d
 O

rg
a

n
ic

 A
e

ro
s

o
l

E
m

is
s

io
n

 F
a
c

to
r

C
OA

 (!g m
-3
)

10,000               1,000                   100                    10

Dilution Ratio

(a) Ambient

Conditions

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a
li

z
e
d

 E
m

is
s
io

n
 F

a
c
to

r

 Fit of Data (" bars = 1)

 Inferred (" bars = 1.5)

 SVOC  IVOC

(b) Volatility Distribution

E
m

is
s
io

n
 F

a
c
to

r 
(g

 k
g

-f
u

e
l-1

)

 

C* (!g m
-3
)

O
rg

a
n

ic
 A

e
ro

s
o

l

E
m

is
s

io
n

 F
a
c

to
r 

(g
 k

g
-f

u
e

l-1
)

  

• Dilution to ambient COA causes 67-90% evaporation of primary emissions.

Robinson et al., Science [2007]
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Photooxidation of Diesel Emissions

• Oxidized diesel fraction looks a lot like OOA.
Robinson et al., Science [2007]; Sage et al., ACP [2008]

58



A 2-Dimensional VBS: Add Oxygen:Carbon
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Fundamental Oxidation Processes
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• Competition between functionalization and fragmentation (branching ratio = β).
• Given time, fragmentation will win (CO2 formation).
• Assume β ∝ O:Cn; n = 0.5.
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α-pinene SOA
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• α-pinene SOA in chambers heading toward OOA, but it is not there yet.
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α-pinene SOA Aging
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α-pinene SOA Aging
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α-pinene SOA Aging

−3
0

3
6

91

0.5

0

0

0.5

1

1.5

2

log10 C* (μg m−3)O:C

C O
M

 (μ
g 

m
−3

)

−3
0

3
6

91

0.5

0

0

5

10

15

20

log10 C* (μg m−3)O:C

C to
t (μ

g 
m
−3

)

−5 −4 −3 −2 −1 0 1 2 3 4 5 6 7 8 9
0

2

4

6

8

10

12

14

16

18

20

C* ( μg m−3)

O
rg

an
ic

 M
as

s 
C

on
c 

(μ
g 

m
−3

)

alpha−Pinene tau=2

COA = 46.1 μg m−3

64



α-pinene SOA Aging
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α-pinene SOA Aging
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α-pinene SOA Aging
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α-pinene SOA Aging
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• 1-4 Generations of aging makes OA that looks a lot like OOA2!
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Limonene + Ozone Mass Balance
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• Makes much more SOA than α-pinene because 2nd double bond is ‘aged’
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Biomass Burning SOA and Thermo Denuder
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• Dilute smoldering yellow pine POA to ambient levels
(∼ 40µgm−3, 1:10 EC:OC).

• Hit lights (black lights). NOx present, photochemistry ensues.
• Monitor with AMS and 15s TD at 50◦C

(70◦ C for 2nd and last cycles).
• Sharp OA increase, % m/z = 44 rises sharply.

TD volatility drops, 44 correlates.

that the data from the two experiments in Figure 1a collapse
onto a single curve, indicating the partitioning behavior of
the emissions from the two experiments is the same. The
derivation of COA and Xp from the experimental data is
described in the Supporting Information.

Figure 2 plots Xp as a function of COA for the entire set of
wood combustion (Figure 2a) and diesel (Figure 2b) experi-
ments. As expected from eq 1, Xp monotonically increases
toward one with increasing COA, reflecting changes in
partitioning as organic material shifts from the gas to the
particle phase at higher organic aerosol concentrations.

Figure 2 indicates that the experiment-to-experiment
variability of Xp at a given COA can be greater than the
estimated measurement uncertainty. We attribute this vari-
ability to experiment-to-experiment differences in the com-
position of the emissions. By combining data from different
experiments together we are assuming that only the emission
rate and not the volatility distribution of the emissions
changes between experiments. However, the scatter in Figure
2 suggests that this assumption is not strictly valid.

A final issue is the temperature of the diluted exhaust.
Under the conditions of these experiments, the temperature
of the diluted exhaust was constant (27 °C) at all dilution
ratios (1). Therefore, the trends shown in Figures 1 and 2 are
due to changes in concentrations of sorbent (COA) and
semivolatile material inside the dilution sampler, not the
temperature of the diluted exhaust.

Results
This section describes the results from fitting the absorptive-
partitioning model to the low-load diesel and wood smoke
data. The best-fit lines using a two-component model are
plotted in Figure 2; these lines follow the observed data as
a function of COA. The R2 values of the fits are 0.68 for the
diesel exhaust data and 0.94 for the wood smoke data. The

much higher R2 value for the wood smoke fit is due to the
wood smoke dataset containing a number of measurements
at high COA with Xp values close to 1. Removing these points
from the dataset reduces the R2 value of the wood smoke fit
to 0.74, but does not change the abundances and saturation
concentrations of the lumped compounds.

We also examined fitting the data with one- and three-
component models. A one-component model cannot re-
produce the curvature of the data shown in Figure 2 and,
therefore, yields much lower R2 values. Within the range of
the experimental data, a three-component model yields
essentially the same best-fit line and R2 value as the two-
component model. As one extrapolates beyond the data to
lower COA values, the predictions of the three- and two-
component model diverge, but in this region neither fit is
based on experimental data so there is no basis for using the
more complicated model. Therefore, a two-component
model adequately describes the experimental data and the
R2 values of the fits are limited by the scatter in the data.

Figure 3 shows that the model reproduces the changes in
fuel-based organic aerosol mass emissions with dilution
measured during individual diesel and wood smoke experi-
ments. The calculations are based on the measured emission
rate of total semivolatile organics from the specific experiment
and the global fits listed in Table 1. Additional details on
these calculations are provided in the Supporting Informa-
tion. The good agreement is not unexpected given that the
data shown in Figure 3 are part of the larger dataset used to
determine the lumped compounds. Figure 3 only presents

FIGURE 2. Particle fraction (Xp) versus total organic aerosol mass
concentration (COA) for (a) wood smoke and (b) low-load diesel
exhaust experiments. The solid lines are the best fit of the two-
component absorptive partitioning model; the dashed lines are the
95% prediction intervals (PI). The parameters for the best-fit line
are listed in Table 1. Error bars are shown for selected data points
to illustrate typical measurement uncertainty; uncertainty of other
points is similar in magnitude. Uncertainty of wood smoke data at
high values of COA is of order of the size of the symbols.

FIGURE 3. Measured and calculated fuel-based organic aerosol
emission factor as a function of dilution ratio for individual (a)
wood combustion and (b) low-load diesel experiments. Vertical
bars indicate experimental uncertainty.

TABLE 1. Effective Saturation Concentrations (C*) and
Compound Mass Fractions (fi) of Lumped Compounds
Determined from Fits of Experimental Data

source C* (µg m-3) mass fractions (fi)

diesel exhaust 1724 0.58
8 0.42

wood smoke 1646 0.49
20 0.51

VOL. 40, NO. 8, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 2673

10010 1000
COA (µg m-3)

104 1051

• Bottom line: BBPOA evaporation and oxidation makes lots of BBSOA.
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Diesel SOA
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A.M. Sage et al.: AMS analysis of oxidized diesel emissions 5

Fig. 1. Results of the organic mass apportionment from the residual analysis method for three experiments: (a) low (6.5 µg m−3), (b)
medium (10.2 µg m−3) and (c) high (68 µg m−3) initial aerosol mass concentrations. Masses are reported from SMPS data assuming
spherical particles with a density 1.0 g cm−3. Results from an inverse wall-loss model are also shown. Dotted lines assume wall loss rates to
be independent of particle size while dashed lines explicitly incorporate a size-dependence.3

Fig. 2. Results of reisdual anlaysis. (a) Apportionment of organic signal among primary (grey) and residual (green). The MS of the grey
portion is constant and is shown in Fig. 4; the evolving MS of the green portion is shown to the right. The colored lines indicate the times
for which residual spectra are shown. (b) Percent of the residual MS mass appearing at m/z = 44 as a function of time. The colored circles
indicate the times for which residual spectra are shown. (c) Changes in the residual MS with time starting at 0.15 hours after the initiation of
oxidation (bottom, red) and shown every hour until 5.25 hours (purple, top). The dashed line marks m/z = 44.

3.2 Evolution of MSresidual

The time-dependent evolution of the MSresidual is demon-
strated by the results of a typical experiment shown in Fig.

2. In Fig. 2a, the organic mass measured by the Q-AMS
is apportioned between primary and residual components as
discussed above. The MS of the grey portion is MSPOA. The

www.atmos-chem-phys.org/acp/0000/0001/ Atmos. Chem. Phys., 0000, 0001–13, 2007

OOA2

• Diesel aging DOES look like OOA!
• O:C increases progressively with modest (2x) increase in COA.
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Diesel SOA Aging
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Diesel SOA Aging
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Diesel SOA Aging
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Diesel SOA Aging
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• 10? generations of aging makes OA that looks a lot like OOA2!
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Toluene SOA Aging

−3
0

3
6

91

0.5

0

0

1

2

3

log10 C* (μg m−3)O:C

C O
M

 (μ
g 

m
−3

)

−3
0

3
6

91

0.5

0

0

10

20

30

log10 C* (μg m−3)O:C

C to
t (μ

g 
m
−3

)

−5 −4 −3 −2 −1 0 1 2 3 4 5 6 7 8 9
0

5

10

15

20

25

30

C* ( μg m−3)

O
rg

an
ic

 M
as

s 
C

on
c 

(μ
g 

m
−3

)

toluene + OH tau=2

COA = 6.7 μg m−3

76



Toluene SOA Aging
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Toluene SOA Aging
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Figure 11. Composition of organic mass during experiment 4. The fraction %44 to %43 
(44/43, triangles) as well as the calculated O/C ratio (circles) remains constant throughout 
a long photo-oxidation experiment, suggesting that the chemical composition of the 
aerosol does not change much over the course of the experiment. The data become 
noisier as the total organic aerosol concentration decreases towards the end of the 
experiment. 
 

• Continuous aging of long-lived toluene holds O:C roughly constant.
• Large changes in COA because of multi-generational products.
• Once again a lot like OOA2!
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Toluene SOA
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• 3x increase in UV intensity increases SOA formation.
• General levels consistent with aging model.
• Once again a lot like OOA2!
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OOA1 Denuder Model
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OOA1 Denuder Model
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OOA1 Denuder Model

10−6 10−4 10−2 100 102 104 1060

0.2

0.4

0.6

0.8

1

C* (µg m−3)

!"
 (N

or
m

al
ize

d 
Ae

ro
so

l M
as

s 
Fr

ac
tio

n)
OOA1 at 400 K

82



OOA1 Denuder Model

10−6 10−4 10−2 100 102 104 1060

0.2

0.4

0.6

0.8

1

C* (µg m−3)

!"
 (N

or
m

al
ize

d 
Ae

ro
so

l M
as

s 
Fr

ac
tio

n)
OOA1 at 450 K

83
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OOA Production Mechanisms

-2 -1 0 1 2 3 4 5 6

0:1

.2:1

.6:1

.8:1

1:1

.4:1

-3-4-5 7 8 9 10

.5:1

LVOC SVOC IVOCNVOC VOC

log10 C* (µg m-3)

O
:C

• There are many routes to OOA; all probably matter.
• Aging dominates OA levels in the global atmosphere.
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