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•16 chamber and 100+ flow reactor experiments 
to understand OA = F (fuel, burn conditions, 
oxidant exposure, experimental artifacts)

•Can models/parameterizations based on 

laboratory data in 0D/3D models help explain 
ground & aircraft field BBOA data (e.g., BBOP)?

Evolution of BBOA 
Jathar (CSU), Onasch+Herndon+… (ARI), 

Cappa (UCD), Kroll (MIT)
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Figure 11. Volatility of NMOGs during Fire 2 (ponderosa pine). For
simplicity, ammonia is excluded from this figure because of its very
high concentration (600 ppb) and volatility (C0 = 7 ⇥ 109 µgm�3).

in the atmosphere. NMOGs have been previously shown to
be an important sink for the OH radical, despite comprising
less than 1 % by mass of the total measured gas-phase emis-
sions (Gilman et al., 2015). We compiled the rate constants
with qOH of the identified species. Where an experimen-
tally determined rate constant was not available, the rate con-
stant of a structurally similar species was used (rate constants
and citations in Table S5). On average, furans, aromatics,
terpenes, and non-aromatic oxygenates contribute a roughly
equal amount to total OH reactivity (Fig. 10a). It has been
shown that the average reactivity of NMOG emissions can
vary greatly among fuel types (Gilman et al., 2015); here, we
show that the average reactivity and the types of compounds
that contribute most to reactivity also vary greatly over the
course of a fire (Fig. 10b). The spike in average reactivity at
the beginning of the fire is due to the distillation of terpenes.

The volatility distribution of emitted species also changes
over the course of these lab fires. We determined the satura-
tion vapor concentration (C0, in µgm�3 at 25 �C) for each of
the identified and unidentified species. The values were taken
from databases (CRC Handbook, NIST Chemistry Web-
Book, Yaws, 2015) or estimated based on elemental compo-
sition via the parameterization described by Li et al. (2016).
Species emitted from lower-temperature processes during the
fire have a higher fraction of compounds with low volatil-
ity compared to the high-temperature processes (later and
earlier in the fire shown in Fig. 11). Further discussion of
chemical differences and low- and high-temperature pro-
cesses will be presented in a separate paper (Sekimoto et al.,
2018). The PTR-ToF instrument measures mostly species
whose volatility is classified as volatile organic compounds
(VOC, C0 > 3 ⇥ 106 µgm�3), and a few intermediate volatil-
ity compounds (IVOC, 300 < C0 < 3 ⇥ 106 µgm�3) and
semivolatile compounds (SVOC, 0.3 < C0 < 300 µgm�3) are

detected. Many more IVOC species have been measured by
2-D-GC (Hatch et al., 2017). It is expected that many species
of C0 < 104 µgm�3 were not transmitted through the transfer
inlet and instrument tubing quickly enough to be quantifiable
by the PTR-MS (Pagonis et al., 2017).

4 Conclusions

Gas-phase emissions of NMOGs and some inorganic com-
pounds were measured with a high-resolution PTR-ToF in-
strument during the FIREX 2016 laboratory intensive. Using
a combination of techniques, including GC pre-separation,
NO+ CIMS, and time series correlation, we have identi-
fied many more compounds with greater certainty than has
been reported in previous PTR-MS studies of biomass burn-
ing emissions. We have identified the NMOG contributors to
⇠ 90 % of the PTR-ToF signal, accounting for ⇠ 90 % of the
NMOG mass detected by the instrument, and determined the
emission factors of these compounds. The NMOG ions not
identified are in general larger, more oxygenated, and less
volatile than the identified species. This should be consid-
ered if using PTR-ToF to study SOA precursors. Uniden-
tified compounds may also be preferentially lost in inlets.
The PTR-ToF measurement generally agrees well with other
instrumentation for many species. However, small, multiply
oxygenated species such as glyoxal and methylglyoxal may
have significant interferences. We determined the reaction
rate constant of each identified NMOG with the OH radi-
cal. Furans, aromatics, and terpenes are the most important
reactive species measured by PTR-ToF instrument. We show
that the reactivity of the emissions, volatility of the emis-
sions, and the compounds that contribute to the reactivity
can change considerably as different combustion processes
occur.

This work provides a guide to interpreting PTR-ToF mea-
surements of biomass burning that is strongly supported by
the literature and complementary analytical techniques. This
will serve as a foundation for future use of FIREX 2016 PTR-
ToF data and interpretation of PTR-ToF field measurements.
Finally, this work provides the best available emission fac-
tors and emission ratios to CO for many wildfire-generated
NMOGs.

Data availability. Data are available from the CSD NOAA archive
at https://esrl.noaa.gov/csd/groups/csd7/measurements/2016firex/
FireLab/DataDownload/ (NOAA, 2018).

The Supplement related to this article is available online

at https://doi.org/10.5194/acp-18-3299-2018-supplement.
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3.3.1 Volatility

The C⇤ of all measured NMOGs was estimated using the
parameterization of Li et al. (2016) described in Sect. 3.1.
The compounds are displayed in molecular corridors in
Fig. 1c and highlight that a large number of HC and oxy-
genated IVOCs were detected (IVOCs defined as logC⇤ =
3–6 µg m�3; Donahue et al., 2009). Approximately 65 unique
molecular formulas (range 61–68 across fuels) were mea-
sured in the IVOC range. Except for organonitrates, which
are likely misclassified as IVOCs using this approach, all
IVOCs determined in FLAME-4 were measured solely by
PTR-TOFMS and GC⇥GC-TOFMS. In all cases, the PTR-
TOFMS measured a higher fraction of IVOCs than GC⇥GC-
TOFMS (Table 1), likely due in part to the use of a heated
sample inlet with the PTR-TOFMS measurements, which
provides improved transmission of lower-volatility com-
pounds compared to the room temperature sample line and
filter used for cartridge sampling (Sect. 2.1.3 and 2.1.4).
Based on the applied C⇤ parameterization and volatility
classifications, no SVOCs were detected with the analyti-
cal methods applied in this work (Fig. 1c). It is expected
that with the high OA concentrations, ⇠ 1000–6000 µg m�3

(based on OC–EC (elemental carbon) analysis of FLAME-
4 filter samples; protocol described by Jayarathne et al.,
2014), much of the SVOC was likely present in the con-
densed phase. Additionally, SVOCs may have been lost to
surfaces present in the combustion chamber (e.g., as has been
modeled by Bian et al. (2015) for smog chambers). As seen
in Fig. 1a, there are a few publications for which SVOCs
in gaseous BB emissions (e.g., MW > ⇠ 250 for HCs) have
been reported (Garcia-Hurtado et al., 2014; Hays et al., 2002;
Schauer et al., 2001). However, more work is needed to bet-
ter identify and quantify the semi-volatile components of BB
smoke.

To further probe the fraction of the NMOG EF attributable
to IVOCs, all NMOGs were binned by estimated C⇤. The re-
sulting EF distribution as a function of volatility is included
in Fig. 6 for pine smoke; analogous figures for the other fuels
are included in the Supplement (Figs. S6–S8). The volatility
of compounds measured across all four instruments during
FLAME-4 spans 9 orders of magnitude; seven of these bins
contain significant mass. In the pine smoke sample, IVOCs
accounted for ⇠ 11 % of the total NMOG EF (6–8 % for the
other fuels; Table 1), the majority of which falls at the high
end of the IVOC volatility range (i.e., logC⇤ ⇠ 5–6; Figs. 6,
S6–S8). As with the SVOCs, the lowest-volatility IVOCs
(logC⇤ = 3–4 µg m�3) likely exist to some extent in the par-
ticle phase given the high OA mass concentrations; calcu-
lated EFs for those compounds therefore would be higher
under lower OA mass loadings. For comparison, the com-
pounds typically measured in BB smoke (based on Table 1
of Akagi et al., 2011) and those included in the EPA SPE-
CIATE emission inventory (EPA, 2008) are also included.
Because the EFs (or compound weighting) of these two com-

Figure 6. Emission factors of NMOG determined in pine smoke,
as a function of volatility (see text). Red (+) and blue (1) markers
indicate the contribution from typically measured compounds based
on Akagi et al. (2011) and the EPA SPECIATE emission inventory
(EPA, 2008), respectively. The number of compounds included in
each bin is indicated above the bars.

pilations are based on an ecosystem average (e.g., temperate
forest) whereas the FLAME-4 data are based on a single burn
of a single fuel, comparison of EF values among these stud-
ies is not very meaningful. Rather, we emphasize the por-
tion of FLAME-4 emissions that would have been observed
if only the routine compounds had been measured; thus for
each compound included in Akagi et al. (2011) or the SPECI-
ATE inventory we have applied the corresponding EF from
the combined FLAME-4 data set (Table S1).

The volatility of the compounds in both Akagi et al. (2011)
and SPECIATE spans 8 orders of magnitude; however com-
pounds in only five bins contribute significantly to the over-
all EF in both cases (Fig. 6). The compounds included in the
SPECIATE database and Akagi et al. (2011) account for 63
and 66 %, respectively, of the total NMOG EF detected here,
leaving more than 30 % of the NMOG EF unaccounted for in
pine smoke (Fig. 6). Akagi et al. (2011) was based primarily
on field measurements deemed representative for major BB
types. They estimated that about 50 % of the NMOG mass
was unknown based on PTR-MS spectra of lab-generated
smoke available at the time and provided estimates of unmea-
sured/unidentified NMOG; however they were not speciated.
This work now identifies and quantifies a large fraction of the
unknown mass highlighted in that compilation. The fraction
of each bin accounted for by the routinely measured com-
pounds or SPECIATE inventory decreases with decreasing
volatility (Fig. 6). Thus if the weighting values from SPE-
CIATE are used, the total EF would be mapped to a group
of compounds with a significantly higher mean volatility. In
particular, IVOCs were almost entirely absent (Fig. 6) based
on the applied volatility parameterization; less than ⇠ 1 %
of the IVOC EF measured in this work for pine smoke was
accounted for by the compounds included in the Akagi et
al. (2011) compilation (based primarily on field studies) and
the SPECIATE inventory. This is likely a conservative esti-

Atmos. Chem. Phys., 17, 1471–1489, 2017 www.atmos-chem-phys.net/17/1471/2017/
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Figure 2. As in Fig. 1, for a ponderosa pine fire.

the FLAME-4 IP burns (Stockwell et al., 2014) averaged
⇠ 9-fold lower to ⇠ 3-fold higher than those by Christian
et al. (2003). The differences in measured EFs likely arose
from the different peat samples: the FLAME-4 peat sam-
ple was obtained from a previously burned/logged peat for-
est in Kalimantan, whereas the peat burned by Christian et
al. (2003) came from Sumatra. Given the wide variability in
reported EFs, additional measurements of IP fire emissions
should be undertaken to help constrain their EFs. Christian et
al. (2003) have also reported emissions from Indonesian RS.
The MCE during their burn (0.811) was much lower than that
of the Chinese RS fire measured in this study (0.942); thus,
the compounds emitted from smoldering combustion were
significantly higher in the Christian et al. (2003) study. The
different combustion conditions were largely due to the fuel

orientations. In the study by Christian et al. (2003), RS was
burned in a dense pile, as often occurs in non-mechanized
agriculture. The FLAME-4 RS sample was burned as unpiled
field residue, for which a similar MCE of ⇠ 0.93 has been
measured for RS under ambient burn conditions (Oanh et al.,
2011). The relative importance of these two orientations is
not well known (Akagi et al., 2011).
For the WG and CG fires, there are no available emission

measurements for compounds that can be compared with our
data.

3.3 NMOC observations

Including NMOC emissions from all six burns, a total of
674 compounds were positively or tentatively identified in
the gas-phase cartridge samples (Table A1) and a further

www.atmos-chem-phys.net/15/1865/2015/ Atmos. Chem. Phys., 15, 1865–1899, 2015

•Emissions of aromatics and 
biogenic VOCs do not explain 
OA enhancements

•What are the emissions, 

volatility, composition, 
reactivity, and SOA potential of 
S/IVOCs from BB?

Koss et al. (2018)

Hatch et al. (2017)

Hatch et al. (2015)
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•Volatility-based organic aerosol model that includes: 
SOA from S/I/VOCs, multigenerational aging, 
oligomerization, particle phase state, chamber wall losses

•OA processes constrained based on following data:


anthropogenic VOCs (Seinfeld/Caltech)

biogenic VOCs (Shilling-Thornton/UW)

OFR laboratory data (Lambe/ARI)

OFR field data (Jimenez/CU)

combustion sources (Allen Robinson/CMU)


•However, can we constrain:

1. Both growth and evaporation of SOA?

2. Gas vs. particle chemistry to form low-volatility SOA?

3. Processes that explain growth of nucleation mode?

4. Oligomer formation and dissociation rates?


Or, do we need more data?

++
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Figure 1. Schematic of the gas-particle mass-transfer process, with
both diffusion and reaction occurring inside the particle phase.

actual particle-phase reactions that are important for SOA
formation. In Sect. 4, we apply the model to evaluate the
timescale of SOA partitioning and the associated evolution
of the number and composition size distributions for a range
of solute volatilities, bulk diffusivities, and particle-phase re-
action rates. We close with a summary of our findings and
their implications.

2 Dynamics of diffusion and reaction within a particle

Consider an organic solute i that diffuses from the gas phase
to a single spherical organic aerosol particle and reacts irre-
versibly with a pseudo-first-order rate constant kc (s�1) as
it diffuses inside the particle. This process is illustrated in
Fig. 1 using three species (P1, P2, and P3) for simplicity.
The organic solute P1 diffuses and reacts to form a non-
volatile species P2 inside an organic particle (of radius Rp)
that is initially composed of a nonvolatile organic species P3.
The solute’s gas-phase concentrations far away from the par-
ticle (i.e., in the bulk gas-phase) and just above the parti-
cle surface are Cg and C

s
g (mol cm�3(air)), respectively. The

solute’s particle-phase concentration just inside the particle
surface and at any location in the bulk of the particle are de-
noted as As and A (mol cm�3(particle)), respectively. The
gas- and particle-phase diffusivities of the solute are Dg and
Db (cm2 s�1), respectively.
In this section we shall focus on the dynamics of diffu-

sion and reaction inside the particle. In order to derive the
timescales relevant to this problem, the particle, initially free
of the organic solute (i.e., at time t = 0), is assumed to be
exposed to a constant concentration just inside the particle
surface, Asi , at all times t > 0 (this assumption will be re-
laxed in Sect. 3 where we will relate the temporally chang-
ing gas-phase concentration of the solute to its particle-phase

concentration). Assuming that the diffusive flux of the solute
into the particle follows Fick’s law, the transient partial dif-
ferential equation describing the particle-phase concentration
Ai(r, t) as a function of radius r and time t can be written as
@Ai(r, t)

@t
= Db,i

1
r2

@

@r

✓
r2

@Ai(r, t)

@r

◆
� kc,iAi(r, t). (1)

The particle is assumed to be spherically symmetrical with
respect to the concentration profiles of the organic solute in
the particle at any given time, so the concentration gradient
at the center of the particle (i.e., r = 0) is always zero. These
assumptions give rise to the following initial and boundary
conditions:

I.C. : Ai(r,0) = 0, (2a)

B.C.1 : Ai(Rp, t) = Asi , (2b)

B.C.2 : @Ai(0, t)
@r

= 0. (2c)

Equation (1), with conditions (Eq. 2), can be analytically
solved by first solving the pure diffusion problem in the ab-
sence of reaction (Carslaw and Jaeger, 1959; Crank, 1975)
and then extending the solution to the case of first-order
chemical reaction using the method of Danckwerts (1951)
to yield the solution

Ai(r,t)
Asi

= Rp
r

sinh(qi r/Rp)
sinh(qi )

+
2Rp
⇡r

1P
n=1

(�1)nnsin(n⇡r/Rp)

(qi/⇡)2+n2
exp

⇢
�

✓
kc,i + n2⇡2Db,i

R2p

◆
t

�
, (3)

where qi is a dimensionless diffusion–reaction parameter de-
fined as the ratio of the particle radius Rp to the so-called
reacto-diffusive length

p
Db,i/kc,i (Pöschl et al., 2007):

qi = Rp

s
kc,i
Db,i

. (4)

It should be noted that this solution assumes that Rp remains
constant with time, so diffusion of additional material into
the particle is relatively small (this assumption will also be
relaxed in Sect. 3). It is also worth noting here that in glassy
particles, the diffusion fronts of plasticzing agents (such as
water) may move linearly inward, leading to a linear depen-
dence on Rp instead of R2p in Fickian diffusion (Zobrist et al.,
2011).
Now, the timescale for Fickian diffusion of the dissolved

solute i in the particle, ⌧da, and the timescale for chemical
reaction, ⌧c, (Seinfeld and Pandis, 2006) are defined as

⌧da,i =
R2p

⇡2Db,i
, (5)

⌧c,i = 1
kc,i

. (6)
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