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Formation of secondary organic aerosol
fromwildfire emissions enhanced by
long-time ageing
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Wildfire smoke, consisting primarily of organic aerosols, has profound impacts
onair quality, climate and human health. Wildfire organic aerosol evolves

over long-time photochemical oxidation due to the formation and ageing of
secondary organic aerosol, which substantially changes its magnitude and
properties. However, there are large uncertainties in the long-time ageing

of wildfire organic aerosol because of the distinct ageing behaviours of the
complex organic emissions. Here we developed an oxidation model that
simulates the ageing of wildfire organic emissionsin the full volatility range
onaprecursor level and integrated insights from single-species ageing and
wildfire emissions ageing experiments and field plume observations to
constrain the long-time ageing of wildfire organic aerosol. The model captured
the enhancement of organic aerosol mass (2-8 times) and oxygen-to-carbon
ratio (1-4 times) in the wildfire ageing experiments. It also reconciled a
long-standing discrepancy between field and laboratory observations of the
magnitude of secondary organic aerosol formation. The model indicated large
emissions-driven variations in precursor contributions to secondary organic
aerosol, which further evolve with long-time ageing. The estimated global
wildfire secondary organic aerosol production (139 + 34 Tg per year) was much
higher than previous studies omitting or under-constraining long-time ageing.

Wildfires burnthrough 3.5% of the Earth’sice-free land surfaceeachyear  human respiratory and cardiovascular systems®. It also interacts with
onaverage', emitting large amounts of primary aerosols and precursors  solar radiation and affects cloud formation, resulting in a radiative forc-
that can be oxidized to form secondary aerosols, resultinginimportant  ingof up to—-0.5 W m™, offsetting 25% of the forcing by CO, (~2 W m™2)
environmental consequences?. For example, wildfire smoke causes  (ref.4). Theinfluence of wildfires is expected to increase in the future
about 340,000 premature deaths each year globally through affecting ~ with awarming climate’.
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Fig.1|Modelling the FIREX mini-chamber experiments”. Model-
measurement comparisons are shown for changes in OA mass concentrations
(withrespect to the initial values) and O:C, respectively. a,c, The comparison
atdifferent photochemical ages. b,d, The comparison at the end of the
experiments. The box plots ina and ¢ show distributions of each group of data
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points, including 20 experiments, at the 5% (lower whisker), 25% (box lower
bound), 50% (box centre line), 75% (box upper bound) and 95% (upper whisker)
percentiles. The photochemical age is the integrated OH exposure divided by a
typical atmospheric OH level (1.5 x 10° molecules cm).

Wildfire smoke is dominated by organic aerosol (OA) (70-80%
by mass)®~? with atmospheric lifetimes of over one week’. During this
time, the emitted gas-phase organic compounds and those evaporated
from primary OA (POA) can be photochemically aged to form second-
ary OA (SOA), with up to 90% of the SOA originating from the ageing of
intermediate and semi-volatile organic compounds (I/SVOC; saturation
vapour concentration C between10*and 10° pg m~) (ref.10). Because
the magnitude and properties (for example, light absorptivity and
hygroscopicity) of SOA substantially evolve with ageing" ", long-time
ageing largely determines the air quality and climate impacts of wild-
fires, as opposed to the first few hours of ageing, which have been the
focus of most previous studies®. Despite the importance of long-time
ageing of wildfire OA, it still has many uncertainties, as demonstrated
by an unresolved laboratory-field gap in the net increase of wildfire
OA with ageing (minimal in field and higher in laboratory studies)"?;
and by wide-ranging estimates of global wildfire SOA production®.

Earlier studies (for example, refs. 21,22) mostly did not account
for the long-time ageing of wildfire OA. Some later studies (for exam-
ple, refs. 4,23) accounted for this process but simplistically modelled
chemically complex I/SVOCs as a single type of species and did not
constrain the ageing behaviours against experiments. For example,
Hodzic etal.” simulated the ageing of I/SVOCs using alkanes as a proxy,
which typically have lower SOA-forming potentials than wildfire /SVOC
compositions (for example, phenols). Shrivastava etal. modelled the
ageing of allI/SVOCs with asingle set of empirical parameters that were
not informed by experiments. These studies gave a wide uncertain
range of estimated global wildfire SOA production (15-250 Tg per year).
In reality, I/SVOCs are composed of hundreds of species that vary
substantially with fuel types and burning conditions*, and different
species have distinct ageing behaviours with SOA formation potentials
spanning over an order of magnitude'*”, Thus, thereis a need to accu-
rately predict the evolution of wildfire OA by constraining the long-time
ageing of SOA precursors on the level of individual species or at least
species types. A couple of studies®*? investigated the wildfire SOA

formation from different types of species but were limited to short
ageing times.

Here we developed an oxidation model, namely precursor-resolved
2D-VBS-MOSAIC (Two-dimensional Volatility Basis Set and Model for
Simulating Aerosol Interaction and Chemistry), to separately simulate
the ageing of different precursorsincluding1/SVOCs. Long-time evolu-
tion of wildfire SOA was investigated with the model with integrated
insights fromlong-time single-precursor and wildfire emissions ageing
experiments and field observations of wildfire plumes. The model con-
sistently captured wildfire SOA formation in long-time ageing experi-
ments and real plumes and reconciled the long-standing discrepancyin
SOA formation between laboratory and field studies by elucidating the
importantroles of plume dilution, emissions variability and how close
flights can sample fire emissions. The model revealed that there are
substantial changes in precursor contributions to SOA with long-time
ageing and estimated that the global wildfire SOA production was
much higher than previous estimates under-constraining ageing over
atmospherically relevant timescales.

Capturing long-time laboratory ageing of
wildfire OA

We updated the 2D-VBS model to simulate the multi-generational age-
ingof individual SOA precursors, including I/SVOCs, by constraining
their first-generation oxidation through explicit chemical mecha-
nisms informed by GECKO-A (the Generator for Explicit Chemistry
and Kinetics of Organics in the Atmosphere)? and later-generation
oxidation through optimized ageing parameterizations specific to
each precursor chemical class. These precursor classes included
oxygenated aromatics (for example, phenols), heterocyclics
(forexample, furans), polycyclicaromatics, benzene-series aromatics,
alkanes, terpenes and other semi- and low-volatile organic compounds
(S/L-VOC) evaporated from POA. More details on the model and the
optimization of the ageing parameters can be found in Methods. The
model was applied to simulate a suite of 20 wildfire emissions ageing
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Fig. 2| Precursor composition and contributions to SOA. a,b, Initial precursor
composition (a) and predicted final OA mass composition (b) for the 20 FIREX
mini-chamber experiments. The average across all experiments is shown by the
standalone columns on theright.

experiments from the FIREX (Fire Influence on Regional and Global
Environments) 2016 campaign inside the ‘mini chamber’, which cov-
ered various biomass fuels (for example, pines, grasses, shrubs and
so on) and burning conditions (smouldering to flaming)". Wildfire
emissions, including gas-phase compositions and POA concentra-
tions, were characterized in these experiments before being aged
for an equivalent photochemical age of up to 200 hours (assuming
atmospheric OH = 1.5 x 10° molecules cm™) to quantify the amount
of SOA formation (corrected for chamber dilution and particle wall
loss (PWL)) and its O:C ratio. The measured emissions profiles (Sup-
plementary Table 3) were used as model input and the predicted OA
was corrected for PWL and dilution for comparison with observa-
tions. More details of the mini-chamber experiments and the model
configurations can be found in Methods.

Figure 1shows the model-measurement comparisons for the OA
mass enhancement withrespect to time zero and for O:C. Figurela,c
suggests that the model was able to follow the increasing trend of both
OA mass enhancement and O:C on average over long-time ageing with
no large bias (normalized mean bias over all photochemical ages is
-7% for OA mass enhancement and —2% for O:C). The comparison at
the end of experiments, in Fig. 1b,d, showed moderate scatter for OA
mass enhancement and O:C, but they are generally bounded withina
factor of two. The less scatter for O:C suggests the model captures well
the ageing processes, and the scatter in OA mass enhancement agree-
ment may be related to the uniform assumption of PWL rate applied
tothese experiments when correcting the raw OA measurements for
PWL, whereas experiment-specific PWL rates could vary substantially
due to particle charges and chamber turbulent level7?*%, Overall,
there is substantial SOA formation from wildfire emission ageing,
and the model can capture the long-time ageing behaviour of the
complex mixture of wildfire emissions.

Figure 2 shows the gaseous precursor compositions at the begin-
ning of the experiments and their predicted final contributions to OA
mass for the 20 FIREX mini-chamber experiments. The initial gaseous
precursors contained large fractions of heterocyclic (34.0 £ 5.9%) and
oxygenated aromatic species (23.1 £ 4.4%), with important contribu-
tions frombenzene-series aromatics (14.9 +3.7%), alkanes (19.3 + 4.1%)

and terpenes (7.8 + 6.5%). The plus—minus sign shows one standard
deviation across all experiments here and after. After ageing, only
oxygenated aromatics (32.7 +12.2%) and heterocyclics (26.3 + 8.4%)
contributed greatly to SOA due to the distinct ageing rates and
SOA-forming potentials of different SOA precursors (Supplementary
Figs.1and 2)'*'%"°% which suggests that assuming wildfire I/SVOCs
to be alkanes, as in previous studies®, will lead to low biases in SOA
production. Moreover, evaporated POA (S/L-VOCs) also contributed
greatly to SOA (30.2 +10.7%) due to ageingin the gas phase. Unreacted
POA, however, accounted for only asmall fraction of total OAby the end
ofthe experiments, consistent with previous laboratory experiments
that estimated POA using levoglucosan as atracer™. Inaddition, across
individual experiments, there were large variations in precursor contri-
butions, with heterocyclics, for example, accounting for between 10%
and 50% of SOA. The difference can be attributed to the differentinitial
precursor compositions, which were driven by various fuel types and
burning conditions (Supplementary Table 2). Overall, precursor-level
resolutionisnecessary toreflect the dynamics of wildfire SOA composi-
tionand associated properties.

Reconciling laboratory and field wildfire OA
formation

Understanding the atmospheric evolution of wildfire OA based on
laboratory studies requires consistent oxidation chemistry between
the two conditions. However, current laboratory and field observa-
tions show systematic differences in SOA formation, as measured by
AOA/ACO (the CO-normalized excess mixing ratio of OA, where excess
mixing ratio means the difference betweenin-plume and background
mixing ratios): field studies report AOA/ACO enhancement of around
1on average, but laboratory studies report 1.26', which could be even
higher by up to two timesif accounting for wall loss effects**. Some stud-
iesinvestigated dilution-driven POA evaporationin field to explain this
gap®®, but there remain other untested main hypotheses, including
emissions variabilities and missed initial SOA formation and precursor
depletion due to distance between fire origin and first flight transects
of plumes. To note, initial OA reference distanced from the fire origin
causes lower apparent SOA formation. Here we systematically assess
these main hypotheses’ and try to close the field-laboratory gap.

We simulated airborne observations of wildfire plumes sum-
marized by Hodshire et al.!, where specific OH levels and dilution
rates were applied to each plume. Because there lacked comprehen-
sive emissions profiles for the real plumes, we simulated each plume
with the 20 FIREX emissions profiles to capture potential variability
in precursor composition. In Fig. 3a, we compare observed AOA/
ACO enhancement ratios at the farthest flight transect with model
predictions under different scenarios, including dilution only, age-
ing only and stepwise inclusion of adjusted initial reference point
(thatis, t; pnys reported in Supplementary Table 4), dilution and emis-
sions variability on top of the ageing-only scenario. Average AOA/
ACO value across the 20 repetitions is shown (Methods). For most
of the plumes, the ageing-only and dilution-only scenarios bounded
the observations, and the combination of right initial timing and
dilution substantially reduced the gap with observations for most
campaigns. The influences of these two corrections varied between
campaigns, with some showing dominant influence frominitial timing
(forexample, Garofalo et al.** and Liu et al.**) and some from dilution
(for example, Akagi et al.>®), or roughly equal from both (for example,
Yokelson et al."). Finally, the variability due to emissions profiles
seemed to vary across campaigns, and in some cases, itsinfluence was
aslarge asthose of dilution and timing of initial measurement, whereas
in others, its influence was smaller. Overall, the model was able to
reconcile laboratory-based predictions (that s, the ‘ageing-only’ case)
with field observations of wildfire SOA formation, as shownin Fig. 3b.
It showed that plume dilution, offset in initial flight measurements
and emissions variability can all contribute to the laboratory-field
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Thereferences include the following: refs.11,34-36,39,46-49.

gap, with varying importance depending on specific plumes, unlike
previous studies stressing dilution only*.

Atmospheric wildfire SOA evolution and global
production

We estimated the average wildfire SOA evolution in the atmos-
phere over 200 equivalent hours of ageing (assuming atmospheric

OH level of 1.5 x 10° molecules cm) by performing Monte Carlo simu-
lations that accounted for variations in emissions profiles, dilution
rates and OH levels. We assumed that the FIREX-average emissions
profile, with scaled-up one standard deviation, encompassed the
global-average profile and its variability, which was validated by com-
parison with an estimated global-average profile for shared species.
More details of the Monte Carlo simulations, the global-average
profile and the estimation of the variability in dilution rates and OH
concentrations can be found in Methods. We performed a sensitiv-
ity simulation where we applied biome-specific emissions ratios
of available SOA precursors to the FIREX-average emission profile
(Methods) and the model predictions of SOA only varied moderately
(Supplementary Fig. 3).

Figure 4a shows the average evolution of the AOA/ACO enhance-
mentratio, resolved by contributions from precursor classes (normal-
izedinbottom panel). Thelevel of enhancementincreased throughout
most ofthe ageingtime, reachingamaximum of4.4 ataround 100 hours
ofageing and stayed relatively constant after that. Simultaneously, the
O:Cratio substantially increased from 0.5to 1,implying highly hygro-
scopic aged wildfire OA”. Note that the predicted AOA/ACO at higher
ageing times, as shown in Extended Data Fig. 1, is in close agreement
withmeasurementsinside the highly aged biomass-burning OA layerin
the free troposphere above western Africa®®. As for compositions, POA
initially accounted for >95% of OA mass, but SOA quickly accounted for
40-50% of OA mass by two hours of ageing due to POA evaporationand
SOA production, including that from evaporated POA species (that is,
S/L-VOCs). At the end, SOA accounted for nearly 90% of OA mass. The
results here support that wildfire OA is dominated by SOA at longer
photochemical ages, with substantial changes in OA oxidation state
driven by photochemical ageing'.

The dominant contributors to SOA at the end were S/L-VOCs
(40.1+£10.2%), heterocyclics (27.6 + 6.7%) and oxygenated aromatics
(18.5 £ 5.5%). The contributions clearly depended on photochemical
age. The S/L-VOC contributionincreased continuously, whichis driven
by the sustained dilution of the plume, causing alarge fraction of POA
to evaporate and become oxidized. At lower ageing times (<1 day),
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a, the box plots show 500 simulated contribution fractions for each precursor
class at the 5% (lower whisker), 25% (box lower bound), 50% (box centre line), 75%
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two points represent the maximal range. The referencesinclude: refs. 4,16,23,39.
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oxygenated aromatics were more important than heterocyclics (200%
of heterocyclics), but at higher ageing times (up to 200 hours), het-
erocyclics contributed more SOA (138% of oxygenated aromatics).
Thisis explained by the lower chance of fragmentation (that is, higher
Mggag Value) for the heterocyclic class (Supplementary Table 1). The
contribution fromthe other classes remained low. The results suggest
that precursor contributions vary substantially with long-time ageing.

Figure 4b shows our estimated global production of wildfire SOA
based onaPOA source strength of23-41 Tg per year, whichis the typical
rangein previous studies*'***, and the maximal OA enhancement ratio
predicted above. The estimates are compared with those from previous
works*'** Ourmean estimate was 139 + 34 Tg per year, whichwas at the
higher end of the compiled data. Of the previous studies, Cubison et al.”
andBruns et al.” discounted long-time ageing, which explains the lower
estimates. Hodzic etal.” and Shrivastava et al.* simulated long-time age-
ingwithlumped/SVOCsby either regardingalll/SVOCs as linear alkanes
(typically low in SOA-forming potentials) or used under-constrained
ageing parameters, and this contributes to the wide-ranging wildfire
SOA production estimates (15-250 Tg per year; note the upper bound
of 250 Tg per year tested the sensitivity of no-fragmentationreactions).
Overall, the results here suggest that wildfire SOA may be much more
important (1.5-17 times) than previously estimated (discounting the
no-fragmentation case). Note that our SOA production would decrease
by 23% if POAis not allowed to evaporate and form S/L-VOCSOA, as was
the case for the some previous studies**, but this would not change our
overall higher predictions than the previous ones.

Atmosphericimplications oflong-time ageing of
wildfire OA

The newly developed precursor-resolved 2D-VBS-MOSAIC model
achieved good closure with wildfire long-time ageing experiments,
revealed large variations in precursor contributions with ageing, rec-
onciled thelaboratory-field difference in SOA formationand reduced
uncertainties in atmospheric SOA evolution. In contrast, by lumping
1/SVOCs (for example, as pentadecane) as in traditional studies, the
model showed much worse performance in capturing SOA mass and
0:C (Extended Data Fig. 2), compared with Fig. 1.

We showed that wildfire SOA evolves substantially with long-time
ageinginterms of magnitude, oxidation state and precursor contribu-
tions, with greatimplications for air quality, climate and human health.
For example, strong SOA formation makes wildfires possibly the most
important source of global SOA production. On the basis of ‘top-down’
ambient- and remote-sensing data®, our estimated wildfire SOA pro-
duction (139 + 34 Tg per year) explains at least 30% of global SOA pro-
duction. This suggests that wildfire OA may be much more abundant
in the atmosphere than estimated before*'***, Inaddition, continued
SOA production sustains elevated levels of wildfire smoke, allowing it
to be transported farther and to have more regionally spread-out air
quality and climate effects. The increase in oxidation state suggests that
wildfire OA becomes highly hygroscopic (O:C - 1), making them more
pronetoactivate as cloud condensation nuclei. The changesin precur-
sor contributions may impact the optical and toxicological properties
of wildfire OA; specifically, light-absorbing brown carbon has been
largely associated with secondary nitro products from oxygenated
aromatics*’, and the health-relevant aerosol oxidative potential has
beenassociated with aromatic productsingeneral®. Overall, our results
help better quantify the health and climate impacts of wildfires and
suggest that these impacts may be underestimated in most previous
studies. Future works on the impacts of wildfire SOA would require
integration of our modelinto athree-dimensional model after proper
simplification; this is feasible based on our previous studies**** that
performed three-dimensional simulations with the 2D-VBS framework.

Fossil fuel combustion and volatile chemical products are
also SOA sources with large amounts of I/SVOCs***, Extended Data
Fig. 3 demonstrates that SOA from these sectors vary greatly in yield

and precursor contributions; for example, the difference in SOA yield
canbeaslarge as three times between different sectors. This may sig-
nificantly change SOA source attributions based on uniformtreatment
of I/SVOCs without considering the variation in precursor contribu-
tions. Our improved ageing scheme may enable atmospheric models
to better resolve the sector and precursor contributions to ambient
SOA, which serves as the basis for mitigation policymaking.
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Methods

Precursor-resolved 2D-VBS-MOSAIC model

In this work, we coupled the 2D-VBS*°*? (Two-dimensional Volatil-
ity Basis Set) model with the MOSAIC*>* model (Model for Simulat-
ing Aerosol Interactions and Chemistry) to form the basis of our
new model development. The 2D-VBS model simulates gas-phase
multi-generational ageing driven by OH, and the MOSAIC model
focuses on gas/particle partitioning and other particle-phase kinetic
processes. The 2D-VBS model does not account for inorganic pho-
tochemistry and uses externally prescribed OH concentrations. We
made further model developments to allow for explicit consideration
of first-generation oxidation products from individual precursors
and precursor-class-specific ageing of later-generation organic com-
pounds. MOSAIC was updated to simulate kinetic heterogeneous
oxidation. These aspects of the model are discussed in detail below.

The 2D-VBS distils the complex mixture of organic com-
pounds from multi-generational photochemical ageing into two
dimensions, volatility (that is, C') and oxidation state (that is, O:C).
A two-dimensional space defined by C’ (herein covering 10 to 8 in
log,, of pg m~) and O:C (herein covering O to 2) is discretized into
evenly spaced ‘cells’ (increment of 1in log,, of C and 0.1in 0:C), also
called 2D-VBS ‘products’, so that the matrix of products represents all
possible organic compounds and each product represents a statisti-
cal average over the compounds in its vicinity. The model accounts
for functionalization and fragmentation reactions of each product,
leading to the formation of other 2D-VBS products. The reaction
probabilities and product distributions are controlled by model param-
eterizations. For fragmentation, Xz.c controls the probability through
Drrag = (0:C x 0.5)"R*S_ The fragmentation product distribution is the
same as in Chuang and Donahue®. For functionalization, the prob-
ability is the complement of fragmentation (pgync =1 - Prrag) and the
product distribution has been modified to include more adjustable
parameters; the probabilities of the speciesadding1, 2,3 or 4 oxygens
are poy, Poar Pos aNd po,, respectively, and the decrease in volatility per
oxygenadded is controlled by dLVP (logarithmic change in vapor pres-
sure) through AC =-40 x dLVP*. Lastly, the ageing rate constant of all
2D-VBS products was given by a uniform Koy aging-

Below we describe the major model developments. Our first
updateistoaccount for the first-generation oxidation products explic-
itly. In the original 2D-VBS model*°, the SOA precursors are mapped
directly tosome 2D-VBS products based onits C'and O:C, and its ageing
isdetermined by 2D-VBS parameterizations thereafter. Here we track
the precursors separately from the 2D-VBS products and simulate their
first-generation oxidation under high-NO, conditions*** to determine
arange of explicit oxidation products informed by GECKO-A*¢, Specif-
ically, GECKO-A generates explicit chemical reactions of individual pre-
cursors untilthe formation of first-generation stable products. Because
the number of first-generation products canreach hundreds for agiven
precursor if allthe chemical pathways are considered, some reductions
are applied, including neglecting chemical pathways with branching
ratio lower than 0.5%. For the oxygen-influenced fates of alkoxy radi-
cal, we calculate the branching ratios assuming air molecule concen-
tration of 2.5 x 10 molecules cm™. Each of the GECKO-A-predicted
first-generation products are then mapped into 2D-VBS products based
on their predicted C and O:C, and multi-generation ageing is taken
over by 2D-VBS thereafter. This approach places constraints on the
first-generation oxidation chemistry and thus reduces uncertainties
inmulti-generational ageing.

The second update was to separately simulate the ageing of the
2D-VBS products based on the chemical classes of their precursors.
The original model only had one ‘layer’ of 2D-VBS product matrix, but
we expanded the model to include multiple layers of product matrix,
eachwithindependent ageing parameters, so that the first-generation
products from different primary compounds will enter different layers
and age differently, based on the chemical class of their precursors.

For wildfire emissions, these classes include heterocyclics, oxygenated
aromatics, polycyclic aromatics, benzene-series aromatics, alkanes,
terpenes and S/L-VOCs, which are vapours from POA. The ageing
parameters of each class were determined separately by fitting to
single-species ageing experiments, as discussed in the next section.
Insummary, the model simulates the multi-generational ageing of all
VOCandI/S/L-VOC species by explicitly modelling the first-generation
oxidation of all precursors and modelling later-generation oxidation
with parameterizations based on the 2D-VBS framework. A text-based
representation of all 2D-VBS oxidation reactions have been included
as separate supplementary text files.

The updated model also accounts for kinetic gas/particle parti-
tioning, following the diffusive-reactive framework by Zaveri et al.”,
with the bulk diffusivity (D,) of the particles modulating the rate of
gas/particle partitioning. Heterogeneous oxidation is modelled
using the kinetic equations from Jathar et al.>®, where the rate of the
reactionis governed by the reactive uptake coefficient of the OHat the
particle surface (y,y) and the product distribution for areacted species
is determined identically to gas-phase oxidation. The current model
does not explicitly account for the formation of highly oxygenated
molecules from the primary compounds through autoxidation, and we
donotexpectthis tosubstantiallyimpact the model due to the smaller
highly oxygenated molecules yield of the wildfire emissions®. The
model does notaccount for particle-phase oligomerization reactions
due to lack of constraints on rates; the partitioning of particle-phase
compound between monomers and oligomers would not substantially
impact the modelling of total SOA mass, though O:C may be somewhat
lowered by oligomerization®.

Optimization of ageing parameters for chemical classes
Asdescribedin the previous section, there are seven chemical classes
for wildfire emissions in the model (eight if including POA), which
represent the major classes of precursorsin wildfire emissions (Supple-
mentary Table 3). The ageing parameters for each chemical class were
determined separately, by fitting to the SOA mass and O:C observed
in single-species ageing experiments of representative precursors.
The chemical classes and their representative single-species ageing
experiments are summarized in Supplementary Table 1. The surrogate
species for each class were chosen based on their abundance in wildfire
emissions (Supplementary Table 3) and availability of experiment
data. For each class, we tried to include experiments from diverse
precursors and fromboth environmental chambers and oxidation flow
reactors, whenavailable, to ensure parameter robustness and provide
constraints over long-time ageing. For the optimization algorithm, we
employed the genetic algorithm®*'. We show the fitted predictions
for oxygenated aromatics, heterocyclics, benzene-series aromatics,
alkanes and polycyclic aromatics in Supplementary Figs. 4 to 8. The
fitting for terpenes has been described in a previous work®.

Modelling SOA formation in the mini-chamber experiments

The mini-chamber experiments were performed as part of the FIREX
campaign toinvestigate the emissions and chemistry of wildfiresin the
western United States”** %, The details of the experiments have been
described in Lim et al.”, but a brief overview is given here. The mini
chamber was a PFA (perfluoroalkoxy) environmental chamber with a
small volume of 150 liters, so it could sustain higher OH levels toreach
higher photochemical ages. During each experiment, a biomass fuel
was burned, and the emissions were sampled into the mini chamber
and comprehensively characterized with a proton-transfer reaction
mass spectrometer. Ozone (O,) injection was then started and contin-
ued through the experiment to reach alevel of 10-80 ppbv. After well
mixing of the emissions, the UV lights were turned on to generate OH
fromthe photolysis of O, starting photochemical ageing. The photo-
chemicalageing of the emissions lasted between 30 and 60 min with OH
levels on an order of 108 molecules cm 2, so the experiments achieved
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between 20 and 200 hours of atmospheric ageing (assuming ambient
OH of 1.5 x 10° molecules cm™). The concentration and composition of
the OA were monitored online with a scanning mobility particle sizer
and aerosol mass spectrometer. Clean air was continuously supplied to
the chamber toreplace the air removed through instrument sampling,
thus resulting in effective dilution of the chamber air. Information on
allexperimentsis givenin Supplementary Table 2.

For simulation, we applied the organic emissions profilesbased on
proton-transfer reaction mass spectrometer measurements for each
specific experiment. The unidentified species were neglected, which
accounted for a small fraction of all measured organic species (-5%).
Supplementary Table 3 summarizes the list of precursors simulated.
Initial POA mass concentration was based on Lim et al."” and POA volatil-
ity distribution was based on May et al.®°, where an amount of S/L-VOCs
was assumed to be in equilibrium with POA. The amount of identified
S/L-VOC species were subtracted from the assumed S/L-VOC vapours
toavoid double counting. The S/L-VOCs aged with the same parameters
for oxygenated aromatics, based on measurements of biomass-burning
emissions®”*®, However, sugars and polycyclic aromatics may also be
responsible for S/L-VOCs. A sensitivity simulation with S/L-VOCs as
polycyclic aromatics (Extended Data Fig. 4) shows a moderate differ-
encein OA and O:C predictions, with reduced SOA contribution from
S/L-VOCs. This should represent an extreme scenario, because it is
unlikely that all S/L-VOCs are polycyclic aromatics. Future studies need
to fully speciate these particle-phase species.

Importantly, we modelled PWL and dilution within the chamber
and corrected the model-predicted ‘suspended’ OA mass for PWL and
dilution to facilitate equal comparison with observations. A uniform
PWL rate constant (K, .1 = 4.8 x 107 s™) was determined in from a
dark experiment where UV was turned off". Dilution was assumed
to be afirst-order loss and the rate constant was calculated for each
experiment based on measured loss of acetonitrile. The dilution rate
constantsare giveninSupplementary Table 2. For model predictions,
we let suspended OA be y,. For dilution, y, was divided by a dilution
first-order loss curve to find y,, the dilution-corrected OA mass. The
model tracks the OA mass onthe wall as y,. Therefore, the wallloss and
dilution-corrected OA mass would be y, +y;.

The OH concentrations during the experiments were estimated
based on the decay of the dilution-corrected D9-butanol level®. The
computed OH concentrations started lower at the beginning and
reached a peak later in the experiment, due to the continuous addi-
tion of O,. Some experiments showed slight decreases of OH towards
the end, which maybe anartefact caused by too low a D9-butanol level
to be accurately detected. To remove noise, we fitted a curve to the
D9-butanol-based estimates (Supplementary Fig. 9) and scaled it to
match the reported end-of-experiment OH exposures”.

The vapour-wall loss rate inside the mini chamber was esti-
mated to be k,,, ., =5.27 107 s™ or a vapour-wall equilibrium time-
scale of around 3 minutes. This was based on scaling up from the
vapour-wall loss rate of the Colorado State University chamber (10 m®,
Kyapon =13 x107s™) (ref. 29), assuming vapour-wall loss rate is propor-
tional to the surface-area-to-volumeratio of the chamber. The vapours
were assumed to reversibly partition to the chamber walls’’. Because
the vapour-wall equilibrium timescale is already much shorter than
the experiments, uncertainties in the k,,, ., value would not substan-
tially influence the modelled SOA. We assume the D, tobe 10 m?s™,
representing a liquid phase state with no limitation on partitioning.
Thisisareasonable approximation given the moderate relative humid-
ity (30-40% in chamber experiments and higher in the real atmos-
phere)”' >, Heterogeneous oxidation was modelled with y,, of 0.1,
based on measurements for oxygenated particles™. The modelled OA
was not very sensitive to higher values of y,,, (Extended Data Fig. 5).

Some uncertainties in the mini-chamber experiments may influ-
ence SOA formation, which include particle and vapour-wall loss and
heterogeneous oxidation. These may vary across experiments due to

particle charge (PWL)", chamber turbulence (vapour-wall loss)*7°
and particle-phase state (heterogeneous oxidation)”, respectively.
Because there lacked datato supportexperiment-by-experiment treat-
ment of these processes, a detailed examination would be for future
work. Other uncertainties may include aqueous phase chemistry and
photolysis of some organic compounds, which the model does not
include. These may not be very important because Limet al.” observed
negligible photolysis for some primary SOA precursors, and aqueous
chemistry should be aminor pathway for SOA given the moderate rela-
tive humidity level (30-40%). Nevertheless, these should be accounted
for and examined in future studies.

Modelling SOA formation in real plumes
Supplementary Table 4 summarizes the airborne campaigns that we
simulated. The wildfire plumes wereintercepted by the aircraft at dif-
ferent distances downwind of the fires in a semi-Lagrangian manner,
and therefore the in-plume evolution of OA approximately reflected
theinfluence of photochemical ageing and dilution on asingle parcel
of emissions. The times of first and last plume transects, counted
since emission (Supplementary Table 4), are the points at which the
OA excess mixing ratios were calculated to find the OA enhancement
ratio. In-plume OH concentrations, typically estimated based on the
decay of measured organic species, varied roughly between 5 x 10°
and 2 x 10" molecules cm™. If the OH level was not discussed*”*%, we
assumed their average OH level to be equal to the average OH level
estimated in Akherati et al.*® (1.1 x 10° molecules cm ). Noteworthily,
Akherati et al.*> suggested that the OH level in plumes may be much
lower (5-8 times) than previously estimated by including ~120 organic
speciesintheir calculation, as opposed to only afew in previous works.
Thus, we corrected the OH levels where only a few organic species
were used to estimate OH (that is, only eight in Hobbs et al.** and one
in Akagi et al.>®) by lowering by a factor of 5. SOA production would be
stronger in these two plumes if OH was uncorrected (Supplementary
Fig.10). The time-dependent dilution ratios for most of the plumes
were estimated by fitting a one-dimensional dispersion model to the
reported CO measurements, following previous studies®*’. We also
calculated afirst-order dilution rate constant (k) for allexperiments
with CO data, and this first-order loss was applied when the number
of CO data points were too few to inform the dispersion model. If CO
datawere not found**’, we assumed a k4, of 1.5 or 1.15 h™, which were
typical for the studies included here. The OH concentrations and kg,
values for each plume are also summarized in Supplementary Table 4.
We utilized CO-normalized emissions ratios from the 20 FIREX
mini-chamber experiments to simulate the SOA formation from these
plumes, because complete emissions profiles, especially for1/SVOCs,
were not available for these plumes. The emissions ratios were mul-
tiplied by an assumed CO of 10 ppmv at the source to find the initial
mixing ratios of the organic compounds, based on close-to-fire obser-
vations***%, Though, because POA and SOA precursor both scale with
the CO emissions, the AOA/ACO enhancement in plume should be
relatively free of the assumed CO value, which typically vary between
4 and 15 ppmv. Overall, for each plume and each scenario, 20 simula-
tions were performed with different FIREX-based emissions ratios,
and the AOA/ACO predictions were averaged across these simulations.
The variability in these emissions profiles was assumed to reflect the
uncertainties in AOA/ACO enhancement with respect to emissions
because the mini-chamber experiments covered diverse types of fuel
(Supplementary Table 2), with modified combustion efficiency varying
between 0.78 and 0.96, indicating smouldering to flaming.

Estimation of long-time SOA evolution and global SOA
production

We estimated long-time SOA evolution and global SOA production
through Monte Carlo simulations (500 repetitions). To do this, we
estimated the global distributions of organic emissions profiles and
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dilution rates. Most field measurements of wildfire emissions profiles
lacked characterization of the I/SVOCs. The emissions profiles from
the FIREX campaign were one of the only ones that comprehensively
measured I/SVOCs. Thus, we applied the mean of the FIREX emis-
sions profiles but needed to know how it possibly compared to the
global mean and standard deviations. We estimated the global mean
of wildfire emissions of some volatile organic compounds based on
biome-specific emissions profiles (savannah/grassland, temperate
forest, boreal forest, tropical forest and peat)*”, weighted by the
total carbon emissions” from each biome. As shown in Extended Data
Fig. 6a, the FIREX-average profile correlated well with the estimated
global-average profile, and the mean values were close. The standard
deviation of the FIREX-average profile did not fully cover the standard
deviation of the global-average profile; thus, we magnified the standard
deviation of the FIREX profile by 1.5 to roughly cover the uncertainty in
the global-average profile. We also show the emissions profiles from
differentbiomesin Extended Data Fig. 6b. There is some emission vari-
ability between different biomes, but the magnitude of the differenceis
mostly less than the level of uncertainty within each biome, which may
be caused by different burning conditions and other environmental fac-
tors?*. Thus, the impact of specific biome type on wildfire SOA forma-
tionis stilluncertain without fixing the other factors, and the use of the
FIREX-average emissions profile with enlarged standard deviation to
capture the global emissions profile should suffice current estimations.
In Supplementary Fig. 3, we show estimated AOA/ACO enhancement
ratios from each biome type by applying the emissions ratios of VOC
and I/SVOC precursors of SOA from Andreae” to the FIREX-average
emissions profile. The biome-specific enhancement ratios are only
moderately different from the average of the Monte Carlo simulations
and well withinthe uncertainty range. The dilution rate was estimated
with an eddy dispersion model***°, and it mainly varies with the size
of the fire. Here we assumed the global fire-size distribution of area
burned followed the US fire distribution from Hodshire et al.". A dilu-
tionrate profile was calculated for each fire size, assuming an eddy dif-
fusivity of 7,000 m?s(refs. 35,49) (Supplementary Fig. 11); itis shown
that large fires dilute more slowly than small fires. Each simulation
was runup to 200 equivalent hours of photochemical ageing. The OH
concentration was prescribed with that estimated in Akherati et al.”
(Supplementary Fig. 12), but to account for potential uncertainties,
we multiplied the OH level with a scaling factor sampled from 1/3 to
3 with equal probability. Note that because we show SOA evolutionin
terms of equivalent photochemical age, the absolute OH level should
not change AOA/ACO curve in Fig. 4a, albeit modifying the relative
importance of dilution.

Data availability
All data displayed in the figures are archived at https://figshare.com/
projects/wildfire2023/178356.

Code Availability
Codes for the precursor-resolved 2D-VBS-MOSAIC model can be
obtained from the corresponding author uponrequest.
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Extended Data Fig. 1| Model Comparison with Observed Highly Aged Wildfire OA in West Africa. The model-predicted AOA/ACO is the average of the 500 Monte
Carlo simulations and is compared to measurements inside highly aged biomass-burning aerosol layer in the free troposphere above western Africa®®.
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Extended Data Fig. 2| Same as Fig. 1 but with all I/SVOCs Lumped as Alkanes.
In comparison to simulating the specific I/SVOC precursors and their chemical
classes, the increase in OAis greatly under-predicted and the O:C prediction are
also affected. The box plotsin (a) and (c) show distributions of each group of
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bound), 50% (box center line), 75% (box upper bound) and 95% (upper whisker)
percentiles. The photochemical age is the integrated OH exposure divided by
atypical atmospheric OH level (1.5 x 10° molecules cm™). (b) and (d) show the
model-measurement comparison at the end of experiments.

datapoints, including 20 experiments, at the 5% (lower whisker), 25% (box lower
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each source was aged for 48 hours and gas/particle partitioning was evaluated at a background OA of 10 pg m™. The emission profiles for the VCP and mobile sources
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Extended Data Fig. 6 | FIREX and Global Emission Profiles. (a) comparison

between the averaged emission profiles from the 20 FIREX experiments and the
estimated global-average profile based on Andreaeé6 for the species that exist in

both profiles. The FIREX emission profile contains 20 data points for each species
and the emission ratios are shown in mean value +/- 1.5 times standard deviation.
The standard deviations of the FIREX profile have been multiplied by 1.5to

encompass the uncertainty range of the estimated global-average profile. For the
Andreae profile®, the emission ratios are shown in mean value +/- one standard
deviation and the number of data points varies by species; see the reference

for more details. (b) the emission profiles of the different types of biomes from
Andreae®, showing only the species that also exist in the FIREX profile.
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