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Intense formation of secondary ultrafine particles from
Amazonian vegetation fires and their invigoration of

deep clouds and precipitation
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Highlights
e Aircraft measurements in vegetation fires show abundant
ultrafine particles (UFPs)

e Previous model formulations greatly underpredict the
observed fire UFPs

e Nucleation of dimethylamines from fires with sulfuric acid
explains observed UFPs

e UFPs from fires intensify deep convective clouds and
precipitation
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In brief

Ultrafine particles (UFPs) in biomass-
burning smoke are formed by efficient
nucleation mechanisms, including
dimethylamines and sulfuric acid, and
nucleated clusters grow by the
condensation of oxidized organic vapors.
UFPs may cause a stronger storm with a
larger anvil and heavier rain, while larger
particles directly emitted by fires delay
and suppress rain.
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SCIENCE FOR SOCIETY Fine particles in wildfire smoke can lower air quality and harm human health. Smoke
can also influence weather and climate by modifying cloud formation and changing how much of the sun’s en-
ergy is reflected or absorbed by the atmosphere. Compared to larger particles directly emitted from fires, the
formation and presence of ultrafine particles (UFPs) have previously been overlooked, as it was thought that
they were quickly “scavenged” by the larger particles. However, we found that UFPs were abundant in aircraft
measurements of smoke from vegetation fires in the Amazon, and their formation and survival were favored.
Furthermore, high-resolution modeling showed that these UFPs may intensify cloud convection and heavy
rain. This research deepens our understanding of how vegetation fires impact weather and climate change.

SUMMARY

New particle formation (NPF) in fire smoke is thought to be unlikely due to large condensation and coagula-
tion sinks that scavenge molecular clusters. We analyze aircraft measurements over the Amazon and find that
fires significantly enhance NPF and ultrafine particle (UFP < 50 nm diameter) numbers compared to back-
ground conditions, contrary to previous understanding. We identify that the nucleation of dimethylamine
with sulfuric acid, which is aided by the formation of extremely low volatility organics in biomass-burning
smoke, can overcome the large condensation and coagulation sinks and explain aircraft observations. We
show that freshly formed clusters rapidly grow to UFP sizes through biomass-burning secondary organic
aerosol formation, leading to a 10-fold increase in UFP number concentrations. We find a contrasting effect
of UFPs on deep convective clouds compared to the larger particles from primary emissions for the case
investigated here. UFPs intensify the deep convective clouds and precipitation due to increased condensa-
tional heating, while larger particles delay and reduce precipitation.

c:.)m One Earth 7, 1029-1043, June 21, 2024 © 2024 Argonne National Laboratory, Battelle Memorial Institute and The Author(s). Published by Elsevier Inc. 1029
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Aerosols influence climate forcing by scattering and absorbing
radiant energy and by acting as cloud condensation nuclei
(CCN) and ice nuclei particles, thereby affecting clouds and pre-
cipitation. Aerosol interactions with radiation and clouds consti-
tute one of the largest uncertainties in climate forcing.'?
Biomass burning is a major source of directly emitted (primary)
aerosol particles globally, accounting for ~42% and 74% of
global black carbon and primary organic aerosol (POA) by
mass, respectively.® Aerosols from biomass burning have been
found to affect severe hazardous weather, heavy precipitation
and hail,” air quality, atmospheric composition, clouds and pre-
cipitation,® and human health.>” In a future warming climate,
with the expected increases in frequencies of extreme climate
events including exacerbating wildfires in the Amazon and
worldwide, biomass-burning aerosols and their effects on
weather and climate will become increasingly important.®°

New particle formation (NPF) is the major source of atmo-
spheric particle number concentrations in many regions around
the world. NPF occurs when gaseous precursor molecules
combine into stable clusters; once formed, these clusters can
grow further and function as CCN."° Laboratory measurements
have demonstrated evidence of nucleation in biomass-burning
plumes that could provide large sources of CCN in the atmo-
sphere." In addition, aircraft-based field measurements of
biomass-burning plumes in different regions have provided evi-
dence for NPF, for example, within fresh daytime wildfire plumes
in South Africa’®'® and aged biomass-burning plumes over
boreal forests and the western United States.'*'® Biomass
burning is widely used for land clearing and agricultural expan-
sion, infrastructure development, and mining over the Amazon
rainforest.”” To the best of our knowledge, nucleation in
biomass-burning plumes over tropical forests such as the
Amazon has not been reported previously, likely due to the
lack of relevant measurements of particle size distributions
(SDs) within plumes. Furthermore, the mechanisms responsible
for the nucleation and formation of ultrafine particles (UFPs,
with sizes <50 nm diameter) within wildfire plumes are not well
understood. While accumulation-mode and coarse-mode parti-
cles can be easily activated to form cloud droplets, UFPs are
conventionally thought to make a negligible contribution to
droplet nucleation due to the high supersaturations (SSs)
required for their activation. However, UFPs could be activated
in strong updrafts of deep convective clouds that can have
high water vapor SSs in the Amazon.'® Recent observations sug-
gest that particles as small as 25-30 nm in diameter (in the UFP
range) could serve as CCN and activate to cloud droplets within
marine stratus clouds over oceans with SSs > 0.5%.'? UFPs can
also grow from secondary processes or cooling and condensa-
tion of semivolatile species. Due to their large number concen-
trations, UFPs have the potential to greatly modify cloud
properties.

Long-term observations over the Amazon rainforest show that
biomass burning during the dry season from August to
November is associated with increased CCN and accumula-
tion-mode particles and high organic mass fractions (~90%).°
Owing to their emissions of numerous accumulation- and
coarse-mode particles, fire plumes have large condensation
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sinks (CSs). CSs are the first-order loss rate due to the conden-
sation of low volatility vapors on particles and are primarily gov-
erned by the preexisting particle number SD. CSs could limit new
NPF by scavenging the vapors needed for nucleation and
growth.?'2* However, fires also emit large amounts of precursor
gases such as ammonia (NH3;), amines that include dimethyl-
amines (DMAs) important for nucleation,®**° sulfur dioxide
(SO,), and organic vapors,®®?’ including low-volatility and
extremely-low-volatility organics (ELVOCs).?”*® ELVOCs can
be defined as organic gases with saturation vapor concentra-
tions C* < 3 x 107° pg m~2 and can promote nucleation and
growth of molecular clusters due to their low volatility.?>*° To
maintain high nucleation rates, the sources (emissions and
chemical production rates) of these precursors need to increase
with their CSs (proportional to the particle SDs in smoke). The
oxidation of SO, and organic vapors by oxidants such as hydrox-
yl radicals generates sulfuric acid and lower volatility organics
that undergo multiphase chemistry causing NPF and
growth.? 93132 Previously, 7 different nucleation mechanisms
were included in the Weather Research and Forecasting model
coupled with Chemistry (WRF-Chem).*®* They were shown to
successfully predict NPF within the background Amazon and
within the urban Manaus, Brazil plume over the Amazon.** How-
ever, we found in this work that these mechanisms greatly under-
predict the observed UFP SDs within vegetation fire-affected air-
masses in the Amazon, representing a key knowledge gap in our
understanding of NPF mechanisms. To address this gap, we
incorporated our best knowledge of another efficient nucleation
mechanism—the DMA + sulfuric acid (H»SO,4) mechanism,
which has previously been evaluated with urban field measure-
ments in China.*® Although the DMA + H,SO, mechanism has
not been previously reported as a key nucleation mechanism in
biomass-burning smoke, we show that it is needed to explain
UFP concentrations observed by the aircraft in vegetation fires
over the Amazon. We note that DMA emissions sources (needed
for nucleation) from biomass-burning fires are not included in
previous models, which limits their ability to predict nucleation
in biomass-burning-affected airmasses. Biomass burning is
one of the main natural sources of DMA emissions.*”

In this study, we analyze aircraft measurements of particle SDs
above the Amazon during two field campaigns over the Amazon:
the Green Ocean Amazon (GoAmazon 2014/5)°¢ and the Aerosol,
Cloud, Precipitation, and Radiation Interaction and Dynamics of
Convective Cloud Systems-Cloud Processes of the Main Precip-
itation Systems in Brazil: A Contribution to Cloud Resolving
Modeling and to the GPM (Global Precipitation Measurement)
(ACRIDICON-CHUVA),®” and show that NPF in vegetation fires
in the Amazon increases UFP number concentrations by more
than an order of magnitude compared to the background. In
contrast, previous understanding suggests that nucleated parti-
cles in biomass-burning smoke might be quickly lost by coagula-
tion to preexisting primary biomass-burning aerosols. Using
detailed regional modeling, we elucidate the key mechanisms
governing nucleation in fire-affected airmasses. To predict the ef-
fects of the DMA + H>,SO,4 nucleation mechanism within fires on
UFPs, we include the biomass-burning emissions’ source of
DMA within a detailed regional model as described in the experi-
mental procedures section DMA emissions in biomass-burning
fires. The sinks of DMA include their chemical loss by gas-phase
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Figure 1. DOE G-1 aircraft-based FIMS-
measured (black) and WRF-Chem-model-
predicted particle number SD statistics

Data are shown at altitudes <2 km during the day-
time on September 30, 2014, a representative day
for biomass burning.

(A and B) Fire-affected airmasses (A) and the back-
ground Amazon (B). For the measurements onboard
the aircraft, fire-influenced airmasses are determined
based on the biomass-burning tracer acetonitrile (m/
z 42 > 0.4 ppb) measured by PTR-MS. To select fire-
influenced airmasses in the WRF-Chem results,
predicted number SDs are averaged over the top 5th
percentile of primary BBOA concentrations (the 95th—
100th percentiles) calculated over the same latitude,
longitude, altitude, and time ranges sampled by the
aircraft to represent relatively fresh fire-affected air-
masses. The red solid lines in (A) and (B) correspond
to the default WRF-Chem simulation, which includes
all 8 nucleation mechanisms, the red dashed line
corresponds to model simulation with nucleation off,
the solid blue line represents a simulation with the
lower bound of DMA emissions from biomass
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burning, and the blue dashed line corresponds to
WRF-Chem predictions with the lower bound of DMA
emissions but includes a source of ELVOCs (upper
bound) from biomass burning (biomburn ELVOC), as
described in the text.

(C and D) Colored contours in (C, biomass-burning fires) and (D, background) represent WRF-Chem-predicted variations of particle SDs as a function of height above
ground level at 0- to 2-km altitudes averaged over the regions sampled by the G-1 aircraft. The white lines on (C) and (D) are the WRF-Chem-simulated total particle

number concentrations indicated on the top x axes.

reaction with OH radicals, and the irreversible uptake of DMA by
preexisting aerosols. Moreover, for a typical shallow-to-deep con-
vection cloud case in the dry season over the Amazon, we show
that UFPs may increase deep convective cloud intensity, cloud
fraction, and precipitation. These results provide important in-
sights into aerosol-cloud interactions from secondary ultrafine
biomass-burning aerosols.

RESULTS

Methods summary

By analyzing aircraft observations and conducting high-resolu-
tion regional WRF-Chem version 4.2 model simulations, we
investigate the statistical properties of airmasses affected by
vegetation fire smoke and how smoke changes particle SDs
compared to relatively cleaner regional background airmasses.
The fire-affected aerosols in this study represent near-plume
conditions for small vegetation fires. We conduct simulations
with two detailed modeling formulations integrating the latest
mechanistic understanding of NPF, secondary organic aerosol
(SOA) chemistry, and cloud microphysics: (1) the detailed NPF
and SOA chemistry processes represented in regional WRF-
Chem simulations at 10-km grid spacings covering a domain
of 1,500 x 1,000 km centered at the Manaus urban area in the
Amazon (Figure S1; Table S1), and (2) WRF coupled with the
spectral-bin microphysics (WRF-SBM) model®®*° for simulating
impacts of biomass-burning aerosols on clouds and precipita-
tion. Aerosol SD, vertical profile, and hygroscopicity for particles
within fire-influenced airmasses and the background Amazon
are derived from the WRF-Chem simulations and then fed to
the WRF-SBM model. We evaluate predictions of size-resolved

aerosol number concentrations with aircraft-based field mea-
surements and precipitation properties with S-band radar data.
The WRF-Chem model configuration used to model NPF,
UFPs, and SOAs in our study is described in detail in the exper-
imental procedures and the supplemental experimental
procedures.

Our “default” WRF-Chem simulation includes all 7 nucleation
mechanisms previously applied to the Amazon.>® Additionally, it
includes the DMA + H,SO,4 nucleation mechanism and detailed
treatments of NPF and growth, SOA formation, and ELVOCs
from monoterpene oxidation represented by the radical two-
dimensional volatility basis set (R2D-VBS),**** as described in
the experimental procedures section biogenic monoterpene EL-
VOCs. Biomass-burning SOA (BBSOA) formation is a key
contributor to NPF in fire-affected airmasses and is simulated
by a novel parameterization described in the experimental pro-
cedures section simulating BBSOA from VOC oxidation. Howev-
er, the default WRF-Chem simulation excludes ELVOCs that are
formed by the oxidation of organic vapors emitted in vegetation
fire smoke. To assess the effects of uncertainty in DMA emis-
sions from fires and the likely role of ELVOCs formed by the
oxidation of biomass-burning organic vapors on UFP number
concentrations, we conduct additional WRF-Chem sensitivity
simulations as described in results and Note S1. We also assess
the role of nucleation in predicting UFPs within fire smoke by
turning nucleation off in the model as another sensitivity
simulation.

Most of the results presented here focus on September 30,
2014, since measurements identified this day as the clearest
case for vegetation fire aerosols that evolve with a typical case
of clouds transitioning from shallow to deep convection, but
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Figure 2. Relative contribution of the 8 different nucleation mecha-
nisms to NPF rates predicted by WRF-Chem

Data are shown as a function of height above ground level at 0- to 2-km altitude
during the daytime over the Amazon on September 30, 2014.

(A and B) Vegetation fire-influenced airmasses (A) and the background
Amazon (B). The black dashed line on the panels represents the total NPF rate
indicated on the top x axes.

vegetation fires occurred on other days as well (e.g., September
25, 2014).

G-1 aircraft-measured and WRF-Chem-predicted
particles

Figure 1 compares aircraft-based fire-influenced and back-
ground measurements of particle SDs (ranging from 15 to
400 nm in diameter) using a fast integrated mobility spectrometer
(FIMS) instrument on a representative biomass-burning day
(September 30, 2014). Measured UFP number concentrations
are ~1-2 orders of magnitude higher within fire-affected air-
masses compared to the background (black lines in Figure 1A
vs. Figure 1B). The default WRF-Chem simulations include the
DMA + H,SO4 nucleation mechanism described earlier (solid
red line, Figure 1A) and predict the large observed enhancement
of UFP number within fires compared to the background (Fig-
ure 1B). Since CS is primarily governed by the preexisting parti-
cle number SD,?'"?° the agreement of the particle number SD
simulated by WRF-Chem with the measured particle number
SD (Figure 1A, red vs. black solid lines) implies an agreement
of the modeled CS with measurements.

Figures 1A and S2 assess the sensitivity of WRF-Chem predic-
tions to the definitions of fire-affected airmasses in the model.
WRF-Chem simulations averaged over the top 5th percentile of
the simulated directly emitted primary biomass-burning organic
aerosol (BBOA) are denoted by the solid red line in Figure 1A in
the same region sampled by the aircraft. These averaged num-
ber concentrations (over the top 5th percentile of BBOA)
of ~4,000 cm™® agree with aircraft-measured concentrations
of ~3,300 cm 2, while the corresponding WRF-Chem simulated
particle number concentrations averaged over the top 50th
percentile of BBOA (red solid line in Figure S2) are lower
at ~1,800 cm~3. However, the fractions of particle numbers be-
tween 10 and 100 nm are predicted as ~60% with both of the
definitions of fire-affected airmasses (using the top 5th and
50th percentile BBOA criteria) and are in good agreement with
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the aircraft-measured fraction of ~60%. Turning off nucleation
in WRF-Chem (dashed red line, Figure 1A) causes the model to
underestimate UFP number concentrations by approximately
an order of magnitude compared to observations and decreases
the simulated fraction of 10- to 100-nm-diameter particle
numbers to 20% (the observed fraction is 60%). The simulations
indicate that fires are widespread over the Amazon and increase
UFPs by an order of magnitude compared to the background
near the surface (Figures 1C, 1D, and S3, top panels), as well
as increase CCN (at 0.5% SS) by up to 200% (Figure S3, bottom
panels). The simulation including nucleation shows a large in-
crease in particle number within the ultrafine and accumula-
tion-mode size range in fire-affected airmasses compared to
the Amazonian background (Figures 1C and 1D) at O- to 2-km al-
titudes. Although the greatest increase in particle number within
fire-influenced regions compared to the background (Figure 1C
vs. Figure 1D) corresponds to the nucleation mode (1-3 nm),
the growth of these newly formed particles to larger sizes causes
substantial increases in particle number within fire-affected air-
masses (Figures 1C and 1D), especially over the particle size
range <100 nm diameter measured by FIMS.

Although the 8th nucleation mechanism (DMA +H,SO,) has
not been previously implemented and evaluated in biomass-
burning smoke, we find that this mechanism predominates
within fire-affected airmasses (Figure 2A), with a simulated total
nucleation rate of ~100-700 cm 2 s~ (dashed black line, Fig-
ure 2A). In contrast, simulated nucleation rates (<1 particle
cm 3 s, dashed black line in Figure 2B) over the background
Amazon are at least two orders of magnitude smaller compared
to fire-influenced airmasses. Pure organic ion-induced nucle-
ation is the dominant contributor to these small nucleation rates
over the background Amazon (Figure 2B), with pure organic
neutral and ternary organic + HoSO4 as other contributing mech-
anisms. This is consistent with the understanding that the back-
ground Amazon lacks NPF near the surface, most likely due to
the lack of SO, sources needed to form H,SO, that is key for
nucleation.”® In addition, the high near-surface temperatures
over the Amazon reduce organic-mediated nucleation rates
near the surface compared to the upper troposphere.**

WRF-Chem-simulated DMA concentrations vary over arange of
1-10 pptv in fire-affected airmasses as shown in Figure S4A, in
agreement with the ranges of DMA concentrations measured in
other polluted urban locations.®>*" In addition to DMA, H,SO, is
important for nucleation, and the simulated gas-phase H,SO4
agrees well with measurements at the T3 site (over the Manaus ur-
ban area) using a chemical ionization mass spectrometry instru-
ment, the only available H,SO4 measurements during the field
campaign (Figure S4D). As described in the experimental proced-
ures section compensating CSs with smoke sources of nucleating
species, chemical production/emission rates of nucleating vapors
in smoke need to be proportional to their loss rates (represented by
CSs) in smoke so that sufficiently high pseudo-steady-state con-
centrations of nucleating vapors are maintained to explain the
UFP concentrations observed by the aircraft.

Effects of variability in DMA emissions on UFP numbers

DMA emissions from fires exhibit substantial variability and are
estimated based on their reported ratios to NH3 within wildfire
plumes based on Ge et al.?* Although within the default
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WRF-Chem simulation we used an average DMA to NH3z emis-
sions ratio of 0.017 from fires based on Ge et al.,>* we assessed
the impact of the variability in DMA emissions on UFPs by con-
ducting a model sensitivity simulation with a lower bound of
DMA to NH3 emissions ratio of 0.003 (reduced by a factor of 5)
based on Ge et al.’* This low DMA emissions case (solid blue
line, Figure 1A) reduces simulated UFP number concentrations
by a factor of 6 compared to the default simulation (default simu-
lation applies higher DMA emissions, represented by the solid
red line in Figure 1A), and underestimates measured particle
number concentrations substantially (compared to the observed
black line in Figure 1A). In summary, the average DMA to NH;
emissions ratio can explain the aircraft-observed UFP concen-
trations in smoke plumes, whereas a lower bound of DMA emis-
sions substantially underestimates observed UFP.

Freshly formed ELVOCs by oxidation of organics

in smoke

When DMA emissions in fires are low, explaining UFPs observed
by the aircraft in smoke plumes requires a compensating addi-
tion of freshly formed ELVOCs that are produced by the oxida-
tion of organic gases emitted by vegetation fires. These freshly
formed ELVOCs could grow the smaller amounts of nucleated
clusters (compared to when DMA emissions are higher) by
compensating for their losses through coagulation and to
CSs.”? Recent laboratory and field measurements indicate the
presence of substantial ELVOCs in biomass burning®’*%%; how-
ever, the gas-phase yields of ELVOCs from biomass burning
await detailed chemical measurements. The ELVOCs govern
the survival probability and growth of nucleated clusters to
UFPs as determined for biogenic monoterpene oxidation prod-
ucts previously, but ELVOCs from biomass burning are currently
not included in models due to the lack of measurements and
knowledge of their formation mechanisms in smoke.

To evaluate how ELVOCs from biomass burning could impact
UFPs, we performed another model sensitivity test (Figure 1A,
“low DMA emission w/biomburn ELVOC”) by assuming that the
biomass-burning low volatility organic gases corresponding to
the lowest volatility bin with C* of 0.01 ug m~2 within the VBSgom
(VBS-statistical oxidation model) framework (Table S2) are
oxidized to ELVOCs (C* of 10~° ug m~3) instantly within the model
chemistry timestep of 5 min.

Our simulation shows that this estimate represents a biomass-
burning source of ELVOCs with concentrations <10 pptv over the
Amazon (Figure S4E). It has been suggested that multigenera-
tional chemistry of organic gases (with OH radicals) increases
the autooxidation and vyields of highly oxygenated species®’
due to increasing OH reaction rate coefficients and faster
hydrogen-shift reactions of oxidized intermediates compared
to the parent hydrocarbons. The lowest volatility species within
our biomass-burning VBS framework represents the most
oxidized intermediates. Assuming that our lowest volatility spe-
cies is instantly oxidized to ELVOCs due to accelerating multi-
generational chemistry that aids autooxidation likely represents
an upper bound on the biomass-burning ELVOC yields as
described further in the experimental procedures section upper
bound of ELVOCs formed in vegetation fire smoke.

Since the lower bound of DMA emissions substantially underes-
timates UFP, we combined it with this upper bound ELVOC yield
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to increase simulated UFPs. Figure 1A shows that this sensitivity
case (dashed blue line, “low DMA emission w/biomburn
ELVOC?”) greatly increases UFP concentrations and is in much
better agreement with observations and the default simulation
(black line, higher DMA emissions without fire ELVOCs). This
improved agreement occurs because the reduced DMA emis-
sions in this sensitivity simulation are compensated for by
including a source of ELVOCs from the oxidation of biomass-
burning organic gases that grow more of the newly nucleated
clusters to larger sizes, reducing their coagulation scavenging.
Note that with the knowledge of the SD (from, for example, mea-
surements) coagulation rates can be predicted with relatively
good accuracy. Consistent with the above definition of fire-
affected airmasses averaged over the top 5th percentile BBOA
threshold, averaging WRF-Chem results over the top 50th percen-
tile BBOA (Figure S2) shows that the default simulation and the
sensitivity case corresponding to the low DMA emission with bio-
mburn ELVOC from fires show the best agreement with measure-
ments. Both the DMA emissions and the ELVOC yields within fire-
affected airmasses need to be constrained by future measure-
ments since their combined effect is a substantial increase in
UFP number concentrations within fire-affected locations.

Chemical composition of UFPs

The WRF-Chem default simulation indicates that secondary
inorganic aerosols, including sulfate, ammonium, and DMA
(not shown), dominate the freshly nucleated particle composition
at a 1- to 3-nm-diameter size range (Figure S5A). Further growth
of these particles is promoted by SOA formation. However, for
the sensitivity simulation with lower bound DMA emissions and
upper bound ELVOCs from biomass burning, BBSOA formation
contributes 30-80% of 1- to 3-nm particle composition (Fig-
ure S5C), with their remaining mass fractional composition
attributed to inorganic aerosols. Within fire-affected airmasses,
OH radical oxidation of phenols, furans, and heterocyclic aro-
matic compounds causes the formation of BBSOA. Both default
and low DMA emission with biomburn-ELVOC simulations indi-
cate that BBSOA contributes ~70%-80% to the composition
of particles in the diameter size range of 5-10 nm (Figures S5A
and S5C) and the early stages of particle growth. In contrast,
over the background Amazon, monoterpene SOA contributes
~90% of the composition of particles in the size range of 5-
10 nm (Figure S5E). It is noteworthy that the summed contribu-
tions of background monoterpene SOA and SOA formed by
oxidation of monoterpenes emitted in biomass-burning smoke
(referred to as Terpene SOA in Figure S5) to NPF within fire-influ-
enced regions are already included in all of our model simula-
tions, and WRF-Chem simulations show that within fire smoke,
monoterpene ELVOC contributions to 1- to 3-nm-diameter par-
ticle composition are negligible (Figures S5A and S5C). Although
5- to 10-nm particles do not contribute substantial amounts to
total submicron organic aerosol mass, which is mostly in diam-
eter size bins >100 nm (Figures S5B, S5D, and S5F), these 5-
to 10-nm size range particles greatly contribute to UFP number
concentrations. Within fresh fire plumes, primary BBOA contrib-
utes a greater fraction of submicron organic aerosol mass
(~30%) for larger particles (>100 nm diameter), similar to the pre-
dicted contribution of BBSOA to these larger particles
(Figures S5A and S5C).
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Model measurement comparisons on another day (September
25, 2014) consistently show that the DMA + H,SO,4 nucleation
mechanism is the dominant nucleation mechanism within fire-
influenced regions. Simulations with average DMA emissions
(red solid line, Figures S6A and S6B) and/or lower bound DMA
emissions with an upper bound estimate of biomass-burning
ELVOCs (blue dashed line, Figures S6A and S6B) are needed
to explain UFP number concentrations measured by the FIMS in-
strument onboard the G-1 aircraft (black solid line, Figure S6).
When biomass-burning ELVOCs are not included, the lower
bound DMA emissions case (blue solid line, Figures S6A and
S6B) underestimates UPF number concentrations compared to
measurements (black solid line) by a factor of 2 for both defini-
tions of model-simulated fire-affected airmasses (UFP number
averaged over top 5th percentile in Figure S6A and top 50th
percentile in Figure SEB).

Model evaluation with HALO aircraft measurements

In addition to the US Department of Energy (DOE) G-1 aircraft,
German high altitude and long-range research (HALO) aircraft in-
tersected fresh fire plumes on September 30, 2014. Although the
HALO measurements of fire-affected airmasses were outside
our modeling domain, they too were the result of vegetation fires
like those occurring within our domain. The mean particle num-
ber concentrations (>20 nm diameter) measured by the conden-
sation particle counter (CPC) onboard HALO aircraft at 1- to
2-km altitudes within fire-affected regions were ~4,000 cm™2
with a standard deviation of 5,000 cm*3, whereas the average
background particle number concentrations measured by
HALO on a cleaner day (September 28) are ~800 cm~2 (lower
than fire affected air by a factor of 5). Consistent with these ob-
servations, the default model simulation predicts particle con-
centrations (>20 nm diameter) of 3,000-6,000 cm~2 within fire-
affected airmasses across the entire domain on September 30,
2014, while simulated background particle number concentra-
tions are lower by a factor of 4-5. Turning nucleation off in a
WRF-Chem sensitivity simulation decreases the simulated parti-
cle number (>20 nm diameter) within fire-affected airmasses by
up to a factor of ~2 and decreases smaller UFPs with diameters
<20 nm by up to an order of magnitude compared with the
default model. Consequently, nucleation within fire-affected re-
gions greatly increases the UFP number. The impacts of these
large enhancements in UFP number concentrations within fire-
affected airmasses compared to the background Amazon on
clouds and precipitation are investigated using WRF-SBM simu-
lations as discussed in the following section.

Aerosol-cloud interactions simulated by the SBM model

To understand how changes in ultrafine and larger aerosol parti-
cles within fire plumes could affect clouds and precipitation, we
conducted simulations using the WRF-SBM model at a 0.5-km
grid spacing (much finer grid spacing compared with the WRF-
Chem grid spacing of 10 km) over a 250 x 250-km domain
centered over the Manaus urban region (red rectangle in Fig-
ure S1) for the September 30 case that we mainly studied for
the fire NPF. This case had scattered deep convective storms,
which developed from shallow cumuli and represent a typical
weather type in the Amazon (transition of shallow to deep
convective clouds). The fire plume interactions with the deep
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clouds make it a perfect case for a demonstration of the fire aero-
sol impact. For the September 25 case, the fire plume did not
interact with deep convective clouds as much as on September
30; therefore, it is not considered in this part. Aerosol SD, vertical
profile, and hygroscopicity including both background and fire
aerosols from WRF-Chem are applied in the WRF-SBM simula-
tions, and they affect clouds and precipitation in the WRF-SBM
model. Additional details about the WRF-SBM model are pro-
vided in the experimental procedures.

In addition to the baseline default fire simulation (Fire), we con-
ducted additional sensitivity simulations, including a background
Amazon simulation (Background), a simulation with nucleation
turned off throughout the atmospheric column (Fire_noNPF),
and a simulation with nucleation turned on only within the plan-
etary boundary layer (PBL) but with nucleation turned off above
the PBL (Fire_pbINPF). For each of these simulations, the initial
particle SD, the vertical profile of aerosols, and hygroscopicity
were obtained from the WRF-Chem simulation averaged over
the inner WRF-SBM domain (Figures S7A and S7B). The differ-
ence between the simulations of Fire and Background repre-
sents the combined effect of the primary particle emissions by
wildfires and the nucleation in wildfires, while the difference be-
tween the Fire and Fire_noNPF simulations represents the effect
of the nucleation within fire-influenced airmasses.

Impacts of particles on clouds and precipitation

Radar reflectivity measurements are helpful for assessing model
performance in simulating clouds and precipitation. Higher radar
reflectivity generally indicates stronger precipitation. The simu-
lated reflectivity from the Fire simulation agrees well with the ra-
dar observations in the intensity and peak time (Figure S8). The
observed two large deep convective storms with heavy precipi-
tation (Figure S8, top left) are simulated well in the Fire simula-
tion, except that the locations are shifted northeastward (top
right). The observed frequency of reflectivities >55 dBZ (decibel
relative to Z) is ~0.28%, and Fire simulates a value of 0.3% (Fig-
ure S9). In contrast, the simulated reflectivity is significantly
weaker in Background and Fire_noNPF simulations, which lack
the large reflectivities (>55 dBZ) found in the Fire simulation.
The Fire_pbINPF simulation captures the large reflectivities
similar to the Fire simulation, which shows that NPF within the
PBL is critical for simulating the large reflectivities. For the rain
rate, the radar-retrieved values at 1.5 km above ground are
used for the comparison with modeled surface precipitation (Fig-
ure 3). Itis clear that the observed timing and magnitude of peak
rain rate (Figure 3A), as well as the frequency of heavy rain rates
(>15 mm h™"; Figure 3B), are much better simulated in Fire (red)
and Fire_pbINPF (orange) compared to Background (black) and
Fire_noNPF (blue).

By comparing the Fire simulation (red line) with the Back-
ground simulation (black line), we show that the fire aerosols
(1) increase the accumulated precipitation integrated over the
domain from 14:00 UTC on September 30 to 01:00 UTC on
October 1 by ~8%, (2) increase the intensity of peak rain rate
by ~9% (Figure 3A) and the frequencies of heavy rain rates by
~175% (>15 mm h™"'; Figures 3B and 3C), and (3) delay the
timing of the initial rain and the peak precipitation by ~40 min
(Figure 3A). These are the combined effects of both UFP and
larger particles from fires. The NPF within fire-affected
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Figure 3. Rain rates observed from radar and predictions by the WRF-SBM model

(A-C) Time series of domain-averaged rain rates (A); normalized frequencies of rain rates for Observations (gray), Background (black), Fire (red), Fire_noNPF
(blue), and Fire_pbINPF (orange) from 14:00 UTC September 30-01:00 UTC October 1 (B); and percentage changes in normalized frequencies with respect
to Background (C). The observed rain rates are computed from S-band radar reflectivity at 1.5 km above the ground using the equation Z = 174.8R"-%6, derived
from Joss-Waldvogel disdrometer data obtained by the CHUVA campaign near Manacapuru, Brazil during the wet season of early 2014,* where R is rain rate
(mm h~") and Z is reflectivity (dBZ). Since the terrain is low in this region, the reflectivity at 1.5 km is reliable and more comparable to the surface rain rates than the

retrieved values at the 2.5-km altitude used by Tang et al.**

airmasses, which mainly forms UFPs, increases the accumu-
lated precipitation and peak precipitation rate by ~19% and
63%, respectively, and enhances the frequency of heavy rain
rates (>15 mm h™") (difference between blue and red lines in Fig-
ure 3B) by ~170%. Thus, the enhancement in precipitation is
mainly a result of the UFPs from NPF within the smoke plumes.
The smaller magnitudes in the total fire aerosol effects (differ-
ence between red and black lines in Figure 3A) compared to
the NPF effects (difference between red and blue lines) are
because of the offset from the effect of the large particles, which
delays and suppresses precipitation, as clearly shown by
comparing Fire_noNPF (blue) with Background (black) in Fig-
ure 3A. The precipitation properties in Fire_pbINPF (shutting off
nucleation in the upper troposphere) are similar to those in the
Fire simulation, indicating that NPF within the PBL in fire plumes
is mainly responsible for the UFP precipitation effects.

The enhanced precipitation by fire aerosols and the NPF corre-
spond well to the enhanced convective intensity (Figure S10). The
increases in the updraft intensity (mean of the top 25th percentile)
are large (>50%) between 4 and 7 km and above 11 km by fire
aerosols (red vs. black lines in Figure S10), and the increases
are mainly due to NPF (red vs. blue lines in Figure S10). The
enhanced convective intensity and precipitation are mainly due
to larger latent heat from the enhanced condensation because
of the activation of a large number of UFPs in the deep convective
clouds. In the Fire simulation, cloud droplet number concentra-
tions are increased by up to 1,200% relative to Background (red
line, Figure S11B) at ~4- to 6-km altitudes. In the absence of
NPF, the Fire_noNPF simulation (blue line) predicts much smaller
increases in the cloud droplet number concentration of ~300%
compared to Background, mainly due to the activation of larger
accumulation-sized particles. Peaks in the cloud droplet number
correspond to the elevated levels above cloud bases (>3 km),
where vertical velocity and SS are higher. This effect of UFPs
through the “water-phase invigoration” or “condensational invig-
oration” mechanism was shown in an earlier study in this region'®
as well as in the Houston, Texas region.*® The larger aerosol par-
ticles from fires (larger than the sizes of UFPs), which can be acti-
vated at cloud base, compete for water vapor forming smaller
droplets at the beginning of cloud formation, and these smaller

droplets delay (Figure 3A, red vs. black lines) and suppress the
rain formation, especially at lower rain rates of 0.25-5 mm h~"
(Figure 3C). However, UFPs do not cause a delay in precipitation
since they cannot be activated until rain forms.'®

The simulated case is a typical development of shallow to
deep clouds in the Amazon region. Shallow warm clouds with
cloud tops below a 4-km altitude start developing into mixed-
phase clouds (cloud tops <9 km) at ~16:00 UTC and further
grow into deep convective clouds with cloud tops at ~9-14 km
after 19:10 UTC (Figure S12A). Aerosols formed in fire-affected
airmasses lead to a 77% increase in deep clouds (cloud top
heights >9 km and cloud thickness >9 km; Figure 4B) and a
152% increase in their stratiform/anvil clouds (cloud tops
>9 km but cloud thickness <5 km; Figure 4B). At the same
time, mixed-phase clouds with cloud tops of 5-9 km and cloud
thickness of 2-8 km are reduced by ~50% because more of
these clouds grow into deep clouds due to the invigoration by
the fire aerosols. NPF in the PBL is mainly responsible for the
changes in mixed-phase and anvil clouds, but nearly 45% of
the increase in the occurrence of deep convective clouds by fires
is not contributed by the NPF in the PBL (red vs. orange in Fig-
ure 4B). As shown in Figure S11B, the increase in droplet con-
centrations above 4-km altitudes in Fire_pbINPF (orange) from
Background is ~40% less compared with Fire (red). Therefore,
the NPF above PBL contributes to the droplet nucleation in the
mixed-phase regime (above 4 km) and helps the formation of
deep convective clouds, although it does not contribute to pre-
cipitation as much (discussed above in Figure 3). There is limited
change in shallow cloud fraction. Figures S12B-S12D show the
evolution of cloud fraction with time and altitudes, which mix
different cloud types. Overall, we see large increases in cloud
fraction at the upper levels (deep clouds and their anvils) and de-
creases in cloud fraction at middle levels (mixed-phase) by fire
aerosols and NPF.

Ultrafine particles from NPF within fire-affected airmasses are
mainly responsible for the enhanced deep clouds and their an-
vils, as well as the reduced occurrences of the mixed-phase
clouds as shown by the differences between Fire and
Fire_noNPF in Figures 4B and S12C. The enhanced updraft in-
tensity (Figure S10) due to the latent heat release from the
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Figure 4. Cloud-type occurrences from WRF-SBM model simu-
lations

(A) Occurrences of thick shallow, mixed-phase, deep clouds, and stratiform
and anvil clouds for the simulations Fire (red), Background (black), Fire_noNPF
(blue), and Fire_pbINPF (orange) over the time period from 14:00 UTC
September 30-01:00 UTC October 1.

(B) Percentage changes in the occurrences of these cloud types relative to the
Background. Clouds are identified with the hydrometeor (cloud droplet, ice,
and snow particles) mixing ratio >107° kg kg~ '.Thick shallow clouds are
defined as clouds with cloud top heights <4 km and cloud thickness >1 km.
Mixed-phase clouds are defined as clouds with a cloud top height of 5-9 km
and cloud thickness of 2-8 km. Deep clouds are defined as clouds with a cloud
top height >9 km and cloud thickness >9 km. Stratiform and anvil clouds are
defined as clouds with a cloud top height >9 km and cloud thickness <5 km.

activation of UFPs is the reason for the increased occurrence of
deep clouds and the reduced occurrence of mixed-phase
clouds. Enhanced convection contributes to the increase in anvil
clouds, but the most important reason for the increase in anvil
clouds is the reduced ice particle size and fall speed that retard
cloud dissipation, as shown in earlier studies.*® Both UFPs and
larger fire aerosols can contribute to reducing ice particle size
and fall speeds; consequently, the increased cloud anvils are
also seen in the case without UFPs (i.e., Fire_noNPF). Over the
entire simulated period (from 14:00 UTC on September 30 to
01:00 UTC on October 1), UFPs slightly increased shallow
clouds (Figure 4). The combined fire effect is a slight reduction
in shallow clouds, suggesting that the larger aerosol particles
reduce shallow clouds. These large aerosol particles are acti-
vated around cloud bases and compete for water vapor, forming
numerous smaller droplets, which experience enhanced evapo-
ration, resulting in the entrainment mixing of drier air into clouds,
possibly contributing to the reduction of shallow clouds.

Note that in the upper troposphere at altitudes >9 km, the nucle-
ation of ultralow volatility organics (ULVOCs, C*<3 x 10~ % ugm™3)
formed by biogenic VOC oxidation products represented by the
R2D-VBS mechanism leads to the formation of a large number
of particles throughout the domain (within both background and
fire-affected locations, as shown by black and red lines, respec-
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tively, in Figure S7B). Our sensitivity test that turns off the nucle-
ation above PBL shows nearly no effect on cloud droplet number
concentrations in the upper troposphere (at altitudes >9 km).
This is because the UFPs in the upper troposphere (mainly
composed of SOA) are not activated to become cloud droplets
(Figure S11), probably due to low temperatures and low water va-
por concentrations at >9-km altitudes and resultant low SS with
respect to liquid water at high altitudes.

DISCUSSION

Vegetation fires in many parts of the globe pose significant risks
to air quality, climate, clouds, precipitation, and radiative forcing.
The interactions of aerosols with clouds and precipitation consti-
tute one of the largest uncertainties in understanding the climate
sensitivity to greenhouse gases. While current models include
effects of larger accumulation-mode primary particles directly
emitted by fires on clouds, UFP predictions in global climate
models might be biased low since these models often do not
include nucleation-mode particles, lack detailed treatments of
efficient nucleation and growth mechanisms, and lack
biomass-burning sources of key nucleating species such as
DMA and ELVOCs (as shown in this study) that are needed to
form UFPs, especially when CSs of low volatility vapors on fire
aerosol surface areas are large. Our WRF-Chem simulations
include several nucleation mechanisms and SOA processes
based on laboratory measurements and have been validated
with field measurements in several places such as the Amazon
and over China.>**° We use finer grid spacing (~10 km)
compared to coarse grid resolution in global models (~100 km)
and resolve the entire particle SD ranging from 1 nm to 10 pum
with much finer resolutions than global models. Note that the
aerosol heterogeneity in vegetation fire plumes finer than the
10-km grid scale is not represented in our WRF-Chem simula-
tions. However, this uncertainty in simulating aerosol heteroge-
neity should not affect the main conclusions in this study since
we focus on statistical averages across an ensemble of local
fire plumes that are already diluted when they are entrained
into cloud bases.

Analyzing aircraft measurements over the Amazon rainforest,
we provide compelling evidence for the observed increase in
UFP number concentrations within vegetation fire-affected air-
masses. The large increase in CSs in wildfire smoke plumes
compared to the background requires an equivalent increase
in the production rates of vapors contributing to nucleation and
growth. Based on the pseudo-steady-state approximation
(PSSA) for nucleating species, which is elaborated on in the
experimental procedures section compensating CSs with
smoke sources of nucleating species, sufficient steady-state
concentrations of nucleating species are needed to explain the
aircraft-observed UFP concentrations in smoke. As shown in
our previous study, within the Manaus urban plume over the
Amazon, the ternary organic + H,SO,4 nucleation was the key
mechanism needed to explain particle number concentrations,**
but it was not sufficient to explain UFP in biomass-burning
plumes in this study.

To explain the observed UFP number in fire-affected air-
masses, one of the most efficient nucleation mechanisms,
DMA + H,SO4 nucleation along with the biomass-burning source
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of DMA emissions (elaborated in the experimental procedures
section DMA emissions in biomass-burning fires), is needed to
compete with the condensation and coagulation sinks in smoke.
Without this nucleation, the model underpredicts observed UFP
number concentrations by orders of magnitude, as shown in Fig-
ure 1A. This is because freshly nucleated particles do not survive
coagulation and CSs in biomass-burning plumes unless there is
a source of these particles (e.g., nucleation and growth), as
described in the supplemental experimental procedures section
idealized 0-D box model simulations for assessing the role of
coagulation, nucleation, and particle growth. We also show
that a lower bound of DMA emissions could explain the observed
UFP number if it is aided by the production of gas-phase
ELVOCs in biomass-burning smoke (see the experimental pro-
cedures section upper bound of ELVOCs formed in vegetation
fire smoke), and small ELVOC concentrations ~10 pptv in
biomass-burning smoke might be sufficient to grow the nucle-
ated clusters. Measurements of both DMA and gas-phase
ELVOCs in biomass-burning smoke are needed to further
constrain the processes of NPF. A further support for our conclu-
sions suggesting that UFPs in vegetation fires are mostly sec-
ondary is that field measurements over the Amazon show that
a negligibly small number fraction (<0.5%) of black carbon cores
are inthe UFP diameter size range (<50 nm diameter),*® and pure
black carbon particles are not good CCN due to their low hygro-
scopicity (see the supplemental experimental procedures sec-
tion role of black carbon).

The contrasting influence of UFPs formed in fires on clouds
and precipitation compared to larger accumulation-mode aero-
sols directly emitted from fires described in this work is schemat-
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Figure 5. Schematic of UFP formation in
biomass-burning smoke and their effects on
clouds

Secondary UFPs in biomass-burning smoke (top)
might be formed by nucleation, including the DMA +
H>S0O4 mechanism and growth of nucleated clusters
through the condensation of oxidized vapors
(including ELVOCs) and SOA formation, despite the
large losses of condensable low volatility vapors
(determined by CS) and the coagulation losses of
particles. The effects of UFPs on clouds and pre-
cipitation (top) and the effect of primary BBOAs
(large particles, center) compared with the back-
ground Amazon condition representing a low num-
ber of large particles (bottom) are also shown. The
dashed line in each panel shows the freezing level.
The shallow and deep cloud stages in storm devel-
opment are depicted from left to right. UFPs cause a
stronger storm with a larger anvil and heavier rain
after the storm has developed (top right) compared
to the primary BBOA from fires (center rightmost
panel) and background Amazon (bottom rightmost
panel). The primary BBOAs (large particles, center
panel) delay and suppress rain compared to back-
ground particles (bottom panel). The deep clouds
0°C (rightmost panels) are larger with a larger anvil due to
much more numerous but smaller ice particle sizes in
the top panels compared to the center and bottom
panels.

ically illustrated in Figure 5. Fire UFPs may notably increase the
frequencies of deep convective clouds and their stratiform and
anvil clouds, as well as the heavy precipitation rates (Figure 5,
top vs. bottom). The enhancements of deep clouds and precip-
itation are mainly a result of the invigoration effect by ultrafine
aerosols from NPF within fire-affected airmasses through
enhanced condensation, whereas the larger particles from fires
increase droplets around cloud bases compared to the back-
ground Amazon and cause a delay and reduction in precipitation
(Figure 5, middle vs. bottom). We find that in our investigated
case, the effect of ultrafine aerosols is dominant, which is consis-
tent with a previous investigation that studied the impact of ur-
ban emissions of ultrafine aerosols.'® However, the vegetation
fire aerosols investigated here are unique since they contain
both ultrafine aerosols and larger CCN-sized aerosols. Note
that we use this excellent case that is strongly influenced by
fire plumes to demonstrate the potential fire aerosol impacts
on the clouds and precipitation. The results from this single
(although typical) case may not be generalized to other cases.
Also, the role of radiative feedback of biomass-burning aerosols
in clouds could be significant in the plume source regions. For
the test cases that we simulated in this work, the plume is
diluted, and the fire aerosols are entrained into the clouds; there-
fore, we focused on the impacts of NPF on CCN and clouds and
did not consider the radiative effect of fire aerosols in the WRF-
SBM model; however, our WRF-Chem simulations included
aerosol-cloud-radiation interactions.

As vegetation fires intensify in many parts of the world,
biomass-burning UFPs could nonlinearly impact climate
sensitivity to greenhouse gases through their effects on
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deep clouds and precipitation. While larger primary fire aero-
sols could delay rain and suppress precipitation, we find that
UFPs in fires may enhance deep clouds and precipitation in
our investigated case. To better understand the influence of
biomass burning on past and future climates, the formation
of secondary UFPs from biomass burning and their effects
on clouds and precipitation needs to be considered in global
models. In addition, these UFPs are expected to exacerbate
air quality and human health due to their ability to deposit
into the lower respiratory tract. Our study opens new research
frontiers by shedding light on the processes related to sec-
ondary UFPs in biomass-burning smoke.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Manish Shrivastava
(manishkumar.shrivastava@pnnl.gov).

Materials availability

This research did not generate new unique materials.

Data and code availability

All of the data analyzed during the present study are included in this published
article and its supplemental information. Aircraft measurements made during
the GoAmazon2014/5 field campaign used in this study are publicly available
on the Atmospheric Radiation Measurement (ARM) website: http://campaign.
arm.gov/goamazon2014/observations/. The detailed community regional
model WRF was used for generating model simulations in this study. Model
outputs from WRF-Chem and WRF-SBM that were used to generate figures
in this study are available from the corresponding author on reasonable
request.

Determining fire-affected airmasses from aircraft data
Aircraft-observed airmasses with relatively fresh smoke influence are identi-
fied from acetonitrile, a biomass-burning tracer measured by the proton trans-
fer reaction-mass spectrometry (PTR-MS) instrument onboard the DOE G-1
aircraft, exceeding a threshold of 0.4 ppb, since acetonitrile concentrations
decrease with long-range transport and dilution.*” Background airmasses in
measurements and models correspond to locations with minimum biomass-
burning influence (defined based on acetonitrile <0.2 ppb in observations
and BBOA < 0.01 ug m~2 in the model).

Determining fire-affected airmasses in WRF-Chem

For comparison to smoky airmasses identified by the aircraft, fire-affected air-
masses simulated by WRF-Chem are identified as those occurring at the same
latitude, longitude, and altitudes (within 2 km) as sampled by the G-1 aircraft,
but with primary BBOA concentrations exceeding the top 95th percentiles of
simulated BBOA. We also analyzed WRF-Chem-simulated particle SDs aver-
aged across the top 50th percentile of simulated BBOA (Figure S2) to explore
the sensitivity of our modeled definition of “fire-affected” airmasses.
Figures 1A and S2 show that the definitions of fire-affected airmasses with
various model sensitivity simulations produce consistent results. Background
airmasses in measurements and models correspond to locations with mini-
mum biomass-burning influence (defined based on acetonitrile <0.2 ppb in ob-
servations and BBOA <0.01 ug m~2 in the model).

WRF-Chem 4.2 model configuration

We used the regional WRF-Chem 4.2 model*®“° at 10-km grid spacings,
covering 1,500 x 1,000 km around the Manaus urban area in the Amazon dur-
ing the dry season covering September 20-October 1, 2014. The National
Centers for Environmental Prediction Climate Forecast System version 2 rean-
alysis data®® provided the meteorological initial and boundary conditions.
Meteorological conditions were spun up for 24 h, followed by 36 h of simula-
tion, while the chemical trace gas and aerosol species from the previous simu-
lation were used as initial conditions (i.e., the chemistry was continuous over
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the 10-day simulation). The quasi-global WRF-Chem simulation for 2014 pro-
vided chemical boundary and initial conditions for trace gases and aerosols.®’
Each particle-phase chemical constituent was represented by 20 size sections
ranging from 1 nm to 10 um as both interstitial and cloud-borne aerosols and
both mass and number are tracked in each size section. Inorganic aerosol
chemistry in WRF-Chem is represented by the Model for Simulating Aerosol
Interactions and Chemistry.> In this work, we treat the condensation/evapo-
ration of SOA using the kinetic gas-particle partitioning approach wherein
the model calculates the condensation/evaporation of organic gases to homo-
geneously mixed SOA particles in each size bin using a semi-implicit Eulerian
approach with adaptive time stepping based on Zaveri et al.>® The dynamic
gas-particle partitioning approach represents a significant improvement over
the previous instantaneous equilibrium partitioning approaches used in
WRF-Chem. In addition, limitations to gas-particle mass transfer due to
organic particle phase diffusion limitations are explicitly accounted for by cal-
culations of OA viscosity at each grid cell, time step, and aerosol size bin.>*
Biogenic volatile organic compound emissions are derived from the latest
version of the Model of Emissions of Gases and Aerosols from Nature (version
2.1), recently coupled within the community land model CLM version 4.0 in
WRF-Chem.>® SOA formed due to the oxidation of monoterpenes is repre-
sented using the R2D-VBS framework,**** while that formed from other
biogenic and anthropogenic organic gases is represented using the one-
dimensional VBS approach.®® SOA yields vary with oxidant type (OH, Og,
NOj; radicals) and high/low NO, conditions, which agreed with field measure-
ments over the Amazon.****°¢ However, anthropogenic SOA formation is
negligible for the analyses presented in the present paper, since here we focus
on background and biomass-burning fire-affected locations. The formation of
BBSOA is simulated using a new approach based on the VBSgom, as
described in the three sections within the supplemental experimental proced-
ures: Biomass Burning-SOA Formulation Based on the SOM-TOMAS Model,
SOA Formation due to Biomass Burning, and VBSgon Model and Parameters.

Primary biomass-burning emissions

We included primary biomass-burning emissions, including both gases
and aerosols, from the 2014 Quick Fire Emissions Database (QFED) emis-
sions version 2.5 (https://portal.nccs.nasa.gov/datashare/iesa/aerosol/
emissions/QFED/v2.5r1/0.1/QFED/). QFED includes particulate emissions,
including POA, black carbon, PM, 5, and trace gas emissions that include
CO, NH3, NO, and SO,. POA emitted from biomass burning (same as
BBOA) is assumed to be of low volatility, with a C* of 0.01 ug m~3, causing
most of the BBOA to partition to the particle phase. We assumed that
BBOA consists of highly viscous species that do not mix with SOA; there-
fore, BBOA does not affect gas-particle partitioning of SOA and vice
versa.””°® Within biomass-burning plumes, SOA is formed by the oxidation
of semivolatile and volatile organics. Recent field studies show that the ra-
tio of total OA to CO remains almost constant downwind of biomass-
burning plumes, likely because the evaporation of the semivolatile fraction
of BBOA with dilution is compensated for by an equivalent amount of SOA
formation.®® Thus, the assumed low-volatility BBOA represents net OA for-
mation due to evaporation of the semivolatile BBOA fraction and equivalent
BBSOA formation. However, condensation of evaporated BBOA vapors
could assist in NPF depending on their volatility and merits exploration in
future studies. Formation of BBSOA from volatile organics emitted in
biomass-burning plumes is treated separately, as discussed in the
following section. The simulated BBSOA dominates the composition of
UFP but is comparable to primary BBOA in accumulation-size-range parti-
cles (>100 nm). We coupled the gases and aerosols simulated by QFED
with the Freitas plume rise parameterization®® in WRF-Chem. The fire
heat fluxes are considered in the Freitas plume rise model in our WRF-
Chem simulations following our previous study,®’ which feeds back to
the meteorological conditions affecting clouds and aerosols in the simula-
tions (described further in the supplemental experimental procedures sec-
tion Simulation of Fire Heat Flux, Size, And Plume Injection Height). Almost
all fire inventories, including QFED, use a fixed emissions ratio for a given
fuel type that is averaged across combustion conditions. For our simula-
tions over the Amazon, we assumed 45% flaming and 55% smoldering
for plume rise and heat flux calculations based on the value reported for
tropical forests in Table 1 of Freitas et al.?°
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Emissions of BBSOA VOC precursors

We simulate BBSOA by accounting for the oxidation of VOC surrogates from
two key precursor classes emitted by wildfires. These VOC precursor classes
include (1) oxygenated aromatics (e.g., phenols), (2) a grouping of heterocy-
clics (e.g., furans), aromatic hydrocarbons (e.g., toluene), biogenic VOCs
(e.g., monoterpenes), and alkanes.®” The molar emissions ratios for these 2
classes are averaged from Fire Influence on Regional and Global Environ-
ments Experiment laboratory measurements that sampled a range of fuels
such as pine, spruce, and grass shrub, and burning conditions covered smol-
dering to flaming with a modified combustion efficiency that varied between
0.78 and 0.96 across the experiments. Thus, these experiments cover a range
of fuel types and burn conditions (flaming and smoldering), and the derived
average emissions ratios are expected to apply widely. Average molar emis-
sions ratios for the oxygenated aromatics and heterocyclics classes with
respect to CO were estimated as 9.5 and 25.9 ppb/ppm-CO, respectively,
based on chamber experiments performed and reported by Akherati et al.®”
These laboratory emissions ratios also compare well with field measurements
based on aircraft and mobile monitoring.®** These ratios are then multiplied
with QFED CO emissions to generate their emissions over the Amazon.

Simulating BBSOA from VOC oxidation

The current model simulates BBSOA by accounting for the oxidation of VOC
surrogates from the oxygenated aromatic and heterocyclic precursor classes
emitted by vegetation fires, as described above. We represent BBSOA forma-
tion from these precursors using a VBSson approach, with C* spanning 0.01 to
10* ug m~3 (Table S2) based on Akherati et al.,°” as documented in the supple-
mental experimental procedures section VBSgom Model and Parameters. The
SOM model integrated with a two-moment aerosol section scheme (SOM-
TOMAS) has previously been successfully used to simulate particle number
concentrations, including nucleation and growth measured in a flow tube dur-
ing SOA formation.*?

Primary BBOA and SOA are assumed to form two separate phases for gas-
particle partitioning calculations based on previous measurements showing
that SOA and hydrophobic primary OA might not mix in the bulk phase.”*®
We include primary biomass-burning emissions, with both gases and aero-
sols, from the 2014 QFED®® emissions version 2.5.

Compensating CSs with smoke sources of nucleating species
CSs are the first-order loss rates through condensation of low-volatility vapors
and are governed primarily by the preexisting particle number SD.?'° The
concentrations of low volatility vapors (sulfuric acid and ELVOCs) can be
assumed to be at a pseudo steady state with their sources and sinks —in other
words, the production rate of low-volatility vapors is assumed to equal their
loss by condensation to existing particles (CS), which is known as the PSSA.%°
Thus, the PSSA concentration of gas-phase H,SO,4 [H>SO,4] and ELVOCs
[ELVOC] can be calculated as [H2SO4] = Ph2s04/CS, and [ELVOC] = PgLyvoc/
CS, wherein Pyosos and Pgyvoc denote the production rates of H,SO, and
ELVOCs in smoke plumes. Nucleation rates are proportional to the product
of concentrations of low volatility vapors —for example, the nucleation rate be-
tween [H,SO,4] and biogenic ELVOC (BioOxOrg) is parameterized as®’ J =
km[H2S04]%[BioOxOrg], which implies that the nucleation rate is proportional
to 1/CS® when production rates of H,SO,4 and BioOxOrg are constant. This
reasoning implies that to obtain nontrivial nucleation rates (that are propor-
tional to the product of pseudo-steady-state concentrations of the nucleating
species), the production rates of low volatility vapors need to increase with the
increase in CSs in smoke plumes.

Biogenic monoterpene ELVOCs

In this work, the concentrations of biogenic monoterpene ELVOCs partici-
pating in nucleation are predicted online in WRF-Chem at each model grid
and time step. The WRF-Chem/R2D-VBS model used in this study was devel-
oped in our previous studies®***°® by incorporating in WRF-Chem version 4.2
the R2D-VBS and its parameterizations as well as an advanced NPF module
involving seven NPF pathways. The R2D-VBS systematically simulates the
temperature-dependent oxidation chemistry of monoterpenes, including the
formation of ULVOCs and ELVOCs that drive organic mediated NPF mecha-
nisms.*° For implementation into a detailed regional model such as WRF-
Chem, where computational costs greatly increase with a simulated number
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of advected tracers, the R2D-VBS was mapped onto an equivalent one-
dimensional VBS (1D-VBS). However, only species with O:C > 0.4 were
included in this 1D-VBS, and the total organic concentrations in the ULVOC
and ELVOC ranges of the condensed 1D-VBS were used to drive organic-
mediated nucleation. The remaining less-oxygenated compounds (with O:C
< 0.4) do not contribute to nucleation in the model formulation. The 7 different
NPF pathways that are implemented in WRF-Chem are binary-neutral and ion-
induced NPF (involving H,SO,4 and H0), ternary-neutral and ion-induced NPF
(involving HoSO4, NH3, and H,0), pure organic neutral and ion-induced NPF,
and ternary NPF involving organics, H2SO,, and H,0.%*** However, we found
that these mechanisms greatly underpredict the observed UFP SDs within fire-
affected airmasses measured by the FIMS mounted onboard the G-1 aircraft.
Therefore, we incorporated our best knowledge of another efficient nucleation
mechanism—the DMA + H,SO,, previously implemented in WRF-Chem and
evaluated with measurements in urban China.* Although this DMA + H,SO,
mechanism has not been previously implemented and evaluated in
biomass-burning smoke, we found that this mechanism closes the large gap
between modeled and observed UFP number concentrations observed in
fire plumes.

DMA emissions in biomass-burning fires

Biomass burning is one of the main natural sources of DMA emissions.?® How-
ever, the role of DMA emitted by biomass burning on NPF has not been
modeled. We included the biomass-burning emissions source of DMA within
WRF-Chem. DMA emissions in biomass-burning fires are estimated based
on their reported ratios to NHz within wildfire plumes based on Ge et al.>* As
described in the main text, we conducted sensitivity simulations with a median
and lower bound DMA to NH3 emissions ratio (0.017 and 0.003, respectively)
within fires. Since the lower bound DMA emissions greatly underpredicted the
observed UFPs in fires, we conducted a model sensitivity test combining these
lower DMA emissions with an upper bound of ELVOCs (ELVOCs defined as
species with C* < 10~ ug m~3) within fires. The Manaus urban area is an addi-
tional source of DMA emissions, but it affects a much smaller region compared
to vegetation fires. The simulated contribution of Manaus DMA emissions to
UFP was much lower by a factor of 7 compared to the corresponding vegeta-
tion fire source of DMA within the fire-affected airmasses analyzed in this work.
To assess how DMA emissions impact our simulated particle number concen-
trations, we performed a sensitivity test with a lower bound of DMA molar
emissions ratio (factor of 5 lower than the default model), as described in the
main text. Since the lower bound DMA emissions greatly underpredicted
observed UFPs in fires, we conducted a model sensitivity test combining these
lower DMA emissions with an upper bound of ELVOCs produced by the oxida-
tion of organic gases emitted by vegetation fires.

Upper bound of ELVOCs formed in vegetation fire smoke

In this study, we assumed that biomass-burning ELVOCs do not participate in
nucleation but can still grow the nucleated clusters to larger sizes due to their
low volatility, thus increasing the UFP number. Gas-phase ELVOCs in
biomass-burning smoke are likely formed by autoxidation and multigenera-
tional oxidation of organic gases emitted in smoke and could greatly enhance
the growth of molecular clusters to UFP sizes due to their low volatility. How-
ever, due to the complexity of smoke chemistry, the detailed kinetics and re-
action mechanisms of ELVOC formation in biomass-burning smoke are un-
known. However, using measurements of particle SD evolution in smoke
plumes, reasonable upper bounds of ELVOC formation needed to grow mo-
lecular clusters in smoke could be estimated. We estimated an upper bound
to ELVOC by moving the gas-phase organics within our lowest volatility bin
of BBSOA to ELVOC instantaneously. The lowest volatility bin represents the
most oxidized and functionalized species in our VBSgom mechanism, and it
has been suggested that the probability of H-shift reaction and autoxidation in-
creases for highly functionalized species. However, large uncertainties persist
in the quantification of highly oxygenated organic molecule formation from
OH-initiated oxidation sequences involving alkoxy radicals and carbon-
centered radicals, especially for aromatic and saturated hydrocarbons. At at-
mospheric conditions,*® our assumption represents an upper bound estimate
of gas-phase ELVOCs from biomass burning. Particle-phase measurements
of biomass-burning-influenced airmasses in both laboratory and field studies
indicate the presence of substantial low volatility organics (including ELVOCs)
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that could contribute up to 50% of BBOA mass.?’*® Future measurements at
atmospheric-relevant conditions are needed to constrain gas-phase ELVOC
yields from biomass-burning smoke to understand NPF.

Cloud and precipitation simulations
To investigate the impacts of biomass-burning aerosols and NPF in fire-
affected regions on clouds and precipitation over the Amazon, we conducted
deep convection-resolving simulations at 0.5-km grid spacings for a locally
occurring convective case on September 30, 2014, using the WRF-SBM
model.*®*° The major advantages of the SBM scheme include (1) allowing
aerosols to impact the shape of droplet SD, which is very important for the
follow-on microphysics processes such as rain formation and growth pro-
cesses; (2) calculating SS based on explicit calculation of droplet condensa-
tion and evaporation, and so forth. The bulk schemes available in WRF use
saturation adjustments for condensation and evaporation, which cannot ac-
count for aerosol effects on condensation that are especially important for
UFPS_18,69771

The convective case was a typical shallow-to-deep transition case influ-
enced by biomass burning in the Amazon. The low-level wind was northeast-
erly. The cloud bases were warm (~17°C), with weak wind shear in the lower
troposphere. We used the European Center for Medium-Range Weather Fore-
casts reanalysis version 5 at 0.25° horizontal resolution and 6-h temporal inter-
vals for initial and lateral boundary conditions. The model domain is ~250 x
250 km with 65 vertical levels up to 50 hPa. The modeled dynamic timestep
was 3 s, and simulations were initiated at 06:00 UTC on September 29 and
run for 24 h. The simulation output frequency used for the analysis was
10 min. The soil moisture was from an operational product from the Center
for Weather Forecasting and Climate Research/National Institute of Space
Research in Brazil, which is a daily product at 0.25°.” The surface albedo,
vegetation, and green fraction are documented in Beck et al.”® Other physics
parameterizations used include the Mellor-Yamada-Janiji¢ PBL scheme, the
unified Noah land surface scheme, and the rapid radiative transfer model for
general circulation model longwave and shortwave radiation.

Description of WRF-SBM simulations

To simulate how different particle SDs and hygroscopicity within ultrafine and
accumulation-mode aerosols affect cloud microphysics and precipitation, the
default WRF-Chem simulations were used to provide the aerosol SD and ver-
tical distribution (VD) data (Figure S7), as well as hygroscopicity, to the WRF-
SBM model simulations. These SDs and VDs were prescribed as initial and
boundary conditions to WRF-SBM runs for each simulated timestep of 3 s.
The baseline simulation (referred to as “Fire”) used the aerosol SDs and VDs
from the “Fire-affected airmasses” in the WRF-Chem simulation. We defined
the “Fire” hotspots for each atmospheric vertical column where the primary
BBOA concentration at cloud base (1- to 2-km altitudes) exceeds the median
domain BBOA value of 3 ug m~2 during the entire simulation period. The
“Background” run used the aerosol SDs and VDs from the WRF-Chem simu-
lation, excluding fire influence—in other words, where BBOA concentrations
were <0.01 ug/m? (background aerosol conditions). Fires produce orders of
magnitude higher UFPs and several times higher accumulation-mode aerosol
number compared to the background aerosols (Figure 1). To examine the ef-
fect from NPF with the vegetation fires in the Amazon, an additional sensitivity
test “Fire_noNPF” was conducted, which used the aerosol SDs and VDs from
another WRF-Chem simulation with fire emissions turned on but nucleation
turned off. To further investigate the relative importance of NPF at low levels
(i-e., in the PBL) and high levels (i.e., above PBL), we conducted a sensitivity
test “Fire_pbINPF,” which takes the aerosol SDs and VDs from the “Fire”
simulation for the altitudes within the PBL (<2 km) and those from “Fire_-
noNPF” for the altitudes above the PBL.

Evaluation of WRF-SBM with radar reflectivity measurements

Radar reflectivity measurements are helpful for assessing model perfor-
mance in simulating clouds and precipitation. Higher radar reflectivity indi-
cates stronger deep convection and precipitation. We evaluated the simu-
lated composite reflectivity by WRF-SBM with the S-band radar located at
Manaus (Figure S8). The observed radar reflectivity reached its largest value
of >55 dBZ at 20:36 UTC. The baseline simulation (Fire) agrees well with the
observation in the intensity and peak time, although it is slightly shifted in its
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location. The observed large radar reflectivities are well captured by the Fire
simulation, but significantly weaker in the Background and Fire_noNPF sim-
ulations. The simulated peak time in the simulations that include the Fire
emissions (20:20 UTC in Wildfire, 20:10 UTC in Fire_noNPF, and
20:40 UTC in Fire_pbINPF) is much closer to the S-band radar observations
(20:36 UTC) compared to the simulation without fires (19:40 UTC in Back-
ground). It is noted that there is a similar frequency of reflectivity >55 dBZ
as shown in observations in Fire and Fire_pbINPF, but these larger reflectiv-
ities are completely absent in the Background and Fire_noNPF simulations
(Figure S9). Our analyses suggest that it is important to consider the Fires
and NPF in the model for better simulating deep convective clouds in terms
of intensity and timing.

Previous model simulations often do not resolve the nucleation mode of the
aerosol size distribution and lack a coupling of advanced SOA and chemistry
modules with a sectional cloud microphysics scheme for the explicit treatment
of aerosol-cloud interactions. Here, coupling the WRF-Chem and WRF-SBM
models with all of these advanced features, we find the critical role of NPF
within fire-affected airmasses in forming abundant UFPs, which is manifested
in their pronounced influence on clouds and precipitation.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].
oneear.2024.05.015.
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