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1. More details of the model and its configuration

The parameterizations of NPF rates were developed in several previous studies based on
experiments in the CLOUD (Cosmics Leaving Outdoor Droplets) chamber,!* with a couple of
updates in our previous study.® The NPF rates at 1.7 nm mobility equivalent diameter are
calculated as the sum of the following parametrizations:

(1) Binary neutral (indicated by b, n) and ion-induced (b, i) NPF involving sulfuric acid:

Jsa = kpn(T)[H2S04]P2m + ki, ;(T)[H2S04]PPi[n_]
where the k(T) is a temperature-dependent prefactor and includes free-fitting parameters (see
equations below), p is a constant free parameter, and [n_] is the concentration of negative ions.

(2) Ternary neutral (indicated by ¢, n) and ion-induced (¢, /) NPF involving sulfuric acid and NH3:

Jsanuz = ken(T) fu([NHs), [H2S04]) [H;S04]Pn
+ ke i (T)f;([NHs], [HSO0,]) [H2S04]P i [n_]
where the f([NHs],[H,S0,]) is a function of the ammonia and sulfuric acid concentrations, also

involving free-fitting parameters.

All the k(T) in (1) and (2), for temperatures T in Kelvin, are given by:

Ink(yy) = U(xy) — exp (”(xy) (/1000 — W(x,y)))
where x = b or ¢ (binary and ternary) and y = n or i (neutral and ion-induced). The functions
fy([NH3]; [H,S0,]) are
fy(INH3], [H,50,4]) = [NH3]/(ay + [H2504]pt’y/[NH3]pA’y)
(3) NPF of organics with sulfuric acid:
Jsa-org = Ksa—org [H,50,4]?(33.0 X 0.667[ELVOCp.c50.4])
where [ELVOC,.c>04] refers to the concentration of ELVOC with O:C >0.4 from the oxidation

of monoterpenes, and kg4_org is a fitted parameter. The factor 0.667 corrects for the large yield
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of ELVOC from a-pinene (a type of endocyclic monoterpene) compared to other monoterpenes,
as endocyclic monoterpenes comprise nearly 2/3 of all monoterpene emissions over the Amazon.®
The adjustment factor of 33.0 is the ratio of total monoterpene oxidation products to ELVOC with
0:C >0.4 under the environmental conditions where the parameterizations were developed.’

(4) NPF from organics alone, a sum of neutral (J, or-g) and ion-induced (J;in,org) cOmponents:
]n,org — a1(3.6 X 0.667[ULVOCo:c>0.4])az+a5/(3'6x0'667[ULV0C0:C>0'4])
Jiinorg = @3(3.6 X 0.667[ULVOCy,c50.4])%4+45/(36x0.667 WV OC0.c>04D [, ]

where [ULVOC,.c>04] refers to the concentration of ULVOC with O:C >0.4 from the oxidation

of monoterpenes and is given here for convenience in units of 107 molecules cm

, [n4] is the
ion concentration (equal to [n_], but ions of both signs participate in this NPF process), and a;
are free parameters. The factor 0.667 has the same meaning as described above. The adjustment
factor of 3.6 is the ratio of highly oxygenated organic molecules (HOMs) to ULVOC with O:C
>0.4 under the environmental conditions where the parameterizations were developed.’

(5) In a sensitivity simulation, we also consider the NPF of H>SO4 with amines. Assuming all
amines nucleate at the same rate as dimethylamine (DMA), the NPF rate is given by:

Jsa-amine = Ksa-amine-1([DMA]/(2.5 X 107))[H,504]>”

for [DMA] >2x10% cm™3, and

Jsa-amine = Ksa-amine- ([DMA]/(2-5 X 107))4'36[1‘12504]3'7
for [DMA] <2x10% em™. kso—amine—1 and kga—_amine— are fitted parameters.
The values of all parameters in the equations above are given in Table S1 (shown below).
Attention must be paid to the units of the gas concentrations, specified in the table footnotes.
The parameterizations above do not consider the impact of relative humidity on organic-

mediated NPF. It is not easy to investigate the impact of relative humidity on NPF during the wet
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season of the Amazon based on available observational data because the relative humidity is
almost always quite high in the boundary layer—the region this study focuses on and most
observational data are available in. The relative humidity within our domain is as high as
89.6+11.6% at the surface level and 87.5+9.2 at 500 m height during our simulation period (Table
S3). From the laboratory perspective, Li et al.” investigated the effect of relative humidity on the
formation of highly oxygenated organic molecules and new particles in a flow tube reactor. They
found that as relative humidity increases from ~3% to ~92%, the total SOA number
concentrations decrease by a factor of 2—3, suggesting that high RH might inhibit pure-organic
NPF. However, the mechanisms for this inhibition remain unclear. Also, the conclusion derived
from pure-organic NPF by Li et al.” may not be directly applicable to the NPF of H,SO4 with
organics—the main NPF pathway in our region of interest. Besides, since the relative humidity in
the wet season of the Amazon has a relatively small variability, the effect of relative humidity on
NPF in this region is expected to be smaller than the effect shown by Li et al.” Because of these
reasons, we do not consider the effect of relative humidity on organic-mediated NPF in our model.
We are interested in considering this effect when more quantitative and mechanistic experimental
evidence becomes available.

As described in the main text, we use the MOSAIC (Model for Simulating Aerosol Interaction
and Chemistry) aerosol module® in our simulation. We changed the accommodation coefficient
for the condensation of H2SO4 from 0.1 in the original MOSAIC module to 1.0, following Hanson”.
The aqueous-phase chemistry is based on the Carnegie Mellon University (CMU) scheme of Fahey
and Pandis'’. The biogenic emissions are calculated online using the Model of Emissions of Gases
and Aerosols from Nature (MEGAN v2.1)!! that has been recently coupled within the land surface

scheme CLM4 in WRF-Chem.!? We reduce the monoterpene emissions predicted by MEGAN
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v2.1 by a factor of 2 so that the simulated magnitude of monoterpene concentrations generally
agrees with aircraft observations (see the main text). A previous modeling study over the Amazon
also suggested that the simulated monoterpene concentrations using MEGAN v2.1 overpredicted
observations by about a factor of 2.!° The vertical resolution of the simulation includes 45 layers
from the surface to 50 hPa with denser layers at lower altitudes. The physical options, as well as

initial and boundary conditions used in our simulations, follow Zhao et al.’
2. Sources of observational data

We evaluate the model simulations using measurements obtained in the GoAmazon
(Observations and Modelling of the Green Ocean Amazon) campaign.'#'® The pollution plumes
from Manaus generally follow the easterly trade winds during the simulation period. The
Gulfstream 1 (G-1) aircraft was deployed during certain days of the GoAmazon campaign to
measure aerosol characteristics downwind (west) of Manaus. As described in the main text, on
March 11, 13, and 14, the aircraft flight track passed over Manaus or intersected its pollution plume
perpendicular to the prevailing wind direction 4-5 times (Transects PO to P3/4 in Fig. 1) at
increasing distances from Manaus at an altitude of 500—-800 m. Based on the average wind speed
in the plume, on March 11, the transport times from Transect PO (right above Manaus) to Transects
P1, P2, and P3 are about 1.26 h, 2.34 h, and 3.77 h, respectively. On March 13, the transport times
from PO to P1, P2, P3, and P4 are about 1.15 h, 2.26 h, 3.45 h, and 4.78 h, respectively. On March
14, the transport times from PO to P1, P2, P3, and P4 are about 1.06 h, 2.08 h, 2.71 h, and 4.28 h,
respectively. On March 12, the flight is special in that the plume transects were made in the
southernmost parts of the flight tracks (cf. middle parts for other flights) and turn-around flight
legs were made to achieve more effective plume transects; the aircraft still periodically passed

through in-plume and background air but Transects PO—P3 are not located increasingly farther
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downwind as in other flights (see Fig. 1). We use total particle number concentrations measured
by a condensation particle counter (CPC, TSI model 3025, cutoff diameter 3 nm) and particle size
distributions ranging from 10 nm to 400 nm in diameter characterized by a fast integrated mobility
spectrometer (FIMS) at a time resolution of 1 second.'> 7 We also make use of monoterpene
concentrations measured by an Ionicon quadrupole high-sensitivity proton-transfer-reaction mass
spectrometer (PTR-MS) onboard G-1.!® Moreover, we employ measurements of H>SO4 by a
hydroxyl radical chemical ionization mass spectrometer (CIMS) at the T3 surface site downwind
of Manaus (Fig. 1)—the only available H>SO4 measurements during the GoAmazon campaign.'®

Particle number concentration measurements at the T1 surface site in the urban area of Manaus
are not available for the simulation period (March 6-15, 2014). Therefore, we employ the
measurements during March 6—15 of 2016 made by a scanning mobility particle sizer (SMPS, TSI
model 3081) for particles with a diameter of 10450 nm and conduct additional simulations with
exactly the same model configurations during this period to compare with the measurements. Note
that the CPC and FIMS aboard the G-1 aircraft and the SMPS at the T1 site are all located behind
a dryer. As a result, the sampling relative humidity has remained less than 40% for the whole field
campaign, which effectively minimized the potential impact of ambient relative humidity or water
supersaturation. For NH3, no available observations are found within the modeling domain, thus
we use NH3 concentration measurements by a wet-annular denuder at a site in southwest Amazon

during the wet season of 2002'° as a proxy.
3. Supplementary information about model-observation comparison
In the main text, we compared simulated vs. observed particle size distributions (Fig. 3). Since

this comparison is limited to particles larger than 10 nm in diameter due to the limitation of FIMS,

we further show in Fig. S11 observed particle number concentrations in the diameter range of 3—
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10 nm by the G-1 aircraft as well as simulated concentrations during four flights on March 11-14.
The observed particle number concentrations between 3 nm and 10 nm are derived from the
difference between two CPCs that measure particles larger than 3 nm and 10 nm, respectively.

First, we note that the observed high numbers of particles between 3 and 10 nm in the plumes
do indeed confirm that a large fraction of the particle concentrations is probably contributed by
NPF. Without NPF, the primarily emitted particles would have grown to larger sizes when they
were transported to the locations where they were observed by the G-1 aircraft (see the blue lines
in Fig. 3).

Second, we compare the modeled and observed concentrations. It is very challenging for
mainstream models to capture the particle distribution below 10 nm because such small particles
are very sensitive to even small changes in condensational growth and coagulational scavenging.
In our base-case simulation (“inorg+org R2D-VBS”), the model captures the peak number
concentration in the range of 3—10 nm in some of the transects but generally underestimates the
peak concentrations in most transects. One likely reason for this bias is that the current model
assumes instantaneous equilibrium for gas-particle partitioning of organics instead of considering
kinetic partitioning for aerosol growth processes.?” 2! Another possible reason is that we used a
highly condensed 2-bin Volatility Basis Set (VBS) approach to simulate the SOA formation from
all precursors other than monoterpenes, including anthropogenic volatile organic compounds
(VOC), non-monoterpene biogenic VOC, evaporated primary organic aerosol (POA), and
intermediate volatility organic compounds (IVOC). In this simplified scheme, the oxidation
products from each type of precursor are assumed to possess the same volatility (C* of 0.01 ug
m > for the oxidation products of evaporated POA and IVOC and 1.0 pug m™ for the oxidation

products from anthropogenic VOC and non-monoterpene biogenic VOC), which may bias the size-
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dependent growth rates. For example, Zaveri et al.?’> recently showed that assuming the
condensable vapors to have low volatility may cause small particles to grow too fast and thus lead
to underestimation of the concentration of small particles. In our ongoing work, we are trying to
incorporate kinetic organic partitioning in WRF-Chem and simulate the non-monoterpene organic
chemistry using an updated 4-bin VBS from Shrivastava et al.'3, which we hope will alleviate the
underestimation of particles between 3 nm and 10 nm.

To show that the above bias should not affect the main conclusion of this study regarding the
source of particle number, we conduct two sensitivity simulations in which we artificially reduce
the particle growth rate either in the entire size range (“slow growth) or only in the size range
below 10 nm (“slow growth below 10 nm”) to allow more particles to stay in the range of 3—10
nm. Specifically, we assume that only 50% (cf. 100% in the base-case simulation) of the excessive
organic vapor (i.e., gas concentration before partitioning — equilibrium gas concentration) will
condense to the particle phase in the specified size range in each time step. Fig. S11 shows that
both scenarios show higher particle number concentrations between 3 nm and 10 nm compared to
the base-case simulation, leading to a much closer agreement with observations, though biases still
exist. Fig. S12 further illustrates the fractional contribution of NPF within the modeling domain to
particle number concentrations on a 2-km high vertical cross section which extends westward from
Manaus to 200 km downwind in the base case and two sensitivity scenarios. The contribution of
NPF is quantified using the difference in simulated particle concentrations between one of the
three scenarios and a hypothetical scenario without NPF (“nonuc” in Table S2). All three scenarios
show similar relative contributions of NPF to particle number concentration in the areas downwind

of Manaus, suggesting that the bias in particle growth that leads to the underestimation of 3—10 nm
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particles in our current model is not likely to affect our main conclusion that NPF makes the most
important contribution to particle number in most of the downwind areas.

We note that the particle number concentrations (> 3 nm) for the “inorg” scenario are sometimes
lower than those for the “nonuc” scenario, as shown in Fig. 2. This is probably because the changes
in aerosol fields due to inorganic NPF could affect the meteorological fields by interacting with
radiation and clouds, which may further perturb particle concentrations at other times and
locations. Since the rates of inorganic NPF are small at many times and locations, the accumulated
perturbation over time could dominate over the direct particle formation in some circumstances,
leading to occasional lower particle number concentrations in the “inorg” scenario than in the
“nonuc” scenario. We also note that the simulated particle number at P3 on March 11 is
significantly lower than the observed value (Fig. 3a). The main reason is that the simulated
centerline of the pollution plume was shifted to some extent relative to the observed location (see
Fig. 2a), probably because of uncertainties in the simulated wind direction. As a result, the model
underestimates observed particle number concentrations near the location of the observed pollution
plume centerline.

As mentioned in the main text, we conduct additional simulations with the same model
configurations for March 615 in 2016 to compare with measurements at the T1 site. Here we
calculate the statistics of major meteorological variables within the modeling domain at the surface
level and 500 m height during our main simulation period (March 6-15, 2014) and the above
supplementary simulation period, as summarized in Table S3. The temperature and relative
humidity are very similar during the two simulation periods. The wind speed is also similar—the
mean wind speed is slightly larger in the simulation period of 2014 but the standard deviation is

very close in the two periods. The size distribution simulated by the base case (“inorg+org R2D-
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VBS”) generally agrees with observations at T1, with a certain level of overestimation in the range
of 20—60 nm and underestimation in smaller and larger sizes (Fig. S4). As we discussed above, we
expect that the size distribution could be further improved after we incorporate in WRF-Chem
kinetic particle growth and improved volatility distribution of organic aerosols in our ongoing

work.
4. Relationships between NPF rates and particle number concentrations

The NPF rates shown in Fig. 5 and Fig. S6 are relatively low compared to many field
observations?> 2* because they are averaged during the entire simulation period (March 615,
2014) and the data in Fig. 5 are further vertically averaged below 2 km. In contrast, observational
studies usually report only the NPF rates during strong NPF events.?** >* Fig. S13c¢ shows hourly
average NPF rates on a 2-km high vertical cross section that extends westward from Manaus to
200 km downwind during the simulation period. We can see that high hourly average NPF rates
larger than 10 cm™ s™! are frequently simulated by the model.

We have also conducted additional analysis on the relationships between NPF rates and particle
number concentrations, as shown in Fig. S13. Fig. S13a exhibits the time-averaged NPF rate on
the aforementioned vertical cross section and Fig. S13b exhibits the time-averaged particle number
concentration increase due to NPF, which is quantified using the difference between the base case
(“inorg+org R2D-VBS”) and the scenario without NPF (“nonuc”). Fig. S13c¢ further shows hourly
average NPF rate and increased particle number concentration on the cross section. The increased
particle number concentrations due to NPF are generally larger in areas with larger NPF rates.
There is a statistically significant positive correlation between the two with a correlation
coefficient 0of 0.619 and a p-value <0.001 (Fig. S13c). However, the relationships are complicated

by two factors. First, a large NPF rate is simulated at the surface of the city center but the increase
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in particle number concentration is relatively small mainly because of a large coagulational loss
caused by direct particle emissions. Second, particles observed in a certain location are not
necessarily formed locally but may be transported from upwind areas by the prevailing easterly
wind. As a result of the two factors, the increased particle number concentrations due to NPF peak
about 30 km downwind of the city center while the NPF rates peak near the city center (Fig.
S13a,b). Also, as a result of the two factors, the increase in particle number concentrations has a

large variability even for a given NPF rate (Fig. S13c).
5. Details of the sensitivity analysis

We showed in Results and Discussion that primary particle emissions only account for a small
fraction of particle number concentration downwind of Manaus. Compared with the particle size
distribution used in many previous regional modeling studies,?> the size distribution used in this
study results in relatively large total particle number emissions (see Methods and Data). To test
potential uncertainties that may lead to even higher particle number emissions and hence a larger
contribution to ambient particle number concentrations, we design two sensitivity scenarios by
perturbing the total mass emissions (“nonuc_emis*4”’) and size distribution (“nonuc_emis_finer”)
on the basis of the scenario without any NPF (“nonuc”). In the “nonuc_emis*4” scenario, we
increase the primary particle mass emissions by a factor of 4 while keeping the size distribution
unchanged. The particle size distribution used in this study is a superposition of two lognormal
distributions with an Aitken mode and an accumulation mode. In the “nonuc_emis_finer” scenario,
we reduce the Aitken-mode median diameter of urban sources from 25 nm to 12 nm. The reason
is that some emission measurements suggested that the primary particles from certain types of

30-32

vehicles might have a peak diameter of 10-25 nm, smaller than 25 nm assumed for urban

emissions in this study. While the effective particle size of emissions at a 10-km grid spacing will
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be larger than that of fresh emissions (see Methods and Data) and thus the effective size is unlikely
as small as 12 nm, we use this small size as a sensitivity test to examine the potential upper bound
of particle number emissions. Particle measurements at the T1 surface site in urban Manaus
provide a useful constraint for the estimate of primary particle emissions. Figure S3 shows that
both sensitivity scenarios overestimate the particle number concentration at the T1 site by a factor
of 2.5-3.2 even without considering NPF. This indicates that the particle number emissions in
these two scenarios are likely too high. Even so, Fig. S8 shows that the model still substantially
underestimates the aircraft-measured particle number concentration in the Manaus plumes by
nearly one order of magnitude. These results indicate that, even with the potential upper bound of
the particle number emission estimates, the primary particle emissions are not likely the main
sources for the high particle number concentrations in the pollution plumes from Manaus.

Apart from primary emissions, our results also indicate that inorganic NPF pathways make a
minor contribution to particle number downwind of Manaus. To investigate the factors that could
potentially lead to a larger contribution from inorganic NPF, we conduct two additional sensitivity
simulations (“inorg NH3*3” and “inorg amine”) based on the scenario of “inorg”. Among the
precursors for inorganic NPF, the concentrations of NHj3 are subject to a relatively large
uncertainty partly due to very limited measurements over the Amazon. The “inorg NH3*3”
scenario is the same as “inorg” except that the NH3 concentrations are elevated by a factor of 3.
The NPF of H,SO4 and amines has also been shown to be an appreciable pathway in certain
polluted environments.**** In the “inorg_amine” scenario, we provide a first-order estimate of the
potential contribution of HoSOs+amine NPF by incorporating the parameterization developed by
Dunne et al.' using data from the CLOUD chamber.*> The amine concentrations have been

modeled by several studies with very similar methods; they all derived the amine emission
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inventory by scaling down ammonia emissions using sector-specific factors.!> %37 Here we apply
the ratio of amine concentration to ammonia concentration simulated by Dunne et al.! over our
domain to the WRF-Chem/R2D-VBS simulated ammonia concentrations to estimate the amine
concentrations, and subsequently use the estimated amine concentrations to calculate the
H>SOs+amine NPF rate. Note that this scenario merely serves as a rough estimate of the potential
contribution of amines rather than a rigorous quantification of the NPF rate. Figure S9 reveals that
both the “inorg NH3*3” and “inorg amine” scenarios only slightly amplify simulated particle
number concentrations relative to “inorg”, which are still far below the concentrations observed
by the G-1 aircraft. These results reinforce our findings that inorganic NPF is unlikely the main
source of the particle number downwind of Manaus and suggest that our conclusions are robust.
The above sensitivity simulations, by testing the potential upper bounds of primary particle
emissions and inorganic NPF, increase our confidence that organic-mediated NPF probably acts
as the most important source of particle number downwind of Manaus. A sophisticated model
representation of organic-mediated NPF is crucially important for reasonably estimating its
contribution in polluted environments. Here we conduct two sensitivity simulations to show that
previous more simplified model treatments may lead to substantial bias in simulated NPF rates. In
the first simulation (“inorg+org simple”), we assume that the organics contributing to NPF are a
fixed fraction of all monoterpene oxidation products, following the common practice of many
previous studies.!s % 273840 The specific fixed fractions we used are from Gordon et al.* Figure S10
shows that this sensitivity run overestimates the G-1 observed particle number concentrations in
Manaus plumes by 1-1.5 orders of magnitude. A major reason, among others, is that this simple
treatment fails to capture the strong condensation sink of ULVOC/ELVOC in pollution plumes

due to their extremely low volatilities. In another sensitivity scenario (“inorgtorg R2D-
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VBS_uniauto”), we apply an older version of the Radical 2D-VBS used in Zhao et al.> The
difference between the two versions is that the older version used a uniform autoxidation rate for
all RO, of the same generation. Figure S10 reveals that this scenario significantly underestimates
peak particle number concentrations in Manaus plumes by over one order of magnitude, indicating
that the prompt ELVOC formation through rapid autoxidation is critically important to effectively
compete with the condensation loss in urban plumes and to produce a considerable number of new
particles. While a uniform autoxidation rate can reasonably simulate the particle formation in
pristine conditions,’ an appropriate representation of diversity in ELVOC formation rate is
necessary for polluted regions with a large condensation loss. The inorganic species involved in
NPF comprise a relatively small set; the organics are numerous, spanning a wide range in volatility
and also reactivity. The Radical 2D-VBS represents a substantial simplification over a full
chemical description. Our results reveal that further reducing the complexity much beyond this

point introduces measurable errors into real-world model outputs.
6. Discussion of the potential impact of other precursors and processes

In our current model, we use monoterpenes as the main precursors to drive organic-mediated
NPF, because monoterpenes have been well recognized to be an important contributor to NPF
since the oxidation of monoterpene produces a significant amount of ULVOC and ELVOC. It is
noted, however, that other organic precursors may also have (enhancement or suppression) effects
on NPF.

In contrast to monoterpenes, isoprene has been much less frequently observed to trigger NPF*!
but has been frequently shown to suppress NPF events.**** Regarding NPF triggered by isoprene,
Inomata et al.*! showed that the ozonolysis of isoprene produces stabilized Criegee intermediates

and subsequently oligomeric hydroperoxides, which contribute to NPF under dry conditions.
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However, the isoprene concentrations used in that experiment (~2 ppm) are approximately 3 orders
of magnitude higher than the isoprene concentrations observed in our region of interest (0.43—-2.37

ppb).'¢ Besides, Inomata et al.*!

showed that the NPF triggered by isoprene oxidation products is
substantially suppressed when relative humidity is larger than 68%. The relative humidity within
our domain is as high as 89.6+11.6% at the surface level and 87.54+9.2 at 500 m height during our
simulation period (Table S3), which is high enough to largely suppress isoprene-induced NPF.
Compared with the limited evidence for NPF driven by isoprene, more studies have revealed that

isoprene suppresses the NPF triggered by monoterpene oxidation products,*>**

probably because
isoprene reduces the yield of highly-oxygenated dimers with about 20 carbon atoms that drive NPF
while increasing the production of “heterodimers” with about 15 carbon atoms (isoprene-

monoterpene cross reaction products).**

For these reasons, we conclude that isoprene is not likely
to play a dominant role in driving NPF over the Amazon, but future research is still needed to
quantify the effects of isoprene on NPF rates. In addition, some studies have reported that
sesquiterpenes might make a noticeable contribution to NPF despite their much smaller
concentrations than monoterpenes,* but it is still difficult to accurately quantify their contribution
based on currently limited results. More recently, it was found that the oxidation of anthropogenic
organic precursors may also produce oxidation products with sufficiently low volatility to trigger
NPF in polluted environments.*® 4’ For example, Wang et al.*’ showed that the oxidation products
of toluene have a similar volatility distribution to that of a-pinene oxidation products, while the
oxidation products of naphthalene are even less volatile than those from toluene or a-pinene. Their
importance for NPF relative to biogenic precursors, however, remain largely unknown because 1)

the yields of ULVOC/ELVOC from anthropogenic precursors remain unclear; and 2) a large

fraction of the ULVOC/ELVOC from these precursors is produced by slower multi-generational
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oxidation reactions (relative to the rapid autoxidation in the case of monoterpenes), while a rapid
formation of ULVOC/ELVOC is important to effectively compete with the strong condensation
loss in polluted areas. The net organic NPF rate in the real world is likely a combined effect of all
aforementioned precursors, with some precursors accelerating while others slowing down the NPF
rates given by our current model.

In addition to the NPF rate, the growth and removal of particles also affect the ambient particle
number. After ELVOC, most typically multifunctional hydroperoxides formed via autoxidation,
partition to the particle phase, they may undergo further particle-phase reactions, including
accretion reactions leading to oligomers and decomposition leading to shorter-chain compounds. *®
49 Pospisilova et al.*® suggested that the particle-phase reactions in o-pinene ozonolysis
experiments are likely dominated by the decomposition of reactive oxygen species, including
hydroperoxides. The lifetimes of these species against particle-phase reactions could span a large
range,* but are mostly about 30 to 150 min for a-pinene ozonolysis products.*® The particle-phase
reactions result in continuous concentration and composition changes of SOA. The effect on NPF
remains unclear. The decomposition reaction might accelerate the evaporation of newly formed
particles and reduce the effective NPF rate; however, it is more likely that decomposition could
slow the growth rate of newly formed particles but not lead to complete evaporation. Even that is
uncertain. Decomposition products will not necessarily evaporate, and our results show that the
overall environment in the pollution plume is dominated by SOA formation and particle growth.
Thus, the particle-phase reactions are not likely to greatly change the NPF rate. Nevertheless,
future studies are needed to quantify the effect of particle-phase reactions on SOA and NPF in our
model. Furthermore, while our current model simulates the particle growth by condensation of

organics using an equilibrium partitioning method, recent studies showed that the growth and
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20,21 and thus needs to be considered

evaporation kinetics can affect the size distribution evolution
in future studies to better simulate the particle growth and size distribution in the pollution plumes.
For example, the diameter of the simulated peak number concentration grows slower than observed
as show in Fig. 3. The underestimate of particles in the range of 3—10 nm may also be partly
attributed to this issue (see more in Section 3 of SI). Finally, the chemical loss of organic particles

via photolysis®® also needs to be accounted for to properly simulate the lifecycle and budget of

particles.
7. Discussion of the role of H:2SO4 monomer and dimer

H>SO4 dimer is an important intermediate for many types of NPFs involving H>SOs. For acid-
base nucleation, such as the nucleation of HoSO4 with amine or NH3, H>SO4 dimer plays a key
role in the nucleation process.’> >! For the nucleation of H»SO4 with organics, the main NPF
pathway in our region of interest, the situation is more complex. According to the mass defect
diagrams for negatively charged clusters during NPF experiments involving H>SO4 and organics
at the CLOUD chamber (Fig. 2a of Riccobono et al.> and Fig. 1¢ of Schobesberger et al.>?), there
are many clusters of HoSO4 dimer with organics but there are even more clusters of H>SO4
monomer with organics. This indicates that the H>SO4 dimer is likely to play a certain but not the

most important role in the nucleation of H>SO4 with organics.
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Figure S1. Comparison of Radical 2D-VBS simulated HOM yields and SOA concentrations with
smog-chamber and flow-tube experiments: (a) HOM molar yields from a-pinene + O3, (b) HOM
molar yields from a-pinene + OH, and (c) SOA concentrations. The simulation results are obtained
with the final Radical 2D-VBS parameters used in our 3-D simulations. The measurements of o.-
pinene + O3 HOM molar yields are from Kirkby et al.>, Ehn et al.’®, Sarnela et al.>*, and Jokinen
et al.%; the measurements of a-pinene + OH HOM molar yields are from Kirkby et al.?, Ehn et
al.>3, Jokinen et al.’, and Berndt et al.’’; and the measurements of SOA concentrations are from
Shilling et al.’®, Presto and Donahue®’, and Ng et al.. In (a) and (b), each dot represents the
measured HOM yield for an experiment or the simulated HOM yield for a model run (see a list of
all model runs in Table S2 and S3 of Zhao et al.”). For some studies (Kirkby, Ehn, and Jokinen in
(a); Kirkby, Jokinen, and Berndt in (b)), we only show one dot for measurements because the
corresponding literature only reports the mean HOM yield for all experiments. The studies
highlighted with an underline are flow-tube experiments.
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Figure S2. Number density per pg (107!2 g) of primary particle emissions, according to the size
distribution used in the base case of this study (“base” in the figure), a number of previous regional
modeling studies (“Matsui et al.”, “Cui et al.”, and “Luo and Yu”), and two sensitivity cases in
this study (“nonuc_emis*4” and “nonuc_emis_finer”). For the “nonuc_emis*4” case, the figure
shows the number density per 4 pg of primary particle emissions. The size distribution of “Matsui
et al.” has been used in Matsui et al.?>; “Cui et al.” has been used in Cui et al.?¢ and Lupascu et
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Note that in the base case and the two sensitivity cases (“nonuc_emis*4” and “nonuc_emis_finer”),
we assume the mass fraction of Aitken-mode particles to be 30% (cf. the baseline estimate of 10%
in Elleman and Covert®') for non-industrial urban sources in Manaus, which represents an urban
environment with a relatively high contribution from transportation emissions.
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Figure S3. Comparison of simulated particle number concentrations (> 10 nm) averaged during

March 6-15, 2016 with surface observations at the T1 site. The number concentrations are

normalized to STP. The definitions of the model scenarios are summarized in Table S2.
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definitions of the model scenarios are provided in the main text and Table S2.
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period of this study (March 6-15, 2014).
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Table S1. Parameters in the NPF model.

Parameter Value Parameter Value

Pon 3.95451 Pu.i 3.373738
Up,n 9.702973 Ui —11.48166
Vb,n 12.62259 Vb,i 25.49469
Wb,n —0.007066146 Wh,i 0.1810722
Ptn 2.891024 pi 3.138719
Utn 182.4495 Ut —23.8002
Vin 1.203451 Vi 37.03029
Win —4.188065 Wi 0.227413
PAn 8.003471 PA,i 3.071246
an 1.5703478%1076 a; 0.0048314
ksa-org 3.27x107%! aj 0.0400097
a 1.84826 as 0.00136641
a4 1.56588 as 0.186303
KsA-Amine-1 2.08x107% KSA_Amine-2 1.93x10728

Note: Full numerical precision is needed. The units of [ULVOCg.cs04] are 10’ cm™. [H,S0,] has units 10° cm™ in
Jsa and Jsa 3, and cm™ in Jsa_org and Jsa—amine. [NHs] has units 105 cm™ and [DMA] has units cm™. The
ion and [ELVOC,.c>04] concentrations have units cm™.

Table S2. Summary of model scenarios developed in this study.

Scenario

‘ Description

Main scenarios

nonuc

A simulation without NPF.

inorg

A simulation with only inorganic NPF included.

inorgtorg R2D-VBS

A simulation with both inorganic and organic NPF included, and the
organics that nucleate are simulated employing the updated Radical 2D-
VBS that uses two types of autoxidizable RO, with faster and slower
autoxidation rates. This is considered as the base-case scenario and is used
in most analyses of the present study.

Sensitivity scenarios

nonuc_emis*4

Based on “nonuc”, this scenario increases primary particle emissions by a
factor of 4.

nonuc_emis_finer

Based on “nonuc”, this scenario reduces the Aitken-mode median diameter
of primary particle emissions from urban sources from 25 nm to 12 nm.

inorg NH3*3

The same as “inorg” except that the NH3 concentrations across the domain
are increased by a factor of 3.

inorg_amine

The same as “inorg” except that an NPF pathway involving H>SO4 and
amines is incorporated.
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inorg+org_simple

The same as “inorg+org R2D-VBS” except that the organics that nucleate
are assumed to be a fixed fraction of all monoterpene oxidation products.

inorg+org R2D-VBS uniauto

The same as “inorg+org R2D-VBS” except that a uniform autoxidation
rate is used for all RO> of the same generation.

Table S3. Statistics (mean + standard deviation) of major meteorological variables within the
modeling domain during the main simulation period in March 2014 and supplementary simulation

period in March 2016.
March 6-15, 2014 March 6-15, 2016
surface 500 m surface 500 m
Temperature (K) 298.13+£2.31 296.41+1.56 298.83+2.13 297.03+1.39
Relative humidity (%) 89.55+11.62 87.49+9.16 91.35+10.64 89.63+8.04
East-west wind (m s™!) —1.11£1.13 —3.65+£2.70 —0.75£1.09 —2.68£2.61
South-north wind (m s™") —0.35+£1.27 -2.07£2.91 —0.18+1.23 -1.36£2.77
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