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1. More details of the model and its configuration 25 

The parameterizations of NPF rates were developed in several previous studies based on 26 

experiments in the CLOUD (Cosmics Leaving Outdoor Droplets) chamber,1-4 with a couple of 27 

updates in our previous study.5 The NPF rates at 1.7 nm mobility equivalent diameter are 28 

calculated as the sum of the following parametrizations: 29 

(1) Binary neutral (indicated by b, n) and ion-induced (b, i) NPF involving sulfuric acid: 30 

𝐽 = 𝑘 , (𝑇)[𝐻 𝑆𝑂 ] , + 𝑘 , (𝑇)[𝐻 𝑆𝑂 ] , [𝑛 ] 31 

where the 𝑘(𝑇) is a temperature-dependent prefactor and includes free-fitting parameters (see 32 

equations below), p is a constant free parameter, and [𝑛 ] is the concentration of negative ions. 33 

(2) Ternary neutral (indicated by t, n) and ion-induced (t, i) NPF involving sulfuric acid and NH3: 34 

𝐽 , = 𝑘 , (𝑇)𝑓 ([𝑁𝐻 ], [𝐻 𝑆𝑂 ])[𝐻 𝑆𝑂 ] ,35 
+ 𝑘 , (𝑇)𝑓 ([𝑁𝐻 ], [𝐻 𝑆𝑂 ])[𝐻 𝑆𝑂 ] , [𝑛 ] 36 

where the 𝑓([𝑁𝐻 ], [𝐻 𝑆𝑂 ]) is a function of the ammonia and sulfuric acid concentrations, also 37 

involving free-fitting parameters. 38 

All the 𝑘(𝑇) in (1) and (2), for temperatures T in Kelvin, are given by: 39 

ln𝑘( , ) = 𝑢( , ) − exp 𝑣( , ) 𝑇/1000 − 𝑤( , )  40 

where x = b or t (binary and ternary) and y = n or i (neutral and ion-induced). The functions 41 

𝑓 ([𝑁𝐻 ], [𝐻 𝑆𝑂 ]) are 42 

𝑓 ([𝑁𝐻 ], [𝐻 𝑆𝑂 ]) = [𝑁𝐻 ]/ 𝑎 + [𝐻 𝑆𝑂 ] , /[𝑁𝐻 ] ,  43 

(3) NPF of organics with sulfuric acid: 44 

𝐽 = 𝑘 [𝐻 𝑆𝑂 ] (33.0 × 0.667[𝐸𝐿𝑉𝑂𝐶 : . ]) 45 

where [𝐸𝐿𝑉𝑂𝐶 : . ] refers to the concentration of ELVOC with O:C >0.4 from the oxidation 46 

of monoterpenes, and 𝑘  is a fitted parameter. The factor 0.667 corrects for the large yield 47 



of ELVOC from 𝛼-pinene (a type of endocyclic monoterpene) compared to other monoterpenes, 48 

as endocyclic monoterpenes comprise nearly 2/3 of all monoterpene emissions over the Amazon.6 49 

The adjustment factor of 33.0 is the ratio of total monoterpene oxidation products to ELVOC with 50 

O:C >0.4 under the environmental conditions where the parameterizations were developed.5 51 

(4) NPF from organics alone, a sum of neutral (𝐽 , ) and ion-induced (𝐽 , ) components: 52 

𝐽 , = 𝑎 (3.6 × 0.667[𝑈𝐿𝑉𝑂𝐶 : . ]) /( . × . [ : . ]) 53 

𝐽 , = 𝑎 (3.6 × 0.667[𝑈𝐿𝑉𝑂𝐶 : . ]) /( . × . [ : . ])[𝑛±] 54 

where [𝑈𝐿𝑉𝑂𝐶 : . ] refers to the concentration of ULVOC with O:C >0.4 from the oxidation 55 

of monoterpenes and is given here for convenience in units of 107 molecules cm−3, [𝑛±] is the 56 

ion concentration (equal to [𝑛 ], but ions of both signs participate in this NPF process), and 𝑎  57 

are free parameters. The factor 0.667 has the same meaning as described above. The adjustment 58 

factor of 3.6 is the ratio of highly oxygenated organic molecules (HOMs) to ULVOC with O:C 59 

>0.4 under the environmental conditions where the parameterizations were developed.5 60 

(5) In a sensitivity simulation, we also consider the NPF of H2SO4 with amines. Assuming all 61 

amines nucleate at the same rate as dimethylamine (DMA), the NPF rate is given by: 62 

𝐽 = 𝑘 [𝐷𝑀𝐴]/(2.5 × 10 ) [𝐻 𝑆𝑂 ] .  63 

for [𝐷𝑀𝐴] > 2×108 cm−3, and 64 

𝐽 = 𝑘 [𝐷𝑀𝐴]/(2.5 × 10 )
.

[𝐻 𝑆𝑂 ] .  65 

for [𝐷𝑀𝐴] < 2×108 cm−3. 𝑘  and 𝑘  are fitted parameters. 66 

The values of all parameters in the equations above are given in Table S1 (shown below). 67 

Attention must be paid to the units of the gas concentrations, specified in the table footnotes. 68 

The parameterizations above do not consider the impact of relative humidity on organic-69 

mediated NPF. It is not easy to investigate the impact of relative humidity on NPF during the wet 70 



season of the Amazon based on available observational data because the relative humidity is 71 

almost always quite high in the boundary layer—the region this study focuses on and most 72 

observational data are available in. The relative humidity within our domain is as high as 73 

89.6±11.6% at the surface level and 87.5±9.2 at 500 m height during our simulation period (Table 74 

S3). From the laboratory perspective, Li et al.7 investigated the effect of relative humidity on the 75 

formation of highly oxygenated organic molecules and new particles in a flow tube reactor. They 76 

found that as relative humidity increases from ∼3% to ∼92%, the total SOA number 77 

concentrations decrease by a factor of 2–3, suggesting that high RH might inhibit pure-organic 78 

NPF. However, the mechanisms for this inhibition remain unclear. Also, the conclusion derived 79 

from pure-organic NPF by Li et al.7 may not be directly applicable to the NPF of H2SO4 with 80 

organics—the main NPF pathway in our region of interest. Besides, since the relative humidity in 81 

the wet season of the Amazon has a relatively small variability, the effect of relative humidity on 82 

NPF in this region is expected to be smaller than the effect shown by Li et al.7 Because of these 83 

reasons, we do not consider the effect of relative humidity on organic-mediated NPF in our model. 84 

We are interested in considering this effect when more quantitative and mechanistic experimental 85 

evidence becomes available. 86 

As described in the main text, we use the MOSAIC (Model for Simulating Aerosol Interaction 87 

and Chemistry) aerosol module8 in our simulation. We changed the accommodation coefficient 88 

for the condensation of H2SO4 from 0.1 in the original MOSAIC module to 1.0, following Hanson9. 89 

The aqueous-phase chemistry is based on the Carnegie Mellon University (CMU) scheme of Fahey 90 

and Pandis10. The biogenic emissions are calculated online using the Model of Emissions of Gases 91 

and Aerosols from Nature (MEGAN v2.1)11 that has been recently coupled within the land surface 92 

scheme CLM4 in WRF-Chem.12 We reduce the monoterpene emissions predicted by MEGAN 93 



v2.1 by a factor of 2 so that the simulated magnitude of monoterpene concentrations generally 94 

agrees with aircraft observations (see the main text). A previous modeling study over the Amazon 95 

also suggested that the simulated monoterpene concentrations using MEGAN v2.1 overpredicted 96 

observations by about a factor of 2.13 The vertical resolution of the simulation includes 45 layers 97 

from the surface to 50 hPa with denser layers at lower altitudes. The physical options, as well as 98 

initial and boundary conditions used in our simulations, follow Zhao et al.5 99 

2. Sources of observational data 100 

We evaluate the model simulations using measurements obtained in the GoAmazon 101 

(Observations and Modelling of the Green Ocean Amazon) campaign.14-16 The pollution plumes 102 

from Manaus generally follow the easterly trade winds during the simulation period. The 103 

Gulfstream 1 (G-1) aircraft was deployed during certain days of the GoAmazon campaign to 104 

measure aerosol characteristics downwind (west) of Manaus. As described in the main text, on 105 

March 11, 13, and 14, the aircraft flight track passed over Manaus or intersected its pollution plume 106 

perpendicular to the prevailing wind direction 4–5 times (Transects P0 to P3/4 in Fig. 1) at 107 

increasing distances from Manaus at an altitude of 500–800 m. Based on the average wind speed 108 

in the plume, on March 11, the transport times from Transect P0 (right above Manaus) to Transects 109 

P1, P2, and P3 are about 1.26 h, 2.34 h, and 3.77 h, respectively. On March 13, the transport times 110 

from P0 to P1, P2, P3, and P4 are about 1.15 h, 2.26 h, 3.45 h, and 4.78 h, respectively. On March 111 

14, the transport times from P0 to P1, P2, P3, and P4 are about 1.06 h, 2.08 h, 2.71 h, and 4.28 h, 112 

respectively. On March 12, the flight is special in that the plume transects were made in the 113 

southernmost parts of the flight tracks (cf. middle parts for other flights) and turn-around flight 114 

legs were made to achieve more effective plume transects; the aircraft still periodically passed 115 

through in-plume and background air but Transects P0–P3 are not located increasingly farther 116 



downwind as in other flights (see Fig. 1). We use total particle number concentrations measured 117 

by a condensation particle counter (CPC, TSI model 3025, cutoff diameter 3 nm) and particle size 118 

distributions ranging from 10 nm to 400 nm in diameter characterized by a fast integrated mobility 119 

spectrometer (FIMS) at a time resolution of 1 second.15, 17 We also make use of monoterpene 120 

concentrations measured by an Ionicon quadrupole high-sensitivity proton-transfer-reaction mass 121 

spectrometer (PTR-MS) onboard G-1.16 Moreover, we employ measurements of H2SO4 by a 122 

hydroxyl radical chemical ionization mass spectrometer (CIMS) at the T3 surface site downwind 123 

of Manaus (Fig. 1)—the only available H2SO4 measurements during the GoAmazon campaign.18 124 

Particle number concentration measurements at the T1 surface site in the urban area of Manaus 125 

are not available for the simulation period (March 6–15, 2014). Therefore, we employ the 126 

measurements during March 6–15 of 2016 made by a scanning mobility particle sizer (SMPS, TSI 127 

model 3081) for particles with a diameter of 10–450 nm and conduct additional simulations with 128 

exactly the same model configurations during this period to compare with the measurements. Note 129 

that the CPC and FIMS aboard the G-1 aircraft and the SMPS at the T1 site are all located behind 130 

a dryer. As a result, the sampling relative humidity has remained less than 40% for the whole field 131 

campaign, which effectively minimized the potential impact of ambient relative humidity or water 132 

supersaturation. For NH3, no available observations are found within the modeling domain, thus 133 

we use NH3 concentration measurements by a wet-annular denuder at a site in southwest Amazon 134 

during the wet season of 200219 as a proxy. 135 

3. Supplementary information about model-observation comparison  136 

In the main text, we compared simulated vs. observed particle size distributions (Fig. 3). Since 137 

this comparison is limited to particles larger than 10 nm in diameter due to the limitation of FIMS, 138 

we further show in Fig. S11 observed particle number concentrations in the diameter range of 3–139 



10 nm by the G-1 aircraft as well as simulated concentrations during four flights on March 11–14. 140 

The observed particle number concentrations between 3 nm and 10 nm are derived from the 141 

difference between two CPCs that measure particles larger than 3 nm and 10 nm, respectively. 142 

First, we note that the observed high numbers of particles between 3 and 10 nm in the plumes 143 

do indeed confirm that a large fraction of the particle concentrations is probably contributed by 144 

NPF. Without NPF, the primarily emitted particles would have grown to larger sizes when they 145 

were transported to the locations where they were observed by the G-1 aircraft (see the blue lines 146 

in Fig. 3). 147 

Second, we compare the modeled and observed concentrations. It is very challenging for 148 

mainstream models to capture the particle distribution below 10 nm because such small particles 149 

are very sensitive to even small changes in condensational growth and coagulational scavenging. 150 

In our base-case simulation (“inorg+org_R2D-VBS”), the model captures the peak number 151 

concentration in the range of 3–10 nm in some of the transects but generally underestimates the 152 

peak concentrations in most transects. One likely reason for this bias is that the current model 153 

assumes instantaneous equilibrium for gas-particle partitioning of organics instead of considering 154 

kinetic partitioning for aerosol growth processes.20, 21 Another possible reason is that we used a 155 

highly condensed 2-bin Volatility Basis Set (VBS) approach to simulate the SOA formation from 156 

all precursors other than monoterpenes, including anthropogenic volatile organic compounds 157 

(VOC), non-monoterpene biogenic VOC, evaporated primary organic aerosol (POA), and 158 

intermediate volatility organic compounds (IVOC). In this simplified scheme, the oxidation 159 

products from each type of precursor are assumed to possess the same volatility (C* of 0.01 g 160 

m−3 for the oxidation products of evaporated POA and IVOC and 1.0 g m−3 for the oxidation 161 

products from anthropogenic VOC and non-monoterpene biogenic VOC), which may bias the size-162 



dependent growth rates. For example, Zaveri et al.22 recently showed that assuming the 163 

condensable vapors to have low volatility may cause small particles to grow too fast and thus lead 164 

to underestimation of the concentration of small particles. In our ongoing work, we are trying to 165 

incorporate kinetic organic partitioning in WRF-Chem and simulate the non-monoterpene organic 166 

chemistry using an updated 4-bin VBS from Shrivastava et al.13, which we hope will alleviate the 167 

underestimation of particles between 3 nm and 10 nm.  168 

To show that the above bias should not affect the main conclusion of this study regarding the 169 

source of particle number, we conduct two sensitivity simulations in which we artificially reduce 170 

the particle growth rate either in the entire size range (“slow growth”) or only in the size range 171 

below 10 nm (“slow growth below 10 nm”) to allow more particles to stay in the range of 3–10 172 

nm. Specifically, we assume that only 50% (cf. 100% in the base-case simulation) of the excessive 173 

organic vapor (i.e., gas concentration before partitioning − equilibrium gas concentration) will 174 

condense to the particle phase in the specified size range in each time step. Fig. S11 shows that 175 

both scenarios show higher particle number concentrations between 3 nm and 10 nm compared to 176 

the base-case simulation, leading to a much closer agreement with observations, though biases still 177 

exist. Fig. S12 further illustrates the fractional contribution of NPF within the modeling domain to 178 

particle number concentrations on a 2-km high vertical cross section which extends westward from 179 

Manaus to 200 km downwind in the base case and two sensitivity scenarios. The contribution of 180 

NPF is quantified using the difference in simulated particle concentrations between one of the 181 

three scenarios and a hypothetical scenario without NPF (“nonuc” in Table S2). All three scenarios 182 

show similar relative contributions of NPF to particle number concentration in the areas downwind 183 

of Manaus, suggesting that the bias in particle growth that leads to the underestimation of 3–10 nm 184 



particles in our current model is not likely to affect our main conclusion that NPF makes the most 185 

important contribution to particle number in most of the downwind areas. 186 

We note that the particle number concentrations (> 3 nm) for the “inorg” scenario are sometimes 187 

lower than those for the “nonuc” scenario, as shown in Fig. 2. This is probably because the changes 188 

in aerosol fields due to inorganic NPF could affect the meteorological fields by interacting with 189 

radiation and clouds, which may further perturb particle concentrations at other times and 190 

locations. Since the rates of inorganic NPF are small at many times and locations, the accumulated 191 

perturbation over time could dominate over the direct particle formation in some circumstances, 192 

leading to occasional lower particle number concentrations in the “inorg” scenario than in the 193 

“nonuc” scenario. We also note that the simulated particle number at P3 on March 11 is 194 

significantly lower than the observed value (Fig. 3a). The main reason is that the simulated 195 

centerline of the pollution plume was shifted to some extent relative to the observed location (see 196 

Fig. 2a), probably because of uncertainties in the simulated wind direction. As a result, the model 197 

underestimates observed particle number concentrations near the location of the observed pollution 198 

plume centerline. 199 

As mentioned in the main text, we conduct additional simulations with the same model 200 

configurations for March 6–15 in 2016 to compare with measurements at the T1 site. Here we 201 

calculate the statistics of major meteorological variables within the modeling domain at the surface 202 

level and 500 m height during our main simulation period (March 6–15, 2014) and the above 203 

supplementary simulation period, as summarized in Table S3. The temperature and relative 204 

humidity are very similar during the two simulation periods. The wind speed is also similar—the 205 

mean wind speed is slightly larger in the simulation period of 2014 but the standard deviation is 206 

very close in the two periods. The size distribution simulated by the base case (“inorg+org_R2D-207 



VBS”) generally agrees with observations at T1, with a certain level of overestimation in the range 208 

of 20–60 nm and underestimation in smaller and larger sizes (Fig. S4). As we discussed above, we 209 

expect that the size distribution could be further improved after we incorporate in WRF-Chem 210 

kinetic particle growth and improved volatility distribution of organic aerosols in our ongoing 211 

work. 212 

4. Relationships between NPF rates and particle number concentrations 213 

The NPF rates shown in Fig. 5 and Fig. S6 are relatively low compared to many field 214 

observations23, 24 because they are averaged during the entire simulation period (March 6–15, 215 

2014) and the data in Fig. 5 are further vertically averaged below 2 km. In contrast, observational 216 

studies usually report only the NPF rates during strong NPF events.23, 24 Fig. S13c shows hourly 217 

average NPF rates on a 2-km high vertical cross section that extends westward from Manaus to 218 

200 km downwind during the simulation period. We can see that high hourly average NPF rates 219 

larger than 10 cm−3 s−1 are frequently simulated by the model. 220 

We have also conducted additional analysis on the relationships between NPF rates and particle 221 

number concentrations, as shown in Fig. S13. Fig. S13a exhibits the time-averaged NPF rate on 222 

the aforementioned vertical cross section and Fig. S13b exhibits the time-averaged particle number 223 

concentration increase due to NPF, which is quantified using the difference between the base case 224 

(“inorg+org_R2D-VBS”) and the scenario without NPF (“nonuc”). Fig. S13c further shows hourly 225 

average NPF rate and increased particle number concentration on the cross section. The increased 226 

particle number concentrations due to NPF are generally larger in areas with larger NPF rates. 227 

There is a statistically significant positive correlation between the two with a correlation 228 

coefficient of 0.619 and a p-value < 0.001 (Fig. S13c). However, the relationships are complicated 229 

by two factors. First, a large NPF rate is simulated at the surface of the city center but the increase 230 



in particle number concentration is relatively small mainly because of a large coagulational loss 231 

caused by direct particle emissions. Second, particles observed in a certain location are not 232 

necessarily formed locally but may be transported from upwind areas by the prevailing easterly 233 

wind. As a result of the two factors, the increased particle number concentrations due to NPF peak 234 

about 30 km downwind of the city center while the NPF rates peak near the city center (Fig. 235 

S13a,b). Also, as a result of the two factors, the increase in particle number concentrations has a 236 

large variability even for a given NPF rate (Fig. S13c). 237 

5. Details of the sensitivity analysis 238 

We showed in Results and Discussion that primary particle emissions only account for a small 239 

fraction of particle number concentration downwind of Manaus. Compared with the particle size 240 

distribution used in many previous regional modeling studies,25-29 the size distribution used in this 241 

study results in relatively large total particle number emissions (see Methods and Data). To test 242 

potential uncertainties that may lead to even higher particle number emissions and hence a larger 243 

contribution to ambient particle number concentrations, we design two sensitivity scenarios by 244 

perturbing the total mass emissions (“nonuc_emis*4”) and size distribution (“nonuc_emis_finer”) 245 

on the basis of the scenario without any NPF (“nonuc”). In the “nonuc_emis*4” scenario, we 246 

increase the primary particle mass emissions by a factor of 4 while keeping the size distribution 247 

unchanged. The particle size distribution used in this study is a superposition of two lognormal 248 

distributions with an Aitken mode and an accumulation mode. In the “nonuc_emis_finer” scenario, 249 

we reduce the Aitken-mode median diameter of urban sources from 25 nm to 12 nm. The reason 250 

is that some emission measurements suggested that the primary particles from certain types of 251 

vehicles might have a peak diameter of 10–25 nm,30-32 smaller than 25 nm assumed for urban 252 

emissions in this study. While the effective particle size of emissions at a 10-km grid spacing will 253 



be larger than that of fresh emissions (see Methods and Data) and thus the effective size is unlikely 254 

as small as 12 nm, we use this small size as a sensitivity test to examine the potential upper bound 255 

of particle number emissions. Particle measurements at the T1 surface site in urban Manaus 256 

provide a useful constraint for the estimate of primary particle emissions. Figure S3 shows that 257 

both sensitivity scenarios overestimate the particle number concentration at the T1 site by a factor 258 

of 2.5–3.2 even without considering NPF. This indicates that the particle number emissions in 259 

these two scenarios are likely too high. Even so, Fig. S8 shows that the model still substantially 260 

underestimates the aircraft-measured particle number concentration in the Manaus plumes by 261 

nearly one order of magnitude. These results indicate that, even with the potential upper bound of 262 

the particle number emission estimates, the primary particle emissions are not likely the main 263 

sources for the high particle number concentrations in the pollution plumes from Manaus. 264 

Apart from primary emissions, our results also indicate that inorganic NPF pathways make a 265 

minor contribution to particle number downwind of Manaus. To investigate the factors that could 266 

potentially lead to a larger contribution from inorganic NPF, we conduct two additional sensitivity 267 

simulations (“inorg_NH3*3” and “inorg_amine”) based on the scenario of “inorg”. Among the 268 

precursors for inorganic NPF, the concentrations of NH3 are subject to a relatively large 269 

uncertainty partly due to very limited measurements over the Amazon. The “inorg_NH3*3” 270 

scenario is the same as “inorg” except that the NH3 concentrations are elevated by a factor of 3. 271 

The NPF of H2SO4 and amines has also been shown to be an appreciable pathway in certain 272 

polluted environments.33, 34 In the “inorg_amine” scenario, we provide a first-order estimate of the 273 

potential contribution of H2SO4+amine NPF by incorporating the parameterization developed by 274 

Dunne et al.1 using data from the CLOUD chamber.35 The amine concentrations have been 275 

modeled by several studies with very similar methods; they all derived the amine emission 276 



inventory by scaling down ammonia emissions using sector-specific factors.1, 36, 37 Here we apply 277 

the ratio of amine concentration to ammonia concentration simulated by Dunne et al.1 over our 278 

domain to the WRF-Chem/R2D-VBS simulated ammonia concentrations to estimate the amine 279 

concentrations, and subsequently use the estimated amine concentrations to calculate the 280 

H2SO4+amine NPF rate. Note that this scenario merely serves as a rough estimate of the potential 281 

contribution of amines rather than a rigorous quantification of the NPF rate. Figure S9 reveals that 282 

both the “inorg_NH3*3” and “inorg_amine” scenarios only slightly amplify simulated particle 283 

number concentrations relative to “inorg”, which are still far below the concentrations observed 284 

by the G-1 aircraft. These results reinforce our findings that inorganic NPF is unlikely the main 285 

source of the particle number downwind of Manaus and suggest that our conclusions are robust. 286 

The above sensitivity simulations, by testing the potential upper bounds of primary particle 287 

emissions and inorganic NPF, increase our confidence that organic-mediated NPF probably acts 288 

as the most important source of particle number downwind of Manaus. A sophisticated model 289 

representation of organic-mediated NPF is crucially important for reasonably estimating its 290 

contribution in polluted environments. Here we conduct two sensitivity simulations to show that 291 

previous more simplified model treatments may lead to substantial bias in simulated NPF rates. In 292 

the first simulation (“inorg+org_simple”), we assume that the organics contributing to NPF are a 293 

fixed fraction of all monoterpene oxidation products, following the common practice of many 294 

previous studies.1, 4, 27, 38-40 The specific fixed fractions we used are from Gordon et al.4 Figure S10 295 

shows that this sensitivity run overestimates the G-1 observed particle number concentrations in 296 

Manaus plumes by 1–1.5 orders of magnitude. A major reason, among others, is that this simple 297 

treatment fails to capture the strong condensation sink of ULVOC/ELVOC in pollution plumes 298 

due to their extremely low volatilities. In another sensitivity scenario (“inorg+org_R2D-299 



VBS_uniauto”), we apply an older version of the Radical 2D-VBS used in Zhao et al.5 The 300 

difference between the two versions is that the older version used a uniform autoxidation rate for 301 

all RO2 of the same generation. Figure S10 reveals that this scenario significantly underestimates 302 

peak particle number concentrations in Manaus plumes by over one order of magnitude, indicating 303 

that the prompt ELVOC formation through rapid autoxidation is critically important to effectively 304 

compete with the condensation loss in urban plumes and to produce a considerable number of new 305 

particles. While a uniform autoxidation rate can reasonably simulate the particle formation in 306 

pristine conditions,5 an appropriate representation of diversity in ELVOC formation rate is 307 

necessary for polluted regions with a large condensation loss. The inorganic species involved in 308 

NPF comprise a relatively small set; the organics are numerous, spanning a wide range in volatility 309 

and also reactivity. The Radical 2D-VBS represents a substantial simplification over a full 310 

chemical description. Our results reveal that further reducing the complexity much beyond this 311 

point introduces measurable errors into real-world model outputs. 312 

6. Discussion of the potential impact of other precursors and processes 313 

In our current model, we use monoterpenes as the main precursors to drive organic-mediated 314 

NPF, because monoterpenes have been well recognized to be an important contributor to NPF 315 

since the oxidation of monoterpene produces a significant amount of ULVOC and ELVOC. It is 316 

noted, however, that other organic precursors may also have (enhancement or suppression) effects 317 

on NPF. 318 

In contrast to monoterpenes, isoprene has been much less frequently observed to trigger NPF41 319 

but has been frequently shown to suppress NPF events.42-44 Regarding NPF triggered by isoprene, 320 

Inomata et al.41 showed that the ozonolysis of isoprene produces stabilized Criegee intermediates 321 

and subsequently oligomeric hydroperoxides, which contribute to NPF under dry conditions. 322 



However, the isoprene concentrations used in that experiment (~2 ppm) are approximately 3 orders 323 

of magnitude higher than the isoprene concentrations observed in our region of interest (0.43–2.37 324 

ppb).16 Besides, Inomata et al.41 showed that the NPF triggered by isoprene oxidation products is 325 

substantially suppressed when relative humidity is larger than 68%. The relative humidity within 326 

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 327 

simulation period (Table S3), which is high enough to largely suppress isoprene-induced NPF. 328 

Compared with the limited evidence for NPF driven by isoprene, more studies have revealed that 329 

isoprene suppresses the NPF triggered by monoterpene oxidation products,42-44 probably because 330 

isoprene reduces the yield of highly-oxygenated dimers with about 20 carbon atoms that drive NPF 331 

while increasing the production of “heterodimers” with about 15 carbon atoms (isoprene-332 

monoterpene cross reaction products).44 For these reasons, we conclude that isoprene is not likely 333 

to play a dominant role in driving NPF over the Amazon, but future research is still needed to 334 

quantify the effects of isoprene on NPF rates. In addition, some studies have reported that 335 

sesquiterpenes might make a noticeable contribution to NPF despite their much smaller 336 

concentrations than monoterpenes,45 but it is still difficult to accurately quantify their contribution 337 

based on currently limited results. More recently, it was found that the oxidation of anthropogenic 338 

organic precursors may also produce oxidation products with sufficiently low volatility to trigger 339 

NPF in polluted environments.46, 47 For example, Wang et al.47 showed that the oxidation products 340 

of toluene have a similar volatility distribution to that of α-pinene oxidation products, while the 341 

oxidation products of naphthalene are even less volatile than those from toluene or α-pinene. Their 342 

importance for NPF relative to biogenic precursors, however, remain largely unknown because 1) 343 

the yields of ULVOC/ELVOC from anthropogenic precursors remain unclear; and 2) a large 344 

fraction of the ULVOC/ELVOC from these precursors is produced by slower multi-generational 345 



oxidation reactions (relative to the rapid autoxidation in the case of monoterpenes), while a rapid 346 

formation of ULVOC/ELVOC is important to effectively compete with the strong condensation 347 

loss in polluted areas. The net organic NPF rate in the real world is likely a combined effect of all 348 

aforementioned precursors, with some precursors accelerating while others slowing down the NPF 349 

rates given by our current model.  350 

In addition to the NPF rate, the growth and removal of particles also affect the ambient particle 351 

number. After ELVOC, most typically multifunctional hydroperoxides formed via autoxidation, 352 

partition to the particle phase, they may undergo further particle-phase reactions, including 353 

accretion reactions leading to oligomers and decomposition leading to shorter-chain compounds.48, 354 

49 Pospisilova et al.48 suggested that the particle-phase reactions in α-pinene ozonolysis 355 

experiments are likely dominated by the decomposition of reactive oxygen species, including 356 

hydroperoxides. The lifetimes of these species against particle-phase reactions could span a large 357 

range,49 but are mostly about 30 to 150 min for α-pinene ozonolysis products.48 The particle-phase 358 

reactions result in continuous concentration and composition changes of SOA. The effect on NPF 359 

remains unclear. The decomposition reaction might accelerate the evaporation of newly formed 360 

particles and reduce the effective NPF rate; however, it is more likely that decomposition could 361 

slow the growth rate of newly formed particles but not lead to complete evaporation. Even that is 362 

uncertain. Decomposition products will not necessarily evaporate, and our results show that the 363 

overall environment in the pollution plume is dominated by SOA formation and particle growth. 364 

Thus, the particle-phase reactions are not likely to greatly change the NPF rate. Nevertheless, 365 

future studies are needed to quantify the effect of particle-phase reactions on SOA and NPF in our 366 

model. Furthermore, while our current model simulates the particle growth by condensation of 367 

organics using an equilibrium partitioning method, recent studies showed that the growth and 368 



evaporation kinetics can affect the size distribution evolution20, 21 and thus needs to be considered 369 

in future studies to better simulate the particle growth and size distribution in the pollution plumes. 370 

For example, the diameter of the simulated peak number concentration grows slower than observed 371 

as show in Fig. 3. The underestimate of particles in the range of 3–10 nm may also be partly 372 

attributed to this issue (see more in Section 3 of SI). Finally, the chemical loss of organic particles 373 

via photolysis50 also needs to be accounted for to properly simulate the lifecycle and budget of 374 

particles. 375 

7. Discussion of the role of H2SO4 monomer and dimer 376 

H2SO4 dimer is an important intermediate for many types of NPFs involving H2SO4. For acid-377 

base nucleation, such as the nucleation of H2SO4 with amine or NH3, H2SO4 dimer plays a key 378 

role in the nucleation process.35, 51 For the nucleation of H2SO4 with organics, the main NPF 379 

pathway in our region of interest, the situation is more complex. According to the mass defect 380 

diagrams for negatively charged clusters during NPF experiments involving H2SO4 and organics 381 

at the CLOUD chamber (Fig. 2a of Riccobono et al.2 and Fig. 1c of Schobesberger et al.52), there 382 

are many clusters of H2SO4 dimer with organics but there are even more clusters of H2SO4 383 

monomer with organics. This indicates that the H2SO4 dimer is likely to play a certain but not the 384 

most important role in the nucleation of H2SO4 with organics.  385 



Figures and Tables 386 

 387 
Figure S1. Comparison of Radical 2D-VBS simulated HOM yields and SOA concentrations with 388 
smog-chamber and flow-tube experiments: (a) HOM molar yields from -pinene + O3, (b) HOM 389 
molar yields from -pinene + OH, and (c) SOA concentrations. The simulation results are obtained 390 
with the final Radical 2D-VBS parameters used in our 3-D simulations. The measurements of -391 
pinene + O3 HOM molar yields are from Kirkby et al.3, Ehn et al.53, Sarnela et al.54, and Jokinen 392 
et al.6; the measurements of -pinene + OH HOM molar yields are from Kirkby et al.3, Ehn et 393 
al.53, Jokinen et al.6, and Berndt et al.55; and the measurements of SOA concentrations are from 394 
Shilling et al.56, Presto and Donahue57, and Ng et al.58. In (a) and (b), each dot represents the 395 
measured HOM yield for an experiment or the simulated HOM yield for a model run (see a list of 396 
all model runs in Table S2 and S3 of Zhao et al.5). For some studies (Kirkby, Ehn, and Jokinen in 397 
(a); Kirkby, Jokinen, and Berndt in (b)), we only show one dot for measurements because the 398 
corresponding literature only reports the mean HOM yield for all experiments. The studies 399 
highlighted with an underline are flow-tube experiments. 400 
 401 

 402 
Figure S2. Number density per pg (10−12 g) of primary particle emissions, according to the size 403 
distribution used in the base case of this study (“base” in the figure), a number of previous regional 404 
modeling studies (“Matsui et al.”, “Cui et al.”, and “Luo and Yu”), and two sensitivity cases in 405 
this study (“nonuc_emis*4” and “nonuc_emis_finer”). For the “nonuc_emis*4” case, the figure 406 
shows the number density per 4 pg of primary particle emissions. The size distribution of “Matsui 407 
et al.” has been used in Matsui et al.25; “Cui et al.” has been used in Cui et al.26 and Lupascu et 408 
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al.27; “Luo and Yu” has been used in Luo and Yu28, Yu et al.59, Chen et al.60, and Chen et al.29. 409 
Note that in the base case and the two sensitivity cases (“nonuc_emis*4” and “nonuc_emis_finer”), 410 
we assume the mass fraction of Aitken-mode particles to be 30% (cf. the baseline estimate of 10% 411 
in Elleman and Covert61) for non-industrial urban sources in Manaus, which represents an urban 412 
environment with a relatively high contribution from transportation emissions. 413 
 414 

 415 
Figure S3. Comparison of simulated particle number concentrations (> 10 nm) averaged during 416 
March 6–15, 2016 with surface observations at the T1 site. The number concentrations are 417 
normalized to STP. The definitions of the model scenarios are summarized in Table S2. 418 
 419 

 420 
Figure S4. Comparison of simulated particle number size distribution with surface observations 421 
at the T1 site during March 6–15, 2016. The particle size distributions are normalized to STP. The 422 
definitions of the model scenarios are provided in the main text and Table S2. 423 
 424 



 425 
Figure S5. Comparison of simulated H2SO4 concentrations simulated by the base case 426 
(“inorg+org_R2D-VBS”) with surface observations at the T3 site. The concentrations are 427 
normalized to STP.428 



 429 
Figure S6. NPF rates from seven pathways and the total NPF rate at a diameter of 1.7 nm (J1.7) on the 2-km high vertical cross section 430 
defined in Fig. 4, simulated by the base case (“inorg+org_R2D-VBS”). The results are averaged during the simulation period of this 431 
study. 432 



 433 
Figure S7. Spatial distribution of the contribution of different NPF pathways. (a) NPF rates from seven pathways and the total NPF rate 434 
at a diameter of 1.7 nm (J1.7) vertically averaged below 2 km, simulated by the base case (“inorg+org_R2D-VBS”). (b) The relative 435 
contribution of the pure-organic ion-induced and organic+H2SO4 pathways to total NPF rate. The results are averaged during the 436 
simulation period of this study.437 
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 438 
Figure S8. The same as Fig. 2 but for the “nonuc” scenario and two sensitivity scenarios perturbing 439 
the emission inventory. The definitions of the model scenarios are summarized in Table S2. 440 
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 441 
Figure S9. The same as Fig. 2 but for the “inorg” scenario, a sensitivity scenario perturbing NH3 442 
concentration, and a sensitivity scenario adding an NPF pathway involving H2SO4 and amines. 443 
The definitions of the model scenarios are summarized in Table S2. 444 
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 445 
Figure S10. The same as Fig. 2 but for the base case (i.e., inorg+org_R2D-VBS) and two 446 
sensitivity scenarios with different treatments of the formation chemistry of the organics that drive 447 
NPF. The definitions of the model scenarios are summarized in Table S2. 448 
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 449 
Figure S11. Comparison of simulated particle number concentration in the range of 3–10 nm with 450 
G-1 aircraft measurements. (a) March 11, (b) March 12, (c) March 13, and (d) March 14, 2014. 451 
The particle number concentrations are normalized to STP. The definitions of the model scenarios 452 
are provided in the main text and Table S2. 453 

 454 
Figure S12. The fractional contribution of NPF within the modeling domain to particle number 455 
concentrations on a 2-km high vertical cross section which extends westward from Manaus to 456 
200 km downwind, simulated by (a) the base case, i.e., “inorg+org_R2D-VBS”, (b) the scenario 457 
of “slow growth”, and (c) the scenario of “slow growth below 10 nm”. The position of the cross 458 
section is marked with a white arrow in Fig. 4d. The results are averaged during the simulation 459 
period of this study (March 6–15, 2014). 460 
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 461 
Figure S13. Relationships between NPF rate and increased particle number concentration due to 462 
NPF. (a) NPF rate on a 2-km high vertical cross section which extends westward from Manaus to 463 
200 km downwind. (b) Increased particle number concentration due to NPF on the cross section, 464 
which is quantified using the difference between the base case (“inorg+org_R2D-VBS”) and the 465 
scenario without NPF (“nonuc”). The data in (a) and (b) are averaged during the simulation period 466 
of this study (March 6–15, 2014). (c) Scattering plot of hourly average NPF rate vs. increased 467 
particle number concentration due to NPF on the cross section during the simulation period. The 468 
position of the cross section is marked with a white arrow in Fig. 4d.  469 
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Table S1. Parameters in the NPF model.  470 

Parameter Value Parameter Value 

pb,n 3.95451 pb,i 3.373738 

ub,n 9.702973 ub,i −11.48166 

vb,n 12.62259 vb,i 25.49469 

wb,n −0.007066146 wb,i 0.1810722 

pt,n 2.891024 pt,i 3.138719 

ut,n 182.4495 ut,i −23.8002 

vt,n 1.203451 vt,i 37.03029 

wt,n −4.188065 wt,i 0.227413 

pA,n 8.003471 pA,i 3.071246 

an 1.5703478×10−6 ai 0.0048314 

kSA–Org 3.27×10−21 a1 0.0400097 

a2 1.84826 a3 0.00136641 

a4 1.56588 a5 0.186303 

kSA–Amine-1 2.08×10−25 kSA–Amine-2 1.93×10−28 

Note: Full numerical precision is needed. The units of [𝑈𝐿𝑉𝑂𝐶 : . ] are 107 cm−3. [𝐻 𝑆𝑂 ] has units 106 cm−3 in 471 
𝐽  and 𝐽 , , and cm−3 in 𝐽  and 𝐽 . [𝑁𝐻 ] has units 106 cm−3 and [𝐷𝑀𝐴] has units cm−3. The 472 
ion and [𝐸𝐿𝑉𝑂𝐶 : . ] concentrations have units cm−3. 473 
 474 

Table S2. Summary of model scenarios developed in this study. 475 

Scenario Description 

Main scenarios 

nonuc A simulation without NPF. 

inorg A simulation with only inorganic NPF included. 

inorg+org_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 RO2 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 H2SO4 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 RO2 of the same generation. 

 476 

Table S3. Statistics (mean ± standard deviation) of major meteorological variables within the 477 
modeling domain during the main simulation period in March 2014 and supplementary simulation 478 
period in March 2016. 479 

 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) −1.11±1.13 −3.65±2.70 −0.75±1.09 −2.68±2.61 

South-north wind (m s−1) −0.35±1.27 −2.07±2.91 −0.18±1.23 −1.36±2.77 

  480 
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