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A T M O S P H E R I C  S C I E N C E

Rapid growth of anthropogenic organic nanoparticles 
greatly alters cloud life cycle in the Amazon rainforest
Rahul A. Zaveri1*, Jian Wang2, Jiwen Fan1, Yuwei Zhang1, John E. Shilling1, Alla Zelenyuk1, 
Fan Mei1, Rob Newsom1, Mikhail Pekour1, Jason Tomlinson1, Jennifer M. Comstock1, 
Manish Shrivastava1, Edward Fortner3, Luiz A. T. Machado4, Paulo Artaxo5, Scot T. Martin6

Aerosol-cloud interactions remain uncertain in assessing climate change. While anthropogenic activities produce 
copious aerosol nanoparticles smaller than 10 nanometers, they are too small to act as efficient cloud condensation 
nuclei (CCN). The mechanisms responsible for particle growth to CCN-relevant sizes are poorly understood. Here, we 
present aircraft observations of rapid growth of anthropogenic nanoparticles downwind of an isolated metropolis 
in the Amazon rainforest. Model analysis reveals that the sustained particle growth to CCN sizes is predominantly 
caused by particle-phase diffusion-limited partitioning of semivolatile oxidation products of biogenic hydrocarbons. 
Cloud-resolving numerical simulations show that the enhanced CCN concentrations in the urban plume substan-
tially alter the formation of shallow convective clouds, suppress precipitation, and enhance the transition to deep 
convective clouds. The proposed nanoparticle growth mechanism, expressly enabled by the abundantly formed 
semivolatile organics, suggests an appreciable impact of anthropogenic aerosols on cloud life cycle in previously 
unpolluted forests of the world.

INTRODUCTION
Atmospheric aerosols modulate Earth’s energy balance by directly 
scattering incoming solar radiation and indirectly by forming clouds 
that reflect more radiation back to space (1). The marked increase 
in the global aerosol concentrations resulting from anthropogenic 
activities during the industrial age has perturbed this energy balance 
by partially offsetting the warming caused by the concomitant in-
crease in greenhouse gases, but the extent of the influence of 
anthropogenic aerosols on climate change remains uncertain (2–4). 
Depending on their composition, aerosols larger than about 40 to 
50 nm in diameter can efficiently serve as cloud condensation nuclei 
(CCN) upon which liquid water can condense to form shallow, 
warm clouds. Higher concentrations of CCN due to anthropogenic 
emissions thus lead to higher concentrations of smaller cloud drop-
lets that not only scatter more light (5) but also suppress rain forma-
tion from shallow convection, extend cloud lifetime, and thereby 
reflect even more solar radiation (6, 7).

However, most anthropogenic aerosols originate as nanoparticles 
smaller than 10 nm, which are too small to be climatically active. For 
example, large amounts of nanoparticles are directly emitted from 
widespread sources such as oil and natural gas-fired power plants 
(8, 9) and vehicular traffic (10). Another notable source is the 
nucleation of sulfuric acid vapors formed from oxidation of sulfur 
dioxide—a by-product emitted from oil refineries and coal-fired power 
plants (11). The climate impact of these nanoparticles strongly de-
pends on their ability to rapidly grow to CCN-relevant sizes by 
condensation of vapors in competition to loss by coagulation with 
larger preexisting aerosols.

Growth of nanoparticles is largely controlled by condensation 
of atmospheric organic vapors (12). Nonmethane volatile organic 

compounds (VOCs) emitted from both anthropogenic and biogenic 
sources undergo gas-phase oxidation to form myriad products with 
a range of volatilities [i.e., effective saturation concentration (C*)]. 
Compounds with sufficiently low volatility may nucleate to form 
new particles or partition into the preexisting particle phase to form 
secondary organic aerosol (SOA), which constitutes a major fraction 
of the submicron atmospheric aerosols (13, 14). Overall SOA yields 
and size-dependent particle growth mechanisms strongly depend on 
the volatility of the condensing products and their multiphase reac-
tions to form nonvolatile compounds (15–18). Oxidation of biogenic 
VOCs such as monoterpenes produces extremely low-volatility com-
pounds (ELVOCs) (C* < 10−4 g m−3) that condense effectively 
irreversibly to preexisting aerosol (19, 20). ELVOCs are necessary 
for the initial growth of the smallest nanoparticles because their low 
vapor pressure helps overcome the Kelvin effect, which enhances 
the volatility of molecules over a curved surface compared to that 
over a flat surface (21). In comparison, oxidation of isoprene (the 
most abundantly emitted biogenic nonmethane VOC) and anthropo-
genic VOCs produce substantial amounts of semivolatile organic 
compounds (SVOCs) (22–24) with C* between about 0.1 and 
100 g m−3. SVOCs can reversibly partition between the gas and 
particle phases and are traditionally assumed to favor the growth of 
large preexisting organic particles via equilibrium partitioning (25).

Rapid gas-particle equilibrium is achieved when the particles are 
liquid-like [i.e., particle-phase bulk diffusivity (Db) > 10−10 cm2 s−1] 
(18, 26). However, mounting evidence indicates that aged SOA par-
ticles are, in many cases, viscous semisolids under low to fairly high 
relative humidity (RH) conditions (27–35). The presence of primary 
organic species such as polycyclic aromatic hydrocarbons in SOA 
also substantially increases the viscosity and decreases the volatility 
of the mixed organic particles (28, 36). In the case of such semisolid 
particles, mass transfer of SVOCs involves slow bulk diffusion (Db < 
10−14 cm2 s−1) that can greatly prolong the gas-particle equilibra-
tion time scale (18, 26), and the resulting partitioning may not be 
consistent with the instantaneous equilibrium assumption (37). 
Because the bulk diffusion time scale varies as the square of particle 
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diameter, small particles reach equilibrium much faster than the larger 
ones. Consequently, hindered partitioning of SVOCs into large 
semisolid particles causes SVOCs to remain longer in the gas phase 
and thereby become available for preferential growth of nanoparti-
cles, especially when the SVOCs undergo particle-phase accretion 
reactions to form effectively nonvolatile oligomers (33, 34, 38). A 
bulk diffusion-limited dynamic SOA partitioning mechanism was 
recently suggested for aerosol growth observed in laboratory chamber 
experiments (33, 34, 39) and oxidation flow reactor studies on at-
mospheric aerosol samples (40). Here, we present evidence for such 
a growth mechanism occurring under ambient conditions during the 
Green Ocean Amazon (GoAmazon2014/5) field campaign in Brazil.

The GoAmazon2014/15 campaign (41) was centered on Manaus, 
an isolated metropolis in the central Amazon Basin with a popula-
tion of over 2 million people. A mix of several diesel, fuel oil, and 
natural gas power plants; a refinery; vehicular traffic in the city; and 
large oceangoing ships are a substantial source of pollutant trace 
gases (42) and aerosols (43, 44), including copious amounts of 
nanoparticles from new particle formation facilitated by interactions 
between urban pollution and biogenic VOCs (45). During the wet 
season, the ambient conditions in the surrounding rainforest re-
semble those of the preindustrial era in which the CCN are naturally 
produced via biogenic SOA formation (46), with isoprene being the 
dominant precursor VOC (47). The impact of the anthropogenic 
aerosols, especially the nanoparticles, on clouds and precipitation in 
this otherwise pristine region may depend on their ability to grow 
to CCN active sizes via SOA formation from a mix of both biogenic 
and anthropogenic VOCs. As part of the campaign, the U.S. Depart-
ment of Energy’s Gulfstream 1 (G-1) research aircraft made semi-
Lagrangian measurements of aerosols and trace gases over and 
downwind of Manaus (see the “G-1 aircraft measurements” section). 
We examine two observational episodes of the Manaus urban plume 
evolution. The first episode on the morning of 13 March 2014, one 
of the exemplary days with few clouds in the area during the wet 
season (48), is selected to investigate the mechanism responsible for 
the rapid growth of nanoparticles observed in the urban plume. On 
the morning of 13 March, the Manaus region happened to be in the 
subsidence branch between two intense storms, which brought down 
dry and cool air that is unfavorable for cumulus cloud formation. 
This clear-air episode facilitates the model interpretation of aircraft 
measurements by avoiding the overly complex effects of clouds and 
precipitation that otherwise usually occur in the area. The second 
episode on the afternoon of 17 March 2014 is selected to investigate 
a possible effect of the grown nanoparticles on clouds and precipi-
tation as the meteorological conditions in the urban plume in this 
episode transitioned from shallow cumulus to deeper, precipitating 
cloud (49).

RESULTS AND DISCUSSION
Aircraft observations of anthropogenic nanoparticle growth
Air pollutants from Manaus were advected westward on the morning 
of 13 March 2014. A Lagrangian observational strategy to character-
ize their temporal evolution would have entailed repeated sampling 
in the same air parcel as it was advected downwind. However, such 
observations are difficult to obtain in practice. Instead, a semi-
Lagrangian strategy was used in which the G-1 made four cross-
wind transects at an altitude of 472 ± 14 m above mean sea level 
(MSL) at increasing downwind distances from the city between 

10:36 and 11:36 local standard time (LST) (Fig. 1A). The polluted 
air parcels in these transects passed over Manaus at different times. 
On the basis of the mean wind speed of 7.3 ± 1.4 m s−1 in the plume, 
the ages (t) of the second, third, and fourth transects relative to the 
position of the first transect were estimated at about 51 ± 4, 102 ± 9, 
and 165 ± 14 min, respectively. Thus, in the Lagrangian frame of 
reference, the urban air parcels observed in the fourth transect would 
have been at the location of the first transect at approximately 8:40 
LST. The ambient air temperature and RH in the plume were about 
299 K and 80%, respectively. Observations at the T3 ground site 
between 8:40 and 11:24 LST indicate that plume area remained largely 
cloud-free, with a mean total sky cloud cover of 20 ± 11.6% and no 
rain clouds; the shortwave downwelling irradiance increased from 
770 to 1300 W m−2 and the surface temperature rose by 3.4 K, while 
the RH decreased from about 84 to 70% (fig. S1).

The total aerosol (larger than 3 nm in diameter) number con-
centration (Ntot) observed along the aircraft flight path illustrates the 
urban plume footprint, with the concentration peaks in each transect 
denoted as P1 to P4 (Fig. 1A). The average Ntot was 616 ± 99 cm−3 in 
the background air (denoted as B). In comparison, Ntot in the urban 
plume was greater than 30,000 cm−3 in the first transect at P1 (closest 
to Manaus), with about 8100 cm−3 being smaller than 10 nm (fig. S2), 
where the plume was as wide as the diameter of the city. The plume 
broadened with increasing downwind distance due to dispersion 
and appears to have doubled its width in the fourth transect where 
Ntot decreased to ~5000 cm−3 (at P4). As the plume was advected up 
to the fourth transect, the mixed boundary layer (BL) height grew 
from about 648 to 1098 m (see the “BL height estimation using 
Doppler lidar” section and fig. S3). The horizontal dispersion and 
vertical mixing in the growing BL together yield an overall first-order 
dilution rate of  = 7.4 × 10−3 min−1 (see the “Plume dilution rate 
estimation” section). Along with Ntot, carbon monoxide (CO) mix-
ing ratios as well as particulate organics, sulfate, and nitrate mass 
concentrations were also enhanced in the urban plume (Fig. 1B). 
Organics constituted about 80 to 85% of the total submicron aero-
sol mass in each plume transect (44). Sulfate concentrations peaked 
in the southern portion of the plume, consistent with its origin from 
the refinery located at the south end of Manaus (fig. S2). In contrast, 
the peak organic and nitrate concentrations occurred in the center 
of the plume and coincided with the peak Ntot (fig. S2). Because CO 
is effectively chemically inert on the time scales considered here, its 
mixing ratio should have progressively decreased downwind due to 
dilution. However, it remained around 120 parts per billion by vol-
ume (ppbv) and even increased to 140 ppbv at P3, indicating that 
CO emissions were not uniform in time, with the high mixing ratio 
at P3 traced back to rush hour traffic in Manaus around 8:00 LST 
(48). In stark contrast, the progressive decrease in Ntot downwind 
can be largely explained by dilution alone as Ndil = NP1 × exp(−t), 
with the remaining loss attributed to coagulation (Fig. 2A). Here, t 
is the relative plume age with respect to the plume location P1. This 
result suggests that there was a nearly steady source of nanoparticles 
in Manaus that was largely independent of the rush hour, such as 
organic-mediated new particle formation over the urban area (45) 
as well as emissions from the oil and natural gas-fired power plants, 
and supports the Lagrangian model analysis of the plume presented 
shortly.

Figure 1 (C and D) shows the evolution of aerosol number and 
volume size distributions (1-min average) at the plume peaks marked 
in Fig. 1B. There was a clear enhancement of the Aitken mode 
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(20 to 100 nm) aerosol number concentrations and accumulation 
mode (100 to 2500 nm) aerosol volume concentrations in the plume 
relative to the background. While the sizes, compositions, and phase 
states of the newly formed and the directly emitted nanoparticles 
may have been different at their originations, the Aitken mode at P1 
had grown to about 19 nm and did not show any signs of double 
peaks, suggesting that its composition was rather uniform and likely 
dominated by freshly formed SOA. The Aitken mode number diam-
eter (DpN,Ait) rapidly increased from ~19 nm at P1 to ~50 nm at P4 
with an average growth rate of about 11 nm hour−1 as Ntot decreased 
due to dilution and coagulation. In contrast, the accumulation mode 
volume size distribution consisted of two submodes with volume 
diameters DpV,Acc1 = 164 nm and DpV,Acc2 = 241 nm, which remained 
constant throughout the plume, with the smaller accumulation volume 
mode (“Acc1”) peak height becoming more pronounced with aging, 
while the larger accumulation volume mode (“Acc2”) decreased with 
aging (Fig. 1D). These observations suggest that the aerosols observed 
in the center of the plume originated along with CO and NOx from 
various power plants and vehicular traffic across the city, with the 
majority of the nanoparticles constituting the Aitken mode directly 

emitted from the oil and natural gas-fired power plants and organic-
mediated new particle formation.

Despite considerable dilution, the observed number concentrations 
of CCN (NCCN) at supersaturations (SS) 0.23 and 0.5% were a factor 
of ~3.5 higher than the corresponding background values and re-
mained nearly steady or even increased with aging (Fig. 2A), indi-
cating substantial growth of nanoparticles to CCN-active sizes in 
the plume. The total particulate sulfate and nitrate mass concentra-
tions were relatively much smaller compared to organics (Fig. 2B). 
In contrast, despite appreciable dilution, the total particulate organic 
mass concentration increased from 1.2 ± 0.2 g m−3 in the first plume 
transect to 2 ± 0.02 g m−3 in the third transect, indicating substan-
tial SOA formation. Although the fourth transect show continued 
growth of the nanoparticles, a slight decrease in the total organics 
mass concentration to 1.5 ± 0.1 g m−3 was likely caused by a shift 
in the overall balance of SOA formation and dilution rates. Positive 
matrix factorization (PMF) analysis of the high-resolution mass 
spectra of organics revealed that the fraction of oxygenated organic 
aerosol increased as the fraction of hydrocarbon-like organic aerosol 
decreased with plume age (44), consistent with SOA formation due 

Fig. 1. Manaus urban plume on 13 March 2014 between 10:36 and 11:36 LST. (A) Total aerosol number concentration (Ntot) along the G-1 aircraft flight path consisting 
of four downwind transects at an altitude of 472 ± 14 m MSL at increasing distances from the center of Manaus. Red triangle indicates the location of an oil refinery, and 
squares indicate the locations of power plants, with fuel types denoted as G for natural gas, F for fuel oil, and D for diesel. Plume peaks are denoted as P1 to P4, and 
background air sample denoted as B. Dotted lines approximately demarcate the width of the plume. T3 indicates the location of a ground measurement site. (B) Time 
series of Ntot along with key aerosol species mass concentrations. Vertical colored bands denote 1-min periods centered at the plume peaks and background sample. 
(C) Evolution of aerosol number size distribution (1-min average) along the plume peaks and in background air sample. (D) Evolution of aerosol volume size distribution. 
Yellow and white areas represent the Aitken and accumulation modes, respectively.
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to condensation of oxidation products of VOCs. To account for dilu-
tion, we normalize the background-corrected values of CCN number 
(NCCN) and Org mass (Org) concentrations by background-
corrected particle number concentration predicted by dilution only 
(Ndil). Figure 2C clearly shows that the rapid increase in the dilution-
corrected Org mass concentration due to SOA formation in the urban 
plume causes the Aitken mode particles (DpN,Ait) to rapidly grow 
and consequently increase the dilution-corrected CNN number 
concentrations at both SS values.

Photochemically produced ozone also displayed a markedly 
similar evolution in the plume as the organic aerosol, while the sum 
of all odd nitrogen species (NOy) decreased due to dilution (Fig. 2D). 
Anthropogenic VOCs such as benzene and toluene were close to 
detection limits of approximately 0.05 ppbv in background air but 
increased in the plume. Biogenic monoterpenes were mostly close 
to or below their detection limits of approximately 0.2 ppbv, both in 
the plume and background air, while isoprene (Fig. 2D) and its 
first-generation oxidation products (mass-to-charge ratio 71) 
remained relatively steady in the plume at 1.0 ± 0.4 ppbv and 1.5 ± 
0.3 ppbv, respectively (2.8 ± 0.7 ppbv and 1.1 ± 0.2 ppbv, respectively, 
in the background air). A lifetime of 2.7 hours was estimated for 
isoprene due to its reaction with hydroxyl radicals (OH), whose 

concentration was observed at 1 ± 0.2 × 106 molecule cm−3 at the T3 
ground site between 10:36 and 11:36 LST. However, the lack of mono-
tonic depletion of isoprene with plume age suggests the loss due to 
reaction with OH was roughly balanced by fresh emissions as the 
plume was advected westward over the forest. Although isoprene was 
the dominant observed VOC in this particular episode, about 20% 
of the total SOA formed in the plume could have also come from un-
measured VOCs of anthropogenic origin (24, 50) and, possibly to a 
much smaller extent, from sesquiterpenes (51).

Interpreting the mechanism of nanoparticle growth
Photooxidation of isoprene forms numerous products, some of which 
can lead to SOA formation via different gas-particle partitioning 
mechanisms. One of the widely studied mechanism involves reac-
tive uptake of isoprene epoxidiols (IEPOX) onto acidic aerosols to 
form SOA (52, 53). However, aerosol sulfate was completely neutral-
ized by ammonium in the plume (fig. S4), and PMF analysis esti-
mated that less than 5% of the total organic mass was composed of 
IEPOX SOA (44, 54), suggesting that this pathway likely played a 
minor role in the growth of the nanoparticles. Isoprene SOA can 
also form via gas-particle partitioning of isoprene dihydroxy di-
hydroperoxide and several other oxidized SVOCs with volatilities 

Fig. 2. Evolution of various properties (1-min average) along plume peaks due to photochemical aging and dilution. Plume age is estimated relative to the first 
downwind transect P1. (A) Observed total aerosol number concentration (Ntot) and that predicted due to dilution only (Ndil) along with CNN number concentrations at 
supersaturations (SSs) = 0.23 and 0.5%. (B) Mass concentrations of total particulate organics (Org), sulfate (SO4), and nitrate (NO3) along with oxygenated organic aerosol 
(OOA)/Org and hydrocarbon-like organic aerosol (HOA)/Org ratios. (C) Dilution-corrected Org mass and CCN number concentrations along with Aitken number mode 
diameter (DpN,Ait). (D) Gas-phase mixing ratios of ozone (O3), total odd nitrogen (NOy), isoprene [mass-to-charge ratio (m/z) 69], and toluene (m/z 93). The vertical error 
bars (and shaded areas) represent one SD for 1-min averages, while the horizontal error bar represents error in the estimated relative plume age due to one SD in the 
average wind speed over all four transects.
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ranging from about 2 to 30 g m−3, with some SVOCs gradually 
forming oligomers in the particle phase (22, 23, 33, 55). If the pre-
existing organic aerosol is liquid-like, then these SVOCs would tend 
to partition into larger particles that dominate the organic mass 
(25). While organic aerosols in the background air around Manaus 
exist in a liquid-like state (56), those of urban origin or influence 
were found to be semisolid even at 75% RH (57), in which case aerosol 
growth kinetics would be controlled by in-particle bulk diffusion of 
the condensing SVOCs. In each case, the impacts of the condensing 
compound’s volatility, its particle-phase bulk diffusivity, and particle-
phase reactivity will be reflected in the resulting aerosol size distri-
bution evolution (17, 33, 34, 39).

Here, we analyzed the observations of aerosol size distribution 
evolution in combination with simulations with the Model for 
Simulating Aerosol Interactions and Chemistry (MOSAIC) (18, 58) 
sectional aerosol box model in a Lagrangian framework (see the 
“Lagrangian aerosol box model” section) to probe the dominant 
mechanism responsible for SOA formation and the associated growth 
of the nanoparticles. The in-plume aerosol size distribution in the 
model was initialized with that observed at P1, and the background 
aerosol size distribution was set to that observed at B (shown in 
Fig. 1A). The size-distributed aerosol composition of in-plume and 
background aerosols were initialized on the basis of the bulk aerosol 
composition observed at P1 and B, respectively. New particle for-
mation and primary aerosol emissions were not considered during 
the downwind plume transport. With monoterpenes mostly close to 
or below their detection limits, isoprene was deemed as the dominant 
SOA precursor and its mixing ratio was held constant at 1 ppbv. 
However, because isoprene is the sole VOC that formed SOA in the 
model, it also represents the pool of other unmeasured SOA precur-
sors. A recent modeling study showed that NOx emissions from 
Manaus were responsible for OH radical concentrations greater than 
1 × 106 molecule cm−3 in the urban plume compared to an order 
of magnitude lower concentrations in the background air (50). 
The in-plume OH radical concentration was thus held constant at 
1 × 106 molecule cm−3 in the present box model. Although it takes 
several steps to produce several condensable products from isoprene 
photooxidation, the isoprene + OH reaction in the model was pa-
rameterized to directly form only one condensable SVOC with an 
assumed molecular weight of 168 g mol−1 and prescribed gas-phase 
yield (g), volatility (C*), bulk diffusivity (Db), and particle-phase 
second-order reaction rate constant (kc) that represents oligomer 
formation. The purpose of using this simple reaction scheme was to 
circumvent the complex gas-phase photochemistry of isoprene and 
other unmeasured VOCs and instead focus on the effects of the 
volatility, bulk diffusivity, and reactivity of the condensable organics 
on particle size-dependent growth dynamics. Dilution of in-plume 
aerosol with background aerosol was treated as a first-order process 
with the estimated dilution rate of  = 7.4 × 10−3 min−1. For a set of 
prescribed C* and Db in a given simulation, g was adjusted such that 
the predicted total aerosol mass concentrations after t = 102 and 
165 min matched the values observed at P3 and P4, respectively. By 
constraining the mass of newly formed SOA in this manner, the 
model thus simulated the effects of C*, Db, and kc on the evolution 
of aerosol size distribution for evaluation against that observed at 
P3 and P4. In this approach, the consequence of holding the OH 
and surrogate parent VOC concentrations constant is that the pre-
dicted temporal evolution of SOA along the trajectory could be 
slightly off although the final value matches the observed value. 

Independently, without any additional tuning, the predicted total 
aerosol number concentrations above 10 nm were in excellent 
agreement (within ~5%) with those observed at P3 and P4. This 
result confirms that the total aerosol number concentration in the 
plume was mainly governed by dilution while coagulation played a 
minor role and lends support to initializing the model with the 
aerosol size distribution observed at P1 and assuming Lagrangian 
transport to downwind locations.

Figure 3 shows the comparison of the observed aerosol size dis-
tributions at P3 with those simulated using different values of C* 
and Db for the condensing SVOC in liquid-like and semisolid sce-
narios for kc = 0 m3 mol−1 s−1. Depending on the combination of the 
values for C* and Db, the required g ranged from 0.47 to 0.95 (table 
S1). These rather high values of g suggest that some SOA was 
formed from other VOCs besides isoprene, such as a pool of un-
measured anthropogenic VOCs in the plume. In the four liquid-
like scenarios, Db > 10−10 cm2 s−1 for particles in all size bins, and C* for 
the oxidation product was set at 0.1, 1, 5, and 10 g m−3. None of 
the liquid-like scenarios was able to reproduce both the observed 
aerosol number and volume size distributions (Fig. 3). Although 
the liquid-like scenario with C* = 0.1 g m−3 was able to grow the 
Aitken number mode to its observed size, it substantially overpre-
dicted its peak height and the growth of the Acc1 volume mode 
diameter in the bimodal accumulation mode. The simulated num-
ber and volume size distributions with C* = 0 g m−3 (not shown for 
clarity) were nearly identical to those with C* = 0.1 g m−3, indicat-
ing that neither the condensation of extremely low volatility organic 
compounds nor a reactive uptake mechanism, which would have 
caused the size distribution to respond in the same manner as 
nonvolatile vapor condensation, was the dominant mechanism. 
The performance of the liquid-like scenario with C* = 1 g m−3 was 
also similar to that with C* = 0.1 g m−3. However, the liquid-like 
scenarios with C* = 5 and 10 g m−3 progressively underpredicted 
the growth of the nanoparticle number mode and overpredicted the 
growth of the two accumulation volume modes, consistent with the 
expectation that SVOCs with increasing volatility favorably partition 
to the largest liquid-like particles that dominate the organic mass 
(25). Liquid-like scenarios with multiple oxidation products were 
also tested, but they too overpredicted the peak height of the Aitken 
number mode and the growth of the Acc1 volume mode diameter 
(fig. S5). All liquid-like scenarios also failed to reproduce the ob-
served pronounced increase in the Acc1 volume mode peak height 
and the concurrent decrease of the Acc2 volume mode observed at 
P3. These sensitivity tests also show that the shapes of the predicted 
aerosol number and volume size distributions are more sensitive to 
the volatility of the condensable products than the number of con-
densable products.

However, the observed growth and shape of the Aitken number 
mode and the lack of growth of the Acc2 volume mode could be 
reproduced reasonably well by dynamically partitioning an SVOC 
with C* = 5 g m−3 with the assumption that particles greater than 
160 nm (i.e., Acc2 mode) were viscous semisolids with an effective 
Db = 2.5 × 10−15 cm2 s−1, while all the smaller ones were still liquid-
like with Db > 10−10 cm2 s−1 (Fig. 3, C and D). Although the back-
ground SOA over the Amazon rainforest (56) and the freshly formed 
isoprene SOA in the growing nanoparticle mode (30, 59) are expected 
to be liquid-like at 80% RH, Bateman et al. (57) found the presence 
of nonliquid particles (190 nm in mobility diameter) with a low oxygen 
to carbon ratio (O:C) of 0.42  in air parcels influenced by Manaus 
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emissions, suggesting that the Acc2 mode particles were viscous semi-
solids that were likely composed of primary organic particles (i.e., 
directly emitted from fuel oil/diesel power plants and vehicular traffic) 
mixed with biogenic SOA (36). In this semisolid scenario, the hindered 
partitioning of the SVOC to the Acc2 volume mode particles effec-
tively allowed more SVOC to be absorbed by the competing liquid-
like Aitken mode, thereby rapidly growing it. Consequently, this scenario 
was also able to reproduce the pronounced increase in the Acc1 
volume mode peak height as it gained some particles from the 
growing nanoparticle mode, while the Acc2 volume mode resisted 
growth due to bulk diffusion limitation. The semisolid scenario with 
C* = 10 g m−3 was also able to reproduce the growth of the Aitken 
mode but overpredicted the increase of the Acc1 volume mode peak 
height. In comparison, the semisolid scenario with C* = 1 g m−3 
overpredicted the growth of the Aitken mode and could not repro-
duce the development of the Acc1 volume mode at all. Additional 
semisolid scenarios with C* ≤ 0.1 g m−3 produced results (not 
shown for clarity) similar to that obtained for liquid-like scenarios 
for the same C* values. Similar conclusions were drawn from model 
evaluation using observations at P4 (fig. S6).

As mentioned earlier, SVOCs formed from isoprene photo-
oxidation are known to form oligomers via particle-phase accretion 
reactions (22, 23, 33, 55). Figure 4 shows the comparison of the 
observed aerosol size distributions at P3 with those simulated by a 

condensing SVOC of C* = 5 g m−3 with three different values for 
its second-order reaction rate constant (kc), including kc = 0 for ref-
erence. The required g are given in table S2. In the case of kc = 2 × 
10−8 m3 mol−1 s−1, about 13% of the monomer SVOC was con-
verted into dimers at P3, while an order of magnitude higher value 
of kc resulted into 50% conversion. As before, none of the liquid-
like scenarios was able to reproduce the observed size distribu-
tions (Fig. 4, A and B). In the semisolid scenario with kc = 2 × 
10−8 m3 mol−1 s−1, the predicted number and volume size distribu-
tions compared well with the observed distributions and were nearly 
identical to those predicted with kc = 0 (Fig. 4, C and D). However, 
kc = 2 × 10−7 m3 mol−1 s−1 caused the predicted size distributions to 
deviate further from those observed, suggesting that oligomerization 
likely occurred at a slower rate.

Overall, our analysis suggests that the dominant mechanism of 
SOA formation that rapidly grew the nanoparticles likely involved 
isoprene and possibly other unmeasured precursors forming multiple 
SVOCs with C* ranging from about 2 to 10, with a nominal value of 
about 5 g m−3 that mostly partitioned into liquid-like particles 
smaller than about 160 nm instead of the larger ones that were 
semisolid and likely experienced gradual oligomerization with aging. 
Condensation of ELVOCs and rapid reactive uptake mechanism are 
also possible, although it appears that they may have played a minor 
role in the growth of the nanoparticles after they grew to about 

Fig. 3. Comparison of the observed aerosol size (Dp) distributions at P3 (t = 102 min) with those simulated with kc = 0 m3 mol−1s−1 and different values of C* 
and Db. (A) Evaluation of modeled aerosol number size distributions for liquid-like scenarios. (B) Evaluation of aerosol volume size distributions for liquid-like scenarios. 
(C) Evaluation of modeled aerosol number size distributions for semisolid scenarios. (D) Evaluation of aerosol volume size distributions for semisolid scenarios.
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20 nm diameter. One of the main consequences of the rapid 
nanoparticle growth was the increase in the number concentrations 
of SOA-dominated particles that can act as CCN. The size- and 
phase-dependent dynamic SOA partitioning mechanism used in this 
study should be generally applicable under a variety of conditions, 
and its impact on CCN production can be quantified based on the 
measured aerosol size distribution and size-resolved aerosol com-
position evolution.

Impacts of organic nanoparticle growth on clouds 
and precipitation
The Amazon rainforest during the wet season is characterized by 
pristine air, shallow warm clouds, and frequent rain showers. The 
transition of shallow to deep convective represents another important 
characteristic of Amazonian clouds (60). Perturbation in the natu-
rally occurring CCN concentrations by Manaus emissions can alter 
both cloud and precipitation formation in the downwind region (61). 
An analysis of the aircraft observations collected during the wet 
season showed that pollution-affected clouds downwind of Manaus 
had 10 to 40% smaller effective diameters and up to 1000% higher 
cloud droplet concentrations (62). To examine the potential impacts 
of the rapid growth of anthropogenic nanoparticles on clouds and 
precipitation, we performed cloud-resolving model (see the “Cloud 
model” section) simulations using a grid spacing of 500 m with 

spectral bin microphysics (SBM) for the clouds that occurred around 
and downwind of Manaus on the afternoon of 17 March 2014, as 
described in Fan et al. (49). Similar or even coarser resolutions have 
been used for shallow cloud simulations in other studies (63, 64).

During this episode, some shallow nonprecipitating cumulus 
transitioned to deeper, precipitating convection. The reason for 
simulating clouds on 17 March instead of 13 March is the lack of 
cloud formation downwind of Manaus during the morning aircraft 
flight on 13 March. The Manaus urban plume on 17 March was 
approximately in the same location as on 13 March (Fig. 5A), and 
the nanoparticles experienced similar rapid growth as well (Fig. 5B). 
However, the number concentrations of aerosols were affected by 
cloud and rain formation over parts of the plume as the plume was 
transported westward, thus making a careful analysis of the aerosol 
growth more complicated on 17 March than on 13 March. Figure 5 
(C and D) illustrates the downwind plume locations (C1 to C3) and 
the associated droplet size distributions of shallow clouds sampled by 
the G-1 aircraft near their base at an altitude of about 1.25 km, MSL.

Two simulations were designed for 17 March with the same total 
aerosol number concentration of about 3800 cm−3 specified over 
Manaus up to 1 km altitude from 5:00 to 17:00 LST to mimic the 
continuous source of nanoparticles from Manaus (Fig. 6A) but with 
different aerosol size distributions (Fig. 6B). The shape of one cor-
responds to that observed at P1 (Fig. 1C) and represents no further 

Fig. 4. Comparison of the observed aerosol size (Dp) distributions at P3 (t = 102 min) with those simulated with C* = 5 g m−3 and different values of kc and Db. 
(A) Evaluation of modeled aerosol number size distributions for liquid-like scenarios. (B) Evaluation of aerosol volume size distributions for liquid-like scenarios. (C) Eval-
uation of modeled aerosol number size distributions for semisolid scenarios. (D) Evaluation of aerosol volume size distributions for semisolid scenarios.
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growth of the Aitken number mode diameter beyond the initial 
growth to about 20 nm, referred to as the “limited growth” scenario, 
while the other corresponds to that observed at P4 (Fig. 1C) and 
represents sustained rapid growth to about 50 nm due to condensa-
tion of SVOCs, referred to as the “sustained growth” scenario. The 
initial aerosol size distribution and vertical profile for the background 
area (i.e., the area outside Manaus) used for both scenarios are also 
shown in Fig. 6 (A and B). As shown in Fig. 6 (C and D), these model 
configurations approximately represent the observed total aerosol 
number concentrations in the plume about 115 km downwind of 
Manaus, at which point the observed Aitken number mode diameter 

had grown to 50 nm (location P4 in Fig. 5, A and B) and where 
shallow clouds started to form at 10:00 LST in the model. Thus, the 
differences in the predicted clouds and precipitation between the 
two simulations represent the effects of the shift in aerosol size dis-
tribution (without a change in number concentration) due to rapid 
growth of nanoparticles. The present study differs from the study of 
Fan et al. (49) that examined cloud-aerosol interactions in deep 
convective clouds associated with large quantities of ultrafine particles 
smaller than 50 nm added to the pristine background environment. 
The prescribed aerosol size distributions in our simulations are de-
signed to isolate the effects of rapid nanoparticle growth on shallow 

Fig. 5. Manaus urban plume on 17 March 2014. (A) Total aerosol number concentration (Ntot) along the G-1 aircraft flight path at 0.62 km, MSL altitude between 12:43 
and 13:32 LST, with plume peaks denoted as P1 to P4. Colored squares and triangle are same as in Fig. 1A. Composite radar reflectivity (i.e., column maximum during the 
period from 12:47 to 13:35 LST) from the SIPAM S-band radar indicates portions of the urban plume that was affected by clouds and rain (see the “Precipitation character-
ization using SIPAM radar” section). (B) Observed aerosol number size distributions (1-min average) along the plume peaks and in background air. (C) Total cloud droplet 
number concentration (Nc) along the aircraft flight path at 1.25 km, MSL altitude between 13:45 and 14:35 LST, with shallow cloud samples in the plume denoted as C1 to 
C3. (D) Observed cloud droplet size distributions at C1 to C3.
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clouds. Although the 500-m horizontal grid spacing seems coarse 
for simulating shallow cumulus clouds, our simulations with the 
subgrid-scale parameterization (i.e., Yonsei University planetary BL 
scheme), the Unified Noah land surface scheme, and SBM successfully 
predicted the shallow cumulus cloud water path in the sustained 
growth scenario similar to observations in a bulk sense (fig. S7). The 
observed cloud droplet size distribution at the base of shallow clouds 
(at downwind location C3 shown in Fig. 5C) is in excellent agree-
ment with that simulated in the sustained growth scenario, distinctly 
different from that in the limited growth scenario (Fig. 7A). The 
simulated rainwater path and cloud fractions for both scenarios are 
shown in fig. S8.

Compared to the limited growth scenario, the sustained growth 
scenario resulted in a two- to threefold increase in the droplet 
nucleation rate and cloud droplet number mixing ratios around 
cloud bases during the shallow cloud stage period 10:00 to 11:00 LST 
(Fig. 7, B and C). The cloud water mass mixing ratio increased 
as well in the sustained growth scenario (Fig. 7D) (62). In the high 
humidity conditions over the Amazon Basin during the wet season, 
there is ample moisture for droplet condensational growth. As a re-
sult, there was only 10 to 22% reduction in the mean droplet effec-
tive radius in the sustained growth scenario compared to the limited 
growth scenario (Fig. 8A), thus resulting in relatively modest en-
hancements in the cloud albedo in the sustained growth scenario 

(fig. S9). However, the reduction in the mean droplet effective radius 
slowed down the autoconversion process rate (i.e., the collision of 
cloud droplets to form raindrops) by one to two orders of magni-
tude, which caused a marked reduction in the raindrop number 
concentration (Fig. 8B) and rain mass mixing ratio (Fig. 8C). Con-
sequently, surface rain at the shallow cloud stage greatly decreased 
in the sustained growth scenario, with a ~43% reduction in 1-hour 
accumulated rain for the shallow cloud period and ~32% reduction 
in the maximum rain rate. The rain rate probability distribution 
function between the two simulations changed (Fig. 8D), with more 
frequent drizzle rain (0.05 to 0.25 mm hour−1) but a lack of relatively 
heavier rain (> 0.4 mm hour−1) in the sustained growth scenario.

The cloud fractions around cloud bases were similar in the two 
scenarios because of the humid environment (fig. S8). However, the 
cloud fraction aloft increased greatly—more shallow clouds grew 
taller to altitudes above 2.5 km in the sustained growth scenario as 
compared to the limited growth scenario, with a ~60% increase in 
the cloud fraction above 2.5 km during the shallow cloud period 
10:00 to 11:00 LST (Fig. 9A and fig. S8). This resulted in an enhance-
ment of shallow-to-deep convective cloud transition in the sustained 
growth scenario as deep convective cloud fraction increased by up 
to 90% during the transition period 11:00 to 11:30 LST (Fig. 9B), 
with substantial reductions in shallow cloud fraction below 3 km 
(Fig. 9C). Thus, with the rapid, sustained growth of nanoparticles 

Fig. 6. Design of the limited and sustained nanoparticle growth scenarios for cloud-resolving model simulations. (A) Vertical distribution of aerosol concentrations 
specified over Manaus and held constant between 5:00 and 17:00 LST for the two scenarios along with the initial vertical distribution in the background air. (B) Aerosol 
number size distributions specified over Manaus for both scenarios and in the background air. Simulated aerosol number concentrations on 17 March 2014 at 08:00 LST 
for the (C) Sustained growth scenario and (D) limited growth scenario. The black box represents the area of Manaus, and the red box is the downwind area for which the 
simulated cloud and rain statistics are reported in Fig. 7.
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over the humid Amazon, rain formation from shallow warm clouds 
is much less efficient, which allows an enhanced vertical growth of 
shallow clouds to form deeper clouds during the shallow cloud 
period. This results in an enhancement in shallow to deep convective 
cloud transition, with markedly more deep clouds and less shallow 
clouds during the transition period. The impact of the rapid nanopar-
ticle growth on cloud and precipitation at the deep convective cloud 
stage was small, because almost all aerosols (small and large) were 
activated in both scenarios due to large updrafts.

Summary and outlook
As summarized by the schematic in Fig. 10, this study provided new 
insights into the growth mechanism responsible for the rapid growth 
of anthropogenic nanoparticles via SOA formation to CCN sizes and 
the subsequent impacts on clouds and precipitation, with implica-
tions beyond the exemplary case study of an isolated urban area 
amidst the Amazon rainforest. While ELVOCs are crucial for the 

initial growth of nanoparticles smaller than 10 nm, our model anal-
ysis showed that sustained rapid growth of these particles from 
about 20 to 50 nm was largely due to condensation of SVOCs that 
were likely formed from isoprene and a pool of unmeasured anthro-
pogenic VOCs. Moreover, it was necessary to dynamically partition 
the SVOCs to particles of different sizes and account for in-particle 
bulk diffusion limitations in semisolid particles to reproduce the 
observed growth of nanoparticles along with the evolution of aerosol 
number and volume size distributions. Although the equilibrium 
partitioning approach traditionally used in most SOA models may 
be able to reproduce the total mass, it may not accurately capture 
the growth of nanoparticles and the evolution of the overall aerosol 
size distribution. These findings have important implications for 
representing SOA formation and size- and phase-dependent parti-
cle growth mechanisms for CCN production in aerosol-climate 
models (65, 66).

In addition, using a real-case simulation at a cloud-resolving 
scale, this study provided an exemplary effect that the rapid growth 
of anthropogenic nanoparticles can exert on the shallow clouds and 
precipitation as well as on the transition of shallow to deep convec-
tion downwind of the Manaus urban area. While this case study is 
not a general proof, our results can be qualitatively applied to solar 
radiation driven shallow-to-deep transition cases occurring under 

Fig. 7. Impacts of nanoparticle growth on shallow clouds. (A) Observed (filled 
black circles) and simulated mean cloud droplet number size distributions at the 
base of shallow clouds at the C3 location at ~1.2-km MSL altitude (as shown in 
Fig. 5, A and B) for the limited growth (blue) and sustained growth (red) scenarios. 
The error bars and color shaded areas represent standard errors for the observed 
and simulated mean size distributions, respectively. The observed size distribution 
is calculated using shallow cloud samples with total droplet number concentration 
(Nc) between 400 and 700 cm−3 during 13:45 to 13:50 LST. The mean simulated 
cloud droplet number size distributions for both scenarios are calculated based on 
shallow clouds (hydrometeor mixing ratio > 10−5 kg kg−1 and cloud top temperature 
< 0°C) with Nc ranging from 90th to 99th percentile (approximately corresponding 
to 400 to 700 cm−3 in the sustained growth scenario) in the plume region indicated 
by the red box in Fig. 6C during 13:30 to 14:00 LST. Simulated mean vertical profiles 
of (B) cloud droplet nucleation rates, (C) cloud droplet number mixing ratios, and 
(D) cloud water mass mixing ratios during the shallow cloud stage period 10:00 to 
11:00 LST over the shallow cloudy points with hydrometeor mixing ratio > 10−5 kg kg−1 
and cloud top temperature < 0°C in the red box in Fig. 6C.

Fig. 8. Impacts of nanoparticle growth on rain during the shallow cloud period 
10:00 to 11:00 LST. Simulated mean vertical profiles of (A) cloud droplet effective 
radius, (B) rain drop number mixing ratios, and (C) rainwater mass mixing ratios for 
the limited growth (blue) and sustained growth (red) scenarios. (D) Probability dis-
tribution functions (PDFs) of simulated surface rain rates, calculated by excluding 
values smaller than 0.01 mm hour−1. All the calculations are for the plume region 
downwind indicated by the red box in Fig. 6C. Values in (A) to (C) are averaged over 
the shallow cloudy points that are identified with hydrometeor mixing ratio > 
10−5 kg kg−1 and cloud top temperature < 0°C.
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similar meteorological conditions. Because condensable SVOCs 
form in abundance from the oxidation of anthropogenic and bio-
genic SOA precursors (22–24), the mechanistic insights developed 
in this study suggest that pollution nanoparticles are more likely than 
previously thought to grow to CCN sizes downwind of large urban 
centers in other forested regions and exert substantial impacts on 
clouds, precipitation, and climate. Further studies with fully coupled 
chemistry-aerosol-cloud models are needed in the future to investigate 
the coupling between anthropogenic nanoparticles, biogenic SOA, 
clouds, and precipitation and to improve the assessment of their 
impacts on weather and climate change.

MATERIALS AND METHODS
G-1 aircraft measurements
The Atmospheric Radiation Measurement Aerial Facility deployed 
several in situ instruments on the G-1 to measure trace gas concen-
trations, aerosol particle properties, cloud characteristics, atmospheric 
state and meteorological variables, and avionics parameters (41, 67). 
A fully automated isokinetic inlet was used to introduce ambient air 
into the G-1 for sampling aerosols. On the basis of the manufacturer 
wind tunnel test and peer-reviewed publications, this inlet operates 
for aerosol up to 5 m, with transmission efficiency around 50% 
at 1.5 m (68). The air was dried to <40% RH by passage through 

Fig. 9. Impacts of nanoparticle growth on cloud fractions. Vertical profiles of percentage change in the simulated cloud fraction in the sustained growth scenario 
relative to the limited growth scenario (A) for the shallow convective clouds during the shallow cloud period 10:00 to 11:00 LST and for the (B) deep convective clouds 
and (C) shallow convective clouds during the transition period 11:00 to 11:30 LST. Cloud fraction is calculated as a ratio of the cloudy points (hydrometeor mixing ratio > 
10−5 kg kg−1) to the total grid points in the downwind plume region indicated by the red box in Fig. 6C.

Fig. 10. Climate relevance of the rapid growth of anthropogenic nanoparticles via altered cloud radiative properties and precipitation. In addition to primary 
aerosols and VOCs, both anthropogenic and biogenic emissions also include NOx, NH3, and amines, which can participate in new particle and secondary aerosol forma-
tions. Nanoparticles resulting from anthropogenic activities dominate the total aerosol number concentration in an urban pollution plume but are too small to serve as 
CCN. Their initial growth occurs from condensation of ELVOCs formed from oxidation of biogenic VOCs, resulting in the production of few new CCN. The more abundantly 
formed SVOCs are found to be responsible for the sustained rapid growth of the anthropogenic nanoparticles to CCN-relevant sizes. Higher CCN concentrations lead to 
the activation of smaller but more cloud droplets that suppress precipitation, reflect more incoming solar radiation, and cause stronger cloud radiative forcing.

D
ow

nloaded from
 https://w

w
w

.science.org on January 24, 2022



Zaveri et al., Sci. Adv. 8, eabj0329 (2022)     12 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 16

a Nafion dryer upstream of all aerosol instruments inside the 
G-1 cabin.

Condensation particle counters CPC-3025 and CPC-3010 were 
used to measure particle number concentrations for diameter greater 
than 3 and 10 nm, respectively (69), at a 1-s time resolution. Both 
CPCs were designed using the same principle, which is to detect 
particles by condensing butanol vapor on the particles to grow them 
to a large enough size that they can be counted optically. Both CPCs 
were calibrated in the laboratory before and after the field campaign, 
about 2 months apart.

A fast integrated mobility spectrometer (FIMS) inside the G-1 
cabin measures the aerosol mobility size distribution from 10 to 
400 nm in diameter at a time resolution of 1 s (70, 71). The ambient 
aerosol particles were charged after entering the FIMS inlet and 
then separated into different trajectories in an electric field based on 
their electrical mobility. The spatially separated particles grow into 
supermicrometer droplets in a condenser where SS of the working 
fluid is generated by cooling. At the exit of the condenser, a high-
speed charge-coupled device camera captures the image of an illu-
minated grown droplet at high resolution. The aerosol number and 
volume size distributions shown in Fig. 1 (C and D) were extrapo-
lated below 10 nm and above 400 nm by, respectively, fitting 
lognormal distributions to the observed Aitken mode number size 
distribution above 10 nm and the accumulation mode number size 
distribution below 400 nm.

The CCN number concentrations were measured at a time reso-
lution of 1 s by a dual column CCN counter (CCN200, DMT) at two 
operating SSs (0.23 and 0.5%). The CCN counter is a continuous-
flow thermal-gradient diffusion chamber that measures the total 
number concentration of aerosols that can act as CCN at each SS 
setting (72).

An Aerodyne high-resolution time-of-flight aerosol mass spec-
trometer was deployed on the G-1 to measure the chemical compo-
sition of nonrefractory aerosol particles between 60- and 1000-nm 
aerodynamic diameter (73). The AMS was operated only in the 
intermediate resolution “V” mass spectrometer mode with a time 
resolution of 13 s. The aerosol flow was periodically diverted through 
a high efficiency particulate air (HEPA) filter to remove particles, and 
these periods (at takeoff, landing, and sometime during the flight) 
were used to correct the spectra for background interferences. Data 
were processed using the high-resolution analysis techniques described 
in the literature (74). The high-resolution organic mass spectral data 
were analyzed by PMF to identify organic source factors using tech-
niques described in the literature. Additional details on the operation 
of the AMS and the data analysis techniques, including PMF, are de-
scribed by Shilling et al. (44).

An Ionicon quadrupole high-sensitivity proton-transfer reaction 
mass spectrometry (PTR-MS) was used to measure the concentra-
tion of VOCs (75). The PTR-MS was operated in an ion-monitoring 
mode in which a predetermined list of masses was sequentially 
measured with a complete cycle through the mass scan list taking 
3.5 s. The PTR-MS sampled air through a separate, forward-facing 
inlet. Air was periodically diverted through a heated Shimadzu 
catalyst, which catalytically removed VOCs without disturbing 
ambient RH. These background measurements were used to correct 
the measured VOC signals. Multipoint calibrations were regularly 
performed in the field using a cylinder of known VOC concentra-
tions. Additional details on the PTR-MS operation are described by 
Shilling et al. (44).

A fast cloud droplet probe (FCDP; SPEC Inc.) measured cloud 
droplet size distribution ranging from 1 to 50 m. The FCDP is a 
compact, lightweight forward-scattering cloud particle spectrometer 
that measures cloud droplet size and concentration with up to 
100-Hz sampling rate using a laser that scatters off the droplets into 
collection lens optics and is split and redirected toward two detec-
tors. The FCDP bins the droplets into 20 bins ranging between 1 and 
50 m, with an accuracy of approximately 3 m in diameter (62, 76). 
Bin sizes were calibrated using glass beads at several sizes in the total 
range. In this study, we used 1-Hz FCDP data. Shattering effects 
were filtered from the measured droplet size distributions with the 
built-in feature of the provided software.

BL height estimation using Doppler lidar
Estimates of the planetary BL depth were obtained from a ground-
based scanning coherent Doppler lidar that was deployed approxi-
mately 65 km west-south-west of Manaus at the T3 ground site 
(3° 12′ 47.6″ S, 60° 35′ 53.8″ W). This instrument was operated with 
a fixed scan schedule consisting of vertical stares and plan-position-
indicator (PPI) scans. The PPI scans were performed once every 
15 min and took about 40 s to execute. Most of the time was spent 
staring vertically, making measurements of clear-air vertical velocity 
profiles in the lower troposphere with a temporal resolution of about 
1 s and a height resolution of 30 m. The 1-s vertical velocity mea-
surements were processed to yield height-resolved estimates of ver-
tical velocity variance using a 30-min averaging time interval. The 
variances were computed using the noise correction method de-
scribed by Lenschow et al. (77). Estimates of the mixed layer depth 
were obtained by applying a threshold of 0.01 m2 s−2 to the variance 
profiles. The mixed layer depth was determined from the maximum 
height where the vertical velocity variance exceeded the threshold (78).

Plume dilution rate estimation
Urban plume dilution was treated as a first-order process, and the 
dilution constant,  (min−1), was estimated from the rate at which 
the plume cross-section area (A) increased with time (t)

​ = ​ 1 ─ A ​ ​ dA ─ dt ​ = ​ d ln A ─ dt   ​ = ​  ln A ─ 
t   ​ = ​  ln(W × H) ─ 

t  ​ = ​ 
ln[(​W​ f​​ × ​H​ f​​ )/(​W​ i​​ × ​H​ i​​)]

  ───────────────  
t  ​​

(1)

where W is the plume width and H is the height of the BL in which 
the plume is assumed to be well mixed; subscripts i and f refer to 
initial and final values, respectively. As estimated from the spatial 
distribution of the observed total aerosol number concentration in 
the first and fourth G-1 transects, the width of the plume appears to 
have doubled (Fig. 1A). During the time (t = 165 min), the plume 
was advected from the location of the first transect to the fourth, 
and the mixed layer height grew from 648 to 1098 m (fig. S3). The 
horizontal dispersion and vertical mixing in the growing BL together 
yield an overall dilution constant of  = 7.4 × 10−3 min−1.

Lagrangian aerosol box model
Aerosol growth simulations were performed with the sectional 
aerosol box model MOSAIC (18, 58). MOSAIC treats coagulation 
between different particle size bins and dynamically partitions gases 
simultaneously to all size bins by considering compound volatility 
(C*), gas-phase diffusion (Dg), interfacial mass accommodation (m), 
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in-particle bulk diffusion (Db), and reversible particle-phase reactions. 
In this study, the values of Dg and m were assumed constant at 
0.05 cm2 s−1 and 0.1 (34), respectively, while C* and Db were pre-
scribed different values with the goal of identifying the dominant 
aerosol growth mechanism. Particle-phase diffusion is treated using 
a combination of (i) an analytical quasi–steady-state treatment for 
the diffusion-reaction process within the particle phase for fast-
reacting organic compounds such that the time scales for their 
particle-phase concentrations to reach quasi–steady state are shorter 
than 1 min and (ii) a two-film theory approach for slow- and non-
reacting organic compounds (18). For this study, ammonium sulfate 
was assumed to be fully deliquesced at RH = 80%. Hygroscopicity of 
organics was assumed to be 0.1 (79). Preexisting particulate organic 
species were assumed to have a molecular weight of 200 g mol−1. 
The thermodynamic driving force for mass transfer is based on 
Raoult’s law such that preexisting organics and liquid water act as 
solvents in absorbing the condensing organic vapors. The logarith-
mically spaced bin structure used in MOSAIC was the same as that 
of the particle size distribution data provided by FIMS. The transfer 
of particles between bins due to growth or shrinkage was calculated 
using a two-moment approach. Coagulation was turned on in 
the simulations.

Cloud model
The model simulations were performed using the Weather Research 
and Forecasting model v3.6.1 with the SBM for a locally occurring 
system occurring on 17 March 2014, following Fan et al. (49). The 
detailed domain configurations, forcing data, dynamics, and physics 
settings also follow Fan et al. (49). Briefly, two nested domains with 
horizontal grids of 1 and 0.5 km were used with 51 vertical levels up 
to 50 hPa. The numbers of horizontal grid points for domain 1 and 
domain 2 were 1000 × 1000 and 450 × 450, respectively. Domain 2 
was run with the “nesting down” approach, with the initial and 
boundary data produced by domain 1 simulations. Two sensitivity 
simulations were conducted over domain 2 for this study. The only 
difference between the two simulations was the aerosol size distri-
bution specified over Manaus (the black box in Fig. 6C) with the 
same total aerosol number concentration, representing the sustained 
rapid growth of Aitken number mode diameter to 50 nm (referred 
to as sustained growth scenario) and no growth beyond 20 nm (re-
ferred to as limited growth scenario) as shown in Fig. 6C. The total 
aerosol number concentration over Manaus was set at 3800 cm−3 up 
to 1 km over Manaus for both simulations as shown in Fig. 6A. The 
vertical distribution and aerosol size distribution for the background 
area are also shown in Fig. 6 (A and B). The total aerosol concentra-
tion for the background was about 500 cm−3 near the surface and is 
assumed to be uniform below 2-km altitude and decrease exponen-
tially above 2-km altitude. An overall hygroscopicity of 0.12 was 
prescribed for all aerosols based on their observed bulk composition 
of organics and inorganics (49). Note that the Manaus aerosol source 
was only turned on during the daytime from 5:00 to 17:00 LST to 
mimic reality. The simulated spatial extent of the aerosol plumes in 
the sustained growth and limited growth scenarios at 8:00 LST on 
17 March (after 1-day simulation) are similar but with different size 
distributions (Fig. 6, C and D).

Precipitation characterization using SIPAM radar
The SIPAM (Sistema de Proteção da Amazônia) radar is an S-band 
Doppler weather radar, single polarization, with a 2° beam width 

and radial resolution of 0.5 km. The radar was located at the Manaus 
military airport and made volume scans every 12 min at 17 eleva-
tions. The observations were quality-controlled and interpolated to 
a fixed three-dimensional grid at horizontal and vertical resolutions 
of 2 and 0.5 km, respectively (80). The horizontal grid size is 482 km2, 
and the vertical grid extends from 0.5 to 20 km.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj0329
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