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High levels of ultrafine particles (UFPs; diameter of less than 50
nm) are frequently produced from new particle formation under
urban conditions, with profound implications on human health,
weather, and climate. However, the fundamental mechanisms of
new particle formation remain elusive, and few experimental studies
have realistically replicated the relevant atmospheric conditions. Pre-
vious experimental studies simulated oxidation of one compound or a
mixture of a few compounds, and extrapolation of the laboratory
results to chemically complex air was uncertain. Here, we show
striking formation of UFPs in urban air from combining ambient and
chamber measurements. By capturing the ambient conditions (i.e.,
temperature, relative humidity, sunlight, and the types and abun-
dances of chemical species), we elucidate the roles of existing particles,
photochemistry, and synergy of multipollutants in new particle for-
mation. Aerosol nucleation in urban air is limited by existing particles
but negligibly by nitrogen oxides. Photooxidation of vehicular exhaust
yields abundant precursors, and organics, rather than sulfuric acid or
base species, dominate formation of UFPs under urban conditions.
Recognition of this source of UFPs is essential to assessing their im-
pacts and developing mitigation policies. Our results imply that re-
duction of primary particles or removal of existing particles without
simultaneously limiting organics from automobile emissions is ineffec-
tive and can even exacerbate this problem.
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High levels of ultrafine particles (UFPs; diameter smaller
than 50 nm) are produced during new particle formation

(NPF) events, representing a significant source of tropospheric
fine aerosols and cloud condensation nuclei (1–9). NPF occurs
via two distinct stages (i.e., nucleation to form a critical nucleus
and its subsequent growth to freshly nucleated particles of 1 to 3
nm, which are associated with a thermodynamic and a kinetic
barrier, respectively) (1). Freshly nucleated particles are sub-
jected to collision loss among themselves, coagulation loss by
existing particles, or growth to nucleation-mode particles (>3 nm).
Under favorable atmospheric conditions, nucleation-mode parti-
cles grow continuously to submicrometer (i.e., fine particulate
matter smaller than 2.5 μm [PM2.5]) or cloud condensation nuclei.
Atmospheric measurements have shown ubiquitous NPF events
under both pristine and urban conditions (1–5, 8), with important
societal implications (10–14). For example, high levels of UFPs
formed under urban environments have been attributed to sub-
stantial enhancement in convection and precipitation (11). Also,
recent studies have demonstrated that maternal exposure to UFPs
results in pulmonary immunosuppression and birth defects and

fatalities in offspring, highlighting the necessity of accounting for these
smallest particles when formulating air quality standards (13, 14).
Measurements of urban NPF exhibit distinct characteristics

worldwide (8), but the cause for the variability remains mysterious
(15). Various species have been suggested to account for nucle-
ation and growth of UFPs, including sulfuric acid (H2SO4),
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organic acids from oxidation of volatile organic compounds
(VOCs), ammonia/amines, and ions (1–6, 16–22). However, there
is a lack of consistent mechanisms to explain NPF under diverse
atmospheric conditions (1, 8). Despite intensive effort in de-
veloping state-of-the-art instrumentations to investigate NPF in
laboratory studies, available analytical methods have been unable
to replicate the atmospheric conditions in pristine or urban air,
particularly the chemical complexity (8). Another major limitation
is related to the lack of chemical speciation; analytical instruments
capable of unambiguously detecting the various nucleating vapors,
neutral/ionic prenucleation clusters, and the chemical composi-
tions of subnanometer particles have yet to be developed (1, 8).
Previous studies showed that NPF is enhanced with coexisting
H2SO4, base species, organic acids, and ions (2–6, 16–22) but is
suppressed for oxidation of monoterpene in the presence of ni-
trogen oxides (NOx) (23) or isoprene (24), indicating large syn-
ergetic effects in a chemically complex mixture. The deficiencies in
understanding NPF considerably hinder effort in developing
physically based models to predict atmospheric aerosol formation
and to assess the impacts of UFPs on human health, weather, and
climate (7, 11).
To unravel the fundamental mechanisms of nucleation and

growth for UFPs, we performed three types of measurements
(Methods), including the application of a quasiatmospheric
aerosol evolution study (QUALITY) chamber (25, 26). In situ
measurements of gases and aerosols were performed at a traffic-
dominant urban site (2, 25, 26). In addition, QUALITY chamber
experiments were performed simultaneously with the ambient
measurements at this urban site. A dual-layer design of the
QUALITY chamber allowed ambient gases to permeate through
a Teflon membrane into a ultraviolet (UV) transmission upper
reaction chamber, while ambient particles were filtrated by the
membrane (SI Appendix, Fig. S1) (25, 26). The major advantage
of this approach was in closely replicating the atmospheric
conditions (i.e., temperature, relative humidity, solar radiation,

gases, and their photochemistry) throughout the experiments but
without the presence of preexisting particles. In addition, we
evaluated NPF in an enclosed environmental chamber using
vehicular exhaust from a gasoline car operating on a chassis
dynamometer (SI Appendix, Fig. S2) (27).

NPF in Ambient Air
NPF is dependent on existing particle and photochemistry at this
urban site (2). High levels of UFPs are produced in clean air but
not in polluted air (Fig. 1 and SI Appendix, Fig. S3), with the
corresponding ambient PM2.5 levels of 2 to 20 and 78 to 128
μg m−3, respectively (SI Appendix, Tables S1 and S2). NPF occurs
continuously during the morning hours in clean air, and the
nucleation-mode particles grow to about 20 to 30 nm within
about 4 to 5 h (Fig. 1A and SI Appendix, Fig. S3 B and D), re-
ferred to as continuum NPF. In contrast, high levels of existing
particles inhibit NPF in polluted air (Fig. 1B and SI Appendix,
Fig. S3 F and H). The clean and polluted conditions during our
measurements correspond to distinct air masses and emission
characteristics, i.e., under strong northerly wind from clean areas
and with low relative humidity (RH) (14 to 21%) and weak
southerly wind from populated, industrial regions and with high
RH (30 to 52%), respectively. Aromatic hydrocarbons represent
the most abundant VOCs at this site (higher than biogenic
VOCs), ranging from a few parts per billion (ppb) in clean air to
up to 20 ppb in polluted air (SI Appendix, Figs. S4 and S5 and
Tables S1 and S2). The concentrations of other primary gases
range from 8 to 14 ppb and from 88 to 132 ppb for NOx and from
a few parts per billion to up to 30 ppb for SO2 in clean and
polluted air, respectively. The daily O3 peak is 30 to 40 ppb in
clean air and 10 to 20 ppb in polluted air, consistent with re-
duced photochemical activity in the latter. Gaseous H2SO4 at
the site is strongly dependent on the PM2.5 level and actinic
flux, with average daily peak levels of 1 × 107 molecules cm−3 in
clean air and 5 × 106 molecules cm−3 in polluted air and a

Fig. 1. Contrasting NPF between ambient air and QUALITY chamber. Particle number size distributions in ambient air (A and B) and inside the chamber (C
and D) with initial filtration of ambient preexisting particles. The experiments were performed on 23 October 2013 (A and C; clean) and 8 November 2013 (B
and D; polluted), corresponding to clean air (A) or clean chamber (C) and polluted air (B) or polluted chamber (D), respectively. The color contour on the right
vertical axes denotes the particle number concentration (i.e., dN/dlogD′ [centimeters−3], where N and D′ represent the particle number and size, respectively).
Detailed information on the atmospheric conditions during the ambient and chamber measurements is presented in SI Appendix, Figs. S4 and S5 and Tables
S1 and S2.
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concentration of below 106 molecules cm−3 at sunrise/sunset (3,
28). We further determined the O3 photolysis frequency yielding
an excited oxygen atom, J(O1D), which quantifies the extent and
efficiency of photooxidation of primary gases to produce the
precursors for NPF (1, 28, 29). The J(O1D) values range from
4.9 × 10−6 to 1.3 × 10−5 s−1 in clean air and from 1.8 × 10−6 to
3.4 × 10−6 s−1 in polluted air, inversely correlated to the PM2.5
levels (SI Appendix, Tables S1 and S2). In addition, we calculated
the formation rate (in the size range of 3 to 25 nm) and growth
rate (Methods), which are relevant to nucleation and growth of
UFPs, respectively. Existing particles and photochemistry regu-
late the formation and growth rates of UFPs. The calculated
formation and growth rates range from 20 to 42 cm−3 s−1 and
from 5 to 20 nm h−1, respectively, during NPF in clean air. El-
evated concentrations of PM2.5 suppress NPF in polluted air
because of reduced photochemistry or a large surface area of
preexisting particles to capture freshly nucleated particles.

NPF in Captured Urban Air
NPF inside the QUALITY chamber is distinct from that in
ambient air (Fig. 1 and SI Appendix, Fig. S3 and Tables S1 and
S2). Noticeably, highly abundant UFPs are produced under both
clean and polluted conditions inside the QUALITY chamber
(Fig. 1 C and D), referred to as clean chamber and polluted
chamber, respectively. UFPs typically appear within 5 to 15 min
of exposing the reaction chamber to sunlight throughout day-
time. In clean chamber, NPF occurs momentarily, and the
nucleation-mode particles grow rapidly to about 50 nm within
about 2 h, commonly known as banana NPF (Fig. 1C and SI
Appendix, Fig. S3 A and C). Similar to the case in clean air (Fig.
1A), continuum NPF is also evident in polluted chamber, albeit
with a much slower growth (i.e., size not exceeding 20 nm) (SI
Appendix, Fig. S3 E and G). In clean chamber, efficient nucle-
ation and growth of UFPs are also reflected by the large for-
mation (82 to 332 cm−3 s−1) and growth (15 to 79 nm h−1) rates,
respectively. In polluted chamber, efficient nucleation and slow
growth are evident from the large formation rates (79 to 166 cm−3 s−1)
and small growth rates (5 to 7 nm h−1), respectively. The formation
rates in clean and polluted chambers are nearly comparable, and both
are much larger than those in clean air (21 to 41 cm−3 s−1). The
growth rates are much larger in clean chamber than in polluted
chamber but are nearly comparable in clean air and in polluted
chamber (6 to 20 cm−3 s−1). The J(O1D) values between clean and
polluted chambers are different and affect distinctly the forma-
tion and growth rates. In polluted chamber, elevated levels of
ambient PM2.5 are responsible for the low growth rates (SI Ap-
pendix, Fig. S4 and Table S1) but impact negligibly the formation
rates. Even under extremely polluted conditions, photochemistry
is still adequate for NPF, albeit with slow growth rates (SI Ap-
pendix, Table S2). The banana NPF is characterized by both
large formation and growth rates in contrast to the continuum
NPF with low growth rates (<20 nm h−1) (SI Appendix, Tables S1
and S2). Furthermore, NOx does not influence NPF at this urban
site since NPF is consistently observed inside the QUALITY
chamber over a large NOx range, i.e., from 8 to 14 ppb in clean
air and from 88 to 132 ppb in polluted air.

Masked NPF in Polluted Air
To differentiate the roles of existing particles and photochem-
istry in NPF, we performed additional QUALITY chamber ex-
periments without initial filtration of ambient preexisting
particles under the polluted conditions. Ambient air was initially
pumped into the reaction chamber through an air-open port to
bypass the membrane. After injection of ambient air, the re-
action chamber was sealed and pumped by a constant flow
(∼10 L min−1) to gradually remove preexisting particles, while
ambient gases penetrated through the membrane to continuously
replicate the atmospheric conditions (Fig. 2 and SI Appendix,

Fig. S6 and Table S2). There are clear distinctions in the chamber
experiments with and without initial filtration of ambient pre-
existing particles. Without filtration, NPF exhibits a significant
delay of about an hour and occurs repeatedly (Fig. 2A), in
contrast to instantaneous appearance of UFPs with filtration
(Fig. 1D). Also, the particle number concentration decreases and
increases alternatively inside the reaction chamber because of
constant removal of existing (nucleation-mode and ambient
preexisting) particles and reoccurrence of NPF, while the parti-
cle surface area decreases monotonically because of the removal
of large preexisting particles (Fig. 2B and SI Appendix, Fig. S6B).
The onset for each NPF (Fig. 2A and SI Appendix, Fig. S6A) is
dependent on the particle number concentration and surface
area (i.e., sizes larger than 3 nm); there is an anticorrelation
between the two, i.e., occurring at a lower number concentration
with a larger surface area but at a higher number concentration
with a smaller surface area (Fig. 2C). In addition to coagulation by
existing particles, freshly nucleated particles possess large diffu-
sional speed, resulting in significant collision coagulation among
themselves (SI Appendix, Table S3). For the experiments without
initial filtration, the particle surface area decreases continuously
because of removal of preexisting particles, and NPF occurs
consecutively at increasing particle number concentration (Fig. 2B
and SI Appendix, Fig. S6B). The impact of photochemistry on the
growth of UFPs is further illustrated by the positive correlation
between the growth rate and J(O1D) (Fig. 2D): the growth rate
increases from 10 to 80 nm h−1 with J(O1D) increasing from 3 to
14 s−1. For the experiments without filtration, an inefficient pho-
tochemistry results in low growth rates (SI Appendix, Table S2),
and only continuum NPF occurs, similar to those in clean air and
in polluted chamber (Fig. 1 and SI Appendix, Fig. S3).

Linking NPF to Vehicle-Emitted Organics
We inferred the chemical composition of UFPs inside the
QUALITY chamber from size-resolved and temporally resolved
particle effective density and hygroscopicity (Fig. 3 A and B and
SI Appendix, Fig. S7 A and B). Both effective density and hy-
groscopicity increase with the particle size, i.e., from 1.03 to
1.16 g cm−3 for 50 to 62 nm and from 1.05 to 1.15 for 21 to 62 nm,
respectively. The evolution in both quantities reflects an
organics-dominated ingredient of UFPs and an increasing in-
organic fraction with the particle growth (2, 30). The initial
growth of UFPs is dominated by nonvolatile organics formed
from VOC oxidation or via multiphase reaction since H2SO4
production from the reaction of SO2 with hydroxyl radical is a
slow process (1). It is also evident that the chemical species re-
sponsible for the nucleation and growth of UFPs are distinct,
relevant to the processes to overcome the thermodynamic and
kinetic barriers for NPF (15). Specifically, the organics governing
the nucleation and growth likely correspond to less and highly
oxidized forms, respectively, i.e., with high-reactivity for hydrogen-
bonding formation but low-volatility for particle growth (1, 8). In
addition, a high-resolution time-of-flight aerosol mass spectrom-
eter (HR-ToF-AMS) (31) was used to measure the chemical
compositions (Fig. 3 C and D) inside the QUALITY chamber for
particles with the mean sizes of 30 and 60 nm (SI Appendix, Fig. S7
C and D). The measurements by the HR-ToF-AMS show large
organic mass fractions of 87% (89%) for 30-nm particles and 62%
(53%) for 62-nm particles, also representative of an organic-
dominant composition for fine-mode aerosols. The nitrate frac-
tion is nonnegligible for small particles and increases for large
particles, and the mass fractions of sulfate and ammonium are
small for small particles and increase for large particles; both are
characteristic of urban traffic-related fine aerosols (2).
To assess NPF from traffic emissions, we conducted comple-

mentary experiments by introducing gasoline vehicular exhaust
(27) into an enclosed environmental chamber (i.e., without gas
exchange between the chamber and ambient air). While many
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previous studies examined the contributions of vehicular exhaust
to secondary organic aerosol formation (27), few focused on
NPF. Gases from the vehicular exhaust were diluted to atmo-
spherically relevant levels in the chamber, and all experiments
using vehicular exhaust were performed under the clean condi-
tions. Banana NPF is identified from all experiments using gaso-
line exhaust (Fig. 3E and SI Appendix, Fig. S8), i.e., occurring
momentarily after exposing the chamber to sunlight and growing
rapidly to larger sizes of 100 to 200 nm. The formation and growth
rates from gasoline exhaust range from 15 to 134 cm−3 s−1 and
from 50 to 62 nm h−1, respectively, with the low and high values
corresponding to the experiments without and with addition of an
initial O3 concentration to promote photochemistry (i.e., 0 and 80
ppb O3 in SI Appendix, Fig. S8 A and B), respectively. Mea-
surements of gaseous species inside the chamber show high levels
of aromatics, including toluene and C8 and C9 aromatics (SI
Appendix, Fig. S9), but negligible SO2 (SI Appendix, Fig. S8D). In
addition, HR-ToF-AMS measurements of the smallest detectable
particles (about 50 nm) indicate an exclusive presence of organics
along with a trace amount of nitrate but no measurable sulfate or
ammonium (i.e., at levels below the instrument detection limit) (SI
Appendix, Fig. S8E). Furthermore, the NOx level is high for the
chamber measurements using vehicular exhaust (over 100 ppb) (SI
Appendix, Fig. S8C), also indicating a negligibly suppressing effect.

Discussion
Our ambient measurements at this traffic-dominant urban site
show that NPF occurs consistently under clean conditions, con-
sistent with many previous studies (1–3, 16). For example, the
frequency percentages of NPF events at this site are 50, 20, 35,
and 45% in the spring, summer, fall, and winter, respectively (1, 2).
Typically, wind circulation at this location exhibits a periodic cycle
of 4 to 7 d during all seasons, which is also reflected by a similar
clean-to-polluted cycle in PM2.5 concentrations (2). The persistent
occurrence of UFPs observed in clean air and inside the QUALITY
chamber from this work and the previous studies (1–3, 16) indicates
that RH, temperature, or NOx plays a negligible role in NPF at this
site. While NPF in ambient air mainly exhibits the banana charac-
teristic during our measurement period, both NPF types have been
observed at this urban site (1–3, 16). The occurrence of banana or
continuum NPF relies on the number concentration and surface
area of existing particles. The banana NPF (Fig. 1C and SI Ap-
pendix, S3 A and C) is characterized by the largest formation and
growth rates (SI Appendix, Tables S1 and S2) under the cleanest
conditions. With very low levels of existing particles and efficient

photochemistry (such as in clean chamber), rapid growth of the
nucleation-mode particles increases the surface area to effectively
capture freshly nucleated particles. Hence, banana NPF is resulted
from the suppressing effect by rapidly grown nucleation-mode
particles. On the other hand, continuum NPF occurs at low to
intermediate levels of ambient PM2.5 without significant capture of
freshly nucleated particles and at a low growth rate without rapid
increase in the surface area of nucleation-mode particles. In ad-
dition, photooxidation of vehicular exhaust (dominantly aromatic
VOCs) yields abundant precursors for nucleation and growth of
UFPs (29, 32) as demonstrated in our three different types of
measurements. Our ambient and chamber measurements are
representative of typical urban environments worldwide (8) since
the gasoline fleet of the commonly used vehicle model in China is
equivalent to those in Europe and the United States (27). We
conclude that NPF under urban environments is mainly driven by
organics from local traffic emissions.
Although we are unable to differentiate the role of organics

from those of H2SO4 and base species in the initial formation of
prenucleation clusters (1), it is implausible that H2SO4 or am-
monia/amines, rather than organics, dominate NPF in our study.
The sources and abundances of H2SO4 and ammonia/amines are
highly variable at this site. NPF inside the QUALITY chamber
occurs throughout the daytime when exposing the reaction
chamber to sunlight and under both clean and polluted condi-
tions in contrast to the H2SO4 concentration that varies diurnally
(by a factor of more than an order of magnitude) and with the
PM2.5 level (by a factor of two between clean and polluted air)
(33). In addition, the formation and growth rates in clean air and
inside the QUALITY chamber (Figs. 1 and 2 and SI Appendix,
Tables S1 and S2) are comparable with those of the experiments
using gasoline exhaust with negligible H2SO4 (<5 × 105 cm−3).
Oxidation of VOCs is known to yield abundant organic acids,
which have been suggested to contribute to aerosol nucleation
(1, 9, 17, 18). Clearly, an unambiguous revelation of the identities
of the chemicals contributing to the very first step of NPF ulti-
mately waits for the advent of instrumentation to directly measure
the chemical compositions of subnanometer particles.
Our work elucidates the atmospheric conditions regulating

NPF (Fig. 4). NPF is dependent on preexisting particles and
photochemistry, both of which impact the formation and growth
rates. Synergetic photooxidation of vehicular exhaust yields
abundant precursors for efficient nucleation and growth of UFPs.
Under urban environments, elevated preexisting particles consid-
erably mask NPF. Our results provide key insights into the

Fig. 2. Effects of preexisting particles and photochemistry. (A) Particle number size distributions inside the QUALITY chamber for an experiment without
initial filtration of ambient preexisting particles on a polluted day (5 November 2013). (B) Evolution in the particle number concentration and surface area for
the experiment in A. (C) Correlation between the particle number concentration and surface area at the onset of NPF for all experiments conducted on
polluted days without initial filtration of ambient preexisting particles (SI Appendix, Table S2). (D) Correlation between growth rate and J(O1D) for all ex-
periments with initial filtration of ambient preexisting particles (SI Appendix, Table S1).
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controversial subject of NPF under urban environments (1, 8, 34),
showing that 1) aromatic VOCs from vehicular exhaust, rather
than H2SO4 or base species, dominate the nucleation and growth
of UFPs, 2) elevated concentration of NOx exhibits a negligibly
suppressing effect on NPF, 3) reduced UV radiation under hazy
conditions restricts significantly the growth, but negligibly the
nucleation of UFPs, and 4) the organics contributing to nucleation
and growth of UFPs correspond to less and highly oxidized forms,
respectively, likely with high-reactivity to form hydrogen-bonding
and low-volatility to promote particle growth.
This significant source of urban UFPs is currently unaccounted

for when assessing and predicting the impacts on human health,
weather, and climate (8, 11). For example, highly elevated UFPs,
approaching 1 million particles per cubic centimeter (Fig. 1 and
SI Appendix, Fig. S3) (2), produced from NPF have potentially
far-reaching human health outcomes (13, 14). The adverse
health effects of highly elevated UFPs have yet to be carefully
considered in developing air quality standards (1, 13, 14). Fur-
thermore, our results reveal that remedy to UFPs in urban cities
may not be achievable without controlling traffic emissions.
Specifically, regulatory measures to mitigate emissions of pri-
mary particles or to remove preexisting particles without simul-
taneously reducing VOCs from automobile emissions are ineffective
and can even exacerbate this problem considering the inhibitive role
of preexisting particles in NPF.

Methods
Ambient Measurements. Atmospheric measurements were performed at a
traffic-dominant urban site of Peking University Atmosphere Environment
Monitoring Station (PKUERS) (2). During our measurement period, there was
a periodic wind circulation of 4 to 7 d, which was also accompanied by a
similar clean-to-hazy cycle in PM2.5 concentrations (2). Strong northwesterly/
northeasterly wind from less populated mountainous areas was most frequent
during the clean period, whereas weak southerly wind from heavily popu-
lated, industrial regions was most prevalent during the hazy period. A suite of
state-of-the-art instruments was deployed to simultaneously measure the
particle number size distribution, chemical composition, and size-resolved ef-
fective density and hygroscopicity. A combined nanoscanning mobility particle
sizer (nano-SMPS) and standard SMPS was deployed to measure the particle
number size distributions. An Aerodyne HR-ToF-AMS was used to measure the
chemical compositions of submicrometer particles. The size-resolved particle
density and hygroscopicity were measured using a differential mobility ana-
lyzer–aerosol particle mass analyzer system and a hygroscopic tandem differ-
ential mobility analyzer (35–37). A proton transfer reaction–mass spectrometer
(PTR-MS) was used to measure VOCs (38). A series of gaseous pollutant ana-
lyzers was used to measure SO2, CO, NO-NO2, and O3.

QUALITY Chamber Experiments. Simultaneous chamber experiments at the
PKUERS site were performed using a 1.2-m3 portable QUALITY chamber that
captured ambient conditions (i.e., gaseous concentrations, temperature,
relative humidity, and solar radiation) but in the absence of preexisting
particles. A detailed description and calibration of the QUALITY chamber
have been provided elsewhere (25, 26). Briefly, the QUALITY chamber was
composed of a lower flow chamber, where ambient air was pulled through
continuously at a flow of 30 L min−1, and an upper reaction chamber, where
the NPF experiments were conducted. The two chambers were separated by
a 5-mm-thick Teflon membrane, which allowed exchange of ambient gases
from the flow chamber to the reaction chamber. The permeability of the
membrane was greater than 90% for most VOCs and other gaseous pol-
lutants (i.e., SO2, NOx, O3, and CO). Ambient particles in contrast were pre-
vented from penetration into the reaction chamber, and the filtration
efficiency of the membrane was over 99.5% for particles larger than 15 nm.
The differences in temperature and RH between ambient air and the re-
action chamber were within ±1 °C and ±3%, respectively. The QUALITY
chamber was shown to well reproduce photochemical production of low-
volatility species, such as sulfuric acid (26). Typically, the sulfuric acid

Fig. 3. Linking UFPs to vehicular exhaust. (A and B) Size-resolved particle
effective density (A) and hygroscopicity (B) of nucleation-mode particles
inside the QUALITY chamber. The color contour on the right vertical axes
denotes the particle size (nanometers). (C and D) Particle chemical compo-
sitions inside the chamber measured by HR-ToF-AMS with the mean diam-
eters of 30 (C) and 62 nm (D), respectively. The color legends on the top
represent the chemical compositions (i.e., green for organics, blue for ni-
trate, red for sulfate, orange for ammonium, and purple for chloride). The
experiments in A–D were performed on 23 October 2013 (clean). (E) Particle
number size distributions for NPF inside an enclosed environmental chamber
using gasoline vehicle exhaust. The color contour denotes the particle
number concentration on the right vertical axis.
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growth of nucleation-mode 
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Coagulation lossCoagulation loss
Freshly-nucleated 
particles (1-3 nm)

Fig. 4. Unraveling NPF in urban air. Photochemical oxidation of vehicular
exhaust (i.e., aromatic VOCs) yields abundant precursors for efficient nu-
cleation and growth of UFPs. Nucleation produces freshly nucleated parti-
cles, which are subjected to coagulation capture by existing particles or
growth to nucleation-mode particles (>3 nm). Under clean conditions with
the lowest levels of preexisting particles and strong UV radiation, momen-
tary nucleation of freshly nucleated particles (marked by red color) and rapid
growth of nucleation-mode particles result in banana NPF. With low to in-
termediate levels of preexisting particles, continuous nucleation and rela-
tively slow growth of nucleation-mode particles result in continuum NPF.
Nucleation is suppressed by coagulation loss of freshly nucleated particles by
nucleation-mode particles or preexisting particles (horizontal dashed ar-
rows). During pollution evolution (from left to right), nucleation-mode
particles successively grow to larger sizes to contribute to UFPs or PM2.5.
Under polluted conditions, preexisting (secondary and primary) particles
inhibit nucleation, leading to masked NPF, although photochemistry is still
sufficient for nucleation (arrows with dashed lines).
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concentration measured inside the QUALITY chamber was lower than that in
ambient air by a factor of two to four.

Before each experiment, the reaction chamber was purged with zero air.
About 10 L min−1 of zero air from a zero-air generator (Thermo Scientific
111) passed through the charcoal denuder and then, was continuously in-
troduced into the reaction chamber for at least 24 h. The chamber was
covered with two layers of anti-UV cloth to shield the chamber from sunlight
prior to each measurement. During the experiments, ambient air continuously
passed through the membrane from the flow to reaction chambers to en-
sure that gas concentrations in the reaction chamber were similar to those in
ambient air. After 2 h of exchange of ambient gases into the reaction
chamber, the chamber was uncovered and exposed to the sunlight. SI Ap-
pendix, Fig. S1 shows a schematic of the chamber setup. The QUALITY
chamber was thoroughly evaluated for potential interference by impurities
as also described in our previous publications (25, 26). Briefly, the levels of
H2SO4, ammonia, and amines were found to be below the detection limits
(i.e., less than 5 × 105 molecules cm−3) using ion drift–chemical ionization
mass spectrometry (28). In addition, we performed additional experiments by
filling the QUALITY chamber with zero air and then exposing the chamber to
sunlight under clean conditions: NPF inside the chamber was negligible, with a
formation rate (FR) of much less than 1 cm−3 s−1. The particle wall loss rate in
the QUALITY chamber was measured as 5 × 10−5 s−1, corresponding to a
half-lifetime of about 3.5 h (26). Based on this loss rate, the influence of wall
loss on FR was estimated to be smaller than 2%.

To further evaluate the factors regulating NPF, additional chamber ex-
periments were performed by introducing ambient air into the reaction
chamber without initial filtration of preexisting particles on hazy days. Prior
to each of these experiments, ambient air was pumped into the reaction
chamber for 1 h without filtration of preexisting particles. After introduction
of ambient air, the reaction chamber was closed to and allowed for exchange
of gases between the flow and reaction chambers. NPF experiment was
started by pumping the reaction chamber with a constant flow (∼10 L min−1;
i.e., the same flow rate for the exchange between the flow and reaction
chambers). Thus, preexisting particles inside the reaction chamber were
continuously removed, while the reaction chamber continuously replicated
the ambient conditions.

Gasoline Vehicle Experiments. Vehicular exhaust experiments were conducted
by combining the chassis dynamometer system (Burke E. Porter Machinery
Company) and an outdoor enclosed environmental chamber (SI Appendix,
Fig. S2) similarly to that described elsewhere (27). The chosen gasoline fleet
was a commonly used vehicle model in China that was certified to the China
IV emission standard and equivalent to Euro 4. The gasoline used in the
experiments was a low-sulfur fuel according to the China V gasoline stan-
dard. The fleet was driven using a cold-start cycle to better simulate the urban
driving conditions in Beijing. Gasoline vehicle exhaust was first diluted to
5.5 m3 min−1 by a constant volume sampler (CVS). Approximately 5 L of diluted
exhaust from the CVS was then introduced into the chamber, where the ex-
haust was further diluted with the preexisting zero air (SI Appendix, Fig. S2).
The average dilution factor was ∼20 in the CVS and 15 in the chamber.

Prior to each experiment, the chamberwas coveredwith two layers of anti-
UV cloth to shield the chamber from sunlight and flushed by zero air with a
flow rate of 10 Lmin−1 for more than 48 h to ensure clean conditions. After the
gasoline exhaust was introduced into the chamber, the anti-UV cloth was re-
moved, and the chamber was exposed to sunlight. Particle number distribu-
tions, chemical compositions, and concentrations of inorganic and organic
gases inside the chamber were measured by SMPS, HR-ToF-AMS, PTR-MS, and
several gas monitors (Thermo Inc.), respectively. Zero airflow was connected to
the chamber over the entire experiment to make up the volume of air with-
drawn by the instruments.

Data and Materials Availability. All data are available in the text or SI
Appendix.
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