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Abstract: Atmospheric new particle formation (NPF) is a global and important 
phenomenon that is yet extremely sensitive to ambient conditions. According to both 
observation and theoretical arguments, NPF usually requires a relatively high H2SO4 
concentration to promote the formation of new particles and a low pre-existing aerosol 
loading to minimize the sink of new particles. Here, we investigated NPF in Shanghai 
and were able to observe both precursor vapors (H2SO4) and initial clusters at a 
molecular level in a megacity. High new particle formation rates were observed to 
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coincide with several familiar markers suggestive of H2SO4-dimethylamine (DMA)-
H2O nucleation, including sulfuric acid dimers and H2SO4-DMA clusters. Based on 
cluster kinetics simulation, the observed concentration of sulfuric acid was high enough 
to explain the growth to around 3 nm under the very high condensation sink, whereas 
the subsequent faster growth rate above this size is believed to result from the added 
contribution of condensing organic species. These findings will help to understand 
urban NPF and its air quality and climate impact as well as to formulate policies to 
mitigate secondary particle formation in China. 
 

One Sentence Summary: 
New particle formation in a Chinese megacity proceeds via the sulfuric acid-
dimethylamine-water, acid-base nucleation mechanism and it is an important source of 
urban aerosol particles in terms of number concentration. 
 

Main Text: 
Atmospheric nucleation and subsequent growth of newly formed particles are a major 
source of atmospheric aerosol particles in terms of their number concentration (1-4), 
which can affect our climate directly and indirectly (5). During the past several years, 
our knowledge on new particle formation (NPF) has dramatically increased through 
laboratory experiments, especially those carried out in the Cosmics Leaving OUtdoor 
Droplets (CLOUD) chamber at CERN (6-11). Detailed mechanisms for atmospheric 
nucleation have been proposed for a few locations with low background aerosol 
loadings (8,12-14).  

 

It is still a puzzle why and how NPF occurs in a highly-polluted urban atmosphere like 
in Chinese megacities (15,16). The very high aerosol concentration, causing a large 
condensation sink (CS), should efficiently scavenge newly-formed molecular clusters 
before they reach sizes of a few nanometers, except when the cluster growth rate is 
exceptionally high (15,17,18). However, even in highly polluted areas like in Nanjing 
in Eastern China, the contribution of secondary aerosol production to the total aerosol 
number load is dominating and even more than half of accumulation mode aerosol 
particles have been estimated to be of secondary origin (19). The observation of 
frequent NPF events in megacities such as Beijing (20,21), Shanghai (22), and Nanjing 
(23) urges a major advance in our understanding of the physical and chemical 
mechanisms for NPF in a heavily-polluted atmosphere, which would ultimately help us 
to improve the performance of global and regional models.  

 

Here we performed measurements in a Chinese megacity, Shanghai (fig. S1), in order 
to investigate the mechanisms and impacts of atmospheric NPF. The first data set 
includes long-term continuous observations between March 2014 and February 2016 
of particle number size distributions down to about 1.2 nm and atmospheric trace gas 
concentrations. The instruments used during this period were one particle size 
magnifier (PSM), one nano scanning mobility particle sizer (nano-SMPS) and one long-
SMPS. The second set of data were recorded during an intensive campaign from 



December 2015 to February 2016 with additional mass spectrometric measurements of 
gas-phase aerosol precursors and clusters. During this period, we additionally used one 
Neutral cluster and Air Ion Spectrometer (NAIS) and one nitrate-based Chemical 
Ionization - Atmospheric Pressure interface - Time-of-Flight (CI-APi-TOF) Mass 
Spectrometer (24).  These two complementary data sets provide both precise 
fingerprint-type details and the nucleation climatology that together elucidate the 
chemical and physical mechanisms for the observed NPF events. 
 

During the long-term measurements, we identified 114 strong NPF events, with 
maximum-to-background concentration ratios > 20 for sub-3 nm particles, 
corresponding to a NPF frequency of 15.6%. As shown in table S1, particle formation 
rates (J1.7) and CS in urban Shanghai are one to two orders of magnitude larger than 
typical values in the clean atmosphere (15,22). NPF events in urban Shanghai are 
favored on days with stronger solar radiation, higher ozone concentration, higher 
sulfuric acid concentration, lower relative humidity, and less NOx (fig. S2). The 
correlation with radiation, sulfuric acid and ozone production indicates that the 
identified NPF events in Shanghai were generally photo-chemically induced. Lower 
relative humidity is related to sunny days with strong radiation, which favor the 
formation of OH radical and hence sulfuric acid (25). NOx can react with peroxy 
radicals to compete with the autoxidation pathway, thereby hindering the formation of 
critical intermediates for NPF (26).  

 

When looking at NPF at a molecular level, we found that naturally-charged 2-4 nm ions 
(figs. S3b & S4) were scavenged by pre-existing particles in Shanghai, providing little 
information except that ion-induced nucleation was not responsible for the observed 
NPF events. The ion-induced contribution to NPF based on the calculated ratio of J1.7-

(ion)/J1.7(total) was 0.03% for negative ions and 0.05% for positive ions, respectively. 
We therefore concentrated on neutral compounds and clusters measured using a nitrate-
based CI-APi-TOF during the intensive campaign. The most striking observation was 
the highest signal of sulfuric acid dimer, H2SO4·HSO4

-, ever observed in an ambient 
atmosphere (see also Kürten et al. (27)). H2SO4·HSO4

- detected by the nitrate-based CI-
APi-TOF has previously been explained by the stabilization of the neutral sulfuric acid 
dimer in the real atmosphere by dimethylamine (DMA) (6,9,28) or by a molecule that 
works in the same way as DMA. During the charging process by the NO3

- reagent ions, 
DMA evaporated and one H2SO4 was replaced with one bisulfate ion HSO4

-. Particle 
formation rate against measured H2SO4·HSO4

- is shown in Fig. 1A. A good correlation 
(r = 0.75, p-value < 0.001) is evident for the dimer concentration exceeding 1 × 104 
cm−3. This suggests that the formation of atmospheric clusters giving a strong sulfuric 
acid dimer signal in the CI-APi-TOF was crucial for the observed nucleation processes. 
 

Figure 1B presents the median sulfuric acid dimer concentration as a function of 
sulfuric acid monomer concentration for NPF and non-event days during the intensive 
campaign. Our measured dimer-to-monomer ratio is much larger than the 
corresponding theoretical maximum ratio due to ion-induced clustering (IIC) of sulfuric 



acid within the CI-APi-TOF ion reaction zone (29), being about one order of magnitude 
larger than previously reported ambient values when sulfuric acid monomer 
concentration reached 1 × 107 molecule cm-3 (27,29). At this level of sulfuric acid 
concentration, our dimer-to-monomer ratio is close to a previous experimental 
observation from H2SO4-DMA-H2O nucleation in the CLOUD experiment (9). Cluster 
kinetics simulations (see Supplementary Materials) for a kinetically-limited H2SO4-
DMA system show a qualitative agreement with our measured values including the 
effect of CS on the dimer-to-monomer ratio (Fig.1B). During NPF days, this ratio is 
larger and the CS is smaller, which is opposite to non-event days. It seems that very 
high CS values (> 0.02 s-1) will prevent new particle formation in Shanghai. However, 
already the values of around 0.01-0.02 s-1 with observed growth rates are expected to 
cause very high scavenging of small clusters, indicating that our knowledge is still 
incomplete under polluted conditions (15).  

 

As suggested by other neutral clusters (Fig. 1C), the identity of the stabilizer for sulfuric 
acid dimer is most likely DMA. We observed large sulfuric acid clusters (trimer and 
tetramer) and sulfuric acid-DMA clusters consisting of up to four molecules of sulfuric 
acid and two molecules of DMA in the ambient atmosphere, using nitrate-based CI-
APi-TOF. However, since one or more DMA molecule(s) could have evaporated after 
the charging of the parent neutral sulfuric acid-DMA cluster by reagent ions (6,9,30), 
we expect a larger number of DMA molecules in sulfuric acid-DMA clusters than 
observed here. On the other hand, the fast particle growth rates in Shanghai 
corresponded to an almost simultaneous appearance of sulfuric acid clusters and 
sulfuric acid-DMA clusters. Nevertheless, the presence of sulfuric acid clusters and 
sulfuric acid-DMA clusters suggest that the initial growth of neutral clusters proceeded 
by addition of precursor gases or preformed clusters (6). Apart from these clusters, a 
large number of organic species were observed, including highly oxygenated molecules 
(HOMs) (31) (table S2). Due to the extreme chemical complexity of organic species in 
the urban atmosphere, we were only able to unambiguously assign molecular formulas 
to a few of them, likely formed by reactions of peroxy radicals with NOx or autoxidation 
of peroxy radicals. 
 

The measured particle formation rates give further support for the involvement of DMA, 
instead of any other stabilizer, in the observed NPF events. Figure 2 shows J1.7 against 
the measured [H2SO4] and compares them to those measured for the H2SO4-H2O, 
H2SO4-NH3-H2O, and H2SO4-DMA-H2O nucleation mechanisms in the CERN-
CLOUD experiments. Our measured particle formation rates are far higher than those 
derived from H2SO4-H2O or H2SO4-NH3-H2O mechanisms (10,27), but close to those 
observed in the H2SO4-DMA-H2O experiments (9). The average temperature (278±8 
K) and relative humidity (36±7%) on the NPF days during the intensive campaign are 
close to the CLOUD experimental conditions (278 K and 38% RH) and hence 
temperature and relative humidity are not expected to significantly enhance the particle 
formation rates during this period in Shanghai (32). The average concentration of C2-
amines was measured to be 40±14 pptv (parts per trillion by volume) in summer 2015 



at the same sampling site (33), so the DMA concentration could have reached 5 pptv 
during the intensive campaign, a threshold value to hit the rate limit for H2SO4-DMA-
H2O ternary nucleation (9). A similar plot for the long-term measurements using 
calculated [H2SO4] (fig. S6) also points towards the H2SO4-DMA-H2O nucleation. 
Moreover, our NPF observation during periods with measured DMA and calculated 
[H2SO4] also indicates the important roles of H2SO4 and DMA in NPF (figs. S7 & S8). 
 

We measured growth rates (GR) of clusters and nanoparticles during the NPF events. 
Figure 3 shows that the GR of clusters and nanoparticles during intensive campaign 
increased steeply with their increasing size up to 25 nm, which is consistent with the 
observations from long-term measurements (Fig. S9). We performed cluster kinetics 
simulations for a collision-limited H2SO4-DMA system (34) using median sulfuric acid 
concentration and CS for the NPF events observed during the intensive campaign. The 
sub-3 nm GR determined from simulations is on average higher than the measured GR, 
which means that the sulfuric acid concentrations are sufficient to explain the observed 
growth of sub-3 nm particles considering that there is always a neutralizing base to 
stabilize sulfuric acid clusters (for instance, DMA). However, subsequent growth 
between 3 and 25 nm needs to be considerably boosted by organic vapors (35), some 
of which are likely detected with the CI-APi-TOF and some that are not (Fig. S10). 
With the typical values of GR observed in Shanghai, newly formed particles reach cloud 
condensation nuclei (CCN) sizes within a day.  

 

Based on our calculations, the number of particles produced in NPF events is ca. 4.8 
×1021 km-2 year-1 in the Shanghai area (see Supplementary Materials). This estimate is 
based only on the strongest NPF events and therefore the actual value is expected to be 
larger. Even so, this estimate is close to the estimates of anthropogenic primary  
aerosol emissions (2 × 1022 km-2 year-1) within the most polluted part of Shanghai area 
(emission pixel 0.5 deg × 0.5 deg), and the average (5×1021 km-2 year-1) in the somewhat 
larger area (1.5 deg × 1.5 deg) (36) (fig. S11).  Direct comparison of our results with 
these estimates of primary anthropogenic particle number emissions suggests that the 
NPF contribution to the total aerosol number production is about 20% in the most 
polluted area and 50% in a wider urban environment. However, it is notable that, 
according to Paasonen et al. (2016) (36), also the anthropogenic particle number 
emissions are highly uncertain. The authors estimated that anthropogenic emissions of 
nucleation mode particles are in general underestimated due to the incomplete 
representation of the volatile primary particles in some of observational data applied 
for deriving the emission factors. Due to the mentioned probable underestimation in 
and uncertainties related to both the NPF and the anthropogenic particle number sources, 
this comparison should not be taken as an estimate of the exact shares of the sources, 
but as an indication that neither of them clearly dominates over the other.  
 

In summary, we have performed a molecular level study of NPF events in a Chinese 
megacity. We detected high concentrations of sulfuric acid dimers, which points to 
strong acid-base stabilization in H2SO4-DMA clusters. When compared to CLOUD 



measurements, the observed cluster formation events during our intensive campaign 
were consistent with H2SO4-DMA-H2O nucleation, even though other mechanisms 
involving for example organic compounds could not be ruled out. Within experimental 
uncertainties, the sulfuric acid concentrations were high enough to result in the 
observed growth of sub-3 nm particles, provided that neutralizing bases, such as DMA, 
stabilized the sulfuric acid clusters. The exact contribution of organics and NH3 to the 
growth of large clusters is yet to be elucidated. Although our results provide strong 
evidence for H2SO4-DMA-H2O nucleation, it remains unclear how newly-formed 
molecular clusters are able to reach sizes of a few nanometers under high CS (fig. S12) 
unless molecular clusters are scavenged by pre-existing particles less efficiently than 
expected or growth rates are underestimated with our current methods (15). 

Clearly, the strong atmospheric NPF in China is a result of the vast emissions of 
precursor gases. NPF events in turn lead to the formation of large concentrations of new 
atmospheric particles that have an impact on regional air quality and potentially also 
the regional and global climate. For example, in the Yangtze River delta where 
Shanghai is located, the emissions of precursor gases including sulfur dioxide, 
ammonia, and volatile organic compounds are extremely high (37). In addition, the 
concentrations of amines (33,38) are sufficient to allow sulfuric acid particles to form 
at their maximum (kinetically-limited) rate. Correspondingly, frequent atmospheric 
NPF is observed in this region (22,23). Hence, in order to reduce secondary aerosol 
formation in China, it is crucial to control the emissions of precursor compounds for 
new particle formation.  
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Fig.1. Sulfuric acid clusters (dimer, trimer, and tetramer), sulfuric acid-DMA 
clusters and particle formation rates. (A) Particle formation rates (J1.7) as a function 
of sulfuric acid concentration. The color-coding denotes different CS values. (B) 
Sulfuric acid dimer concentration as a function of sulfuric acid monomer concentration. 
Grey squares correspond to experimental observations of H2SO4-DMA-H2O nucleation 
in the CLOUD experiment (6,9). The colored dashed lines show the sulfuric acid dimer 
concentration from cluster kinetics simulations under different CS. The dashed-dotted 
line shows the theoretical maximum of sulfuric acid dimer concentration from an ion-
induced clustering (IIC) of neutral sulfuric acid and bisulfate ions within the CI-APi-
TOF ion reaction zone (29). The data for the whole intensive campaign was separated 
into NPF and non-event days. The sulfuric acid monomer concentration was divided 
into linear bins and the median values of sulfuric acid dimer concentration in each bin 
is shown as circles (NPF event days) and diamonds (non-event days). (C) CI-APi-TOF 
mass defect plot during a new particle formation event (11:00-13:00, 6 February 2016, 
local time, CS=0.019 s-1). Presented are compounds containing sulfur and oxygen (red 
circles) (table S2), sulfuric acid-dimethylamine clusters (blue circles), and other 
molecules or clusters (open circles). The symbol size is proportional to the logarithm 
of the signal intensity (count rate). The sulfuric acid concentration, relative humidity, 
and temperature during the nucleation period were 1.1×107 cm-3, 37%, and 280 K, 
respectively. High-resolution peak fitting to CI-APi-TOF data for all 9 NPF events is 
shown in fig. S5. 

  



 

Fig. 2. Comparison of ambient and CLOUD particle formation rates against 
sulfuric acid monomer concentration. Grey diamonds, triangles, and squares denote 
CLOUD data for H2SO4-H2O, H2SO4-NH3-H2O, and H2SO4-DMA-H2O nucleation, 
respectively, at 38% RH and 278K (9,10). The color-coding denotes different CS values. 
The lines are plotted to guide the eye.  

 

 

 



 

Fig. 3. Particle growth rates during NPF events. Growth rate (GR) in different size 
ranges (< 3 nm, 3-7 nm, and 7-25 nm) during the intensive campaign. GR<3nm was 
determined from PSM measurements, whereas GR≥3nm was calculated using nano-
SMPS data. The pink horizontal lines show the median GR, purple boxes show the 25th 
and 75th percentile values, and whiskers 10th and 90th percentile values. The black 
diamond shows GR<3nm from cluster kinetics simulations for a collision-limited H2SO4-
DMA system with median sulfuric acid concentration and CS for the NPF events 
(1.3×107 cm-3 and 2.1×10-2 s-1). The blue box shows simulation results assuming 50% 
higher or lower sulfuric acid concentration due to the uncertainty in measured H2SO4.  
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Material and Methods 

Introduction of the sampling site  

Located in the campus of Fudan University, the Fudan monitoring site (31° 17′ 54" 
N, 121° 30′ 05" E) is on the rooftop of a teaching building that is ∼ 20 m above ground 
(Fig. S1). About 100 m to the north is the “Middle Ring”, which is one of the main 
overhead highways in Shanghai. This site is also influenced by local industrial and 
residential activities. Therefore, the Fudan monitoring site is a representative of an 
urban site (22,33,39-41).  

Most measurements were conducted at the Fudan site. Using a high flow rate blower, 
ambient air was drawn into a stainless-steel manifold of 5 m length and 4 inch inner 
diameter at a flow rate of 4 cubic meters per minute (m3 min-1). The tubing between the 
main manifold and the instruments was kept as short as possible to reduce wall loss of 
small particles. 

Concentrations of trace gases (NOx, SO2, O3 and CO) and meteorological parameters, 
including temperature, relative humidity (RH), wind speed and direction as well as 
precipitation, were recorded at the Yangpu Sipiao monitoring site (31°15′58″ N, 
121°32′1″ E, about 5.1 km from the Fudan site) of Shanghai environmental monitoring 

center. Solar radiation intensities were obtained from Shanghai Pudong environmental 
monitoring center (31°13′44″ N, 121°32′2″ E, about 8.8 km from the Fudan site). 

Aerosol properties - number size distribution 

The Particle Size Magnifier (PSM) 

Number size distributions of sub-3 nm clusters/particles were measured from March 
2014 to February 2016 using an Airmodus A10 particle size magnifier (PSM) coupled 
with an Airmodus A20 condensation particle counter (CPC) (42). Diethylene glycol 
was used as a working fluid of PSM, allowing clusters/particles to grow up to ~90 nm 
in diameter by condensation of diethylene glycol vapour inside PSM. Particles were 
then directed into the A20 CPC to further grow to optically detectable sizes by 
condensation of n-butanol vapour. The cut-off sizes of PSM can be varied by altering 
the mixing ratios of the sample and the saturator flows. PSM was operated in a 120-
step scanning mode with the saturator flow rate between 0.1 and 1.0 L min−1. The time 
resolution of a full scan was 240 s. The ambient sample was diluted by pure air with a 
dilution ratio of 1:2 to minimize the influences of ambient relative humidity and aerosol 
loading on the saturation of diethylene glycol in PSM. Gaussian-shaped kernel 
functions were used for the data inversion (43). The raw data were inverted into particle 
numbers in five size bins of 1.2-1.5 nm, 1.5-1.7 nm, 1.7-2.0 nm, 2.0-2.7 nm, and 2.7-3 
nm. 

 



The Neutral cluster and Air Ion Spectrometer (NAIS)  

NAIS (Airel Ltd., Estonia) was deployed during the intensive campaign (December 
2015 to February 2016). It is an ion mobility spectrometer that measures the number 
size distribution of ions and total particles with electrical mobilities from 3.2 to 0.0013 
cm2 V-1 s-1 (44,45), which is equivalent to Milikan mobility diameters of 0.8 to 42 nm. 

NAIS comprises two differential mobility analyzers to measure in parallel both 
negative and positive polarities using 21 electrometers, respectively. The measurement 
cycle of NAIS includes 1) an ion mode (ions and naturally charged aerosols), 2) a total 
particle mode (ions and neutral particles), and 3) an offset mode to detect the 
electrometer noise levels. The full measurement cycle lasts ~3 min. During the total 
particle mode, neutral aerosols are charged inside the instrument with a corona charger 
needle. The diameters of the resulting corona ions have been measured to be around 1-
1.6 nm (46). Since they are not part of the ambient aerosol population, concentrations 
of total particles in this size range should be discarded from analysis. The standard 
NAIS high sample flow rate of 54 L min-1 (27 L min-1 per polarity) and sheath flow of 
60 L min-1 were used. 

Prior to data analysis, a transmission correction was applied to the raw NAIS data, 
using the function f (dp) = a(dp)b, where dp is the mobility diameter in nm, a= 0.713, 
and b= 0.120 (see Table 2 in the Wagner et al. study (47)). No external inlet tube was 
added to the instrument, and no additional inlet transmission corrections were applied. 

The Scanning Mobility Particle Sizer (SMPS) 

Two SMPSs (nano- and long-SMPS, TSI Inc, USA) were deployed to measure 
number size distributions of 3-736 nm particles for two years (March 2014 to February 
2016). A nano-SMPS, consisting of a nano-differential mobility analyzer and a 
condensation particle counter (CPC) 3776, measured aerosol size distribution from 3 
nm to 65 nm in mobility diameter. A long-SMPS, consisting of a long-differential 
mobility analyzer and a CPC 3775, covered the particle size distribution from 14 nm to 
736 nm. The time resolution for SMPS data acquisition was 5 min. 

A neutralizer (Kr-85) was used to neutralize electrostatic charges on aerosol particles. 
The SMPS data were corrected for single charging efficiency, multiple charges, and 
diffusion losses.  

Molecule and cluster composition 

The APi-TOF mass spectrometer 

The Atmospheric Pressure interface time-of-flight (APi-TOF) mass spectrometer (48) 
(Tofwerk AG, Switzerland and Aerodyne Research Inc, USA) was deployed to measure 
the mass-to-charge ratio (m/z) of ambient natural ions (positive or negative) with an 
inlet operated at the atmospheric pressure. Once the ions entered the APi-TOF, they 



were guided by segmented quadrupole mass filters and an ion lens. The pressures of the 
Small-Segmented Quadrupole (SSQ), Big-Segmented Quadrupole (BSQ), and Time-
of-Flight (TOF) region were regulated at ∼ 2.5, ∼ 3.6×10-2 and ∼ 1.1×10-6 mbar, 
respectively. Operating in V-mode, the mass resolving power is around 4500 Th/Th (Th, 
Thomson) and the mass accuracy is better than 10 ppm. 

A stainless-steel tube with an inner diameter of 1 inch and a length of 0.6 m was used 
as the sampling tube, and the flow rate was 50 L min-1. A home-made flange adapter 
was used to connect the stainless-steel sampling tube and APi part. The sample flow 
rate into APi-TOF was 0.8 L min-1 and was controlled by a 300 μm orifice. 

The CI-APi-TOF mass spectrometer 

A nitrate-based Chemical Ionization - Atmospheric Pressure interface - Time-of-
Flight (CI-APi-TOF, Aerodyne Research Inc, USA and Tofwerk AG, Switzerland) mass 
spectrometer was utilized to detect neutral gas-phase sulfuric acid (SA), highly oxidized 
molecules (HOMs), and other clusters (6,24,31). The CI-APi-TOF consists of an 
optimized inlet for chemical ionization (CI-inlet) (49) and an APi-TOF mass 
spectrometer (48).  

In the charging region of CI-inlet, the sample flow stays in the center and is 
surrounded by a sheath air carrying the nitrate ions that are electrostatically pushed into 
the sample flow. The sheath and sample flow rates were 20 L min-1 and 10 L min-1, 
respectively. Under such condition, the ion-molecule reaction time in the CI-inlet was ∼200 ms. Pure air (relative humidity < 5 %) generated from a pure air generator (Aadco 
737) was adopted as the sheath air to reduce the production of water-nitrate clusters. In 
addition, the SO2 mixing ratio in sheath flow was less than 0.02 ppbv (parts per billion 
by volume). Hence, the influence of sulfuric acid derived from the oxidation of SO2 in 
the sheath flow was minor. Ambient air was drawn into the CI-inlet through a ¾ inch 
stainless steel tube with a length of 0.47 m. A flow of 0.8 L min-1 from the mixed flow 
passed through a critical orifice with a diameter of 300 μm to enter the APi-TOF. The 
mass spectrometer was operated in the negative V-mode with a mass resolution of ∼ 
4800 Th/Th at m/z 188 and a mass accuracy better than 10 ppm. Data of CI-APi-TOF 
were acquired at 1 Hz time resolution and analyzed with a MATLAB tofTools package 
(48), Tofware (Aerodyne Research, Inc. and Tofwerk AG), and Igor Pro (Wavemetrics). 

For high m/z calibration, a flow with a low concentration of C5-perfluorinated acid 
(C4F9COOH) generated from a self-made permeation source was directed into CI-APi-
TOF as standards. In nitrate-based CI-APi-TOF, C5-perfluorinated acid can be detected 
as deprotonated C5-perfluorinated acid (C4F9COO-, m/z 262.9760), monomer clustered 
with nitrate ions (C4F9COOH·NO3

- , m/z 325.9716), and dimer (C4F9COOH·C4F9COO-, 
m/z 526.9593).  

The ethanol HR-ToF-CIMS  

An Aerodyne high-resolution time-of-flight chemical ionization mass spectrometer 
(HR-ToF-CIMS) (50) with protonated ethanol reagent ions was deployed to detect 



gaseous C2-amines (most likely dimethylamine, DMA) in August 2015 (33). For the 
purpose of detection of amines, the CI-inlet was replaced by an ion-molecule reaction 
(IMR) chamber regulated at ∼100 mbar. The sample flow (1.35 L min−1) and the reagent 
ion flow (1 L min−1) converged in IMR where the ion-molecule reaction occurred 
between protonated ethanol ions and C2-amines. The ion-molecule reactions of C2-
amines (denoted as A) with protonated ethanol reagent ions can be represented by the 
following reaction (33): 

(C2H5OH)n ·H 
+

  + A (C2H5OH)j·A·H 
+ + (n-j) C2H5OH                  (R1) 

where n = 1, 2, and 3, and j = 0 and 1. 

Fig. S7 shows the plot for the particle concentration in the smallest size bin (1.2-1.5 
nm) of PSM versus [(C2-amines×sulfuric acid)/(condensation sink, i.e., CS)], [C2-
amine]/CS, and calculated [SA]/CS, respectively, on 12th August 2015. The results 
clearly indicate that sulfuric acid was the driving force for NPF, and also that NPF is 
derived from the synergistic effect of SA and DMA. Statistical comparison of DMA 
concentrations (between July 2015 and August 2015) between event and non-event 
days (Fig. S8) also hints the important roles of C2-amines in new particle formation. 

Determination of sulfuric acid and HOMs 

Nitrate ions were used as reagent ions to charge analytes via collisions. In the CI-
inlet, the sheath gas carrying a small amount of nitric acid (HNO3) vapour was exposed 
to an X-ray source (Hamamatsu L9491) to generate the reagent ions (NO3

-·(HNO3)n=0-

2). The ion-molecule reactions of sulfuric acid and HOMs with nitrate reagent ions can 
be described by the following reactions: 

H2SO4   +  NO3
-·(HNO3)n HSO4

-·(HNO3)j   +  (n-j+1) HNO3         (R2) 

HOM    +  NO3
-·(HNO3)n HOM·NO3

-   +  n HNO3                  (R3) 

where n=0, 1 or 2 and j=0 or 1. Because sulfuric acid is a stronger acid, de-protonation 
takes place during its collision with nitrate ions. Therefore, sulfuric acid can be detected 
as de-protonated monomer ions and cluster ions with HNO3. Nonetheless, unlike 
sulfuric acid, most HOMs are detected as adducts with NO3

-. 

To take the variation in the total reagent ions into account, neutral sulfuric acid was 
quantified according to: [𝐻2𝑆𝑂4] = C × ∑ (𝐻𝑆𝑂4−) · (𝐻𝑁𝑂3)𝑛𝑛=0−1∑ (𝑁𝑂3−)𝑛=0−2 · (𝐻𝑁𝑂3)𝑛                                     𝐸(1) 

where C (in units of cm-3) is a calibration coefficient obtained through an inter-
comparison with another calibrated aerodyne high-resolution time-of-flight chemical 
ionization mass spectrometer (HR-ToF-CIMS) sampling at the same location. The 
second HR-ToF-CIMS was calibrated by in-situ generated H2SO4 (51). The calibration 
coefficient C was determined as 6.0×109 cm-3 (Fig. S13). Assuming an identical 
sampling line loss, transmission efficiency, and charging efficiency for sulfuric acid 



monomers and dimers, we quantified sulfuric acid dimers using the calibration 
coefficient of monomers. Since the transmission efficiency and charging efficiency of 
SA-DMA clusters were likely different from those of SA monomer, this calibration 
factor was not used to quantify SA-DMA clusters. Total organic concentration from CI-
APi-TOF was calculated similarly to the equation E(1), but in numerator, sum of signal 
for individual HOMs was used (ΣHOM). The uncertainty of the absolute sulfuric acid 
monomer, sulfuric acid dimer and HOM concentrations was taken as ±50% (31). At the 
same time, relative changes in concentration in time as well as among the detected 
species were captured by CI-APi-TOF with <10% precision (31). No direct calibration 
for HOMs was conducted.  

For the long-term observation without mass spectrometric measurements, sulfuric 
acid concentration was calculated using a proxy method (27,52): [𝐻2𝑆𝑂4]𝑝𝑟𝑜𝑥𝑦= a×k (T, p)× [SO2]𝑏 × Rad𝑐 × RH𝑑 × CS𝑒                        𝐸(2) 

where k is a rate constant depending on ambient temperature T and pressure p, [SO2] is 
the mixing ratio (in ppbv), Rad is the radiation (in W m-2), RH is the relative humidity 
(%), CS is condensation sink (in s-1), and the coefficients a = 1.321 × 1015, b = 0.913, c 
= 0.990, d = −0.217 and e = −0.526 (27).  

In order to improve the reliability of this proxy method, a comparison of calculated 
and measured sulfuric acid was conducted for data between 09:00 and 14:00 on the 
NPF days during the intensive campaign, yielding a correction factor of 0.65 (Fig. S14). 
Hence, the calculated sulfuric acid concentrations from the proxy method were further 
corrected using this factor. This correction factor could be only approximated for 
daytime, as the proxy could not capture the diurnal variation of sulfuric acid. Fig. S6 
exhibits the calculated sulfuric acid concentration versus J1.7 during the long-term 
observation. Clearly, data from both the long-term observation and the intensive 
campaign suggest a ternary nucleation (sulfuric acid + dimethyamine + water) in urban 
Shanghai.  

Constrained by the mass resolving power and the unprecedented chemical 
complexity of detected atmospheric species, it is extremely difficult to assign a formula 
to each of the organic species. Identified species including HOMs are listed in table S2.  

Limit of detection for sulfuric acid dimer and ion-induced clustering 

The limit of detection (LOD) for sulfuric acid dimer in CI-APi-TOF was estimated 
as 1×104 molecules cm3 from high-resolution peak fitting for 30 minute integration time. 
In addition, when defining the LOD for sulfuric acid dimer (H2SO4·HSO4

-), its 
formation due to the ion-induced clustering (IIC) within the CI inlet should also be 
considered.  

The concentration of sulfuric acid dimer produced due to IIC has a quadratic 
dependency on sulfuric acid monomer concentration and a linear dependency on the 
reaction time within the CI inlet. Following the calculations from the Zhao et al. study 
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(29) and the Hanson et al. study (53), we have estimated the lower detection limit of 
sulfuric acid dimer as set by IIC. The sulfuric acid dimer due to IIC is defined as follows: [𝐻2𝑆𝑂4𝐻𝑆𝑂4−]𝐼𝐼𝐶 = 𝑘212  [𝐻2𝑆𝑂4]2𝑡                                         𝐸(3) 

where k21 is the ion-molecule reaction rate coefficient between neutral sulfuric acid 
molecule and bisulphate ion (HSO4

-) and t is the reaction time inside the CI inlet. 
Following the Hanson & Eisele (2002) study (53), we have chosen an upper estimate 
of 2.4×10-9 cm3 s-1 for k21, which according to the Zhao et al. study (29) can be an 
overestimation by a factor of 2. 

During the day time, the detected dimer concentration was well above the lower 
detection limit due to IIC as well as the LOD. This confirms the detection of real 
sulfuric acid dimer as a result of a third body (likely amines) evaporating from the 
cluster upon the ionization (see main text). In contrast with previous observations of 
sulfuric acid dimer with CI-APi-TOF (24,27), we can exclude the contribution of 
ambient ions to the neutral H2SO4·HSO4

- signal because their concentration is much 
smaller than the total cluster concentration (see Figs. S3b and S4). 

SA-DMA clusters were not quantified and their detection limits could not be assessed.  
Similarly to SA trimer, the detection limit of SA-DMA clusters will depend not only on 
the instrumental noise, but also on the presence of other molecules at a specific nominal 
mass in the mass spectra of CI-APi-TOF. It is straightforward to identify SA- and SA-
DMA clusters due to the negative mass defect (the difference between the exact mass 
and the nominal mass of a molecule) of sulfur. However, when the signal of other peaks 
at the same nominal mass is higher than the signal of SA- or SA-DMA clusters, these 
peaks cannot be fit as reliably (see Fig. S5). Therefore, compared to a detection limit 
estimated purely from instrumental noise, the detection limit of these clusters will be 
higher and will change as a function of time depending on the other ion signals at the 
same nominal masses.   

Cluster kinetics simulations 

Cluster kinetics simulations were performed to study kinetically limited SA-DMA 
nucleation. The simulations were performed using a molecular-resolution cluster 
kinetics model ACDC (Atmospheric Cluster Dynamics Code) (54). Instead of 
simulating a full multi-component system, a quasi-unary model system containing only 
one model substance was simulated. The model substance was set to have the properties 
of a SA-DMA cluster, including one molecule of SA and one molecule of DMA, with 
a molecular mass of 143 amu and a density of 1500 kg m-3. The model system included 
species from vapor monomers up to clusters containing 120 molecules, which 
corresponds to the range from ~0.7 nm to 4 nm in the mass diameter. Temperature was 
set to 278 K in all the simulations. Previously, simulations with a similar model system 
have been found to be able to describe particle formation involving SA and DMA in the 
CLOUD chamber (6,35). 

To obtain the time-development of cluster concentrations, the discrete General 



Dynamics Equation (GDE) was numerically solved for each cluster starting from vapor 
monomers. Generally, the GDE includes all processes where a cluster can be formed or 
lost: the production of vapor monomers, all possible collision and evaporations 
involving vapor monomers and different clusters, and the loss of vapor monomers and 
clusters due to an external sink. However, in our simulations, evaporation of clusters 
was not allowed to simulate particle formation at the kinetic limit. The collision rates 
between different clusters were calculated as hard-sphere collisions from the kinetic gas 
theory. 

The simulations were performed using a constant vapor production rate, which was 
varied between 5×103 and 7.5×106 cm-3 s-1 in different simulations. Four simulations 
sets were performed with CS values corresponding to observations in Shanghai: CS = 
0.01, 0.02, and 0.03 s-1. In addition, one simulation set with a lower CS value was 
performed: CS = 0.001 s-1

. In this simulation set, vapor production rate was varied 
between 50 and 7.5×106 cm-3 s-1. The size-dependency of CS was assumed to follow an 
exponential form, which describes the size-dependency of losses due to pre-existing 
particle population in the atmosphere.  

The simulations were run until a steady state was reached, after which the steady-
state concentrations of monomer and dimer were determined from each simulation. 
Figure 1B illustrates the relationship between monomer and dimer concentrations in 
four simulations sets with different CS values. In addition, we determined the net 
particle flux (i.e. particle formation rate J) past 1.7 nm and 3 nm. Fig. S12 shows the 
ratio between particle formation rates at these sizes (J3/J1.7) determined from 
measurements and simulations. In the simulations where CS values are similar to 
observations in Shanghai, J3/J1.7 is lower than measured J3/J1.7. Previously, Kulmala et 
al. (2017) also showed that in Chinese megacities, the observed survival rate of particles 
is higher than the survival rate expected based on the theory. They propose that this 
discrepancy can be explained if molecular clusters are scavenged by pre-existing 
particles less efficiently than expected, or if the growth rates of molecular clusters are 
higher than the determined values. In addition, the difference between measured and 
simulated J3/J1.7 may results from the simple assumptions of our model: vapor 
production rate and CS are set to constant values and only one model substance is used. 
In the atmosphere other compounds besides sulfuric acid and DMA may also participate 
in growing the particles to 3 nm. Overall, the model simulations should be used only 
for qualitative analysis of the behavior of the system. 

Determination of particle formation and growth rates 

Classification of nucleation events 

New particle formation (NPF) events were identified by bursts of sub-3nm particles 
and subsequent growth to larger sizes according to PSM and nano-SMPS data. The 
strong NPF events were defined as events during which the maximum-to-background 
concentration ratio of sub-3nm particles was larger than 20. Furthermore, during strong 
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NPF periods, the concentration of sub-3nm particles should maintain a high 
concentration for several hours and should not significantly fluctuate. With such 
criterions, 114 strong NPF events were classified out of 731 days with a frequency of 
15.6 %. The particle number size distributions of a typical strong NPF events are plotted 
in Fig. S3a. However, since the meteorological conditions are frequently unstable and 
the source rates of nucleation precursors in the atmosphere are not always constant in 
ambient observations, not all strong NPF events behaved in a nice “banana” shape.  

In addition to strong nucleation events, there were also a number of weak or 
undefined events. To investigate the prevailing mechanism of NPF in polluted urban 
environment, we focused on strong NPF events in this particular study.   

Formation rate  

The particle formation rates (Jdp) were calculated using the following equation (55): 

𝐽𝑑𝑝 = 𝑑𝑁𝑑𝑝𝑑𝑡 + 𝐶𝑜𝑎𝑔𝑆𝑑𝑝 × 𝑁𝑑𝑝 + 𝑁𝑑𝑝 × 𝐺𝑅Δ𝑑𝑝                                    (𝐸4) 

where CoagSdp is the coagulation sink of particles, Ndp is the particle number 
concentration in the size bin [dp, dp+ Δdp], and GR is the growth rate in the same size 
bin. It should be noted that E(4) does not account for the effects of self-coagulation on 
particle growth and size-dependency of GR. CoagSdp for particles with a certain 
diameter dp can be calculated from the number size distribution measured by two 
SMPSs: 

𝐶𝑜𝑎𝑔𝑆𝑑𝑝 = ∑ 𝐾(𝑑𝑝, 𝑑𝑝′ )𝑁𝑑𝑝
𝑑𝑝′
𝑑𝑝                                               (𝐸5) 

where K (dp , dp
') is the coagulation coefficient between particles of dp and dp

' sizes and 
Ndp is the particle concentration in the size bin [dp , dp

']. From a previous study, the 
relation between total condensation sink (CS) and CoagS dp is as follows (56): 𝐶𝑜𝑎𝑔𝑆𝑑𝑝 = CS × (𝑑𝑝/0.71)𝑚                                               (𝐸6) 

where the exponent m is ~1.6. 

Condensation sink (CS) describes the condensing vapor sink caused by the particle 
population (55): 

CS = 2π𝐷 ∑ β𝑚,𝑑𝑝𝑑𝑝 𝑑𝑝𝑁𝑑𝑝                                                  (𝐸7) 

where D is the diffusion coefficient of the condensing vapor (usually assumed to be 
sulfuric acid), and βm,dp is the transitional regime correction factor. 

The nucleation rate (J1.7) was calculated from the size range [1.7 nm, 2 nm] of PSM. 
The formation rate (J3) was obtained from the size bin [3 nm, 7 nm] of nano-SMPS. An 



inter-comparison of J3 determined from NAIS and nano-SMPS is shown in Fig. S15, 
showing a good agreement. This suggests that data from NAIS and nano-SMPS were 
comparable with each other.  

In comparison to the neutral particle concentration, the ion concentration was very 
low during NPF periods (Figs. S3b and S4). We calculated the ion formation rate to 
determine the ion-induced formation rate contribution, using the following equation:  

𝐽𝑑𝑝± = 𝑑𝑁𝑑𝑝±𝑑𝑡 + 𝐶𝑜𝑎𝑔𝑆𝑑𝑝 × 𝑁𝑑𝑝± + 𝑁𝑑𝑝± × 𝐺𝑅Δ𝑑𝑝 + 𝛼 × 𝑁𝑑𝑝± × 𝑁<𝑑𝑝∓ − 𝜒 × 𝑁𝑑𝑝 × 𝑁<𝑑𝑝±    (𝐸8) 

where the polarity of the ions is indicated by a negative (-) or positive (+) superscript. 
The ion concentration is determined for ions with a diameter size of dp, or sizes smaller 
than < dp. The ion-ion recombination coefficient is taken as α = 1.6×10-6 cm3 s-1. The 
last term in the equation (E8) determines the ion-aerosol attachment with a coefficient 
χ = 0.01×10-6 cm3 s-1(55).  

The ion induced contribution to new particle formation is taken as the ratio between 
J1.7(ion)/J1.7(total), using the same size range of 1.7 nm to 2 nm for dp. 

Growth rate 

The growth rate (GR) of a particle is defined as the rate of change of its diameter. 
The maximum-concentration method was adopted to determine particle growth rates 
for different diameter ranges based on PSM, NAIS and nano-and long-SMPS data 
(22,57). The time evolution of each size bin was fitted by Gaussian function and the 
times of maximum-concentration of each size bin were obtained from the fit. The 
growth rates were determined as the slopes of the linear fits to the diameter-versus-time 
data. 

The initial growth rate of freshly formed particles (GR<3 nm) were obtained from PSM 
data. In addition, GR<3 nm was determined from ion size distributions measured with the 
NAIS for the events for which we had NAIS data. Subsequent growth rates of bigger 
particles (GR3-7 nm and GR7-25 nm) were calculated from PSM and nano-and long-SMPS 
data for all the events, and from NAIS ion and particle mode data for the events for 
which we had NAIS data. Fig. S3a illustrates growth rate calculations using different 
instruments for a NPF event on 16 February. Figure S9 shows the statistics of GR in 
different size ranges during long-term measurements. 

The measured GRs are subject to uncertainties caused by uncertainties in particle 
size distribution measurements and the effects of other dynamic processes besides 
particle growth on the time-evolution of particle size distribution. In previous studies 
the systematic error in GR has been estimated to be ~50% for sub-3 nm particles and 
~25% for larger particles (43, 57). 

To study the sensitivity of J1.7 to uncertainties in GR<3 nm values, we calculated J1.7 
for each event during the intensive measurement period with GR<3 nm = 0.1 nm/h and 



GR<3 nm = 10 nm/h. The range of J1.7 corresponding to these GR values is shown in Fig. 
S16 with vertical bars. It can be seen that our results on J1.7 are not strongly affected by 
uncertainties in determined GRs. 

 

 

Modelled growth rate 

We determined GR from cluster kinetics simulations to study if the observed sub-3 
nm particle growth can be explained when accounting for the contribution of SA-DMA 
clusters to the growth. We calculated the median sulfuric acid and CS for the events 
during the intensive measurement campaign (1.3×107 cm-3 and 2.1×10-2 s-1) and 
performed a model simulation using these values and two additional simulations by 
assuming ±50% uncertainty in sulfuric acid concentration. Then we determined GR 
from these simulations. First, simulated clusters were divided to linearly spaced size 

bins with a width of 0.1 nm. Then, the appearance time tapp was determined for each 

size bin with the mean diameter Dp by determining the time when the concentration in 

each size bin reached 50% of the total increase in the concentration. Finally, GR was 

obtained by applying a linear fit to (tapp, Dp) data for the size range between 1 and 2 nm. 

In addition, growth rates due to sulfuric acid monomer condensation were estimated 
following the method described by Nieminen et al. (58) and are presented in Fig. S10. 
The upper limit of growth as explained by the condensation of organic species detected 
by CI-APi-TOF was also estimated (Fig.S10). Concentrations of detected organics were 
determined from the high resolution-fitted peaks with positive mass defect in range 
190-500 Th. The concentration of organics was calculated using the same calibration 
coefficient as for sulfuric acid (see equation E(1)). In the model, the density and the 
mass of H2SO4 were 1830 kg m-3 (liquid phase density of sulfuric acid) and 98 g mol-1, 
respectively. The density for organics was assumed to be 1500 kg m-3 and the average 
molar mass for organics was taken as 250 g mol-1, which excluded the reagent ion mass. 
In a sensitivity test for organic molar mass, the modelled growth rate increased by 23% 
when molar mass was changed from 250 to 350 in the size range 1-3 nm and decreased 
by 25% when mass was changed to 170 g mol-1. Taking into account the uncertainties 
in determining the concentration and density of the detected organics, 250 g mol-1 was 
chosen as a good approximation. The uncertainty of the modelled GR was estimated 
from the ±50% uncertainty in sulfuric acid and organic concentrations.  

Contribution of newly formed particles to the total particles 

The number of new particles with 30 nm diameter formed from atmospheric 
nucleation under the boundary layer during the two-year observation in Shanghai was 
assessed by the following equation: N30𝑛𝑚 = J30 × T𝑁 × N𝐷 × F𝑁 × 𝑆𝐴 × BL𝐻                                    (𝐸9) 
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where J30 is the median formation rate of 30 nm particles derived from E(10) using 
measured J3, CS and GR (17), TN is averaged NPF duration for each event day, ND is 
number of total observation days, FN is the frequency of event days,  SA is area of 
Shanghai, and BLH is averaged height of boundary layer. Actually, we used values of 6 
cm-3 s-1 for J30, 4 hours for TN, 365 days (one year) for ND, 15.6% for FN, 1 square 
kilometre for the area and 1 km for BLH. 

The relationship between the particle formation rate J3 and J30 was according to the 
Kerminen and Kulmala study (2002) (17): 𝐽30 = 𝐽3 exp [0.23 𝐶𝑆′𝐺𝑅′ ( 1𝑛𝑚30𝑛𝑚 − 1𝑛𝑚3𝑛𝑚)]                                      (𝐸10) 

where CS’≈ CS/(10-4 s-1), GR’= GR/(1 nm hour-1). 

The primary emissions were calculated with the GAINS model (Greenhouse gas – 
Air pollutant Interactions and Synergies (59)) by applying the recently implemented 
particle number emission factors (36). In GAINS, the emissions are initially calculated 
for countries or regions, in terms of China for provinces. The provincial emissions are 
calculated by multiplying the activity data for different human activities with the 
source-, technology- and, if applicable, fuel-specific emission factors. The activity 
levels are received from international organizations (IEA, OECD, UN) and national 
statistics, whereas the emission factors are retrieved from scientific literature and 
emission databases. The provincial emissions are further gridded to 0.5 deg × 0.5 deg 
resolution. The gridded total particle number emissions in and nearby China are 
presented in Fig. S11. The values presented in the main article are for the nine grid cells 
indicated with a rectangle in Fig. S11 (5×1021 km-2 year-1) and for the grid cell with the 
highest emissions in the middle of the rectangle (2×1022 km-2 year-1). 
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Figures 

 

Fig. S1: Google map of the Fudan site that is a representative urban station. 



 

Fig. S2: Comparison of concentrations of trace gases (O3, NOx, SO2 and CO), condensation sink (CS), meteorological parameters and 
measured and calculated sulfuric acid concentrations between NPF event and non-event days. Rainy days were excluded according to the 
precipitation measurement. The horizontal red lines indicate the median; the blue boxes show the range from the 25th to 75th percentile; and the 
whiskers present the range from the 10th (low) to 90th percentile (top). For event days, data were averaged between the beginning and the peak 
time of each event. For non-event days, data were selected from 09:00 to12:00 am (local time). 



 

 

Fig. S3: Particle number size distributions and naturally charged ions during a 
typical NPF event day on 16th February, 2016. (a) Particle number size distributions 
measured by PSM, NAIS and SMPS. The colored circles show the data points used for 
calculating particle growth rate from different instruments. (b) Air ion size distributions 

 

 

 

a 



measured by NAIS. Upper and lower panels show the time evolution of negative and 
positive ions, respectively. Sub-3 nm air ion concentrations were very low because they 
were scavenged by the high condensation sink in Shanghai. Hence, the contribution of 
ion-induced nucleation to NPF was insignificant. (c) Time series of nucleation rate (J1.7) 
and condensation sink (CS).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S4: A typical APi-TOF mass spectrum of negative ions during a strong new 

particle formation event, 10:00-14:00, 17th December, 2015. The ion concentration 

was very low. The negative ions were mainly nitrates and molecules/clusters containing 

sulfur and oxygen. There were no detectable ions/clusters with m/z > 300 likely because 

of the large condensation sink. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S5. High-resolution peak fits of SA dimer, SA trimer and 3SA-DMA cluster 

for all 9 NPF events measured by CI-APi-TOF during the intensive campaign. The 

orange bars show the exact mass of SA dimer, SA trimer and 3SA-DMA cluster. Other 

compounds, found using peak search method in tofTools software (version 607), are 

marked as green bars. The black curve and the blue curve indicate measured values and 

sum of fitted peaks respectively. The label of Y-axis is counts per second (cps) and date 



(day-month-year).  On 8th of January, 25th of January, 8th and 10th of February, the 

figure suggests that no SA trimer was observed. However, on those day the signal of 

the other peaks at m/z 293 were especially high, and therefore the SA trimer peak 

becomes much harder to distinguish from the tails of the larger peaks, even if its 

concentration had been similar to the other NPF days (see also Materials and Methods).  

  



 

Fig. S6. Ambient and CLOUD nucleation rates against sulfuric acid monomer 

concentration. Grey diamonds, triangles, and squares denote CLOUD data for H2SO4-

H2O, H2SO4-NH3-H2O, and H2SO4-DMA-H2O nucleation, respectively, at 38% RH and 

278K. Purple diamonds show data points during NPF events between December 2015 

and February 2016 with sulfuric acid concentrations measured with CI-APi-TOF, 

whereas blue circles denote ambient data points between March 2014 and November 

2015 with sulfuric acid concentrations calculated from the proxy. In this plot, sulfuric 

acid concentrations were averaged values between the beginning and the peak time for 

each event.  

 

 

 



 

 

 

 

Fig. S7. Correlation of concentrations of small particles (1.2-1.5 nm in diameter) with [(C2-amine*SA calculated)/(condensation sink)], 

[C2-amine]/CS, and [calculated SA]/CS, respectively. The data points correspond to hourly-average values during a strong new particle 

formation event on 12th August, 2015. The black line is the fitting line using power function (y=a*xb) and the coefficient a and b are 0.33 and 0.45, 

respectively. The correlation coefficient r is 0.73.



 

 

Fig. S8: Comparison of DMA concentration (between July 2015 and August 2015) 

between NPF event and non-event days. For event days, data were averaged between 

the beginning and the peak time of each event. For non-event days, data were selected 

from 09:00 to 12:00 am (local time). The horizontal red lines indicate the median; the 

blue boxes show the range from the 25th to 75th percentile; and the whiskers present 

the range from the 10th (low) to 90th percentile (top). Note that NPF events in addition 

to the strongest ones as defined in the main text have been included for this DMA plot 

to add more statistics since there were only two strong NPF events (during which DMA 

concentrations were 40.3 and 80.7 parts per trillion by volume, respectively) in the one-

month measurements of DMA. Additional NPF events included in this particular plot 

are defined as events with maximum-to-background concentration ratios for sub-3 nm 

particles being between 10 and 20. 

 

 

 

 

 

 



 

Fig. S9: Size-resolved growth rates from long-term observation. The horizontal pink 

lines indicate the median; the purple boxes show the range from the 25th to 75th 

percentile; and the whiskers present the range from the 10th (bottom) to 90th percentile 

(top). 

 



 

 

Fig. S10. Observed and modelled growth rate (GR) on an example new particle 
formation day of on 24th January, 2016. In addition to measured GR, we have also 

estimated the growth of aerosol particles due to condensation of sulfuric acid monomer 

as well as the upper limit of growth explained by the condensation of organic species 

observed by CI-APi-TOF which were assumed non-volatile following the method 

described by Nieminen et al. (2010) (58). Also, we have included the GR<3nm as 

simulated by kinetically-limited model (see Material and Methods) for conditions of 24 

Jan 2016 (CS ≈ 0.01 s-1, [H2SO4] = ~6.8×106 molecule cm-3).  

The growth rates, as shown by black circles in the figure, were calculated for the 

following diameter ranges: < 3 nm, 3-7 nm, and 7-25 nm. The red cross marker shows 

GR<3nm determined from cluster kinetics simulations. The black error bars indicate the 

total uncertainty of measured GR, which was defined as √((error of the linear fit)2 + (systematic uncertainty of GR)2 ∗ (GR)2 ) . The 

systematic uncertainty on GR< 3 nm and GR>3nm was assumed to be 50% and 25%, 

respectively, as suggested previously by Tröstl et al. (2016) and Yli-Juuti et al. (2011) 

(35,57). The dark red line indicates GR calculated assuming SA monomer condensation, 

and the red shadow shows the uncertainty that is derived from 50% uncertainty in the 

concentration of sulfuric acid. The dark green line indicates the upper limit of GR 



calculated by condensation of organics measured by CI-APi-TOF, and the green shadow 

shows the uncertainty that is derived from 50% uncertainty in the concentration of 

measured organics.  

On this particular day, the condensation of sulfuric acid monomer can only explain a 

fraction of growth of particles below 3nm. However, the GR<3nm from cluster kinetics 

simulations of SA-DMA system can predict the observed growth within experimental 

errors. The upper limit of organic condensational growth overestimates the GR<3nm, 

which shows that not all of the organic species observed by CI-APi-TOF in Shanghai 

are able to condense onto sub-3nm clusters. While the observed GR3-7nm can be 

explained by organic condensation, the total contribution to the growth is likely to be 

lower due to the low- and semi- volatility of some of the detected species. For larger 

sizes, however, it is clear that the observed organics by CI-APi-TOF cannot account for 

all the growth. Therefore, there are other species that contribute to growth only at larger 

sizes, likely other semi-volatile organics that remain undetected by CI-APi-TOF. The 

abundance of such organics from oxidation of volatile organic compounds (VOCs) in 

the polluted Shanghai can be expected (37). 
 

 

 

 



 

Fig. S11.Total anthropogenic direct aerosol particle number emissions for 2010 

over China, as derived from the GAINS model. The grid cells applied in this study 

are indicated with a black square. Note that in the present manuscript, NPF was studied 

only within the Shanghai metropolitan area, and thus the estimated new particle 

formation rates (5×1021km-2y-1) should be compared only to the emissions presented 

within the domain of the 9 indicated pixels. 

 



 

Fig. S12. Measured and modelled J3-to-J1.7 ratios at different sulfuric monomer 
concentrations and CS values. The measured values are averaged values between the 

beginning and the peak time of each NPF event during our two-year long-term 

measurements period. Since a number of J3 or J1.7 and calculated SA monomer 

concentrations were not available during the 114 events, there were only 44 data points. 

The modelled values are obtained from cluster kinetics simulations of a kinetically 

limited SA-DMA system. The modelled J3-to-J1.7 ratios are lower than measured ones 

at similar CS values, which indicates that our understanding on new particle formation 

in highly polluted environments is still incomplete (15).  

 

 



                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Fig. S13. Inter-comparison of sulfuric acid concentrations measured by CI-APi-

TOF and another parallel HR-ToF-CIMS that has been calibrated for H2SO4. A 

calibration coefficient (C = 6×109) was used to quantify sulfuric acid concentration for 

CI-APi-TOF. This factor has taken diffusion loss in the sampling line of CI-APi-TOF 

into account. The data points were 15-min averages for two days.    

 

 

 

 

 

 

 

 

 

 



 

Fig. S14. Ratio of measured-to-calculated sulfuric acid (SA) concentration. Since 

almost all nucleation events occurred from the late morning to the middle day, a 

correction factor 0.65 was obtained from the inter-comparison during the day time 

periods (09:00-14:00 am, local time). 
 

 

 

 

 

 

 

 



  

Fig. S15. Inter-comparison of J3 from different particle measurement 

instruments (nano-SMPS and NAIS) for 10th of February 2016. 
  



  

Figure. S16. Sensitivity of the nucleation rate J1.7 to sub-3 nm particle growth rate 
(GR< 3 nm). The vertical bars show J1.7 calculated with GR< 3 nm = 0.1 nm/h (lower limit) 

and GR< 3 nm = 10 nm/h (upper limit).  

 

 

 

 

 



Tables 

Table S1. Date of strong NPF events, formation rates (J1.7 and J3), growth rates (GR<3nm, GR3-7nm and GR7-25nm), condensation sink (CS), 
sulfuric acid concentration, dimethylamine concentration when measured, temperature and relative humidity.  

Date 

(day-month-year) 

J1.7 a 

(cm-3 s-1) 

J3 a 

(cm-3 s-1) 

GR<3 nm  

(nm h-1) 

GR3-7 nm 

(nm h-1) 

GR7-25 nm 

(nm h-1) 

CSb 

 (10-2 s-1) 

Sulfuric acid 

(cm-3) 

Dimethylamine 

(pptv) 

Temperature 

(℃) 

Relative humidity 

（%） 

26-02-2014 NA NA NA 3.8 5.7 NA NA  NA NA 

03-03-2014 67.8 NA 2.2 NA 4.5 1.5 NA  7.2 67.2 

05-03-2014 100.8 7.0 1.1 4.1 5.1 1.7 7.3E+6 c  10.7 42.9 

13-03-2014 83.4 30.5 1.9 11.7 NA 3.1 NA  6.3 56.1 

14-03-2014 135.1 NA 2.9 1.3 6.11 3.8 1.4E+7 c  7.4 41.5 

15-03-2014 176.0 51.7 1.2 7.1 10.3 3.8 1.3E+7 c  8.0 65.3 

21-03-2014 NA NA 2.8 NA 8.9 1.4 NA  9.9 34.9 

04-04-2014 NA 120.6 NA 12.8 7.4 2.6 NA  NA NA 

06-04-2014 105.3 48.8 2.9 3.7 6.1 1.6 7.4E+6 c  12.3 36.4 

14-04-2014 166.8 69.3 2.3 11.1 15.8 2.7 1.4E+6 c  20.5 41.9 

22-04-2014 NA NA NA NA 12.5 1.6 NA  20.2 35.3 

29-04-2014 122.6 50.2 1.0 15.8 18.9 3.5 1.8E+7 c  20.6 51.4 

05-05-2014 318.6 140.0 1.8 6.5 7.2 1.5 4.1E+6 c  15.7 43.2 

07-05-2014 146.8 NA 4.8 10.4 14.0 2.8 1.0E+7 c  21.4 42.8 

22-05-2014 61.5 NA 1.3 3.8 20.4 1.9 6.0E+6 c  25.3 54.6 

23-05-2014 19.5 NA 0.6 7.5 17.6 1.3 5.4E+6 c  22.8 64.8 

26-05-2014 65.0 NA 1.3 4.6 10.5 2.1 7.0E+6 c  25.5 67.6 

28-05-2014 NA NA 0.7 NA NA NA 9.8E+6 c  30.7 34.1 

10-06-2014 NA NA NA NA 7.4 1.0 NA  26.3 60.2 



11-06-2014 113.2 NA 1.2 NA 58.3 1.3 1.0E+7 c  26.2 52.1 

08-07-2014 148.2 42.1 1.5 12.2 14.2 1.1 9.8E+6 c  28.4 60.8 

26-07-2014 630.8 32.0 0.5 5.5 45.2 2.4 5.9E+6 c  31.4 58.9 

31-07-2014 41.9 7.3 1.0 16.1 NA 0.8 5.6E+6 c  31.0 65.5 

15-08-2014 42.7 3.2 1.1 6.7 13.4 1.6 1.8E+6 c  26.1 NA 

30-08-2014 71 7.2 0.4 1.7 11.2 0.9 1.4E+7 c  29.2 70.7 

31-08-2014 716.2 40.0 2.3 10.4 37.3 1.7 5.8E+6 c  28.2 78.6 

01-09-2014 734.4 NA 1.5 5.3 6.4 1.9 NA  NA NA 

06-09-2014 227.0 NA 2.1 39.2 10.9 1.0 8.0E+6 c  29.6 70.2 

11-09-2014 248.9 42.9 1.4 13.7 8.9 1.2 8.7E+6 c  27.7 63.2 

14-09-2014 157.6 46.9 2.7 6.3 9.1 0.8 3.6E+6 c  25.5 77.9 

15-09-2014 126.1 35.5 0.6 8.6 4.6 1.1 7.3E+6 c  25.9 71.8 

17-09-2014 142.9 NA 2.1 NA 9.3 1.0 3.6E+6 c  26.2 66.9 

20-09-2014 NA NA 2.3 2.4 8.7 NA NA  24.5 78.1 

06-10-2014 NA NA NA 7.6 7.4 1.2 NA  22.5 60.1 

13-10-2014 64.6 NA 3.6 8.1 15.6 0.9 NA  NA NA 

14-10-2014 100.1 27.3 2.8 5.6 31.1 1.8 NA  20.4 45.8 

15-10-2014 160.3 NA 3.3 6.6 7.2 2.4 2.9E+7 c  20.3 36.9 

28-10-2014 NA 34.3 NA 8.9 23.7 0.7 NA  20.5 65.9 

02-11-2014 NA 28.0 NA 4.8 18.9 1.2 NA  16.8 73.0 

03-11-2014 111.3 12.5 2.2 4.3 7.8 1.5 1.5E+7 c  13.9 55.6 

06-11-2014 NA NA 0.6 0.9 12.5 2.7 NA  19.0 62.8 

07-11-2014 33.2 NA 0.7 7.8 2.0 0.9 NA  17.4 65.0 

09-11-2014 82.0 3.2 0.4 1.1 2.6 0.9 7.7E+6 c  17.3 63.3 

13-11-2014 64.4 12.2 1.0 2.3 5.1 1.0 6.3E+6 c  13.3 46.7 

01-12-2014 67.4 NA 0.4 23.5 5.6 1.1 1.5E+6 c  6.4 37.8 



02-12-2014 NA NA NA 3.7 29.8 1.3 NA  6.3 43.2 

04-12-2014 95.3 NA 1.4 3.2 4.7 1.3 1.7E+7 c  5.3 46.9 

05-12-2014 126.2 112.9 1.5 10.6 6.6 1.7 1.4E+7 c  4.2 45.1 

11-12-2014 NA NA NA 4.0 4.4 0.7 NA  NA NA 

12-12-2014 126.5 NA 2.2 5.6 5.0 1.7 2.0E+7 c  5.9 44.7 

13-12-2014 83.1 14.6 0.9 7.8 3.8 1.8 2.0E+7 c  5.2 43.5 

16-12-2014 62.4 NA 1.5 6.8 22.4 1.4 1.3E+7 c  3.5 44.8 

17-12-2014 NA 17.2 NA 25.3 5.1 1.5 NA  3.5 36.0 

20-12-2014 154.3 NA 0.9 1.9 7.4 1.1 NA  7.2 59.1 

25-12-2014 164.1 NA 2.7 10.6 4.0 0.8 1.4E+7 c  7.4 67.8 

01-01-2015 NA NA NA 7.7 8.1 1.5 NA  3.9 41.1 

05-01-2015 145.3 12.4 1.5 5.4 10.1 2.0 4.1E+6 c  16.7 71.9 

12-01-2015 NA NA NA 3.0 18.4 1.0 NA  10.5 65.3 

19-01-2015 160.9 45.8 1.3 5.2 5.8 2.1 1.1E+7 c  12.1 43.1 

05-02-2015 NA 6.8 NA 1.1 7.0 1.6 NA  5.0 66.6 

08-02-2015 NA 13.8 NA 1.9 2.8 0.4 NA  6.1 56.0 

19-02-2015 129.9 75.9 4.2 7.6 4.6 0.7 6.5E+6 c  5.7 65.1 

09-03-2015 106.4 23.6 4.1 13.0 10.6 1.0 9.3E+6 c  10.8 69.0 

10-03-2015 27.1 2.2 1.3 1.6 2.5 0.6 9.2E+6 c  4.7 54.7 

22-03-2015 117.4 34.3 1.2 2.9 4.7 1.4 9.8E+6 c  18.9 23.3 

23-03-2015 68.4 10.2 0.6 1.6 9.0 0.7 2.6E+6 c  11.7 75.4 

24-03-2015 239.8 NA 0.4 12.9 25.5 0.9 4.2E+6 c  10.7 46.4 

26-03-2015 43.0 14.6 1.2 9.3 7.8 1.0 9.3E+6 c  15.5 57.1 

08-04-2015 52.6 3.4 0.6 2.8 4.3 1.5 4.3E+6 c  9.3 64.8 

13-04-2015 92.3 22 1.9 3.4 10.3 2.0 6.2E+6 c  14.1 54.9 

17-04-2015 34.4 NA 0.5 3.1 5.6 0.8 1.1E+6 c  18.4 62.0 



21-04-2015 NA NA NA 15.3 12.3 1.9 NA  17.5 53.1 

30-04-2015 193.0 31.0 1.8 24.8 30.5 2.5 5.6E+6 c  22.7 61.0 

03-05-2015 NA NA 0.4 2.6 12.4 2.3 NA  NA NA 

04-05-2015 136.7 68.0 1.1 5.3 9.1 1.8 7.4E+6 c  22.2 64.5 

12-05-2015 NA 23.8 NA 7.5 11.4 2.2 NA  21.0 55.5 

13-05-2015 134.1 45.0 0.5 6.2 27.3 2.9 6.7E+6 c  26.1 37.4 

16-05-2015 101.4 NA 0.9 6.0 8.4 1.6 4.0E+6 c  22.5 32.8 

21-05-2015 70.1 3.8 0.7 7.1 18.7 0.8 4.1E+6 c  20.1 52.0 

03-06-2015 NA NA NA 7.4 19.7 NA NA  24.7 44.6 

04-06-2015 NA NA NA 1.3 16.3 NA NA  NA NA 

10-07-2015 114.4 NA 1.3 NA 2.7 1.8 6.5E+6 c  25.6 80.7 

09-08-2015 NA 7.5 1.1 2.3 7.5 0.7 NA 40.3 29.2 75.0 

12-08-2015 NA NA NA NA 50.8 0.8 7.8E+6 c 81.7 27.2 72.5 

31-08-2015 65.8 NA 1.0 1.1 38.7 1.1 3.0E+6 c  27.1 71.7 

03-09-2015 112.2 NA 1.4 5.9 33.8 1.6 1.4E+7 c  27.0 61.2 

06-09-2015 50.9 6.1 0.7 2.1 7.3 1.1 NA  27.3 69.0 

08-09-2015 NA 10.3 NA 9.9 6.6 0.9 NA  26.3 62.3 

13-09-2015 40.2 10.4 1.7 6.6 11.7 0.9 5.8E+6 c  23.5 46.0 

17-09-2015 45.7 NA 1.2 29.1 17.2 1.1 6.2E+6 c  25.3 59.6 

19-09-2015 58.2 NA 0.5 NA NA 1.0 6.4E+6 c  25.6 56.4 

21-09-2015 NA 17.9 NA 5.0 9.1 1.1 NA  26.0 57.3 

27-09-2015 180.8 NA 1.4 NA NA 0.9 1.3E+7 c  25.9 52.0 

10-10-2015 NA NA 3.9 6.5 10.0 NA NA  23.8 32.2 

11-10-2015 NA NA 1.8 2.0 12.3 NA NA  19.9 25.6 

12-10-2015 108.2 NA 2.2 3.1 14.9 2.9 1.6E+7 c  21.0 33.5 

17-10-2015 98.4 13.6 1.9 2.3 10.1 1.0 1.1E+7 c  23.1 52.7 



28-10-2015 64.7 10.6 1.2 8.8 5.8 1.2 NA  NA NA 

02-11-2015 NA 2.0 NA 4.9 6.7 2.4 NA  NA NA 

04-12-2015 101.2 NA 0.9 20.4 7.4 2.0 1.1E+7 d  7.7 35.5 

16-12-2015 198.8 28.6 1.9 11.9 6.3 1.3 NA  6.3 28.4 

17-12-2015 185.9 21.9 4.7 12.9 3.4 1.5 NA  3.5 37.2 

08-01-2016 65.2 10.2 0.7 1.8 7.6 2.7 1.7E+7 d  5.6 40.6 

23-01-2016 96.1 17.7 3.3 8.1 12.3 1.5 1.0E+7 d  -2.4 41.5 

24-01-2016 66.6 6.3 1.7 3.3 7.6 1.3 6.8E+6 d  -6.3 34.1 

25-01-2016 105.8 NA 1.4 1.8 17.9 2.4 1.0E+7 d  0.1 31.8 

06-02-2016 NA 25.0 NA 6.5 14.5 1.9 1.1E+7 d  4.9 37.1 

07-02-2016 188.8 7.6 2.2 4.9 25.2 2.4 1.4E+7 d  8.2 28.9 

08-02-2016 51.6 8.6 1.6 16.7 3.0 2.3 1.2E+7 d  13.8 26.1 

10-02-2016 26.5 16.8 1.2 10.6 NA 1.2 9.8E+6 d  17.6 47.9 

15-02-2016 294.8 36 5.0 5.6 11.0 1.7 1.1E+7 c  2.9 35.9 

16-02-2016 163.4 11.5 2.3 10.0 7.8 1.8 NA  6.7 34.6 

20-02-2016 NA NA NA 7.6 6.4 1.8 NA  9.9 29.9 

24-02-2016 87.4 NA 3.9 2.4 7.3 1.3 5.2E+6 c  7.3 49.8 

a averaged values between the beginning and the peak time for each event.  

b averaged CS values obtained from the same time range as that for GR<3nm of each event. 
c averaged sulfuric acid concentrations calculated with the proxy method between the beginning and the peak time for each event. 
d averaged sulfuric acid concentrations measured between the beginning and the peak time for each event. 

NA: Not Available. 

  



Table S2. Mass list of identified species detected by CI-APi-TOF. 
ID Ion formula Mass to charge (Th) Remarks 
1 C2HO4

- 88.9880  
2 SO4

- 95.9522 Sulfur-oxygen compounds 

3 HSO4
- 96.9601 Sulfur-oxygen compounds 

4 C3H3O4
- 103.0037  

5 SO5
- 111.9472 Sulfur-oxygen compounds 

6 C6H4NO3
- 138.0197  

7 SO3·NO3
- 141.9452 Sulfur-oxygen compounds 

8 C2H2O4·NO3
- 151.9837  

9 SO4·NO3
- 157.9401 Sulfur-oxygen compounds 

10 H2SO4·NO3
- 159.9557 Sulfur-oxygen compounds 

11 C3H4O4·NO3
- 165.9993  

12 IO3
- 174.8898  

13 HSO5·NO3
- 174.9428 Sulfur-oxygen compounds 

14 C4H6O4·NO3
- 180.0150  

15 H2SO4·HSO4
- 194.9275 Sulfur-oxygen compounds 

16 C6H5NO3·NO3
- 201.0153  

17 SO3·HNO3·NO3
- 204.9408 Sulfur-oxygen compounds 

18 C7H7NO3·NO3
- 215.0310  

19 SO4·HNO3·NO3
- 220.9357 Sulfur-oxygen compounds 

20 C4H4O7·NO3
- 225.9841  

21 C5H3O6N·NO3
- 234.9844  

22 C6H4O5N2·NO3
- 246.0004  

23 IONO2·NO3
- 250.8807  

24 C6H5NO3·HNO3·NO3
- 264.0110  

25 C9H8O6·NO3
- 274.0205  

26 C7H7NO3·HNO3·NO3
- 278.0266  

27 C10H10O6·NO3
- 288.0568  

28 C4H4O7·HNO3·NO3
- 288.9797  

29 (H2SO4)2·HSO4
- 292.8949 Sulfur-oxygen compounds 

30 HSO5·H2SO4·HSO4
- 307.8820 Sulfur-oxygen compounds 

31 C6H4O5N2·HNO3·NO3
- 308.9960  

32 C11H10O7·NO3
- 316.0310  

33 (C2H7N)·(H2SO4)2·HSO4
- 337.9527  

34 C11H11O8N·NO3
- 347.0368  

35 C7H13O11N·NO3
- 349.0372  

36 C14H14O8·NO3
- 372.0572  

37 C9H15O11N·NO3
- 375.0529  

38 (C2H7N)2·(H2SO4)2·HSO4
- 383.0106  

39 C15H16O8·NO3
- 386.0729  

40 C14H15O8N·NO3
- 387.0681  

41 C14H14O9·NO3
- 388.0522  

42 (H2SO4)2·HSO4
- 390.8622 Sulfur-oxygen compounds 

43 C15H17O8N·NO3
- 401.0838  

44 C11H16O12·NO3
- 402.0525  

45 C14H15O9N·NO3
- 403.0630  

46 C14H17O9N·NO3
- 405.0787  

47 C12H19O11N·NO3
- 415.0842  



48 C15H17O9N·NO3
- 417.0787  

49 C10H16O14·NO3
- 422.0424  

50 (C2H7N)·(H2SO4)3·HSO4
- 435.9201  

51 C13H21O12N·NO3
- 445.0947  

52 (C2H7N)2·(H2SO4)3·HSO4
- 480.9779  
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