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Abstract

Understanding the atmospheric new particle formation (NPF) process within the global range is important for revealing the budget of
atmospheric aerosols and their impacts. We investigated the seasonal characteristics of NPF in the urban environment of Beijing. Aerosol
size distributions down to ~4+~1 nm and H,SO4 concentration were measured during 2648-2649-2018-2019. The observed formation rate
of 1.5 nm particles (/4 5) is significantly higher than those in the clean environment, e.g., Hyytigta:Hyytidla, whereas the growth rate is
relatively lower. Both J; 5 and NPF frequency in urban Beijing showed a clear seasonal variation with maxima in winter and minima in
summer, while the observed growth rates were generally within the same range around the year. We show that ambient temperature is a
governing factor driving the seasonal variation of J4 5. In contrast, the condensation sink showed no significant seasonal variation during the
NPF periods and the daily maximum H>SO4 concentration was slightly higher in summer than thatin winter. In all four seasons,
condensation of HySO4 and (H2SO4)xp(amine)q, clusters contributes significantly to the growth rates in the sub-3 nm size range, whereas it
is less important for the observed growth rates of particles above 3 nm. Therefore, other species are always needed for the growth of larger

particles.
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1—_Introduction

TOC ArtPlace Figure 1 HerePlace Figure 2 HerePlace Figure 3 HerePlace Figure 4 HerePlace Figure 5 HerePlace Figure 6 HerePlace
Figure 7 HereSupplementary InformationCorresponding AuthorJingkun JiangMarkku KulmalaAtmospheric new particle formation (NPF)
refers to the conversion from gaseous precursors to new particles. It is ubiquitous and contributes majorly to the global aerosol
poptiationpopulation.’=3- Once growing past certain sizes, the newly formed particles can be activated as the cloud condensation nuclei
(CCN) and-thusand. thus. influence cloud formation and global efimateclimate.#5- It is estimated that around half of global CCN in the lower

troposphere are derived from atmospheric NPFNPF.5-6-

To understand the NPF phenomenon within the wide global range, many field studies were conducted throughout the world in both pristine
and polluted ervirenmentsenvironments. 7 8- Different from relatively clean environments, the concentration of pre-existing aerosols is high
in polluted environments, which suppresses NPF by acting as a sink for both condensable vapors and newly formed particles.g‘”r Despite
the strong suppression by the high aerosol loading in polluted environments, intensive NPF events have still been frequently observed in

these envirenmentsenvironments.8:11-15-

Seasonal characteristics of NPF have been explored in urban BeijingBeijing.®!7- However, due to limitations in applied instruments in
these long-term studies, there is practically no information about key precursors for new particle formation (e.g., HpSO4) and size
distributions of sub-3 nm particles. Although the H,SO,4 concentration was measured in two short-term field campaigns in urban Beijing1:18
and its daily maximum concentration ranged from ~46~10% to 1.9 %x 107 cnhg, the seasonal variation of the HoSO4 concentration in
Beijing has not yet been reported. teng-term-The long-term size distribution data for sub-3 nm particles has also been missing from
previous studies in Beijing and even rarely reported in other environments. As shown in a recent s%udysM1 9 previously reported particle
formation rates for urban Beijing (inferred from targe—sizee-large-sized particles) were underestimated and sub-3 nm particle size
distributions (PSDs) are needed to accurately quantify these rates.

When evaluating th e particle formation rate from measured data, underestimating coagulation scavenging can lead to significant
underestimation of the particle formation rate, especially for polluted environments and controlled chamber studies having a strong
coagulation effect. Cai and Jiang!® found that the eemmoniy-tsed-commonly used formulae underestimate the formation rate of 1.5 nm
particles in urban Beijing, so they derived an improved formula with a more accurate treatment of the coagulation effect. Also, due to the
underestimation of the coagulation effect, new particle formation rates from €:0UBb—-{Cesmiesthe Cosmics Leaving OUtdoor Breptetsy

Droplets (CLOUD) chamber studies on sulfuric acid-dimethylamine (DMA) nucleation were later corrected to be a factor of 10 faster than

previously published resultsresults.20- In addition, Cai et al.2! shewsshowed that neglecting coagulation scavenging can result in

overestimation when evatuationg-evaluating the particle growth rate from the measured data.

Although clear seasonal variations in the frequency of NPF events hashave been observed in urban BeijingBeiiing.'®17; the factors
governing these seasonal variations remairsremain to be revealed. The concentrations of gaseous precursors and the coagulation
scavenging effect of the pre-existing aerosols are important factors that govern the occurrence and the intensity of NPF. Their synergetic
effect on NPF can be evaluated using dimensionless parameters such as £?? or Lg% Using Lgr, Cai et al.!? showed that the pre-existing
aerosol surface area governs the occurrence of NPF in Beijing in a short-term campaign. In addition to pre-existing aerosols and HoSO4
concentration, other factors, such as ambient temperature and concentration of base molecules, may also affect NPF. Recently, Cai et al.24
showed that the NPF events in urban Beijing are dominated by HySO4-amine nucleation and proposed a new parameter, / for predicting
the occurrence of NPF in environments governed by HoSO4-amine nucleation. Factors governing the seasonal variation of NPF in urban

Beijing can be explored with the help of this new parameter.

In addition to the formation of new particles, the subsequent growth of these particles and itstheir seasonal characteristics are also of great

importance. The particle growth rates in the 3-2563-25 nm size range were reported to be slightly higher in summer than in other seasons in



BeijingBeijing.!”- However, the seasonal variation of the observed growth rates in different size ranges has not yet been reported in urban
Beijing, especially in the sub-3 nm size range. As a condensable vapor, HoSO4 contributes to the particle growth; however, its contribution
usually decreases with an increasing particle sizesize.2%727- In addition to H2SO4, small acig-baseacid—base clusters can also contribute to

the particle growth, especially in the sub-3 nm size f&ﬁgerange.zsr

In this study, we report the results of long-term field measurements conducted in urban Beijing during 2648-2649;2018-2019, including the
measurements of particle size distribution down to ~4~1 nm and H>SO4 concentration. We focus on seasonal characteristics of new particle
formation rates and growth rates and explore factors governing the observed seasonal characteristics. We also compare the characteristics

of NPF in urban Beijing with observations in other atmospheric environments.
2—. Methods
2.1—_Measurements

The observation site is located on the top of a five-floor building at Beijing University of Chemical Technology (West Campus), Beijing. The
sampling inlets are located ~26~20 m above the ground and ~456~150 m to the southwest of a road. The Third Ring Road is ~556~550 m

to the east of the sitesite, and as a major road, the traffic is often busy. More details on the site can be found in the study reported by Lu et

al.2% and Zhou et al.3%- There are no significant stationary emission sources nearby. However, the emission from vehicles may influence the

measured aerosols and gaseous pollutants.

The wide-range size distributions of 1 Am—46-m-nm=10 ym particles were measured using a prototype diethylene glycol scanning mobility
particle spectrometer (DEG-SMPS; 4=7-51-7.5 nm)3132 and a particle size distribution system (PSD; 3 am—48-pminm=10 pm).33- The DEG-
SMPS was sampled through the northern window of the observation room. The aerosols entering the DEG-SMPS were sampled using a
core sampling method with ~+66%~100% sampling e#ﬁe'teneyefficiency.“: The DEG-SMPS was equipped with a soft X-ray neutralizer (TSI
Inc., model 3088) for aerosol charging and a miniature cylindrical differential mobility analyzer (mini-cyDMA)32 for sub-10 nm aerosol
classification. Downstream of the mini-cyDMA, the DEG-UCPC was modified from a commercialized UCPC (TSI Inc., model 3776). The
temperatures of the saturator and the condenser of the DEG-UCPC were 71 =G-and 20 =G;°C, respectively. The flow rates through the
DEG-UCPC capillary and the saturator were 0.25 and 0.75 L—Hﬁml_ﬂ respectively. A commercialized CPC was used to count the
particles in the downstream of DEG-UCPC. The DEG-SMPS was calibrated four times a year using a homemade calibration
systems_ymmr The PSD inlet was deployed downstream of a PM1g impactor on the roof. The relative humidity was conditioned to be
below 40% using a Nafion dryer (Perma Pure, MB-#66-24F-3yMD-700-24F-3) on the sampling line. The PSD consists of a TSI aerodynamic
particle sizer (TSI Inc., model 3321) and two parallel SMPSs equipped with a TSI nanoDMA (TSI Inc., model 3085) and a TSI longDMA (TSI

Inc., model 3081), respectively. The time resolution for particle size distribution measurement was 5 min.

The HoSO4 concentration was measured by a chemical ionization-atmospheric irterface-time—of—flightinterface-time-of-flight mass

spectrometersspectrometer (C-API-ToF, or CIMS; Aerodyne Research Inc.) equipped with a—nitrate chemical ienizationionization.35-37-
Before Apr-April 14, 2018, the HySO4 concentration was measured by a long time-of-flight mass spectrometer (CI-APi-LToF) and after that it
was measured by a high-resolution time-of-flight mass spectrometer (CI-APi-HToF). Ambient air was taken into the CIMS through the north
window. The sampling line was straight stainless-steel tubing with an outer diameter of 3/4 ineh-in. Before and after AprApril 14, the length
of the sampling line was 1.6 m-and 1.4 m, respectively, and the sampling flow rate was 8.8 -min "and 8.5 {:-mrﬁml_*l respectively. The
sampling configurations during these two periods were similar withto those previously described inby Lu et al.2% The H,SO4 concentration
was calibrated using a homemade calibration systemsystem.38- The calibration system produces H,SO, from the oxidation of SO, by OH
radicals. The transmission efficiency of the spectrometer was measured by adding different perfluorinated acids in amounts sufficient to

deplete NOF30.39_ The time resolution for the H»S04 concentration was 5 min.

The meteorological data, including the temperature, ambient pressure, relative humidity, wind speedspeed, and wind direction, were
measured by a local weather station (Vaisala, AWS310). Amine concentration was measured using a modified ToF-CIMS (Aerodyne
Research, treinc.) from Set-October 24, 2018 to Ma=March 13, 26492019.1840_Duirag During this period, the median concentration of the
most abundant amine species, dimethylamine (DMA), was 2.7 ppt. The time resolution of the meteorological data and the amine

concentration was 5 min.



The long-term field measurement started from dan-January 2018. In this study, we used the aerosol size distribution data on a total of 234
days in 2018 Gan—+6—~Apr—(January 16-April 10, Apr—29—-May-April 29-May 17, May 22—bee-22-December 26) and a total of 48 days
in 2019 summer (June +—+Aug—1-August 31), covering winter {Bee—Feb-;-(December—February), spring {Mar—-May);-(March-May),
summer {Jur—Aug-)-(June—-August), and autumn {Sep—Nov-)—(September—November). The H,SO4 concentration data were available on
131 days in 2018 Jar—23—~Apr—~(January 23-April 10, Set—26—DBee-October 20-December 26) and 67 days in 2019 summer Jua—4—
Atg—(June 1-August 13). Note thatthe data fromthe summer of 2019 were used to complement the analysis of NPF seasonal

characteristics in urban Beijing. Bata-The data from the summer of 2018 were only used to evaluate NPF frequencies.
2.2—. Data anatysisAnalysis

During these measurement periods, we classified all of the days into NPF days, undefined days, and non-NPF days. The classification

criteria and examples are described in the Supptermentary-irformation{St-Supplementary Information (SI).

The particle formation rate quantifies the growth flux through a certain particle diameter, which characterizes the intensity of NPF. In this
study, the particle formation rate was calculated using a balance formula by Cai and d-'ra-ﬁgJiang,m: which improves the estimation of

coagulation scavenging in the presence of high aerosol loadings:

d“\'l-[d{:du) du—l + ~ ~ 1 du—l di—13+dz-13<_:du3 B B dn
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HereHere, Ji is the particle formation rate at size di, cm3—sgI_*l, with dix chosen to be 1.5 nmin this study, m; d, is the upper size limit
of the targeted aerosol population, m; dmin is the smallest particle size detected by particle size spectrometers, m; Mg, g, is the number
concentration of particles from size Ak 10 Ay, cn'._:@; d;j represents the lower limit of the _/imﬂ" size bin, m; 5@(-1—9-)1_1@ is the coagulation
coefficient for the collision of two particles with the size of d; and dgg, cm3—35._*1; and GRyy, refers to the particle growth rate at size d,

arhnm-hltL

The particle growth rate, GR, was obtained using the log-normal distribution function methedmethod, which tracks the temporal variation of

the representative diarmeterdiameter.41- The growth rates in various particle size ranges, GR4._3, GR&-—?—ﬂ, GR;A.sﬂ, and GR;‘.S%Ml
were calculated separately, where the subscripts indicate the size range (see the example given in Figure S2 in the SH—Supporting
Information (SI)). Note that since the contribution of coagulation scavenging was not excluded, the obtained particle growth rates are
apparent growth rates rather than growth rates resulting solely from the condensation onto individual particlesparticles.42-

The coagulation scavenging of particles was characterized using the condensation sink {€5)(CS). which was calculated using Eguationeqs
S1  and EquationS2 in the SISL*': The influences of temperature and relative humidity on the diffusivity of H,SOs were
eorrectedcorrected.43:44-

/ is arecently-propesedrecently proposed parameter that predicts the occurrence of atmospheric NPF dominated by HoSO4-amine
nucleation in the presence of a high aerosol +ead-i1=1gloading.24: It is defined as

3 4

ﬁJ[ALm[] 4

[=—7—1| ,
Ccs~

where 8 is the collision coefficient between two (H2SOg4)1(amine)q clusters, cm3-3§l_*l; A1 tot refers to the total concentration of
measured HoSO4 monomer, cm3; and CS is the condensation sink (note that the enhancement factor of coagulation between clusters due
to van der Waals forces was taken into account, and this factor was estimated to be 2.3 and 1.3 for £ and CS, respectively), Sl_ﬂ; fAn is

the ratio of the (HoSO4)1(amine)q cluster concentration to the total HoSO4 monomer concentration given by

BBl
[A)-[AB] /D)= CS=fB]| 3

here, [A1B1] represents (HpSO4)1(amine)q concentration, cm3; [A¢] is the concentration of H,SO,4 molecules, cm3; [B] indicates the amine
concentration, cm?; T is the temperature, K; y-and v represents the evaporation rate of (H,SO4)1(amine)4 as a function of T, sl_*l. Since

[A4] and [A1B4] cannot be directly measured using the current instruments, fin was calculated using the rightmost formula in eq 3. Since the



amine concentration was missing in winter and spring of 2018, a constant amine concentration, 2.7 ppt, which is the median of the
measured amine concentration, was used when estimating fin (see details in the Sl). As a result, the analysis based on the indicator / mainly
reflects the influence of the HoSO4 concentration, CS, and temperature. More details on egsegs 2 2-and 33 are explained in the Sl and by

Cai et al.24-
3—._Results and discussionDiscussion

3.1—._Overall eharacteristicsCharacteristics of NPF in urbanUrban Beijing

During our measurement periods, NPF event days and undefined days covered 3#%37 and 6% of days, respectively. The daily maximum
formation rate of 1.5 nm particles, J; 5, during NPF periods ranged from 6 to 2200 cmB33.5. 81 yith a median value of 79 crill33.s. 1
(Figure 1). The values of GR4-31_3, GRa-73_7, GR7.457_15. and GR45-2515_25 were in the ranges €:2-2-4;0-6-52,+1-8-6;0.2-2.4, 0.6-5.2
1.1-8.0, and 84-8-8nm+k0.4-8.8 nm-hl_ﬂ, respectively, with medians of 0.9, 1.7, 2.8, and 2.9 ﬁm—hml_*l, respectively.
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1—. Fhe-H»S04 concentration and condensation sink in various atmospheric environments, including Beijing, NenjingNanjing.'4-Shanghai
Shanghai, 19 —Hyytiata Hyytiala 49 —Kent Kent,52-Breekhaven Brookhaven.62 and JungratjeehJungraujoch.®3:64- Data points in this figure

are the median values and colored by the median formation rate of sub-2 nm particles. The error bars indicate the 25th and 75th
percentiles, respectively. The HySO4 concentration and CS in Beijing, Nanjing, ShanghaiShanghai. and HyytigtaHyytiala are from long-term
measurements {=—#(>7 months). The HoSO4 concentration in Kent, BreekhavenBrookhaven, and Jungfraujoch is from short-term

measurements (<3 months). CS in Jungfraujoch is from a long-term measurement. CS in Kent and Brookhaven is from short-term

measurements.

In urban Beijing, we observed new particle formation events characterized with a high J; 5, high CS, and high H»SO,4 concentration (Figure
1). The maximum value of J4 5 measured during this study exceeded 1000 cn’._3§-s§ Hl, coinciding with the high HoSO4 concentration
~25%(~2.5 x 107 cml_3§) observed during that NPF event {Feb-(February 4, 2018). The aerosol loading, characterized by CS, was high
in urban Beijing eemparedcompared to te-those observed in relatively clean environments (Figure 1). The median value of CS during the
NPF periods in urban Beijing was ~68-649~0.019 sl_"l, while it was ~6-6625~0.0025 s._*l in the Finnish boreal forest of HyyHéléHyﬁiélé.%r
The high CS in urban Beijing implies that the scavenging loss rates of gaseous precursors, etustersclusters, and newly formed particles are
high. The median daily maximum H,SO, concentration the-during NPF periods in urban Beijing was ~4—x~4 x 108 cn'._3§, a factor of ~4~4

higher than those in cleaner environments but close to those in other megacities (Figure 1).

Note that after properly correcting for the coagulation scavenging effect using eq 1 and with direct measurement of sub-3 nm particles, J; 5
reported in this study is higher than that reported in a previous long-term study in urban Beﬁmg@jmj 7- Even with the same dataset of
measured sub-3 nm particles, the formula used in previous studies underestimates the formation rate of 1.5 nm particles (Figure S3 in the
Sl). This discrepancy is mainly attributed to the fact that underestimating or neglecting the coagulation scavenging effect of small particles
will underestimate the formation rate in atmospheric environments with a-high aerosol +ead+ﬂgloading.11:The high values of J; 5 observed in

this long-term measurement are consistent with the values recently reported in urban Beijing during a short-term field

eampaigncampaign. 1

From a global perspective, the new particle formation rate in polluted environments appears to be higher than that in relatively clean areas.

As shown in Figures 1 and 2, the formation rates of ~4-5~1.5 nm particles in Chinese megacities, such as Beijing, Shanghai, and Nanjing,



are much higher than those in other relatively clean sites, such as the Finnish boreal forest of Hyytigta-Hyytiala. The inferred nucleation
rates were reported to be very high as well in other polluted megacities, such as Mexico City and Delhi (although the formation rate of
~4-5~1.5 nm particles in these places werewas not directly measuredimeasured).'24647- |n addition, relatively high formation rates of
~4+5~1.5 nm particles were observed in Po Valley (Figure 2). Although Po Valley is labeled as a rural site, it is strongly influenced by
anthropogenic emissions from the industrial areas and is surrounded by the-meurtairsmountains.*®- Its relatively high CS {—0-644-(~0.011
s._*l) reflects the polluted characteristics of Po Valley.
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2—. Comparison of (a) the formation rate of sub-2 nm particles, J, and (b) the particle growth rate, GRz+57_15, in various environments,

including Beijing (this study), NenrjingNanjing.'4—Shkanghai_Shanghai,'®; Po ValleyValley *®—Ozarks_Ozarks.55—Hyyiata Hyytiala 66;
Jungfradjech Jungfraujoch.83; and ChaealtayaChacaltaya.51- Urban, ruralrural, and mountain environments are divided by dash lines. Data

from long-term measurements {=7-(=7 months) are shown by red color and the data from short-term field campaigns (<3 months) by black
color. Circles represent median values. The left and right edges of bars are 25%25 and 75% percentiles, respectively, expeetexcept for Po
Valley that indicate-5%indicates 5 and 95% percentiles, respectively, and for HyytigtéHyytiala that indicate one standard deviation. J; 5 is
used for Beijing. J14, J17, J16. and J; are used for Nanjing, Shanghai, Po Valley, and Ozark forest, respectively. J» is used for

HyytigtasHyytiala, Jungfraujoch, and Chacaltaya. GRz457_15, GR3-263_29 and GRs5.255_25 are used for Beijing, Nanjing, and Ozarks forest,
respectively. GRz257_s5 is used for Shanghai and Hyytigta-Hyytiald. GRz257_2¢ is used for Po Valley, Jungfraujoch, and Chacaltaya.

Despite the high formation rate of ~4-5~1.5 nm particles, the observed growth rate in urban Beijing was relatively lower. The median value
of GRz457_15 was 2.8 ﬁ'l‘ﬁ*‘rmhl, which is lower than the median GR in many other environments (Figure 2). Such low GR, together
with high CS, in urban BeijirgBeijing. may explain the observations that newly formed particles in urban Beijing sometimes cannot grow into
very large sizessizes, although the formation rate is high (see anthe example in Figure S2). Note that uncertainties may be introduced when
using different methods to estimate the observed GR. In addition, the observed GR is not equivalent to the condensational GR of an
individual particle because the coagulation scavenging effect is not excluded when estimating the observed GR using the log-normal

distribution function methedmethod.4249-

3.2—. Seasonal variationsVariations of NPF frequeneyFrequency and formationrateFormation Rate in

urbanUrban Beijing

The occurrence of NPF in urban Beijing had a strong seasonal variation (Figure 3). In winter, spring, summer, and autumn of 2018, the NPF

frequencies were 54-4%25-4%—46-7%51.4, 25.4, 16.7, and 30.2%, respectively. This is generally consistent with the previous observations

in urban Beijing in the years of 20046 and 26082008.5%- For these years, the NPF frequency was also the highest in winterwinter, whereas

it was the lowest in summer. The lowest NPF frequency in summer was also observed in SkanrghaiShanghai.!®- In Chacaltaya, however, the

NPF frequency was found to be the highest in summersummer. whereas the lowest in wirterwinter.?'- Similarly, in HyytiataHyytiala. the NPF

event was often found to be the lowest in winterwinter.52-54-
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3—._FFhe—frequeneyrequency of NPF days and undefined days during each month in urban Beijing for the years 2018 (this study),
20082008.17- and 20042004, 18- respectively. Black, greygray. and blue colors indicate the frequencies of NPF days for the years 62004,
26682008, and 2018, respectively. White color indicates the frequencies of undefined days. Note that the year 6~2004 is from March 2004
to February 2005 as reported by Wu et al.16:

Similar to the observed variation of the NPF frequency in urban Beijing, the formation rate of 1.5 nm particles was much higher in winter
than that in summer (Figure 4a). The seasonal cycle of formation rates is consistent with that observed previously in BeijingBeijing., 1617+
although J3 rather than J; 5 was reported in those studies. The formation rate of 1.5 nm particles was also found to be the lowest in summer
in Shangh—a+Shanghai.15: In Hyytigta;Hyytiala, however, Jq 5 was estimated to be slightly higher in summer than in other seasons (although

J1 5 was estimated from a parametrization assuming heteromolecular nucleation between HoSO4 and oxidized efgeﬁ-'res-)organics).53r
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4—. Seasonal variations of (a) the formation rate of 1.5 nm particles (J/; 5), (b) the H,SO4 concentration during NPF periods and non-NPF
periods, (c) the condensation sink (CS) during NPF periods and non-NPF periedsperiods, and (d) ambient temperature. Seteree-The
colored and white box in (b) and (c) represent values during NPF periods and non-NPF periods, respectively. The bottom and top edges of
the box indicate the 25th and 75th percentiles, respectively. The black line inside the box represents mean values. The circles and triangles
indicate median values. CS values are the average during the NPF period on NPF days or 9:66-16:669:00-16:00 on non-NPF days. Daily
maximum values of J; 5, HoSO,4 concentration (both on NPF days and non-NPF days), and temperature are used in (a), (b), and (d),

respectively.

The seasonal variationvariations of the HoSO4 concentration and CS in urban Beijing are very different from those of the NPF frequency
and J4 5. The HySO4 concentration showed no obvious difference during NPF periods and non-NPF periods (Figure 4b). Instead, the daily
maximum HySO4 concentration was slightly higher in summer than that in winter. The seasonal variation of the HoSO4 concentration is
different from those observed in Shanghai and HyytiataHyytiala, where HoSO4 concentration was high in winter'® and sprirgspring.23;
respectively. In addition, CS showed no remarkable seasonal variation during the NPF periods in urban Beijing (Figure 4c). This is similar to
observations made in ShanghaiShanghai.!5- The median value of CS during the NPF periods in urban Beijing was ~8-049~0.019 g ait
approximately 3 times lower than the median CS value during non-NPF days {~0-657(~0.057 s._*l), further confirming that high pre-existing

aerosols are able to suppress the occurrence of NPFNPF.11-

Interestingly, the ambient temperature had an opposite seasonal cycle to that of the NPF frequency and J4 5 in urban Beijing. Similar to

other places, the ambient temperature in urban Beijing was the highest in summer and the-lowest in winter (Figure 4d).



To explain the observed seasonal variation of J; 5, we investigated the seasonal variation of the indicator / The seasonal variation of the
indicator /generally agreed with that of J; 5 (see FigureFigures 4a and Figure-5). This indicator is a function of the HoSO,4 concentration,
CS, and ambient temperature. Comparing / values estimated using both the measured temperatures and a constant temperature (275 K)
during NPF periods, we found that the seasonal variation of the indicator /was mainly attributed to the seasonal variation of the ambient

temperature (Figure 5).
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5—. Seasonal variations of the indicator, / estimated at a constant ambient temperature of 275 K and the measured ambient temperature
during NPF periods, respectively. The bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The black line
inside the box represents the mean values. The dot and square markers indicate median values. Daily maximum values for /are used in this

figure.

Based on the behavior of / it seems likely that the seasonal variation of J4 5 in urban Beijing was mainly driven by the seasonal variation of
ambient temperature. HSO4-amine nucleation governs new particle formation in urban Beﬁmgmjmf“v“o#he—Mevaporation rate of
(H2SO4)1(amine)q clusters is a function of temperature (see Eqtationegs S3 and Eguation-S4 in the Sl). In summer, the evaporation rate
was the highest, whereas the ratio {/)(n) of the (H2SO4)4(amine)4 cluster concentration to the total HoSO4 monomer concentration was the
lowest (Figure S4 in the SI). The low values of fn indicate that although the HoSO4 monomer concentration was high and CS was low in
summer, it was still difficult for aan NPF event to occur due to a high evaporation rate of HoSO4-amine clusters. Previous chamber studies
reported that HySO4-amine nucleation is rather insensitive to the temperature at high amine eoneentrationsconcentrations.5%- However, the
above evigdeneesevidence and analysis in urban Beijing indicates that the temperature should be taken into aeeeunt;account because amine

concentrations in urban Beijing are not high enough to make the formation rate of 1.5 nm particles insensitive to cluster

evaperationevaporation.24-

Note that when estimating the values of /in Figure 5, a constant amine concentration of 2.7 ppt was usedused.2440- When including the

variations of amine concentration during the five-renth-meausement;5-month measurement, ambient temperature still remained the main

factor governing the seasonal variation of /values (see Figure S5 and related discussions in the Sl). Nevertheless, long-term measurements
of amines and other gaseous precursors are needed to further evaluate their contributions to the observed seasonal variations. Different
from urban Beijing, the seasonal variation of the new particle formation rate in HyytigtaéHyytiala was reported to be strongly related to the
concentration variations of HySO4 and erganies-ecempetnesorganic comgounds.45.—Evideﬁees Evidence from previous chamber studies and
ambient measurements indicate that the nucleation process of HoSO4 molecules and oxidized organics are able to explain new particle
formation in HyytiataHyytiala.56-58. The differences in nucleation mechanisms and the governing factors possibly lead to the observed

different seasonal variations of NPF frequency and formation rate in different places.
3.3—._Seasonal variationsVariations of groewthrateGrowth Rate in urbanUrban Beijing

Despite the clear seasonal variations in the NPF frequency and J; 5 in urban Beijing, the observed GRs in various size ranges were
generally within the same range for all of the four seasons (Figure 6). Previous studies also reported no significant seasonal variations in
the growth rate of nucleation mode parﬂe&eegarticles.mv”r Here, we further showed that the growth rates of sub-3 nm particles in four
seasons are in thea similar range, though with some variations. Similar to Beijing, the observed GR in Shanghai showed no clear seasonal

variation, although the observed GR in Shanghai was higher than that in BeijingBeijing. !5 In HyytiétasHyytiala, the observed GR was often



found to be the highest in summer, which is most likely related to the high abundance of biogenic volatile organic compounds at that time of
the yearyear.*>- It is interesting to point out thatthe GR increases with an increasing particle size in urban Beijing, as reported
p'I‘EV'iGU'S'I'ereViOUS|y.4OT A similar feature has been observed in a number of other sites as well, such as HyytigtaHyytiala 41,—Sheﬁg-ha+
Shanghai.'®; Po ValleyValley.*8 and CheaealtayaChacaltaya.5'- This has been suggested to be caused by a reduced Kelvin effect with an

increasing particle sizesize.%9-
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6—. Seasonal variations of the growth rates in various size ranges on NPF days. The bottom and top edges of the box indicate the 25th and

75th percentiles, respectively. The black line inside the box represents the mean values. The square markers indicate median values.

For all four seasons in urban Beijing, the condensation of HoSO4 and (HpSOg4)np(amine)n, clusters tr(n << 4) eentributecontributes
significantly to the observed GR of sub-3 nm particles with their minor seasonal variations (Figure 7a). Assuming kinetic condensation, the
growth rate due to the condensation of HySO4 and its clusters (GRggjculated) €an be calculated as a function of particle size®0 (see the Sl
for details). As shown in Figure 7a, the ratios of the calculated GR4.3 over the observed GR4.31_3 in all four seasons are close to 1,
indicating that the condensation of HoSO4 and its clusters eentribtitecontributes significantly to the growth of particles in the sub-3 nm size
range. These ratios are generally in the same range, though with some seasonal variations possibly related to the abundance of HySO4
and its clusters in different seasons (Figure 4b) and the variations in the observed GR4-31_3 (Figure 6). The yearly data in urban Beijing
also supports that the condensation of HoSO4 and stabilized HoSO4-base clusters eontributecontributes significantly to the measured GR
for sub-3 nm particles (Figure S6a in the SI). This was observed in Shanghai'® and in some controlled chamber conditions2® as well. Note
that there are uncertainties in both the calculated GR and the observed GR, especially in the sub-3 nm size range. For instance, the

observed GR in the sub-3 nm size range is influenced by the estimation methed;—anra-thusmethod and, thus, has an impact on the ratios of

the calculated GR+-31_3 over the observed GR4-31_3. As shown in Figure S6b, a recently corrected appearance time method?! gave higher

values of the observed GR4-31_3 than the log-normal distribution function metroe—ane-thttsmethod and, thus, lower ratios. Nevertheless,

results from both methods support that the condensation of HySO4 and its clusters eentribttecontributes significantly to the growth of

particles in the sub-3 nm size range.
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7—. RThe—ratio-atio of the calculated growth rate (GRcg|culateq) OVer the observed growth rate (GRgpserved) in four seasons for various size

ranges: (a) +5—31.5-3 nm, (b) 3—#3=-7 nm, (c) 7—+5—+nm7=15 nm, and (d) $5—25-15-25 nm. GR¢gjculated €Stimated using the

condensation of HySO4 and (H2SO4)np(amine)n, clusters {r(n << 4). The geometric mean value of GR¢a|culated in €ach size rage was used

to calculate the ratio of GR¢gculated/GRobserved- The bottom and top edges of the box indicate the 25th and 75th percentiles, respectively.



The black line inside the box represents the mean values. The dot markers indicate median values.

For all of the four seasons in urban Beijing, however, the condensation of HoSO4 and its clusters is less important for the growth rate of
particles larger than 3 nm (Figure 7b—e);b—d), indicating the contributions of other species. In all seasons, the ratios of the calculated GR
over the observed GR decreased as the particle size increased and are less than 25% for particles greater than 7 nm. Similar to the
observed GR, there is no strong seasonal variations in these ratios. Other species, such as extremely low and low volatile compounds,
ammonium and nitric acid, possibly contribute to the growth of these larger p&rﬁ&esgarticles.“or In Hyytigta;Hyytiala, for instance, extremely
low-volatility organic compounds were found to be sufficient to explain the observed GR in larger size rangesranges.?’- As indicated byin
Figures 6 and 7, their total contribution to the observed GR in urban Beijing has no significant seasonal variaiter-variation. To further
investigate these gas species and their contributions, revealing that the chemical compositions of nanoparticles as they grow will be very
helpful. Instruments such as the thermal desorption chemical ionization mass spectrometer (TDCIMS)8? will be needed to directly measure
the compositions of nanoparticles in this size range. It is also crucial to further understand the formation and physicochemical properties of

low-volatility gas precursors (in addition to HoSO4 and its clusters).

With the measurement of aerosol size distributions down to ~4~1 nm, sulfuric acid, amines, and their clusters, we addressed the seasonal
characteristics of new particle formation and its governing factors in the urban environment of Beijing. In contrast to the negligible influence

of temperature on the HySO4-amine nucleation in chamber studies at high amine eereentrationsconcentrations 55_ a strong temperature

effect was observed under atmospheric conditions in urban Beijing. tew-atmespherie-Low-atmospheric temperature favors the stability of
HyS0O4-amine elusters;—ane-thusclusters and, thus, the formation of new particles. Accordingly, the formation of 1.5 nm particles in urban

Beijing showed a clear seasonal variation with maxima in winter and minima in summer. This may have implications on new particle
formation within the global range since both seasonal variations and vertical variations in atmospheric temperature occur throughout the
troposphere. Considering this effect in global models may lead to better estimate-estimation of the budget of atmospheric aerosols and their
impaetsimpacts.5- In contrast, the growth rates of both stb-3-sub-3 nm particles and larger particles showed little seasonal variation in urban
Beijing. While the condensation of HySO4 and HySOg4-amine clusters eentributecontributes significantly to the growth of stb—3-sub-3 nm
particles in urban Beijing, its contribution to the observed growth rates decreases rapdityrapidly as the particle size increases. This
emphasizes the need to search for other condensing species that account for the growth of larger particles. In addition, the strong
coagulation effect and the rich mixture of various gas precursors in the urban environment may have profound influences on particle

grewthgrowth, which need to be further addressed.
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1. Classification of NPF days, non-NPF days and undefined days

A typical NPF day is characterized as that there is a burst in the sub-3 nm particle number
concentration (Nsub-3) and subsequent growth of these newly formed particles (usually lasts for
several hours), e.g., the event shown in Fig. S1(a). If the burst of sub-3 nm particles is not
followed by further particle growth, the day is classified as an undefined day (e.g., Fig. S1(b)).
When neither the burst of sub-3 nm particles nor the subsequent growth of newly formed
particles were observed, it was classified into a non-NPF day (e.g., Fig. S1(c)).
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Figure S1. Typical particle size distributions of (a) a NPF day (Feb. 12, 2018), (b) an undefined
day (Oct. 31, 2018), and (c) a non-NPF day (Nov. 26, 2018). The colored pixels represent
aerosol number size distribution functions, dV/dlogdp.
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Figure S2. Lognormal fitting for estimating the observed growth rate on a NPF day (Feb. 14,
2018). Black dots are the representative diameter obtained through lognormal fitting to the
measured aerosol size distributions during NPF periods. Black lines are obtained by linearly
fitting the black dots. GR is calculated as the slope of the fitted black line, i.e., the gradient of the
representative diameter as a function of time.
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2. Calculation of the condensation sink
The condensation sink (CS) characterizes the condensing vapor sink caused by pre-existing
aerosols and can be calculated using the method reported in Kulmala et al.!,

CS = 27D Z BaydpNa, (S1)
dp

where D is the diffusion coefficient of H>SO4, m?:s°!; dj, is the particle geometric mean diameter
for the size bin, m; Ndp is the concentration of particles in the size bin, m™; By, is the

transition-regime correction factor?,

_ 1+K, (S2)
1+ 1.677K, + 1.333K,*

Bm

where K is the Knudsen number, K;,, = 21/d,,.
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Figure S3. The formation rate of 1.5 nm particles estimated using two formulae, i.e., J15,c and
Jis,k were estimated using the equation (1) in Cai and Jiang? and the equation (10) in Kulmala et
al.!, respectively. Note that the formula in Kulmala et al.! was often used by previous studies to
estimate the formation rate in urban Beijing* 3.

3. The indicator 7 for H>SO4-amine nucleation

Derived from the kinetic model®, [ is an indicator to predict the occurrence of NPF dominated by
H>SO4-amine nucleation. It is a simplified form of the modeled formation rate of H2SO4
tetramers (see the SI in Cai et al.%). Reasonable approximations were made when deriving this
indicator. Due to these approximations, / can be considered as an empirical indicator instead of
the simulated formation rate. In urban Beijing, NPF days and non-NPF days can be well
distinguished using this indicator®.
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When estimating / using Eq. (2), the evaporation rate of (H2SO4)1(amine); cluster, y, can be
estimated from the collision rates and the Gibbs free energy of (H2SO4)1(amine); formation® 7,

® S3
Y (T) = ﬁAlBJ’ exp {Ame,AlB1 (T)} (S3)

k,T RT

where y(T) is the evaporate rate, s™'; S g, is the collision rate between the HxSO4 molecule and

the amine molecule, cm™-s”!; p is the atmospheric pressure, Pa; ky is the Boltzmann constant,
J-K-!; T'is the atmospheric temperature, K; R is the ideal gas constant, J-mol!-K-!;

AtGipoa,B 16 (T) is the molar Gibbs free energy of (H2SO4)1(amine); formation at temperature 7,

J-mol'!. It can be calculated from the standard molar free energy of formation of
(H2SO4)1(amine); at 298.15 K as shown in Eq. S4,

A¢Grma, B, °(T) A¢Grya, B, O(Ty) TAH,® (S4)
T = T — dTr
0

To

where T0=298.15 K; Amee is the standard molar enthalpy of formation of (H2SO4)1(amine);,
J-mol™; A¢Gpya,p 19(T0) is assumed to be -14.0 kcal-mol™! in this study, which is fitted to the
measured data in urban Beijing in a previous study®. Note that although this value is close to the
latest quantum chemistry calculation results®, there might be noticeable uncertainties in the
calculated evaporation rates when T > 300 K because of lacking experimental data.

When estimating £ and CS needed in Eq. (3) to calculate #, the enhancement factors of
coagulation due to van der Waals forces were taken into account. They were estimated using the
method from Chan and Mozurkewich®, which includes the effect of enhanced collision rates
through van der Waals forces!® !!. The Hamaker constant was assumed to be 6.4x10-20 J'2. The
enhancement factors for  and CS were estimated to be 2.3 and 1.3, respectively. The value of
2.3 has been shown to be consistent with the results obtained using atomistic simulation'?.
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Figure S4. The evaporation rate (left) and the ratio of the (H2SO4)1(amine); cluster concentration
to the total H>SO4 monomer concentration, #, as a function of atmospheric temperature in
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various seasons. Blue cross, green asterisk, red circle, and black dot markers represent data in
winter, spring, summer, and autumn, respectively.

4. The influence of seasonal variations of amine concentration

A broad range of amines were measured using a modified Aerodyne high resolution time-of-
flight chemical ionization mass spectrometer (HR-ToF-CIMS)!“. It also measures ammonia and
amides. The ion chemistry is based on the proton-transfer reaction (PTR) between
amines/ammonia and hydronium ions (H3O**(H20)u-0,1...). The construction, operation, and
calibration of the instrument have been previously reported!*. The concentrations of ammonia,
three most abundant amines (methylamine (MA), dimethylamine (DMA), and trimethylamine
(TMA)) and two amides were calibrated using a temperature-controlled U-shaped glass tube and
the corresponding commercial permeation tubes. Note that the measured concentration of
C2-amines was assumed to be the DMA concentration, which is most likely dominating in urban
atmospheric environment over its isomer, ethylamine!'?.

Atmospheric amine concentrations in urban Beijing have not been reported before, and
observations of amine concentrations are also limited in other atmospheric environments around
the world'®2°, In our studies, the concentrations of amines were continuously measured for
approximately 5 months. DMA was the most abundant one, with a median concentration of 2.7
ppt. Due to its abundancy and strong ability to stabilize H2SO4 clusters, DMA was shown to be
the major stabilizing species in urban Beijing®. Hence, when estimating the indicator 7, “amine”
represents DMA and its concentration was set to be the median value of 2.7 ppt.

If we categorized five-month data into different seasons, the median DMA concentration in
autumn (Oct. 24, 2018 — Nov. 30, 2018), winter (Dec. 1, 2018 — Feb. 28, 2019) and spring (Mar.
1,2019 — Mar. 13, 2019) were ~4.1, 1.5, and 0.7 ppt, respectively. The range of 0.7-4.1 ppt was
used to test the influence of amine concentration on the value of /. As shown in Fig. S5, the
influence of amine concentration on / is less significant than ambient temperature.

10% g
10° ,

® measured T
m constant T, 275 K

Winter Spring | Summer | Autumn

Figure S5. Seasonal variations of the indicator, /, estimated at a constant ambient temperature of
275 K and the measured ambient temperature during NPF periods, respectively. Daily maximum
values for / were used in this figure. The bottom and top edges of the box indicate the 25th and

75th percentiles, respectively. The black line inside the box represents the mean values. The dot,
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triangle and square markers indicate median values. The light blue shadow area represents the
variation range of / values estimated with the amine concentration in the range of 0.7-4.1 ppt.

5. Calculation of the calculated growth rate due to H2SO4 and clusters condensation

The growth rate due to the condensation of species (H2SO4and (H2SO4)n(amine), clusters (n <
4)) can be calculated using the following equation,

GR = keouCo[(d,° + d,>)3 — dy)| (S5)

where dp, and dy represent the particle and vapor diameter, respectively, m; kcon represents the
kinetic collision coefficient between particle and vapor, m3-s™'; Vs is the volume of vapor
molecule, m?; Cy is the concentration of condensing species, m™. The concentrations of
(H2SO4)n(amine), clusters (n < 4) are derived using the simplified kinetic model in Cai et al.°.
The accommodation coefficient is assumed to be unity. A collision enhancement of neutral

vapors and particles due to attractive London-van-der-Waals forces is used when estimating kcol”
1

b

2 (S6)
ky ki
keou(dyrdy) = ki | |1+ (E> N
where kx and kp are the kinetic collision rates for the free molecule and continuum regime,
respectively, and can be calculated as follows,
1 1
y n(d v a )z(gkr>§ 1,1V, (S7)
=5 — ) |—+— 0o
kp = 2n(d, + d,)(D, + D,)E(0) (S8)

where my and m, are the mass of the single condensing species and particle, respectively, kg; Dy
and D,, are diffusion coefficient of condensing species and particles, respectively, m?-s™!. E(c0)
and E(0) are collision enhancement factors due to London-van-der-Waals forces and can be
found in Chan and Mozurkewich’.
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Figure S6. The ratio of the calculated growth rate (GRcaicutated) Over the observed growth rate
(GRobserved) 1n various size range during these measurement periods. GRobserved reported in (a) was
estimated using the log-normal distribution function method. GRobserved reported in (b) was
estimated using the corrected appearance time method?! in (b), respectively. Their differences
indicate the influences in the observed GR caused by the estimation methods. GRecalculated
estimated using the condensation of H>SO4 and (H2SO4)n(amine), clusters (n < 4). The geometric
mean value of GRealculated in €ach size rage was used to calculate the ratio of GRealcutated/ GRobserved-
The bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The
black line inside the box represents the mean values. The dot and square markers indicate median
values.
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