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Abstract

The new particle formation (NPF) effect on cloud condensation nuclei (CCN) varies widely in diverse environment.
The CCN or cloud droplet from NPF sources remains highly uncertain in urban atmosphere which are greatly affected by
the high background aerosols and frequent local emissions. In this study, we quantified the NPF effect on cloud droplet
number concentration (CDNC, or Ny) at typical updraft velocities (¥) in clouds based on field observations on May
25-June 18, 2017 in urban Beijing. We show that the NPF increases the Ny by 32-40% at V= 0.3-3 m s’ during the
studied period. The Ny is reduced by 11.8+5.0% at V=3 m s™! and 19.044.5% at ¥=0.3 m s*' compared to that calculated
from constant supersaturations due to the water vapor competition effect, which suppress the cloud droplet formation by
decreasing the environmental maximum supersaturation (Sy.). The effect of water vapor competition becomes smaller at
larger V that can provide more sufficient water vapor. However, under extremely high aerosol particle number
concentrations, the effect of water vapor competition becomes more pronounced. As a result, although a larger increase
of CCN-size particles by NPF event is derived on clean NPF day when the number concentration of pre-existing
background aerosol particles is very low, no large discrepancy is presented in the enhancement of Ns by NPF between the
clean and polluted NPF day. We finally reveal a considerable impact of the primary sources on the evaluation of the NPF
contribution to Nccy and Ng based on a case study. Our study highlights the importance of fully consideration of both the
environmental meteorological conditions and multiple sources (i.e. secondary and primary) to evaluate the NPF effect on

clouds and the associated climate effects in polluted regions.
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1 Introduction

In the global climate system, aerosols, cloud condensation nuclei (CCN) and cloud droplets are very important
components. Clouds, serving as a bridge connecting aerosols and climate, are the most uncertain factor of climate change
(IPCC, 2013; Seinfeld et al., 2016; Cai et al., 2020). The microphysical link between aerosols and clouds as the most
important part has received extensive attention. Cloud droplet activation is a key process from aerosol to clouds, and
researchers have tried to simulate the microphysical processes by using numerical activation models (e.g. Boucher and
Lohmann, 1995; Abdul-Razzak et al., 1998; Ghan et al., 1993; Khvorostyanov and Curry, 1999; Abdul-Razzak and Ghan.,
2000; Nenes et al., 2001, 2003; Petters et al., 2007; Ren et al., 2018; Genz et al., 2020).

New particle formation events (NPF) have been observed and occurred frequently in different atmospheric
environments in the world (Spracklen et al., 2010; Yue et al., 2011; Peng et al., 2017; Kerminen et al., 2018; Bousiotis
et al., 2019; Zimmerman et al., 2020). The NPF events was one of the most significant sources of fine particles in the
atmosphere (Shi et al., 1999; Stanier et al., 2004; Kulmala and Kerminen, 2008). For example, it has been found that the
NPF contributed about 76% of the total fine particle number concentrations in urban Beijing (Wu et al., 2011). These
nucleated particles subsequently grow through coagulation or condensation processes to CCN-relevant sizes, or act as
CCN in convective clouds (Fan et al., 2013; Li et al., 2010). In reality, the field studies have shown that these fine
particles produced from NPF can subsequently turn into an enhancement in Nccwy at cloud-relevant supersaturation
(Kalkavouras et al., 2017; Peng et al., 2014; Wu et al., 2015; Ma et al., 2016; Li et al., 2017; Zhang et al., 2019). It was
estimated that up to 80% of CCN number concentration (Nccy) is from the nucleation process in urban Beijing
(Wiedensohler et al., 2008).

However, the Ncen only reflects the cloud forming potential of aerosol particles at a given supersaturation. The
measurement of CCN is usually carried out at constant supersaturations. Different from the prescribed supersaturation
used in the evaluation of Nccy, when calculating the cloud droplet number concentration (CDNC, or Ng), researchers
considered the dynamic situations in clouds. In clouds, the supersaturation exhibits variable levels that instantaneously
adjust to the intensity of cloud updrafts and the particle number size distribution (PNSD) (Nenes et al., 2003; Hudson et
al., 2015). So the CDNC, (or Ny) depends on the size distribution, chemical properties of aerosol and the cloud updraft
velocity, all of which regulate the maximum supersaturation (Snax) that can be formed in a cloud parcel (Nenes and
Seinfeld, 2003). Studies have shown that the CDNC in clouds exhibits a sublinear relationship to aerosol number
concentration (Ncy) (Twomey, 1977; Leaitch et al., 1986; Ghan et al., 1993; Boucher and Lohmann, 1995; Nenes et al.,
2001; Ramanathan et al., 2001; Sullivan et al., 2016), this is different from CCN due to the limitation of the water vapor
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in the actual environment. Using the prescribed supersaturation to calculate CDNC may therefore provide a bias on
evaluation the aerosol indirect effect. For example, Kalkavouras et al. (2017, 2019) reported an average 12%
enhancement of CDNC during two consecutive NPF episodes in the eastern Mediterranean, which was significantly
smaller than the enhancement of Nccy (~87%) during the NPF events. Hence, it is critical to fully consider the
background meteorological conditions (e.g. using dynamic water vapor under different updraft velocities) to simulate the
Smax Wwhen evaluating the effect of NPF on clouds and the associated climate effects.

Relevant studies have been carried out in clean regions, but fewer in polluted urban areas. While field studies have
shown that NPF events can occur frequently in polluted urban sites although the high concentration of background
particles are not conducive to the generation of new particles (Wu et al., 2011; Peng et al., 2014; Zimmerman et al., 2020),
and the formation and growth rate of new particles may be larger than that of relatively clean atmosphere. Wiedensohler
et al. (2012) found that, under the high concentration levels of gaseous pollutants and strong oxidation in polluted area,
the high concentration of nanoparticles generated by NPF events can rapidly grow to tens or even hundreds of
nanometers in a few hours. Zhang et al. (2019) observed the subsequent growth of newly formed particles can last 2-3
days in urban Beijing, producing more CCN-sized particles. Previous studies in polluted regions demonstrated the
complex and non-linear relationship between aerosol particles and CCN due to multiple emission sources (Zhang et al.,
2014, 2016, 2017, 2019; Ren et al., 2018; Fan et al., 2020), highlighting the importance of understanding of the
connections between aerosols and CCN or cloud droplet close to the source regions. Particularly, owing to the extremely
high CN number concentrations (with order of magnitude as high as 10* or even 10° cm™) during NPF events in urban
area, the effect of competition for water vapor and reduction in cloud supersaturation is expected to be more exacerbated.

The current study quantifies the contribution of NPF to Nccy and CDNC in the polluted urban atmosphere of Beijing
using field measurements of aerosol number size distributions and chemical composition. The effect of water vapor
competition on evaluating Ny during NPF events is examined. The impact of the background pre-existing particles on the
enhancement of CCN and CDNC is also discussed by contrasting the results on typical “clean” NPF day and “polluted”
NPF day. Given the strong local primary sources like traffic emissions in urban area, a case study is conducted to

investigate the impact of primary emissions on the evaluation of NPF effect on N,.



85

90

95

100

105

2 Methodology

2.1 Site and experiment

A field campaign was conducted from May 25, 2017 to June 18, 2017 at the Institute of Atmospheric Physics (IAP),
Chinese Academy of Sciences (39.98° N, 116.39° E) for measurements of acrosol physical and chemical properties. The
IAP located between the north Third Ring Road and Fourth Ring Road in northern Beijing, which is a typical urban
background site, mainly affected by traffic and cooking emissions. Beijing is hot in summer with high ambient relative
humidity, which is conductive to generate atmospheric convection and reduce the high background aerosol condensation
sink. The radiation in summer is stronger than other seasons, which promotes the generation of nucleated particles.
Besides, local sources from traffic and cooking emissions, which may contribute many CCN size-relevant particles, can
be important at the site (Sun et al., 2015). The instruments during the campaign were deployed in a container at ground
level (~8 m on a meteorological tower).

The number size distribution of particles in the size range from 10 to 550 nm (scanned range) were measured with
time resolution of 5 minutes by a scanning mobility particle sizer (SMPS; Wang and Flagan, 1990; Collins et al., 2002),
which consists of a differential mobility analyzer (DMA, model 3081L, TSI Inc.) to classify particles with different sizes
of particles, and a condensation particle counter (CPC, model 3772, TSI Inc.) to detect the size-classified particles. The
sampled particles were dried to a relative humidity < 30% before entering the DMA. The non-refractory chemical
composition of PM; is measured by an Aerosol Chemical Speciation Monitor (ACSM), which consists of an aerodynamic
lens to efficiently sample and focus submicron particles into the ACSM (Ng et al. 2011). Before sampling into the ACSM,
aerosol particles are dried by silica gel desiccant. The ACSM was operated at a time resolution of 15 min. And the
non-refractory chemical components that can be measured mainly include organics, sulfate salts (SO4*), nitrate salts
(NO3Y), ammonium (NH4"), and chloride (CI") (Ng et al. 2011). The refractory components mainly include black carbon

(BC), and the BC mass concentration was measured using a seven-wavelength aecthalometer (AE33, Magee Scientific

Corp) .

2.2 Calculation of Nccy

According to the hygroscopic growth process of particles described by Kohler theory (Kohler, 1936), the particles

with the dry particle diameter (D) larger than the critical dry particle diameter (D) can be activated to form a cloud
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droplet. In this study, the x-Kohler theory (Petters and Kreidenweis, 2007), which simply describe the approximate

relationship between the D. with the critical supersaturation (Sc), is applied as follows, when x> 0.1:

2 _ doyM,,
27D3n3s,’ RTp,,

(1
where M, is the molecular weight of water (M., = 0.018015 kg mol '), p. is the density of water (p.= 997.1 kg m),
T is the parcel temperature (7'= 298.15 K), where oy, is the droplet surface tension at the point of activation (g, = 0.072 J
m?) and R is the universal gas constant (R = 8.315 J K-! mol!). x is a hygroscopic parameter which depends on the
chemical composition of the particle. In this study, based on the assumption that particles are internally mixed and their
chemical composition will not be impacted by changes in particle size, we derived the x with a simple mixing rule on the
basis of chemical volume fractions (Petters and Kreidenweis, 2007; Gunthe et al., 2009). We used ACSM data, combined
with the positive matrix factorization (PMF) analysis data to calculate the volume fraction of organic and inorganic,
according to the following equation:
Kehem™  ;€iKi (2)
where «; and ¢; are the hygroscopic parameter and volume fraction for each individual (dry) component in the
mixture, respectively. The x value and density (p) of each species used in the calculation are given in Table 1, which is
referred from Petters and Kreidenweis (2007) and Topping (2005):

Table 1. Densities of different chemical species and their x measured by the laboratory

Species NH4NO3 (NH4)2S04 NH4HSO4 H>S04 POA* SOA* BC
p (kg m-3) 1720 1769 1780 1830 1000 1400 1700
K 0.58 0.48 0.56 1.19 0 0.09 0

POA* refers to primary organic aerosol and SOA* refers to secondary organic aerosol
In the Eq. (1), the corresponding D. can be obtained from a given Sc, and all particles with diameters larger than D,

can be activated. So the Ncewn can be calculated by integrating the PNSD from D. to the largest particle size measured:
550
CCN(D.)= [ n(logD,)dlogD, 3)

where n(logD,) is the particle number that correspond to each particle size bin dlogD, in the aerosol number size

distribution.
2.3 Calculation of N,

The Ns depends on the Su. that can be formed in adiabatic ascending clouds. And this “cloud-relevant”
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supersaturation varies at different updraft velocity. A global scheme of cloud droplet parameterization has been
established and developed for the calculation of the Ng and Syax (Nenes and Seinfeld, 2001, 2003; Fountoukis and Nenes,
2005). In this study, the Snax was calculated from an equation that expresses the water vapor balance in adiabatic

ascending cloud (Nenes and Seinfeld., 2003):
S arys 4)
where o and y are two coefficients can be calculated by meteorological constants, the product of a and V expresses

. . S . . d .
the increase of supersaturation due to the adiabatic cooling of the parcel, while the 7? denotes the water condensation

. o L . o d
rate during the aerosol activation and subsequent growth processes. which is shown in detail in Eq (5). And the i

express the growth rate of supersaturation, when it is equal to 0, the supersaturation reaches the maximum value.

do_z,  Sppds
e 2" 0P gy

nS(S)dS' 5)
where is the density of water.  (S')dS’ is the number concentration of particles activated between S’ and S’ +
ds.

Nenes et al. (2001) used a sectional representation of the CCN spectrum (i.e. particle number supersaturation
distribution n*(s')) and total number of particles with S. smaller than S, F5(S), which is given by
FSS)= " n5(S)ds’ (6)
Where the S. is the supersaturation in the environment, the #5(S’) in Eq. (6) represents the number concentration of
particles activated between S’ and S’ + dS’ in CCN spectrum. The F5(S,) can be calculated by the integration of n5(S")
from the lower limit 0 to upper limit S. If the Sy is known, the activated Ny can be calculated from Eq. (7), as
Ny=F5(S,100) (7
In this study, we used the PNSD, chemical components, and empirical values of cloud updraft velocity to determine
the Smax and Ny during NPF days in urban Beijing. Owing to that the direct measurement of cloud-scale updraft velocity
in the atmosphere is almost impossible, the prescribed updraft velocity used in this study is referred from previous studies.
Generally, the updraft velocities are reported very small (Martin et al., 1994) and range from 0.1 to 1.0 m s in
stratocumulus and cumulus clouds in remote or marine boundary layer (Meskhidze et al., 2005; Morales et al., 2010).
The vertical updraft velocities were derived varying from 0.3 to 3 m s (Zheng et al., 2015), which are typical for

cumulus and convective clouds in summer of north China and thus was selected and applied in this study.



165

170

175

180

185

2.4 Method for calculating the contribution of NPF to Nccv and Ny

The increment of Nccy or Naby the NPF (ANcey or ANg) is usually quantified by comparing the Ncen or Ng prior and
after the NPF event (Peng et al., 2014; Wu et al., 2015; Ma et al., 2016; Ren et al., 2018; Zhang et al., 2019; Fan et al.,
2020). In this study, the Ncen or Ny prior the NPF event was determined as two-hours average of Nccwy or Na before the
burst of newly formed nucleated particles. And the Ncen and Ny after the NPF event was calculated as the average of
Nccy or Ny from begin to the end of the NPF impact the Nccy or Na. So it is critical to determine when a NPF event start
and end, or when a NPF begins and ends the impact on the Nccwn or M.

Generally, the burst in the nucleation mode particles symbolizes the beginning of an NPF event. Here, the moment
when a half-hour concentration of the nucleation-mode particles suddenly increases with order of magnitude as high as
~10* cm? during NPF cases was defined as t,,,. The end time of an NPF event, ¢,,,, is defined by the moment when the
half-hour concentrations of nucleated particle is lower than that at #£,,,.

Since there need some time for the newly formed nucleated particles to grow to sufficient size to act as CCN, the
Ncen would not be enhanced as soon as new particles are generated. To determine the time that NPF begins and end the
impact on the Nccw, denoted as g, ccy and f,,,ccy respectively, the time series of Nccy was firstly divided by the
Ncey at ty,, at each prescribed supersaturation, to derive the normalized time series of Nccw, denoted as R,. The

equation is written as follows,

CCNy

R =
CCNS t5tart

®)

where S represents the supersaturation. Before the new particles reaches a large enough size to impact Nccwn, the
variations of Rs should remain constant for different supersaturations if the concentrations of the background or pre-exist
aerosols changes insignificant. And at fy,,ccy Wwhen NPF begin to impact the Nccw, an apparent increase in Rs is
observed by taking the observation on June 11 as an example (Fig. 1a). Also, due to the heterogenous composition and
distinct CCN activity of the newly formed particles (Duan et al., 2018; Ren et al., 2018; Zhang et al., 2019; Tao et al.,
2021), a parameter, Rp, which was calculated with the relative standard deviation of the Rs of different supersaturations at
a given time, is applied to fix the fy,;ccy and #.,4ccn- Then the fguccy and t,,4ccy correspond to the moments
when the Rp starts to increase and back to nearly zero (Fig. 1b) respectively between the ¢, and t,,;. The same
method is used to determine the time that NPF begins and ends the impact on the Na, which are denoted as 74y, and
t.ay, Tespectively (Fig. 1d, e). More details about the method can be found in Kalkavouras et al. (2019). As shown in Fig.
1, it is clearly that both the Nccy and Nu exhibits large increase in the NPF-impacted time zone between f,,, ccy and

tena,con (Fig. 1c), and between fy,n, and 1, (Fig. 11). The average time lag between £y, and fy,.y, was about 3-5

7
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hours which is shortened by 50% compared to that reported by Kalkavouras et al. (2019). This case on 11 June was not

an individual case, and similar patterns are also shown on other NPF days during the campaign (Fig. S3-S8).
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Figure 1. The diurnal evolution of (a) the Rs of Nccy at different supersaturations, (b) the relative dispersion of Rs, Rp,
for Ncewn at different supersaturations, (c) the calculated Nccy under different supersaturations, (d) the Rs of Nz under
updraft velocities from 0.3 to 3.0 m s™!, (¢) the Rp for Ny, and (f) the calculated N at updraft velocities of 0.3 and 2.1 m
s'on 11 June, 2017.

Note that this method is with an assumption of the unchanged background pre-exist aerosols during the NPF events,
without consideration of the impacts from local emission sources, and diurnal changes in the planetary boundary layer
(PBL). As shown in Fig. 2b, the time series of Ncn presents a baseline which indicates that concentrations of the
background aerosols on each of the 7 typical NPF day don’t vary much, the impact from the variation of background
aerosol particles thus should be insignificant. The impact of PBL is expected to be small when the growth of the newly
formed particles spans only a few hours. However, when the growth continues longer time to evening or at night which
may coincide with the period that the PBL height changes from high to low (Kerminen et al., 2012; Altstidter, et al.,
2015; Li et al., 2017), it will result in a larger Nccy and Ng, leading to an overestimation of the contribution of NPF to
Ncewn and Nga. A quantitative evaluation of such impact is difficult due to that the contemporary PBL data is not available.

Therefore, here we only investigate the impact of local emissions on the evaluation of NPF effect on N;based on a case

study.
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3 Results and discussion

3.1 Time series of observed NPF events and calculated Nccy and Ny
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Figure 2. Time series of (a) particle number size distribution (PNSD) (the selected 7 typical NPF events are marked in
pink shadow), (b) the total particle number concentration (Nwwi), (¢) CCN number concentration (Nccy), (d) cloud
droplets number concentration (Ny) and (e) the maximum supersaturation (Sua) from 25 May to 15 June 2017.

During the observed periods from 25 May to 15 June 2017, the NPF events occurred on most of days (~13 days)
(Fig. 2a). According to Dal et al. (2005) and Wu et al. (2015), a typical NPF event includes the sudden appearance and
continuous growth of particles smaller than 25 nm, and a “banana” shape can be seen on the particle number size
spectrum. While non-NPF events may also have sudden increases of fine particles at a short time scale (e.g. local sources
from vehicle or cooking emissions), but they do not show the “banana” shape. Therefore, those cases with typical
“banana” shape (7 NPF events in total), which presents a complete NPF evolution process from nucleation to subsequent
growth (not interrupted by meteorological conditions either), are selected for further study (marked in pink shadow in Fig.
2). Fig. 2b, ¢ and d present the time series of Ncn, Nccy and Ng. It exhibits that the NPF event drives the variation of Nccy
and Ny, showing that the occurrence of NPF events as an important source of CCN. The variation trend of Ncy is more
correlated with that of Nccy than Ny (also see Fig. 4, Table S5). This is because that the Nccv was calculated based on a

constant S rather than refer to the availability of water vapor, while the calculation of Ny is based on the Sy that can
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reach in the real atmosphere at a given updraft velocity. In the cloud, the change in the quantity of cloud particles can be
directly reflected by the change in Swax. As shown in Fig. 2e, the average Sna for the two vertical updraft velocity of
V=0.3 m s and V’=2.1 m s’! was calculated to be under 0.2% and 0.4%, varying largely with the variation of Ncy due to

the effect of water vapor competition, which will be discussed in Section 3.3.

3.2 Quantitative evaluation of the NPF impact on Nccv and Vg

Based on the method in Section 2.4, the contribution of the NPF to Nccy and Ny is calculated and shown in Fig. 3.
The results show that the Nccy is averagely increased by 32.0%, 43.0%, 53.0%, and 65.0% at S of 0.2%, 0.4%, 0.6% and
0.8% respectively during NPF events (Fig. 3b, ¢, Table S3), amounting to about 24%-37% of environment CCN at the
cloud-relevant supersaturation are directly originated from NPF during the studied period in urban Beijing. And the rest
(about 63-76%) of CCN are from the other sources or pre-existing particles, which is much larger than that derived in
remote Finokalia, Crete, Greece by Kalkavouras et al (2019). In other words, due to the higher background concentration

of aerosol particles in polluted urban area, the relative contribution of NPF to Nccy is more significant in remote clean
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Figure 3. Box diagram of the increment of (a) CCN number concentration Nccv (ANcew), (b) enhanced percentage of
Ncewn and (c) the contribution to total Nccy by NPF for different supersaturations (0.2%-0.8%), and (d) cloud droplet
number concentration Ns (ANg), (¢) enhanced percentage of Ny and (f) the contribution to total Ng by NPF under different
updraft velocities (0.3 m s'-3.0 m s™).

The estimated results of Ny for selected vertical updraft velocity are shown in Fig. 3d-f. Generally, the average Spax

10



245

250

255

260

265

270

was calculated to be under 0.4% and 0.2% for ¥=2.1 m s and V=0.3 m s’ respectively (Fig. 2¢), corresponding to
critical particle sizes (d.) of ~70 nm and ~110 nm. It means that most activated drops are from accumulation-mode
particles and larger particles in Aitken-mode. The large contribution of the Aitken-mode particles leads to large amount of
cloud droplets in urban Beijing, especially for high updraft velocity. Basically, the averaged ANg (increased by NPF) are
433,854, 1117, 1281, and 1523 cm™ at updraft velocities of 0.3, 0.9, 1.5, 2.1, and 3 m s™! respectively (Fig. 3d), which is
a much larger magnitude compared with that in the clean areas (Morales et al., 2014; Sullivan et al.,2016; Kalkavouras et
al., 2019). This is equal to that the Ny are enhanced by 32%, 37%, 38%, 38%, 40% at updraft velocities of 0.3, 0.9, 1.5,
2.1, and 3 m s™! respectively (Fig. 3e), suggesting that the higher cloud updraft velocity not only generates more cloud
droplets, but also induces larger enhancements in Ns. We also show that the NPF contributes about 30% to the total Ny
during the studied period in urban Beijing (Fig. 3f). And the rest (about 70%) of cloud droplet are from the other sources
or pre-existing particles. With the increase of the S, the percentages of NPF-initiated Nccy and the contributions of the
NPF to Nccw increased more significantly than that for Ng with the increase of V. In other words, the percentages of
NPF-initiated Ns and the contributions of the NPF to Ny are relatively independent on the variation of V. This is primarily
due to the water vapor competition effect under very high CN number concentrations when calculating the Ny Under
high Ncw, the water vapor competition effect will lead to lower Suar, Which is smaller than that the constant S for
calculating Ncon. Roughly, the Ny at ¥ of 0.3-3 m s corresponds to the Ncew at S of 0.1%-0.5%, within which the
percentages of ANccy and the contributions of the NPF to Nccy don’t change much either. The effect of water vapor

competition will be further examined in the following section.

3.3 The effect of water vapor competition on evaluating Ny

Fig. 4 shows the scatter plots of correlations between Ncy and Nccy at supersaturations of 0.6% and 0.8% and the
correlations between Nev and Ng under updraft vertical velocities of 2.1 m s and 3.0 m s*'. The Ncev and New were
obviously linearly related, but the correlation between Ns and Ncy was non-linear. When shown as the average values
with error bars, the Ny increase linearly as Ncy increase when the New is below 15000, then the N began to decrease with
the further increase of Ncy. This has been presented in previous studies (Nenes et al., 2001; Ramanathan et al., 2001;
Sullivan et al., 2016), and was believed to be caused by the water vapor competition of the aerosol particles. Although the
larger updraft velocities can achieve greater supersaturation in adiabatic ascending clouds and more particles can be
activated into cloud droplets, the water vapor competition still occurred when background aerosol particles increased to a

certain number. This is fully suggested by the difference between the calculated Nccv using the constant S and the Ny

11



275

280

285

using the variable Sy in the air parcels. Because in the actual environment, it is often unable to achieve the sufficient
supersaturation compared to the prescribed ones that are preset in the instrument. For example, the average Syax is lower
than 0.5% at the maximum cloud updraft velocity of 3 m s according to the calculation results in this study. Therefore,
although NPF events may strongly increase Nccw, the formed Ny are eventually limited by water vapor competition which
determines the Suax that varies in the cloud. The Syax is related to the cloud formation dynamics and the aerosol levels in

the region.
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Figure 4. Scatter plots of correlation between total number concentration (Ncy) and CCN number concentration (Nccy) at
supersaturation of (a) 0.6% and (c) 0.8% respectively. Scatter plot of correlation between Ney and cloud droplet number
concentration (Ng) at updraft vertical velocity of (b) 2.1 m s and (d) 3.0 m s™! respectively.

To evaluate the effect of water vapor competition on Ny, by taking the case on 11 June as an example, we compare
the Ny calculated from the varied Syax at different updraft velocities with the Ny at referred constant S (Fig. 5). The results
from other NPF cases were also summarized in Table S6 and Table S7. Obviously, after the ¢#y,,,, the Sna starts to
decrease and was negatively correlated with Ny for both the updraft velocities, reflecting the enhanced effect of
competition for water vapor from the growing number of droplets (Fig. Sa and 5b). It is shown that Sy.«x was decreased by
14.5+3.5%, 13.31+4.0%, 13.4£4.2%, 12.0+4.1%, 11.7£3.9% for =0.3, 0.9, 1.5, 2.1 and 3 m s! respectively (Fig. 5c,
d).
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Therefore, by compared to the Ny calculated from the constant S, the Ny calculated from the variable Sy is greatly
reduced at both the updraft velocities of 0.3 m s! and 2.1 m s, suggesting a significant suppression of cloud droplet
formation. Quantitatively, the Nu are reduced by 19.0+4.5%, 15.7+4.7%, 14.84£5.6%, 12.3£4.9%, 11.8+£5.0% at updraft
velocity of 0.3, 0.9, 1.5, 2.1 and 3 m s’ respectively on the NPF days. Our results are similar with that reported by
Kalkavouras et al. (2017), which shows this competition effects suppress Ns by 20% for V= 0.3 m s and 12.3% for V' =
0.6 m s!. In addition, the declined percentages with increase of the updraft velocity suggests that the effect becomes
smaller at larger V' that can achieve greater Sna in the environment. Essentially, water vapor competition led to the

reduction in Ny by decreasing the required Sy for the CN activation.
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Figure 5. (a) The diurnal changes of the calculated maximum supersaturation (Smax) (referred to the constant
supersaturation S) at ¥=0.3 m s and 2.1 m s on 11 June 2017; (b) Comparison of the cloud droplets number
concentration (Ng) under the constant S and Sye on 11 June 2017; The suppression percentage of (c) Swax and (d) Ny due

to the competition of water vapor.

3.4 The variations of CCN and cloud droplet on typical “clean” and “polluted” NPF day: a case study

Generally, the lower PM2.5s means low background condensation sink (CS) which is conductive for the condensation
and coagulation of nucleation particles (Wu et al., 2011; Yue et al., 2011; Wiedensohler et al., 2012). Different from the
remote clean area, some of the NPF events in urban Beijing during the campaign occurred with background pollutions
(with daily mass concentrations of PMas of ~40 pg m>) or are impacted by local primary emissions. This kind of NPF

event has different characteristics from that in clean conditions, as the sudden increase of nucleation particles less than 25
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nm is often accompanied by an increase of large particles at the beginning of NPF. Here, they are named as “polluted”
and “clean” NPF event respectively. Two days, on 27 May and 11 June, representing the typical “polluted” and “clean”
NPF events respectively, are selected for contrasting the effect of the two kinds of NPF on CCN and CDNC. As shown in
Fig. 7, there is a higher pre-existing background of accumulation mode particles across the day on “polluted” NPF day of
27 May than that on “clean” NPF day of 11 June. On “clean” NPF day, much more nucleation and Aitken mode particles,
with Ncy enhancement of 2-fold higher than that on “polluted” day (Fig. 7a), were generated and NPF events developed
stronger in the initial stage. The beginning of NPF events (#,,) on polluted case (11:00 a.m.) was about 2 hours later

than that on clean case (~9:00 a.m).
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Figure 6. Comparison of (a, b) the particle number size distribution PNSD, (c, d) aerosol particle number concentration

Ncw, (e, f) CCN number concentration Nccy and (g, h) cloud droplet number concentration Ny between a clean and a
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polluted NPF event. The “clean” NPF day is with a clean background (PM2s=14 (ug/m?), and the “polluted” NPF day is
with PMa.s of 73 pg/m?>.

For the both cases, the Nccy are increased with the evolution of the NPF events (Fig. 6a, b, e, f). But the magnitude
of the enhancements at the two cases are quite different. The Nccyv during NPF events under polluted day was generally
twice than that of clean day (Fig. 6e and 6f), because there were a large number of pre-existing CCN-size aerosol
particles on polluted NPF days. As a result, a larger increment of Nccw is derived on clean NPF day, showing 37-80% and
15-41% increases percentage of Nccy from NPF on clean and polluted days respectively (Fig. 7b). As for Ny, on clean
days are 22% and 37%, and 34% and 26% on polluted days under updraft velocity of 0.3 and 2.1 m s. The increase
percentages in Ny between clean and polluted days are comparable. The result just further illustrates that the effect of
water vapor competition on Ny under high Ncy in polluted atmosphere. This suggests that it is critical to fully consider the
background meteorological conditions (e.g. using dynamic water vapor under different updraft velocities) to simulate the

Nz when evaluating the effect of NPF on clouds and the associated climate effects.
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Figure 7. Comparison of the increments of (a) total particle number concentration (Ncy), and (b) CCN number

concentration (Nccw) and cloud dropet number concentration (Ny) between the two different typical NPF events.

3.5 The impact of primary emissions during evening rush hour on the calculation of NPF contribution to Nccv and

Ng: a case study

During the campaign, very high number concentrations of fine particles were observed during evening rush hour (as

shown in Fig. 2a) when primary emissions related to automobile exhaust or cooking activities near the site may impact
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the PNSD. Those particles from primary emissions can serve as CCN and thereby impact the evaluation of NPF
contribution to Ny Therefore, taking the day of June 11 as an example, such effect from primary emissions during
evening rush hour is investigated (Fig. 8). On the day, one hour after the burst of newly formed particles at ~12:00 a.m,
the Ny began to rise rapidly, and the increase of Ny continued until to 21:30 at night (Fig. 1f). At ~18:00, the primary
emissions also begin to impact the Nccy and Na. Note that a sudden decrease and dilution in the PNSD is due to a
precipitation event at ~21:30. From 18:00-21:30, the CCN and cloud droplets were from both NPF source and the
primary emissions. The impact of primary emissions is also indicated by the variations of particles composition during
18:00-22:00, when both the primary organic aerosols (POA) and BC show a rapid increase in the mass concentration and
fraction (Fig. 8c and 8d). Here, a positive matrix factorization (PMF) analysis was performed to separate the primary and
secondary organic aerosol factors quantitatively for the purpose of source apportionment based on field measurement by
an Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) (Xu et al., 2017; Zhang et al.,
2011). The PMF algorithm in the robust mode (Paatero and Tapper, 1994) was applied to the high-resolution mass spectra
to resolve distinct OA factors representing primary and secondary sources and processes. More details about operation of
the HR-ToF-AMS and PMF analysis also can be found in support information of Liu et al (2021).

To evaluate the impact of the primary emissions, it is critical to separate the particle modes representing the primary
aerosols from the observed PNSD. According to the observed characteristics of PNSD, the newly formed particles
continue to grow and dominated by Aitken mode for several hours after the NPF occurred (Fig. 8a). The size mode of the
newly formed particles during the rush hour is estimated by applying a growth rate of 3.2+0.5 nm h*!, which is calculated
by the variation of median particle size during 12:00-18:00. The calculation results show that the NPF-tracked particles
can grow to ~50-60 nm during the rush hour period. While, the primary particles from vehicles or cooking are generally
with a smaller size (~30 nm) than the NPF-tracked particles mode and accumulation mode (~100-120 nm) (Brines et al.,
2015; Dall'Osto, et al., 2011; Harrison, et al., 2011), so we applied three modes to fit the PNSD from the beginning of the
evening rush hour to the end assuming a normal distribution. Note that the size mode for background aerosols almost
coincides with the accumulation mode of primary emitted particles during the period. Since the mode and concentration
of background aerosols do not change much before and after the occurrence of new particles (Fig. 8a, b), the impact of
background aerosol is thus deducted from the fitting accumulation mode. The fitted result shows a major peak in the
Aitken mode at ~50 nm that is related to the NPF event, and two minor peaks in Aitken (~30 nm) and accumulation
(~100-120 nm) mode (Fig. 8e, f) that are associated with the primary vehicle or cooking emissions. Fig. 8g and Fig. 8h

show the separated PNSD of the NPF-related and primary aerosols respectively. Then the increment of Nccyand Ng from
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370 Figure 8. Diurnal variations of the (a) aerosol size distribution, (b) particle number concentrations for different size
modes, (¢) mass concentrations of aerosol chemical composition, and (d) mass fraction of aerosol chemical components,
(e) (f) fitted three modes of the particle number concentration PNSD at 18:00 and 21:30, and (g) diurnal variations of the
separated NPF-related PNSD and (h) the PNSD of primary aerosols.

375 Table 2. Quantitative evaluation of the contribution of primary emissions to Ny and Nccy

NPF are obtained from the PNSD of NPF mode, and the increment of Nccv and Ny from primary emissions are obtained

by subtracting the increment of Nccvand Na by NPF from the total increment of Na.
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m s or% nm cm’3, % cm’3, % cm’

Evaluation of the contribution of primary emissions to Ng

0.3 140 200 84.4% 37 15.6% 237
0.9 107 543 86.6% 84 13.4% 627
1.5 93 676 87.5% 97 12.5% 773
2.1 84 750 83.1% 153 16.9% 903
3.0 75 942 77.1% 279 22.9% 1221
Evaluation of the contribution of primary emissions to Nccy
0.2% 109 654 92.0% 57 8.0% 711
0.4% 69 1356 87.2% 199 12.8% 1555
0.6% 52 1680 87.1% 249 12.9% 1929
0.8% 43 1801 85.0% 318 15.0% 2119

PE, primary emission

The calculated results are summarized in Table 2. For N4, the average contribution of primary emission to Ny is
15.6%, 13.4%, 12.5%, 16.9% and 22.9% cm™ for updraft velocities of 0.3, 0.9, 1.5, 2.1 and 3 m s respectively. The
proportion of contribution from NPF and primary emission to Ny increment change with the variation of V. The higher
proportion of contribution from primary emission is obtained at higher ¥, which may be determined by the different
characteristics between atmospheric particles emitted from the evening traffic sources and generated from NPF events.
For Nccw, the average contribution from primary emissions is 8.0%, 12.8%, 12.9%, 15.0% at S of 0.2%, 0.4%, 0.6%,
0.8% respectively. Compared with Ny, the contribution percentage of primary emission to Nccw is smaller due to that the
total Nccy is much more than the total Ns. Our result shows considerable impact of those primary sources when
evaluating the NPF contribution to cloud droplet number, highlighting the importance of considering the influence from
multiple (i.e. secondary and primary) sources on clouds in the polluted atmosphere. Finally, it is worth noting that the
dynamic changes of PBL would also impact the Nccy and Ny during the period, and the decrease in the height of PBL
from the daytime to evening will result in an increase of Nccv or N.. However, for this case, the impact from primary
emissions is much more prominent as indicated by the sharply raised particle number concentrations during the rush hour

(Fig. 8b).

4 Conclusions

In this study, we quantified the contribution of NPF to N, at typical updraft velocities in clouds using field
measurements of aerosol number size distributions and chemical composition in urban Beijing. We show that the NPF
drives the variations of Nccv and Na. About 32%-65% Ncey are increased by NPF events for supersaturation 0.2%-0.8%

in polluted atmosphere. And the Ny is increased about 32%-40% by NPF at V= 0.3-3 m s accordingly. The significant
18
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reduction in Ny is observed due to water vapor competition with consideration of actual environmental updraft velocity,
with decrease rates of 11.8%+5.0% at V=3 m s'and 19.0%+4.5% at ¥=0.3 m s”! by comparing with that from a constant
supersaturation. The effect of water vapor competition becomes smaller at larger V' at which the greater Sya can be
achieved. Essentially, water vapor competition led to the reduction in N; by decreasing the environmental Sy.. for the
activation of aerosol particles. It is shown that Sn.x was decreased by 14.54+3.5% to 11.7£3.9% for ¥=0.3-3 m s’.. Our
results suggest significant suppression of cloud droplet formation due to the water vapor competition particularly at
extremely high aerosol particle number concentrations. As a result, although a larger enhancement of CCN-size particles
by NPF event is derived on clean NPF day when there are few pre-existing background aerosol particles, no large
discrepancy in the enhancement of Ny by NPF between the clean and polluted NPF day. Finally, we show a considerable
impact of the primary sources when evaluating the NPF contribution to cloud droplet number from a case study. Our
study highlights the importance of fully consideration of both the environmental meteorological conditions and multiple
sources (i.e. secondary and primary) to evaluate the effect of NPF on clouds and the associated climate effects. For
example, Merikanto et al. (2010) used model to simulate the variation of CDNC from the year of 1850 to 2000, and
showed that NPF made a nearly equal contribution (16-13.5%) to global CDNC in all those years, leading to about 50%
enhancement in the year from1850 to 2000 change in cloud albedo. There are still large uncertainties about how to
accurate quantitatively assess the response of these climate effects to NPF. This study is carried out in polluted urban area,
which is a supplement to the research of the microphysical process of aerosol-cloud and provides a new perspective for
the follow-up research in urban atmosphere. Note that, there are still limitations of our studies, as we only investigated
several NPF cases within a short period due to the limited measurement data. The small sample size might cause bias in
the results. Further studies based on more measurement data, i.e. with longer time periods and more observational sites,
warrant to verify and refine our results, so as to parameterize the impact of NPF events on cloud, precipitation, and

radiative forcing in models.
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