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Abstract Atmospheric new particle formation (NPF) is vital in climate and air pollution for its contribution
to aerosols and cloud condensation nuclei; however, a vertical understanding of NPF is still limited. Here,
simultaneous observations at two altitudes were conducted over the North China Plain. Despite a high aerosol
loading during cold season, NPF is still frequently observed. The upper-air NPF is increasingly intensive and
starts earlier as haze pollution deteriorated, and the onset time gap could exceed 3 hr. To understand the factors
modulating NPF vertically, we updated the meteorology-chemistry model by incorporating state-of-the-art
nucleation schemes and performed highly vertical-resolved simulations. It is revealed that vertical disparities

in NPF are attributed to the pronounced stratification of sulfur dioxide, ozone, and particulate matter. As

the evolution of the boundary layer, strong NPF in the upper air elevates the near-surface nucleation-mode
particles. This work sheds more light on the vertical structure of NPF.

Plain Language Summary New particle formation (NPF) is a worldwide phenomenon and is
regarded as a major contributor to the global cloud condensation nuclei (CCN) as well as to air pollution. Given
the vertically varied cloud distribution and the vital role of NPF in CCN, it is of great importance to understand
the vertical structure of NPF. However, the overwhelming majority of NPF studies are based on near-surface
measurements. By conducting simultaneous observations at two different altitudes in the polluted North China
Plain, our study demonstrated that there is an earlier and stronger NPF event in the upper air, especially on
polluted days. It is revealed that vertical disparities in NPF are mainly attributed to the pronounced stratification
of sulfur dioxide, ozone and particulate matter concentrations in the planetary boundary layer. The differences
in NPF onset time together with formation and growth rate in vertical suggest potentially significant impacts

on low clouds and particle pollution near the ground. This work shed new light on the vertical structure of NPF
and thus their effects on climate change and air pollution.

1. Introduction

New particle formation (NPF), including initial clustering and subsequent growth of these clusters, is frequently
observed worldwide (Kerminen et al., 2018; Nieminen et al., 2018; Zhu et al., 2014). It has been recognized
that NPF is a major contributor to the global cloud condensation nuclei (CCN) budget as well as to air pollu-
tion, thereby posing a substantial impact on climate change and human health (Gordon et al., 2017; Kulmala
etal., 2021). Various nucleation mechanisms have been proposed to cause NPF under diverse continental environ-
ments, including binary nucleation of H,SO,-H,0 (Kulmala et al., 2004; Vehkamiki, 2002), ternary nucleation
of H,S0,-H,0 involving ammonia and amines (Almeida et al., 2013; Kirkby et al., 2011; Petaja et al., 2011; Yan
etal., 2021; Yao et al., 2018), and nucleation of H,SO,-H,0 assisted by organic compounds (Metzger et al., 2010;
Riccobono et al., 2014; Schobesberger et al., 2013; Zhang et al., 2004). Depending on ambient conditions, espe-
cially precursor vapor concentrations, the above nucleation mechanisms may also be assisted by atmospheric ions
(Jokinen et al., 2018; Kirkby et al., 2016; Lehtipalo et al., 2018; Yu, 2010). In anthropogenic emission-intensive
regions, sulfuric acid (H,SO,) has been identified as the main trigger of NPF and amines are likely to be impor-
tant to stabilize H,SO, cluster (Cai et al., 2022; Huang, Zhou, et al., 2016; Kontkanen et al., 2017; Qi et al., 2018;
Sipila et al., 2010; Yan et al., 2021; Yao et al., 2018).
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Given the vertically varying cloud distribution and the vital role of NPF in the CCN budget, it is of great impor-
tance to understand the vertical profile of NPF. As revealed in previous studies, the NPF can be altitude-dependent
(Boulon et al., 2011; Lai et al., 2022; Lampilahti et al., 2021; Quan et al., 2017; Zhao et al., 2021). Several aircraft
measurement campaigns have been conducted to investigate the vertical distributions of NPF and reported large
numbers of small particles at high altitude (Andreae et al., 2018; Krejci et al., 2005; Platis et al., 2016; Takegawa
et al., 2020; Wang et al., 2016; Weigel et al., 2011; Williamson et al., 2019; Zhao et al., 2020). Williamson
et al. (2019) observed extremely intense NPF activity in the tropical upper troposphere, which is correlated with
low temperature and low preexisting aerosol concentration. Wang et al. (2016) and Zhao et al. (2020) showed that
high concentrations of small particles formed by organic NPF in the lower free troposphere are transported into the
boundary layer in the Amazon. Zhao et al. (2021) demonstrated a preference to observe higher nucleation-mode
particle concentrations in the upper mixing layer than at the ground, attributable to the vertical profile of ultravio-
let radiation based on measurement at the tower-based platform with a maximum height of 350 m. Using tethered
airship, Qi et al. (2019) reported evidence of intensive NPF events above the planetary boundary layer (PBL)
of megacities due to high oxidizing capacity, enough condensable vapors, and low condensation sink above
the PBL. Boulon et al. (2011) showed that NPF occurred more frequently at the higher elevation due to lower
condensation sinks. Based on measurement at the Jungfraujoch station (3,580 m above sea level (a.s.l.)), Bianchi
et al. (2016) found that the occurrence of NPF events in the free troposphere was dependent on the availability of
precursors transported from the boundary layer.

Observational studies have revealed that NPF-relevant pollutants are nonuniformly distributed in vertical, which
is mainly attributed to the PBL evolution. A decreasing PM, ; (particulate matter with aerodynamic diameters less
than 2.5 pm) concentrations with an increasing altitude has been wildly observed, with concentrations dropping
to 10-20 pg/m? near PBL top (Peng et al., 2015; Qi et al., 2019; Wang et al., 2021). It has been acknowledged that
low pre-existing aerosol concentrations would favor the occurrence of NPF (Cai et al., 2017; Qi et al., 2019). As
an important oxidant, it was reported that the ozone (O,) concentrations increased sharply above the PBL (Qi
et al., 2019; Wang et al., 2021). In addition, previous studies have reported increased concentrations of SO,—a
precursor for NPF—at elevated altitudes (Hong et al., 2021; Huang et al., 2020; Wang et al., 2021). Noteworthily,
PBL evolution plays a key role in shaping the chemistry stratification of NPF-relevant pollutants in the PBL by
modulating transport process (Huang et al., 2020). It is expected that the PBL evolution processes could greatly
modify the stratification of NPF in the boundary layer, in turn, particles formed at NPF-preferential level would
influence aerosol number at different altitudes.

Despite being one of the most polluted regions in China, the North China Plain (NCP) has reported a high
frequency of NPF events, which further contribute to air pollution as well as CCN (Guo et al., 2014; Kulmala
et al., 2021; Ma et al., 2016; Wu et al., 2008). There is a pressing need to quantitatively understand NPF from
vertical insights, and this is of paramount importance from the point of view of clouds, especially under such high
aerosol loading environment. In this study, by integrating simultaneous measurements at two sites located at the
foot and the top of a mountain (160 and 790 m a.s.l.), available air pollutant observations, and model simulations
with PBL process diagnosis, we aim to provide a picture of the NPF in the vertical direction over the polluted
northern China and understand the impact of PBL dynamics on NPF.

2. Materials and Methods
2.1. Measurement Campaign and Instrumentation

The field campaign on simultaneous measurements at two altitudes was conducted from 3 February to 11 March
2022 in Shijiazhuang (Figure 1a), a representative city suffering from severe pollution in the NCP. During the
field campaign, real-time trace gases and aerosol concentrations at the top (790 m a.s.1.) and foot (160 m a.s.1.) of
mountain Fenglongshan (114.35°E, 37.92°N), referred to as “Mount FLS Top” and “Mount FLS Foot” respec-
tively (Figure 1b), were simultaneously measured. At the Mount FLS Top site, concentrations of O, SO,, and
PM, ; were monitored by a national monitoring station. Aerosol number size distributions were measured contin-
uously with two scanning mobility particle sizers (Nano SMPS and Long SMPS, TSI Inc.) over the size range of
4-1,000 nm. Ceilometer (CL51, Vaisala Inc.) observations were operated at Mount FLS Top, which can provide
vertical information on aerosol and cloud. At Mount FLS Foot site, a similar SMPS system (Long SMPS, TSI
Inc.) was utilized for measuring the aerosol number size distributions over the size range of 10-1,000 nm. SO,
concentrations were measured by the trace gas monitor (43i-TLE, ThermoFisher Inc.) at the Mount FLS Foot
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Figure 1. (a) Spatial distributions of SO, emission in East China. (b) The locations of observation sites. The blue triangle,
red dot, and orange dot mark the Mount FLS Top site, Mount FLS Foot site, and the Plain site, respectively. (c) Comparison
of onset times of NPF events between the Mount FLS Top site and Mount FLS Foot site. The points are colored by the PM, 5
concentration within PBL (using data at the Plain site). Points with red outlines illustrate the case days with apparent earlier
NPF onset time at Mount FLS Top site. LT denotes local time. (d) Box and whisker plot of the formation rate of 10-nm
particles (J,), growth rates from 10 to 25 nm (GR,,5), and growth rates from 25 to 50 nm (GR s, for the NPF events
observed at the Mount FLS Top site and Mount FLS Foot site. The horizontal line in the box represents the median of the
data, the dot represents the mean of the data, and the lower and upper edges of the box represent the 25th and 75th percentiles
of the data, respectively. The whiskers represent lower to upper tertiles. () Comparison of aerosol size distributions at Mount
FLS Top site and Mount FLS Foot site from 8 March to 10 March 2022. The vertical dashed line denotes the NPF onset time.

site. To obtain more vertical information on NPF precursors, the air quality measurements at the nearest national
monitoring station in the NCP (referred to as “Plain” hereafter, 114.46°E, 38.01°N, 72 m a.s.l., about 13 km
northeast to the Mount FLS Foot site; see Figure 1b) were used to investigate the vertical characteristics of SO,,
O,, and PM, ,.

2.2. Improvement of NPF Parameterizations in WRF-Chem

In this study, the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) model (Grell
et al., 2005) version 3.9 with the updated Model for Simulating Aerosol Interaction and Chemistry (MOSAIC)
aerosol module (Zaveri et al., 2008) was used. To capture freshly nucleated particles and their growth, the original
4 size bins (covering 39 nm to 10 pm) in the MOSAIC aerosol module were extended to 20 size bins ranging
logarithmically from 1 nm to 10 pm (Lai et al., 2022; Lupascu et al., 2015; Matsui et al., 2011). We updated
the model by incorporating state-of-the-art nucleation schemes based on laboratory measurements, including
binary neutral and ion-induced NPF, ternary neutral and ion-induced (H,SO,-NH,-H,0) NPF, ternary organic

LAIET AL.

3of11

85U80]7 SUOLILLOD 3A 810 3(eal|dde ayy Aq peusencb ae ssoiie O ‘8sn o Ss|n. 1oy AIq1T3ULUO A8]IM UO (SUORIPUOD-PUR-SWB) 00" A8 1M Afe.d 1 [Bul [UO//:SANY) SUORIPUOD PUe SLWLB | 843 88S *[£202/T0/T0] U0 Aig1 aulluo A8|IM ‘TOE00T 192202/620T 0T/I0p/wod A8 |1m Ariqiput|uo'sgndnBe//:sdny wo.y pepeojumod ‘2z ‘220z ‘L008r6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL.100301

(H,SO,-BioOxOrg-H,0) NPF as well as H,SO,-amine NPF (H,SO,-amine-H,0) (Bergman et al., 2015; Dunne
et al., 2016; Gordon et al., 2017). The treatment of NPF parametrizations, BioOxOrg, amine together with uncer-
tainties are detailed in Supporting Information S1 (Text S1 and S2 in Supporting Information S1).

2.3. Simulation Design

To better understand the role of PBL evolution in chemistry stratification and structure of NPF, the
one-dimensional WRF-Chem single column model (SCM) with a high vertical resolution was applied, enabling
a better representation of PBL evolution (Wang et al., 2018, 2019). The regional dynamic-chemistry coupled
modeling was conducted using WRF-Chem model in this study to provide initial concentrations for SCM simu-
lations. The configuration options for regional chemical transport modeling and SCM are described in detail in
Supporting Information S1. The SCM simulations were initiated at 04:00 LT (LT: local time) with meteorologi-
cal input from regional modeling results. The inputted gas and aerosol profiles were extracted from the regional
modeling results. Available observations from three measurement sites were assimilated in the initial condition of
SO, concentration (Figure S2 in Supporting Information S1). To better understand the role of vertical mixing, we
conducted parallel numerical experiments with (Vmix-on) and without (Vmix-off) vertical mixing, following the
method described in Lai et al. (2022). Furthermore, two simulation scenarios in which nucleation was either on
(Nuc-on) or off (Nuc-off) were conducted. To investigate the contributions of PBL vertical mixing to variations
of aerosol number concentrations, we performed diagnostic analysis in WRF-Chem modeling (Lai et al., 2022).
Although small eddies that may impact local supersaturation are less resolved (Bigg, 1997; Nilsson et al., 2001;
Webhner et al., 2010; Wu et al., 2021), given that this study mainly focuses on the influence from daytime NPF
stratification, the SCM model is capable of capturing the dominant influence of convective PBL evolution on
NPF (Shin & Dudhia, 2016).

3. Results and Discussions
3.1. Distinct Characteristics of NPF at Different Altitudes

A total of 17 NPF events in 37 days occurring at both Mount FLS Top site and Mount FLS Foot site were iden-
tified during the campaign based on the criteria suggested by Dal Maso et al. (2005). We defined the onset time
of the NPF event as the time when the number concentration of nucleation-mode particles starts to increase from
a background concentration. A comparison of the NPF onset times reveals prominent differences between the
two different altitude sites, especially when the PM, 5 pollution got deteriorated in the lower PBL. As shown
in Figure 1c, NPF tended to occur earlier at the higher altitude site on polluted days. To shed more light on the
vertical difference of NPF process, here we defined the case day as the day on which NPF starts earlier at Mount
FLS Top site compared with Mount FLS Foot site. Accordingly, there are 5 case days on which the onset time
is significantly earlier at Mount FLS Top site. Surface PM, 5 concentration on the case days was 52% higher
than other NPF days, indicating that NPF event that starts earlier at higher altitude is more likely to occur above
polluted boundary layer.

Figure le presents the temporal variations of particle number size distributions at the two altitude sites during
a typical episode (8 March to 10 March 2022) where NPF started earlier at the higher altitude site. During this
episode, the averaged PM, ; concentration in the PBL was more than 75 pg m~ (56% higher than the average
during the campaign) and NPF occurred earlier at the Mount FLS Top site every morning. NPF event started
more than 2 hr earlier at the Mount FLS Top site on average. On the severe pollution day of 10 March (average
PM,  concentration was 106 pg m=?), NPF started earlier at the Mount FLS top site and the onset time difference
between the two altitude sites reached 3.1 hr. Particle formation and growth rates (GR) on the typical NPF day
were calculated following the procedure described in Kulmala et al. (2012). On these days, the values of forma-
tion rates of 10-nm particles (J,,) were on average significantly higher at the Mount FLS Top site. The values of
GR,,5 and GR,, 5, were comparable between the two sites. As shown, an earlier onset time accompanied with
comparable or even higher formation and GR were observed at Mount FLS Top site, indicating that NPF at higher
altitude could have a special importance for CCN production.

Figure 1d shows the box-whisker plot of J,, and GR at the two sites. The results demonstrate that J, (0.7 cm =3 s~!)
at the Mount FLS Top site is larger than that observed at the Mount FLS Foot site (0.5 cm~ s~!). Furthermore,
the GR, especially in the larger size range (GR,5 5,) are on average larger at the Mount FLS Top site. The GR ,5
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Figure 2. Box and whisker plot of (a) SO,, (b) O,, (c) PM,  difference between Mount FLS Top site and Plain site for case (red) and non-case (blue) days. Diurnal
variations of (d) SO,, (e) O,, and (f) PM, 5 at Mount FLS Top site and Plain site during the cold season (November to April) of 2019-2021.

! with a mean value of 3.7 nm hr~!,

observed at the Mount FLS Top site were in the range of 2.7-4.2 nm hr~
being higher than the corresponding values at the Mount FLS Foot site (1.8-3.6 nm hr~! with a mean value of
3.2 nm hr='). The GR; 5, ranged from 2.1 to 3.4 nm hr~! at the Mount FLS Foot site, with an average growth rate
of 2.9 nm hr~!, and the corresponding values ranged from 2.8 to 4.7 nm hr~! at the Mount FLS Top site, with an
average value of 4.0 nm hr='. On the case days, the values of J,, and GRs were comparable between the two sites
(Table S3 in Supporting Information S1), making the onset time a crucial indicator to evaluate the impact of NPF

on CCN at high altitudes.

3.2. Steep Gradients of SO,, O,, and PM, ; and the Linkage With PBL Evolution

To investigate the vertical structure of the key NPF-relevant pollutants and their possible linkage with the evolu-
tion of PBL, simultaneous measurements at the Mount FLS Top site and Plain site were utilized. The character-
istics of SO,, O,, and PM, 5 concentration differences between two altitude sites during the campaign are shown
in Figures 2a—2c. SO, features relatively higher concentrations at the Mount FLS Top site (Figure 2a). SO, is
an essential precursor of H,SO, that is proven to be the most important controlling precursor for NPF events
(Kulmala et al., 2013). Coal combustion from power plants and industry are the main sources of SO, emissions
in the NCP (Li et al., 2017). Given the stack heights plus the plume rise height, a countergradient (higher concen-
tration as a function of height) of SO, is often observed in this region, where coal-fired power plants are densely
distributed (Huang et al., 2020; Liu et al., 2015; Xu et al., 2014).

As an indicator of atmospheric oxidizing capacity, O, concentration also exhibits the feature of a obvious
countergradient, especially at midnight and early morning (Figure 2b). Since turbulence tends to mix pollutants
uniformly in a well-developed convective PBL, O, concentrations at the two sites become increasingly compa-
rable in the afternoon. The countergradient of O, concentration is mainly due to strong NO titration near the
ground and enhanced photochemical production at higher altitudes, constructing a structure of chemical PBL as
described by Huang et al. (2020). Also, the accumulated PM, ; near the ground (Figure 2¢) attenuates the incident
solar radiation, making the near-surface environment unfavorable for photochemical production of O, (Bellouin
et al., 2020). Both high SO, concentration and strong atmospheric oxidizing capacity at high altitudes favor the
NPF (Shang et al., 2018).

Typically, high pre-existing particle concentration inhibits the occurrence of NPF events by acting as a sink for
both freshly nucleated nanoparticles and condensing vapors (Kerminen et al., 2018; Neitola et al., 2011). PM, 5
concentrations at two sites are presented in Figure 2c for both case days and non-case days. In view of the fact that
most of the pollutants are emitted near the ground, the PM, 5 concentration at the Plain site is higher compared
with that at the Mount FLS Top site. Since pollutants disperse relatively little in the vertical because of the
limited turbulence, PM, 5 shows a large difference between two sites before a well-mixed layer forms. Generally,
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SO,, O, and PM, 5 show clear stratifications in the PBL. Noteworthy is that the gradients of SO,, O, and PM,
between two sites are steeper on the case days (Figures 2a—2c). Case days are typically characterized by a high
concentration of PM,  near the ground. High aerosol loadings tend to enhance the stability of the boundary layer,
which in turn decreases the boundary layer height and consequently causes further increases in near-surface
aerosol concentrations, forming a positive feedback favorable for stratification of pollutants and thereby the
altitude-dependent NPF (Huang, Ding, et al., 2016; Petaja et al., 2016). In addition to influencing the NPF onset
time, the favorable precursor gases concentration and condensation sink at the high altitude support the afore-
mentioned higher formation rate and growth rate observed at the Mount FLS Top site (Figure S3 in Supporting
Information S1).

Long-term measurements at Mount FLS Top site and Plain site during the cold season (November to April) from
2019 to 2021 also confirm the obvious vertical differences in SO,, O,, and PM,  concentrations, especially in the
early morning (Figures 2d-2f). In terms of SO, and O,, the averaged concentrations at the Mount FLS Top site
during 00:00-10:00 LT are 24% and 205% higher than the corresponding surface observations. On the contrary,
the average PM, 5 concentrations are 44% lower at the Mount FLS Top site. It is expected that H,SO, formation
and thus NPF are facilitated in the upper PBL due to enhanced precursor gases and reduced condensation/coag-
ulation sinks (Kulmala et al., 2013). We thus further analyze the interactions between NPF and chemical PBL
evolution with the aid of simulations by WRF-Chem.

3.3. The Vertical Heterogeneity of NPF Processes and the Impacts on CCN

To further investigate the influences of physical and chemical processes on the vertical structure of NPF, a
one-dimensional meteorology—chemistry online coupled SCM was applied for all the aforementioned case days.
Because of the weak vertical dilution during the nighttime, the air pollutants were clearly stratified, with PM, 5
accumulating near the surface and the SO,-concentrated plume staying in the residual layer (Figure 3a). The
concentrations of both O, and OH radical near the surface were consumed by freshly-emitted primary pollutants
like nitrogen oxides (Figure 3b). Given the higher SO, concentration and oxidizing capacity, the production of
H,SO,, which is a key precursor for NPF, is enhanced above the PBL. Besides, as indicated by PM, 5 concentra-
tion (Figure 3a), the condensation sink of H,SO,, was lower at elevated altitudes. As a result, the averaged H,SO,
concentration is 1.6 ppt above the PBL while being lower than 0.8 ppt near the surface (Figure 3c).

Due to higher sources and lower sink indicated by the profile of H,SO, and PM, s, nucleation is initiated above
the PBL (Figure 3c). As shown in Figure 3e, the nucleation rate starts to increase at the Mount FLS Foot site with
a time lag of nearly 2 hr compared with that at the Mount FLS Top site, which is consistent with observed NPF
onset time lag (~1.6 hr). In accordance with earlier studies (Cai et al., 2021; Cai et al., 2022; Yao et al., 2018), we
find that H,SO,-amine nucleation dominates in the boundary layer. Our simulations indicate that H,SO,-amine
nucleation is also the dominant nucleation mechanism above PBL (Figure S4 in Supporting Information S1)
and temperature effect is minor on the vertical structure of NPF. Accounting for the large uncertainties in amine
concentrations, we did sensitive tests on the amine-to-ammonia ratio (i.e., 4.2 X 1073,2.3 x 1073, and 1.0 x 10~%)
used in this study (Table S2 in Supporting Information S1). The sensitive tests show that this ratio does not
greatly affect the vertical distribution of the total nucleation rate (Figure S5 in Supporting Information S1), with
the contribution of H,SO,-amine nucleation to the total nucleation rate varying in the range of 75%-99%.

The newly-formed particles can rapidly grow into larger sizes by condensational growth in the upper air. Low
aerosol loading above the PBL causes a high survival probability of nanoparticles and low condensation sink for
gaseous vapors. Moreover, the growing PBL enables updraft transport of anthropogenic gas vapors emitted near
the surface. A higher atmospheric oxidizing capacity enables rapid oxidation of gaseous precursors to produce
oxidized vapors with relatively low volatility at high altitudes, which further contribute to the growth of newly
formed particles. As a result, CN,_;, (CN,_4,: number concentrations of particles in the size range from d1 to d2
nm) and CN,,, also feature an earlier increase in the upper air (Figures 3d and 3e). Comparing the observed
and simulated CN, ,, during 10:00-13:00 LT at two sites (Figure 3f), the simulation result reproduced a similar
signal as shown in measurements, that is, the CN, ,, at the Mount FLS Top site is higher than that at the Mount
FLS Foot site, confirmed by the large contrast between two sites.

As the surface is continually heated by incident solar radiation, a residual layer with higher values of CN, ,, is
entrained into the convective mixed layer and elevates the surface CN, ,,, with an estimated contribution of 1,500
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Figure 3. (a) Average of simulated vertical distributions of SO, concentrations for case days. The gray lines mean the
contour of averaged simulated PM, ; for case days (unit: pg m~>). (b) Average of simulated vertical distributions of O,
concentrations for case days. The gray lines mean the contour of averaged simulated OH radical for case days (unit: ppt).
(c) Average of simulated vertical distributions of the sulfuric acid concentration for case days. The gray lines mean the
contour of averaged simulated nucleation rate (unit: cm=3 s~!). (d) Average of simulated vertical distributions of the number
concentrations of 1-10 nm particles for case days. The gray lines mean the contour of the averaged number concentrations
of 1040 nm particles (unit: # cm~3). (¢) Average of modeled time series of the nucleation rate (solid lines) and the number
concentrations of 1-40 nm particles (dashed lines) at the Mount FLS Top site and Mount FLS Foot site for case days. (f)
Observed and modeled number concentrations of 10—40 nm particles at the Mount FLS Top site and Mount FLS Foot site.
Note: Bars are the median value during 10:00-13:00 LT on case days. The whiskers represent the 25-75th percentile.

#/cm? (51%) of the morning increase (07:00-11:00 LT) (Figure 4a). Comparatively, the overall perturbations of
CN, .4 caused by PBL mixing (line in Figure 4a) are more substantial than those due to downward transport of
nucleation-mode particles from aloft alone (bars in Figure 4a). In the sensitivity test excluding vertical mixing
of trace gases and particles, in addition to the suppressed downward transport of nucleation-mode particles aloft,
the accumulated PM,  near the ground cannot be efficiently diluted and the near-surface increment of SO, and O,
due to entrainment is weakened. This thereby indicates that PBL dynamics plays a key role in modifying the verti-
cal profile of NPF, not only by the transport of particles vertically but also by shaping the vertical stratification
of NPF-relevant pollutants. Overall, by modifying the vertical structure of CN,,,, precursor gas (SO,) as well as
oxidizing capacity (O,) and sink (dilution of pre-existing particles), PBL vertical mixing induced an increase of
8,500 #/cm? in CN, ,, near the surface during 7:00-11:00 LT. A similar phenomenon is confirmed by our previ-
ous study (Lai et al., 2022). Due to high Brownian diffusivities, small particles are lost by coagulation scavenging
with a low survival probability in the PBL (Kulmala et al., 2017; Wang et al., 2020). Thus, the contribution of
vertical transport to CN, ,, is minor compared with nucleation (Figure S6 in Supporting Information S1).

The vertical heterogeneity of CN is expected to play a crucial part in CCN availability, especially near the PBL
top where the microphysical properties of clouds are quite sensitive to CCN concentrations (Helbig et al., 2021;
Huang et al., 2020; Zheng et al., 2021). Noteworthily, shallow cumulus clouds commonly occur atop convective
boundary layer and the ceilometer observations did suggest that there generally exists a cloud layer near the PBL
top (Figure 4b). The possibility of aerosol being activated as CCN is largely controlled by the particle size at
a certain superstation (Dusek et al., 2006; Petters & Kreidenweis, 2007). Particles with diameters greater than
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Figure 4. (a) Average the number concentrations of 10—40 nm particles near the ground due to PBL evolution based on
WREF-Chem analysis for case days (red bars). Average the influence of vertical mixing on the number concentrations of
1040 nm particles near the ground for case days (black dashed line). (b) Average nucleation-induced changes in the number
concentrations of particles in the size range from 60 to 1,000 nm for case days and cloud identification by ceilometer (blue
dots, backscatter greater than 0.01 km~' srad~' during the campaign).

60 nm are large enough to be activated under realistic supersaturation (Williamson et al., 2019). Thus, in this
study, we used the CNg 4, as an indicator to show the CCN variation. Given the early onset and high growth
rate, NPF leads to a notable enhancement of CNy .., near the PBL top (an average contribution of 50 #/cm?
during 10:00-13:00 LT at 800-1,200 m), which could effectively contribute to CCN and modulate the micro-
physical properties of clouds (Dusek et al., 2006; Spracklen et al., 2008; Williamson et al., 2019).

4. Conclusions

Simultaneous measurements of the particle number size distribution, NPF-relevant gases and aerosol mass
concentrations at different altitudes as well as model simulations are combined to understand the vertical strat-
ification of NPF in the highly polluted NCP region. NPF events at higher altitude feature an earlier onset time
accompanied by higher formation and growth rate, particularly when haze pollution gets deteriorated, and this
onset time gap could exceed 3 hr. The vertical differences in NPF characteristics are mainly attributable to the
pronounced stratifications of SO,, O, and PM, 5 concentrations. The steeper stratification on highly polluted
days contributes to the altitude dependency of NPF. Model simulations predict enhanced CCN concentrations at
the PBL top. As the evolution of morning PBL, nucleation-mode particles formed at higher altitudes elevate the
concentrations of near-surface nucleation-mode particles, with an estimated contribution of 51% of the morning
increase. PBL dynamics not only directly modifies the transport of particles but also shapes the vertical distribu-
tion of NPF-relevant pollutants. It induced a larger increase of CN,, ,, near the surface by modulating the down-
ward transport of nucleation-mode particles, SO,, and O, as well as dilution of pre-existing particles, indicating
the important role of PBL dynamics in NPF within PBL. Vigorous NPF accompanied with comparable or even
higher formation and GR in the upper air are indicative of the potential importance of vertical NPF stratification
in CCN and clouds. This work sheds new light on the vertical structure of NPF in polluted environments and
highlights the significance of NPF observation at different altitudes, which is important for improving the under-
standing of the NPF and its role in air pollution and climate change.
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