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HIGHLIGHTS GRAPHICAL ABSTRACT

NPF in the top of the boundary layer may
start earlier than that in the surface.

The aerosol vertical mixing plays a large
role in the surface particle number.

The vertical transport from NPF aloft may
trigger the particle growth in the surface.
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Delta (YRD) region shows a high frequency of observed NPF events at the ground level, especially in spring. Although
recent observational studies suggested a possible connection between NPF at the higher altitudes and ground level, the
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role played by vertical mixing, particularly in the planetary boundary layer (PBL) is not fully understood. Here we in-
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tegrate measurements in Nanjing on 15-20 April 2018, and the NPF-explicit Weather Research and Forecast coupled
with chemistry (WRF-Chem) model simulations to better understand the governing mechanisms of the NPF and CCN.
Our results indicate that newly formed particles at the boundary layer top could be transported downward by vertical
mixing as the PBL develops. A numerical sensitivity simulation created by eliminating aerosol vertical mixing sup-
presses both the downward transport of particles formed at a higher altitude and the dilution of particles at the ground
level. The resulting higher Fuchs surface area at the ground level, together with the lack of downward transport, yields

a sharp weakening of NPF strength and delayed start of NPF therein. The aerosol vertical mixing, therefore, leads to a
more than double increase of surface CN;_40 and a one third decrease of boundary layer top CN;_40. Additionally, the
continuous growth of nucleated ultrafine particles at the boundary layer top is strongly steered by the upward trans-
port of condensable gases, with close to half increase of particle number concentrations in Aitken mode and CCN at
a supersaturation rate of 0.75%. The findings may bridge the gap in understanding the complex interaction between
PBL dynamics and NPF events, reducing the uncertainty in assessing the climate impact of aerosols.

1. Introduction

New particle formation (NPF) is an important secondary source of par-
ticles in the atmosphere, characterized by a dramatic sharp increase in ul-
trafine particle concentrations (less than 100 nm). Particles with a
diameter greater than 50 nm, which can act as cloud condensation nuclei
(CCN), affect the climate by changing cloud properties and precipitation
(Dusek et al., 2006; Solomon et al., 2007). Several studies have shown
that aerosol indirect forcing is sensitive to NPF (Wang and Penner, 2009;
Yu and Luo, 2009; Kazil et al., 2010). For example, Wang and Penner
(2009) noted that the inclusion of the nucleation process in the global
model greatly affects the estimation of the radiative forcing with a range
of —1.22to —2.03 Wm ™ 2. Precursor gas molecules form critical molecular
clusters with a diameter of ~1 nm through nucleation. Some of the newly
formed particles further grow through condensation and coagulation
(Kulmala, 2003; Zhang et al., 2012).

The determination of nucleating species is one of the key points of the
nucleation mechanism. The majority of early studies focused on the nucle-
ation of gaseous sulfuric acid since the saturation vapor pressure of gaseous
sulfuric acid is rather low, and sulfate is a major component of nucleation
mode particles. However, gaseous sulfuric acid alone cannot explain the ob-
served particle formation rates in some cases (Turco et al., 1998; O'Dowd
et al., 2002; Kulmala et al., 2016). Other precursors have been proposed
as being involved in the formation of the critical nucleus under different en-
vironments, such as ammonia (Kirkby et al., 2011), amines (Yao et al.,
2018), oxidized organic vapors (Schobesberger et al., 2013; Riccobono
etal.,, 2014), and iodine oxides especially in marine and coastal planetary
boundary layer (PBL) (O'Dowd et al., 2002).

Observations have shown that NPF events take place not only at the sur-
face but also in the free troposphere, which has favorable conditions for the
onset of NPF such as sufficient sun exposure and cosmic rays, enough con-
densable vapors, low temperature, and low pre-existing aerosol surface
area (Lee et al., 2003; Boulon et al., 2011; Rose et al., 2015; Qi et al.,
2019; Zhao et al., 2020). NPF events have also been observed in the turbu-
lent zones of the residual layer (nighttime) and near the entrainment zone
(daytime) (Stratmann et al., 2003; Wehner et al., 2010; Platis et al.,
2016). Based on limited observations, a possible connection between NPF
and PBL dynamics has been proposed. Several field observations confirmed
that NPF may proceed during the PBL development rather than a ground-
level phenomenon (Stratmann et al., 2003; Wehner et al., 2010; Bianchi
etal., 2016). Itis very likely that newly formed particles observed at the sur-
face have been nucleated at higher altitudes and mixed downwards
(Crumeyrolle et al., 2010; Wehner et al., 2010; Platis et al., 2016). As an ex-
treme case, the secondary particles generated at the high free troposphere
(6-8 km) would significantly increase CCN at a lower altitude when de-
scending towards the surface in the clean marine atmosphere with the
low condensation sink (Williamson et al., 2019). However, modeling NPF
in polluted atmospheres is still limited, particularly for the relationship be-
tween PBL dynamics and NPF and CCN. In this study, with the budget diag-
nostics for dry deposition (including dry deposition, vertical mixing,
activation of particles) tendencies available in the model, we are able to

better illustrate and understand how each process influences the NPF
events and CCN.

Many studies have been conducted to evaluate the application of vari-
ous nucleation parameterizations through numerical experiments in global
and regional models (Matsui et al., 2011; Westervelt et al., 2014; Lupascu
et al., 2015; Dunne et al., 2016; Chen et al., 2019; Fanourgakis et al.,
2019; Zhao et al., 2020). Westervelt et al. (2014) used the Goddard Earth
Observing System global chemical transport model (GEOS-Chem) coupled
to the two-moment aerosol sectional (TOMAS) scheme with eight nucle-
ation mechanisms (or prefactors) and found that the CCNg 59, over the
boundary layer can be enhanced by 49% to 78% due to nucleation.
Matsui et al. (2011) introduced activation (ACT) and kinetic (KIN) param-
eterizations into the Weather Research and Forecast coupled with chemis-
try (WRF-Chem) model and found that NPF contributed 20%-30% to the
CNjo (>10 nm in diameter) concentrations in Beijing and its surrounding
areas. The study of Lupascu et al. (2015) showed that the ACT parameteri-
zation performed the best among different nucleation parameterizations in
comparison with observational data from the Carbonaceous Aerosol and
Radiative Effects Study (CARES) carried out in northern California during
June 2010.

As one of the most densely populated and urbanized parts of China, the
Yangtze River Delta (YRD) shows high frequency and formation rates of
NPF events (Herrmann et al., 2014; Qi et al., 2015; Chu et al., 2019).
Based on the long term measurements (December 2011 to November
2013) at the Station for Observing Regional Processes of the Earth System
(SORPES) in Nanjing, which is a megacity in the YRD city cluster, Qi
et al. (2015) noted that NPF occurs most frequently in spring with a fre-
quency of 44%. This finding was consistent with other studies conducted
in the YRD (Zhu et al., 2013; Leng et al., 2014). Furthermore, NPF events
around the top of the PBL in the YRD have recently been reported by Qi
et al. (2019), as was the case in other studies (Stratmann et al., 2003;
Wehner et al., 2010; Platis et al., 2016; Chen et al., 2018; Lampilahti
et al., 2020). As suggested by several earlier studies, the NPF observed in
the residual or inversion layer could be connected to the NPF at ground
level (Stratmann et al., 2003; Wehner et al., 2010; Platis et al., 2016;
Chen et al., 2018; Lampilahti et al., 2020).

In this study, based on the NPF-explicit WRF-Chem model and compre-
hensive analysis with field observational data at SORPES, we investigated
the characteristics of NPF events in Nanjing in the spring of 2018. The ef-
fects of vertical mixing on the redistribution and growth of the secondary
particles to the CCN size at the surface and the boundary layer top were
fully investigated with the aid of a model.

2. Data and methods
2.1. Observations

In this study, the field observation site is located at SORPES (118°57710”
E, 32°07’14”N) in the Xianlin Campus of Nanjing University. SORPES is a

suburban station with an altitude of 40 m and is considered a regional back-
ground station in the Yangtze River Delta (YRD) region (Ding et al., 2013).
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SORPES is equipped with ThermoTEI 43i for SO, observation. PM, 5 was
measured with a combined technique of light scattering photometry and
beta radiation attenuation (Thermo Scientific SHARP Monitor Model
5030) at SORPES. A CCN counter was employed to monitor CCN concentra-
tions at several different supersaturations (SS = 0.15%, 0.35%, 0.55% and
0.75%). Gaseous sulfuric acid, monoterpene and isoprene, which are
closely associated with the modulation of new particle formation and
growth, were observed by chemical ionization mass spectrometer (CIMS)
and proton transfer reaction time-of-flight mass spectrometry (PTR-ToF-
MS). In this study, two sets of instruments were used to measure the aerosol
particle size distribution, a Differential Mobility Particle Sizer (DMPS) for
the size range of 6-800 nm and a Particle Size Magnifier (PSM) for the
1.2-2.5 nm size distribution (Qi et al., 2015). Note that there is a measure-
ment gap in the size range of 2.5 nm to 6 nm in this study, which could be
fulfilled in the future by instruments such as Neutral cluster and Air Ion
Spectrometers (NAIS) (Kulmala et al., 2007; Manninen et al., 2009). All
the data were continuously measured at SORPES. The meteorological pa-
rameters, e.g., air temperature, relative humidity, wind direction, and
wind speed, were obtained from the University of Wyoming website
(http://www.weather.uwyo.edu/surface/). The ambient air monitoring
data, including PM, 5 and SO,, were acquired from the China National En-
vironmental Monitoring Centre.

2.2. Model configurations and settings

In this study, version 3.9 of the WRF-Chem model (Grell et al., 2005;
Fast et al., 2006) was used to simulate NPF events and their effects on the
aerosol particle size distribution as well as CCN. The simulation was con-
ducted on 7-20 April 2018, with the first seven days as the model spin-up
time. The model domain covered most of mainland China and its surround-
ing area, centered at 34°N, 110°E with a 36 km horizontal resolution. The
projection method was Lambert Conformal Conic Projection, and the two
standard latitudes were 25°N and 40°N. There were 35 vertical layers
from the ground level to 50 hPa. The key parameterization options used
in this study include the unified Noah land surface scheme (Chen and
Dudhia, 2001; Tewari et al., 2004), the Monin-Obukhov surface layer
scheme (Jimenez et al., 2012), the Morrison microphysics scheme
(Morrison et al., 2009), the Grell-3D cumulus parameterization scheme
(Grell, 1993), the Yonsei University (YSU) boundary layer scheme (Hong
et al., 2006), and the Rapid Radiative Transfer Model for General Circula-
tion Models (RRTMG) longwave and shortwave radiation (Iacono et al.,
2008). The Statewide Air Pollution Research Center (SAPRC-99) mecha-
nism (Carter, 2000) and Model for Simulating Aerosol Interactions and
Chemistry (MOSAIC) module (Zaveri et al., 2008) were used to represent
gas phase and aerosol chemistry, respectively.

The National Centers for Environmental Prediction (NCEP) Climate
Forecast System Version 2 (CFSv2) (Saha et al., 2014) 6-hourly products
with a 0.5° X 0.5° spatial resolution were used as the initial and boundary
conditions of meteorological fields. Anthropogenic emissions were derived
from the Multi-resolution Emission Inventory for China 2016 at 0.25° X
0.25° horizontal resolution (MEIC-2016 database, see www.meicmodel.
org). The 2.04 version of the Model of Emissions of Gases and Aerosols
from Nature (MEGAN v2.04) with the Moderate Resolution Imagine
Spectroradiometer (MODIS) land cover for 2016 embedded in WRF-Chem
was used to calculate biogenic emissions online (Guenther et al., 2006).
Please note that biogenic emissions from urban green spaces as well as
their modulation of NPF events through interactions with anthropogenic
emissions are not considered in this study, which may deserve to be eluci-
dated in future studies (Ma et al., 2019; Gao et al., 2021; Ma et al., 2022).
The initial and boundary conditions of WRF-Chem were provided by
the results from the Community Atmosphere Model with Chemistry
(CAM-Chem).

In the commonly used version of WRF-Chem, the Model for Simulating
Aerosol Interactions and Chemistry (MOSAIC) aerosol module divides aero-
sols ranging from 39 nm to 10 pm into 4 or 8 sectional bins. This size range
cannot capture freshly nucleated particles with a diameter of a few
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nanometers. In this study, the updated MOSAIC module with a new sec-
tional framework option was adopted, using 20 bins spanning 1 nm to 10
pm (Matsui et al., 2011; Matsui et al., 2013; Cui et al., 2014; Lupascu
et al., 2015). The simplified 2-species volatility basis-set (VBS) mechanism
for primary organic aerosol (POA) and nontraditional secondary organic
aerosol (SOA), with an additional 1-species treatment of traditional SOA,
was used to model the evolution of organic aerosol (Shrivastava et al.,
2011). The POA was treated based on two volatility species with saturation
vapor concentrations (C*) of 10”2 and 10° yg m > (at 298 K and 1 atm).
The C* of traditional and nontraditional SOAs was set as 1 pg m ™~ and
1072 pg m ™3, respectively, while the nontraditional SOAs were primarily
formed due to the oxidation of semivolatile and intermediate volatility or-
ganic compounds. The current nucleation mechanism mostly involves
H,SO,4 and highly oxygenated multifunctional compounds (HOMs)
(Schobesberger et al., 2013; Riccobono et al., 2014). The linear regression
between sub-3 nm particle number concentrations and different precursors,
including H,SO, and the oxidation products of monoterpene and isoprene,
which are important precursors for HOMs (Sipila et al., 2010; Surratt et al.,
2010; Lin et al., 2013; Ehn et al., 2014; Brean et al., 2019), reveals that
H,SO, alone shows the highest correlation with sub-3 nm particle number
concentrations (Section S1 and Fig. S1 in the Supplementary Information).
Thus, in this study, the ACT mechanism was implemented, with the equa-
tion shown below.

ACT : J* = Kucro|H2S04] M)

J" is the formation rate of particles at 1 nm (cm™3s™1), and [HS04]
represents the concentration of gaseous sulfuric acid (em™3). Coefficients
Kacr derived from observations in different locations could span 3—4 orders
of magnitude. In this study, Kacr = 2 X 1077 s~ ! was used as the base
case, the same as the previous studies in Matsui et al. (2011) and Matsui
et al. (2013).

To investigate how the vertical mixing of gas and aerosol affects NPF
and CCN, two experiments were conducted by turning off the vertical
mixing of gases (Ex_GM) and aerosol (Ex AM). WRF tended to underesti-
mate PBL mixing at night, which then led to high PM, 5 concentrations at
the ground level due to limited vertical mixing (Du et al., 2020). Therefore,
the minimum PBL mixing coefficient was increased from 0.1 to 5 m?s !
following Du et al. (2020). After the modification, the diurnal variation in
PM, 5 was much more accurately reproduced (Section S2 and Fig. S2).

3. Results
3.1. Model evaluation

Meteorological conditions play substantial roles in modulating the NPF
events. For instance, the wind speed is closely related to the atmospheric
mixing capacity, thereby affecting the concentration of background aero-
sols and condensation sinks in the atmosphere (Kulmala et al., 2012). In
this study, the hourly wind speed at 10 m (WS10), air temperature at 2 m
(T2) and specific humidity at 2 m on 15-20 April 2018 were evaluated
based on the data available at the University of Wyoming (http://www.
weather.uwyo.edu/surface/). The statistical metrics, including mean bias
(MB), mean gross error (ME), and root mean square deviation (RMSE), of

Table 1
Statistical analysis of the modeled 2-m temperature, specific humidity and 10-m
wind speed for the base case (ACT experiment).

Index Benchmarks®
WS10 (ms™ 1) RMSE 1.41 <2

MB 0.67 <*+0.5
T2 (K) ME 2.14 <2

MB -1.79 <*0.5
Specific humidity (g kg ") ME 1.01 <2

MB —-0.69 <*1

# Benchmarks are from Emery and Tai (2001) and Tesche et al. (2002).
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the model evaluation are shown in Table 1, exhibiting reasonable perfor-
mance compared with the benchmark value (Emery and Tai, 2001;
Tesche et al., 2002), albeit with slight underestimation of near-surface air
temperature.

The air quality dataset at the nine monitoring stations in Nanjing
(Fig. S3), available from the China National Environmental Monitoring
Centre (http://www.pm25.in, last access: 30 September 2020), was used
to evaluate the WRF-Chem model in simulating the NPF relevant pollut-
ants, mainly SO, and PM, 5. While SO, is an important precursor of NPF,
the PM, 5 concentration may reflect to a certain extent the pre-existing par-
ticles in the atmosphere potentially acting as a condensation sink (CS),
which is closely associated with the evolution of newly formed particles.
Based on the mean fractional bias (MFB; 50%) and mean fractional error
(MFE; 75%) suggested by the US EPA (2007), the simulated PM, 5 concen-
tration met the benchmarks, with MFB = 11% and MFE = 29%. In terms of
SO,, no benchmarks are available, and a general overprediction exists with
MFB and MFE of 71% and 74%, respectively.

In addition, the observed H,SO, from the SORPES site described earlier
was used for comparison with the model results, implying an overall over-
estimation of 1 order of magnitude in WRF-Chem (Section S3 and Fig. S4).
Overestimations in H,SO4 have been widely reported (Matsui et al., 2011;
Cai et al., 2016; Yu et al., 2020). The key precursor SO, was overpredicted
with MFB = 83% compared with the observation at the SORPES. Sensitiv-
ity numerical simulations through the reduction of SO, emissions by 90%
and 70% were conducted. As shown in Fig. S4, the concentration of SO,
was significantly underpredicted with an emission reduction of 90%, how-
ever, the concentration of H,SO4 was still overestimated. This result indi-
cated that the overestimation of H,SO4 (Fig. S4) cannot be fully explained
by SO,, which may be attributed to either measurement bias as pointed
out by Neitola et al. (2015) and Yu et al. (2020), or the missing heteroge-
neous reactions in MOSAIC associated with sulfate (Huang et al., 2014;
Xie et al., 2015; Shang et al., 2020).

CNj_40 (10-40 nm) were evaluated against measurements by DMPS at
SORPES. They were reproduced with a correlation coefficient of 0.68 and
by a factor of ~2, which was comparable to that of Matsui et al. (2013).

dN/dlog10(Dp)
g
€ 100
2
Q
3
A 10 E
04/15 04/16 04/17
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In their model calculations, the same Kacr coefficient of 2 x 10~7 s in
the ACT parameterization was adopted to reproduce the NPF events in Bei-

jing.
3.2. Observations and data analysis

As pointed out in Qi et al. (2015), the spring has the highest frequency
in NPF events at the SORPES station based on the measurements from De-
cember 2011 to November 2013. April 15-20, 2018, was chosen as the
study period. As depicted in Fig. 1a, on 15-20 April, six NPF events were
captured by DMPS on a daily basis.

The PBL heights and mixing coefficients reflect the PBL mixing strength
(Du et al., 2020). As shown in Fig. 1b, there was a clear diurnal variation
with the maximum in the daytime. Strong PBL mixing and high PBLH oc-
curred together in the first period (15-17 April), especially on 15 April
and 16 April, with the maximum PBL mixing coefficients larger than 500
m? s~ . In contrast, in the latter period (18-20 April), the maximum PBL
mixing coefficients were less than 400 m? s~* with maximum coefficients
of ~230 m?s ™! and ~100 m?s ™! on 19-20 April, respectively. As a conse-
quence of weak PBL mixing, the Fuchs surface area (Section S4) during the
latter period had an average value of 245 pm? cm ™ (the corresponding CS
is ~0.033 s~ ") (Salma et al., 2016; Cai et al., 2017), which is comparable to
other studies conducted in the YRD but an order higher than that measured
at SMEAR II (Huang et al., 2016; Shen et al., 2016; Qi et al., 2018). During
the latter period, the Fuchs surface areas were 30% higher than those in the
first period (Section S5 and Fig. S5), implying a higher scavenging rate of
precursor gases, clusters and newly formed particles (Kerminen et al.,
2001; Deng et al., 2020). Although a low Fuchs surface area is more favor-
able for the onset of the NPF event (Herrmann et al., 2014), a banana-
shaped particle number size distribution was still captured by DMPS during
the latter period, and the growth of new particles was generally faster
(Fig. 1a). As shown in Fig. 1c, sub-3 nm (red line in Fig. 1c) and nucleation
mode (blue line in Fig. 1c) particle number concentrations in the first pe-
riod show relatively high peaks compared with the latter period. However,
the Aitken mode (yellow line in Fig. 1c) particle number concentrations

04/18 04/19 04/20

PBL mixin c?eff;lcielnt(ﬁGC'l;)

Height (m)

s Nucleation mode
Aitken mode
= Accumulation mode
1.5X 10% | I

2x10°4 (€) l

1.0X10%

5X10°

cm?
-

=== sub-3 nm |~ ©

NN

- ol -
04/15 04/16 04/17

04/19 04120

Fig. 1. Time series of observed particle number size distributions at SORPES from (a) 15-20 April. Black dots represent the representative diameters of the fitted mode (see
details in the supplement). (b) Time series of the modeled mixing coefficient in the planetary boundary layer by the ACT experiment. The brown line denotes planetary
boundary layer height (PBLH). (c) Times series of observed particle number concentrations in the nucleation mode (6-30 nm), Aitken mode (30-100 nm), accumulation
mode (100-800 nm) and sub-3 nm particle number concentrations at the SORPES on 15-20 April. All time is the local standard time in this study.


http://www.pm25.in

S. Lai et al.

showed comparatively higher peaks in the latter period relative to the first
period, corresponding to 66% higher GRg_3, (Section S4). In addition, on
average, the sub-3 nm and nucleation mode particle number concentrations
peaked at 10:40 (all time is the local standard time in this study) and 11:50
during the first period while the peak time showed up at 11:10 and 13:30
during the latter period, implicative of a delayed start time of NPF during
the latter three days. Since there was stronger PBL mixing during the first
period, it is speculated that there is an underlying relationship between
the vertical mixing and NPF events at the ground. Since vertical observa-
tions are scarce and not available in this study, the model simulations
were used to help reveal the impact of vertical mixing on NPF.

3.3. Influence of aerosol vertical mixing on CN

By comparing CNj(_49 in ACT and NUCOFF (the experiment without
nucleation) experiments, it is found that nucleation contributed 88% to
the surface CNjo_40 on average. Thus, CN;o_40 was used to discuss NPF
events in this study. On 15-20 April, the modeled CN;¢_4 at the boundary
layer top and at ground level increased at almost the same time or slightly
earlier (Fig. 2a). There was strong PBL mixing during the first three days
(Fig. 1b), leading to a homogeneous distribution of newly formed particles
in the PBL (Fig. 2a). However, on 18-20 April, accompanied by a decrease
in vertical mixing, the PBLH also decreased (Fig. 1b). Weak PBL mixing led
to a high Fuchs surface area at the surface (Fig. S6), thereby suppressing
NPF and the growth of CN;¢_4¢ therein by enhancing condensation and co-
agulation processes. Since the inversion layer at the boundary layer top
tended to suppress the uplift of particles, PBL mixing encouraged the down-
ward transport of newly formed particles transport downward with the de-
velopment of the PBL (Fig. 2b). After the NPF started at the boundary layer
top (Section S4), newly formed particles from the boundary layer top in-
creased CNjg_49 at the ground level through PBL mixing (Fig. 2b). An anal-
ogous study by Xu et al. (2018) found that, based on vertical measurements
and a modeling study, vertical mixing of aged plumes from the residual
layer on surface O3 concentration in Nanjing in the early morning was en-
hanced. The vertical dipole feature may last approximately 2 h, until the
surface CN1g_40 began to grow (Fig. 2a). On these days, the modeled
CNj0_40 at the boundary layer top started to increase earlier than at the
ground level (Fig. 2a). It is noteworthy that the dipole structure of the ver-
tical mixing appeared throughout the period on 15-20 April, with the sig-
nal more pronounced in the latter three days due primarily to the
suppressed NPF at the surface resulting from weak PBL mixing.

To shed further light on how aerosol vertical mixing influences NPF at
the ground level, an Ex AM experiment was designed in which aerosol ver-
tical mixing was turned off. During the first three days, CN;o_40 gradually
became uniform in the vertical direction under the development of PBL as
well as the enhanced PBL mixing (Figs. 2a, 3a—c). However, on the latter
three days with comparatively weak PBL mixing, as demonstrated in

(a) CN,o4(ACT)
2000 gl N

T 1400 H
[
s
2 400
2 200
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Fig. 3d-f, there were peaks of CNyo_40 at the boundary layer top. In
Ex_AM (dashed lines in Fig. 3), CN1_4¢ at the boundary layer top increased
substantially every day, with a distinctly higher CN;¢_4¢ peak emerging at
the boundary layer top compared with ACT. This could be additional evi-
dence of ultrafine particles being transported downward. In Ex_AM, the
maximum of CN;_4o remained at the boundary layer top, where the
CNjo_40 was much larger than that over the ground, with a magnitude of
10° cm ™3, On average, aerosol vertical mixing caused a 122% increase in
CN1_40 at the surface and a 64% reduction at the boundary layer top at
11:00-17:00. It is concluded that aerosol vertical mixing has an important
impact on CNjq_40 near the ground.

Aerosol vertical mixing plays a crucial role in modulating the start time
and the strength of NPF. For instance, NPF on 19 April started at 07:00 at
the top of the boundary layer (Fig. 4a) while the start time was delayed
3 h at approximately 10:00 at the surface (Fig. 4c). By excluding the aerosol
vertical mixing in the Ex AM experiment, despite of little change in the start
time of NPF at the top of the boundary layer (Fig. 4b vs. Fig. 4a), the en-
larged Fuchs surface area (63% increase) as well as enhanced condensation
and coagulation at the ground triggered a noticeable delay of 6 h at 16:00 in
the appearance of nucleation-mode particles near the ground (Fig. 4d vs.
Fig. 4c). Meanwhile, the elimination of aerosol vertical mixing yielded a
sharp weakening of NMINP (Section S4) from the original value of 2.5 x
10* em ™3 t0 0.8 x 10* cm 3. The underlying mechanism of aerosol verti-
cal mixing in triggering the earlier start of NPF is likely associated with the
decrease in the condensation sink at the surface along with the develop-
ment of PBL (Herrmann et al., 2014; Huang et al., 2016; Wu et al., 2020)
and strengthened downward transport from the top of the boundary.

3.4. Influence of vertical mixing on CCN at the top of the PBL

Newly formed particles can potentially be activated as CCN after hours
of growth (Zhu et al., 2014; Gao et al., 2020) and exert an important influ-
ence on the climate by altering the characteristics of cloud and precipitation
processes. Thus, we concentrated on 12:00-18:00 in this section. The
modeled CCN is slightly higher than the observations (MB = 178 cm ™3,
1262 ecm ™3, 2280 ecm ™3, 2279 cm ™~ ? at supersaturations of 0.15%,
0.35%, 0.55% and 0.75%, respectively) (Fig. S6).

3.4.1. The impact of nucleation on the CCN at the top of the PBL

As discussed in Section 3.2, there was a relatively low PBLH on 18-20
April, which indicated weak vertical mixing. Thus, it is difficult for small
particles formed at the boundary layer top to be transported downward,
leading to the appearance of high CN4o_100 and CCN number concentration
layer near the boundary layer top (Fig. 5a-b). The high CCN layer (denotes
the layer in which the CCN number concentration exceeds 95% of the max-
imum value in the PBL; a similar definition for the high CN4¢_1¢0 layer) ap-
pears approximately 4-5 h after the occurrence of NPF nearby (Fig. 5b). It
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04/15 04/16 04/17

04/18 04/19 04/20

Fig. 2. Modeled time series by ACT experiment of (a) CN;¢_40, (b) vertical mixing (includes dry deposition at the first layer) tendencies for particle number concentrations in

the 10-40 nm diameter range. Note: black solid line denotes PBLH.
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has an ~550 m average thickness and could last approximately 5-6 h in the
afternoon (Fig. 5b). At a certain supersaturation, the possibility of aerosol
being activated as CCN is controlled by the particle diameter, chemical
composition and mixing state. The larger the particle size is, the more easily
activated the aerosol is (Dusek et al., 2006; Petters and Kreidenweis, 2007).
Dusek et al. (2006) proposed that particles smaller than 40 nm typically re-
quire extremely high supersaturation for activation. In this study, the aver-
aged critical diameter for activation was 95 nm, 56 nm, 50 nm, and 47 nm
when the supersaturation was 0.15%, 0.35%, 0.55% and 0.75%, respec-
tively, based on the method in Furutani et al. (2008). As shown in Fig. S7,
when the particle size was greater than ~40 nm (the whisker of the
CCNo.350, boxplot), the particle could be activated with a supersaturation
larger than or equal to 0.35%. In addition, it is worth noting that the differ-
ences in CCN between the top of the boundary layer and surface, referred to

as the /ACCNpoundary layer top - surface» PECOMe more pronounced at higher su-
persaturations, i.e., the CCN at the top of the boundary layer was on average
28% and 41% higher than that at the surface under the supersaturation of
0.35% and 0.75%, respectively (Fig. S8). Considering the critical diameter
at elevated supersaturation (Fig. S7), it is inferred that small particles pre-
dominantly contributed to the high CCN layer. As shown in Fig. 5b—c, the
CN40-100 and CCNy 750, at the boundary layer top decreased significantly
when the nucleation was turned off. Nucleation accounts for 72% of
CN40_100 and 64% of CCNy 750, at the top of the boundary layer. Overall,
CCNo.550, and CCNy 750, were basically consistent with the trend of CN4o_
100 (Figs. 5a-b, S9). Thus, it can be inferred that the high CCN layer at
the boundary layer top could be contributed to the increase of CN4g_100,
caused by atmospheric nucleation and the subsequent growth of the
newly formed particles.
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3.4.2. Influence of gas mixing on CCN at the top of the PBL

In addition to the test of aerosol vertical mixing, the gas vertical mixing
is also discussed in a sensitivity study through switching off (Ex GM). The
high CNyo_100 layer at the boundary layer top disappeared in the vertical di-
rection in Ex GM (Fig. 6a). Compared with ACT, CNy4g_100 at ground level in
Ex_GM decreased by 5% from 1.4 x 10*ecm ™ 3to 1.1 x 10* cm™> while at
the boundary layer top, CN4o_100 decreased more significantly from 1.4 x
10*em ™2 t0 0.6 x 10* cm ™3 with a reduction of 47%. Budget diagnostics
for condensational growth are utilized to illustrate the effect of gas vertical
mixing on particle number concentrations. Fig. 6b—c depicts the condensa-
tion (/evaporation) budget term for CN4¢_100. With the aid of budget diag-
nostics, it was found that CN4g_1¢0 is mainly contributed by the aerosol
chemical module, with a mean contribution of 6.8 x 10°> cm 3 h™!
(Fig. 6b).

In the Ex GM experiment, due to the lack of gas mixing from the
ground, condensable gases at the boundary layer top were significantly
reduced. Thus, the contribution of condensational growth to CN40_100
decreased, even from a positive contribution to a negative contribution
(Fig. 6¢). This variation in the contribution of condensation led to the
disappearance of the high CN4g_100. As indicated in Section 3.4.1,
CNyo_100 wWas closely associated with the high CCN layer at the bound-
ary layer top. As a consequence, the high CCN layer at the boundary
layer top where CCN had a significant effect on precipitation also disap-
peared (Fig. 7). Since the critical activation diameter is larger for
CCNy.159%, it is harder for particles to grow up to this size. Thus,
CCNy 159, at the boundary layer top was reduced by 19%, while
CCNy_ 750, decreased by 43% in Ex_GM (Fig. 7). Overall, it is concluded
that the nucleated particles at the boundary layer top grow through
the condensation of condensable gases mixing from the ground, and
these particles can be potentially activated as CCN as they reach the crit-
ical size. The mechanism is schematically illustrated in Fig. 8.

4. Conclusions and uncertainty discussions

This study utilizes WRF-Chem to shed light on NPF processes and verti-
cal mixing at the SORPES in Nanjing on 15-20 April 2018. On 15-20 April,
NPF events are captured by DMPS on a daily basis. Through the detailed ex-
amination and comparison of the two periods (15-17 April vs. 18-20
April), the latter period exhibits the characteristics of a lower PBLH with
weaker PBL mixing, leading to a 30% higher Fuchs surface area at the
ground level. Meanwhile, the peak time of nucleation mode particle

(a) CNyg190 (Ex_GM-ACT)
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number concentrations during 18-20 April is delayed by ~1.6 h, implying
a postponed start time of NPF.

The results indicate that the fresh particles formed at the top of the
boundary layer are transported downward by vertical mixing as the PBL de-
velops. On the days with weaker PBL mixing, the modeled CN;_4¢ at the
boundary layer top shows a peak earlier than that at the ground. The elim-
ination of aerosol vertical mixing yields a sharp weakening of NPF strength
and delayed the start of NPF at the surface. The phenomenon is primarily
attributed to two factors, including the weakened downward transport of
particles formed at high altitudes as well as the suppressed upward mixing
of particles from the surface, leading to a greater Fuchs surface area and
condensational loss of gases and clusters. Newly formed particles can poten-
tially be activated as CCN after hours of growth (Zhu et al., 2019; Gao et al.,
2020). On days with weaker PBL mixing, it is difficult for small particles
formed at the boundary layer top to transport downward, leading to the ap-
pearance of high CN4g_1 90 and CCN number concentrations near the bound-
ary layer top. In addition, the condensational growth of particles at the
boundary layer top relies on gases from the ground. With the removal of
gas vertical mixing, the CCNy 750, at the boundary layer top decreases by
43%. Through the condensation of condensable gases mixing from the
ground, the nucleated particles at the boundary layer top grow up to be po-
tentially activated as CCN and thus exert a profound impact on climate.

This study delineates the linkage between PBL dynamics and NPF, im-
plicating the essential role of aerosol vertical mixing on NPF at the ground.
Whereas the existing studies on NPF, particularly from the observational
perspective primarily focus on the formation at low altitudes close to the
surface, our findings imply an urgent need for a deeper understanding of
the transport effect within the PBL, ideally through a full incorporation of
observations and simulations.

There are two major uncertainties that need to be addressed in future
work. First, in WRF-Chem, H,SO, tends to be overestimated, which also
has been reported in other studies as well (Matsui et al., 2011; Cai et al.,
2016; Yu et al., 2020). This result indicated that the overestimation of
H,SO4 (Fig. S4) cannot be fully explained by SO, possibly attributed to ei-
ther measurement bias as pointed out by Neitola et al. (2015) and Yu et al.
(2020), or the missing heterogeneous reactions in MOSAIC associated with
sulfate (Huang et al., 2014; Xie et al., 2015; Shang et al., 2020). Second, al-
though an ACT mechanism involving H,SO, alone has been applied in this
study as well as many previous studies (Matsui et al., 2011; Matsui et al.,
2013; Cui et al., 2014; Lupascu et al., 2015; Dong et al., 2019), it is admitted
that other precursors have been proposed as being involved in the
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formation of the critical nucleus under diverse environments, such as ions
(Kirkby et al., 2011; Kirkby et al., 2016), ammonia (Kirkby et al., 2011),
amines (Almeida et al., 2013; Bergman et al., 2015; Yao et al., 2018; Cai
et al., 2021), and oxidized organic vapors (Schobesberger et al., 2013;
Ehn et al., 2014; Riccobono et al., 2014). NPF formation based on other
mechanisms deserves more investigation and discussion in future studies.
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