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of new particle formation and
subsequent growth to haze formation
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We investigated the contribution of atmospheric new particle formation (NPF) and subsequent growth of

the newly formed particles, characterized by high concentrations of fine particulate matter (PM2.5). In

addition to having adverse effects on visibility and human health, these haze particles may act as cloud

condensation nuclei, having potentially large influences on clouds and precipitation. Using atmospheric

observations performed in 2019 in Beijing, a polluted megacity in China, we showed that the variability of

growth rates (GR) of particles originating from NPF depend only weakly on low-volatile vapor – highly

oxidated organic molecules (HOMs) and sulphuric acid – concentrations and have no apparent

connection with the strength of NPF or the level of background pollution. We then constrained aerosol

dynamic model simulations with these observations. We showed that under conditions typical for the

Beijing atmosphere, NPF is capable of contributing with more than 100 mg m�3 to the PM2.5 mass

concentration and simultaneously >103 cm�3 to the haze particle (diameter > 100 nm) number

concentration. Our simulations reveal that the PM2.5 mass concentration originating from NPF, strength

of NPF, particle growth rate and pre-existing background particle population are all connected with each

other. Concerning the PM pollution control, our results indicate that reducing primary particle emissions

might not result in an effective enough decrease in total PM2.5 mass concentrations until a reduction in

emissions of precursor compounds for NPF and subsequent particle growth is imposed.
Environmental signicance

Air pollution is important for human health and environment. Particulate matter is one of the key elements for air pollution. We hypothesize that there are
essentially three different pollution regimes for PM, corresponding to different balances between emissions and air pollution control, and having different
processes dictating the PM concentration levels: (1) high primary PM emissions, resulting in high primary PM concentrations (primary dominating regime), (2)
decreased primary PM emissions, yet relatively high PM precursor emissions, causing enhanced secondary PM production and partial replacement of primary
PM with secondary PM (secondary dominating regime), and (3) decreased precursor emissions, resulting in an improved air quality (clean regime). Most of our
simulations concern the air pollution regime 2 outlined above, in addition to which our results will shed light on the factors dictating the border between the air
pollution regimes 1 and 2. Actually without understanding secondary (airborne) air pollution it is difficult to mitigate air pollution.
1 Introduction

Despite the strict air pollution control measures imposed in
China during the recent years, ne particulate matter (PM2.5)
continues to have very high concentration levels, causing
anced Innovation Center for So Matter

rsity of Chemical Technology (BUCT),

em Research (INAR)/Physics, Faculty of

ail: markku.kulmala@helsinki.

Atmospheric and Earth System Sciences,

iversity, Nanjing, China

Scherrer Institute, Villigen, Switzerland

Simulation and Pollution Control, School

g, China

52–361
serious adverse health effects over most of the country.1–4 Of
special interest in this respect is the formation and persistence
of haze, characterized by PM2.5 concentrations, typically larger
than a few tens of mg m�3. Previous studies have demonstrated
that the formation of haze in Chinese megacities is associated
with a complex interplay between emissions, transportation,
meteorological conditions and atmospheric chemistry.5–14 In
Beijing, atmospheric new particle formation (NPF) tends to
precede the formation of haze in winter.5,15 The contribution of
NPF and subsequent gas-to-particle conversion (GTP) associ-
ated with these newly formed particles to the increased PM2.5

mass concentrations during the haze formation has, however,
remained difficult to quantify. This is partially due to challenges
in separating between particles emitted by primary sources and
those originating from atmospheric NPF in urban
© 2022 The Author(s). Published by the Royal Society of Chemistry
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environments,16–18 and partially due to our incomplete under-
standing on the dynamics of clusters and aerosol particles
smaller than a few nm in diameter under highly polluted
conditions.19

In this manuscript, we investigate the contribution of NPF
and subsequent GTP to both PM2.5 mass concentration and
haze particle (diameter > 100 nm) number concentration using
model simulations constrained with atmospheric observations
in Beijing. Our primary goal is to quantify how sensitive the
PM2.5 mass concentration increase is to the characteristics of
NPF, subsequent particle growth of freshly formed particles and
pre-existing background particle population. Our secondary
goal is to put these results into the context of the ongoing and
future air pollution control mitigation strategies. For the latter,
we hypothesize that there are essentially three different pollu-
tion regimes for PM, corresponding to different balances
between emissions and air pollution control, and having
different processes dictating the PM concentration levels: (1)
high primary PM emissions, resulting in high primary PM
concentrations (primary dominating regime), (2) decreased
primary PM emissions, yet relatively high PM precursor emis-
sions, causing enhanced secondary PM production and partial
replacement of primary PM with secondary PM (secondary
dominating regime), and (3) decreased PM precursor emis-
sions, resulting in an improved air quality (clean regime). Most
of our simulations concern the air pollution regime 2 outlined
above, in addition to which our results will shed light on the
factors dictating the border between the air pollution regimes 1
and 2.
2 Methods

Particle number size distributions are continuously measured
at the Aerosol and Haze Laboratory (AHL) at the west campus of
the Beijing University of Chemical Technology (BUCT) from
January 2018 onwards. The BUCT-AHL station is surrounded by
residential and commercial areas, as well as, three main roads
with a heavy traffic load. Therefore, this station can be regarded
as a typical urban site. More details on the station can be found
elsewhere.20 Such long-term comprehensive observations
enable us to investigate several atmospheric processes and their
feedbacks. Here we use the full-year data set of 2019 as repre-
sentative for the typical conditions in Beijing.
2.1. Instrumentation

Particle number size distributions were measured using a DEG-
SMPS combined with conventional SMPS systems to cover the
size-range of 1.5–1000 nm. The DEG-SMPS was equipped with
a specially designed DMA for classifying sub 10 nm particles
and a core sampling inlet for improving their sampling effi-
ciency.22–24 The ion number size distribution of both naturally
charged positive and ions for the size-range of 0.8–42 nm was
measured using a Neutral cluster and Air Ion Spectrometer
(NAIS).21 The concentration of condensable vapors, i.e., sulfuric
acid and oxygenated organic molecules (OOMs) are measured
© 2022 The Author(s). Published by the Royal Society of Chemistry
using a nitrate-base CI-API-ToF. The conguration of these
instruments were described in detail in our previous studies.25,26
2.2. Data analysis

Particle growth rates (GR) in size bins 3–7 nm and 7–15 nm were
calculated with several techniques. We used the 50% appear-
ance time method27,28 to get an estimate on GR3–7 nm and GR7–15

nm using our SMPS data. We further used the maximum
concentration method29 on the same dataset and the ion spec-
trometer data with the appearance time method to validate the
rst result. We rejected all GR estimates where the derivation
was larger than a factor of 2 between the appearance time result
from the SMPS and any of the other approaches. That way, we
are highly condent that our reduced 50% appearance time GR
dataset from the SMPS represents the typical variation at the
AHL/BUCT station independent of the used calculation
method.
2.3. Model description

The contributions of NPF to particle mass concentration are
illustrated using a box model that tracks single-particle growth
in the Lagrangian specication. Integrating the new particle
formation rate with respect to time, we obtain the total number
concentration of new particles formed during an NPF event.
These new particles grow larger in size while being simulta-
neously scavenged by coagulation, represented using the coag-
ulation sink (CoagS) of two particle populations: a constant
background particle population and particles originating from
NPF. The CoagS for particles at different sizes is calculated from
the condensation sink (CS) for sulfuric acid using the Kermi-
nen–Kulmala equation.30 The dependency of CoagS on the new
particle size, dln CoagS/dln dp, is assumed to be –1.7 in line
with our earlier observations.30 The same investigation30

showed that particle scavenging rates are only weakly depen-
dent on the exact value of this parameter. We also take into
account the sink due to self-coagulation, which predominates
the CoagS at high cluster concentration during high particle
formation rates.32 Due to the dependency of self-coagulation on
the GR, the survival probabilities (P) of new particles are solved
numerically. Considering the large uncertainties in the survival
probabilities of sub-3 nm particles in polluted megacities,19 the
initial size of new particles in the box model is typically taken to
be 5 nm. However, we tested multiple initial sizes using our
simulations to see how sensitive our simulations are to the
initial size. The number concentration of growing-mode parti-
cles is calculated using eqn (1).

N
�
dp
� ¼ P

�
5 nm/dp

��
ðt2
t1

J5ðtÞdt: (1)

The mass of the growing-mode particles and their contri-
butions to CoagS are then calculated using N(dp), and the
particle density, r, is assumed to be 1400 kg m�3. To account for
the fact that the growing-mode particles do not have exactly the
same size, we assume the growing mode follows a log-normal
Environ. Sci.: Atmos., 2022, 2, 352–361 | 353
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distribution and use the Hatch–Choate equation33 to calculate
the geometric mean diameters for mass and CoagS,

dmean ¼ dp � exp
n
ðmþ 0:5Þ � �

ln
�
sgeo

��2o
; (2)

where dmean is the mode mean diameter and sgeo is the
geometric standard deviation of the growing mode. We assume
sgeo ¼ 1.7 for this study. The value of m is 3 for mass and it is
a certain value as a function of dp ranging between 1 and 2 for
CoagS.
3 Results and discussion

Due to the crucial role of the particle growth rate in both
survival of the newly formed particles and their eventual
contribution to total particle mass concentrations, we started
our analysis by constraining this quantity using measurements
conducted in Beijing. Fig. 1 demonstrates a relatively limited
variability of particle growth rates in the size ranges of 3–7 nm
and 7–15 nm between the different NPF events. Even more
importantly, it shows practically no dependence of the GR on
either the strength of NPF (as indicated by the total particle
number concentration in this size range) or the level of back-
ground pollution as measured by condensation sink, CS.
Fig. 1 Growth rates (50% appearance time measured by SMPS) of 3–7 n
particle number concentration in the corresponding size ranges.

Fig. 2 Growth rates (50% appearance time measured by SMPS) of 3–7
measured low-volatile vapour concentration (HOMs + sulphuric acid). M

354 | Environ. Sci.: Atmos., 2022, 2, 352–361
Excluding cases of extremely high initial particle number
concentrations or environments with long particle residence
times, both favoring particle self-coagulation,32,34–36 the value of
GR is dictated by gas-to-particle conversion (GTP). Potential
GTP mechanisms in this respect are the condensation of low-
volatile vapors onto the growing particles, or either thermody-
namic partitioning or various multiphase reactions involving
semi-volatile or volatile vapors in these particles (e.g. Wang
et al., 2010;37 Riipinen et al., 2012;38 Riva et al., 2021 (ref. 39)).
Fig. 2 shows the GR in the size ranges of 3–7 nm and 7–15 nm as
a function of the low-volatile vapor concentration, here highly
oxidated organic molecules (HOMs) and sulphuric acid.
Although there is some tendency of the GR to increase with an
increasing low-volatile vapor concentration, the slope of this
relation is far below unity, indicating that HOMs and sulphuric
acid together cannot explain the growth, and that more volatile
vapors or multiphase chemistry play important roles in the
particle growth. This view is supported by the clear increase of
GR with an increasing particle size (from 3–7 nm to 7–15 nm),
a typical feature based on earlier ndings from Beijing and
other polluted environments in China.40–45 Overall, Fig. 1 and 2
demonstrate that the variability of the GR following NPF is
relatively limited compared to the most important quantities
believed to inuence this quantity.
m (left panel) 7–15 nm (right panel) particles as a function of the total

nm (left panel) and 7–15 nm (right panel) particles as a function of the
easurements are from Beijing 2019.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Number, surface area and mass concentrations of the growing
mode as function of time. The model inputs are: J5 ¼ 10 cm�3 s�1,
initial diameter ¼ 5 nm, duration of NPF ¼ 5 h, GR ¼ 4 nm h�1,
CSbackground ¼ 0.010 s�1 and sgeo ¼ 1.7.
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Next, we performed a suite of model simulations to nd out
how much NPF and associated GTP contributes to the PM2.5

mass concentration, and to quantify how sensitive is this
contribution to the characteristics of NPF, subsequent particle
growth and pre-existing background particle population. We
rst illustrate how the mode of growing particles following
cluster formation at 1.5 nm evolves in time when considering
a typical NPF event observed at our AHL/BUCT measurement
site in Beijing (Fig. 3). We see a rapid decrease in the particle
number concentration and a modest increase in the mass
concentration of the growing mode, approaching 10 mg m�3

aer 48 h of simulations. This kind of behavior is mainly due to
the unrealistically low survival probability of newly formed
clusters during their initial growth up to a few nm, a yet unex-
plained feature identied already by Kulmala et al.19 Therefore,
we decided to start our simulations from sizes at which
dynamics of the growing particle mode is more reliably con-
strained from atmospheric observations. We selected this size
as 5 nm in most of our later simulations.

Fig. 4 is similar to the right panel of Fig. 3, but with the
simulated particle growth starting from 5 nm instead of 1.5 nm.
The total particle number concentration in the growing mode
decreases with time due to scavenging by coagulation,
approaching 1000 particles cm�3 aer 48 hours of the simula-
tion time. The mass of the growing mode reaches 1 mg m�3

within the rst 6 hours, 10 mg m�3 in less than 20 hours, and
100 mgm�3 in less than 40 hours. This indicates that when there
are no major synoptic-scale changes in air masses, secondary
aerosol formation associated with particles originating from
a typical NPF event can provide a large contribution to the PM2.5

mass concentration, and thereby to haze.
Fig. 5 illustrates the connection between the particle

formation rate at 5 nm and the mass concentration of the
growing mode, M, aer 48 hours of the simulation time under
both polluted (le panel) and relatively clean conditions (right
panel). We can see that M increases almost linearly with an
increasing particle formation rate for J5 smaller than about 1
cm�3 s�1 (le panel) and 10 cm�3 s�1 (right panel). With further
increases in J5, the increase of M rst weakens and then fully
Fig. 3 Simulated growth of newly formed particles. The left panel shows
and the right panel shows the corresponding number (N), surface area (A
s�1, duration of NPF ¼ 5 h, GR ¼ 5 nm h�1, CS ¼ 0.015 s�1 and CS/GR ¼

© 2022 The Author(s). Published by the Royal Society of Chemistry
saturates. The primary reason for this behavior is revealed by
Fig. 6a: an increasing CS enhances the coagulation scavenging
of particle in the growing mode, eventual suppressing the
formation of additional particulate mass in this mode. Since
both background particle population and growing mode
contribute to CS, the level of M reached and its potential satu-
ration are inuenced by the pre-existing particle population and
by the strength of NPF and subsequent particle growth.

The selected value of the initial diameter of the growing
particle mode has a relatively small inuence on the simulated
mass of the growing mode, as long as this diameter does not
drop much below 5 nm (Fig. 6b). The GR of the growing particle
mode is substantially more inuential in this respect (Fig. 6c).
This is because the survival probabilities of growing particles
decrease exponentially with a decreasing value of their GR,31,46

decreasing the number of particles that will eventually accu-
mulate mass during their growth to larger sizes.

Fig. 7 summarizes our results by showing the combined
effects of the background particle population (CSbackground),
strength of NPF (J5) and GR on the mass, M, by which the
different diameters of the growingmode during the model experiment,
), and mass (M) concentrations. The model inputs are: J1.5 ¼ 200 cm�3

10.8 nm�1, which all are within the values observed in Beijing.15

Environ. Sci.: Atmos., 2022, 2, 352–361 | 355
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Fig. 6 Number, surface area andmass concentrations of the growingmode after 48 h as function of (a) CSbackground, (b) the initial diameter of the
growingmode, and (c) the growth rate, GR. Most of the particles survive with high GR and are scavenged with low GR. Note: the ending diameter
is the same (200 nm) for different GRs, while the ending time varies (48 h when GR ¼ 4 nm h�1). The other model inputs are: J5 ¼ 10 cm�3 s�1,
duration of NPF ¼ 5 h and sgeo ¼ 1.7; GR ¼ 4 nm h�1 in (a) and (b), initial diameter of the growing mode ¼ 5 nm in (a) and (c), and CSbackground ¼
0.010 s�1 in (b) and (c).

Fig. 5 Number, surface area and mass concentration of the growing mode after 48 h as function of the formation rate of 5 nm particles, J5. The
condensation sink of the background particle population, CSbackground, has been assumed to be equal to 0.010 s�1 (left panel) or 0.001 s�1 (right
panel). The other model inputs are: initial particle diameter ¼ 5 nm, duration of NPF ¼ 5 h, GR ¼ 4 nm h�1 and sgeo ¼ 1.7.
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growing particle mode contributes to PM2.5 aer 48 h since the
start of NPF. We can see that practically no new mass is
produced via NPF and subsequent particle growth when the
level of background pollution is very high (CSbackground > 0.01–
0.04 s�1), regardless of the values of J5 or GR. The value of M
remains moderate (<10 mg m�3) when both CSbackground is large
and J5 is small, whereas even very high values of M (>100 mg
m�3) are possible for realistic combinations of CSbackground, J5
and GR. For example, under originally relatively clean
356 | Environ. Sci.: Atmos., 2022, 2, 352–361
conditions (CSbackground ¼ 0.001 s�1),M reaches >100 mg m�3 at
J5¼ 0.1 s�1 when GR¼ 4 nm h�1 and at J5¼ 0.01 s�1 when GR¼
8 nm h�1. These values of J5 are much lower than the typical
formation rates of >3 nm particles reported for Beijing during
NPF.45,47–49 Under originally polluted conditions (CSbackground ¼
0.01 s�1), the values of J5 needed for producingM of 100 mg m�3

are 4.0 s�1 and 0.05 s�1 for GR ¼ 4 and 8 nm h�1, respectively.
Such formation rates of up to a few particles s�1 can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Mass of the growing mode after 48 h as function of J5 and
CSbackground. The other model inputs are: initial dp ¼ 5 nm, duration of
NPF ¼ 5 h, sgeo ¼ 1.7, and GR is equal to 2 nm h�1 (upper panel), 4 nm
h�1 (middle panel) or 8 nm h�1 (bottom panel).

Fig. 8 Mass concentration of background aerosols as a function of
their corresponding CS and mode diameter. The other model inputs
are: sgeo ¼ 1.7 and r ¼ 1400 kg m�3.
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considered quite typical for NPF events observed in the Beijing
atmosphere.

The total number concentration of haze particles (diameter >
100 nm) originating from NPF aer 48 h of subsequent particle
growth follows that of the corresponding mass concentration
depicted in Fig. 7, as one would expect. Noteworthy is the
general number concentration level of these secondary haze
particles, being typically a few hundred particles cm�3 when M
is in the range of 10–100 mg m�3 and exceeding 103 particles
cm�3 at high (>100 mg m�3) levels of M. This means that when
NPF is capable of giving a signicant contribution to PM2.5, it
will also increase cloud condensation nuclei (CCN) concentra-
tions,49 having potentially important effects on clouds and
precipitation over the region. The close connection between
NPF, subsequent particle growth and notable enhancement of
© 2022 The Author(s). Published by the Royal Society of Chemistry
CCN concentrations is consistent with earlier observation made
in urban environments in China.50

Finally, it is interesting to look at the balance between the
PM2.5 mass concentration due to the background particle pop-
ulation,Mbackground, and that originating from NPF, M. In order
to do this, we rst note that submicron particulate mass is
dominated by the accumulation mode and that the median
diameter of this mode ranges usually between 100 and 200 nm
in polluted megacities.18,50–52 We then connect Mbackground and
CSbackground with each other (Fig. 8). These data show that when
a background particle population starts to suppress PM2.5 mass
production originating from NPF (CSbackground > 0.01–0.04 s�1),
Mbackground is already rather high, at least a few tens mg m�3

and oen higher. This relation naturally holds for the
opposite direction as well, having an important implication for
future emission control: reducing primary particle emissions
and thereby Mbackground will not effective decrease the total
PM2.5 mass concentrations (M + Mbackground) until one
simultaneous reduces emissions of precursor's cos for NPF and
subsequent GTP.
4 Conclusions

We investigated the contribution of atmospheric NPF and
subsequent GTP to haze, characterized by high PM2.5 mass
concentrations, using model simulations constrained with
atmospheric observations in Beijing, a polluted megacity in
China. We showed that the variability of the particle growth rate
(GR) following NPF is relatively limited in the Beijing atmo-
sphere, with no apparent connection with the strength of NPF
or the level of background pollution. Furthermore, the GR
seemed to depend only weakly on the concentration of HOMs
and sulphuric acid, suggesting that more volatile vapors or
multiphase chemistry are important to the overall particle
growth.

Assuming conditions typically encountered in Beijing, our
model simulations showed that with particle growth rates larger
than about 3 nm h�1, NPF and subsequent GTP oen produces
Environ. Sci.: Atmos., 2022, 2, 352–361 | 357
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more than 100 mgm�3 of new PM2.5 mass. Concurrent with such
PM2.5 mass increase, signicant number concentrations (up to
103 cm�3 or even more) of new haze particles (diameter > 100
nm) are formed.

Our model simulations, summarized in Fig. 7, allow us to
separate three regimes in terms of NPF contributing to the
production of new PM2.5 mass: one with a low mass production
(M < 10 mgm�3), corresponding to either a low GR (<2–3 nm h�1)
of newly formed particles or a high level of background particle
pollution (CSbackground > 0.01–0.04 s�1), the second one with
a high mass production (M > 100 mg m�3), corresponding to
initially clean or moderately polluted conditions (CSbackground <
0.01 s�1) combined with sufficiently high new particle forma-
tion and growth rates, and the transition regime between these
two (10 mg m�3 < M < 100 mg m�3). The close connection
between CSbackground, Mbackground and primary particle emis-
sions (see Fig. 8), together with the strong dependency of M on
CSbackground and the strength of NPF and subsequent particle
growth, have an important implication for future emission
control: reducing primary particle emissions and thereby
Mbackground will not effective decrease total PM2.5 mass
concentrations (M + Mbackground) unless, concomitant with
primary particle emission reductions also emissions of
precursor compounds for NPF and GTP will be decreased.
Conceptually, these results support our hypothesized regimes
for a general PM air pollution control. In this context, it could be
noted that the total PM2.5 mass concentrations have decreased
over the last 10 years in Beijing,53 while during the same period
the gas-phase sulfuric acid concentration has been pretty
stable.53

The above ndings are based on observations and aerosol
dynamic model simulations, but are independent of the
detailed processes responsible for NPF and subsequent particle
growth. However, to be able tomitigate haze, i.e. to reduce PM2.5

mass or haze particle number concentrations, we need to
understand the processes involved. Otherwise, it might be very
difficult to control new particle formation and growth in the way
that decreasing primary particle emissions will not lead to
enhanced secondary PM2.5 formation via NPF and GTP.
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