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ABSTRACT

Growth of fine aerosol particles is investigated during the Aerosol–CCN–Cloud Closure Experiment campaign in June
2013 at an urban site near Beijing. Analyses show a high frequency (∼ 50%) of fine aerosol particle growth events, and show
that the growth rates range from 2.1 to 6.5 nm h−1 with a mean value of ∼ 5.1 nm h−1. A review of previous studies indicates
that at least four mechanisms can affect the growth of fine aerosol particles: vapor condensation, intramodal coagulation,
extramodal coagulation, and multi-phase chemical reaction. At the initial stage of fine aerosol particle growth, condensational
growth usually plays a major role and coagulation efficiency generally increases with particle sizes. An overview of previous
studies shows higher growth rates over megacity, urban and boreal forest regions than over rural and oceanic regions. This is
most likely due to the higher condensational vapor, which can cause strong condensational growth of fine aerosol particles.
Associated with these multiple factors of influence, there are large uncertainties for the aerosol particle growth rates, even at
the same location.
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1. Introduction
Aerosol is ubiquitous in Earth’s atmosphere and causes

considerable impacts to society, including changes in climate,
atmospheric chemistry and human health (IPCC, 2007). Fine
aerosol particles have strong negative effects on atmospheric
visibility and human health by entering the respiratory, cir-
culatory and nervous systems (Harrison and Yin, 2000;
Kreyling et al., 2004). The climate impact of aerosol is one of
the largest uncertainties in current climate model simulations
(IPCC, 2007), and atmospheric particle formation has been
identified as one of the most important aerosol processes that
should be explicitly treated in next-generation climate models
(Ghan and Schwartz, 2007). Many studies have focused on
both the formation and growth of fine aerosol particles (Kul-
mala et al., 2004a, 2012; Spracklen et al., 2006, 2010; Yu et
al., 2010).

While aerosol particle formation and growth events can
be identified based on the evolution of size distributions and
particle number concentrations following the definition of
Kulmala et al. (2004a), their quantitative observation requires
measurements of aerosol particle size distributions down to
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sizes as small as 3 nm in diameter (McMurry, 2000). Actu-
ally, even 3 nm is not small enough to study the aerosol for-
mation process, which is mainly the nucleation process (Kul-
mala et al., 2004b). Therefore, using aerosol measurements
from differential mobility particle sizer or scanning mobility
particle sizer (SMPS) systems with a cutoff size of 3 nm or
even larger, is not suitable for the detection of nucleation and
the initial steps of particle growth (Kulmala et al., 2004b). In
this paper, we only examine the growth of atmospheric fine
aerosol with a size range of 10–100 nm without considering
the formation process.

The growth of atmospheric fine aerosol particles is a fre-
quent global phenomenon, and one of the major sources for
accumulation-mode (0.1–2.0 µm) aerosol particles in both
clean and polluted atmospheres. When fine aerosol parti-
cles grow large enough to serve as cloud condensation nu-
clei (CCN), they modify Earth’s radiation budget by reflect-
ing solar radiation directly or indirectly, e.g. via cloud albedo
(Twomey, 1974; Garrett and Zhao, 2006; Lubin and Vogel-
mann, 2006; Spracklen et al., 2008; Zhao et al., 2012), cloud
lifetime (Albrecht, 1989), or cloud invigoration (Rosenfeld et
al., 2008; Li et al., 2011). Thus, it is important to study the
growth of fine aerosol particles.

In recent times, Beijing has continuously experienced
many heavy haze events almost every year, and vehicle emis-
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sions through secondary aerosol formation have become one
of the major sources of atmospheric pollution in city. It
is therefore important for us to know the frequency of fine
aerosol particle growth events and understand the growth rate
(GR) of fine aerosol particles.

In this study, we examine the GRs of fine aerosol particles
near Beijing based on 10 fine aerosol particle growth events
found during a field experiment in June 2013. We then try to
understand the different GRs over several locations found by
various studies.

2. Field experiment
A comprehensive intensive observation period field ex-

periment concerning aerosol and clouds, called the Aerosol–
CCN–Cloud Closure Experiment (AC3E), was carried out
during 1–30 June 2013 at Xianghe (39.80◦N, 116.96◦E; 35
m above sea level) in Hebei Province, China, located about
60 km southeast of Beijing. Figure 1 shows the location of
the site. It lies in a plain area surrounded by agricultural
land, densely occupied residences, and light industry. Situ-
ated close to the local downtown area with a population of 50
000 and between two megacities (Beijing and Tianjin), the
site experiences frequent pollution plumes deriving from ur-
ban, rural or mixed origin.

AC3E provided a series of observations such as aerosol
particle size distribution, mass distribution, chemical com-
position, cloud condensation nuclei and meteorological sta-
tus. The present study mainly uses the measurements of
aerosol particle size distribution and particle chemical com-
position. Aerosol particle size distribution (10–500 nm) is
measured with TSI’s SMPS 3082. Before entering the in-
strument, the air flow is dried with a silica gel diffusion
dryer to an average relative humidity of < 5%. The measure-
ments of non-refractory submicron (40 nm to 1 µm) aerosol
species including organics, sulfate, nitrate, ammonium and

Fig. 1. Location of the site at Xianghe, where we carried out the
AC3E campaign field measurements.

chloride are obtained with an Aerodyne Aerosol Chemical
Speciation Monitor (Sun et al., 2012). Detailed descriptions
of these instruments can be obtained from the instrument
manuals and corresponding references (e.g. Sun et al., 2012).
CCN data, which are obtained at supersaturations of 0.2%,
0.5% and 0.8% using a Droplet Measurement Technologies
continuous-flow CCN counter (Lance et al., 2006), are also
used in this study to examine the impact of fine aerosol parti-
cle growth.

The meteorological conditions were recorded during the
campaign. For most cases, the weather was hot and wet, with
an average temperature of 23.6◦C and an average ambient
relative humidity of 72.3%.

3. Theory and method
3.1. Fine aerosol particle growth

Although not the focus of our study, we begin by pro-
viding a brief summary of the mechanisms for fine aerosol
particle formation. As shown in Kulmala et al. (2000), sev-
eral nucleation mechanisms have been proposed to explain
fine aerosol particle production, along with meteorological-
related nucleation enhancement processes such as turbulent
fluctuations, waves and mixing (Easter and Peters, 1994;
Nilsson and Kulmala, 1998). Two fine aerosol particle for-
mation theories—binary nucleation theory (water and sul-
furic acid) (Doyle, 1961; Raes et al., 1992; Kulmala et
al., 1998) and ternary nucleation theory (sulphuric acid–
ammonia–water) (Coffman and Hegg, 1995; Korhonen et al.,
1999)—have indicated the importance of sulfuric acid and
ammonia to the formation of fine aerosol particles.

Our focus is the growth of fine aerosol particles. As
shown in Table 1, several mechanisms for fine aerosol particle
growth have been proposed by Kulmala et al. (2004b). The
study indicated that the first, third and fourth mechanisms
shown in Table 1 do not require additional vapors other than
those participating in the nucleation processes (which are
the major mechanisms for fine aerosol particle formation),
whereas the other two mechanisms do. In general, conden-
sational growth associated with mechanisms 1–3 is more
significant when concentrations of condensable vapors are
higher, and the efficiency of these three mechanisms should
decrease with growth time and then particle sizes due to the
consumption of condensable vapors; self-coagulation effi-
ciency increases with sizes during the aerosol growing stage;
and multi-phase chemical reactions are favored by an acidic
environment. Recently, Yue et al. (2010) indicated that fine
aerosol particle growth process is mainly caused by three
mechanisms: intramodal coagulation, extramodal coagula-
tion with larger pre-existing particles, and vapor condensa-
tion. Different from Kulmala et al. (2004b), Yue et al. (2010)
indicated negative effects of extramodal coagulation for the
growth of fine aerosol particles: the growing aerosol particles
can be scavenged or removed by pre-existing larger particles.
We should note that many studies (e.g., Kulmala et al., 2005;
Kuang et al., 2012) show the primary mechanism for the
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Table 1. Mechanisms listed in Kulmala et al. (2004b) for fine
aerosol growth.

No. Mechanism Characteristics

1 Condensation of nu-
cleating vapors

Growth rate increases rapidly and then
stays relatively constant

2 Growth by other va-
pors

Soluble vapors can participate in the
growth of fine aerosol particles after
activation (nano-Kohler mechanism)
and insoluble vapors after heteroge-
nous nucleation. After these initial
steps, multicomponent condensation
of organic and inorganic vapors will
continue the growth.

3 Charge-enhanced
condensation

This effect decreases rapidly with in-
creasing size.

4 Self-coagulation Self-coagulation effect increases with
aerosol sizes.

5 Multi-phase chemi-
cal reactions

These effects are favored by an acidic
environment.

growth of fine aerosol particles is the condensation of sulfu-
ric acid vapor and low-volatility organic vapors. In summary,
the growth of fine aerosol particles should be strongly asso-
ciated with the condensation of sulfuric acid vapor and low-
volatibility organic vapors, the concentration of pre-existing
large size aerosol, the concentration of fine aerosol particles,
and favorable meteorological conditions.

3.2. Method for growth rate calculation
Fine aerosol particle growth events are identified in this

study based on the evolution of aerosol particle size distri-
butions following the definition of Kulmala et al. (2004a).
Specifically, an obvious growth trend in particle size distribu-
tions can be found during fine aerosol particle growth events.

Following the expression in Heintzenberg (1994), GR is
defined as the growth rate of fine aerosol particles at mean
diameter Dm within a time period ∆t:

GR =
∆Dm

∆t
. (1)

Note that the mean diameter Dm is a mean geometric diame-

ter of a log-normal ultrafine aerosol particle mode, which has
been fitted to the number size distribution. GR can also be
expressed as (Kulmala et al., 1998)

dDp

dt
=

4mυβMDC
ρDp

, (2)

where Dp is the particle radius, mυ is the molecular mass of
condensable vapor, D is the diffusion coefficient, C is the
vapor concentration, ρ is the particle density, and βM is the
transitional correction factor for the mass flux. Equation (2)
shows that GR should be related to condensable vapor, parti-
cle size and particle concentration. As indicated earlier, both
condensation and coagulation play important roles for fine
aerosol particle growth.

Figure 2 shows the temporal variation of aerosol parti-
cle size distribution and total aerosol number concentration
in the size range from 10 nm to 500 nm on 17 June 2013.
Based on the identification method described above, a fine
aerosol particle growth event occurs on this day. The aerosol
number concentration shows a sharp increase in the initial
stage (1100–1400 LST) of this growth event due to the con-
version of fine aerosol from sizes below 10 nm to above 10
nm. Considering the two facts that the aerosol number con-
centration does not change much in the initial stage (such as
10–50 nm) and there are generally heavy emissions of NOx
and SO2 gases from strong traffic pollution and burning coal
in this region, the fast growth of fine aerosol particles in the
initial stage should be associated with condensational growth,
as shown in Eq. (2). In the later stage, the aerosol number
concentration decreases gradually, which should be due to
intramodal and extramodal coagulations. Interestingly, there
is a jump in aerosol number concentration between 1900 and
2100 LST, which should be due to the aerosol particles from
other sources such as biomass burning. For the measured size
range between 10 and 500 nm, there is a clear increasing
trend in aerosol particle sizes with time during 1100–2200
LST. It is highly likely that new aerosol particle formation
occurs at times before 1100 LST, such as 0900–1100 LST,
which is consistent with the findings of many other studies
(e.g., Wu et al., 2007; Zhang et al., 2011).

Figure 3 illustrates the calculation of GR using Eq. (1)

Fig. 2. An example of a fine aerosol particle growth event that occurred on 17
June 2013.
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Fig. 3. An example of the calculation of GR on 17 June 2013.

for fine aerosol particles measured at Xianghe on 17 June
2013. Using the time series data of aerosol particle size dis-
tributions, ∆Dm and ∆t can be easily estimated. The fine
aerosol particle GRis slightly larger for the period 1100–1430
LST than for 1430–1800 LST, which could be associated
with the decreasing condensation efficiency and increasing
extramodal coagulation efficiency while the intramodal co-
agulation efficiency also increases. After 1800 LST, the GR
becomes a little larger again. Roughly estimated, the mean
particle size increases from 25 nm to 100 nm from 1100 to
2230 LST, corresponding to a mean GR of 6.5 nm h−1.

Large uncertainties in the estimations of GR could exist.
As indicated by Kulmala et al. (2004a), the main problem
for GR calculation is to distinguish between fine mode and
pre-existing large aerosol particles. The GR is defined as the
slope of the linear fitting line between aerosol particle mean
size and time. However, different from that shown in Shi and
Qian (2003), the mean sizes of fine aerosol particles usually
do not show a perfect positive linear relation with time be-
cause of two issues. One is the existence of large sized back-
ground aerosol particles, and the other is the fluctuation of the
particle size distributions. Both make it difficult to identify

the size classes that belong to the fine aerosol particle growth
events. Unless it is very clear, we need to make a good guess
based on our knowledge. Sometimes, it is even difficult to
give an accurate estimate for the start and end points of fine
aerosol particle growth events, which usually also affects the
calculation of the fine aerosol particle GR. Considering these
factors of influence, uncertainties in determined GRs are also
examined in this study. For example, the uncertainty for the
determined GR values in Fig. 3 is estimated as ±0.8 nm h−1.

The observed particle size distributions can be classified
into three modes: “nucleation mode”, with size Dm 6 25 nm;
“Aitken mode”, with a size range of 25–100 nm; and “ac-
cumulation mode”, with size range of 100–1000 nm. The
nucleation mode and Aitken mode aerosol particle GRs are
generally different. Considering the aerosol size range mea-
sured here is between 10 and 500 nm, the average GRs of fine
aerosol particles in the size range of 10–100 nm are examined
with Eq. (1) in this study.

4. Results and discussion
4.1. Fine aerosol particle growth at Xianghe

Figure 4 shows the temporal variation of measured
aerosol size spectra between 10 and 500 nm during the AC3E
campaign period of 9–25 June 2013, except 18 June when
an instrument error occurred. While not always obvious, fine
aerosol particle growth events occur on days 9, 10, 11, 12, 13,
17, 19, 20, 21 and 23. The frequency of days that fine aerosol
particle growth events occur is around 50%. Assuming these
fine aerosol particles are formed locally, the occurrence fre-
quency of fine aerosol growth events is much larger than that
found by Wu et al. (2007) and Shen et al. (2011), which show
about 20% and 12% respectively in summer. Note that Wu
et al. (2007) and Shen et al. (2011) used SMPS measure-

Fig. 4. Temporal variation of particle number size distribution between 10 nm and 500 nm and
aerosol number concentration with sizes larger than 25 nm (green line), 50 nm (blue line), and
100 nm (purple line), for the AC3E campaign period of 9–25 June 2013.
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ments with a lower size limit of 3 nm, and what they de-
termined were frequencies of new particle formation events
that occurred in years other than 2013. Also, Xianghe is a
little farther away from central Beijing. Consistent with most
studies (e.g., Kulmala et al., 2004a; Wu et al., 2007), fine
aerosol particle growth events often occur on clean and sunny
days, and the particles can grow large enough as accumula-
tion mode aerosol in several hours or 1–2 days. Most of these
fine aerosol particle growth events observed here typically be-
gin around 0900–1200 LST, which is consistent with Zhang
et al. (2011) and Wu et al. (2007).

Figure 4 shows the temporal variation of aerosol number
concentration with sizes larger than 25 nm, 50 nm and 100
nm separately, which exactly illustrates this point. Aerosol
with sizes larger than 100 nm (accumulation-mode aerosol)
can be treated as pre-existing large sized background aerosol
in the initial stage of a fine aerosol particle growth event,
which is generally minimal in concentration during the day
of the growth event. Thus, we can use the daily minimum
aerosol concentration in the accumulation mode to estimate
the relative impact caused by extramodal coagulation on the
mean growth rate of fine aerosol particles in an event. Un-
fortunately, there is no clear relationship between the daily
minimum accumulation-mode aerosol concentrations and the
GRs of fine aerosol particles, as shown in Fig. 4. This may
imply a deficiency of extramodal coagulation.

For all fine aerosol particle growth event days during the
AC3E campaign, the GRs are calculated and shown in Fig. 5.
The GR values range from 2.1 to 6.5 nm h−1, with an average
value around 5.1 nm h−1. These values are roughly consis-
tent with the findings from previous studies in the Beijing
area (Wu et al., 2007; Yue et al., 2010; Zhang et al., 2011),
which show averaged GRs of about 3–5 nm h−1. However,
as indicated in Fig. 4, large uncertainties exist for determined
fine aerosol particle GRs at each event, which is usually about
0.5–1 nm h−1.

Figure 6 shows that the dominant aerosol chemical com-
positions are organics and nitrate, with relatively smaller
amounts of ammonium and sulfate, which is slightly different

Fig. 5. Growth rates of fine aerosol particles for observed events
during the AC3E campaign between 9 and 25 June 2013. The
circles represent the mean values and the bars represent the
ranges.

from the findings of Zhang et al. (2011) in which the amount
of sulfate was more than that of nitrate. Note that the chemi-
cal composition from the Aerosol Chemical Speciation Mon-
itor (ACSM) in Fig. 6 is for aerosol particles with sizes be-
tween 40 nm and 1 µm. Here, we simply assume that the par-
ticles with sizes between 10 and 500 nm measured by SMPS
have the same chemical composition as obtained by ACSM.
The NOx and SO2 gases are emitted mainly from strong traf-
fic pollution and burning coal (Zhu et al., 2016), which serve
as precursors of fine aerosol particles and provide an acidic
environment that can cause fast growth of fine aerosol par-
ticles through vapor condensation. As shown in Zhu et al.
(2016, Figs. 2 and 3), both observation and model simula-
tion results for a short period during the observation window
show high concentrations of NOx and SO2, at roughly 400
ppb and 25 ppb, respectively. These help make the growth
of fine aerosol particles faster. Also, the acidic environment
strengthens the multi-phase chemical reactions such that fine
aerosol particles can grow faster.

One important point regarding the growth of fine aerosol
particles is that large aerosols play important indirect radia-
tive roles by serving as CCN. Figure 7 shows the temporal

Fig. 6. Temporal variation of aerosol chemical composition measured during the
AC3E campaign between 9 and 25 in June 2013.
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Fig. 7. Temporal variation of CCN concentration at supersaturations of 0.2%, 0.5% and 0.8%
during the AC3E campaign between 9 and 25 June 2013.

variation of CCN during the AC3E campaign. For almost
every fine aerosol growth event, the concentration of CCN
is lowest in the initial stage, and quickly increases with the
growth of the fine aerosol particles. When the aerosol parti-
cles grow large enough, the intramodal and extramodal co-
agulations make the CCN number concentration decrease.
From Fig. 7, we can also identify the main growth trends as
found in Fig. 4: a significant increase in CCN on the days
when fine aerosol particles grow. When the environment is
suitable for cloud formation, increased CCN will have strong
impacts on both cloud microphysical properties and radiation
budgets.

4.2. Spatial variation of growth rates
By combining various findings on the GRs of fine aerosol

particles at different locations, we can examine the spatial
variation of GRs. Table 2 lists the fine aerosol particle GRs
found by various studies over six different types of locations:
clean Antarctic region, slightly polluted rural areas, polluted
urban areas, relatively clean (or lightly polluted) megacities,
polluted megacities, and boreal forest. The reference stud-
ies, locations, and growth rates obtained are also listed in the
table. Note that there are strong seasonal variations for fine
aerosol particle GRs found by many of these previous stud-
ies. Higher GRs of fine aerosol particles are found during
summer than in winter, which is potentially associated with
the higher precipitable water vapor concentration in summer.
Based on the studies listed in Table 2, we provide a rough
estimate of the mean GR of fine aerosol particles over each
location. These are: 0.2, 1.3, 3.8, 5.0, 2.0 and 5.0 nm h−1, for
the Antarctic, rural, urban, polluted megacity, relatively clean
megacity, and boreal forest, respectively. Note that these es-
timates are very rough and large uncertainties could exist.

Figure 8 shows the variation in mean GRs over the six lo-
cations indicated in Table 2. The bars represent the potential

Fig. 8. Variation of fine aerosol particle growth rates with lo-
cation [clean Antarctic, clean rural, urban, and megacities (di-
vided into clean and polluted), and forest]. The results are from
different studies shown in Table 1. The bars represent the most
likely ranges and the red lines indicate the mean values of GRs
for the corresponding location types.

ranges of fine aerosol particle GRs and the red lines indicate
the estimated mean values of GRs for the corresponding lo-
cation types. In general, the fine aerosol particle GRs have
a large variability, even in the same location type dominated
by similar aerosol types. This suggests significant influences
from other environmental factors such as meteorological con-
ditions and pre-existing background aerosol pollution. These
results presented in section 3 imply that one dominant mech-
anism for the variation of GRs with location is vapor con-
densation. Both fine aerosol particle GRs and condensable
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Table 2. Growth Rates (GRs) of fine aerosol particles reported by various studies at different locations. The GR estimates for different
types of regions in summer are also shown in the table. Note SP∗, S∗, F∗ and W∗ indicate spring, summer, fall and winter, respectively. The
results from references with an asterisk are from Table 2 in Kulmala et al. (2004a).

Location Type Location Reference GR Mean GR estimates
in S∗

Ocean Antarctic Park et al. (2004)∗ 0.13 0.2 (0.1–2)
Gras (1993)∗ 0.1

Rural or remote con-
tinental locations

Idaho Hill, Colorado Weber et al. (1997) 0.5–2 1.3 (0.5–2)

Idaho Hill, Colorado Eisele and McMurry (1997) 1–2
Forest or farmland Industrialized agricultural area Birmili et al. (2003) 0.5–8 (S∗: 2–8; W∗:

0.5–2.5)
5.0 (2–10)

Boreal forest in southern Finland Makela et al. (1999)∗ 2–3
Boreal forest in southern Finland Makela et al. (2000)∗ 1–17 (S∗: 4–10; W∗: 1–

2.5)
Boreal forest in southern Finland Kulmala et al. (1998)∗ 3–20

Urban areas Central Europe Neusüss et al. (2002)∗ 3.5 (±1.0) 3.8 (2–8)
St. Louis Shi and Qian (2003)∗ 0.5–9 (S∗: 3.5–8; W∗:

0.5–2.5)
North China Plain Shen et al. (2011) SP∗: 3.0; S∗: 4.2;

F∗: 3.1; W∗: 3.7
Megacities Western Yangtze River Delta Herrmann et al. (2013) 6–7 Clean: 2.0 (0.3–6);

Polluted: 5.0 (1.0–12)
Beijing (summer) Zhang et al. (2011) 3.2
Beijing Wu et al. (2007) Clean: ∼ 1.8 (±2.0)

Polluted: ∼ 4.4 (±3.2)
Beijing Yue et al. (2010) 2004S∗: 0.3–12.3

2005S∗: 5–11
2006S∗: 1.2–5.6

Xianghe (close to Beijing) This study 2013S∗: ∼ 4.3 (1.7–6.5)

vapor concentration are larger in urban and polluted megac-
ity regions compared with Antarctic and rural regions. For
relatively clean megacities, the fine aerosol particle GRs lie
between those of urban and rural regions. Due to the release
of volatile organic compounds from boreal regions, the mean
fine aerosol particle GR over boreal forest is also large—
almost the same as that over polluted megacities. In addition,
multi-phase chemical reactions are generally larger in the ur-
ban, megacity and boreal regions.

5. Summary and discussion
The growth of fine aerosol particles is a frequent phe-

nomenon in Earth’s atmosphere and plays an important role
for local environments and global climate change. Based
on short-term aerosol observations during the AC3E cam-
paign, the present study shows a high frequency (∼ 50%)
of fine aerosol particle growth events at Xianghe in sum-
mer. The GRs of fine aerosol particles during the AC3E cam-
paign range from 2.1 to 6.5 nm h−1, with a mean value of
∼ 5.1 nm h−1. The most likely contribution to the GRs of fine
aerosol particles from four factors of influence are discussed
in this study, including vapor condensation, intramodal co-
agulation, extramodal coagulation and multi-phase chemical
reactions. For Xianghe, with its heavy releases of organic,
nitrate and sulfate materials (Zhu et al., 2016), vapor conden-
sation should play a major role for the growth of fine aerosol

in the initial stage, making GRs high. Considering the sev-
eral mechanisms for fine aerosol particle growth proposed by
Kulmala et al. (2004b) and Yue et al. (2010), in the following
stages, the combined impacts of extramodal and intramodal
coagulations should contribute to the growth of fine aerosol
particles, along with condensation growth. Due to the exis-
tence of pre-existing large size aerosol particles and the fluc-
tuations of aerosol size distributions (such as on 19, 20 and
21 June in Fig. 4), large uncertainties could exist for our cal-
culated GRs of fine aerosol.

A review of previous findings about the GRs of fine
aerosol particles shows higher GR values over megacity, ur-
ban and boreal forest regions compared with rural or oceanic
regions, most likely caused by the more significant vapor
condensation effects. The heavy releases of organic, nitrate
and sulfate materials in urban and megacity regions, and the
heavy releases of volatile organic compounds from boreal
forest regions, make the condensational vapor in megacity,
urban and boreal forest regions much greater than in rural or
oceanic regions. In short, GRs of fine aerosol particles are in-
fluenced by multiple factors including condensational vapor,
pre-existing large aerosol particles, and various other envi-
ronmental factors, causing observed values to vary within a
broad range and with large uncertainties, even over the same
location.

This study uses theories and results from previous studies
to explain our observational findings for the fast GRs (2.1–
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6.5 nm h−1) of fine aerosol particles found at Xianghe near
Beijing, which include both the condensational growth and
coalescence growth of fine aerosol particles. Whilst carried
out in some of the studies cited here, model simulations or
lab investigations have not been carried out to further evalu-
ate our explanation, which would be a valuable approach to
take in the future. Moreover, this study calculates the GRs
of fine aerosol particles without considering their dissipation
through dry deposition, while precipitation scavenging or wet
deposition has been excluded. The dry deposition may have
slightly increased the calculated GRs since it is easier for
smaller particles to be deposited at the growth size range be-
tween 10 and 500 nm (Zhang et al., 2001). In other words,
the GRs of fine aerosol particles could be slightly smaller in
the study area.
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