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Abstract. To date, few comprehensive field observations of
new particle formation (NPF) have been carried out at moun-
taintop sites in China. In this study, simultaneous measure-
ments of particle size distribution, trace gases, meteorolog-
ical parameters, and mass concentration and chemical com-
position of PM> 5 were performed at the summit of Mt. Tai
(1534ma.s.l.) from 25 July to 24 August 2014 (Phase I),
21 September to 9 December 2014 (Phase II), and 16 June to
7 August 2015 (Phase III) to investigate characteristics and
favorable conditions of NPF in a relatively clean mountain-
top environment. The NPF events were identified based on
particle size distribution measured by the neutral cluster and
air ion spectrometer (NAIS), and 66 such events were ob-
served during a period of 164 days — corresponding to an
occurrence frequency of 40 %. The formation rates of 3 nm
particles (J3) and growth rates were in the ranges of 0.82—
25.04cm™3s~! and 0.58-7.76 nmh~!, respectively. On av-
erage, the condensation sink (CS), O3 concentration, air tem-
perature, and relative humidity were lower, whereas the SO,
concentration was higher on NPF days than that on non-NPF
days. The CS on Mt. Tai was at a low level and lower CS was
critical for NPF. NPF events were common when wind came
from the east-southeast and west-southwest, which was prob-
ably associated with relatively lower CS in the east-southeast
and higher SO, concentration in the west-southwest. O3 was
not a governing factor for NPF in this study, and a high
level of NO, concentration might be responsible for the de-

creased O3 concentration on NPF days. Three categories of
backward trajectories were classified, among which the con-
tinental air mass was the majority. The continental air mass
passing through more polluted areas (denoted as Type I) fa-
vored NPF because of enhanced SO, concentration and po-
tential ammonia with it. An in-depth analysis of SO, indi-
cated that sulfuric acid was a dominant precursor on Mt. Tai;
meanwhile, biogenic organics released from ambient forests
in warm seasons and anthropogenic volatile organic com-
pounds emitted from domestic heating in cold seasons also
promoted NPF.

1 Introduction

Atmospheric aerosols play a critical role in affecting global
radiation forcing and climate (Kazil et al., 2010), directly
through scattering and absorption of solar radiation, and in-
directly by modifying cloud properties and lifetimes as the
potential cloud condensation nuclei (CCN) (Kuang et al.,
2010). Aerosol particles are also involved in several atmo-
spheric chemistry processes such as enhancing haze and de-
creasing visibility, which are associated with air quality (Guo
et al., 2014). In addition, aerosol particles can harm human
health by inhalation (Han, 2012; Butt et al., 2016). Previ-
ous studies have shown that the nucleation of atmospheric
gas-phase precursors and subsequent growth to larger parti-
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cles, widely known as new particle formation (NPF), is the
largest source of atmospheric aerosol particles (Zhang et al.,
2012). Field observations have exhibited that NPF typically
increases the particle number concentration by a factor of 2
to 10 (Gong et al., 2010). Modeling studies also revealed that
NPF accounted for 5-50 % of CCN in the lower boundary
layer (Spracklen et al., 2008). An in-depth study of the pro-
cess of NPF and its effects contributes significantly to the
pollution controls of atmospheric aerosols in China.

With development of instruments that measure particle
size distribution, NPF events have been widely observed all
over the world in recent decades. These observation sites in-
clude the northernmost sub-Arctic, remote boreal forests, in-
dustrialized agricultural regions, high-iodine coastal environ-
ments, and polluted urban areas (Dal Maso et al., 2002). The
frequency of NPF events varies significantly between dif-
ferent locations. For example, Hallar et al. (2011) reported
that NPF events in urban areas in Pittsburgh, USA, occurred
about 35-50 % during the observation period, whereas the
corresponding values at the remote background sites in Fin-
land and Sweden were just 2-27 %. Manninen et al. (2010)
found that the frequency of NPF events ranged from 21 to
57 % at 12 field sites around Europe, and number of observed
NPF days was closely related to the regional atmospheric
conditions. In addition, frequency of NPF events in a loca-
tion is not constant. Wu et al. (2007) showed that NPF events
occurred on 50, 20, 35, and 45 % of days in spring, summer,
autumn, and winter in Beijing, China.

In the past decade, many studies on NPF have been car-
ried out in China. NPF events were first reported in China
in 2004 by Wehner et al. (2004), who used a twin differ-
ential mobility particle sizer. Soon after, Liu et al. (2008)
observed NPF at a rural and coastal site in Xinken (Guang-
dong Province). In 2005, Gao et al. (2009) investigated the
occurrence of NPF in a suburban environment in the Yangtze
River Delta using a wide-range particle spectrometer (WPS).
Thereafter, several observations related to NPF have been
widely reported in urban, suburban, and rural environments
around China (An et al., 2015; Wang et al., 2011; Peng et
al., 2014). At the remote high elevation sites, NPF might re-
veal some specific characteristics. Many mountain studies of
NPF have been conducted around the world so far, for exam-
ple at Mount Norikura in Japan, Jungfraujoch (3580 ma.s.1.)
in Switzerland, Mt. Werner in the US, and the Himalayas in
Nepal (Hallar et al., 2011; Chiharu et al., 2008; Weingart-
ner et al., 1999; Venzac et al., 2008). At present, there have
not been many observations at mountaintop sites in China.
Before 2008 there had been no mountaintop observations of
NPF in China. In 2008, Zhang et al. (2016) conducted the
first mountaintop observation of NPF in China on Mt. Huang
(1840 m a.s.1.) with a WPS instrument. However, these recent
mountaintop studies in China were subject to great constraint
in measurement methods. In this study, a neutral cluster and
air ion spectrometer (NAIS), which could detect particle size
distribution down than 3 nm, was used. The NAIS greatly
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avoided the misleading interference of primary emission, and
it measured more accurate particle formation sizes (Jayaratne
etal., 2017).

Particle formation and growth rates vary with field envi-
ronments. A review carried out by Kulmala et al. (2004)
found that the typical formation rate was in the range of 0.01—
10cm~3 s~ !, In urban areas it may be about 100 ecm 3 s
while in coastal zones it can be as high as 10*~103 cm™3 s~1.
The typical growth rate of newly formed particles ranges
from 1 to 20nmh~!, and at some coastal areas it is as high
as 200nmh~!.

Chemical mechanisms and precursor species related to
NPF still remain uncertain, particularly under the highly
complicated atmospheric environment. Previous studies have
shown that sulfuric acid, ammonia, organics, and iodide
species in the atmosphere were involved in the nucleation
process under specific environments. Gaseous sulfuric acid
is commonly the critical candidate participating in binary,
ternary, and ion-induced nucleation (Boy et al., 2005; Wang
et al., 2011; Zhang, 2010; Saunders et al., 2010; Allan et
al., 2015). It has also been shown that nucleation rate can
be a function of sulfuric acid concentration with a power
dependency exponent, and its exponent varies significantly
between different nucleation theories (Kulmala et al., 20006;
Wang et al., 2011). However, the presence of a single sulfu-
ric acid is always not enough to explain NPF in the atmo-
sphere. Earlier studies indicated that ammonia and organics
could enhance nucleation by stabilizing sulfuric acid—water
clusters, and organics might exert more effectively at low
concentration (Li et al., 2017). In Zhang et al. (2004) and
Zhang (2010), they showed that sulfuric acid and organic
acid could form a stable organic acid—sulfuric acid complex
that could efficiently reduce the nucleation barrier.

In addition to precursors, NPF in the atmosphere reveals
the sensitivity of other factors, such as preexisting particles,
meteorological conditions, and air mass transport. Preexist-
ing particles contribute to a major sink for newly formed par-
ticles, and the large particle surface areas even probably act
as a governing factor of NPF, as in the research of Cai et
al. (2017) in Beijing. Comprehensive investigations of these
factors on NPF in China have mainly been conducted in ur-
ban, suburban, and rural environments. Since mechanisms of
NPF under the heavily polluted conditions are significantly
different from those under relatively clean conditions (Kul-
mala et al., 2016; Hu et al., 2016; Wang et al., 2013), the
comprehensive investigation of NPF at the relatively clean
mountaintop site of Mt. Tai is of great importance.

In this paper, we present the results of intensive field ob-
servations at the summit of Mt. Tai (1534 ma.s.l.), which is
a relatively clean mountaintop environment. This study was
based on simultaneous measurements of particle size dis-
tribution, meteorological parameters, gaseous species, and
mass concentration and chemical composition of PM» 5 dur-
ing three campaigns (25 July to 24 August 2014, Phase I; 21
September to 9 December 2014, Phase II; 16 June to 7 Au-

www.atmos-chem-phys.net/18/2243/2018/



G. Lv et al.: Investigation of new particle formation at the summit of Mt. Tai, China 2245

gust 2015, Phase III). The general characteristics of NPF
events, such as their start times, formation rates, and growth
rates were discussed based on a more reliable nanometer in-
strument of the NAIS that can detect particles down to actual
formation sizes. We explored the favorable conditions for
NPF by analyzing factors, such as condensation sinks (CSs),
and sources, meteorological conditions, and long-range air
mass transport on NPF days and non-NPF days. In addi-
tion, potential precursor species were also investigated in this
study.

2 Methods
2.1 Site description

The observations were conducted at the summit of Mt. Tai
(36.25° N, 117.1°E, 1534ma.s.l.), which is located nearly
in the center of Shandong Province, eastern China. Mt. Tai
is one of the highest mountains near the East China Sea on
the transport path of the Asian continental outflow (Li et
al., 2011), adjacent to the Bohai Sea and Yellow Sea. The
field site is just at the summit of Mt. Tai, and its surround-
ings are dominated by dense forests in summer and autumn
with few anthropogenic primary emissions nearby. The near-
est midsize city, Tai’an with a population of 670000, is lo-
cated approximately 15 km away to the south and southeast.
The city of Jinan (population: 2 800 000), capital of Shan-
dong Province, is 60 km to the north. During the daytime,
the summit of Mt. Tai reaches close to the top of the plane-
tary boundary layer, and the observation site is representative
of the region (Zhang et al., 2014; Sun et al., 2016). All the
instruments were installed inside a large trailer, and sampling
was carried out through short inlet tubes outside the trailer at
a height of about 3ma.g.l. (above ground level).

2.2 Measurement techniques

Two types of particle size distribution instruments, namely a
NAIS and a WPS, two gas monitors (SO» and O3), an instru-
ment to measure mass concentration of PMj 5, and a monitor
for chemical composition in PM» 5 were used in this study. In
addition, meteorological parameters including air tempera-
ture (T'), relative humidity (RH), wind speed, wind direction,
and visibility were also recorded in real time.

The NALIS is a multichannel nanometer aerosol instrument
that can measure the size distribution of aerosol particles and
ions (charged particles and cluster ions) of both polarities si-
multaneously. The aerosol particle distribution of NAIS is in
the size range of 2-40 nm, and the ion distribution is in the
electric mobility range of 0.0013-3.2cm? V™! s~ (equiva-
lent to particle Millikan diameters of 0.8—40 nm). The instru-
ment consists of two multichannel electrical mobility ana-
lyzer columns, one for each polarity. The aerosols are clas-
sified according to electrical mobility and measured with an
array of 21 electrometers per column. The total time of each
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measurement cycle was set at 5 min, comprising of sampling
intervals as follows: particles every 120s, ions every 120s,
and offset every 60s. The analysis of characteristics related
to NPF in this study was mainly based on the data measured
by NAIS.

The WPS is a high-resolution aerosol spectrometer that
combines a differential mobility analyzer (DMA), a conden-
sation particle counter (CPC), and a laser particle spectrom-
eter (LPS). The diameter range of the WPS was from 10 to
10000 nm; 48 channels were used in the DMA and CPC, and
24 channels were used for the LPS. The scan time for the en-
tire size range was set to 5 min.

The concentration of SO in the atmosphere was measured
with a pulsed ultraviolet fluorescence analyzer (model 43C,
Thermo Electron Corporation — TEC), and O3 was measured
with an ultraviolet photometric analyzer (model 49C, TEC).
Mass concentration of PM» 5 was detected by a monitor uti-
lizing a combination of beta attenuation and light scattering
technology (model 5030 SHARP Monitor, Thermo Fisher
Scientific), and chemical composition of PM> 5 was mea-
sured by a Monitor for Aerosols and Gases in Ambient Air
(MARGA, ADI20801, Applikon—ECN, Netherlands). Mete-
orological data were obtained in real time with an automatic
meteorological station (MILOSS520, Vaisala, Finland).

2.3 Data analysis

2.3.1 Formation rate, growth rate, and condensation
sink

In this study, particles in the size range of 3-20 nm were re-
garded as nucleation particles, and the formation rate of nu-
cleation mode particles, J3_»0, can be expressed (Dal Maso
et al., 2005) as

dN3_2
dr

J3_20 = + FCoagS + Fgrowth» (D
where dN3_¢/dt is the net rate of increased nucleation mode
particles, Fcoags is the coagulation loss, and Fgrowth is the
loss of particles growing out of size range. In our observation,
the Fgrown term could be neglected because particles grow-
ing beyond 20 nm before formation ended was relatively rare.
In addition, the formation rate of 3 nm particles, J3, was also
calculated from the NAIS data (Sihto et al., 2006; Kulmala
et al., 2012) by using Eq. (2):

dN;_
gy = WN3-6

1
+ CoagSDp=4nm -N3_g+ 3EGR3,6 -N3_¢,
(2)

where CoagS pp—4nm represents the coagulation sink of 4 nm
particles, an approximation for the interval of 3—6 nm parti-
cles. GR3_¢ and N3_¢ denote the particle growth rate and
particle number concentration between 3 and 6 nm, respec-
tively.
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The particle growth rate, GR, was determined with the
maximum concentration method (Kulmala et al., 2012):

AD Dy —D
GR = m _ 'm2 ml ’ (3)
At h—n

where Dy and Dy are the geometric median diameters of
representative particles at the start time #; and the end time #;,
respectively.

CS determines the rate of molecule condensation on the
preexisting aerosols, and it is given by Eq. (4) (Dal Maso et
al., 2005; Kulmala et al., 2001):

CS=27D> By, DpiNi, “)
i

where D is the diffusion coefficient for sulfuric acid, and
Bum is the size-dependent transitional correction factor.

2.3.2 Sulfuric acid proxy

Direct measurement of gas-phase sulfuric acid concentration
was not available in this study. Instead, the predictive proxy
for sulfuric acid ([H2SO4]) could be roughly estimated based
on the solar radiation (SR), SO, concentration, CS, and RH
(Mikkonen et al., 2011):

062 (cs.RH)~*13. (5)

[H2S04] =8.21 x 1073 -k - SR - [SO,
Here k is a temperature-dependent reaction rate constant,
and the solar radiation is estimated from the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model
developed by the NOAA Air Resources Laboratory. The ab-
solute values of sulfuric acid concentration contain some er-
ror with the real concentrations because of large uncertainty
in solar radiation from HYSPLIT, but its diurnal variation
pattern is acceptable.

3 Results and discussion
3.1 Classification and characteristics of NPF events

Basically, an NPF event could be defined as a distinct burst
of new nucleation-mode particles and subsequent growth of
particles to a larger size over a period of time (Dal Maso et
al., 2005; Hallar et al., 2011; D. W. Wang et al., 2014; Xiao et
al., 2015). For the Mt. Tai observations in this study, neutral
particles generally accounted for more than 95 % of the total
particles during NPF events; thus, the distribution of neutral
particles will be discussed in this paper.

The data presented in this study covered three campaigns
from 25 July to 24 August 2014 (Phase I), 21 September to
9 December 2014 (Phase II), and 16 June to 7 August 2015
(Phase III) at the summit of Mt. Tai. Observations over the
164 days showed that NPF events occurred on 66 days, cor-
responding to an occurrence frequency of 40 %. NPF events
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were frequently observed throughout the measurement cam-
paigns, with a highest occurrence frequency of 56 % during
Phase II. In contrast, the average frequency was only 21 %
during the other two phases. This difference was mainly at-
tributed to the rainy and foggy conditions of Phases I and III,
which played the predominant role in hindering NPF.

In Fig. la, 1 month’s set of continuous data from
10 November to 9 December 2014 for intensive NPF events
was picked to take a closer look at the NAIS spectrogram,
and the shaded areas represent NPF days. The spectrogram
showed clear banana profiles on NPF days, and most events
leveled off at about 30 nm. These NPF events usually lasted
hours, implying that NPF events mainly occurred on the re-
gional scale.

In this study, we defined the observed start times of NPF
events based on the significant enhancement of particle num-
ber concentration between 3 and 6 nm, N3_¢. Results showed
that approximately 95 % of NPF events initiated at 08:00—
11:00 LT (local time) at the summit of Mt. Tai, which was in
good agreement with many previous reports in China (Guo
et al., 2012; An et al., 2015; Kulmala et al., 2016; Hao et
al., 2015). The start times of NPF events at the summit of
Mt. Tai were mainly associated with enhanced photochem-
ical products in the early morning, generally corresponding
to the sunrise. Since newly formed particles (about 1.4 nm)
need some time to grow to the measurable diameter, the real
start times of NPF events would be earlier than the observed
times above.

Table 1 lists the calculated parameters of all the NPF
events observed at the summit of Mt. Tai, such as for-
mation rate of nucleation-mode particles, formation rate
of 3nm particles, growth rate, CS, average sulfuric acid
proxy concentration in the early morning (generally corre-
sponding to the time period of 06:00-09:00 LT on Mt. Tai),
SO, concentration (06:00-13:00LT), and O3 concentration
(06:00-13:00LT). Table 2 summarizes the averages, medi-
ans, 25th percentiles, 75th percentiles, minima, and maxima
of these parameters on the basis of Table 1. Table 3 compares
the characteristics of NPF on Mt. Tai in this study with some
other studies in China.

The net increase rates and formation rates of nucleation
mode particles on Mt. Tai were in the range of 0.96-
48.52 and 1.10-57.43cm™3 s~ !, respectively. On average,
coagulation loss accounted for 24.6 % of the nucleation-
mode particle formation, which was significantly smaller
than the result in Beijing in Yue et al. (2010). Coagulation
could decrease the number concentration of newly formed
particles, and a lower value of coagulation loss implied that
NPF on Mt. Tai would contribute to higher CCN concen-
tration. The maximum values of net increase rate, formation
rate, and SO, concentration all occurred on the same day —
3 December 2014 — and SO; concentration on this day was
as high as 12.9 4 9.6 ppb. The formation rates J3 varied from
0.82 to 25.04cm™3 s~ !, and their median, 25th percentile,
and 75th percentile were 6.15, 3.31, and 9.41 em 357! re-
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Figure 1. Time series during 10 November—9 December 2014, and the shaded areas represent NPF days: (a) contour plot of particle number
size distribution using NAIS data; (b) sulfur dioxide (blue) and ozone (red); (¢) meteorological parameters, including wind speed (cyan),
wind direction (green), temperature (magenta), and relative humidity (earth yellow); (d) visibility (yellow) and PM» 5 concentration (purple).

The gray line is the boundary for 10 km and 75 pug m~3

Table 2. Summary of averages, medians, 25th percentiles, 75th percentiles, minima, and maxima for the calculated parameters.

Average Minimum Maximum 25th  Median 75th

percentile percentile

Jz (em3s7h) 7.10 0.82 25.04 3.31 6.15 9.41
J3_20 (cm3 s~ 1) 16.61 1.10 57.43 6.12 13.47 20.61
GR (nmh~1) 1.98 0.58 7.76 1.15 1.55 2.51
CS (1072571 1.4 0.1 284 0.5 0.9 1.7
[H2S04] (10° cm™3) 5.23 0.52 25.7 1.28 3.34 7.07
SO, (ppb) 3.2 0.1 12.9 0.7 22 2.7
O3 (ppb) 45 2 110 19 41 66

spectively. On 3 December 2014, J3 also peaked, suggest-
ing that sulfuric acid was the governing precursor for this
NPF event. As shown in Table 3, the particle formation rate
at the summit of Mt. Tai was significantly higher than that
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on the hillside of Tai Mo Shan (0.97-10.2cm 3 s~!) and on
the top of Mt. Huang (0.09-0.30 cm s (Guoetal., 2012;
Zhang et al., 2016), but lower than the results in Beijing and
Shanghai (Xiao et al., 2015; Wang et al., 2015). In addition,
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Table 3. Comparison of NPF characteristics between Mt. Tai and other studies in China.

Observation site FR (cm_3 s_l) GR (nm h_l) Freq. Data Air mass style Ref.

Mt. Tai 7104539 (J3) 198+ 1.27 (GR3_n0) 40% ish‘_ie;;;(} 1453‘"‘1 Mountain (1534ma.s.l)  This study

Tai Mo Shan 0.97-10.2 (J5.5) 1.5-8.4 (GRs5 5-25) 33%  Oct-Nov 2010 Mountain (640 ma.s.l.)  Guo etal. (2012)
Mt. Huang 0.09-0.30 (J19) 1.42-4.53 (GR19—20) 37%  Apr-Jul 2008 Mountain (1840 ma.s.l.)  Zhang et al. (2016)
Mt. Huang 2.29-4.27 (GR19—_15) 18%  Sep-Oct 2012 Mountain (869 ma.s.l.) Hao et al. (2015)
Mt. Daban 0.8-3.2 79%  Sep—Oct 2013 Mountain (3295ma.s.l.) Du et al. (2015)
i‘l’(‘i‘tgfgmfz; 0.3-152 (Js6_30) 2.5-5.0 16% gf; IE\IO"VV;:S Marine Liu et al. (2014)
Backgarden 2.4-4.0 (J3-25) 4.0-22.7 (GR3_35) 25%  Jul 2006 Rural Yue et al. (2013)
Nanjing 2.6 (Jg) 10.4 (GRe—30) 44%  Dec 2011-Nov 2013 Suburban Qi et al. (2015)
Lanzhou 1.2-16.9 (GR10-20) 33%  Jun—Jul 2006 Suburban Gao et al. (2012)
Xinken 0.5-5.2 (J3_20) 2.2-19.8 (GR3_5q) 26%  Oct-Nov 2004 Suburban Liu et al. (2008)
Shanghai 2.3-19.2 (J3) 1.9-38.3 (GR7_20) 21%  Nov 2013-Jan 2014 Urban Xiao et al. (2015)
Nanjing 1.6-6.7 (J10—25) 5.6-9.6 (GR19—25) 40%  Jul-Aug 2012 Urban An et al. (2015)
Beijing 5.0-44.9 (J3) 1.86-6.7 (GR7_30) 26%  Jul-Sep 2008 Urban Wang et al. (2015)
Lanzhou 0.2-6.2 (J14.6—25) 2.6-12.3 (GRy46-25) 34% Aug—Nov 2014 Urban Zhang et al. (2017)
Qingdao 13.3 (J5.6-30) 2.0-10.2 41%  Apr-May 2010 Urban Zhu et al. (2014)
Hong Kong 1.9 (Js5) 3.7-8.3 (GR55-10) 23%  Dec 2010-Jan 2011 Urban Wang et al. (2014)

the observed formation rate on Mt. Tai was slightly higher
than the rural and suburban sites in Table 3 (Liu et al., 2008;
Yue et al., 2013; Qi et al., 2015). Precursor concentrations
on Mt. Tai should not be abundant compared with megacities
such as Beijing, but the lower level of CS (detailed discus-
sion in Sect. 3.2) on Mt. Tai could be partially responsible
for the relatively high formation rate in this study.

Growth rates GR3_»¢ at the summit of Mt. Tai ranged
from 0.58 to 7.76 nmh~!, and the median, 25th percentile,
and 75th percentile were 1.55, 1.15, and 2.51 nmh~!, re-
spectively. Growth rate on Mt. Tai was comparable with
some other mountain observations such as 1.5-8.4nmh~!
at Tai Mo Shan, 1.42-4.53nmh~! on Mt. Huang, and 0.8-
3.2nmh~! on Mt. Daban (Du et al., 2015; Guo et al., 2012;
Hao et al., 2015; Zhang et al., 2016). Growth rates observed
at the rural, suburban, and urban sites were higher than the
mountain observations shown in Table 3 (Yue et al., 2013;
Liu et al., 2008; Gao et al., 2011; Qi et al., 2015; Xiao et
al., 2015), suggesting that relatively clean mountain environ-
ments in this study contained insufficient vapors for subse-
quent particle growth.

3.2 Condensation sinks and sources of NPF

Classification of NPF events is associated with persistent
high concentration of nucleation-mode particles, and occur-
rence of an NPF event is dependent on the competition be-
tween relevant sinks and sources. Newly formed particles
are easily scavenged by larger preexisting particles in the
atmosphere, leading to their continual reduction in particle
number concentration. Conversely, a sufficiently high con-
centration of low volatility vapors (precursors) contributes to
persistent nucleation, generating new atmospheric particles.
Therefore, the CS and precursors are the key factors for NPF.
As reported by Wang et al. (2011) and Guo et al. (2012), the
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lower CS and higher precursor concentrations are favorable
for NPF. It is difficult to quantify the balance between the CS
and precursors, and NPF events could be observed in many
kinds of environments. For example, Kulmala et al. (2016)
reported that NPF events could occur in some highly pol-
luted Chinese megacities with high aerosol loadings. Zhu et
al. (2014) showed that NPF events were observed in Qing-
dao City, where the high concentration of gaseous pollutants
might offset the effect of a large CS. In a semirural location
in India, Kanawade et al. (2014) also demonstrated that NPF
events were not limited by a low value of CS alone. There-
fore, the detailed analysis of sinks and sources at a specific
site is of great importance for NPF.

In this study, CS on NPF days varied from 0.1 x 1072
to 28.4 x 1072571, corresponding to the median, 25th per-
centile, and 75th percentile of 0.9 x 1072, 0.5 x 1072, and
1.7 x 1072571, respectively. The CS was much greater than
0.5 x 1073-3.5 x 1073 s~ in Hyytiild, Finland (Dal Maso
et al., 2005), but significantly lower than that at many
locations in China, such as 0.6 x 1072-8.4 x 107251 in
Beijing, 0.9 x 1072-3.9 x 1072 s~! in Nanjing, 0.9 x 1072—
5.3 x 1072 in Qingdao, and 1.0 x 1072-6.2 x 10725~ in
Hong Kong (Zhang et al., 2011; Gao et al., 2012; Guo
et al., 2012; An et al., 2015; Herrmann et al., 2014; Zhu
et al., 2014). Overall, the general atmospheric environment
at the summit of Mt. Tai was relatively clean in China
with low particle loadings. The hourly average CS on non-
NPF days was always higher than that on NPF days, be-
ing (20+£0.5)x1072s7! and (1.4+0.5) x 107257, re-
spectively. This result indicated that the occurrence of NPF
events at the summit of Mt. Tai was significantly influenced
by lower CS.

Gas-phase sulfuric acid has been identified as the most im-
portant precursor for nucleation. Because direct emission of
sulfuric acid is negligible at the summit of Mt. Tai, photo-
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Figure 2. Average diurnal variations in trace gases (SO, and O3) and meteorological conditions (7' and RH) on NPF days and non-NPF days

over all campaigns at the summit of Mt. Tai.

chemical reactions of SO, would be the significant source
for sulfuric acid in the atmosphere. As shown in Fig. 2a, SO,
concentration showed a sharp increase at sunrise, and almost
all the hourly average SO, concentrations on NPF days were
higher than the corresponding values on non-NPF days (ex-
cept for the slightly lower values at 01:00 and 03:00 LT). This
indicated that sulfuric acid participated in NPF and played an
important role for NPF initiation.

Figure 1 also showed visual correlations between particle
number size distribution, gas species, meteorological param-
eters, and PM> 5 concentration. As discussed above, higher
SO, concentration can increase occurrence possibility of
NPF events. The frequent NPF events in early December, for
instance, could be attributed to enhanced SO, concentration.
In Fig. Ic, it was noteworthy that the temperature suddenly
dropped from 1.3 to —9.4°C on 30 November 2014. After
several days, an exceptionally high SO, concentration was
observed (7.1 £ 7.2 ppb) at the summit of Mt. Tai (outlined
in violet in Fig. 1), and frequent NPF events occurred during
this period. A possible reason for this observation was the en-
trainment of SO, from coal or petroleum combustion in the
upwind region when temperature abruptly changed (T. Li et
al., 2015; W. J. Li et al., 2015).

In this study, a proxy based on solar radiation, SOy
concentration, CS, and RH was used to roughly estimate
the magnitude of sulfuric acid concentration in the at-
mosphere. In the calculations, the average sulfuric acid
proxy concentration of all NPF days was 5.23 x 10 cm™3
during 06:00-09:00 LT, which could be comparable with
4.1 x 10°cm™ in Beijing but much lower than 2.3 x 107
6.4 x 10’ cm™3 in Shanghai and 6.6 x 10’-7.8 x 107 cm™3
in Nanjing (H. Wang et al., 2014; Wang et al., 2015; Xiao
et al., 2015). Severely polluted sites generally correspond
to elevated CS and thus require a higher concentration of
precursors to initiate nucleation to some extent. This fact
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Figure 3. The particle number concentration of 3-6nm (N3_g,
blue) and sulfuric acid proxy concentration ([H»SO4], red) on
14 October 2014 fit a good relationship (R2 =0.975) between 06:00
and 14:00 LT during the NPF event.

could be indirectly reflected through many oversea studies
in which NPF events were observed at clean or moderately
polluted sites in the presence of lower sulfuric acid concen-
tration (Dal Maso et al., 2005; Boy et al., 2005). The lower
initial sulfuric acid proxy concentration in this study could
be partly explained by a relatively lower CS on Mt. Tai.

As the most critical nucleation precursor, sulfuric acid is
associated with freshly nucleated particles. Further investi-
gation in this study found that sulfuric acid proxy concentra-
tion showed the clear positive correlation with N3_g on many
NPF days, consistent with earlier reports (Kulmala et al.,
2006; Wang et al., 2011; Guo et al., 2012). The positive cor-
relation was more evidence that sulfuric acid played the dom-
inant role in NPF at the summit of Mt. Tai, as previously dis-
cussed. As an example, N3_g reflected the best relationship
(R? =0.975) with sulfuric acid proxy concentration between
06:00 and 14:00LT on the NPF day of 14 October 2014
(Fig. 3). After 14:00 LT, SO, concentration increased sharply
(a change from 2.6 ppb at 14:00 LT to 19.1 ppb at 15:00LT),
resulting in a lack of correlation between SO, concentration
and N3_g in the afternoon. In principle, the increase in sul-
furic acid concentration should take place earlier than the in-
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Figure 4. Wind rose plots of all NPF days (a) and non-NPF days (b) and wind speed and wind direction between 06:00 and 11:00 LT are
included. The length of each spoke on the circle represents the probability of wind coming from a particular direction at a certain range of

wind speed.

crease in N3_g. However, there were some NPF days with
zero or negative time delay in this study, such as on 14 Octo-
ber 2014 in Fig. 3. Wang et al. (2011) indicated that the pre-
formed nucleation-mode particles and rapid particle growth
might account for such zero or negative time delay.

Wind direction reflected the local situation for air mass,
which could indirectly verify the competition between sinks
and sources. Throughout the three campaigns, the dominant
wind directions were easterly and westerly at 40-110 and
220-300°, respectively (Fig. 4). Compared with non-NPF
days, wind direction on NPF days had narrower ranges in
the east-southeasterly (85-110°) and west-southwesterly di-
rections (250-300°), as shown in Fig. 4. The CS on Mt. Tai
changed with wind direction, and the average CS in the wind
directions between 40 and 110° (2.0 x 1072 s~!) was almost
twice as high as that in the wind directions between 220 and
300° (1.1 x 10~2s~1). This indicated that air mass from the
west of Mt. Tai was usually cleaner than that from the east.
For the easterly wind, it was noted that the CS was a rela-
tively small value when wind came from the east-southeast
direction, partly explaining the frequent occurrence of NPF
events in this particular direction. SO, concentrations were
almost evenly distributed with wind direction in this study,
except for the west-southwest direction, which corresponded
to an elevated SO, concentration of 4.3 ppb on average. In
contrast, the average SO, concentration was only 2.0 ppb for
the adjacent wind directions between 220 and 350°. This sug-
gested that potential sources in the west-southwest direction
contributed to a greater likelihood of NPF.

O3 can directly react with volatile organic compounds or
indirectly affect sulfuric acid formation via hydroxyl and hy-
droperoxy radicals (Berndt et al., 2010; Gémez Martin et al.,
2013; Sorribas et al., 2015; Guo et al., 2012), and thus O3
in the atmosphere may theoretically play a role in NPF. Pre-
vious research showed that elevated O3 concentration was
beneficial to the occurrence of NPF events (An et al., 2015;
Guo et al., 2012; Zhang et al., 2016; Huang et al., 2016),
and our results did not directly show a similar phenomenon.

www.atmos-chem-phys.net/18/2243/2018/

The average O3 concentrations on NPF days and non-NPF
days were 40 and 47 ppb, respectively, and hourly average
O3 concentrations on NPF days were always lower than those
on non-NPF days in Fig. 2b. The increasing rate of O3 con-
centration on NPF days was significantly faster than that on
non-NPF days after sunrise, implying that NPF did prefer
abundant O3 conditions. Conversely, the lower O3 concentra-
tion on NPF days also indicated that O3 was not a key factor
for NPF on Mt. Tai. Previous studies reported that there was
a NO, turnaround value of 10-15 ppb for formation of O3,
and O3 production appeared to decrease as NO, did when
NO, concentration exceeded the turnaround value (Lei et
al., 2004). The average concentrations of NO + NO, on NPF
days and non-NPF days were 21 and 20 ppb on Mt. Tai. The
high level of NO, concentration inversely contributed to O3
formation to some extent, which was partially responsible for
decreased O3 concentration on NPF days.

In Fig. 2b, the diurnal variations in O3 concentration at
the summit of Mt. Tai had two prominent features — a small
trough in the early morning resulting from dry deposition and
a broad peak in the afternoon due to formation by solar ra-
diation. As Sun et al. (2016) reported, O3 concentration be-
tween 02:00 and 05:00 LT reflected the regional baseline of
O3. In this study, the average regional baseline of O3 was
42 ppb, which is a relatively high level. This result should be
related to residual O3z produced the preceding afternoon in
the boundary layer.

3.3 Meteorological conditions

Favorable meteorological conditions can promote the occur-
rence of NPF events, especially when the precursor concen-
trations are insufficient in the atmosphere (Song et al., 2010).
In this study, approximately 90 % of NPF events occurred
during clear or partially cloudy daytime. As discussed ear-
lier in Sect. 3.1, NPF events initiated at the same time as
rapidly increasing solar radiation, suggesting the association
between solar radiation and NPF.

Atmos. Chem. Phys., 18, 2243-2258, 2018
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Figure 5. Air mass backward trajectories for 72 h at 06:00 LT at 1535 m a.s.l. on all NPF days (a) and non-NPF days (b), and the continental
air mass, local air mass, and maritime air mass are represented in red, green, and magenta, respectively. B-S: Bohai Sea; Y-S: Yellow Sea;

E-S: East China Sea.

The air temperature of all NPF days varied from —11.8 to
22.1°C in this study. The daily temperature profiles were
characterized by the expected cosine form of the curve, and
daily temperature generally oscillated less than 10 °C within
a day. Temperature at the summit of Mt. Tai exhibited a clear
seasonal behavior. As observed in Fig. 2c, the hourly av-
erage temperatures on non-NPF days (10.7 £ 1.1°C) were
always higher than those on NPF days (7.0 £ 1.8 °C), indi-
cating that NPF at the summit of Mt. Tai favored the rel-
atively low air temperature. This result was in good agree-
ment with many previous observations at Tai Mo Shan (Guo
et al., 2012), Mt. Huang (Zhang et al., 2016), and Puy de
Dome in France (Rose et al., 2015), which all reported the
correlation between lower temperature and NPF events. In
Guo et al. (2012), this explained favorable lower temper-
ature enhancing the bind between sulfuric acid and water
molecules. Li et al. (2017) also indicated that the strength ()
of lactic acid increased with decreasing temperature based on
molecular-scale study of interaction between lactic acid and
nucleation precursors. In addition, the enhancement of NPF
events at a lower temperature was partly attributed to atmo-
spheric vertical convection and enhanced matter transport.

The RH on NPF days ranged from 22 to 95 %, and diur-
nal variation in RH was inversely correlated with solar radia-
tion. The hourly average RH on NPF days (63 £5 %) was
always much lower than the corresponding value on non-
NPF days (88 &2 %), and the maximum difference between
two curves in Fig. 2d was as high as 30 % at noon. An anti-
correlation between NPF and RH could be identified at the
summit of Mt. Tai, which was in agreement with results in
Beijing, Nanjing, Hong Kong, and Mt. Huang (An et al.,
2015; D. W. Wang et al., 2014; Shen et al., 2016; Zhang et
al., 2016; Guo et al., 2012). The actual role of RH on NPF is
still controversial. Hamed et al. (2011) indicated that RH af-
fected the source of NPF via decreasing solar radiation under
high RH conditions. In contrast, simultaneous increasing CS
under high RH conditions was also suggested as an explana-
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tion for the negative effect of RH (Hamed et al., 2011; Guo
et al., 2012). Li et al. (2017) reported that the strength (r) of
lactic acid in NPF events revealed sensitivity to RH and in-
creased with decreasing RH, which was possibly associated
with hydration ability of sulfuric acid-base clusters.

3.4 Long-range air mass transport

To characterize the influence of long-range air mass trans-
port on NPF at the summit of Mt. Tai, air mass backward
trajectories for 72h at 06:00LT at 1535 ma.s.l. were simu-
lated by using the HY SPLIT model developed by the NOAA
Air Resources Laboratory. Figure 5a illustrates the air mass
backward trajectories of all NPF days, and Fig. 5b shows all
non-NPF days.

Based on transport range and distance, the air mass back-
ward trajectories were classified into three categories in
Fig. 5: continental air mass (red), local air mass (green),
and maritime air mass (magenta). The majority of transport
pathways on NPF days were continental air mass, which ac-
counted for 80 % of total air masses. The continental air mass
on NPF days mainly came from northwest of the observa-
tion site and largely originated from Siberia passing over
a long distance across Mongolia, Inner Mongolia, Shanxi
Province, Hebei Province, and Beijing. The local and mar-
itime backward trajectories on NPF days accounted for 8 and
12 % of total trajectories, respectively. The local air mass
was mainly from surrounding cities such as Jinan, Nanjing,
and Zhengzhou with shorter routes, whereas the maritime air
mass originated over the Bohai Sea, Yellow Sea, and East
China Sea.

The ratios of continental air mass, local air mass, and mar-
itime air mass on non-NPF days were 63, 12, and 25 %, re-
spectively. Overall, the local air mass accounted for the min-
imum percentage on both NPF and non-NPF days. It was
noted that there was a significantly lower ratio of maritime
air mass and shorter routes over ocean areas on NPF days in
Fig. 5a. The phenomena were in line with the study of Peng
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Figure 6. The average chemical composition of PMj 5 and SO, concentration in a more polluted continental air mass (Type I) and a relatively

cleaner continental air mass (Type II) on NPF days.

et al. (2014) in which non-NPF events were observed when
the air mass came from the clean ocean side at three coastal
sites. The reason for this result was probably that the mar-
itime air mass could not provide enough precursors for NPF.

As mentioned above, the continental air mass dominated
throughout observations. According to its transport region, a
more polluted continental air mass (Type I) and a relatively
cleaner continental air mass (Type II) were denoted in this
study. The air mass of Type I passed through the heavily
polluted areas of Beijing, Hebei Province, Shanxi Province,
Henan Province, and Shaanxi Province before reaching the
observation site, which probably carried a substantial frac-
tion of extra matters. The air mass of Type II was either from
southern China or transported over the Bohai Sea and Yellow
Sea, and thus it represented a relatively cleaner air mass. In
this study, four-fifths of continental air masses on NPF days
were Type I, whereas Type I only accounted for two-fifths on
non-NPF days. The significant difference implied that Type I
air masses passing through heavily polluted areas might be
favored for NPF.

In order to further verify the speculation that Type I air
mass was favorable for NPF, Fig. 6 illustrates the average
chemical composition of PMj 5 and SO, concentration in
Type I and Type II on NPF days. The average mass con-
centrations of PMj 5 in Type I and Type II were 33 and
23 ugm~3, and Type I air mass was obviously more polluted
than Type II. It was noted that a prominent increase in SO»
concentration was found in Type I, compared with the av-
erage SO, concentration between 3.9 and 1.2 ppb. Higher
SO, concentration suggested that sulfuric acid participated
in NPF and played an important role in it, which could also
be reflected by the largest enhancement mixing ratio of sul-
fate in PM» s in Type L. In addition, the significantly elevated
mixing ratios of ammonium and nitrate were found in Type I,
suggesting that these polluted areas might be N-rich and po-
tential ammonia also promoted efficient NPF in Type L.

Long-range air mass transport reflects a regional picture
before nucleation; thus, it is of great importance for NPF.
An NPF event on 11 November 2014 was picked as a case
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study to further explore the influence of long-range air mass
transport. The time series of particle size distribution, trace
gases, and chemical composition and mass concentration of
PMj; 5 on this day are illustrated in Fig. 7.

In the early morning on 11 November 2014, the aver-
age concentrations of SO, and PMys were 1.7ppb and
90 ugm—3, respectively. A low level of SO, concentration
and extremely high level of PM» s concentration made at-
mospheric nucleation almost impossible. However, an NPF
event was observed around noon, and the observed start time
showed an obvious time delay compared with the general
start time of 08:00-11:00LT in Sect. 3.1. In Fig. 7, the si-
multaneous clear increase in SO, concentration, decrease in
PM, s concentration, and change in chemical composition of
PM, 5 were found at about 10:00LT. The observation site
of Mt. Tai is located on the mountaintop without any sta-
tionary source nearby, and these abrupt changes may sug-
gest that there was another air mass transported to the site
contributing to this unexpected NPF event. During 06:00-
09:00 LT, the average mass concentrations of sulfate, ammo-
nium, nitrate, OC, and EC in PM, 5 were 4.1, 4.6, 4.1, 7.6 and
0.7 ugm™3, respectively. In contrast, their average concen-
trations shifted to 13.1, 11.2, 11.1, 10.0, and 0.2 ug m~3 dur-
ing 11:00-18:00 LT. The mixing ratio of sulfate in PM> 5 in-
creased significantly before and after 10:00 LT, suggesting
that the new transport air mass was S-rich. Dual effects of el-
evated precursor (sulfuric acid) concentration and decreased
preexisting particle loadings were responsible for this NPF
event.

In order to verify the above speculation, air mass back-
ward trajectories for 72h at 1535ma.s.l. at 14:00, 12:00,
10:00, 08:00, and 06:00 LT on 11 November 2014 are shown
in Fig. 8. Figure 8 illustrates that the origin of transport
air mass shifted from eastern China (Jiangsu and Anhui
provinces, lines A and B) to western China (lines C-E) at
about 10:00LT, which was in agreement with the earlier
analysis in Fig. 7. The latter air mass backward trajectories
(line C-E) passed through the heavily polluted areas, such
as Shanxi and Shaanxi Provinces, before reaching the site of
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Figure 8. Air mass backward trajectories for 72 h at 1535 ma.s.l. at
06:00 (A), 08:00 (B), 10:00 (C), 12:00 (D), and 14:00LT (E) on
11 November 2014.

Mt. Tai. Those polluted areas were rich in SO», leading to
enhanced precursors for NPF.

3.5 Potential governing factors for NPF

NPF at the summit of Mt. Tai revealed an obvious seasonal

distribution. The occurrence frequency in summertime was
strongly associated with atmospheric humidity, and the rainy
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and foggy conditions were a critical limiting factor for NPF
in summertime. The nucleation-mode particle concentrations
were more fluctuant in summertime than in autumn and win-
ter, which was possibly caused by heterogeneity of precur-
sors. In autumn and winter, the effect of meteorological con-
ditions was not so overwhelming, and precursor species and
particle sinks played the key roles for NPF.

Earlier discussion of SO» in this study indicated that sul-
furic acid played the dominant role in NPF at the summit of
Mt. Tai. A large formation rate was observed in this study,
but it could not be explained by only sulfuric acid because
of insufficient sulfuric acid concentration in the atmosphere.
Zhang et al. (2004) showed that the organic acid—sulfuric
acid system had a reduced nucleation barrier, and nucleation
could be promoted several times in the presence of a sub-
parts-per-billion level of organics. Mt. Tai in this study has
a high percentage of forest-covered lands and thus abundant
biogenic organics are theoretically released in warm seasons.
Apart from sulfuric acid, biogenic organics most probably
acted as the important precursors of NPF on Mt. Tai in warm
seasons. In cold seasons, the release of biogenic organics
might be reduced, but emissions of anthropogenic volatile
organic compounds and SO, would be enhanced because of
domestic heating in the region, contributing to NPF in winter.

4 Conclusions

For NPF, although a few observational results have been re-
ported in China, to date very few studies have conducted
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a comprehensive analysis of favorable conditions that gave
rise to NPF at mountaintop sites, not to mention investigating
characteristics of NPF measured with improved instruments.
A comprehensive investigation of NPF was conducted at the
summit of Mt. Tai (1534 m a.s.1.), eastern China, from 25 July
to 24 August 2014 (Phase I), 21 September to 9 Decem-
ber 2014 (Phase II), and 16 June to 7 August 2015 (Phase III),
mainly using an NAIS instrument that could detect particles
at smaller sizes.

During the 164 days, 66 NPF events were identified,
giving an occurrence frequency of 40 %. Approximately
95 % of NPF events initiated at 08:00-11:00 LT coincided
with many previous reports in China. The J3, J3_»0, and
growth rates were in the range of 0.82-25.04cm™3s~!,
1.10-57.43cm™3s~!, and 0.58-7.76 nm h~!, respectively. In
comparison with other studies in China, the formation rate
at the summit of Mt. Tai was relatively large, which was
partially attributable to a lower CS on Mt. Tai. In contrast,
the lower growth rate suggested that precursors for particle
growth were probably insufficient.

On average, the CS, O3 concentration, 7, and RH were
lower, whereas SO, concentration was higher on NPF days
than that on non-NPF days. The CS on Mt. Tai was sig-
nificantly lower compared with many other locations in
China, and lower CS was one of the critical factors for NPF.
East-southeasterly (85-110°) and west-southwesterly winds
(250-300°) dominated on NPF days, and a relatively lower
CS in the east-southeast and higher SO, concentration in the
west-southwest were partially responsible for NPF. Elevated
O3 concentration was favorable for NPF, but O3 was not a
governing factor for NPF on Mt. Tai. The high level of NO,
concentration on Mt. Tai was adverse to O3 formation, prob-
ably leading to the decreased O3 concentration on NPF days.
Lower T and lower RH were expectedly observed on NPF
days in this study, which were in good agreement with previ-
ous results at other sites.

Three categories of backward air masses were classified on
Mt. Tai, and they were continental air mass, local air mass,
and maritime air mass. The continental air mass was the ma-
jority on both NPF and non-NPF days, and it was divided
into Type I (more polluted continental air mass) and Type II
(relatively cleaner continental air mass). An in-depth analy-
sis showed that Type I air mass was in favor of NPF because
higher SO, concentration and potential ammonia were car-
ried with it.

Sulfuric acid was identified as a dominant precursor of
NPF at the summit of Mt. Tai, but its concentration was not
sufficient to explain the highly large formation rate in this
study. Abundant forest-covered Mt. Tai implied that consid-
erable biogenic organics might be released in warm seasons
and participate in NPF. In addition, increasing anthropogenic
volatile organic compounds and SO; in the region could pro-
mote NPF in cold seasons. Further measurement of organics
is still needed to explore what kind of organics participate
in NPE.
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