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ABSTRACT

The aerosol number spectrum and gas pollutants were measured and the new particle formation (NPF)
events were discussed in Nanjing. The results showed that the size distributions of aerosol number concen-
trations exhibited distinct seasonal variations, implying the relations of particle sizes and their sources and
sinks. The number concentrations of particles in the nuclei mode (10-30 nm), Aitken mode (30-100 nm),
accumulation mode (100-1000 nm) and coarse mode (>1 pm) varied in the order of summer > spring >
autumn, summer > autumn > spring, autumn > summer > spring, and spring > autumn >summer, re-
spectively. The diurnal variation of total aerosol number concentrations showed three peaks in all observed
periods, which corresponded to two rush hours and the photochemistry period at noon. In general, the NPF
in summer occurred under the conditions of east winds and dominant air masses originating from marine
areas with high relative humidity (50%-70%) and strong solar radiations (400-700 W m™2). In spring, the
NPF were generally accompanied by low relative humidity (14%-30%) and strong solar radiations (400-600
W m™?). The new particle growth rates (GR) were higher in the summertime in the range of 10-16 nm h™*.
In spring, the GR were 6.8-8.3 nm h™!. Under polluted air conditions, NPF events were seldom captured
in autumn in Nanjing. During NPF periods, positive correlations between 10-30 nm particles and O3 were
detected, particularly in spring, indicating that NPF can be attributed to photochemical reactions.
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1. Introduction ous seasonal variations and are significantly affected

by meteorological factors (Wehner and Wiedensohler,

Atmospheric aerosols are the primary pollutants
leading to the deterioration of urban air quality (Hor-
vath et al., 1996), which result in frequent haze events
and declining visibility in urban and regional scales
(Jung and Kim, 2006). Epidemiological studies have
shown that these atmospheric particles, particularly
those of ultrafine composition, endanger human health
and lead to respiratory diseases (Natusch and Wallace,
1974; Donaldson et al., 2002). Studies have shown that
the climate and health effects of atmospheric aerosols
are strongly related to their size distributions, chemi-
cal compositions, and mixing states (Holmes, 2007; Li
et al., 2010). Aerosol size distributions exhibit obvi-
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2003; Catro et al., 2010). Moreover, researchers have
determined that the aerosol number concentrations
and size distributions are controlled by local sources
and physical and chemical processes of aerosols and
are diverse in various functional areas of urban atmo-
spheres including downtown, suburban, and scenic ar-
eas in addition to regions along highways (McMurry
and Woo, 2002; Wehner et al., 2002; Putaud et al.,
2010).

These size distributions and chemical compositions
of aerosols may indicate their residence times and
source/sink information. Therefore, aerosol sources
could be identified by analyzing their number spec-
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tra and chemical compositions. For example, parti-
cles in the nuclei mode (10-30 nm) are formed mainly
from atmospheric nucleation events related to gas-to-
particle transformation and growth of nanometer-scale
particles. Aitken mode particles (30-100 nm) could be
emitted directly from combustion sources such as ve-
hicle emissions and may also result from the conden-
sation and coagulation of nuclei mode particles. Accu-
mulation mode particles (100-1000 nm) originate from
condensation and coagulation of Aitken mode parti-
cles. Coarse particles (>1 pum) are formed by mechan-
ical processes and generally consist of anthropogenic
and natural dust (Kulmala et al., 2004a).

New particle formation (NPF) events could occur
widely in a regional scale under various meteorological
and atmospheric environmental conditions worldwide
(Kulmala et al., 2004a, b; Dal Maso et al., 2005; Hus-
sein et al., 2009; Gong et al., 2011). Previous NPF
observation studies were centralized mainly in clean
environments (Méikeld et al., 1997; Dal Maso et al.,
2005; Hussein et al., 2009). Moreover, NPF events
have recently been studied in some cities of devel-
oped countries (Jeong et al., 2004; Kuang et al., 2009)
and in some megacities of developing countries such
as Mexico, New Delhi, and Beijing (Dunn et al., 2004;
Wehner et al., 2004; Monkkonen et al., 2005; Wu et
al., 2007). Related studies indicate that sulfuric acid
plays a dominant role in the NPF and the growth of
particles (Boy et al., 2005; Riipinen et al., 2007), and
positive correlations have been reported between the
new particle nucleation rates and sulfuric acid levels.
Organic compounds have also been considered as sig-
nificant contributors to NPF, particularly when coex-
isting with sulfuric acid (Odum et al., 1997; Zhang et
al., 2004). These studies demonstrated that the NPF-
forming conditions are more complex in urban areas
than those in clean areas. Therefore, additional obser-
vations are needed to reveal the methods by which par-
ticles form and grow in polluted urban environments.

Rapid urbanization and industrialization signifi-
cantly influence the physical and chemical characteris-
tics of aerosols. The Yangtze River Delta is one of the
fastest developing economic regions in East Asia and
includes the city of Nanjing, which is an important
comprehensive industrial production base and trans-
port hub. Nanjing’s air pollution has worsened in re-
cent years, leading to an increased number of haze
days and fine-particle number concentration events.
Aerosol particles are currently considered one of the
most harmful air pollutants in this city (Qian et al.,
2008). However, few systematic studies of the NPF
have been conducted in Nanjing until recently. In
this paper, therefore, the aerosol number spectra and
trace gases were observed during three periods includ-
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ing 19 October—27 November 2009; July 2010; and
April-May 2011 in Nanjing. Moreover, the seasonal
variations of aerosol number concentration and aerosol
spectra are analyzed, and NPF events and related for-
mation conditions are discussed.

2. Instruments and experiments

2.1 Sites and experiment descriptions

Two sites were selected in the downtown and sub-
urban areas of Nanjing. The downtown site is located
at the Drum Tower Campus of Nanjing University
(DTNJ) (32.06°N, 118.78°E), which represents resi-
dential and business areas. No local emission sources
are located within 200 m surrounding DTNJ. The sec-
ond site is located at the campus of the Nanjing In-
formation Engineering University (NUIST) (32.21°N,
118.72°E) in the northern suburb of Nanjing, approxi-
mately 3 km southwest of the Nanjing Chemical Indus-
try area. No local emission sources are located within a
radius of 500 m from the site, which includes a highway
to east located approximately at the range boundary.
This region represents a combination of traffic, indus-
try, and cropland. The straight-line distance between
the two sites is approximately 13 km. Under the same
synoptic system, the air pollutants displayed similar
features (Li et al., 2011). Observations were conducted
during three periods of 19 October—24 November 2009;
9-28 July 2010; and 6 April-8 May 2011. The loca-
tions of the sites are shown in Fig. 1, and details of the
observations are listed in Table 1.

2.2 Observational instruments

Particle number concentrations within 10 nm-—
10 pm were measured by the Wide Range Particle
Spectrometer (WPS) produced by MSP Corporation
(USA). Details of this instrument were reported by
Gao et al. (2009). Invalid data including RH of >90%
and temperature (T') of >35 °C were not included
in the following analysis because the credible work-
ing conditions of WPS are RH 0%-90% and T'<35°C.
Theoretically, WPS has no detection limit. The con-
centration has a4+10% error as indicated by the man-
ufacturer.

Trace gases detected at NUIST were measured by
Differential Optical Absorption Spectroscopy (DOAS),
AR500 system, produced by OPSIS AB (Sweden; Op-
sis, 2003). The detection limits of Oz, NO2, and SO4
were 1 pg m~3, 0.3 pg m~3, and 0.3 ug m—3, respec-
tively, and the zero drift was £2 ug m—3, 0.6 pg m—3,
and 0.6 pg m~3, respectively. Trace gases observa-
tion at DTNJ was conducted by emission monitoring
systems (EMS) produced by Thermo Fisher Scientific
that included the Thermo Electron model 42i chemi-
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Fig. 1. The coarse resolution map show Nanjing and its surrounding regions, and the 24-h back
trajectories of the air masses ending at 100-m height of Nanjing, in the periods of New Particle
Formation (NPF). The fine resolution map in the upper-left indicates the two observational sites of

this study (A: NUIST; B: DTNJ).

Table 1. The instruments, observation periods and sample amounts at the observation sites.

Instrument Location Observation time (samples numbers)
WPS NUIST (above ground 36m) 19 Oct-1 Nov 2009 (3440); 9 Jul-28 Jul 2010 (4440)
DTNJ(above ground 6m) 2 Nov—24 Nov 2009 (4223); 6 Apr—8 May 2011 (7746)
DOAS NUIST(above ground 36m) 19 Oct—1 Nov 2009 (3768); 9 Jul-28 Jul 2010 (5760)
EMS DTNJ(above ground 6m) 19 Oct—27 Nov 2009 (5142); 6 Apr—29 Apr 2011 (6226)

luminescent NO-NO3—-NO,, analyzer, the TEI model
49i ultraviolet (UV) light-emitting Og analyzer, and
the TEI model 43i pulsed fluorescence SO5 analyzer.
A comparison of the two datasets of these gasses mea-
sured simultaneously by the two instrument systems
is shown in Li et al. (2011).

Meteorological factors including wind speed/direc-
tion, temperature, pressure, relative humidity, radia-
tion, and precipitation were obtained from the auto-
matic weather station CSI-CR1000.

In this study, only one WPS was used to alter-
nately measure the aerosol number spectra at the two
sites. For the seasonal comparison, the data were ob-
tained solely at DTNJ, excluding the inconsistency of
the sources at the two sites. The seasons were classified
on the basis of the running average of the temperature
over five days, as suggested by Zhang (1934). As such,
the seasonal aerosol number spectrum data of spring,
summer, and autumn was obtained from 6-23 April
2011; 24 April-8 May 2011; and 2—24 November 2009,
respectively. In the discussion of NPF events, all data

were collected at the two sites under the same synoptic
system; NPF events were on the regional scale (Stanier
et al., 2004a; Wu et al., 2007), and the air pollutants
were on similar levels (Li et al., 2011).

3. Results and discussion

3.1 Owverview of aerosols, air pollutants, and
meteorological conditions

The Air Pollution Index (API), which provides a
simple and generalized method of describing air qual-
ity, is calculated from the mass concentrations of SO,
NOj, and inhalable particulate matter (PMig). In-
dices of <50, 50-100, and >100 correspond to excel-
lent, good, and polluted, respectively.

Figure 2 shows the daily averaged API during the
observation periods. The API in spring and autumn
were relatively high with the mean value higher than
90. The index in summer was lower at 40-70 due
to frequent precipitation. The dominant air pollutant
in Nanjing during the observation periods was gener-
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Fig. 2. The daily averaged API in the observation periods in Nanjing, at three periods in-
cluding (a) April 2011, (b) July 2010 and (c) Oct—Nov 2009. Except API were lower than 50,
the dominant pollutant was PMg in all observation periods in this study. If the dominant
pollutant is PMjo, the API of 50, 100 and 200 are correspond to PM;¢ mass concentration
of 50 pg m~3, 150 ug m~2 and 350 pg m~3 respectively.

ally PMyo. In most cases, the mass concentrations of
PM; were higher than 50 g m~3, which is the typical
aerosol level in urban areas (Dunn et al., 2004; Jeong
et al., 2004; Wehner et al., 2004; Monkkonen et al.,
2005; Wu et al., 2007).

Figures 3-5 show time series of aerosol number,
number spectrum, surface area, trace gas concentra-
tions, and meteorological factors observed in Nanjing
during the three observation periods. The total av-
erage of aerosol number concentrations was approxi-
mately 1.8x10% cm ™3, which is similar to or slightly
higher than that in cities such as Pittsburgh (Stanier
et al.,, 2004a) and Leipzig (Wehner and Wieden-
sohler, 2003) in developed countries but significantly
lower than those in megacities such as New Delhi
(Monkkonen et al., 2005), Shanghai (Gao et al., 2009),
and Beijing (Hu et al., 2009) in developing countries.
Ultrafine particle (0.01-0.1 pm) number concentra-
tions in Nanjing accounted for 90% of the total num-
ber concentrations of particles observed, which is sim-
ilar to the levels observed in the aforementioned cities.
The average number concentration of accumulation
mode (0.1-1.0 pm) particles in Nanjing was 3.9x10?

ecm ™3, which was the same as that in Shanghai, sig-

nificantly less than those in Beijing and New Delhi,
and significantly higher than those in Pittsburgh and
Leipzig. The high levels of accumulation mode parti-
cles may be more common in developing countries than
those in developed countries. Thus, the high number
concentration of accumulation mode particles is the
main reason for the poor visibility in developing coun-
tries.

The effects of wind speed/direction and precipita-
tion scavenging on aerosols were obvious. In precipita-
tion periods such as 10 November 2009; 20 July 2010;
and 16 April 2011, the aerosol number concentrations
were significantly low. The concentration was also low
under strong wind speed conditions on 14 November
2009; 24 July 2010; and 22 April 2011. Under the con-
ditions of high temperature and low relative humidity,
the concentration was high. High temperature is fa-
vorable for the photochemical reactions that produce
secondary aerosol particles, and low relative humidity
creates adverse conditions for hygroscopic growth and
coagulation of fine particles.

The prevailing wind directions in Nanjing were
northerly in spring and autumn and easterly in sum-
mer. Wind speed was high in spring and weak in au-
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Fig. 3. (a, b, ¢) Time series of the meteorological factors, (d) trace gases concentrations, (e) aerosol
surface area concentration and aerosol spectrum distribution in April of Nanjing.

tumn. In the summer monsoon season, the east winds
mainly originate from the ocean and pass through
the megacities of the Yangtze River Delta including
Shanghai, Suzhou, and Wuxi. Sufficiently rapid air
mass movement creates clean air, which is an addi-
tional reason for the low aerosol concentration in sum-
mer. In later spring and autumn, crop residual burn-
ing occurs frequently and has a high impact on the
concentrations of accumulation mode particles (Yin et
al., 2011).

The NPF events were easily captured in spring;
nine NPF days were recorded in 21 effective observa-
tion days, which are defined as those with more than
20 h of effective data. We measured four NPF days of
19 effective observation days in summer. Although the
particle number concentrations in accumulation mode
were high in autumn, the number concentrations were
lowest in the nuclei mode (10-30 nm); therefore, only
one NPF day was captured in 35 effective observation
days during that season. In section 3.3, we focus on the
characteristics and meteorological conditions of these
NPF events in Nanjing.

3.2 Seasonal and diurnal variations of aerosol
concentration

3.2.1

Figure 6 indicates that the averaged aerosol num-
ber spectra all presented two peaks in the three seasons
at DTNJ. In spring and summer, two weak peaks oc-
curred at 30 and 100 nm. The shape of the number
spectrum in autumn showed distinct differences com-
pared with those in spring and summer. In autumn,
the accumulation mode particles were obviously high
while the nuclei mode particles were low, with the two
respective peaks occurring at 50 nm and 100-200 nm.
The second peak was higher than the first. The sea-
sonal number spectrum differences were obviously in
various size ranges. For that of 10-30 nm, the number
concentration ranked in the order of summer > spring
> autumn; that for 30-100 nm was summer > autumn
> spring. The number concentration of accumulation
mode particles (100-1000 nm) ranked in the order of
autumn > summer > spring, and that for coarse mode
(>1 pum) particles was spring > autumn > summer.

Seasonal variation of aerosol number spectrum
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Fig. 4. The same as Fig. 3, except for Jul 2010.

Compared with spring and autumn, the number
concentration of fine particles (<1 wm) was generally
highest, and that of coarse particles (>1 pm) was ex-
tremely low in summer. Strong radiation and high
temperatures in summer, which averages 27°C, acti-
vates atmospheric photochemical reactions to gener-
ate large amounts of secondary fine aerosol particles
by the gas—particle transformation process. However,
a strong scavenging effect on the coarse mode particles
occurs due to frequent precipitation in that season.

The wind speed was strongest in spring at an aver-
age of 3.3 m s~!. In summer and autumn, the av-
erage was 2.3 m s~!. The mean relative humidity
was 44% in spring, which was lower than the respec-
tive summer and autumn values of 77.4% and 64.3%.
Therefore, the coarse particle number concentration
was highest in spring due to the dry air and strong
wind speed, which may have led to high contribu-
tions from soil and dust aerosols in local and long-
range transport. The high number concentration of

the accumulation mode particles in autumn may re-
late to the aging and accumulating processes in the
lasting air pollution events under stable weather con-
ditions in that season. Hu et al. (2009) observed that
the accumulation mode particles continuously increase
under heavy pollution conditions. A pollution day is
defined as that with an API of greater than 100. In
our study, nine pollution days of long durations were
recorded in autumn, five were recorded in spring, and
only two were recorded in summer. In addition, the
air quality in Nanjing was directly affected by the crop
residual open burning in the harvest season (Nanjing
EPA; http://www.njhb.gov.cn/). For example, on 8
November 2009, the heaviest air pollution of the year
with API of 319 was recorded in Nanjing due to crop
residual open burning (Yin et al., 2011). Such burning
of agriculture biomass could release large amounts of
accumulation mode particles (Li et al., 2008), which is
one of the reasons attributed to the high number con-
centration of accumulation mode particles in autumn.
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Fig. 5. The same as Fig. 3, except for 19 Oct—18 Nov 2009.

3.2.2  Seasonal diurnal variations of aerosol number
concentration

Figure 7a showed three peaks for the averaged di-
urnal variations of the total aerosol number concen-
tration in all observation seasons. The first peak and
third peak were at 0800-0900 LST and 1800-2000
LST, respectively, which is mainly attributed to the
influence of traffic emissions in rush hours. The con-
struction of inversion at night and its disappearance
in the morning could explain the third peak at night,
which was higher than the first peak in the morning in
all seasons. The second peak occurred at 1100-1400
LST and was not obvious in autumn. The highest sec-
ond peak in summer was due to the secondary aerosols
generated from strong photochemical reactions, and
the relative lag of the second peak in spring is at-
tributed to weak photochemical reactions.

Figures 7b-d clearly indicate the diurnal varia-

tion features of particles in various modes and sea-
sons, which implicates the relationships of the parti-
cle sources. Particularly in summer, the nuclei mode
particles (10-30 nm) peaked at noon, with the high-
est level at 1.4x10%* ecm™3. This result is attributed
to previously mentioned photochemical activities. Ex-
cept the peak at noon in summer, the Aiken mode
particles presented similar diurnal variation features
in the total number concentration, with two distinct
peaks appearing at the rush hours. The noon peak
of the Aiken mode particles in summer and spring oc-
curred 1-2 h after that for the nuclei mode particles.
In autumn, the nuclei mode particles were lowest and
did not show obvious diurnal variation. However, the
accumulation mode particle (100 nm-1 pm) levels in
autumn were significantly high and showed two peaks
in the morning and evening. In autumn, the persis-
tent air pollution events were frequent. The accom-
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panying coagulation and condensation processes were
favorable for decreasing the amount of particles in the
nuclei mode and increasing those in the accumulation
mode. As previously mentioned, crop residual open
burning also contributed significantly to the amount
of particles in the accumulation mode. Therefore, the
heavy air pollution in autumn led to high particle con-
centration in the accumulation mode and low particle
concentration in the nuclei mode.

3.3 New particle formation event analysis

The following NPF characteristics have been re-
ported in previous research: (1) The particle number
in the new nuclei mode of 10-30 nm appears, per-
sists for several hours, and increases at a rate of a
few nanometers per hour (10 nm is the lowest detec-
tion limit of WPS in this study); and (2) such a sharp
increase in nuclei mode particles is not marked by a
simultaneous increase of pollutant emissions from traf-
fic or industrial sources, including SO5, CO, NO,, and
surface area concentration of aerosols (Kulmala et al.,
2004a, b; Dal Maso et al., 2005; Wu et al., 2007; Gao
et al., 2009; Hu et al., 2009; Shen et al., 2011).

On the basis of these criteria, the characteristics
and related meteorological conditions of NPF observed
at the two sites in Nanjing in October 2009, July 2010,
and April 2011 were analyzed. As shown in Figs. 3—
5, high-frequency NPF events were captured in spring
and summer; only one occurred in autumn.

The beginning and end times of the NPF are gener-
ally estimated by the increasing and decreasing times
of nuclei mode aerosol number concentration (Birmili
et al., 2003; Gao et al., 2009). In this study, the points

AEROSOL SPECTRA AND NEW PARTICLE FORMATION IN NANJING

VOL. 30

at which the number concentration in the size of 10-30
nm increased or decreased to the 1/e of its maximum
concentration were defined as the beginning or end
time of the NPF, respectively. All of the NPF events
occurred in the daytime, indicating that the formation
of new particles is closely related to photochemical pro-
cesses. Tables 2 and 3 summarize the duration times
of the NPF, changes in nuclei mode particles, total
surface area of particles, and trace gas concentrations
that occurred during the NPF processes.

Table 2 indicates that the 10-30 nm number con-
centration was significantly high with a value of more
than 10* cm ™3 in summer when NPF events occurred.
However, the concentration was relatively lower in
spring. As previously discussed, strong solar radiation
and high temperatures in summer favor NPF. In the
size range of 10-30 nm, the background number con-
centrations were approximately 6000 cm™3 and 5000
cm™? in summer and spring, respectively. The total
surface area concentration was 420-639 um? cm ™2 in
summer when the NPF events occurred, with values
usually higher than 500 um? cm ™3, and 279-430 pum?
ecm ™3 in spring, with values usually less than 400 pm?
cm ™3,

The growth rate (GR) of NPF events was calcu-
lated according to that reported by Dal Maso et al.
(2005) and Hu et al. (2009):

ADy,
GR = AL (1)
where Dy, is the geometric mean diameter of nuclei
mode particles and At is time interval. The unit of
GR is nm h™*.
Table 2 indicates that the GR was highest in sum-

Table 2. Summaries of the beginning time, end time, number, surface area and trace gas concentrations in NPF events

in the observation periods of Nanjing.

Date N10~30nm Smnleoum GR dN/dt O3 SO, NO»
(month-day) ~ (em™®)  (um®*em™?)  (amh7H)  (em™Ph7Y)  (ugm™)  (ngm ) (ugm 7
13 Jul 19390 556 15.2 25387 64.74 57.97 53.44
14 Jul 13174 639 13.5 25684 97.32 75.10 55.72
19 Jul 11557 544 12.1 10136 121.86 21.64 28.42
24 Jul 14518 572 10.5 13106 27.26 95.01 70.65
25 Jul 15961 420 14.3 13378 31.99 50.95 42.72
26 Jul 17194 308 12.9 13730 45.55 27.34 24.48
12 Apr 9603 279 7.7 7404 90.72 5.73 13.88
16 Apr 10304 312 8.3 6053 80.78 19.47 36.01
17 Apr 10560 647 6.8 9684 78.16 52.90 71.84
18 Apr 16145 356 7.5 12712 82.35 31.59 29.24
19 Apr 13581 430 6.9 7147 107.68 42.37 39.12
20 Apr 12786 529 12.1 6775 135.39 31.85 42.70
23 Apr 15350 601 7.8 12414 138.06 26.53 30.53
24 Apr 8802 395 7.5 8027 100.35 28.35 26.25
25 Apr 13130 796 7.1 9851 121.75 50.87 44.58
19 Oct 12335 602 7.3 11321 75.99 54.46 65.07
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Table 3. The meteorological factors in the NPF events of Nanjing.

Date Start time End time Temp. RH Solar WS WD
(month-day) (LST) (LST) (°C) (%) (W m™2) (ms™h) (°)
13 Jul 1200 1551 24.5 83 124.2 2.2 58
14 Jul 0850 1803 27.9 60 538.5 3.6 7
19 Jul 0840 1732 32.7 55 605.1 2.8 162
24 Jul 0809 1030 29.5 72 685.8 3.1 83
25 Jul 0920 1223 29.4 68 406 3.2 102
26 Jul 0910 1400 30.1 61 635.6 3.0 134
12 Apr 1000 1530 19.2 14.4 510 3.8 149
16 Apr 1040 1600 17.9 25.2 394 6.1 7
17 Apr 0930 1530 19.3 31 688.5 3.6 204
18 Apr 0805 1540 17.0 23.8 520 4.2 291
19 Apr 0927 1542 16.6 28.4 572 2.8 230
20 Apr 0940 1700 21.6 23 687.7 3.4 161
23 Apr 1110 1640 23.0 28 606.3 3.3 267
24 Apr 1130 1600 19.7 31 586.2 2.0 248
25 Apr 1000 1540 25.8 32 725 5.5 194
19 Oct 0950 1530 21.5 25.9 421 2.2 228

mer with values of 10-16 nm h~'. In spring, the rate
was lower with values of 6.8-8.3 nm h~!. The GR was
7.3 nm h~! in the sole autumn NPF event. In compar-
ison, Kulmala et al. (2004a, b) summarized the new
particle typical GR as 1-20 nm h™! in the boundary
layer. Gao et al. (2009) observed a GR of approxi-
mately 6-7 nm h~! in Shanghai. Wu et al. (2007) and
Hu et al. (2009) observed a GR of approximately 8—12
nm h™! in summer in Beijing. Stanier et al. (2004b)
evaluated the regional nucleation events by using the
number concentration formation rate (cm™ h™!) in
nuclei mode particles. Similarly, we calculated the
dN3p/dt in Table 2, where N3 is the particle num-
ber concentration within 10-30 nm. Stronger regional
nucleation events were captured in summer than those
in spring and autumn.

Table 3 shows meteorological factors that occurred
during the NPF events. The NPF events in summer
were under the conditions of prevailing east winds (2—
4 m s71) with high temperature (25°C-33°C), strong
solar radiation (400-700 W m~2), and high relative
humidity (50%-70%), which was higher than that in
Beijing (10%-40%). The sources of air mass can influ-
ence the chemical compositions and number spectrum
of particles. The back trajectories in Fig. 1b indicate
that the air masses were mainly from east and south-
east in July in the NPF periods. The spring NPF
events occurred with high temperature (16°C-20°C),
low relative humidity (14%—-30%), strong solar radia-
tion (400-600 W m~2), and moderate wind speed (3-6
m s~!) with no dominant directions. Generally, the air
masses originating from marine regions in summer and
spring were relatively clean, which enabled easy obser-
vation of the NPF events. It should be noted that the

API remained below 100 in all NPF days. The lowest
value at 52 occurred on 14 July, for which an ideal NPF
was captured (Fig.8c). We have determined that the
heavy air pollution in autumn led to the high particle
concentration in the accumulation mode. The process
of coagulation on the pre-existing particles was the
dominant sink of the nuclei mode particles. As such,
coagulation on the accumulation mode particles could
have led difficulty in capturing NPF events during that
season.

Figure 8c shows two ideal NPF events on 14 July
2010, and 10 April 2011. In the two cases, the 10-30
nm number concentration began to increase at 0900
on 14 July and at 0830 LST 19 April . However, 30—
100 nm number concentration and total surface area
of the aerosols began to increase on 0930 LST 14 July
and on 0920 LST 19 April, 30-90 min after the nuclei
mode particle increase (Fig.8b). This delay could be
attributed to the rapid growth of the new particles at
the rate of approximately 10 nm h™!. As indicated in
Table 2, the GR was 13.5 nm h™! on 14 July and 6.9
nm h~! on 19 April .

The mass concentrations of Oz were generally
higher than 60 pg m™2 in all seasons during NPF
events, except for 24-26 July. The level was 97 ug m—>
on 14 July, 121 pg m~3 on 19 July, and 75 pg m~3 on
19 October. All exceeded 80 pg m~2 in all NPF events
in spring, implying a relationship between NPF events
and photochemical reactions.

The Ogs concentrations corresponded well with
the number concentrations in NPF events shown in
Fig. 8a; no significant correlations were observed with
NOs, and SO,. We divided the NPF period into two
phases. The first is the developing phase, represent-
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Fig. 8. (a) Time series of trace gases concentrations, (b) aerosol number and surface area
concentration and (c) aerosol spectrum distribution in the two typical NPF events in Nanjing.

ing the beginning of NPF to the point at which the
number concentration of 10-30 nm particles reaches
its maximum value. The second is the aging phase,
representing the point at which the number concentra-
tion of 10-30 nm particles reaches its maximum value
to the end of NPF event. Positive correlation was de-
tected in the developing phase of NPF with correlation
coefficients of 0.6-0.9, which are high values for the
spring season. The high correlation between Oz and
new particles in the developing phase of NPF indicated
that the gas-to-particle photochemical transformation
process is a direct reason for NPF. Due to the prod-
uct of UV radiation and SO, which can be used as a
surrogate parameter for HoSO4 production (Petaja et
al., 2009), extended positive correlation of UVxSOq
to nuclei particles was detected in NPF events in sum-
mer, further suggesting the photochemical effects on
NPF. However, SO, and NOs, as the precursor gases
and factors in photochemistry, did not show signif-
icant correlation with NPF. HoSO,4 has been gener-
ally identified as an important atmospheric nucleating

species; other precursor gases implicated in NPF in-
clude NHj, organic acids, and ion clusters (Zhang et
al., 2004; Wang et al., 2010), which increases consid-
erable uncertainty of NPF in urban air (Guo et al.,
2012). In this study, measurements of such compounds
were limited, which created difficulties in determining
the complex relationships between NPF and aerosol
precursor gases. Therefore, further investigations of
chemical components of ultrafine particles and their
precursor inorganic/organic gases are required.

4. Summaries

The results of this study are summarized in the
following points:

(1) Distinct size differences were apparent in the
seasonal variations of aerosol number concentrations
in Nanjing. The number concentrations of particles
in the nuclei mode (10-30 nm), Aitken mode (30-100
nm), accumulation mode (100-1000 nm) and coarse
mode (>1 um) varied in the order of summer > spring
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> autumn, summer > autumn > spring, autumn >
summer > spring, and spring > autumn > summer,
respectively. In summer, the highest concentrations
of nuclei mode particles were related to photochemi-
cal processes. In autumn, the highest concentrations
of accumulation mode particles may be related to the
accumulation processes in the persistent air pollution,
and the lowest concentrations of nuclei mode particles
could be attributed to the coagulation sink under high
levels of accumulation mode particles.

(2) The diurnal variations of aerosol spectrum show
three peaks in all the three seasons occurring at 0800—
0900, 1200-1400, and 1900-2000 CST, which corre-
sponded to two rush hours and the noon period of
photochemistry.

(3) In comparison with cities in northern China,
the NPF in summer in Nanjing developed under condi-
tions of high relative humidity (50%-70%), high tem-
perature (25°C-33°C), strong solar radiation (400
700 W m~2), and moderate wind speed (2-4 m s~ 1)
with air masses originating mainly from marine re-
gions. In spring, the NPF were generally accompanied
by low temperature (16°C-20°C), low relative humid-
ity (14%-30%), and strong solar radiation (400-600
W m~2). However, under severe air pollution condi-
tions, NPF was seldom detected in autumn. The GR
were highest in summer with values of 10-16 nm h™';
those recorded in spring were 5.9-7.5 nm h=!.

(4) In NPF periods, positive correlations between
number concentrations of 10-30 nm aerosols and Os
were detected, particularly in spring, indicating that
photochemical reactions are one of the chief reasons
for NPF.
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