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Abstract. An intensive aerosol characterization experimentstudy area. Moreover, it was revealed that the particle growth
was performed at the Taipei Aerosol and Radiation Observarate correlated exponentially with the photolysis of ozone,
tory (TARO, 25.02 N, 121.53 E) in the urban area of Taipei, implying that the condensable vapors were produced mostly
Taiwan, during July 2012. Number concentration and sizefrom photooxidation reactions. In addition, this study also re-
distribution of aerosol particles were measured continuouslyyealed thatV,,c exhibited a quadratic relationship withg.
which were accompanied by concurrent measurements of he quadratic relationship was inferred as a result of aerosol
mass concentration of submicron particles, R < 1 um), dynamics and featured NPF processes in urban areas.

and photolysis rate of ozoné(O'P). The averaged number
concentrations of totalNiota)), accumulation modeNzacy),
Aitken mode Vajtken), @and nucleation modeMuyc) parti-
cleswere 13.% 103cm3,1.2x 103cm3,6.1x 163cm™3, 1 Introduction

and 6.6x 10°cm3, respectively. Accordingly, the ultrafine

particles (UFPs¢d < 100 nm) accounted for 91 % of the to- Atmospheric particulate matter (PM) is one of the main pol-
tal number concentration of particles measured in this studyutants that play an important role in air quality and climate.
(10< d < 429 nm), indicating the importance of UFPs to the PM interacts with solar radiation and alters the climate forc-
air quality and radiation budget in Taipei and its surroundingind directly (Charlson et al., 1992; Myhre, 2009), and acts as
areas. An averagenuc/ NOy ratio of 192.4 crm3 ppb\rl cloud condensation nuclei (CCN) to influence the cloud for-
was derived from nighttime measurements, which was sugmation processes (Twomey, 1977; Wang and Penner, 2009).
gested to be the characteristic of vehicle emissions that con?M is also found to induce respiratory and cardiovascular
tributed to the “urban background” of nucleation mode parti- diseases when they are breathed in (Nel, 2005).

cles throughout a day. On the contrary, it was found that the While the air quality standards have been set up for the
number concentration of nucleation mode particles was indeMass concentrations of RiMand PM s (particulate matter
pendent of NQ and could be elevated up to 10 times of the with aerodynamic diameters less than 10 or 2.5 um, respec-
“urban background" levels during daytime, Suggesting a Sub_tively), several studies have indicated the health effects of ul-
stantial amount of nucleation mode particles produced fromirafine particles (UFPs] < 100 nm) and raised great public
photochemical processes. Averageslé) of the diameter ~ CONCerns. In contrast to the small mass fraction in PM, UFPs
growth rate (GR) and formation rate of nucleation mode par-typically account for about two-thirds or higher of the total

ticles, J1o, were 11.9- 10.6 nmIT! and 6.9+ 3.0cn3s L, number concentrations of urban particulate matter (Stanier
respectively. Consistency in the time series of the nucleatiort al-, 2004; Woo et al., 2001). They can penetrate deeper

tion, UVB - SO,/CS, for new particle formation (NPF) events Brauer, 2000). Obeiifster and Utell (2002) suggested that

suggested that photooxidation of S@as likely one of the UFPs may cross the blood—brain and alveolar—capillary bar-
major mechanisms for the formation of new particles in ourriers, and enter the central nervous system. Studies have been

conducted on the UFPs’ impacts on morbidity and mortality
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(Wichmann et al., 2000), local and regional air quality (Che-
ung et al., 2012), and their spatiotemporal characteristics and
formation processes in urban areas (Cheung et al., 2011 &
Hussein et al., 2004). Local vehicle exhaust was found to be aSSSSss S . A oTaipe
major source of UFPs in urban areas (Morawska et al., 2008). S X

Particle number concentration (PNC) was positively related |
to the traffic volume, where the UFP number concentrations |
reached the daily maxima during traffic peak hours (Cheung

Taiwan Strait

et al., 2012), and it was affected by the measurement dis- E IWAN -
tance to the sources (Morawska et al., 2008). In addition to .;

vehicle emissions, UFPs can also be formed by new particle % /
formation (NPF) processes, which were frequently observed Kaohsiung .&j ;

within urban boundary layer (e.g., Woo et al., 2001; Stanier
et al., 2004; Ferandez-Camacho et al., 2010; Cheung et al.,
2011). Elevated particle number concentrations were found csrsrones 00
during the new particle formation events associated with pho-
tochemical production processes (Cheung et al., 2011, 2012)
These studies concluded that the UFPs were contributed from
the secondary formation mechanisms as well as from the pri-
mary local emissions in an urban environment.

Particle number concentration measurements conducted in
urban areas of Taiwan were limited (Chang and Lee, 2007;
Chen et al., 2010; Young et al., 2013). Although the relation-
ship between PNC and local vehicle emission was studied,
investigation on the influences of secondary formation on the
PNC variations was relatively scarce. To understand better
the characteristics of PM in terms of number concentration
and the factors influencing the NPF in an urban environment,
we initiated a one-month measurement campaign in an urban
area of Taipei City, Taiwan, during summer 2012. The out-
comes of this study are valuable to improve our understandFig. 1. Geographical locations of Taiwan in East Asia (upper panel)
ing of the critical factors governing the NPF under an urbanand the Taipei Aerosol and Radiation Observatory (TARO) in the
setting and formulation of air quality management plan.  Taipei basin (lower panel).
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2 Methodology 2.2 Observation site and instrumentation
2.1 The topography and meteorology of Taipei region The measurements were conducted at the Taipei Aerosol and
Taipei metropolis is located in northern Taiwan with around Radiation Observatory (TARO, 25.0R, 121.53 E), which

is located in the downtown area of Taipei City (Fig. 1), during

6 million inhabitants. As shown in Fig. 1, Taipei is in a topo- .
graphical basin surrounded by hills of around 500-1000 m in#~29 July 2012. The aerosol observatory is on the top floor
of Building-B of the Department of Atmospheric Sciences,

elevation. Wind circulation system of Taipei is governed by X . . . L
the seasonal monsoons where northeasterly flow dominatdgational Taiwan University (ASNTU), whichis20m a.g.|.
in winter and southwesterly in summer, and occasionally ac- Particle size distribution in the range of 10-429nm was

companied by tropical storms or typhoons. It is dry and stabldn&@sured by a scanning mobility particle sizer (SMPS) sys-
tem, which consisted of two parts: an electrostatic classifier

with poor dispersion conditions under a high-pressure sys- _ , ;
tem, but wet and unstable with good dispersion on most days(EC) (model: TSI 3080, TSI Inc.) and a condensation parti-

Air quality of Taipei is mainly influenced by the local emis- Cl€ counter (CPC) (model: TSI 3786, TSI Inc.). The EC was
sions, in particular vehicle exhausts. In addition to the local®duiPPed with a long-differential mobility analyzer (long-

sources, long-range transport of air pollutants from easter?MA, model: TSI 3081, TSI Inc.), which can separate the
China also affects air quality of northern Taiwan during the poly-disperse patrticles into selected mono-disperse particles

seasons of winter monsoons, while photochemical producaccording to their electrostatic mobility. The number con-
tion was suggested to be a key source of fine PM in summercentration of the mono-disperse particles was then counted
time (Chang and Lee, 2007, 2008). by the CPC. Each ambient sample was drawn into the

SMPS system from outside the building through a 0.635cm
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(inner diameter) conductive tube, and a sampling duration of
5min was adopted for each particle size distribution mea- [
surement. The SMPS system was operated with the sheatt
and aerosol flow rates of 6 Lpm and 0.6 Lpm, respectively.
The system flow rates were checked weekly during the sam-
pling period. Besides, the accuracy of the particle sizing of
EC was checked using polystyrene latex spheres (PSLs) be| <
fore the campaign. The nominal diameters of the PSLs were [
97+ 3.7 nm (Part#: 3100A, lot#: 35431, Thermo Scientific
Inc.) and 35Q@t 6.0 nm (Part#: 3500A, lot#: 35910, Thermo
Scientific Inc.). The measured sizes of the PSLs by the SMPS|
were found to be 97.%0.3nm and 341.9-5.2 nm, respec-
tively. Less than 3% differences between the nominal and
measured diameters were obtained. Multiple charge and dif-
fusion loss corrections (inside SMPS instrument) were ap-
plied to the particle size distribution measurements using
the internal algorithm from the Aerosol Instrument Man- [
ager Software. Furthermore, diffusion loss in sampling tube
was corrected according to the algorithm proposed by Hol-
man (1972).

During the study period, continuous measurement of PM
(particulate matter with aerodynamic diameters less than _
1 um) mass concentration with time resolution of one hour [EEe=s
was also conducted at TARO using a tapered element oscil-
lating microbalance (TEOM) (model: TEOM 1405, Thermo
Scientific Inc.) equipped with the Filter Dynamics Measure-
ment System (FDMS) and a 1 pm Sharp Cut Cyclone (model: _ :
SCC-2.229, BGl Inc.) at the inlet. Besides, the photolysis rate Gboglc earth
of ozone,J (O'P), was measured using an actinic and irradi-

ance spectral radiometer (Metcon GmbH, Germany). Morexiy 5 paily 72h backward trajectories calculated for TARO (red
over, to support the data interpretation of pollution SOUrCeSot) during the period ofa) 4-19 July andb) 20-27 July 2012.
the hourly averaged mass concentrations ofi&hd PMys  Trajectories were calculated from 100m above ground level for
and the mixing ratios of @ NOy and SQ as well as the me-  08:00LT each day.

teorological parameters (including ambient temperature, hu-

midity, and wind speed/direction) from the Guting air quality

station of Taiwan Environmental Protection Agency (Taiwan surement. The particle number concentrations were classi-

EPA), which is about 1km from the TARO, were analyzed fied into 10< d <429 nm (Viota)), 100< d <429 nm (Vacy),

in this study. The mixing ratio of @was measured using 25<d <100nm (Vaitken) andd < 25nm (NVnyo), for total,

an UV photometry instrument (Ecotech 9810, with detectionaccumulation mode, Aitken mode and nucleation mode, re-

limit of 0.5 ppbv and accuracy df 1%); oxide of nitrogen  spectively. For graph plotting, time resolution of 5min was

(NOy) was measured using a chemiluminescence analyzenised for particle data, whereas the data for trace gases

(Ecotech 9841, with detection limit of 0.5ppbv and accu- and meteorological parameters were hourly based. Thus the

racy of+ 1% of instrument reading); SQvas measured by 5min particle number concentration and size distribution

a pulsed UV fluorescence analyzer (Ecotech 9850, with dedata were then calculated into hourly averages for data com-

tection limit of 0.5 ppbv and accuracy &f1 % of instrument  parison and analysis purposes.

reading). Span and zero calibrations for all the gas analyzers

were conducted on daily basis at the air quality stations of

Taiwan EPA. For more details about the measurement techs Results and discussion

niques and quality control guidelines, refer to the website of

Taiwan EPA {ttp://tagm.epa.gov.tw/tagm/en/default.agpcx 3.1 General description of weather conditions during
measurement periods

Google earth

2.3 Data processing and analysis

Backward trajectories of air masses were calculated using
Particle number concentrations for different size ranges werghe HYSPLIT model of NOAA (National Oceanic and At-
calculated by the particle size distribution from SMPS mea-mospheric Administration) (Draxler, 1999) for TARO during
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Table 1. Statistic of particle mass and number concentrations measured. Uniig, PM, 5 and PM in pg m~3; and for Niotal, Nacw
Naitken and Nnuc in cm™3. Note: PM, 5 measurement interrupted during the typhoon period.

Parameters  Average Median S.D. No. of data
Whole period: 4-29 Jul 2012 PN 39.6 36.0 15.0 620
PM, 5 21.6 21.0 9.8 403
PM; 10.3 9.9 7.0 539
Niotal 13.9x10° 8.4x 103 13.1x10° 603
Nacu 1.2x 100 1.1x103 1.1x10° 603
Naitken 6.1x10° 32x10° 65x10° 603
Nnuc 6.6x10° 4.1x10° 75x10° 603
4-19 Jul, and 28—29 Jul 2012 R 44.1 42.0 14.3 429
PM, 5 21.8 21.0 9.8 393
PM; 12.6 11.9 6.5 403
Niotal 17.1x 108 12.8x10° 13.9x10° 412
Nacu 16x103 15x10° 1.0x10° 412
Naitken 77x108 55x108 7.0x10° 412
Nnuc 7.7x108  50x103 83x10° 412
Cyclonic period: 20-27 Jul 2012 PM 29.5 28.0 11.1 191
PM, 5 14.7 14.5 6.6 10
PM; 35 2.8 3.0 136
Niotal 70x10°  49x10° 7.4x10° 191
Nacu 04x10° 0.3x10° 0.3x10° 191
Najtken 25x10° 16x10° 33x10° 191
Nnuc 41x10° 3.1x10° 4.1x10°0 191

the sampling period. During the early period of the campaign The particle mass concentrations of RMPM,5 and
(4-19 July), southwesterly winds were found to prevail un- PM; were 39.6 ugm3, 21.6 ugnt3, and 10.3ugms, re-
der the influences of summer monsoons (see Fig. 2a). For thepectively, for the entire sampling period. The number
later period (20-27 July), easterly winds were dominatingand mass concentrations of particles were found to be
due to the influences of the cyclonic system that developedignificantly lower under the influences of the cyclonic
near southern Taiwan (see Fig. 2b). Showers were occasiorsystem. For example, the averaged P&hd Niotal Were
ally observed in the afternoon during the sampling period. 3.5pgnt2 and 7.0x 10°cm~2 under the cyclonic system,
while 12.6 ugn3 and 17.1x 103 cm~2 were obtained for
3.2 Overall statistics of particle measurement other days. The lower particle concentrations could be at-
. ) ) tributed to the stronger atmospheric dispersion associated
StatIStIC.S of particle number and mass concentrations arg i, the cyclonic system. Relatively higher wind speed was
shown in Table 1. The overalVortal SNaCU' Nhitken ar;d measured during this period, which was 3.4Th,compared
Nnuc were fognd to be 13.9 1§3 cm 3, 1.2x10°em™%, 151 9ms? for other days. In addition to the dispersion,
6.1x 10°cm 2, and 6.6< 10° cm®, respectively. TheVioral strong surface winds can affect two particle dynamic pro-
was comparable to urban areas including Brisbane, AUSgesses: condensation of semi-volatile gases and coagulation

tralia (Cheung et al., 2011); Helsinki, Finland (Hussein etynqng the freshly formed particles and/or the preexisting
al., 2004); Yangtze River delta, China (Gao et al., 2009); 5aros0l particles.

Barcelona, Spain (Pey et al., 2008); and Atlanta, United
States (Woo et al., 2001). However, thgyta measured at
TARO in the current study was significantly lower than that

observed in urban central Taiwan, which was8.80* cm™3 . )
. : : Relationship between PNC and other parameters were fur-
during the summertime (Young et al., 2012). Note that, in the . . . ) . )
ther assessed in this section. Pearson’s correlation coeffi-

latter study, NPF events occurred almost every day during the .
) . . . Cients,r, were calculated between PNC and particle mass

study period due to the presence of numerous industrial emis-

sion sources within the study region, which were suggeste

to induce a significantly higher PNC.

3.3 Relationship between PNC and other parameters

oncentrations and primary gaseous pollutants (i.e &l

). The scatterplots between PNC and P\are depicted

in Fig. 3a—c. In general, PNC does not show a strong cor-
relation with mass concentrations. For example,tivalue

Atmos. Chem. Phys., 13, 8938946 2013 www.atmos-chem-phys.net/13/8935/2013/
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0 To examine the relationship betwesf,c and vehicle ex-
Ny (10" em™) haust emissions bettév,,,c and NG, were plotted in scatter-

. . plots for the daytime and nighttime, respectively, where the
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' ’ cant linear correlation betwee¥,,c and NQ, was obtained
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likely contributed by NPF, which was associated with daily
maxima of UVB, whereas the second peak showed the influ-
ence of traffic emission in late afternoon. We then separate
the Niotal iNto three size bins as described in Sect. 2.3, and
the diurnal variations in the number concentrations for nucle-
ation and Aitken mode particle®Vf,c and Najiken) are also
illustrated in Fig. 5, respectively. A mode of,,c was ob-
served near 10:00LT, and the peakMjiken Was observed
one hour later. This suggested that nucleation mode parti-
cles were formed in the morning where particles have subse-
quently grown into larger sizes (Cheung et al., 2011).

During the study period, a total of nine NPF events
were observed. NPF events occurred frequently in the pe-
riod from 8 to 19 July (8 events in 12 days) and on 27

5% confidencdUly- Figure 6 shows the time series of particle size dis-

tribution (lower panel),Niotar (Middle panel) and wind di-
rection/speed (upper panel) for the entire campaign pe-
riod. The general meteorological conditions for the NPF

(r =0.87,p < 0.05), suggesting that vehicle exhaust emissionevents were sunny day with southwesterly to northwest-
was the predominant source of nucleation mode particleserly winds during initial stage of the events. The av-

The slope of 192.4 cr? Nnye per ppbv of NQ character-

eraged daytime (08:00-16:00LT) wind speeds for NPF

izes the emissions from vehicles, which contributed to theevent and non-event days were 2.61Th¢+0.43ms™)
background level of nucleation mode particles in an urbanand 3.23ms? (£ 1.45ms), respectively. The relatively
area. Note that this emission ratio was applicable only forlower and lesser fluctuation wind speed on NPF days im-
the study area, since it would depend on the local emissioplied a stable atmospheric condition setting favorable for
properties (i.e., types of fuel and vehicles) and meteorologthe new particle formation. Higher mea¥otai and Nnuc

ical conditions. Figure 4b shows the daytime dataMafic
against NQ with a line fit obtained from Fig. 4a to represent
the “urban background®Nnyc contributed by vehicles. Note
that, at times, the daytim&,,c was enhanced up to 10 times
the level estimated by thé&/,,c/ NOy emission ratio. The
results suggest that, in the budgetf,c of urban Taipei,
the primary (NQ relevant) sources contributed throughout
a day, whereas the other (N@dependent) sources domi-

were found to be 20.2103cm=3 and 9.4x 103cm™3

for NPF event days compared to that for non-event days
(Ntotal = 10.4x 10% cm 3 andNpye=5.0x 103 cm3; see Ta-

ble 2). Also the 95th percentile @¥juc (31.0x 10°cm3)
during the NPF event was twice of that measured on non-
event days. These results suggested that the burst of nucle-
ation mode patrticles induced by the NPF had caused a sig-
nificant impact on the particle number concentration during

nated during daytime, in particular the episodes of new parthis campaign period. o
ticle burst. Previous studies of NPF events in urban areas During the NPF events, the variation &hyc was found
showed that the burst of nucleation mode particles was asto be coincident with an index of photochemical produc-

sociated strongly with photochemical production of sulfuric

acid (Woo et al., 2001; Stanier et al., 2004; Cheung et al.
2012). A similar finding has been reported in another pol-

tion of ambient HSOy, which was defined by the product
of UVB and SQ divided by the particle condensation sink
(UVB - SG,/CS). Figure 7 shows the time seriesMfyc and

luted urban area of central Taiwan (Young et al., 2012). TheUVB - SG,/CS (upper panel) and the particle size distribu-

discussion on the NPF will be provided in the following sec-

tions.

3.4 Observation of new particle formation

tions from 8-14 July during which consecutive nucleation
events were observed. Thé,,c and UVB-SG,/CS were
fairly correlated in log-normal relationship witl of 0.5 (see
Figure S1 in the Supplement for the scatterplot betwégn
and UVB- SO,/CS). This implies that the increases of the

A NPF event is defined as the increase of the number cony,c during the NPF events were also contributed by other
centration of nucleation mode particles, and those parti-sources, for example the local vehicle emission, which was
cles are growing into Aitken and/or accumulation mode sizementioned in Sect. 3.3. Nevertheless, the results suggested
range & 25nm) and last for a few hours until they disappear that H,SO; may have contributed substantially to the parti-
into the atmosphere by condensation/coagulation sinks (Datle formation process in our study region.

Maso et al., 2005). Averaged diurnal variations\gfis and
UVB (ultraviolet B, wavelength ranging from 315 to 280 nm)

We further investigated the sources of S@fluencing the
NPF around Taipei City. Figure 8 shows averaged &fix-

for this study are depicted in Fig. 5. Two peaks were observedng ratios over Taipei region during the study period (only

for Niota at 11:00LT and 18:00 LT. The first one was most

Atmos. Chem. Phys., 13, 8938946 2013

daytime 08:00-15:59 LT was used). The results showed that
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Table 2. Statistic of particle number concentrations measured during NPF event days and non-event days.‘@riiﬂrdmotah Nacw
Npitken and Nnyc.

Parameters  Average Median 95th percentile  S.D. No. of data
NPF event days Niotal 20.3x10° 16.4x10° 50.5x 103 14.9x 103 216

Nacu 16x10° 14x10®° 35x10° 09x 103 216

Naitken 93x10° 6.7x10° 23.2x10° 76x10° 216

Nnuc 94x10° 6.8x10° 31.0x10° 92x10° 216
Non-event days Niotal 10.4x 103 6.4x 103 28.7x 103 10.4x 103 387

Nacu 1.0x108  04x10® 3.3x103 1.1x 108 387

Naitken 43x 100 22x100 13.4x10° 50x 103 387

Nnuc 50x 108  34x108 13.4x10° 5.8x 103 387

two hot spots were observed with relatively highen$&vels  scribed above hold for most of the NPF events except the
located at (i) the east rim of Taipei basin and (ii) the south-case on 27 July 2012, where easterly winds dominated with
west of Taipei basin. Truck emission is most likely the ma- elevated S@ east of TARO at around 09:00-10:00 LT (see
jor source responsible for the eastern,310t spot; however, Fig. S3). From these cases, we can see that the transport
the plumes from the coal fire power plant located in north-of SO, from the sources around Taipei has substantial im-
eastern Taiwan were also possible source. Industrial and vepacts upon particle formation process and, thereby, the num-
hicle exhaust emissions (diesel engine vehicles) were majober concentration of UFPs in urban Taipei.

sources of S@hot spot observed in western Taipei. Land and

sea breeze comprise a synoptic wind pattern affecting Taipes 5 Growth and formation rates

City, with south-westerly/westerly winds dominating in the
morning, and the wind direction shifted clockwise to easterly
in afternoon. In the Supplement of this paper, Fig. S2 show:
the hourly contour plots of S©O(from 07:00 to 12:00LT)
over Taipei region during the NPF event on 8 July 2012.
A relatively high SG (~10 ppb) was observed in western
Taipei, whereas Swas found to be below 2 ppb around
TARO, central Taipei, at 07:00 LT. During the morning of 8
July, westerly wind was dominating, which could bring the
SO plume to the TARO. The observation found that the NPF
event initiated at 11:00 LT, when the $@ached the daily
maxima of 5 ppb. The characteristics in winds and, $i©-

Table 3 summarizes the averaged growth rate (GR) and
Jormation rate of nucleation mode particlesd), and rel-
evant measurements for respective nucleation events ob-
served in this study. The averaged GR was found to be
11.9+10.6 nmh?! (ranged from 4.4 to 38.7 nnTR). The
average and range of GR values are comparable to those
observed in a previous urban study in central Taiwan,
which was 11.8 nmh! on average and ranged from 6.7 to
23.9nmh?! (Young et al. 2013), as well as to observations
for other urban areas like Atlanta, United States, with aver-
aged GR of 9.3nmh! (Stolzenburg et al., 2005), whereas

www.atmos-chem-phys.net/13/8935/2013/ Atmos. Chem. Phys., 13, 88385 2013



8942 H. C. Cheung et al.: Ultrafine particle number concentration and new particle formation

Table 3. Summary of averaged particle number concentration, growth rate, formation rate and ozone photolysis measurements for NPF
events. Note: start and end time refer to the period of nucleation mode particles growing through 25 nm, which are used to calculate the
growth rate (GR).

Eventdate Starttime Endtime GR J10 Niotal Nnuc O3 J(01D) J(0P). 05
(mh ) (em3sY)  (em™)  (em3)  (ppb) (10°s7Y) (pptsh
2012/7/08  09:00 11:00 4.4 7.7 438103 29.5x10° 36 3.50 1.26
2012/7/09  09:40 10:20 38.7 12.5 5680 31.0x 103 47 3.41 1.60
2012/7/11  10:00 11:45 6.3 9.3 60<110° 45.0x 103 48 3.59 1.72
2012/7/12  09:15 11:05 6.5 7.0 492103 37.9x10° 335 3.50 1.17
2012/7/13  09:00 10:55 115 6.2 45803 36.6x10° 32 3.31 1.06
2012/7/14  09:00 10:05 10.9 6.2 3xN0  26.3x103 30 3.24 0.97
2012/7/18  09:00 10:55 6.6 6.7 5131038 37.8x 103 27 1.64 0.44
2012/7/19  09:00 09:45 15.6 1.4 27103 10.3x 103 49 3.12 1.53
2012/7/27  09:00 10:25 6.6 5.2 41103 27.6x 103 26 3.45 0.90
80 t + + 3000
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Fig. 7. Time series of particle size distribution (lower panel) and number concentration of nucleation¥Mggeahd UVB- SO,/CS (upper
panel) for 8—14 July 2012.

significantly lower GR of 6.0 nmht was reported for Bei- production warrants that the growth of newly formed par-
jing, China (Zhang et al., 2011). Previous studies suggesteticles was driven by production of condensable vapors, ei-
that the variations in GR values were associated with the mether organics or lSO4, from photochemical reactions. How-
teorological conditions (e.g., temperature, RH) and the pro-ever, as the data from this study characterized the relation-
duction of condensable vapors (Cheung et al., 2011; Yli-Juutship between GR and ozone photolysis, further studies to link
et al., 2011). Figure 9 illustrates the correlation between GRthe photochemical dynamics and microphysical behavior of
and the product of (O'P) and mixing ratio of ozone, which  aerosols are needed to validate the hypothesis of nonlinear
gives the production rate of OH radicals from ozone pho-growth. The outlier shown in Fig. 9 is for the event on 11
tolysis. It was revealed that the value of GR increased withJuly. The causes of that discrepancy are yet unclear; never-
photolysis of ozone and in turn the production of OH radi- theless, preliminary investigation suggested that the growth
cals. The relationship between GR and ozone photolysis i®f particle could have been inhibited by stronger winds dur-
depicted exponentially and suggests that the GR could béng that morning (shown in Fig. S4).

changing nonlinearly with OH production. One plausible ex-  Averaged formation rate of nucleation mode patrticlBs)
planation of the nonlinear relationship is that production of for each NPF event was calculated for the particle size rang-
OH radicals can contribute to GR not only for the produc- ing from~10 to 25 nm according to the method of Dal Maso
tion of condensable vapors that condense onto patrticles, bugt al. (2005). Formation rate is defined as the sum of the
also via formation of new tiny particles that could coagulate apparent formation rate {,,J/dz) and the coagulation loss
with preexisting particles and enhance the apparent growthate during the NPF event. It should be noted that the re-
rate. Thus the significant correlation between GR and OHported apparent particle formation rat& ) is expected to
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Budapest, HungaryJg: 4.2 cnt3s~1 with a range of 1.65—
12.5cm3s 1, Salma et al., 2011); Beijing, China4 2—
13cm3sL Yue et al., 2010); Marseille, Francgs( 3—
5.3cm3s1, Petja et al., 2007); and Athens, Greech;:(
1.3-6.5cm3s™1, Pehja et al., 2007). The formation rate of
nano-particles is known to depend on the physical and chem-
ical conditions of the atmosphere. In this study, the forma-
tion rate was influenced by the regional and local (both pri-
mary and secondary) sources. Also, the relatively high level
of preexisting particles could have weakened the nucleation
process and lowered the formation rates. Fig. 10a shows the
relationship betweedsg and the total as well as the nucle-
ation mode PNCSViotal and Ny, for the NPF events in this
study. Apparently, PNCs increased wilty to respond to the
production of new particles during a NPF event. However,

Nnuc behaved as a quadratic function and reached the maxi-
Fig. 9. Correlation between the growth rate of nucleation mode par-ma| levels around 4.5 10* cm~3 with J19 of ~9cn3s1,
ticles and the photolysis of ozone for the NPF events in this St“dywhereaSNtota| leveled off toward a high value afig. The
Photolysis of ozone is assumed to be the dominant term in the Progifferences betweeNiq and Nyue indicated that the newly
duction of OH radicals and, thereby, used as an indicator of photo-Ormed nucleation mode particles have grown rapidly beyond

chemical production of semi-volatile species that in turn condense 5 in th f hiatk hich i ding to th
on the preexisting particles and contributed to the particle growth. nm '_n € case of higiho, whic _'S Cprrespon Ing to the
ase with GR of 38.7 nmtt shown in Fig. 9.

The square denotes the outlier data point for 11 July 2012 that wa§ o
The dependence of GR to PNQ¥yta and Ny, is illus-

excluded from the curve-fitting analysis (see main text for details).

trated in Fig. 10b. Except the case of extremely high GR,

it is obvious that the values of GR decreased linearly with

) ~ PNCs. The decreases in GR were inferred as a result of the

be smaller than the actual nucleation rate (or the formation,creases in the availability of surface area for the conden-
rate of 3nm particle/s), since some fraction of formed nu-  gation of vapors. The detailed mechanisms for the case of
clei is always scavenged by coagulation into larger preexisthigh GR (37.2nmh1) that occurred on 9 July are not yet
ing particles before they grow larger by condensation (Lehti-yye|| ynderstood. Nevertheless, given the meteorological data
nen et al., 2007). The meahosforlthe new particle events 55 \ve|l as the ozone photolysis and PNCs observations de-
was found to be 6.23.0cnT~s . The Jio observed in  geripeq above, it was inferred that the extremely high GR

. . —1
this study, ranging from 1.4 to 12'5‘_7'?'5 » IS compara- a5 caused by the co-occurrence of low wind speed and high
ble to recent observations for NPF in urban areas such as
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70000 tory (TARO) in Taipei, Taiwan, during July 2012. The re-
(@) ® Ntotal = Nnuc 1= 0.8496 sults indicated that the particle number concentration of the
60000 ® study region was influenced primarily by the local vehi-
cle emissions and the photochemical production in addi-
tion to the meteorological conditions. The averages of par-
ticle number concentrationSiotal, Nacu Naitken, and Npuc
were 13.9¢< 10°cm 3, 1.2x 103cm 3, 6.1x 103cm3, and
m r2-=07501 ™ 6.6x 10°cm™3, respectively. The UFPSs (i.&Vaitken + Nnuc)
accounted for 91 % of the total number concentration of par-
ticles measured in this study (¥ <429 nm), indicating
the importance of UFPs to the air quality and radiation bud-
get in Taipei and its surrounding areas.
‘ ‘ ‘ ‘ An averagedVn,c/ NOy ratio of 192.4 cr ppbv-1 was
0 2 4 6 8 10 12 14 obtained from nighttime measurements, which was sug-
Jio(cm3 s gested to be the characteristic of vehicle emissions and was
considered as the “urban background” of nucleation mode
particles emitted from primary sources in this study area.
Daytime measurements found that the number concentration
40 of nucleation mode particles was elevated up to 10 times the
“urban background” levels during NPF events, implying that
(b) ® Ntotal ® Nnuc the formation of new particles was driven by photochemical
reactions.

In total nine NPF events were observed during the ex-
periment period: eight of them were under typical land—sea
breeze circulation, and one event was under the influence
= e of easterly winds. Elevated particle number concentrations

m o r2=0.5692 were observed during the NPF events with average values

204507 m . o of 20.3x 103cm ™3 (Niotal), compared to 10.4 103cm 3

u L] (Niotar) for the non-event days. All the NPF events were
‘ , , ‘ ‘ found to be associated with S@dvection. The variations
0 10000 20000 30000 40000 50000 60000 70000 in the number concentration of nucleation mode particles
Niotat, Noue (6m) and the estimated 3$0; proxy, UVB- SG,/CS, were well
in agreement during the NPF events, suggesting that oxida-

Fig. 10. (a) Responses of the total and nucleation mode particle . . - .
number concentrationgV{gig and Nnyc) to the changes in the nu- tion of SG, was likely among the major mechanisms for the

cleation mode particle formation raté(); (b) dependence of par- NPF events. There was no NPF event observed at TARO as

ticle growth rate (GR) to the particle number concentratidvig Taiwan was under the influence of a cyclonic system dur-

and Npyo) during the NPF episodes analyzed in this study. The de-ing the measurement period, which was most likely due to

pendencies are illustrated with quadratic (PNCsA{g) or linear the enhanced atmospheric dispersion induced by the higher

(GR vs. PNCs) curve-fitting. The open symbols(i) denote the  wind speed that suppressed the NPF occurrence.

outlier case of extremely high GR (see main text for details). Growth and formation rates of nucleation mode particles
were retrieved from the size distribution measurements. The
averages of GR and for the NPF events observed in this

ozone photolysis rate, which favored both production andstudy were 11.%10.6nmh?! and 6.9-3.0cnt3s™ 1, re-

accumulation of condensable vapors simultaneously. Morespectively. The respective ranges of GR ahg are com-

over, the collision between particles could have been enparable to the results of previous investigations on urban

hanced during the period of high PNCs; consequently, theserosols. Positive correlation between PNCs &fdvas ob-

GR increased further due to the combined effects of coaguserved in most of the cases. However, it was found Ayat

lation and condensation. behaved as a quadratic function and reached the maximal lev-
els around 4.5 10* cm—2 with J1gof ~9cm3s~1, whereas
Niotal leveled off toward a high value aofyg. The differences

4 Conclusions betweenNiota) and Ny suggest that the lifetimes of newly
formed nucleation mode particles have reduced in the case of

In this study, an intensive measurement campaign of partihigh GR and/1o.

cle number concentration, size distribution, and mass con- Analysis on the correlation between GR and the photoly-

centrations was conducted at an urban aerosol observais of ozone revealed that GR increased exponentially with

45

35 +

GR (nm h1)
5 8 ¥ 8

=
o
L

[0}
L
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the production of OH radicals, suggesting that the growthDal Maso, M., Kulmala, M., Riipinen, |., Wagner, R., Hussein, T.,
of nano-particles was dominated by the production of semi- Aalto, P. P., and Lehtinen, K. E. J.: Formation and growth of fresh
volatile species from photooxidation. Unfortunately, without atmospheric aerosols: eight years of aerosol size distribution data
measurements of the composition of aerosols and precursor from SMEAR I, Hyytiala, Finland, Boreal Environ. Res., 10,
gases, the species responsible for the growth of aerosols re- 323-336, 2005. i _

main unclear. In addition, the values of GR were also found®'2€". R- R.. HYSPLIT4 users guide, NOAA Tech. Memo,
to depend negatively on the number concentration of parti- ERLARL-230, NOAA Air Resources Laboratory, Silver Spring,

l inferred that th lated by the avail- MD: USA, 1999.
cles. It was inferred that the GR was regulated by the avai Ferrandes-Gamacho, R., Réguez, S., delaRosa, Jaghez de la

ability of surface areas for vapor condensation and thereby campa, A. M., Viana, M., Alastuey, A., and Querol, X.: Ultrafine

declined with increases in PNCs. particle formation in the inland sea breeze airflow in Southwest
Europe, Atmos. Chem. Phys., 10, 9615-9630,1db5194/acp-
10-9615-20102010.

Supplementary material related to this article is Gao, J.,, Wang, T., Zhou, X., Wu, U., and Wang, W.: Mea-
available online at: http://www.atmos-chem-phys.net/13/ surement of aerosol number size distributions in the Yangtze
8935/2013/acp-13-8935-2013-supplement.pdf River Delta in China: Formation and growth of particles

under polluted conditions, Atmos. Environ., 43, 829-836,
doi:10.1016/j.atmosenv.2008.10.04®09.
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