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Abstract. An intensive aerosol characterization experiment
was performed at the Taipei Aerosol and Radiation Observa-
tory (TARO, 25.02◦ N, 121.53◦ E) in the urban area of Taipei,
Taiwan, during July 2012. Number concentration and size
distribution of aerosol particles were measured continuously,
which were accompanied by concurrent measurements of
mass concentration of submicron particles, PM1 (d ≤ 1 µm),
and photolysis rate of ozone,J (O1D). The averaged number
concentrations of total (Ntotal), accumulation mode (Nacu),
Aitken mode (NAitken), and nucleation mode (Nnuc) parti-
cles were 13.9× 103 cm−3, 1.2× 103 cm−3, 6.1× 103 cm−3,
and 6.6× 103 cm−3, respectively. Accordingly, the ultrafine
particles (UFPs,d ≤ 100 nm) accounted for 91 % of the to-
tal number concentration of particles measured in this study
(10≤ d ≤ 429 nm), indicating the importance of UFPs to the
air quality and radiation budget in Taipei and its surrounding
areas. An averagedNnuc / NOx ratio of 192.4 cm−3 ppbv−1

was derived from nighttime measurements, which was sug-
gested to be the characteristic of vehicle emissions that con-
tributed to the “urban background” of nucleation mode parti-
cles throughout a day. On the contrary, it was found that the
number concentration of nucleation mode particles was inde-
pendent of NOx and could be elevated up to 10 times of the
“urban background” levels during daytime, suggesting a sub-
stantial amount of nucleation mode particles produced from
photochemical processes. Averages (± 1σ ) of the diameter
growth rate (GR) and formation rate of nucleation mode par-
ticles,J10, were 11.9± 10.6 nm h−1 and 6.9± 3.0 cm−3 s−1,
respectively. Consistency in the time series of the nucleation
mode particle concentration and the proxy of H2SO4 produc-
tion, UVB · SO2/CS, for new particle formation (NPF) events
suggested that photooxidation of SO2 was likely one of the
major mechanisms for the formation of new particles in our

study area. Moreover, it was revealed that the particle growth
rate correlated exponentially with the photolysis of ozone,
implying that the condensable vapors were produced mostly
from photooxidation reactions. In addition, this study also re-
vealed thatNnuc exhibited a quadratic relationship withJ10.
The quadratic relationship was inferred as a result of aerosol
dynamics and featured NPF processes in urban areas.

1 Introduction

Atmospheric particulate matter (PM) is one of the main pol-
lutants that play an important role in air quality and climate.
PM interacts with solar radiation and alters the climate forc-
ing directly (Charlson et al., 1992; Myhre, 2009), and acts as
cloud condensation nuclei (CCN) to influence the cloud for-
mation processes (Twomey, 1977; Wang and Penner, 2009).
PM is also found to induce respiratory and cardiovascular
diseases when they are breathed in (Nel, 2005).

While the air quality standards have been set up for the
mass concentrations of PM10 and PM2.5 (particulate matter
with aerodynamic diameters less than 10 or 2.5 µm, respec-
tively), several studies have indicated the health effects of ul-
trafine particles (UFPs,d ≤ 100 nm) and raised great public
concerns. In contrast to the small mass fraction in PM, UFPs
typically account for about two-thirds or higher of the total
number concentrations of urban particulate matter (Stanier
et al., 2004; Woo et al., 2001). They can penetrate deeper
into human lungs than fine and coarse particles (Churg and
Brauer, 2000). Oberd̈orster and Utell (2002) suggested that
UFPs may cross the blood–brain and alveolar–capillary bar-
riers, 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 a
major source of UFPs in urban areas (Morawska et al., 2008).
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
et al., 2012), and it was affected by the measurement dis-
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
within urban boundary layer (e.g., Woo et al., 2001; Stanier
et al., 2004; Ferńandez-Camacho et al., 2010; Cheung et al.,
2011). Elevated particle number concentrations were found
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 understand-
ing of the critical factors governing the NPF under an urban
setting and formulation of air quality management plan.

2 Methodology

2.1 The topography and meteorology of Taipei region

Taipei metropolis is located in northern Taiwan with around
6 million inhabitants. As shown in Fig. 1, Taipei is in a topo-
graphical basin surrounded by hills of around 500–1000 m in
elevation. Wind circulation system of Taipei is governed by
the seasonal monsoons where northeasterly flow dominates
in winter and southwesterly in summer, and occasionally ac-
companied by tropical storms or typhoons. It is dry and stable
with poor dispersion conditions under a high-pressure sys-
tem, but wet and unstable with good dispersion on most days.
Air quality of Taipei is mainly influenced by the local emis-
sions, in particular vehicle exhausts. In addition to the local
sources, long-range transport of air pollutants from eastern
China also affects air quality of northern Taiwan during the
seasons of winter monsoons, while photochemical produc-
tion was suggested to be a key source of fine PM in summer-
time (Chang and Lee, 2007, 2008).

 

 

 

TAIWAN

˙Taipei

Taiwan Strait 

CHINA 

Kaohsiung˙

Fig. 1.Geographical locations of Taiwan in East Asia (upper panel)
and the Taipei Aerosol and Radiation Observatory (TARO) in the
Taipei basin (lower panel).

2.2 Observation site and instrumentation

The measurements were conducted at the Taipei Aerosol and
Radiation Observatory (TARO, 25.02◦ N, 121.53◦ E), which
is located in the downtown area of Taipei City (Fig. 1), during
4–29 July 2012. The aerosol observatory is on the top floor
of Building-B of the Department of Atmospheric Sciences,
National Taiwan University (ASNTU), which is∼20 m a.g.l.

Particle size distribution in the range of 10–429 nm was
measured by a scanning mobility particle sizer (SMPS) sys-
tem, which consisted of two parts: an electrostatic classifier
(EC) (model: TSI 3080, TSI Inc.) and a condensation parti-
cle counter (CPC) (model: TSI 3786, TSI Inc.). The EC was
equipped with a long-differential mobility analyzer (long-
DMA, model: TSI 3081, TSI Inc.), which can separate the
poly-disperse particles into selected mono-disperse particles
according to their electrostatic mobility. The number con-
centration of the mono-disperse particles was then counted
by the CPC. Each ambient sample was drawn into the
SMPS system from outside the building through a 0.635 cm
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(inner diameter) conductive tube, and a sampling duration of
5 min was adopted for each particle size distribution mea-
surement. The SMPS system was operated with the sheath
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 350± 6.0 nm (Part#: 3500A, lot#: 35910, Thermo
Scientific Inc.). The measured sizes of the PSLs by the SMPS
were found to be 97.5± 0.3 nm 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 PM1
(particulate matter with aerodynamic diameters less than
1 µm) mass concentration with time resolution of one hour
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 µm Sharp Cut Cyclone (model:
SCC-2.229, BGI Inc.) at the inlet. Besides, the photolysis rate
of ozone,J (O1D), was measured using an actinic and irradi-
ance spectral radiometer (Metcon GmbH, Germany). More-
over, to support the data interpretation of pollution sources,
the hourly averaged mass concentrations of PM10 and PM2.5
and the mixing ratios of O3, NOx and SO2 as well as the me-
teorological parameters (including ambient temperature, hu-
midity, and wind speed/direction) from the Guting air quality
station of Taiwan Environmental Protection Agency (Taiwan
EPA), which is about 1 km from the TARO, were analyzed
in this study. The mixing ratio of O3 was measured using
an UV photometry instrument (Ecotech 9810, with detection
limit of 0.5 ppbv and accuracy of± 1 %); oxide of nitrogen
(NOx) was measured using a chemiluminescence analyzer
(Ecotech 9841, with detection limit of 0.5 ppbv and accu-
racy of± 1 % of instrument reading); SO2 was measured by
a pulsed UV fluorescence analyzer (Ecotech 9850, with de-
tection limit of 0.5 ppbv and accuracy of± 1 % of instrument
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 tech-
niques and quality control guidelines, refer to the website of
Taiwan EPA (http://taqm.epa.gov.tw/taqm/en/default.aspcx).

2.3 Data processing and analysis

Particle number concentrations for different size ranges were
calculated by the particle size distribution from SMPS mea-

 

 

 

 

 
Fig. 2. Daily 72 h backward trajectories calculated for TARO (red
dot) during the period of(a) 4–19 July and(b) 20–27 July 2012.
Trajectories were calculated from 100 m above ground level for
08:00 LT each day.

surement. The particle number concentrations were classi-
fied into 10≤ d ≤ 429 nm (Ntotal), 100≤ d ≤ 429 nm (Nacu),
25≤ d < 100 nm (NAitken) and d < 25 nm (Nnuc), for total,
accumulation mode, Aitken mode and nucleation mode, re-
spectively. For graph plotting, time resolution of 5 min was
used for particle data, whereas the data for trace gases
and meteorological parameters were hourly based. Thus the
5 min particle number concentration and size distribution
data were then calculated into hourly averages for data com-
parison and analysis purposes.

3 Results and discussion

3.1 General description of weather conditions during
measurement periods

Backward trajectories of air masses were calculated using
the HYSPLIT model of NOAA (National Oceanic and At-
mospheric Administration) (Draxler, 1999) for TARO during
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Table 1. Statistic of particle mass and number concentrations measured. Units: PM10, PM2.5 and PM1 in µg m−3; and forNtotal, Nacu,
NAitken andNnuc in cm−3. Note: PM2.5 measurement interrupted during the typhoon period.

Parameters Average Median S.D. No. of data

Whole period: 4–29 Jul 2012 PM10 39.6 36.0 15.0 620
PM2.5 21.6 21.0 9.8 403
PM1 10.3 9.9 7.0 539
Ntotal 13.9× 103 8.4× 103 13.1× 103 603
Nacu 1.2× 103 1.1× 103 1.1× 103 603
NAitken 6.1× 103 3.2× 103 6.5× 103 603
Nnuc 6.6× 103 4.1× 103 7.5× 103 603

4–19 Jul, and 28–29 Jul 2012 PM10 44.1 42.0 14.3 429
PM2.5 21.8 21.0 9.8 393
PM1 12.6 11.9 6.5 403
Ntotal 17.1× 103 12.8× 103 13.9× 103 412
Nacu 1.6× 103 1.5× 103 1.0× 103 412
NAitken 7.7× 103 5.5× 103 7.0× 103 412
Nnuc 7.7× 103 5.0× 103 8.3× 103 412

Cyclonic period: 20–27 Jul 2012 PM10 29.5 28.0 11.1 191
PM2.5 14.7 14.5 6.6 10
PM1 3.5 2.8 3.0 136
Ntotal 7.0× 103 4.9× 103 7.4× 103 191
Nacu 0.4× 103 0.3× 103 0.3× 103 191
NAitken 2.5× 103 1.6× 103 3.3× 103 191
Nnuc 4.1× 103 3.1× 103 4.1× 103 191

the sampling period. During the early period of the campaign
(4–19 July), southwesterly winds were found to prevail un-
der the influences of summer monsoons (see Fig. 2a). For the
later period (20–27 July), easterly winds were dominating
due to the influences of the cyclonic system that developed
near southern Taiwan (see Fig. 2b). Showers were occasion-
ally observed in the afternoon during the sampling period.

3.2 Overall statistics of particle measurement

Statistics of particle number and mass concentrations are
shown in Table 1. The overallNtotal, Nacu, NAitken and
Nnuc were found to be 13.9× 103 cm−3, 1.2× 103 cm−3,
6.1× 103 cm−3, and 6.6× 103 cm−3, respectively. TheNtotal
was comparable to urban areas including Brisbane, Aus-
tralia (Cheung et al., 2011); Helsinki, Finland (Hussein et
al., 2004); Yangtze River delta, China (Gao et al., 2009);
Barcelona, Spain (Pey et al., 2008); and Atlanta, United
States (Woo et al., 2001). However, theNtotal measured at
TARO in the current study was significantly lower than that
observed in urban central Taiwan, which was 3.8× 104 cm−3

during the summertime (Young et al., 2012). Note that, in the
latter study, NPF events occurred almost every day during the
study period due to the presence of numerous industrial emis-
sion sources within the study region, which were suggested
to induce a significantly higher PNC.

The particle mass concentrations of PM10, PM2.5 and
PM1 were 39.6 µg m−3, 21.6 µg m−3, and 10.3 µg m−3, re-
spectively, for the entire sampling period. The number
and mass concentrations of particles were found to be
significantly lower under the influences of the cyclonic
system. For example, the averaged PM1 and Ntotal were
3.5 µg m−3 and 7.0× 103 cm−3 under the cyclonic system,
while 12.6 µg m−3 and 17.1× 103 cm−3 were obtained for
other days. The lower particle concentrations could be at-
tributed to the stronger atmospheric dispersion associated
with the cyclonic system. Relatively higher wind speed was
measured during this period, which was 3.4 m s−1, compared
to 1.9 m s−1 for other days. In addition to the dispersion,
strong surface winds can affect two particle dynamic pro-
cesses: condensation of semi-volatile gases and coagulation
among the freshly formed particles and/or the preexisting
aerosol particles.

3.3 Relationship between PNC and other parameters

Relationship between PNC and other parameters were fur-
ther assessed in this section. Pearson’s correlation coeffi-
cients,r, were calculated between PNC and particle mass
concentrations and primary gaseous pollutants (i.e., NOx and
SO2). The scatterplots between PNC and PM2.5 are depicted
in Fig. 3a–c. In general, PNC does not show a strong cor-
relation with mass concentrations. For example, ther value

Atmos. Chem. Phys., 13, 8935–8946, 2013 www.atmos-chem-phys.net/13/8935/2013/
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Fig. 3.Scatterplots of number concentrations(a) Ntotal, (b) NAitken
and(c)Nnucagainst PM2.5. Nighttime data are highlighted with red
symbols, and daytime data are shown in grey symbols.

Fig. 4. Scatterplots of number concentrations of nucleation mode
particle (Nnuc) against mixing ratio of NOx during (a) nighttime
(20:00–03:59 LT) and(b) daytime (08:00–15:59 LT). The regres-
sion line obtained for nighttime data(a) was superposed onto the
daytime data(b) to indicate the relationship betweenNnuc and NOx
without disturbance from photochemical reactions.

between PM2.5 andNnuc was found to be 0.31 (p < 0.05).
However, a moderate linear relationship between PNC and
PM2.5 was found when only the nighttime data were consid-
ered (0.34< r2 < 0.50; highlighted in red color). In contrast,
no correlation was found between PNC and PM2.5 for day-
time data. The result suggested that the daytime and night-
time PNC were affected by different factors.

To examine the relationship betweenNnuc and vehicle ex-
haust emissions better,Nnuc and NOx were plotted in scatter-
plots for the daytime and nighttime, respectively, where the
mixing ratio of NOx was used as an indicator of local vehi-
cle emissions. For the nighttime data (see Fig. 4a), a signifi-
cant linear correlation betweenNnuc and NOx was obtained

www.atmos-chem-phys.net/13/8935/2013/ Atmos. Chem. Phys., 13, 8935–8946, 2013
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Fig. 5. Diurnal variation of particle number concentrations of total
(Ntotal, red solid line), Aitken (NAitken, blue dash line), and nucle-
ation (Nnuc, green dash line) modes in lower panel, also UVB index
in upper panel. The error bars show the values of 95 % confidence
interval.

(r = 0.87,p < 0.05), suggesting that vehicle exhaust emission
was the predominant source of nucleation mode particles.
The slope of 192.4 cm−3 Nnuc per ppbv of NOx character-
izes the emissions from vehicles, which contributed to the
background level of nucleation mode particles in an urban
area. Note that this emission ratio was applicable only for
the study area, since it would depend on the local emission
properties (i.e., types of fuel and vehicles) and meteorolog-
ical conditions. Figure 4b shows the daytime data ofNnuc
against NOx with a line fit obtained from Fig. 4a to represent
the “urban background”Nnuc contributed by vehicles. Note
that, at times, the daytimeNnuc was enhanced up to 10 times
the level estimated by theNnuc / NOx emission ratio. The
results suggest that, in the budget ofNnuc of urban Taipei,
the primary (NOx relevant) sources contributed throughout
a day, whereas the other (NOx independent) sources domi-
nated during daytime, in particular the episodes of new par-
ticle burst. Previous studies of NPF events in urban areas
showed that the burst of nucleation mode particles was as-
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-
luted urban area of central Taiwan (Young et al., 2012). The
discussion on the NPF will be provided in the following sec-
tions.

3.4 Observation of new particle formation

A NPF event is defined as the increase of the number con-
centration of nucleation mode particles, and those parti-
cles are growing into Aitken and/or accumulation mode size
range (≥ 25 nm) and last for a few hours until they disappear
into the atmosphere by condensation/coagulation sinks (Dal
Maso et al., 2005). Averaged diurnal variations ofNtotal and
UVB (ultraviolet B, wavelength ranging from 315 to 280 nm)
for this study are depicted in Fig. 5. Two peaks were observed
for Ntotal at 11:00 LT and 18:00 LT. The first one was most

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 Ntotal into three size bins as described in Sect. 2.3, and
the diurnal variations in the number concentrations for nucle-
ation and Aitken mode particles (Nnuc andNAitken) are also
illustrated in Fig. 5, respectively. A mode ofNnuc was ob-
served near 10:00 LT, and the peak ofNAitken 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
July. Figure 6 shows the time series of particle size dis-
tribution (lower panel),Ntotal (middle panel) and wind di-
rection/speed (upper panel) for the entire campaign pe-
riod. The general meteorological conditions for the NPF
events were sunny day with southwesterly to northwest-
erly winds during initial stage of the events. The av-
eraged daytime (08:00–16:00 LT) wind speeds for NPF
event and non-event days were 2.61 m s−1 (± 0.43 m s−1)
and 3.23 m s−1 (± 1.45 m s−1), respectively. The relatively
lower and lesser fluctuation wind speed on NPF days im-
plied a stable atmospheric condition setting favorable for
the new particle formation. Higher meanNtotal and Nnuc
were found to be 20.3× 103 cm−3 and 9.4× 103 cm−3

for NPF event days compared to that for non-event days
(Ntotal = 10.4× 103 cm−3 andNnuc= 5.0× 103 cm−3; see Ta-
ble 2). Also the 95th percentile ofNnuc (31.0× 103 cm−3)
during the NPF event was twice of that measured on non-
event days. These results suggested that the burst of nucle-
ation mode particles induced by the NPF had caused a sig-
nificant impact on the particle number concentration during
this campaign period.

During the NPF events, the variation ofNnuc was found
to be coincident with an index of photochemical produc-
tion of ambient H2SO4, which was defined by the product
of UVB and SO2 divided by the particle condensation sink
(UVB · SO2/CS). Figure 7 shows the time series ofNnuc and
UVB · SO2/CS (upper panel) and the particle size distribu-
tions from 8–14 July during which consecutive nucleation
events were observed. TheNnuc and UVB· SO2/CS were
fairly correlated in log-normal relationship withr2 of 0.5 (see
Figure S1 in the Supplement for the scatterplot betweenNnuc
and UVB· SO2/CS). This implies that the increases of the
Nnuc during the NPF events were also contributed by other
sources, for example the local vehicle emission, which was
mentioned in Sect. 3.3. Nevertheless, the results suggested
that H2SO4 may have contributed substantially to the parti-
cle formation process in our study region.

We further investigated the sources of SO2 influencing the
NPF around Taipei City. Figure 8 shows averaged SO2 mix-
ing ratios over Taipei region during the study period (only
daytime 08:00–15:59 LT was used). The results showed that

Atmos. Chem. Phys., 13, 8935–8946, 2013 www.atmos-chem-phys.net/13/8935/2013/
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  Fig. 6.Time series of measured parameters for summer 2012. From bottom to upper panels are (i) particle size distribution, (ii) total particle
number concentration (Ntotal) and (iii) wind direction (wind vector) and speed (WS).

Table 2. Statistic of particle number concentrations measured during NPF event days and non-event days. Unit: cm−3 for Ntotal, Nacu,
NAitken andNnuc.

Parameters Average Median 95th percentile S.D. No. of data

NPF event days Ntotal 20.3× 103 16.4× 103 50.5× 103 14.9× 103 216
Nacu 1.6× 103 1.4× 103 3.5× 103 0.9× 103 216
NAitken 9.3× 103 6.7× 103 23.2× 103 7.6× 103 216
Nnuc 9.4× 103 6.8× 103 31.0× 103 9.2× 103 216

Non-event days Ntotal 10.4× 103 6.4× 103 28.7× 103 10.4× 103 387
Nacu 1.0× 103 0.4× 103 3.3× 103 1.1× 103 387
NAitken 4.3× 103 2.2× 103 13.4× 103 5.0× 103 387
Nnuc 5.0× 103 3.4× 103 13.4× 103 5.8× 103 387

two hot spots were observed with relatively higher SO2 levels
located at (i) the east rim of Taipei basin and (ii) the south-
west of Taipei basin. Truck emission is most likely the ma-
jor source responsible for the eastern SO2 hot spot; however,
the plumes from the coal fire power plant located in north-
eastern Taiwan were also possible source. Industrial and ve-
hicle exhaust emissions (diesel engine vehicles) were major
sources of SO2 hot spot observed in western Taipei. Land and
sea breeze comprise a synoptic wind pattern affecting Taipei
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 shows
the hourly contour plots of SO2 (from 07:00 to 12:00 LT)
over Taipei region during the NPF event on 8 July 2012.
A relatively high SO2 (∼10 ppb) was observed in western
Taipei, whereas SO2 was 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
SO2 plume to the TARO. The observation found that the NPF
event initiated at 11:00 LT, when the SO2 reached the daily
maxima of 5 ppb. The characteristics in winds and SO2 de-

scribed above hold for most of the NPF events except the
case on 27 July 2012, where easterly winds dominated with
elevated SO2 east of TARO at around 09:00–10:00 LT (see
Fig. S3). From these cases, we can see that the transport
of SO2 from the sources around Taipei has substantial im-
pacts upon particle formation process and, thereby, the num-
ber concentration of UFPs in urban Taipei.

3.5 Growth and formation rates

Table 3 summarizes the averaged growth rate (GR) and
formation rate of nucleation mode particles (J10), and rel-
evant measurements for respective nucleation events ob-
served in this study. The averaged GR was found to be
11.9± 10.6 nm h−1 (ranged from 4.4 to 38.7 nm h−1). The
average and range of GR values are comparable to those
observed in a previous urban study in central Taiwan,
which was 11.8 nm h−1 on average and ranged from 6.7 to
23.9 nm h−1 (Young et al. 2013), as well as to observations
for other urban areas like Atlanta, United States, with aver-
aged GR of 9.3 nm h−1 (Stolzenburg et al., 2005), whereas
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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).

Event date Start time End time GR J10 Ntotal Nnuc O3 J (O1D) J (O1D) · O3
(nm h−1) (cm−3 s−1) (cm−3) (cm−3) (ppb) (10−5 s−1) (ppt s−1)

2012/7/08 09:00 11:00 4.4 7.7 43.8× 103 29.5× 103 36 3.50 1.26
2012/7/09 09:40 10:20 38.7 12.5 56.6× 103 31.0× 103 47 3.41 1.60
2012/7/11 10:00 11:45 6.3 9.3 60.1× 103 45.0× 103 48 3.59 1.72
2012/7/12 09:15 11:05 6.5 7.0 49.2× 103 37.9× 103 33.5 3.50 1.17
2012/7/13 09:00 10:55 11.5 6.2 45.5× 103 36.6× 103 32 3.31 1.06
2012/7/14 09:00 10:05 10.9 6.2 37.1× 103 26.3× 103 30 3.24 0.97
2012/7/18 09:00 10:55 6.6 6.7 51.3× 103 37.8× 103 27 1.64 0.44
2012/7/19 09:00 09:45 15.6 1.4 21.7× 103 10.3× 103 49 3.12 1.53
2012/7/27 09:00 10:25 6.6 5.2 41.1× 103 27.6× 103 26 3.45 0.90

 

 

 

 

 

  Fig. 7.Time series of particle size distribution (lower panel) and number concentration of nucleation mode (Nnuc) and UVB· SO2/CS (upper
panel) for 8–14 July 2012.

significantly lower GR of 6.0 nm h−1 was reported for Bei-
jing, China (Zhang et al., 2011). Previous studies suggested
that the variations in GR values were associated with the me-
teorological conditions (e.g., temperature, RH) and the pro-
duction of condensable vapors (Cheung et al., 2011; Yli-Juuti
et al., 2011). Figure 9 illustrates the correlation between GR
and the product ofJ (O1D) and mixing ratio of ozone, which
gives the production rate of OH radicals from ozone pho-
tolysis. It was revealed that the value of GR increased with
photolysis of ozone and in turn the production of OH radi-
cals. The relationship between GR and ozone photolysis is
depicted exponentially and suggests that the GR could be
changing nonlinearly with OH production. One plausible ex-
planation of the nonlinear relationship is that production of
OH radicals can contribute to GR not only for the produc-
tion of condensable vapors that condense onto particles, but
also via formation of new tiny particles that could coagulate
with preexisting particles and enhance the apparent growth
rate. Thus the significant correlation between GR and OH

production warrants that the growth of newly formed par-
ticles was driven by production of condensable vapors, ei-
ther organics or H2SO4, from photochemical reactions. How-
ever, as the data from this study characterized the relation-
ship between GR and ozone photolysis, further studies to link
the photochemical dynamics and microphysical behavior of
aerosols are needed to validate the hypothesis of nonlinear
growth. The outlier shown in Fig. 9 is for the event on 11
July. The causes of that discrepancy are yet unclear; never-
theless, preliminary investigation suggested that the growth
of particle could have been inhibited by stronger winds dur-
ing that morning (shown in Fig. S4).

Averaged formation rate of nucleation mode particles (J10)
for each NPF event was calculated for the particle size rang-
ing from∼10 to 25 nm according to the method of Dal Maso
et al. (2005). Formation rate is defined as the sum of the
apparent formation rate (dNnuc/dt) and the coagulation loss
rate during the NPF event. It should be noted that the re-
ported apparent particle formation rate (J10) is expected to
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  Fig. 8. Mean SO2 mixing ratio of Taipei region measured during 4–29 July 2012. Square dot: TARO. Circle dots: air-quality monitoring
stations of Taiwan EPA.

 

 

 

  

y = 2.9092e1.0999x

r² = 0.3561

0

5

10

15

20

25

30

35

40

45

0 0.5 1 1.5 2

G
R

 (
n

m
 h

-1
)

J(O1D) [O3] (ppt s-1)

Fig. 9.Correlation between the growth rate of nucleation mode par-
ticles and the photolysis of ozone for the NPF events in this study.
Photolysis of ozone is assumed to be the dominant term in the pro-
duction of OH radicals and, thereby, used as an indicator of photo-
chemical production of semi-volatile species that in turn condensed
on the preexisting particles and contributed to the particle growth.
The square denotes the outlier data point for 11 July 2012 that was
excluded from the curve-fitting analysis (see main text for details).

be smaller than the actual nucleation rate (or the formation
rate of 3 nm particle,J3), since some fraction of formed nu-
clei is always scavenged by coagulation into larger preexist-
ing particles before they grow larger by condensation (Lehti-
nen et al., 2007). The meanJ10 for the new particle events
was found to be 6.9± 3.0 cm−3 s−1. The J10 observed in
this study, ranging from 1.4 to 12.5 cm−3 s−1, is compara-
ble to recent observations for NPF in urban areas such as

Budapest, Hungary (J6: 4.2 cm−3 s−1 with a range of 1.65–
12.5 cm−3 s−1, Salma et al., 2011); Beijing, China (J3: 2–
13 cm−3 s−1, Yue et al., 2010); Marseille, France (J3: 3–
5.3 cm−3 s−1, Peẗajä et al., 2007); and Athens, Greece (J3:
1.3–6.5 cm−3 s−1, Peẗajä 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 betweenJ10 and the total as well as the nucle-
ation mode PNCs,Ntotal andNnuc, for the NPF events in this
study. Apparently, PNCs increased withJ10 to respond to the
production of new particles during a NPF event. However,
Nnuc behaved as a quadratic function and reached the maxi-
mal levels around 4.5× 104 cm−3 with J10 of ∼9 cm−3 s−1,
whereasNtotal leveled off toward a high value ofJ10. The
differences betweenNtotal andNnuc indicated that the newly
formed nucleation mode particles have grown rapidly beyond
25 nm in the case of highJ10, which is corresponding to the
case with GR of 38.7 nm h−1 shown in Fig. 9.

The dependence of GR to PNCs,Ntotal andNnuc, is illus-
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
increases in the availability of surface area for the conden-
sation of vapors. The detailed mechanisms for the case of
high GR (37.2 nm h−1) that occurred on 9 July are not yet
well understood. Nevertheless, given the meteorological data
as well as the ozone photolysis and PNCs observations de-
scribed above, it was inferred that the extremely high GR
was caused by the co-occurrence of low wind speed and high
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Fig. 10. (a) Responses of the total and nucleation mode particle
number concentrations (Ntotal andNnuc) to the changes in the nu-
cleation mode particle formation rate (J10); (b) dependence of par-
ticle growth rate (GR) to the particle number concentrations (Ntotal
andNnuc) during the NPF episodes analyzed in this study. The de-
pendencies are illustrated with quadratic (PNCs vs.J10) or linear
(GR vs. PNCs) curve-fitting. The open symbols in(b) denote the
outlier case of extremely high GR (see main text for details).

ozone photolysis rate, which favored both production and
accumulation of condensable vapors simultaneously. More-
over, the collision between particles could have been en-
hanced during the period of high PNCs; consequently, the
GR increased further due to the combined effects of coagu-
lation and condensation.

4 Conclusions

In this study, an intensive measurement campaign of parti-
cle number concentration, size distribution, and mass con-
centrations was conducted at an urban aerosol observa-

tory (TARO) in Taipei, Taiwan, during July 2012. The re-
sults indicated that the particle number concentration of the
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 concentrationsNtotal, Nacu, NAitken, andNnuc
were 13.9× 103 cm−3, 1.2× 103 cm−3, 6.1× 103 cm−3, and
6.6× 103 cm−3, respectively. The UFPs (i.e.,NAitken +Nnuc)
accounted for 91 % of the total number concentration of par-
ticles measured in this study (10≤ d ≤ 429 nm), indicating
the importance of UFPs to the air quality and radiation bud-
get in Taipei and its surrounding areas.

An averagedNnuc / NOx ratio of 192.4 cm−3 ppbv−1 was
obtained from nighttime measurements, which was sug-
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
of nucleation mode particles was elevated up to 10 times the
“urban background” levels during NPF events, implying that
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
of easterly winds. Elevated particle number concentrations
were observed during the NPF events with average values
of 20.3× 103 cm−3 (Ntotal), compared to 10.4× 103 cm−3

(Ntotal) for the non-event days. All the NPF events were
found to be associated with SO2 advection. The variations
in the number concentration of nucleation mode particles
and the estimated H2SO4 proxy, UVB· SO2/CS, were well
in agreement during the NPF events, suggesting that oxida-
tion of SO2 was likely among the major mechanisms for the
NPF events. There was no NPF event observed at TARO as
Taiwan was under the influence of a cyclonic system dur-
ing the measurement period, which was most likely due to
the enhanced atmospheric dispersion induced by the higher
wind speed that suppressed the NPF occurrence.

Growth and formation rates of nucleation mode particles
were retrieved from the size distribution measurements. The
averages of GR andJ10 for the NPF events observed in this
study were 11.9± 10.6 nm h−1 and 6.9± 3.0 cm−3 s−1, re-
spectively. The respective ranges of GR andJ10 are com-
parable to the results of previous investigations on urban
aerosols. Positive correlation between PNCs andJ10 was ob-
served in most of the cases. However, it was found thatNnuc
behaved as a quadratic function and reached the maximal lev-
els around 4.5× 104 cm−3 with J10 of ∼9 cm−3 s−1, whereas
Ntotal leveled off toward a high value ofJ10. The differences
betweenNtotal andNnuc suggest that the lifetimes of newly
formed nucleation mode particles have reduced in the case of
high GR andJ10.

Analysis on the correlation between GR and the photoly-
sis of ozone revealed that GR increased exponentially with
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the production of OH radicals, suggesting that the growth
of nano-particles was dominated by the production of semi-
volatile species from photooxidation. Unfortunately, without
measurements of the composition of aerosols and precursor
gases, the species responsible for the growth of aerosols re-
main unclear. In addition, the values of GR were also found
to depend negatively on the number concentration of parti-
cles. It was inferred that the GR was regulated by the avail-
ability of surface areas for vapor condensation and thereby
declined with increases in PNCs.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
8935/2013/acp-13-8935-2013-supplement.pdf.
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