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Abstract

To investigate the physico-chemical properties of aerosols in Taiwan, an observation
network was initiated in 2003. In this work, the measurements of the mass concen-
tration and carbonaceous composition of PM10 and PM2.5 are presented. Analysis on
the data collected in the first 5-years, from 2003 to 2007, showed that there was a5

very strong contrast in the aerosol field between the rural and the urban/suburban sta-
tions. The five-year means of EC at the respective stations ranged from 0.9±0.04 to
4.2±0.1 µgC m−3. In rural areas, EC accounted for 2–3% of PM10 and 3–5% of PM2.5
mass loadings, comparing to 4–6% of PM10 and 4–8% of PM2.5 in the urban areas. It
was found that the spatial distribution of EC was consistent with CO and NOx across the10

network stations, suggesting that the levels of EC over Taiwan were dominated by local
sources. The measured OC was split into POC and SOC counterparts following the
EC tracer method. Five-year means of POC ranged from 1.8±0.1 to 9.7±0.2 µgC m−3

among the stations. It was estimated that the POM contributed 5–17% of PM10 and 7–
18% of PM2.5 in Taiwan. On the other hand, the five-year means of SOC ranged from15

1.5±0.1 to 3.8±0.3 µgC m−3. The mass fractions of SOM were estimated to be 9–19%
in PM10 and 14–22% in PM2.5. The results showed that the SOC did not exhibit signifi-
cant urban-rural contrast as did the POC and EC. A significant cross-station correlation
between SOC and total oxidant was observed, which means the spatial distribution of
SOC in Taiwan was dominated by the oxidant mixing ratio. Besides, correlation was20

also found between SOC and particulate nitrate, implying that the precursors of SOA
were mainly from local anthropogenic sources. In addition to the spatial distribution, the
carbonaceous aerosols also exhibited distinct seasonality. In northern Taiwan, the con-
centrations of all the three carbonaceous components (EC, POC, and SOC) reached
their respective minima in the fall season. POC and EC increased drastically in win-25

ter and peaked in spring, whereas the SOC was characterized by a bimodal pattern
with the maximal concentration in winter and a second mode in summertime. In south-
ern Taiwan, minimal levels of POC and EC occurred consistently in summer and the
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maxima were observed in winter, whereas the SOC peaked in summer and declined
in wintertime. The discrepancies in the seasonality of carbonaceous aerosols between
northern and southern Taiwan were most likely caused by the seasonal meteorological
settings that dominated the dispersion of air pollutants. Moreover, it was inferred that
the Asian pollution outbreaks could have shifted the seasonal maxima of air pollutants5

from winter to spring in the northern Taiwan, and that the biogenic SOA precursors
were responsible to the elevated SOC concentrations in summer.

1 Introduction

It is recognized that atmospheric aerosols have significant influences on the radiative
budget of the earth-atmosphere system and, consequently, could have substantial im-10

pacts upon the climate (Kanakidou et al., 2005; IPCC, 2007 and references therein).
Besides, a number of studies indicated consistently that exposures to airborne par-
ticulate matters could result in adverse effects on public health, particularly on the
respiratory and cardiovascular systems (e.g., Davidson et al., 2005; Pope and Dock-
ery, 2006; Lippmann, 2007). Despite the well established qualitative understanding, to15

date, a precise quantitative assessment of the aerosol effects is hard to achieve be-
cause the concentration and composition, and hence the physico-chemical properties
of atmospheric aerosols are highly variable over different spatial and temporal scales.

Carbonaceous species are among the major constituents of atmospheric aerosols.
However, the evaluation of the environmental and health impacts of the carbonaceous20

aerosols is still subject to significant uncertainties. In addition to the spatial and tempo-
ral variations, the major difficulties are arisen also from the complex nature of the com-
position. Carbonaceous aerosols are composed of a vast number of compounds that
have not been totally resolved even using the most state-of-art instrument (Hallquist et
al., 2009 and references therein). Consequently, most of the investigations reported25

the measurements in terms of “Organic Carbon (OC)” and “Elemental Carbon (EC)”,
which are not adequate to infer the molecular constitution of the carbonaceous species
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in the aerosols and hence prevent us from predicting and depicting their properties
and behavior according to the classic chemistry and physics. The difficulties are also
due to the complexity of the formation mechanisms and the emission profiles. The EC
in aerosols is produced by incomplete combustion processes, which include anthro-
pogenic sources such as fossil fuel combustion and natural sources like forest fires5

(McMurry et al., 2004; Hu et al., 2009). The sources of OC are even more com-
plicated, which could be emitted directly from specific sources into the atmosphere
or produced from the reactions of precursor hydrocarbons. Accordingly, the organic
aerosols are usually divided into “Primary Organic Aerosols (POA)” and “Secondary
Organic Aerosols (SOA)”. In urban areas, the POA are believed to be mostly from the10

exhaust of vehicles, whereas biomass burning was suggested as the predominant POA
source on global scale (Hallquist et al., 2009). In contrast to the relatively clear picture
of POA sources, the production of SOA is likely one of the most complicated issues in
atmospheric chemistry as the reaction mechanisms and the precursors have not been
fully understood or discovered (Donahue et al., 2009).15

Quantification of the concentration of SOC and/or SOA has been a challenge for
years. The core issue is that the mass of SOA can not be measured directly. In the
last two decades, several alternative methods were developed to estimate the amount
of SOC/SOA based on the measurements of the gaseous and/or particulate tracers
(Turpin and Huntzicker, 1995; Schauer, 1996, 2002; Takegawa et al., 2006; Szidat et20

al., 2006; Gelencser et al., 2007; Docherty et al., 2008; Blanchard et al., 2008). These
investigations consistently suggested that SOA constituted a considerable portion of
the particulate matters in the atmosphere. Meanwhile, smog chamber studies on the
formation of SOA from specific precursors have significantly improved our understand-
ings of the physical and chemical processes responsible for SOA production (Odum et25

al., 1996; Forstner et al., 1997; Klotz et al., 1998; Jang and Kamens, 1999; Cocker et
al., 2001; Iinuma et al., 2004; Edney et al., 2005; Li et al., 2007; Sato et al., 2007). The
results of these laboratory experiments provide a framework to describe SOA produc-
tion mechanisms and allow the theoretical calculation of the yields of particular SOA
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compounds (Jenkin, 2004; Russell and Allen, 2005; Ng et al., 2006; Presto and Don-
ahue, 2006; Pathak et al., 2007; Saathoff et al., 2009). However, most of the field
studies indicated that the contribution of SOA to the mass loading of total aerosols
were significantly larger than as expected (e.g., Johnson et al., 2006; Simpson et al.,
2007). The discrepancies between simulated and observed levels of SOA could be5

attributed to problems in the parameterization of SOA formation mechanisms, ignoring
some precursors, and/or missing some sources. Besides, on the other hand, it should
be noted that the evaluation of SOA models could also suffer from the uncertainties in
the indirectly “measured” SOA concentrations.

Taiwan is a densely populated and industrialized area and, consequently, there are10

substantial emissions of anthropogenic air pollutants over the island. Furthermore,
Taiwan is located under the lee side of the East-Asian winter monsoons; the particu-
late pollutants originating in the Asian continent, in particular the eastern China, could
be transported to Taiwan on the northeasterlies of the monsoons, which could in turn
increase the concentration and influence the composition of the ambient aerosols. Al-15

though the impacts of particulate matters are recognized, there was not a representa-
tive long-term dataset of the aerosol composition in Taiwan until recent years (Chang
et al., 2010). The Taiwan Aerosol Observation Network was organized to study the
formation and transport mechanisms of the atmospheric aerosols. In this work, the
measurements of OC and EC from 2003 to 2007 are presented. The EC tracer method20

was applied to divide the OC into primary and secondary counterparts. Seasonal vari-
ations and spatial distribution of the carbonaceous components in PM10 and PM2.5
were analyzed and discussed in details.

2 Experimental methods

To investigate the physical and chemical properties of aerosols in Taiwan, a sampling25

network consisting of 7 stations was initiated in 2003. Figure 1 illustrates the geograph-
ical locations of the respective stations. In summary, there are two rural stations and
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five urban/suburban stations. The Cape Fuguei is located at the northern tip of Taiwan
and Penghu is on a small isle in the Taiwan Strait, which is ca. 65 km off the western
coast of Taiwan. The urban/suburban stations Taipei, Taichung, Tainan, and Pingtung
line in the western plains where most of the people live and are highly developed and
industrialized. Hualien is a small city by the eastern coast of Taiwan and the station is5

ca. 10 km north from the downtown.
Since the spring of 2003, regular PM10/PM2.5 sampling has been conducted at the

network stations during the last week of each month. At times some episode-based
sampling activities were also arranged. The sampling period of each sample was usu-
ally 12 h: daytime samples were collected from 08:00 to 20:00 (LST = GMT+08:00),10

and nighttime sampling was from 20:00 to 08:00 (LST). Sometimes the sampling was
conducted on daily base, i.e. from 08:00 to 08:00 of the next day. Thus, in the fol-
lowing data analysis, all the half-day measurements will be paired to assimilate to the
daily measurements. Those unpaired data (i.e. without the day/night counterpart) are
thereby not included in this study.15

Mass concentration of PM10/PM2.5 was determined by gravimetric measurement of
the samples collected on PTFE filters. The PTFE filter samples were then used for the
analysis of soluble ions, which is not the subject of this study and is presented else-
where (e.g., Chou et al., 2008). The samples for carbonaceous analysis were collected
on quartz fiber filters. Before sampling, all the filters were baked under 900 ◦C for 3 h20

to remove organic contaminates. Laboratory test showed that the blank level of total
carbon of the pre-fired filters is below the detection limit of the analyzer. The mass
loadings of Organic Carbon (OC) and Elemental Carbon (EC) on the filter samples
were analyzed using a DRI-2001A carbonaceous aerosol analyzer, following the IM-
PROVE Thermo-Optical Reflectance (TOR) protocol (Chow et al., 2001). The analyzer25

was calibrated periodically using KHP standards. Moreover, daily quality check of the
instrument was carried out using blank filter and 900 ppm-C KHP spike. The criterion of
the recovery of the 900 ppm-C KHP spike was set as from 0.95 to 1.05, i.e. allowing an
error of 5%. The detection limit of the analyzer was determined as 3 times the standard
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deviation of the signals of 10 blank filters, which thereby included the uncertainties due
to filter effects in addition to that of the instrument itself. Given an effective filter area
of 10.68 cm2 and the nominal sampling volume of 10 liter-per-minute, the total carbon
detection limit of a 24 h sample is 0.2 µgC m−3.

3 Estimation of secondary organic aerosols5

In this section, the organic carbon is split into primary (POC) and secondary (SOC)
counterparts following the EC tracer method. Because this approach has been dis-
cussed and applied in a number of papers (e.g., Turpin and Huntzicker, 1995; Russell
et al., 2004), only a brief description is given here.

The fundamental assumption of the EC tracer method is that the amount of POC is10

linearly proportional to EC in the aerosols:

POC = α · EC + β. (1)

Turpin and Huntzicker (1995) attributed the α·EC to the POC emitted together with the
EC from combustion sources, and suggested the intercept, β, being the amount of
POC generated from non-combustion sources.15

In turn, the SOC is determined by subtracting the POC from the total OC:

SOC = OCtotal − POC. (2)

The major flaw in this approach is that the scaling factor, α, is a source-specific pa-
rameter. Starting from an emission inventory, one can estimate the amount of POC
from each single source if the emission rate of EC and the POC/EC ratio are available.20

Unfortunately, it is not such a simple way for a filter sample of aerosols. The particulate
matters collected on a filter are usually coming from a wide range of sources. There-
fore, one cannot apply Eq. (1) directly to determine the POC unless the source appor-
tionment of EC has been resolved and the POC/EC ratios of the respective sources are
known (e.g., Gray and Cass, 1986). The other possibility is that the source mix does25
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not change temporally and, consequently, a characteristic α value can be available for
a specific area. In practice, the characteristic α (i.e. POC/EC ratio) of a given area is
usually derived from the measurements of OC and EC on days with low photochemical
activity (e.g., Russell et al., 2004; Polidori et al., 2006). The underlying assumption
of this approach is that the day-to-day variations in the emission profiles of POC and5

EC are negligible, in spite of the pronounced diurnal cycles for the traffics. Obviously,
successful application of the EC tracer method depends on the representativeness of
the POC/EC ratio.

In this study, given the benefits of a large data set accumulated over 5 years, the
distribution of OC/EC of each sampling site can be analyzed statistically. The data10

with OC/EC ratio less than the 10th percentile, i.e. the left tail of the distribution, were
selected and assumed being dominated by primary emissions. Linear regression was
in turn applied to these data and the relationship between POC and EC was formulated.
Figures 2 to 3 illustrate the OC/EC distributions and the regression analyses of PM10
and PM2.5 measurements, respectively, for the network stations. The values of α and15

β for each site are summarized in Table 1. The α values of PM10 ranged from 1.43 to
1.85 in the western Taiwan (including Penghu), whereas an obviously high value of 2.36
turned out for Hualien station. This could be a result of the differences in source profile;
Hualien is a small town and has less diesel vehicles than in the highly developed West-
Taiwan. Note that significant β values were found in the central and southern Taiwan,20

the major agricultural areas of Taiwan, which indicates that the contributions of non-
combustion sources to the organic aerosols were substantial in those areas. The α
values of PM2.5 differ slightly from those of PM10, reflecting that the carbonaceous
species existed mostly in the fine aerosols. The causes of the negative β for Taipei are
not clear yet, likely due to uncertainties in the sampling and statistics processes.25
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4 Contributions of carbonaceous species to the aerosol mass loadings

Given the regression parameters listed in Table 1, one can estimate the levels of POC
and SOC, respectively, in each aerosol sample. Table 2 summarizes the descriptive
statistics of the annual means of EC, POC, and SOC for all the network stations from
2003 to 2007. During the five years, there were obvious inter-annual variations in5

the concentrations of carbonaceous aerosols in Taiwan. However, the data did not
show significant inter-annual trends in the mean levels of EC, POC, and SOC at all the
stations. Nevertheless, it should be noted that a 5-year dataset could not be enough to
infer a long-term trend.

Among the network stations, Penghu had the lowest levels of the carbonaceous10

species in aerosols. Five-year means (±1 standard error) of EC, POC and SOC were
0.9±0.04, 1.8±0.1, and 1.5±0.1 µgC m−3, respectively, in PM10, with ca. 65% of OC
and ca. 90% of EC confined in fine aerosols (i.e. PM2.5). At the Cape Fuguei, another
rural station of the network, the mean levels of EC, POC and SOC were 1.5±0.1,
2.5±0.1, and 2.3±0.1 µgC m−3, respectively, in PM10, and were 1.3±0.1, 2.2±0.1,15

and 1.6±0.1 µgC m−3, respectively, in PM2.5. The concentrations of carbonaceous
aerosols in the urban/suburban areas were much higher than at the rural sites. In the
western Taiwan, the mean EC (in PM10) concentrations ranged from 2.7±0.1 (Ping-
tung) to 4.2±0.1 (Taichung) µgC m−3; POC (in PM10) ranged from 5.6±0.2 (Taipei) to
9.7±0.2 (Pingtung) µgC m−3; SOC (in PM10) ranged from 2.0±0.2 (Tainan) to 3.8±0.320

(Taichung) µgC m−3. The urban-rural contrast was even more pronounced in PM2.5.
The aerosol concentration in the eastern Taiwan was significantly lower than in the
western plains, agreeing with the reduced traffic and industrial emissions. However, it
is remarkable that the SOC concentration in Hualien was comparable with those in the
western Taiwan. This inconsistency between the primary and secondary components25

of the carbonaceous aerosols suggests that there could be substantial emissions of
biogenic precursors for the production of secondary organic aerosols in the eastern
Taiwan. The spatial distribution of SOC will be discussed in more details later on.
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Figures 4 and 5 illustrate the 5-year mean mass concentrations and pie shares of
EC, Primary Organic Matters (POM), and Secondary Organic Matters (SOM) in PM10
and PM2.5, respectively, over Taiwan. Despite the complicated composition of organic
aerosols, it is generally assumed that the mass ratio of organic aerosols to the asso-
ciated OC could range from 1.2 to 1.4 in urban areas. However, some more recent5

studies suggested that the secondary organic aerosols are composed of highly oxi-
dized species and the mass ratio of SOM/SOC may be significantly higher than that of
POM/POC (e.g., Aiken et al., 2008; Donahue et al., 2009 and references cited therein).
Turpin and Lim (2001) suggested a ratio of 1.3 for “less water soluble” organics and 3.2
for “more water soluble” organics. In this work, we further extended the assumptions of10

Turpin and Lim (2001) and applied different mass conversion factors to the calculation
of SOM and POM. Considering that the POM are composed mostly of insoluble com-
pounds and, in contrast, the oxidation products of photochemical reactions are usually
soluble in water, the mass of POM was assumed being 1.3 times POC, whereas SOM
was estimated as 3.2 times the SOC concentrations.15

The strong contrast between the urban and the rural sites is obvious in Figs. 4 to 5.
At the Cape Fuguei and Penghu, the PM10 and PM2.5 comprised only 2–3% and 3–5%
EC, respectively. However, in the urban areas, the EC fractions increased to 4–6% for
PM10, and 4–8% for PM2.5. The spatial distribution of POM also showed the inherent
urban-rural contrast clearly. POM contributed 5–7% and 7–10% to the mass of PM1020

and PM2.5, respectively, at rural sites, and increased by a factor of 2–3 in the urban
areas. Thus, in total, the primary carbonaceous aerosols accounted for 7–10% and
10–15% of the PM10 and PM2.5 in the rural areas, respectively, comparing to 17–23%
and 21–25% in the urban areas. On the contrary, SOM did not exhibit such a contrast.
For instance, the contribution of SOM to the aerosol mass loading at the Cape Fuguei25

was even higher than in the Metropolis Taipei (14% vs. 11% for PM10; 18% vs. 16% for
PM2.5). Moreover, in contrast to the lowest PM10 and PM2.5 levels among the stations,
the SOM contribution was highest in Hualien that reached 19% to PM10 and 22% to
PM2.5.
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The major implication of the observed urban-rural contrast in the carbonaceous
aerosols’ concentrations is that the influences of the primary aerosols (e.g., EC and
POM) should be confined on urban scales and hence highly heterogeneous over a
region. Although the long-range transport of aerosols from mega-cities to the remote
areas indeed occurred, the dry/wet deposition and dispersion processes along the5

transport could have reduced the aerosol concentrations significantly. Consequently,
the impacts of the primary aerosols on either the public health or the solar irradiances
should have a very strong gradient declining from the megacities to their surrounding
rural areas. This is particularly an issue of regional climate because the aerosols could
thereby cause significant differences in the surface irradiance and, in turn, could have10

disturbed the local circulation of air mass. The influences of SOA seem being more
homogeneous spatially. However, the production of SOA is much more complicated
than the emission of primary aerosols. The molecular composition of the SOA in rural
areas could be essentially different from that in urban areas, despite the mass concen-
trations were comparable. Thus, in this context, the contribution of the anthropogenic15

precursors in urban plumes to the production of SOA in the downwind areas cannot be
estimated based merely on the traditional OC/EC measurement.

5 Seasonal variations of the carbonaceous aerosols

To depict the seasonality of the carbonaceous aerosols in Taiwan, the dataset was
reanalyzed in terms of seasonal mean and the results are listed in Table 3. Figure 620

illustrates the seasonal variations in the mass concentrations of PM10 and the asso-
ciated carbonaceous components, respectively, at the network stations. Because the
carbonaceous aerosols were mostly confined in the fine mode, the seasonal features of
the carbonaceous constituents of PM2.5 are similar with those of PM10 and, therefore,
are not illustrated here. The seasonal means of CO and the daily maximal 1-h oxi-25

dant (estimated by O3+NO2) mixing ratios, which were respectively used as indicators
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of primary and secondary pollution, are also shown in Fig. 6 to facilitate the following
discussion.

The stations in northern Taiwan (Cape Fuguei and Taipei) showed consistent sea-
sonality in the concentrations of OC (both POC and SOC) and EC. The concentrations
of all the three components reached their respective minima in the fall season and,5

then, increased drastically in the wintertime. The autumn minima of the carbonaceous
aerosols were consistent with CO and Ox max, but disagreed with the PM10 levels.
The reduced level of air pollution in the fall season in Taipei was most likely a con-
sequence of meteorological conditions that favored dispersion of air pollutants. The
disagreement between PM10 and CO (and EC) suggests probable contribution from10

non-combustion sources. Chou et al. (2008) reported that sea-salt and dust particles
contributed a large portion of the aerosol mass in northern Taiwan during the periods
of northeasterly monsoons that started from autumn.

Except SOC, all the species presented in Fig. 6a–b showed spring maxima. Note
that, in summertime, the primary pollutants’ concentrations decreased significantly15

from their respective spring maxima, whereas the secondary species remained or even
increased slightly. In fact, SOC exhibited a bimodal pattern with the maximum in winter
and the second mode in summer. The high SOC levels observed in the northern Taiwan
in summertime were consistent with the elevated oxidant levels, implying that the in-
situ photochemical production of secondary organic aerosols was prevailing. However,20

the occurrence of the winter maxima was contradictory in this context. Given that the
UV irradiance over the subtropics is still enough to support substantial photochemical
reactions in wintertime, the drastic increases in the SOC concentrations from autumn
to winter was probably a result of declined ambient temperature. Strader et al. (1999)
showed that the partition between gas and aerosol phases of SOA compounds can25

be influenced by the ambient temperature. Statistics over 1971–2000 shows that the
monthly average temperature in Taipei ranged from 15.8 ◦C in January to 29.2 ◦C in
July, just being coincident with the temperature window where the SOA phase partition
is most sensitive to temperature.
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In contrast to the spring maxima observed at the two northern sites, the other 5 sta-
tions over the central and southern Taiwan exhibited winter maxima in PM10, CO, EC,
and POC (shown in Fig. 6 c–g). The winter maxima are typical in terms of pollution me-
teorology; the shallow mixing layer and the formation of surface inversion could have
inhibited the dispersion of air pollutants in that season. Thus the elevated levels of5

the PM10, CO, and oxidant in northern Taiwan during springtime need to be explained.
Recent investigations showed that the transport of air pollutants originating in China
could have increased the concentrations of air pollutants in the region of Northwest-
ern Pacific (e.g., Hoell et al., 1997; Jacob et al., 2003; Huebert et al., 2003). Lin et
al. (2005) further showed that the influences of the Asian outflows on the air quality in10

Taiwan were declining from north to south. Moreover, observational based modeling
studies showed that the Asian pollution outflow was most prevailing in springtime (Liu
et al., 2003). Accordingly, it was inferred that the long-range transport of air pollutants
from China could have shifted the maxima of the concentrations of air pollutants from
winter to spring in the northern Taiwan.15

The SOC reached maxima in summer in Taichung, Pingtung, Penghu, and Hualien
(the only exception of Tainan is unclear yet). It is noteworthy that the oxidant exhibited
summer minima at the 5 stations. The strong convection in summertime can strengthen
the dispersion and, consequently, reduce the mixing ratios of ozone as well as the other
air pollutants, including SOA. Thus, the summer maxima of SOA indicate that the sea-20

sonal enhancement of the production of SOA in summertime overcame the dispersion
effects. Considering the reduced oxidant levels, the enhancement of SOA production
was most likely a result of increases in the precursor emissions. In this context, the high
SOA production in summertime was attributed mostly to the increases in the emissions
of biogenic VOCs, which also show strong seasonality with summer maxima. Besides,25

the SOA production is known being dependent on ambient temperature and relative
humidity (Strader et al., 1999; Seinfeld et al., 2001; Russell and Allen, 2005). The
weather conditions in summer are doubtlessly favorable to the SOA yield and, in turn,
to the formation of summer maxima of SOA levels.
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6 Correlation between carbonaceous aerosols and trace gases

Despite that the concentration of carbonaceous aerosols has been recognized as one
of the key variables for the studies of air quality and atmospheric composition, it is not
a commonly available measurement. A robust correlation between the aerosol compo-
nents and the trace gases could be applied to estimate the levels of OC and EC from5

the trace gases that are regularly measured at the official air quality stations. Further-
more, the estimates could constrain the simulation of aerosols in modeling studies and,
as a consequence, make the assessment of aerosols’ effects more reasonable.

Figure 7 a–b show scatter plots for the 5-year means of EC vs. CO and NOx, respec-
tively. The slope of the regression line of EC vs. CO is 0.0053 µgC m−3/ppbv, which10

is comparable with the results of previous investigations. In Mexico City, for instance,
Yu et al. (2009) found strong linear correlation between EC and CO with an average
slope of 0.004. Chen et al. (2001) reported EC/CO slopes ranging from 0.003 to 0.007
for the Baltimore-Washington region. Besides, EC/CO slopes of ∼0.005 µgC m−3/ppbv
were also observed in Gwangju, Tokyo, and Beijing (Park et al., 2005; Kondo et al.,15

2006; Han et al., 2009). Although the EC/CO slope is controlled by multi-factors, the
values observed in various cities are surprisingly consistent. Note that the correlation
shown in Fig. 7a was derived from the measurements of a network consisting of seven
stations. Such a cross station correlation suggests that the ambient levels of CO and
EC were dominated by similar sources over Taiwan, and maybe in many of the devel-20

oped urban areas worldwide. In contrast to the well documented correlation between
CO and EC, the correlation between NOx and EC seems to be relatively overlooked
in previous studies. Given the short lifetime of NOx in the lower troposphere, a strong
correlation between EC and NOx is an indication of that the EC-containing aerosols
should be emitted mostly from local sources. Indeed, Fig. 7b depicts the linear correla-25

tion between EC and NOx over Taiwan. The EC/NOx slope suggests an emission ratio
of 0.0836 µgC m−3/ppbv in Taiwan. Furthermore, the intercept of the regression line
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gives an EC concentration of 0.65 µgC m−3 for NOx=0, which could be corresponding
to the regional background EC level without contribution from local sources.

Figure 8a illustrates the correlation between the SOC and the total oxidant. This
result agrees with previous investigations (e.g., Yu et al., 2009), and was as expected
because the SOA were produced from the oxidation of the precursors (i.e. gaseous5

hydrocarbons). The strong correlation shown in Fig. 8a suggests that the spatial dis-
tribution of SOC was dominated by the level of oxidant. Note that the observation of
Tainan was treated as an outlier in the regression analysis. Figure 8b–c show the
results of the regression analysis for nitrate vs. oxidant and SOC vs. nitrate. In an ur-
ban area, the formation of nitrate aerosols is usually dominated by the density of OH10

radicals. Given that the photolysis of ozone is the major source of OH radicals in ur-
ban troposphere, the consistency between particulate nitrate and the oxidant shown in
Fig. 8b is warrantable. Using the nitrate concentration as an independent check, Fig. 8c
shows that the estimated SOC levels were agreeing with the prevalence of photochem-
ical activities. Note that, similar to Fig. 8a, the observation of Tainan was also treated15

as an outlier here. Obviously, the correlations between SOC and both photochemical
indicators suggest consistently that the SOC levels of Tainan could have been under-
estimated to a certain degree. In addition to being a photochemical indicator, nitrate is
also a surrogate of local pollution. The robust correlation between SOC and particu-
late nitrate implies that the SOA were mostly produced by oxidation of anthropogenic20

precursors emitted from local sources, particularly the motor vehicles.

7 Conclusions

An observation network has been organized to investigate the concentration and com-
position of ambient aerosols in Taiwan since 2003. Analysis on the measurements of
carbonaceous components in PM10 and PM2.5 from 2003 to 2007 showed that there25

was a very strong contrast between the rural and the urban/suburban areas.
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The five-year means of EC ranged from 0.9±0.04 µgC m−3 at Penghu to
4.2±0.1 µgC m−3 at Taichung. Furthermore, it was found that the spatial distribution
of EC was consistent with CO and NOx across the network stations. The strong cross
station correlation between EC and CO suggests that the levels of EC over Taiwan
were dominated by specific sources, most likely the vehicular exhausts. The slope5

of the EC vs. CO regression line was 0.0053 µgC m−3/ppbv, agreeing with those ob-
served in several megacities over the northern hemisphere. Given the relatively short
lifetime of NOx, the correlation between EC and NOx suggests that the EC-containing
aerosols were emitted mostly from local sources. The emission ratio of EC to NOx

and the regional background EC level were estimated to be 0.0836 µgC m−3/ppbv and10

0.65 µgC m−3, respectively.
Applying EC tracer method, the measured OC was split into POC and SOC. The

five-year means of POC ranged from 1.8±0.1 µgC m−3 at Penghu to 9.7±0.2 µgC m−3

at Pingtung. It was revealed that the characteristic POC/EC ratios were confined be-
tween 1.43 and 1.85 over the western Taiwan, whereas an elevated ratio of 2.36 was15

observed in the eastern Taiwan. This is most likely a consequence of the reduced
amount of diesel vehicles in the eastern Taiwan. Moreover, it was also found that
there was a substantial amount of organic aerosols originating from non-combustion
sources in the major agricultural areas. The five-year means of SOC ranged from
1.5±0.1 µgC m−3 at Penghu to 3.8±0.3 µgC m−3 at Taichung. The results showed that20

the SOC did not exhibit significant urban-rural contrast as did the POC and EC. In-
stead, the spatial distribution of SOC was characterized by a north-south contrast.
A significant cross-station correlation between SOC and total oxidant was observed,
which means the spatial distribution of SOC in Taiwan was dominated by the oxidant
mixing ratio. Besides, correlation was also found between SOC and particulate nitrate,25

implying that the precursors of SOA were mainly from local anthropogenic sources.
In addition to the spatial distribution, the carbonaceous aerosols also exhibited dis-

tinct seasonality. In northern Taiwan, the concentrations of all the three carbonaceous
components (EC, POC, and SOC) reached their respective minima in the fall season,
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being consistent with CO and oxidant. POC and EC increased drastically after the fall
season and peaked in spring, whereas the SOC was characterized by a bimodal pat-
tern with the maximal concentration in winter and a second mode in summertime. In
southern Taiwan, minimal levels of primary pollutants, i.e. POC, EC, and CO, occurred
consistently in summer, and the maxima were observed in winter. In contrast, SOC5

peaked in summer and declined in wintertime. The discrepancies in the seasonal-
ity of carbonaceous aerosols between northern and southern Taiwan were most likely
caused by the seasonal meteorological settings that dominated the dispersion of air
pollutants. Besides, seasonal cycles of other processes could be also of substantial
influences. It was inferred that the Asian outflows of air pollutants could have shifted10

the seasonal maxima of air pollutants from winter to spring in the northern Taiwan. The
increases in the emission of biogenic precursors were suggested to be responsible to
the elevated SOC concentrations in summer.
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Table 1. Summary of linear regression for the relationship between primary organic carbon
and elemental carbon (POC =α·EC+β).

PM10 PM2.5

α β α β

Cape Fuguei 1.62±0.10* 0.05±0.33 1.73±0.11* 0.04±0.25
Taipei 1.70±0.09* 0.46±0.35 1.78±0.07* −0.76±0.29*
Taichung 1.43±0.14* 2.88±0.88* 1.63±0.10* 0.07±0.61
Tainan 1.56±0.25* 3.54±1.18* 2.01±0.23* 0.04±0.97
Pingtung 1.85±0.27* 4.77±1.29* 1.45±0.24* 4.38±0.96*
Penghu 1.75±0.11* 0.29±0.19 1.51±0.11* 0.00±0.17
Hualien 2.36±0.10* −0.13±0.31 1.90±0.10* −0.17±0.22

∗ Significant at 95% confidence level.
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Table 2. Annual means of the PM10 and PM2.5 and the carbonaceous constituents measured
at the respective stations from 2003 to 2007. Unit: µg m−3.

PM10 PM2.5

PM10 EC POC SOC PM2.5 EC POC SOC

2003

Cape Fuguei 52.4(2.6) 1.5(0.1) 2.5(0.2) 2.3(0.1) 29.2(1.7) 1.3(0.1) 2.3(0.2) 1.6(0.1)
Taipei 63.3(3.1) 3.4(0.2) 6.3(0.3) 1.6(0.2) 40.8(3.0) 3.1(0.2) 4.7(0.4) 1.4(0.2)
Taichung 61.4(3.5) 4.7(0.3) 9.6(0.5) 4.1(0.5) 45.3(3.0) 3.9(0.3) 6.4(0.5) 3.1(0.5)
Tainan 73.3(5.3) 3.4(0.2) 8.8(0.3) 2.1(0.3) 45.3(3.6) 3.1(0.2) 6.2(0.4) 1.9(0.2)
Pingtung 81.5(4.6) 3.4(0.3) 11.1(0.6) 4.2(0.5) 65.0(5.3) 2.5(0.5) 8.0(0.7) 3.3(0.5)
Penghu 40.7(3.0) 0.9(0.1) 1.8(0.3) 2.0(0.2) 22.2(1.9) 0.8(0.1) 1.1(0.2) 1.5(0.2)
Hualien 44.5(3.6) 2.2(0.2) 5.0(0.5) 2.3(0.2) 26.6(2.6) 1.9(0.2) 3.4(0.4) 1.0(0.3)

2004

Cape Fuguei 57.4(4.4) 1.1(0.1) 1.9(0.2) 3.8(0.3) 29.6(2.1) 1.0(0.1) 1.8(0.2) 2.7(0.2)
Taipei 56.2(6.3) 2.9(0.3) 5.3(0.5) 3.3(0.7) 38.0(4.1) 2.9(0.3) 4.5(0.6) 3.2(0.3)
Taichung 78.0(6.8) 4.1(0.4) 8.7(0.6) 5.8(0.6) 58.6(5.6) 4.0(0.4) 6.6(0.7) 5.6(0.6)
Tainan 80.2(8.8) 3.5(0.4) 9.0(0.6) 2.7(0.5) 61.7(7.7) 2.9(0.4) 5.9(0.7) 3.5(0.4)
Pingtung 69.9(3.7) 2.2(0.2) 8.9(0.3) 4.0(0.4) 58.9(3.5) 2.3(0.1) 7.7(0.2) 4.1(0.5)
Penghu 54.9(2.6) 0.8(0.1) 1.8(0.1) 1.9(0.1) 26.6(1.9) 0.9(0.1) 1.3(0.2) 1.5(0.1)
Hualien 36.0(2.2) 1.5(0.1) 3.4(0.3) 3.1(0.2) 19.3(1.3) 1.2(0.1) 2.1(0.2) 2.1(0.1)

2005

Cape Fuguei 45.7(2.9) 1.4(0.1) 2.4(0.2) 2.8(0.2) 31.7(2.6) 1.5(0.1) 2.6(0.2) 1.9(0.2)
Taipei 60.1(6.9) 3.8(0.2) 7.0(0.4) 1.8(0.4) 48.4(7.2) 3.6(0.3) 5.7(0.5) 1.8(0.3)
Taichung 73.7(4.7) 4.0(0.3) 8.5(0.4) 3.4(0.4) 47.2(4.3) 3.2(0.2) 5.2(0.4) 2.6(0.2)
Tainan 70.3(5.7) 2.7(0.3) 7.8(0.4) 1.5(0.3) 48.5(4.2) 2.5(0.3) 5.0(0.5) 1.8(0.3)
Pingtung 77.3(4.4) 2.6(0.2) 9.5(0.4) 3.8(1.0) 62.6(4.1) 2.3(0.2) 7.8(0.3) 3.3(0.7)
Penghu 44.3(2.2) 1.0(0.1) 2.0(0.1) 2.2(0.3) 24.2(1.4) 0.9(0.1) 1.4(0.1) 1.3(0.1)
Hualien 41.0(2.9) 1.9(0.1) 4.4(0.3) 2.6(0.2) 24.7(1.9) 1.6(0.1) 2.9(0.2) 2.1(0.2)

2006

Cape Fuguei 46.7(3.7) 1.6(0.1) 2.6(0.2) 1.4(0.2) 23.7(1.9) 0.9(0.1) 1.7(0.2) 1.1(0.1)
Taipei 65.8(4.6) 3.2(0.3) 6.0(0.4) 2.4(0.3) 40.9(3.3) 3.3(0.3) 5.2(0.5) 2.2(0.4)
Taichung 66.7(5.0) 4.5(0.4) 9.3(0.5) 3.0(0.5) 44.3(3.9) 3.5(0.3) 5.8(0.5) 2.5(0.3)
Tainan 68.5(3.3) 3.5(0.4) 9.0(0.7) 1.9(0.5) – – – –
Pingtung 78.9(4.8) 2.7(0.2) 9.8(0.3) 3.3(0.5) 51.2(2.6) 2.4(0.1) 7.8(0.2) 2.1(0.3)
Penghu 45.6(2.9) 0.8(0.1) 1.7(0.1) 0.9(0.1) 23.2(1.6) 0.7(0.1) 1.0(0.1) 0.7(0.1)
Hualien 37.4(2.6) 1.4(0.1) 3.3(0.2) 2.4(0.1) 21.6(1.8) 1.5(0.1) 2.7(0.2) 1.3(0.1)

2007

Cape Fuguei 47.0(3.0) 1.9(0.2) 3.2(0.3) 1.3(0.1) 26.2(1.9) 1.5(0.1) 2.6(0.2) 1.0(0.1)
Taipei 63.4(3.5) 2.5(0.1) 4.8(0.2) 2.2(0.1) 39.8(2.1) 2.5(0.1) 3.8(0.2) 2.0(0.1)
Taichung 67.5(4.7) 3.9(0.3) 8.5(0.4) 2.5(0.6) 43.8(4.0) 3.7(0.3) 6.1(0.5) 2.7(0.5)
Tainan 67.0(6.1) 2.5(0.2) 7.5(0.3) 2.0(0.5) 59.9(6.2) 2.6(0.2) 5.3(0.4) 3.6(0.8)
Pingtung 62.9(9.8) 2.2(0.3) 8.8(0.6) 1.1(0.5) 46.7(5.6) 2.0(0.3) 7.3(0.4) 1.0(0.5)
Penghu 43.7(2.5) 0.9(0.1) 1.8(0.1) 0.9(0.1) 21.5(1.5) 0.7(0.1) 1.1(0.1) 0.7(0.1)
Hualien 39.5(1.2) 1.6(0.1) 3.5(0.2) 1.5(0.1) 18.2(1.5) 1.4(0.1) 2.5(0.2) 0.9(0.1)

∗
The standard error of each mean value is noted in parentheses.

7104

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/7079/2010/acpd-10-7079-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/7079/2010/acpd-10-7079-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 7079–7113, 2010

Seasonal variations
of carbonaceous

aerosols in Taiwan

C. C.-K. Chou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Table 3. Seasonal means of the mass concentrations of EC, POC and SOC for 2003–2007.
Unit: µg m−3.

PM10 PM2.5

PM10 EC POC SOC PM2.5 EC POC SOC

Spring

Cape Fuguei 59.5(2.9) 1.7(0.1) 2.8(0.2) 2.2(0.1) 33.1(1.6) 1.5(0.1) 2.6(0.2) 1.7(0.1)
Taipei 74.4(3.3) 3.7(0.1) 6.7(0.3) 2.2(0.2) 47.5(2.4) 3.4(0.1) 5.3(0.2) 2.1(0.2)
Taichung 73.4(4.3) 3.9(0.2) 8.4(0.3) 3.1(0.3) 54.4(3.6) 3.4(0.2) 5.7(0.3) 2.5(0.2)
Tainan 81.9(4.1) 3.4(0.2) 8.9(0.3) 1.1(0.2) 53.1(3.4) 2.9(0.2) 5.9(0.4) 1.2(0.2)
Pingtung 72.0(3.4) 2.7(0.2) 9.7(0.3) 3.4(0.3) 48.3(2.9) 2.1(0.1) 7.4(0.2) 2.0(0.3)
Penghu 51.3(2.9) 0.9(0.1) 1.9(0.1) 1.3(0.2) 26.4(1.6) 0.8(0.1) 1.2(0.1) 0.9(0.1)
Hualien 42.8(2.4) 1.6(0.1) 3.7(0.2) 2.3(0.1) 24.1(1.4) 1.6(0.1) 2.8(0.1) 1.2(0.1)

Summer

Cape Fuguei 31.8(1.1) 1.7(0.1) 2.7(0.1) 2.4(0.2) 19.6(0.9) 1.1(0.1) 2.0(0.1) 1.5(0.1)
Taipei 48.9(2.7) 3.1(0.2) 5.7(0.3) 2.6(0.3) 38.0(2.4) 3.0(0.2) 4.7(0.4) 2.2(0.3)
Taichung 44.3(2.7) 3.1(0.3) 7.3(0.5) 4.6(0.7) 31.0(2.7) 2.3(0.2) 3.8(0.4) 4.9(0.8)
Tainan 38.5(5.1) 1.8(0.2) 6.3(0.3) 1.3(0.3) 30.3(5.3) 1.9(0.2) 4.0(0.4) 2.2(0.1)
Pingtung 45.5(2.8) 1.4(0.2) 7.5(0.4) 4.6(0.9) 34.8(2.3) 1.4(0.2) 6.3(0.2) 3.8(0.9)
Penghu 29.0(1.4) 0.7(0.1) 1.5(0.1) 2.1(0.2) 16.9(1.1) 0.6(0.1) 0.9(0.1) 1.1(0.1)
Hualien 30.1(1.7) 1.5(0.1) 3.5(0.1) 2.9(0.3) 16.3(1.7) 1.2(0.1) 2.1(0.1) 1.5(0.2)

Autumn

Cape Fuguei 52.1(3.5) 1.1(0.1) 1.9(0.2) 1.5(0.2) 25.6(2.1) 1.0(0.1) 1.8(0.2) 1.1(0.1)
Taipei 51.6(3.4) 2.2(0.2) 4.2(0.3) 1.5(0.2) 31.1(2.8) 2.3(0.2) 3.4(0.4) 1.7(0.2)
Taichung 70.0(4.3) 4.6(0.3) 9.5(0.5) 3.9(0.6) 40.8(3.3) 3.7(0.2) 6.1(0.4) 3.3(0.4)
Tainan 73.3(3.9) 3.1(0.2) 8.4(0.3) 2.6(0.4) 52.1(3.6) 3.0(0.2) 6.1(0.4) 2.9(0.4)
Pingtung 65.0(3.0) 2.8(0.2) 9.9(0.3) 3.6(0.8) 47.1(2.2) 2.2(0.2) 7.6(0.3) 2.5(0.5)
Penghu 47.4(1.7) 0.8(0.1) 1.7(0.1) 1.6(0.1) 21.9(1.3) 0.7(0.1) 1.1(0.1) 1.1(0.1)
Hualien 39.0(2.1) 1.5(0.1) 3.4(0.2) 2.3(0.1) 18.8(1.6) 1.3(0.1) 2.2(0.2) 1.4(0.1)

Winter

Cape Fuguei 56.0(2.7) 1.6(0.1) 2.7(0.2) 2.9(0.2) 32.5(1.8) 1.4(0.1) 2.4(0.2) 2.0(0.2)
Taipei 68.7(4.7) 3.0(0.2) 5.6(0.4) 2.8(0.4) 39.3(2.9) 2.5(0.2) 3.8(0.4) 2.2(0.2)
Taichung 80.5(4.7) 4.7(0.3) 9.7(0.4) 3.8(0.5) 57.0(3.9) 4.6(0.3) 7.5(0.5) 3.4(0.5)
Tainan 83.7(7.1) 3.6(0.3) 9.2(0.5) 2.6(0.4) 57.0(8.0) 2.6(0.3) 5.2(0.7) 2.7(0.4)
Pingtung 95.1(4.0) 3.0(0.2) 10.3(0.4) 3.1(0.3) 72.1(2.6) 2.9(0.2) 8.6(0.3) 3.3(0.4)
Penghu 51.0(2.1) 1.0(0.1) 2.1(0.1) 1.2(0.1) 25.6(1.4) 0.9(0.1) 1.4(0.1) 1.0(0.1)
Hualien 43.2(2.6) 2.1(0.1) 4.8(0.3) 2.0(0.2) 24.8(1.7) 1.9(0.1) 3.4(0.2) 1.9(0.2)

Whole Year

Cape Fuguei 49.9(1.5) 1.5(0.1) 2.5(0.1) 2.3(0.1) 28.0(0.9) 1.3(0.1) 2.2(0.1) 1.6(0.1)
Taipei 62.6(2.0) 3.0(0.1) 5.6(0.2) 2.2(0.1) 40.8(1.4) 2.9(0.1) 4.5(0.2) 2.1(0.1)
Taichung 69.5(2.3) 4.2(0.1) 8.9(0.2) 3.8(0.3) 47.9(2.0) 3.7(0.1) 6.1(0.2) 3.4(0.2)
Tainan 73.0(2.9) 3.1(0.1) 8.3(0.2) 2.0(0.2) 50.8(2.5) 2.8(0.1) 5.7(0.3) 2.3(0.2)
Pingtung 75.4(2.4) 2.7(0.1) 9.7(0.2) 3.5(0.2) 55.5(1.8) 2.4(0.1) 7.8(0.2) 2.8(0.2)
Penghu 45.8(1.2) 0.9(<0.1) 1.8(0.1) 1.5(0.1) 23.3(0.7) 0.8(<0.1) 1.2(0.1) 1.0(0.1)
Hualien 39.5(1.2) 1.7(0.1) 3.8(0.1) 2.3(0.1) 21.4(0.8) 1.5(0.1) 2.6(0.1) 1.5(0.1)

∗
The standard error of each mean value is noted in parentheses.
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Fig. 1. Geographical locations of the sampling stations of the Taiwan Aerosol Observation
Network.
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Fig. 2. Histograms of OC/EC ratios and scattering plots of OC vs. EC for PM10 of respective stations. Data with the
lowest 10% OC/EC ratio are shown as solid squares, which were analyzed with linear regression model to derive the
site-specific primary OC/EC ratio.
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Fig. 3. Same as Fig. 2 but for PM2.5. 7108
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Fig. 4. Mean contributions of EC, POM, and SOM to the mass concentrations of PM10 at the
respective stations over Taiwan from 2003 to 2007. The area of each pie is proportional to the
mass concentration.
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Fig. 5. Same as Fig. 4 but for PM2.5.
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Fig. 6. Seasonal variations in the mass concentrations of carbonaceous components of PM10
at the respective network stations. The variations in PM10, CO, and daily oxidant maximum
(Ox max) are illustrated for reference.
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Fig. 7. Correlations between EC and CO (a), and between EC and NOx (b) across the network
stations. The symbols for respective stations were color-coded to assist comparison among
(a)–(b) of this figure and Fig. 8 (a)–(c).

7112

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/7079/2010/acpd-10-7079-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/7079/2010/acpd-10-7079-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 7079–7113, 2010

Seasonal variations
of carbonaceous

aerosols in Taiwan

C. C.-K. Chou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion
(c) SOC vs. Nitrate

y = 0.2453x + 1.3941

R2 = 0.6435

0

1

2

3

4

5

6

7

8

0 5 10 15

Nitrate (μgm-3)

S
O

C
 (
μ
g
m

-
3
)

CFG

TPE

TCU

TNA
PHU

HLI

PTU

(a) SOC vs. Ox_max
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Fig. 8. Correlations between SOC and Ox max (a), between particulate nitrate and Ox max
(b), and between SOC and NOx (c) across the network stations. The color coding of symbols
are consistent with Fig. 7. The data of the Tainan station were treated as outliers in the linear
regression processes and hence are shown as open symbols in panels (a) and (c).
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