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Abstract

Secondary organic carbon (SOC) is often a significant portion of organic carbon (OC)
in ambient particulate matter (PM). The levels and seasonal patterns of SOC in Hong
Kong were examined using more than 2000 PM10 measurements made over a 4.5-year
period (1998–2002) in a network of ten air quality monitoring stations. The positive5

matrix factorization (PMF) model was used to analyze this large data set for source
identification and apportioning. SOC was subsequently estimated to be the sum of
OC present in the secondary sources, i.e., secondary sulfate, secondary nitrate, and
secondary organic aerosol. The annual average SOC as estimated by the PMF method
was 4.25µg C/m3 while the summer average was 1.66µg C/m3 and the winter average10

was 7.05µg C/m3. In comparison, the method that uses EC as a tracer for primary
carbonaceous aerosol sources to derive SOC overestimated SOC by 70–212% for the
summer samples and by 4–43% for the winter samples. The overestimation by the
EC tracer method resulted from the inability of obtaining a single OC/EC ratio that
represented a mixture of primary sources varying in time and space.15

We found that SOC and secondary sulfate had synchronous seasonal variation and
were correlated in individual seasons, suggesting common factors that control their
formation. Considering the well-established fact that both gas phase oxidation and
in-cloud processing are important formation pathways for sulfate, the synchronicity of
SOC and sulfate suggests that in-cloud pathways are also important for SOC forma-20

tion. Additionally, the presence of SOC was found to be enhanced more than that of
secondary sulfate in the winter. We postulate this to be a combined result of favorable
partitioning of semivolatile SOC species in the particle phase and more abundant SOC
precursors in the winter.
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1. Introduction

Carbonaceous aerosol consists of particulate elemental carbon (EC) and organic car-
bon (OC). EC is formed through incomplete combustion of carbonaceous fuels, such
as diesel, gasoline, and organic wastes, while OC has two formation pathways, pri-
mary and secondary. Primary OC is directly emitted from combustion sources while5

secondary organic carbon (SOC) is formed through atmospheric oxidation of reactive
organic gases followed by gas-to-particle conversion processes. SOC is often a signif-
icant portion of OC. Knowledge of the relative contribution of primary and secondary
OC is important in formulating effective control measures for ambient particulate matter
(PM). Quantification of SOC is, however, difficult because of our limited understanding10

of the molecular composition of SOC and because of the presence of a large but un-
known number of individual secondary organic products. Indoor and outdoor smog
chamber experiments have identified numerous secondary organic compounds from
a few major SOC precursors, including aromatic species (e.g., Forstner et al., 1997;
Jang and Kamens, 2001), cyclic alkenes (Kalberer et al., 2000), and terpenes (e.g., Yu15

et al., 1999). To identify individual secondary organic compounds at a particular site
in ambient environment is, however, difficult, if not impossible. At present, no direct
measurement methods are available for determining SOC in atmospheric particulates.
Consequently, indirect methods must be employed for the estimation of relative contri-
butions of primary and secondary OC.20

Three indirect approaches to SOC estimation are found in the literature. In the first
approach, EC is adopted as a “tracer” for calculating the abundance of primary OC
based on EC being exclusively primary in origin and on EC and OC having common
emission sources (e.g., Turpin and Huntzicker, 1995; Castro et al., 1999; Lim and
Turpin, 2002). A ratio of OC/EC that is characteristic of primary emissions, called25

(OC/EC)p hereafter, is used to estimate SOC. Ambient OC/EC exceeding the (OC/EC)p
ratio is attributed to SOC. In the second approach, chemical transport models are
used for calculating secondary organic aerosol yields by simulating formation, removal,
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and partitioning processes of SOC that are derived from smog chamber studies (e.g.,
Bowman et al., 1997; Pandis et al., 1992; Strader et al., 1999). In the third approach,
an organic tracer-based receptor model, Chemical Mass Balance (CMB), is used to
apportion primary OC to a number of perceived sources, and the difference between
the measured total OC and the apportioned primary OC from the few known sources is5

regarded to be SOC (Schauer et al., 1996; Zheng et al., 2002; Na et al., 2004; Sawant
et al., 2004).

All three approaches have caveats. In the first approach, the accuracy of SOC es-
timates is highly dependent on the accuracy of the (OC/EC)p ratio in representing the
mixture of multiple local primary PM sources. The (OC/EC)p value varies among com-10

bustion sources. Consequently, it is temporally and spatially unique and influenced by
meteorology and diurnal and seasonal fluctuations in emissions. It is not a trivial matter
to obtain a representative (OC/EC)p ratio for any given location (Strader et al., 1999;
Seinfeld and Pankow, 2003). In practice, the (OC/EC)p ratio is often estimated from
ambient measurement data by assuming either that the lowest observed OC/EC value15

represents the value for primary aerosols or that the average OC/EC value of the sam-
ples collected on days of reduced photochemical activity reflects the (OC/EC)p value.
The (OC/EC)p values obtained in such a manner, therefore, tend to be biased toward
the primary source(s) with relatively lower (OC/EC)p value and do not represent the
average overall emission characteristics of the primary sources. Furthermore, in this20

method, OC in primary sources with low-EC or non-EC (e.g., cooking fume, biomass
burning) is counted as SOC. The collective consequence is that the SOC levels are
overestimated to an unknown degree. Nevertheless, because of its simple nature and
no need for measurement of other aerosol components, the EC tracer approach has
had widespread and continuous applications (e.g., Castro et al., 1999; Lin and Tai,25

2001; Viidanoja et al., 2002).
The transport modeling approach is inherently limited by our knowledge of SOC for-

mation pathways and other atmospheric processes involving SOC. For instance, a few
recent studies have indicated that in-cloud processing might be a significant pathway
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to form SOC (Warneck, 2003; Blando and Turpin, 2000). However, the reaction mech-
anisms of in-cloud processes are largely unknown, let alone being represented quan-
titatively in models. Large uncertainties also occur in the representation of emission
inventories of both gas- and particle-phase species and in the numerical representation
of atmospheric dynamics. As a result, SOC estimation by transport models deviates5

from the actual values also to an unknown degree.
The third approach (i.e., the CMB modeling approach) is also limited by the uncer-

tainties in the emission profiles. In addition, it is difficult to ensure that all the PM
sources of statistical significance have been included in the model, either because of
high cost in establishing emission profiles for the numerous PM sources or because of10

failure in identifying all the important sources. The SOC thus obtained would also likely
be overestimated as a result of mistaking some unidentified sources for SOC.

In this paper, we describe a new approach for estimating SOC by using an advanced
receptor model, positive matrix factorization (PMF). PMF modeling of speciated PM10
concentration data is carried out to identify source categories by collectively consider-15

ing component abundance in the derived source profiles and the corresponding tempo-
ral variations in source contributions. SOC is subsequently taken to be the sum of OC
in the sources of secondary nature. In comparison with the traditional receptor models
such as CMB, PMF does not require any a priori information on the source profiles
as input, thus avoiding the uncertainties inherent in the source characterizations and20

limits imposed by a lack of known source profiles. Using extensive data from air quality
monitoring network in Hong Kong, we compare SOC estimates by the PMF method
with those by the EC tracer method to highlight the shortcomings of the latter method.
Finally, the formation mechanism of SOC is discussed on the basis of its temporal
variation and its correlation with secondary sulfate.25

5303

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/5299/acpd-5-5299_p.pdf
http://www.atmos-chem-phys.org/acpd/5/5299/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 5299–5324, 2005

Aerosol secondary
organic carbon in

Hong Kong

Z. B. Yuan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

2. Monitoring sites and sample analysis

The Hong Kong Environment Protection Department (HKEPD) has routinely conducted
filter-based 24-h PM10 sampling at ten air quality monitoring stations (AQMSs) on a
schedule of once every six days since July 1998. The network of AQMSs that were
chosen for filter-based PM10 sampling and subsequent detailed chemical speciation5

includes a roadside station (MK) and nine general stations (CW, KC, KT, SSP, ST, TC,
TP, TW, and YL). The spatial distribution of the ten AQMSs is illustrated in Fig. 1. A
detailed description of the site characteristics is presented by Yu et al. (2004). Samples
were collected onto 8×10 in quartz fiber filters using high volume PM10 samplers oper-
ating at a flow rate of 1.13 m3/min. Twenty-six elements and water-soluble ions (Al, As,10

Ba, Be, Br−, Ca, Cd, Cl−, Cr, Cu, EC, Fe, Hg, K+, Mg, Mn, Na+, NH+
4 , Ni, NO−

3 , OC, Pb,

Se, SO2−
4 , V and Zn) were determined for the samples. Among them, the ionic species

were measured using ion chromatography. As, Hg and Se were measured using a
flow injection analysis – atomic absorption technique and all the other elements were
measured using inductively coupled plasma atomic emission spectroscopy. EC and15

OC were analyzed by a thermal/optical transmittance method following the protocol of
NIOSH method 5040 (Sin et al., 2002). The PM10 analyses were subjected to strict in-
house quality assurance/quality control (QA/QC) procedures described in the report by
the HKEPD (2002). Typically, the control limits for the PM10 measurements were ±10%
for both accuracy and precision. A speciated data set of 2199 samples spanning from20

July 1998 to December 2002 was used in this study to examine the abundance and
seasonal patterns of SOC.

5304

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/5299/acpd-5-5299_p.pdf
http://www.atmos-chem-phys.org/acpd/5/5299/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 5299–5324, 2005

Aerosol secondary
organic carbon in

Hong Kong

Z. B. Yuan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

3. SOC estimation

3.1. EC tracer method

For comparison purposes, we also estimated SOC by the EC tracer method. In this
method, SOC is calculated as follows:

SOC=OC−EC(OC/EC)p. (1)5

The relative contributions of various aerosol sources were expected to be season-
dependent. Consequently, the representative (OC/EC)p is also season-dependent. For
this reason, season-specific (OC/EC)p values were approximated using samples that
had the lowest 5% measured (OC/EC) values in a given season. In accord with the
subtropical climate in Hong Kong, the seasons were defined as follows: spring from10

16 March to 15 May; summer from 16 May to 15 September; fall from 16 September
to 15 November and winter from 16 November to 15 March of the next year (Chin,
1986). Spring and fall are two short and transient seasons, lasting approximately two
months. A least-square regression of the OC and EC data in the lowest 5% of OC/EC
ratio yielded a slope of 0.73 (r2=0.99, n=17), 0.41 (r2=0.90, n=39), 0.70 (r2=0.92,15

n=20), and 0.88 (r2=0.92, n=34), for spring, summer, fall, and winter measurements,
respectively (Fig. 2).

3.2. The PMF source apportionment method

Receptor models estimate the amount of pollutants contributed by different sources
through statistical interpretation of ambient observation data and reasonably imposed20

constraints. A detailed explanation of the working principle of PMF can be found in the
PMF user’s guide (Paatero, 2000). Our PMF analysis of the 4.5-year dataset identified
nine significant aerosol sources, comprising vehicle exhaust, residual oil, fresh sea salt,
aged sea salt, crustal soil, regional combustion sources (e.g., biomass burning), sec-
ondary sulfate, secondary nitrate, and secondary organic aerosol (SOA). The source25
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categories were identified by the explained variations in species in individual appor-
tioned sources as well as the temporal and spatial variation of source contributions.
The source identification procedure for this data set was described in detail by Yuan et
al. (20051, and available at http://landsea.ust.hk/∼chjianyu/Yu Papers/PMF paper.pdf).
Table 1 lists the resolved source categories and their profiles. OC in the three sec-5

ondary aerosol source categories, i.e., secondary sulfate, secondary nitrate, and sec-
ondary organic aerosol, was summed up to represent SOC.

4. Results and discussion

4.1. Comparison of SOC derived from the EC tracer method and the PMF method

The two plots in Fig. 3 compare the average SOC levels estimated by the two methods10

at individual AQMSs in the summer and in the winter, respectively. Due to the short and
transient nature of spring and fall in Hong Kong, our discussion of SOC abundance and
seasonality is focused on the summer and winter. Figure 3 clearly shows that the EC
tracer method consistently gave higher SOC values, in line with the previous discussion
that the EC tracer method tends to overestimate the SOC level because of the inherent15

deviations from the actual (OC/EC)p.
The shortcomings of the EC tracer method can be seen in the spatial pattern of

the deviation between the two sets of SOC estimates. The smallest difference of the
two sets of SOC estimates occurred at TC (1.14µg/m3 in summer and 0.26µg/m3

in winter), a developing residential area with a smaller number of aerosol emission20

sources in comparison with other AQMSs. The two largest differences occurred at MK
(4.72µg/m3 in summer and 2.95µg/m3 in winter), an urban roadside station, and KC
(3.50µg/m3 in summer and 2.83µg/m3 in winter), a station in an industrialized area

1Yuan, Z. B., Lau, A. K. H., Zhang, H. Y., Yu, J. Z., Louie, P. K. K., and Fung, J. C. H.: Iden-
tification and spatial-temporal variations of dominant PM10 sources over Hong Kong, Atmos.
Environ., in review, 2005.

5306

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/5299/acpd-5-5299_p.pdf
http://www.atmos-chem-phys.org/acpd/5/5299/comments.php
http://www.copernicus.org/EGU/EGU.html
http://landsea.ust.hk/~chjianyu/Yu_Papers/PMF_paper.pdf


ACPD
5, 5299–5324, 2005

Aerosol secondary
organic carbon in

Hong Kong

Z. B. Yuan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

close to the city’s container terminal. In both locations, the primary sources of car-
bonaceous aerosols were intensive and diversified, and their intensities were highly
time dependent. Such a spatial pattern in the difference between the two sets of SOC
estimates could be attributed to the biased (OC/EC)p derived from EC and OC mea-
surements of the lowest 5% OC/EC values. This bias was more prominent at locations5

with a larger number of significant sources that had diverse (OC/EC)p ratios. In a more
strict approach, station-specific (OC/EC)p should be derived considering the distinct
local characteristics of the PM sources among individual AQMSs, instead of lumping
together measurements from different stations and then implementing a uniform value
of (OC/EC)p. However, the number of measurements at individual stations is not large10

enough to support this approach.
Next we examine the seasonal pattern in the differences of the two sets of SOC

estimates. In the summer, the difference among the ten AQMSs ranged from 1.1
to 4.3µg C/m3, whereas in the winter, the difference was smaller, ranging from 0.3
to 2.9µg C/m3. In our study, the derived summer (OC/EC)p was 0.41, significantly15

smaller than reported (OC/EC)p values in the literature, which range from 0.74 in the
urban area of Nagoya, Japan (Kadowaki, 1990) to 2.4 in Pittsburgh, PA, U.S. (Cabada
et al., 2002). This derived (OC/EC)p value of 0.41 is at the lower end of the range
of (OC/EC)p measurements for sources aerosols emitted from combustion of heavy-
duty diesel vehicles. Gillies and Gertler (2000) evaluated four databases of source20

profiles in the U.S. and concluded that diesel vehicle exhausts had average OC/EC
ratios ranging from 0.28 to 0.92. Diesel-fueled vehicles account for 25% of registered
vehicles in Hong Kong, and the most-traveled vehicles such as public buses account
for the majority of diesel-fueled vehicles (HKTD, 2002). In addition, the ships at the
container ports mainly burn residual oil. The summer (OC/EC)p estimate is most likely25

biased towards diesel and residual oil combustion aerosols, which typically have lower
(OC/EC)p than other combustion aerosols. This would at least be partially responsible
for the significant overestimation of summer SOC by the EC tracer method.

A second reason for the overestimate of summer SOC by the EC tracer method
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is counting non-EC associated OC as SOC. This is revealed in Fig. 4, which plots the
SOC estimates by the EC method versus those by the PMF method in the summer and
in the winter. The slopes of both the summer and the winter regression lines are larger
than 1, confirming the overestimate of SOC by the EC tracer method. The summer plot
has a large intercept (1.64), whereas the winter plot has a near-zero intercept (−0.36).5

The intercept values reflect that the portion of primary OC (e.g., biogenic OC) with no
associated EC was more prominent in the summer than in the winter. A larger presence
of biogenic OC in the summer PM2.5 in Hong Kong was reported by Zheng et al. (2000)
using Carbon Preference Index (CPI) for n-alkanes, n-fatty acids, and n-alkanols.

An additional observation is that the summer plot is more scattered (r2=0.48,10

n=785), in comparison with the winter plot (r2=0.77, n=687) (Fig. 4). The more scat-
tered summer data could be explained if the significant primary sources in the summer
were more diverse in (OC/EC)p. The EC tracer method was hardly able to capture the
real and varied (OC/EC)p by using the lowest 5% standard or any other single-value
standards.15

In summary, the diversity of (OC/EC)p among significant primary sources and the
presence of primary OC sources without EC pose significant limitations in the use of
the EC tracer method for estimating SOC. In comparison, PMF identifies the profile
for each source or a group of sources with similar characteristics and calculates the
source impact for each sample. That is, the PMF method does not make the unrealistic20

assumption of a uniform (OC/EC)p on different sampling dates in the same season. We
therefore believe that the PMF method yields estimates closer to the true SOC values.
For this reason, the PMF-derived SOC results are used in the ensuing discussion. The
limitation to the PMF approach is that a large speciated PM data set is a prerequisite
to enable source apportioning. Obtaining such a level of comprehensive measurement25

data requires a PM monitoring network running routinely for an extended period of time
(e.g., a year) and analytical capabilities for various aerosol constituents.
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4.2. Abundance and seasonality of SOC

The average SOC level over the 4.5-year period for Hong Kong was 4.25µg C/m3,
contributing 46% of the aerosol OC loadings in the air. On a material mass basis, the
secondary organic aerosol contributed 13% of PM10 mass, if we use a multiplier of 1.6
to convert SOC to SOA mass (Turpin and Lim, 2001). This implies the importance of5

identifying SOC precursors for effective reduction of aerosol loadings.
The SOC levels showed a clear seasonal pattern of being higher in the winter and

lower in the summer (Fig. 3). The winter average SOC was 7.05µg C/m3, nearly four
times the summer average of 1.66µg C/m3. In comparison, primary OC had a winter
average of 6.17µg C/m3, 1.6 times the summer average of 3.72µg C/m3. Apparently,10

SOC increased more than the primary OC in the winter. As a result, the relative contri-
bution of SOC to OC was higher by 70% in the winter than in the summer.

The seasonal pattern for SOC in Hong Kong was in contrast to that reported in
many other locations in the world, where typically higher SOC was observed during
the summer by virtue of more conducive conditions (e.g., clear skies and low winds)15

and enhanced photochemical activities. The locations where higher SOC was reported
in the summer than in the winter include Birmingham in England (Castro et al., 1999),
Pittsburgh, PA (Cabada et al., 2002), Southern California (Strader et al., 1999; Turpin
and Huntzicker, 1995; Chu and Macias, 1981), and St. Louis, MO (Chu and Macias,
1981) in the U.S. The unusual seasonal pattern of SOC in Hong Kong can be explained20

by the meteorological conditions unique to Hong Kong. During the summer in Hong
Kong, frequent rainfall effectively removes aged aerosols. Located in the subtropical
region, Hong Kong has abundant sunlight and mild ambient temperatures (15–21◦C)
even during the winter. Similar to Hong Kong, two southern European towns, Oporto
and Coimbra in Portugal, where sunny winter days are frequent, also had higher SOC25

concentrations in the winter than in the summer (Castro et al., 1999).
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4.3. Relationship between SOC and secondary sulfate

Our PMF analysis has also identified secondary sulfate as a source category. Figure 5
overlays the temporal variation of secondary sulfate with that of SOC at six AQMSs
with the least uninterrupted monitoring data. At all the monitoring stations, includ-
ing the roadside station, the seasonal variations of secondary sulfate and SOC were5

synchronous. Both exhibited higher concentrations in the winter than in the summer.
Figure 6 plots secondary sulfate versus SOC for the summer and the winter samples.
The two species were well correlated in individual seasons, with r2 values of 0.76 and
0.46 for the summer and the winter samples, respectively. The close tracking of the two
suggests that a same set of conditions predominantly affect the abundance of the two10

species. It is well established that both gas-phase and in-cloud oxidation contribute to
the formation of sulfate (Seinfeld and Pandis, 1998). It is also increasingly recognized
that SOC can be formed in in-cloud oxidation processes in addition to through gas
phase oxidation processes (Warneck, 2003; Blando and Turpin, 2000; Yu et al., 2005).
However, the reaction pathways, mechanisms, and the corresponding thermodynamic15

coefficients for SOC formation through in-cloud processing remain largely unknown.
An additional observation is that the summer samples are more concentrated in the

upper part of the figure, while most of the winter samples are located in the lower part.
This is reflected in the slope values (2.19 for the summer samples versus 0.72 for the
winter samples) of the sulfate-versus-SOC regression lines (Fig. 6). In other words,20

the presence of SOC was enhanced more than that of secondary sulfate in the winter.
The winter average secondary sulfate concentration was 7.72µg/m3, about 2.5 times
the summer average concentration of 3.20µg/m3. In comparison, the winter SOC
enhancement over the summer SOC was more than 4 fold (7.05 versus 1.66µg C/m3).

We now suggest the underlying reasons for the seasonal differences in the relative25

abundance of the two secondary species. As a first-order approximation, the relative
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production ratio can be expressed by the following equation:

PSS
PSOC

=
kSS [Ox] [SO2]

αkSOC [Ox] [X]
, (2)

where kSS and kSOC are the “conceptual” rate constants for reactions leading to the
formation of secondary sulfate and SOC, respectively; [SO2] and [X] are the concen-
trations of SO2 and SOC precursors; [Ox] is the concentration of oxidants responsible5

for the oxidation of SO2 and X. Regardless of the nature of the formation pathways, ei-
ther in the gas phase or in cloud, the SOC species undergoes gas-particle partitioning
at the end. α is included in the equation to represent the mass fraction of the condens-
able secondary organic species that partition into the aerosol phase. Conceivably, α
is an inverse function of temperature. This has been demonstrated in a number of10

studies using smog chamber simulation or absorptive-partitioning models. For exam-
ple, Takekawa et al. (2003) observed in their smog chamber experiments that the SOA
yield at 283 K was approximately twice that at 303 K. In a modeling study, Sheehan
and Bowman (2001) estimated that a 10◦C decrease in temperature would lead to an
increase of SOA yields by 20–150%, depending on the vaporization enthalpy. Hong15

Kong has a moderate and humid climate with a typical average daily temperature of
∼30◦C in the summer and 15◦C in the winter. A significantly higher α value is an-
ticipated in the winter than in the summer. On the other hand, sulfuric acid (H2SO4)
has an extremely low vapor pressure and, consequently, sulfate resides in the aerosol
phase once it is formed at the ambient temperature encountered either in the summer20

or in the winter. That is, the fraction of sulfate residing in the aerosol phase equals to
one and is little influenced by the ambient temperature. The temperature affects the
rate constants, kSS and kSOC, in the same direction; however, it is difficult to estimate
the seasonal change in their relative magnitudes.

If we use the concentration of total non-methane hydrocarbon (TNMHC) as a rough25

indicator for the abundance of SOC precursors, the available hydrocarbon measure-
ments in one annual cycle (August 2002–July 2003) indicate that the SOC precursors
were more abundant in the winter months (Fig. 7). In comparison, SO2 concentrations
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peaked in August, presumably linked to higher demands for energy for air conditioners
(Fig. 7). In summary, the observation that the presence of SOC was enhanced more
than that of sulfate in the winter is most likely a combined result of the temperature-
induced favorable partitioning of SOC into the aerosol phase and more abundant SOC
precursors.5

5. Conclusions

A SOC estimation method using PMF for source apportioning was introduced in this
paper. In PMF, OC apportioned in three secondary sources was summed to be SOC.
The SOC estimates were compared with those obtained using the EC tracer method
for a large dataset collected at ten AQMSs in Hong Kong from 1998 to 2002. The SOC10

estimates by the EC tracer method were consistently higher than those determined
by the PMF method. The difference in SOC estimates by the two methods ranged
from 1.1–4.3µg C/m3 (70–212%) in the summer and 0.3–2.9µg C/m3 (4–43%) in the
winter. The comparison between the two sets of SOC estimates exposes the inherent
shortcomings in the EC tracer method. The average SOC level estimated using PMF15

was 4.25µg C/m3, contributing nearly half of the carbonaceous aerosols in Hong Kong.
The percentage contribution of SOC to OC was 46% on an annual average basis and
38% and 52% in the summer and in the winter, respectively. On a material mass
basis, the secondary organic aerosol contributed 13% of PM10 mass. Seasonally, this
percentage contribution was 7% in the summer months and 16% in the winter months.20

This implies the importance of identifying SOC precursors for effective reduction of
aerosol loadings.

SOC also showed a clear seasonal variation, with higher loading in the winter than
in the summer. The winter average (7.05µg C/m3) was approximately four times the
summer average (1.66µg C/m3). This seasonal pattern was similar to the variation of25

secondary sulfate concentrations. The two species correlated well in individual sea-
sons, indicating common factors that control their formation. It has been established
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that sulfate has two major formation pathways, gas-phase oxidation by OH radicals and
in-cloud oxidation processes. The close tracking of sulfate and SOC appears to sug-
gest that the in-cloud pathway is also important for SOC formation. The slope of the
sulfate-versus-SOC regression line, an indicator of the relative abundance of the two,
for the summer samples was three times that for the winter samples. This is most likely5

a combined result of temperature-induced less favorable partitioning of semivolatile
secondary organics in the particle phase and the lower abundance of SOC precursors
in the summer.
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Table 1. Profiles of nine aerosol sources resolved by PMF analysis, values listed here are
mass percentages in each source profile.

species Vehicle Residual Fresh Aged Crustal Secondary Secondary Regional Secondary
Exhaust Oil Sea Salt Sea Salt Soil Sulfate Nitrate Combustion Organics

Al 0.00 0.21 0.01 0.00 11.74 0.16 0.00 0.01 0.51
As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14
Ca 0.87 6.05 0.97 0.33 30.93 0.00 0.19 1.83 1.18
Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03
Cl− 0.03 0.12 53.43 0.03 0.08 0.00 1.55 0.28 0.04
Fe 1.22 0.10 0.00 0.00 15.77 0.39 0.68 0.44 1.67
K+ 0.28 2.73 0.39 2.09 0.02 0.00 0.00 14.22 0.03
Mg 0.00 0.01 3.03 3.02 5.43 0.00 0.00 0.00 0.00
Mn 0.01 0.00 0.01 0.01 0.44 0.01 0.02 0.10 0.08
Na+ 0.02 6.04 25.75 26.90 0.02 0.01 0.01 0.31 0.03
NH4+ 0.00 0.17 0.01 0.01 0.01 15.74 8.68 0.04 0.07
Ni 0.00 1.34 0.00 0.00 0.02 0.00 0.00 0.00 0.00
NO−

3 0.04 0.07 0.54 3.74 2.59 0.00 11.80 0.01 0.01
Pb 0.00 0.00 0.00 0.00 0.03 0.04 0.08 0.84 0.92
SO=

4 2.36 12.86 0.06 59.43 27.11 61.47 0.05 15.92 10.84
V 0.00 2.80 0.00 0.01 0.00 0.00 0.00 0.02 0.00
EC 40.35 42.11 10.36 4.34 5.34 7.42 2.31 0.23 0.19
OMa 54.81 25.39 5.45 0.09 0.46 14.74 74.63 65.73 84.28

a OM stands for Organic Matter defined as 1.6 times Organic Carbon (OC) concentrations in
this study (Turpin and Lim, 2001).
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Guangdong,
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Fig. 1. Location map of the air quality monitoring stations in Hong Kong that were selected for
filter-based PM10 sampling and subsequent speciation analysis. (The abbreviations are: CW
(Central/Western), KC (Kwai Chung), KT (Kwun Tong), MK (Mong Kok), SSP (Sham Shui Po),
ST (Shatin), TC (Tung Chung), TP (Tai Po), TW (Tsuen Wan), and YL (Yuen Long).)
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Fig. 2. Scatter plots of OC versus EC for samples of the lowest 5% (OC/EC) ratios.

5319

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/5299/acpd-5-5299_p.pdf
http://www.atmos-chem-phys.org/acpd/5/5299/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 5299–5324, 2005

Aerosol secondary
organic carbon in

Hong Kong

Z. B. Yuan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

Summer

0

4

8

12

16

20

CW KC KT MK SSP ST TC TP TW YL

C
on

ce
nt

ra
tio

n(
µ

gC
/m

3
) EC Tracer

PMF

Winter

0

4

8

12

16

20

CW KC KT MK SSP ST TC TP TW YL

C
on

ce
nt

ra
tio

n(
µ

gC
/m

3
)

EC Tracer

PMF

Fig. 3. Comparison of SOC estimates by the EC tracer method and by the PMF method.
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Fig. 5. Time series of SOC and secondary sulfate at six air quality monitoring stations.
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Fig. 6. Scatter plots of SOC versus secondary sulfate.
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Fig. 7. Monthly average concentrations of SO2 and the total nonmethane hydrocar-
bon (TNMHC) at an urban air quality monitoring station (Central/Western) in Hong Kong
for the period of August 2002–July 2003. (TNMHC is the sum of 39 species compris-
ing ethane, ethane, ethyne, propane, propene, i-butane, n-butane, 1-butene, i-butene,
trans-2-butene, cis-2-butene, i-pentane, n-pentane, 1,3-butadiene, 1-pentene, isoprene, 2,3-
dimethylbutane, 2-methylpentane, 3-methylpentane, n-hexane, 2,2,4-trimethylpentane, 2-
methylhexane, 3-methylhexane, n-heptane, n-octane, benzene, toluene, ethylbenzene, m-
xylene, p-xylene, o-xylene, isopropylbenzene, propylbenzene, 3-ethlytoluene, 4-ethyltoluene,
1,3,5-trimethylbenzene, 2-ethyltoluene, 1,2,4-trimethylbenzene, and 1,2,3-trimethylbenzene.
The chemical analysis was done by Professor Donald Blake’s group at the University of
California-Irvine. We refer readers to Colman et al. (2001) for the methodology and the QA/QC
details.)
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