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[1] Submicron organic aerosol was measured simultaneously with an Aerodyne aerosol
mass spectrometer (AMS) and a particle-into-liquid sampler (PILS) capable of
measuring water-soluble organic carbon (WSOC) during the winter and summer of 2004
in Tokyo. Both techniques are being used to investigate the formation of secondary
organic aerosol (SOA), and the combined data sets provide unique insights. In summer,
about 80% (40–65%) of organic aerosols were oxygenated when scaled by total
(carbon) mass concentration, due to high photochemical activity, leading to the active
formation of SOA. In winter the fraction of oxygenated organic aerosol is reduced to
39% (total mass base) and 23% (carbon mass base). Previous AMS studies have shown
that signals at m/z 44 of the AMS mass spectra of ambient aerosols are dominated
by COO+, which typically originates from oxygenated organic aerosols (OOA). The
signals at m/z 44 and the derived OOA mass concentrations were highly correlated with
WSOC (r2 = 0.78–0.91) throughout these seasons, indicating that OOA and WSOC
were very similar in their chemical characteristics. Approximately 88 ± 29% of OOA
was found to be water soluble on the basis of the comparison of the WSOC concentrations
with those of oxygenated organic carbon (OOC) derived from the AMS data.
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1. Introduction

[2] In many locations, organic aerosols (OA) are a major
component of total submicron aerosol mass. In Tokyo, the
organic fraction varies between 40 and 60% throughout all
seasons [Takegawa et al., 2006]. In the absence of biomass
burning emissions, oxygenated organic aerosols (OOA) are
thought to be mainly formed by photooxidation of volatile
organic compounds (VOCs) followed by condensation on
preexisting particles or through homogeneous nucleation
[Odum et al., 1996; Bonn and Moortgat, 2003]. Some
compounds, such as organic acids may also be formed
through reactions in cloud droplets [Warneck, 2003;
Ervens et al., 2004; Lim et al., 2005]. These organic
compounds contain various functional groups [e.g., Saxena
and Hildemann, 1996]. Some organic compounds are
hygroscopic and can act as cloud condensation nuclei
(CCN) and may play an important role in direct/indirect
radiative effects [Facchini et al., 1999; Jacobson et al., 2000].

[3] OA have been quantitatively measured by the Aero-
dyne aerosol mass spectrometer (AMS) at various locations
[Alfarra et al., 2004; Zhang et al., 2005a, 2005c; Takegawa
et al., 2005, 2006]. A new algorithm has been developed to
quantify OOA and hydrocarbon-like organic aerosol (HOA)
separately from AMS mass spectral time series on the basis
of a custom principal component analysis [Zhang et al.,
2005b, 2005c]. OA observed by the AMS in Tokyo has also
been classified approximately into primary organic aerosol
(POA) and secondary organic aerosol (SOA) on the basis of
a new method of time series analysis, conceptually similar
to the EC-OC tracer method [Takegawa et al., 2006]. In
their studies, POA and SOA were separated by using the
correlation with carbon monoxide (CO) with OA and frag-
ments of aliphatic (m/z 57) and oxygenated (m/z 44) organic
compounds of the AMS mass spectra. A major portion of
POA in Tokyo, defined as the OA components highly
correlated with CO, is very likely emitted from vehicles.
The SOA, defined as the excess OA (difference between
total OA and estimated POA), is assumed to be produced
from oxidation of VOCs. The concentrations of POA and
SOA agreed well with those of HOA and OOA, respectively,
indicating that HOA and OOA are very similar to POA and
SOA, at least in Tokyo for the time periods analyzed by
Takegawa et al. [2006].
[4] On the other hand, a new technique for the continuous

measurement of the water-soluble organic carbon (WSOC)
fraction of OA has been developed by combining the
particle-into-liquid sampler (PILS) with a total carbon
(TOC) analyzer (PILS-WSOC) [Weber et al., 2001; Sullivan
et al., 2004]. Hydrophilic and hydrophobic fractions of
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WSOC have been isolated and quantified with this method
and used to investigate sources of WSOC at urban sites
[Sullivan and Weber, 2006]. It is anticipated that organic
compounds forming OOA and WSOC are similar because
OOA are likely in general to be water soluble or partially
soluble in water. Similarly, HOA are likely water insoluble,
although these relationships have not been demonstrated
experimentally. Comparisons of OOA and WSOC measured
by AMS and PILS-WSOC, respectively, can provide
insights into both techniques and into the chemical nature
of these aerosols. Measurements for this comparison were
conducted in Tokyo in the winter and summer of 2004
within the framework of the Integrated Measurement Pro-
gram for Aerosol and Oxidant Chemistry in Tokyo
(IMPACT) campaigns. In this study we use different termi-
nologies for organic compounds in aerosol particles, includ-
ing OOA and WSOC, depending on the measurement
techniques used and aerosol chemical characteristics. A
summary of the definitions is provided in Table 1.

2. Measurements

[5] OA (OOA and HOA) and WSOC concentrations were
measured simultaneously near the urban center of Tokyo
during two periods in 2004: 26 January to 7 February
(13 days in winter), and 1–15 August (15 days in summer).
The sampling inlet was located approximately 20 m above
ground level and the instruments were located within a
building at the Research Center of Advanced Science and
Technology (RCAST) campus of the University of Tokyo
(35.66�N, 139.66�E) in Japan. RCAST is located about
10 km west of the Tokyo Bay coastline and is near the
southeastern edge of the Kanto Plain. The sampling location
and meteorological conditions are described in detail else-
where [Kondo et al., 2006; Takegawa et al., 2006; Morino
et al., 2006].
[6] WSOC was measured continuously by an online

instrument, as described in detail by Sullivan et al.
[2004]. It measures WSOC with a PILS sampler by growing
particles into large water droplets that are collected onto a
plate using an impactor. The collected liquid is filtered and
the dissolved organic carbon is quantified online by a Total

Organic Carbon analyzer (TOC; Sievers Model 800 Turbo,
Boulder, CO) providing continuous 6-min integral measure-
ments with a detection limit of approximately 1 mg C m�3

(3s of baseline noise). WSOC is operationally defined here
as the fraction of OAwhich is collected by PILS, penetrates
a 0.5 mm stainless steel mesh filter and liquid transport
tubing, and is detected by the TOC analyzer. The inlet for
the PILS-WSOC was equipped with a PM1 (1-mm-diameter
cutoff size) cyclone (Model URG-2000-30EHB, URG
Incorporated, United States) and activated carbon denuder
(Sunset Laboratory, Incorporated, Beaverton, Oregon,United
States) in an attempt to remove potential interferences from
VOCs. WSOCmeasurement accuracy, on the basis of known
uncertainties, is estimated to be between±5 and10%[Sullivan
et al., 2004]. The estimated accuracies of themeasurements of
organic aerosols used for quantitative analysis in the present
study are summarized in Table 2. The PILS-WSOCmeasure-
ments made between 4 and 15 August were compared with
WSOC manually extracted from 12-hour integrated PM1

quartz filter (Filter-WSOC). The PILS- and Filter-WSOC
measurements ranged between 1–5 mg m�3 and agreed to
within 12%, indicating that PILS-WSOC measurement is
almost identical to the filter based WSOC data [Miyazaki et
al., 2006].
[7] In addition to WSOC, total organic carbon (OC) and

elemental carbon (EC) of the ambient PM1 aerosol was
measured every 1 hour with an EC-OC analyzer using a
thermal optical technique (Sunset Laboratory, Incorporated).
The inlet for this instrument was also equipped with a PM1

Table 1. Summary of the Terminology Used to Describe the Organic Aerosols (OA) in This Study

Terminology Definition

OA Organic aerosol, which is approximately equal to OOA + HOA
OM Organic matter, which is identical to OA
m/z 44 Equivalent mass concentration of OA represented by m/z 44a

POA Primary organic aerosol, OA component linearly correlated with COb

SOA Secondary organic aerosol = OA � POA � background OAb

OOA Oxygenated OA obtained from AMS mass spectraa

HOA Hydrocarbon-like OA obtained from AMS mass spectraa

OOC Total carbon of OOA obtained from AMS mass spectrac

HOC Total carbon of HOA obtained from AMS mass spectrac

OCSunset Total carbon of OA measured by thermal optical technique
WSOC Total carbon of OA that is water soluble collected by PILS-WSOCd

WIOC Total carbon of OA that is water insoluble not collected by PILS-WSOCb,d; WIOC = OCSunset � WSOC
Org.-eq. Organic equivalent mass concentration of an AMS m/za

aZhang et al. [2005b].
bTakegawa et al. [2006].
cZhang et al. [2005c].
dSullivan et al. [2004].

Table 2. Accuracies of the Measurements of Organic Aerosols for

Typical Mass Concentrations

Compounds Accuracies, %

OA ±25
OOA ±25
HOA ±25
OOC ±31
HOC ±31
OCSunset ±16
WSOC ±10
WIOC ±26
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cyclone and activated carbon denuder. Detailed descriptions
of this measurement are given elsewhere [Kondo et al., 2006;
Takegawa et al., 2006; Miyazaki et al., 2006]. The overall
estimated accuracy and the detection limit (3s) of the OC
measurement (OCSunset) were 16% and 1 mg m�3, respec-
tively, for the study period [Takegawa et al., 2005]. Water-
insoluble organic carbon (WIOC) was defined as OCSunset �
WSOC. Accuracy and detection limit of WIOC, estimated
from the errors of these quantities for OCSunset and WSOC,
are 26% and 1.4 mg m�3, respectively.
[8] Mass spectra of OA and total OA concentration were

measured every 10 min by the AMS with a detection limit
of 0.3 mg m�3 for 1 hour averaged data (3s) [Takegawa et
al., 2005]. The inlet for AMS was equipped with a PM2.5

cyclone. The AMS aerodynamic lens transmits aerosol
particles with diameters smaller than approximately 1 mm.
The mass size distributions of non refractory (NR) aerosol
(inorganic and organic compounds), m/z 43, m/z 44, and m/z
57 measured by AMS during the summer of 2004 are
shown in Figures 1a and 1b. These size distributions are
essentially similar to those measured in other observational
periods in 2003–2004 [Takegawa et al., 2006]. These size
distributions suggest that the NR aerosols measured with the
AMS cover the PM1 size range. The OA mass concentra-
tions were dominated by particles with diameters smaller
than 1 mm, considering that the ratio of OCSunset measured
with a PM1 cyclone to that of PM2.5 was 0.73 for September
2003. Comparison of inorganic aerosols (sulfate, nitrate,
ammonium, and chloride) measured by AMS and PILS-IC
(ion chromatography) [Weber et al., 2001; Orsini et al.,
2003] has shown agreement to within 25% or better
[Takegawa et al., 2005]. The effect of subtle differences
in the size cuts for AMS and PILS should be within
the overall difference of etotal = 25%, considering the
similarity of the size distribution of these inorganic and
organic aerosols in the submicron mode shown in Figures 1a
and 1b and by Takegawa et al. [2006]. Accuracy in the
measurements of inorganic aerosol by AMS (eAMS (inorg))

can be expressed using those by PILS-IC ("PILS = 20%,
Takegawa et al. [2005]), as

etotalð Þ2¼ eAMS inorgð Þð Þ2þ ePILSð Þ2 ð1Þ

From equation (1), eAMS (inorg) is derived to be 15%. The
accuracy for organic aerosols by AMS can be estimated to
some extent from eAMS (inorg) and by comparison with the
mass concentrations measured by a Tapered Element
Oscillating Microbalance (TEOM; Rupprecht and Patash-
nick Co., Albany, NY) instrument operated at 30�C
[Patashnick and Rupprecht, 1991]. The inlet for the TEOM
instrument was also equipped with a PM1 cyclone and
therefore the mass concentrations measured by TEOM
represent those for PM1 mass concentrations (TEOM-PM1).
Total mass concentration of PM1 was estimated by
summing up the mass concentrations of NR aerosols
measured by AMS (NR-PM1) and EC measured by the
EC-OC analyzer (ECSunset). The EC mass constituted only
about 5–10% of the total PM1 mass throughout the seasons.
Figure 2 shows comparison of the sum of PM1 (S PM1 =
NR-PM1 (inorganic + organic) + ECSunset) concentrations
versus TEOM-PM1 for the summer of 2004. They are
tightly correlated (r2 = 0.91) and the relationship is
expressed as

SPM1 ¼ 0:91� TEOM� PM1 � 0:38 mgm�3
� �

ð2Þ

[9] It should be noted that refractory aerosol other than
ECSunset, including some amounts of sea salt, dust, and
metal particles, may also contribute to refractory aerosol
mass concentrations. However, diameters of these particles
are generally larger than 1 mm [e.g., Seinfeld and Pandis,
1998, and references therein] and therefore should not
significantly contribute to the TEOM-PM1. In fact, PM1

sea salt concentrations have been found to be very small
[Takegawa et al., 2005]. More quantitatively, Kondo et al.
[2006] have shown that ECSunset agreed quite well with the
refractory PM1 mass concentration, estimated from the

Figure 1a. Average mass size distributions of nitrate (bold
line), sulfate (dashed line), ammonium (thin line), and
organics (gray line) for the summer of 2004. The horizontal
axis is the vacuum aerodynamic diameter (dva).

Figure 1b. Same as Figure 1a, but for the average size
distributions of m/z 43 (dashed line), m/z 44 (bold line), and
m/z 57 (gray line).
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