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Abstract

This paper presents results of an aerosol chemical characterisation experiment conducted on the Island of Jeju,

Korea, using a range of techniques for analysing inorganic and organic particle components. Sulphate and ammonium

were biased toward the accumulation mode size ranges. Nitrate, sodium, calcium and chloride were found in the larger

size ranges and attributed to the collection of modified sea salt and dust particles. In the super-micron aerosol it was

apparent that chloride depletion in sea salt had occurred which was mainly by nitrate due to reaction with nitric acid.

Similarly, enhanced nitrate was found on the dust aerosol. Results derived from an aerodyne aerosol mass spectrometer

(AMS) showed that sub-micron component distributions were consistent throughout the entire campaign, a lack of sub-

100 nm mass loadings substantiating the notion of an aged sub-micron aerosol population. Sulphate and organic

constituents were the dominant mass contributors in this size range. Various aerosol characteristics were dependent on

the air mass history, the relative dominance of sulphate and organic mass loadings in the sub-micron aerosol being

particularly sensitive to different air types. Loadings of organic components analysed by the AMS were found to

increase significantly during direct influence from Korea. Comparison between organic components analysed by the

AMS, water-soluble organic carbon (WSOC) derived from impactor sampling and organic carbon derived from a low

volume sampler suggested that the volatile components analysed by the AMS were not only water soluble, but also

representative of the total organic carbon present. Analysis of mass closure on impactor substrates suggested that the

accumulation mode aerosol mass (200–500 nm) could be accounted for by the analysed inorganic components and

WSOC. This was not found in larger size ranges, which is expected given the influence of dust and other possible non-

refractory primary emissions on the measurement site.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The following paper presents results on aerosols

sampled during the ACE ASIA campaign, on the Island

of Jeju, Korea (http://saga.pmel.noaa.gov/ACEasia/).
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The analysed inorganic components contributed

between 18% and 38% of the total aerosol mass. These

included, Na+, NH4
+, K+, Mg2+, Ca2+, Cl�, NO3

�and

SO4
2� derived from impactor sampling and NO3

�, SO4
2�

and NH4
+ provided by an aerosol mass spectrometer

(AMS). Organic compounds were also analysed as

water-soluble organic carbon (WSOC) derived from

impactor sampling and organic constituents analysed by

the AMS. Numerous studies have suggested that organic
d.

http://saga.pmel.noaa.gov/ACEasia/
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components comprise a significant proportion of the

aerosol mass (e.g. Saxena and Hildemann, 1996 and

citations therein; Krivacsy et al., 2001) and that WSOC

may constitute a significant fraction of particulate

organic matter (e.g. Zappoli et al., 1999). On average,

the contribution of WSOC was found to range from

6.5% to 31% of the total aerosol mass.

Sampling was conducted on the western edge of Jeju

island, in the Gosan district (see Carmichael et al.,

1996). Jeju is a major resort with no large industrial

sources (Carmichael et al., 1997) and as such is an ideal

location to monitor the chemistry of East Asia.

Numerous aerosol characterisation studies have been

carried out, both at Jeju (Carmichael et al., 1996, 1997;

Chen et al., 1997; Kim et al., 2002), and in surrounding

areas (Mukai et al., 1990; Matsumoto et al., 1998).These

have generally highlighted specific trends of aerosol

loadings and characteristics that are largely dependent

on the air mass history. Indeed, the study site is well

known for its favourable geographical location for

studying various aspects of diverse source regions that

are best reflected by relatively systematic wind patterns

(Kim et al., 2002). Winter, spring and autumn are

dominated by continental outflows, with winter and

autumn under the influence of northwesterly trajectories

and spring under westerly flows. Typical trajectories

experienced during ACE ASIA are given in Fig. 1 along

with the dates on which they occurred. The back

trajectories were calculated using the HYSPLIT on-line

transport and dispersion model (Draxler and Rolph,

2003).

Northern China is the second largest source of

atmospheric dust in the world (Xuan and Sokolik,

2002) and given that dust storms advecting off the Asian

continent are likely to interact with polluted boundary

layers before reaching Jeju, the propensity of dust

storms occurring in East Asia has implications regarding

the nature of particulate matter residing there. There is a

large body of observational data that suggests mineral

aerosols are an important reactive surface globally (e.g.

Dentener et al., 1996) and the state of aged dust aerosols

in East Asia has been studied and reported in the past

(e.g. Fan et al., 1996; Chen et al., 1997).

Relative humidity was high across the whole cam-

paign, with a mean of 77% and a standard deviation of

13%. The average temperature was found to be 16�C

(standard deviation of 3�C). Wind speed was also high

on numerous occasions yet rarely increased above

12 ms�1 (average of 6.2 ms�1).
2. Sampling and analysis

Forty aerosol samples taken with a 5-stage Berner

impactor (Berner and Lurzer, 1980) were collected

during the ACE ASIA experiment from 13 to 29 April
2001. The impactor allowed aerosol collection onto four

stages equipped with tedlar substrates, and onto a

Teflon back filter. The cut offs for each stage were:

o0.2mm (Base filter); 0.2–0.5 mm (Stage 1); 0.5–1.5 mm

(Stage 2); 1.5–5.5 mm (Stage 3); 5.5–10mm (Stage 4). The

concentrations of inorganic ions (Na+, NH4
+, K+,

Mg2+, Ca2+, Cl�, NO3
�, SO4

2�) and low-molecular

weight organic acids (acetate, formate, MSA and

oxalate) were determined by ion chromatography (IC).

A Dionex 4500 instrument equipped with a CS12A

column and a Dionex 500 instrument with an AS11

column (Dionex) were used for the analysis of cations

and anions, respectively. The WSOC was determined

using a total organic carbon analyser (Shimadzu TOC-

5000A). A new technique proposed by Decesari et al.

(2000a), also allowed a more detailed organic character-

isation of the major WSOC contributory species to be

made, the results of which will be presented in a future

publication.

Aerosol sampling was also carried out using an

Aerodyne aerosol mass-spectrometer at Jeju (hereafter

referred to as the AMS), which provides mass loadings

of the volatile and semi-volatile aerosol components as a

function of particle size. Details regarding the operation

and calibration of the instrument can be found in the

literature (Allan et al., 2003a, b; Jimenez et al., 2002).

The AMS samples particles with near 100% efficiency in

the size range from 70 to 700 nm aerodynamic diameter

and the following report presents results regarding

sulphate, nitrate, ammonium and organic mass loadings.

The organic mass obtained from the AMS is the total

mass of the organic fraction, not the mass of carbon

within the fraction.
3. Results and discussion

3.1. Impactor data

Total average loadings (PM10) found during ACE

ASIA are presented in Table 1, along with the

maximum, minimum and standard deviations. Ammo-

nium, potassium and calcium loadings were similar to

the annual average found by Carmichael et al., 1996 and

Chen et al. (1997) (NH4
+=1.4mg m�3; K+=0.4mg m�3;

Ca2+=0.5 mg m�3; Na+=1.7mg m�3; Cl�=1.9mg m�3).

Comparatively lower loadings of sodium and chloride

can be explained by the low wind speeds during ACE

ASIA, as sea-salt particles are noted to be more

prevalent during winter periods when wind speeds are

higher (Chen et al., 1997). However, the [Na+] to [Cl�]

ratio was also high due to chloride depletion mechan-

isms, most likely linked to high NOx concentrations in

northerly flows. The relatively high standard deviations

of each component reflect the multitude of air mass

types affecting Jeju. Loadings presented here were found
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Fig. 1. 5 day back trajectories for selected regimes: (a) Chinese regime (13–15 April 2001). (b) Marine regime (16–20 April 2001). (c)

First Korean regime (21–23 April 2001). (d) Second Korean regime (24–28 April 2001). Tagged at 12 h intervals.

Table 1

Average PM10 concentrations of IC analysed components for the whole campaign (in mg m�3)

Na NH4 K Mg Ca SO4 NO3 Cl Acetate Formate Oxalate MSA WSOC

Average 0.54 1.32 0.28 0.27 0.30 3.58 1.40 0.39 0.11 0.10 0.43 0.35 6.71

Maximum 1.48 2.74 0.94 1.17 1.16 8.81 3.99 0.95 0.28 0.29 1.13 1.25 16.31

Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S.D. 0.35 0.66 0.19 0.27 0.28 1.90 0.99 0.29 0.06 0.07 0.29 0.29 3.62
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to be larger than those presented by Matsumoto et al.

(1998), who collected samples from December 1994 to

January 1997 on the Ogasawara islands, in the Sea of Japan

(nssSO4
2�=1.75mgm�3; NO3

�=0.592mg m�3; NH4
+=

0.251mg m�3; Cl�=6.13mgm�3; Na+=4.31mg m�3;

Ca2+=0.375mg m�3) and considerably larger than nitrate

and sulphate loadings collected over the remote Pacific
presented by Savoie and Prospero (1989a, b). Similarly,

lower concentrations were found by Mukai et al. (1990),

who analysed monthly filters taken at Oki Island, Japan,

roughly 700 km northeast of Jeju (SO4
2�=3.59mgm�3;

NH4
+=0.51mgm�3; Na+=0.43mg m�3; NO3

�=

0.114mgm�3; Cl�=0.046mg m�3; Ca2+=0.151mgm�3).

The contribution from WSOC analysed during ACE ASIA
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was important. Indeed, concentrations were found to

increase to levels as high as 18.2 mgm�3, and average

concentrations were the highest of all analysed components.

3.2. AMS data

Mass trends of components analysed by the AMS are

shown in Fig. 2. Results indicate that sulphate and

organic components were clearly more abundant relative

to nitrate and ammonium mass loadings, and that both

were particularly variable. Such data are very useful and

help to define sampling regimes with different air mass

histories. The two most pronounced results are the

increase in sulphate to 14mg m�3 during an aged marine

period, and the increase in organic loadings, again

reaching around 14 mg m�3, during the second Korean

period.

Fig. 2(d) shows the size distributions of analysed

components derived from AMS measurements, aver-

aged across different back trajectory regimes. Table 4

presents averaged mass loadings from the AMS, across

the 70–700 nm size range, for the different trajectory

classifications defined in Fig. 1. A discussion of the size

dependent sampling efficiencies and various other

constraints of the AMS can be found in the literature

(Allan et al., 2003a, b). Distributions were found to be

consistent. Indeed, the shape of the size distribution of

sulphate was found to be relatively constant from day to

day, in agreement with aircraft measurements taken by

Bahreini et al. (2003). As shown in Table 4, sulphate and

organic components were the dominant contributors to

AMS mass loadings across the whole campaign.

Organic components were found to be higher than those

of nitrate, and indeed slightly higher than sulphate,

with a summed mass loading of 3.49 mg m�3 across the

70–700 nm size range. Ammonium loadings in the sub-

micron range were low in contrast to sulphate and

organic constituents (1.48 mg m�3). An important ob-

servation was that nitrate concentrations were found to

be persistently negligible in the sub-micron mode,

relative to sulphate and organic components, and tended

to be present in larger size ranges. However, deriving

any quantitative conclusions regarding super-micron

size distributions of AMS components is not possible

with the inlet system that was operated during ACE

ASIA. Another interesting observation, from the AMS,

was that nitrate was found to be more variable than

sulphate in the accumulation mode. The sub-micron

nitrate was found to vary according to back trajectories,

which is treated separately later, and one might expect

that it is only present in younger air masses. The

contribution from organic components was found to be

variable in mass loading. Interestingly, concentrations

were found to increase substantially during influence

from the Korean mainland.
A discussion of composition variations according to

different back trajectory regimes is now given.

Tables 2 and 3 give the average concentrations and

average fractional molar contributions from the ana-

lysed components, according to different back trajectory

regimes, respectively.

3.3. Chinese outflow

During the period 13–15 April 2001, air masses

arriving at Jeju had advected off the Chinese mainland

within the last two days before measurement (Fig. 1a).

Pronounced results include highest average loadings and

a clear dominance of sulphate toward sub-micron

loadings sampled by the AMS. Strongest relations were

found between impactor nss-sulphate and ammonium,

particularly on stage 1 ðR ¼ 0:94Þ which seemed to be

composed mainly of these two components throughout

the campaign. Fig. 3a shows the molar ratios of the

sulphate and ammonium on this impactor stage. The

majority of data points suggest that particles in this size

range were predominantly composed of ammonium

sulphate, within the derived experimental uncertainty.

However, for the single Chinese outflow sample, there is

apparently insufficient ammonium to fully neutralise the

available sulphate. Although represented by a single

data point, this may be due to the high sulphur

emissions over the industrialised regions of China

matched by lower ammonia emissions.

The most interesting result from this period was the

clear influence from dust particles. Highest loadings of

Ca2+ were found during this period, with 1.03mg m�3

on stage 3 (1.5–5.5 mm) and 0.43mg m�3 on stage 4 (5.5–

10 mm). Sulphate loadings were slightly higher on stage 3

with respect to the remaining sampling period but the

most pronounced effect was the increase in nitrate on

stage 3 (1.5–5.5 mm). Chloride depletion was found to be

20% during this period. Given this and the fact that

ammonium loadings were low (0.08 mg m�3), in contrast

to nss-sulphate and nitrate, it is possible that the

observed increase of the two anions was associated with

dust particles. On stage 4 however (1.5–10 mm), chloride

depletion was 41.9% and it is possible that sulphate and

nitrate deposited on sea-salt particles as well as dust

aerosols. Luria and Sievering (1991) suggest that SO2

reactions on sea-salt aerosol are likely to be more

important. A relatively high correlation was found on

stage 1 between nitrate and ammonium (0.56). In

addition, larger correlations were found between nitrate,

ammonium and the crustal components calcium, potas-

sium, magnesium and sodium on stages 3 and 4 than

those between nss-sulphate and these components.

Hence, it is likely that nitrate was enriched in dust or

sea-salt particles, rather than being associated with

ammonium. Previous studies have reported that parti-

culate sulphate and nitrate displace more volatile
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Fig. 2. (a) Impactor mass time trends for stage 1 (0.2–0.5mm). (b) Impactor mass time trends for stage 4 (5.5–10mm). (c) Total summed

AMS mass loadings across the whole campaign. (d) Average size distributions for analysed AMS components across specific dates (size

in nanometres). Loadings are in mg m�3.

D. Topping et al. / Atmospheric Environment 38 (2004) 2111–2123 2115
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Table 2

Average concentrations, in nanomoles per cubic metre, according to the back trajectory regimes defined in Fig. 1

Regime Size range (mm) Na NH4 K Mg Ca SO4 NO3 Cl Ac For Ox MSA

Whole 0.2–0.5 4.54 35.80 2.62 0.25 0.93 16.72 3.96 1.20 0.67 0.48 0.63 0.26

Campaign 0.5–1.5 10.40 30.36 3.35 1.27 3.10 16.39 9.42 4.18 0.66 0.73 0.56 0.14

1.5–5.5 14.26 8.65 1.72 1.66 5.08 5.88 12.15 7.70 0.42 0.48 0.23 0.05

5.5–10 8.97 7.39 1.33 0.69 2.57 4.53 5.34 4.52 0.40 0.29 0.14 0.07

Total 38.17 82.20 9.03 3.88 11.69 43.52 30.87 17.60 2.15 1.98 1.56 0.51

Chinese 0.2–0.5 2.43 69.68 5.50 0.16 1.71 38.12 3.37 0.50 0.35 0.58 0.77 0.44

0.5–1.5 16.17 49.34 10.78 3.88 10.51 32.94 23.72 10.55 0.56 2.88 1.01 0.54

1.5–5.5 31.51 4.37 3.71 5.75 25.59 12.18 41.62 29.23 0.07 2.95 0.28 0.48

5.5–10 22.44 1.05 1.45 1.87 10.63 9.84 11.13 15.16 0.57 0.68 0.09 0.51

Total 72.55 124.44 21.44 11.66 48.44 93.08 79.84 55.44 1.55 7.09 2.15 1.97

Marine 0.2–0.5 3.04 26.20 3.05 0.04 0.47 13.53 1.70 0.64 0.34 0.20 0.31 0.28

0.5–1.5 13.21 33.54 5.01 1.38 2.99 21.92 7.17 3.87 0.81 0.16 0.56 0.34

1.5–5.5 16.98 2.69 1.11 1.90 6.10 8.24 11.73 6.46 0.31 0.23 0.13 0.10

5.5–10 9.79 1.72 0.56 0.69 2.71 3.82 4.13 3.56 0.38 0.14 0.06 0.19

Total 43.03 64.14 9.73 4.02 12.28 47.52 24.73 14.53 1.83 0.73 1.06 0.91

Korean 0.2–0.5 6.08 39.91 3.23 0.29 1.25 18.03 4.69 1.26 0.91 0.66 0.73 0.30

0.5–1.5 12.73 26.34 3.63 1.53 3.74 13.59 11.33 5.10 0.78 0.91 0.55 0.09

1.5–5.5 18.01 11.22 2.32 2.06 5.91 6.35 14.69 9.59 0.60 0.56 0.29 0.00

5.5–10 11.02 9.54 1.92 0.83 3.08 5.20 6.30 5.57 0.51 0.31 0.16 0.01

Total 47.84 87.00 11.09 4.71 13.98 43.18 37.01 21.53 2.80 2.45 1.74 0.40

Table 3

Average fractional molar contributions, according to the back trajectory regimes defined in Fig. 1

Regime Size range (mm) Na NH4 K Mg Ca SO4 NO3 Cl Acetate Formate Oxalate MSA

Whole 0.2–0.5 0.0667 0.5256 0.0385 0.0037 0.0137 0.2455 0.0581 0.0176 0.0098 0.0071 0.0092 0.0038

Campaign 0.5–1.5 0.1288 0.3761 0.0415 0.0158 0.0384 0.2031 0.1167 0.0518 0.0082 0.0090 0.0070 0.0017

1.5–5.5 0.2444 0.1482 0.0295 0.0284 0.0871 0.1007 0.2083 0.1319 0.0072 0.0082 0.0040 0.0008

5.5–10 0.2462 0.2030 0.0366 0.0189 0.0706 0.1244 0.1467 0.1242 0.0111 0.0079 0.0037 0.0018

Chinese 0.2–0.5 0.0197 0.5636 0.0445 0.0013 0.0138 0.3083 0.0273 0.0040 0.0028 0.0047 0.0062 0.0036

0.5–1.5 0.0993 0.3029 0.0662 0.0238 0.0645 0.2022 0.1456 0.0648 0.0034 0.0177 0.0062 0.0033

1.5–5.5 0.1997 0.0277 0.0235 0.0364 0.1622 0.0772 0.2638 0.1853 0.0004 0.0187 0.0018 0.0030

5.5–10 0.2973 0.0139 0.0192 0.0248 0.1408 0.1304 0.1475 0.2008 0.0076 0.0090 0.0012 0.0068

Marine 0.2–0.5 0.0611 0.5259 0.0612 0.0008 0.0094 0.2717 0.0342 0.0129 0.0067 0.0040 0.0063 0.0057

0.5–1.5 0.1451 0.3684 0.0550 0.0152 0.0328 0.2408 0.0788 0.0425 0.0089 0.0018 0.0061 0.0038

1.5–5.5 0.3031 0.0479 0.0199 0.0339 0.1089 0.1470 0.2092 0.1152 0.0055 0.0041 0.0024 0.0018

5.5–10 0.3519 0.0618 0.0202 0.0249 0.0975 0.1374 0.1484 0.1280 0.0135 0.0050 0.0021 0.0068

Korean 0.2–0.5 0.0786 0.5155 0.0417 0.0038 0.0161 0.2329 0.0606 0.0163 0.0117 0.0086 0.0095 0.0038

0.5–1.5 0.1581 0.3271 0.0451 0.0189 0.0465 0.1688 0.1406 0.0633 0.0097 0.0113 0.0069 0.0012

1.5–5.5 0.2512 0.1565 0.0323 0.0287 0.0824 0.0886 0.2049 0.1338 0.0084 0.0078 0.0040 0.0000

5.5–10 0.2465 0.2133 0.0429 0.0186 0.0689 0.1163 0.1410 0.1247 0.0114 0.0070 0.0037 0.0003
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inorganic components in this region of the globe

(hydrochloric acid in the case of sea-salt aerosol and

carbonate/bicarbonate in the case of mineral aerosol)

during the aging process (Fan et al., 1996; Song and

Carmichael, 1999). This combined with data regarding
the composition of Asian dust (Nishikawa, 1993; Zhang

and Iwasaka, 1999) implies that dust had evolved before

arriving at Jeju. The dominance of nitrate, rather than

sulphate, assumed to be associated with dust here is

supported by the laboratory studies of Hanisch and
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Fig. 3. (a) Molar ratios of NH4
+ to nss-SO4

2� in the 0.2–0.5mm range. (b) Molar ratios of Cl to Na in the 1.5–5.5mm size range. Points

below a ratio of 1.174 indicate chloride deficiency. (c) Molar ratios of NO3
� to nss-SO4

2� in the 5.5–10mm size range.
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Crowley (2001a, b), who found that a large and

irreversible uptake was observed between HNO3
� and

various authentic dust samples (including samples from

Chinese dust regions).

3.4. Marine influenced air

During the period 16–20 of April, air masses arriving

at Jeju had spent between 2 and 5 days prior over the

Yellow Sea and areas west of Kyushu Island (Fig. 1b).

Table 2 shows that averaged component loadings were

smaller than those found during the initial Chinese

outflow, yet comparable to those found during both

Korean periods. During 17th–19th, air masses arriving

at Jeju had spent 5 days over oceanic regions around

Jeju, and areas in close proximity to Kyushu Island. On

the 19th, after spending 5 days over oceanic regions, the

third travelling over the western edge of Kyushu Island,

loadings of various components were very high, those

being Mg2+, K+, NO3
�, Ca2+, SO4

2�, and NH4
+. Higher

loadings of sulphate and ammonium were found in the

0.5–1.5 mm size range than those found during the initial

Chinese outflow (Table 2). Whilst there was some

evidence of linear correlation between MSA and nss-

sulphate in the 0.2–1.5 mm range (R=0.63 for stage 1

and 0.69 for stage 2), the [MSA]: [nss-SO4
2� ] ratios were
found to be at least a factor of 5 below the relationship

derived by Savoie and Prospero (1994), and supported

by Arimoto et al. (1996), for the contribution of DMS

oxidation to nss-SO4
2� production. Fig. 2(c) shows that

total AMS mass loadings were found to be variable

during this ‘‘marine’’ period. During 18th and 19th, the

contribution from sulphate clearly increases as air mass

back trajectories indicate influence from marine areas

and Kyushu Island. Average total sulphate loadings,

derived from the AMS, increased to 5.33 from

2.42 mg m�3 (Table 4), the remaining three components

maintaining loadings similar to the early stages of this

marine period. If one looks at the 18th and including the

19th, the most pronounced effect is the clear dominance

of sulphate to the analysed AMS constituents of the sub-

micron aerosol. Loadings of WSOC dropped during this

period, relative to the initial Chinese outflow. Chloride

depletion was high here, ranging from 62% to 93% on

stage 3 and 57% to 87% on stage 4 and attempts to

achieve closure here indicated that nitrate could not

account for the chloride loss alone. Indeed, the

contribution from nss-sulphate during this period was

significant, whereas during the remainder of the

campaign its contribution deemed secondary to that of

nitrate. This pronounced effect of sulphate interaction is

interesting and the study of Chameides and Stelson
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Table 4

Averaged summed AMS mass loadings in the 70–700 nm size range. Results are partitioned into different time periods, defined using

back trajectory regimes in the text. Loadings are in mgm�3

Date

13–15 15–18 18–21 21–24 25–28 13–30

SO4 Mean 3.56 2.42 5.33 2.52 3.37 3.09

Max 6.02 3.7 14.48 5.8 7.17 11.45

S.D. 0.98 0.43 2.69 0.82 1.21 1.74

NH4 Mean 2.14 1.33 1.92 1.3 1.55 1.48

Max 8.47 17.24 4.25 5 7.18 17.24

S.D. 2.42 2.12 1.13 0.77 0.94 1.45

NO3 Mean 0.49 0.46 0.29 0.65 0.88 0.51

Max 2.49 1.98 1 3.43 4.82 4.82

S.D. 0.4 0.41 0.26 0.63 0.69 0.55

Organic Mean 1.5 1.65 2.17 4.14 8.35 3.49

Max 3.9 4.95 6.08 12.44 15.95 15.95

S.D. 0.87 1.51 1.4 2.06 2.86 3.14
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(1992) suggested that sea salt may remove a significant

amount of sulphur from the marine atmosphere and

thereby suppress the SO2 concentrations in the marine

boundary layer. Sievering et al. (1991) found that

oxidation of SO2 by O3 proceeds rapidly in freshly

formed coarse sea-salt particles when they contained

water and suggest this to be the major pathway for the

formation of coarse mode nss-sulphate in the marine

boundary layer.

3.5. Korean influenced air

During periods 21–23 and the 25–27, air trajectories

changed from north westerly to northerly, with air

masses now advecting across from the Korean mainland

(Figs. 1c and d). Whilst component concentrations

differed little from the aged marine period (Table 2),

one can see that, compared to the other regimes, nitrate

was particularly more abundant in the coarse mode

during both of the Korean periods. This is most likely

linked with an increase in source strength of nitrate

precursors. Chloride loadings increased drastically dur-

ing this period, whereas sodium loadings remained

relatively constant, the highest found on impactor

stage 3 (1.5–5.5 mm). The molar ratios of ammonium

to sulphate in the accumulation mode shown in Fig. 3(a)

indicate that, during this first Korean period, there was

evidently enough ammonium to fully neutralise the

available sulphate on stage 1, leading to the suggestion

that accumulation mode aerosols were composed of

ammonium sulphate here. This is probably linked to

higher ammonia emissions over new source regions of

mainland Korea, and also raises the possibility of

ammonium nitrate aerosols in the accumulation mode.
The second Korean period, defined as 25–27 of April,

encompassed what was thought to be another dust

event, as witnessed by increased loadings of Ca2+ on

stages 2–4 (1.5–10 mm), with a maximum on stage 3

(around 18 nmolm�3). Levels of NH4
+ and SO4

2+ appear

to be unaffected by this process. Loadings of NO3
�

increase relative to the short marine period, although

not to an extent observed during the initial Chinese

outflow. Again, sulphate levels were unaffected by this

event on stages 3 and 4 (1.5–10 mm), suggesting little

interaction between dust particles and gaseous sulphur

compounds. In addition, the accumulation mode aero-

sols (0.2–0.5 mm) seemed to be composed mainly of

ammonium sulphate again, as during the first Korean

period. Size distributions obtained from the AMS were

separated into the two different Korean outflows

(Fig. 2d). It is interesting to note that during both

outflows, the contribution from organic components

increased relative to the previous regimes, particularly

during the second outflow. Similarly the contribution

from sulphate decreased relative to the aged marine

outflow, but was comparable to that found during the

Chinese outflow period. Table 4 shows that average total

loadings (70–700 nm) from the AMS increased during

the second Korean period, relative to the first. Again,

the most pronounced increase was that of average

organic mass loadings from 4.91 to 8.35mg m�3

3.6. Sensitivity studies

3.6.1. Mass closure

Comparisons between IC, organic analysis, and

gravimetric loadings were made in order to assess the

extent of mass closure during ACE ASIA. As shown in
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Fig. 4. (a) Average analysed and gravimetric mass loadings for the whole campaign (mg m�3). (b) Average mass fractional

contributions for each impactor stage, for the whole campaign.

Table 5

Comparison between the AMS and impactor analyses given by

the correlation coefficients ðRÞ and average ratios between the

two datasets (AMS/impactor loadings)

Sulphate Nitrate Ammonium Organics

R 0.52 0.79 0.44 0.87

Ratio 1.44 0.702 1.06 1.05

Fig. 5. Comparison between OC derived from a LowVol

sampler (PM2.5), WSOC derived from a Berner impactor (PM

1.5, PM5.5) and organic components derived from AMS

measurements averaged to the same time frame as the LowVol

sampler. Results are also given for the Berner PM data

calculated without the contribution from the base filter, the

validity of which is discussed in the text.
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Fig. 4, it was found that the fraction of unidentified

mass increased with size. In the smaller sizes, an

important contribution to the mass can be due to

water-insoluble organic carbon (WIOC) and black

carbon not determined by the analytical protocol. The

contributions from both WSOC and inorganic mass

were found to be larger in the smaller size ranges.

Indeed, both were found to account for 34% and

49% of the mass on stage 1 (0.2–0.5 mm) with a smaller

4% and 11% found on stage 4 (5.5–10 mm). It is

suggested that aerosols within the 0.2–0.5 mm size

range are therefore largely characterised by inorganic

components and WSOC only. It is clear that aerosols

within larger size ranges could not be characterised by

WSOC and inorganic components alone, but contain

insoluble crustal components, which have not been

analysed.

3.6.2. AMS vs. impactor intercomparison

The loadings of components analysed by the AMS

were compared with those derived from impactor

samples within the 200–500 nm (0.2–0.5 mm) size range.

Such a size range was chosen to include the region in

which the AMS samples aerosols with near 100%

efficiency, and also encompass a single impactor

sampling size range. Correlation coefficients and

mean differences between the two datasets are given in

Table 5. The correlation coefficients and ratios found

for sulphate and ammonium suggest a good relation-

ship between these components. A high correlation was

found for nitrate, yet the average ratio indicates that

the AMS recorded roughly 70% of the impactor

derived loading. The comparison between the AMS

organics and WSOC derived from the impactor

indicates a high correlation and mean ratio between

the two, with a ratio similar to that found for sulphate

and ammonium.
Organic analyses:

Fig. 5 shows the temporal comparison between the

AMS derived volatile organic components (in mass of

OC), WSOC from impactor sampling (in mass of OC)

and OC derived from a low volume (LowVol) sampler

using the method described by (Mader et al., 2003)

presented as mass of C. The base filters of the Berner

impactor were not included in this analysis. During the

Korean period, it was found that the base filter

contributed over half of the WSOC mass loadings
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Table 6

Correlation coefficients and ratios between the AMS derived

organic loadings and OC carbon data from the LowVol

sampler for different size ranges. The ratio is defined as AMS

loadings divided by LowVol loadings

Size R Mean ratio

PM1 0.95 1.16

PM2.5 0.94 1.2

TSP (LowVol) 0.52 0.69

Total AMS

Fig. 6. Size distribution of three ion fragments representative of

organic components contributing to the derived AMS organic

mass, averaged across the whole campaign (see text).
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implying an extremely large number of small particles

that were not observed and the AMS measurements do

not show a significant sub 200 nm mass mode. The

choice of PM5.5 concentrations from the Berner

impactor was chosen to enclose the 2.5 mm boundary

within the size cut of stage 1 (1.5–5.5 mm) as most of the

WSOC was found in the accumulation mode.

There is good temporal agreement between the

datasets even though the three different techniques have

different operational definitions of organic carbon. It is

on other hand clear from the impactor mass balance,

that in the fine fraction, approximately 20% of the mass

is unidentified that could be attributed to insoluble

carbonaceous material. For a review of different

analytical methods for OC, the reader is referred to

the literature (Jacobson et al., 2000). Kim et al. (2000)

found that the PM2.5 EC/OC ratio at Gosan spanned

from 2% to 10%, and therefore it is possible that EC

could have influenced loadings. Generally, the AMS

organic derived components were slightly higher than

total organic carbon, but as the AMS measures total

organic mass, not the carbon mass in the organic

fraction as discussed earlier, this is not surprising and

correlation coefficients combined with the above discus-

sion emphasise the good agreement between the two.

The analysis can be taken further by analysing conver-

sion factors required to equate the different organic

loadings. To do this, two calculations must be carried

out. The first is the conversion of water-soluble organic

loadings to mass of C using the scaling factor of 1.9.

Second, the WSOC data from the impactor was linearly

interpolated onto the common time base of the AMS

and LowVol organic data. Subtracting the WSOC

carbon mass from the LowVol carbon mass leaves the

water insoluble fraction sampled by the LowVol

impactor. This fraction can then be added to the

interpolated mass of water-soluble organic material

and scaled to match with the AMS derived mass

loadings. The scaling factor required, along with

common conversion factors used to convert non-WSOC

carbon loadings to organic mass loadings in the

literature, can then be used to analyse the agreement

between the data sets. An average scaling factor of 1.07

was found for the ACE ASIA data set implying that the

non-WSOC had a low conversion factor. However,

when one includes error propagation analysis, the

average difference ranged from 1.6 to 0.5. Taking the

study of Matta et al. (2001), one might use mass

conversion factors of around 1.4 and 1.0 for WIOC and

elemental carbon (EC), respectively. Hence, if the

conversion factor used to derive WSOC loadings (1.9)

was indicative of the sampled aerosols, then the AMS

and LowVol organic mass loadings agree fairly well and

it suggests that the AMS organic loadings were possibly

representative of the total OC present. The conversion

factor of 1.9 used for deriving organic mass loadings of
WSOC was based on the technique of Decesari et al.

(2000a) and the results regarding WSOC functionality

will be presented in a future publication. The proposed

chemical models for representing the composition of the

three main classes of organics analysed by this

technique, presented by Decesari et al. (2000b), have

conversion factors of 2.0 for neutral compounds, 2.1 for

mono-/di-acids and 1.7 for poly acids. The correlation

coefficients and average ratio between the AMS and

LowVol organic data are provided in Table 6.

Fig. 6 shows the contribution from three representa-

tive m/z fragments that contribute to the total AMS

organic mass loadings, averaged across the whole

campaign. Laboratory experiments showed that mass

spectra obtained using the AMS compare very well to

the NIST standard library of mass spectra except in the

case of di- and poly carboxylic acids and humic-like

substances, where m/z 44 was found to be much more

pronounced in the AMS spectra. This is reproducible

and the m/z 44 mass loading is proportional to the

concentration of these components. Other classes of

compounds show only minor peaks at m=z ¼ 44; indi-

cating that the m=z ¼ 44 mass fragment can therefore be
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used as a marker of oxidized organic compounds mea-

sured by the AMS.

The most pronounced result in Fig. 6 is the dominant

contribution from m=z 44 (CO2
+). This ion is the largest

contributor to the total organic mass. The distribution is

clearly unimodal, with a modal diameter of around

400 nm. The second highest contributor is m=z 43; this

mass fragment typically shows bi-modal distributions in

urban environments and has two main contributing

ions. The first is C3H7
+, which is representative of

hydrocarbon species; the second source is from

CH2CHO+, which is indicative of oxidised organics,

ketones and aldehydes. The former ion dominates at

smaller sizes and in urban environments, usually

residing on particles around 100 nm in size, the latter,

in more aged air and in larger particle sizes (Allan et al.,

2003b). The lack of m=z 43 within the smaller size ranges

is again consistent with organics in aerosols sampled

during ACE ASIA being aged and heavily oxidised.

That m=z 57, an alkyl chain fragment (C4H9
+), was

found to make a negligible contribution to the organic

mass, is also consistent with this hypothesis. There are

clear indications from the AMS that the organic fraction

is heavily oxidised and is likely to contain carboxylic

acids and/or humic-like substances at very significant

concentrations. This is entirely consistent with the

measurements of the functionality of the WSOC that

show 60% of the WSOC is composed of di carboxylic

acid and humic-like material, the results of which will be

presented in a future publication.
4. Conclusion

Results regarding the chemical analysis of aerosols

sampled during the ACE ASIA campaign, on the Island

of Jeju, were presented using various analytical techni-

ques. Averaged across the whole campaign, it was found

that the major contributory inorganic components were

sulphate, ammonium, nitrate, calcium, sodium and

chloride. Sulphate and ammonium were biased toward

the accumulation mode size ranges. Nitrate, sodium,

calcium and chloride, however, were predominantly

found in the larger size ranges and were attributed to the

collection of sea-salt and dust particles, which had

evolved during transport. It was found during an

identified dust event that loadings of nitrate were

particularly enhanced in the coarse mode, implying

interactions between HNO3 and dust particles. Analys-

ing the contribution from nitrate and nss-sulphate to

chloride loss revealed that nss-sulphate was only found

to have a substantial effect during an aged marine

outflow. This was probably due to the aqueous phase

oxidation of anthropogenic SO2 in cloud over the sea.

Sub-micron component distributions, derived from

AMS measurements, were fairly consistent throughout
the entire campaign, a lack of sub 100 nm mass loadings

consistent with an aged sub-micron aerosol population.

Sulphate and organic constituents were the dominant

mass contributors in this size range and their relative

dominance sensitive to varying air mass history. During

the Chinese outflow, and specifically the aged marine

period, sulphate was clearly the dominant contributor to

sub-micron AMS loadings. As circulation patterns

varied and northerly flows brought in air influenced by

the Korean Peninsula, organic constituents became the

dominant mass contributors. Indeed, results of both OC

and WSOC loadings from impactor sampling indicated

not only that highest loadings were found in the

accumulation mode aerosol, but also such loadings

increased during direct influence from the Korean

mainland.

Comparison between organic components analysed

by the AMS, WSOC derived from impactor sampling

and OC derived from a LowVol sampler suggested that

the volatile components analysed by the AMS were not

only water soluble, but also representative of the total

organic carbon. This result is particularly interesting,

and combined with the unimodal structure of the size

distributions provided by the AMS, we hypothesise that

the sub-micron aerosol are an internal inorganic/organic

mixture. Recent laboratory work has shown that the ion

fragmentation patterns of di-carboxylic, humic and

fulvic acids in the AMS are all dominated by CO2
+

and this was the most prevalent organic fragment signal

in the ambient measurements throughout the ACE

ASIA study. The analysis of the organic functional

groups from the impactor samples using the technique

of Decesari et al. (2000a) also shows that the carboxylic

acids and humic like substances dominate the WSOC

fraction of the sub-micron aerosol.
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