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Figure 13. Average sulfate mass distributions scaled to
maximum for Twin Otter RF9 (64 m (3:04—3:19 UTC), 773
m (4:54-5:26 UTC), and 1244 m (4:20—4:35 UTC)) and
Twin Otter RF17 (37 m (00:47—1:35 UTC), 156 m (2:11—
3:11 UTC), 457 m (1:38-2:09 UTC), and 843 m (3:33—
4:20 UTC)).

AMS does not allow the detection of refractory components
of the aerosols. In addition, organic acids that may be
present on the aerosols will be detected but cannot be
unequivocally identified as acids. Thus possible presence
of refractory ions, such as sodium, calcium, and carbonate,
or organic acids on submicron aerosols will contribute an
uncertainty to the estimate of the acidity of aerosols.

[38] Figure 11 shows a comparison of the mass distribu-
tions of ammonium, sulfate, and nitrate during a 31 min leg
on RF17 at 457 m: on this leg, ammonium and nitrate show
a bimodal distribution (modes at ~310 nm and 720 nm)
while sulfate does not. These data indicate that on this leg
ammonium was probably associated with both nitrate and
sulfate, i.e, two externally mixed aerosol populations. The
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average molar ratio of positive to negative charges of the
nonrefractory ions on this leg was calculated to be 0.6.

[39] Figure 12 shows the mass distribution obtained from
the TOF signal at m/z 44 for three of the constant altitude
legs of RF17. This signal has been scaled to the total
organic concentration such that the area under the curve
of dM/dLogD,,, versus LogD,,, for a constant altitude leg is
the same as the average organic mass concentration esti-
mated from MS data (including all organic peaks, not just
m/z 44) for that leg since mass distribution measurements of
other organic fragments did not have enough signal-to-noise
ratio in this case. Organic acids and other oxygenated
organics, the fragments of which have been detected in
aerosols [Seinfeld and Pandis, 1998], and other compounds
such as amides would give fragments at m/z 44 amu upon
electron impact ionization (R. Alfarra et al., manuscript in
preparation, 2002). The fact that this mass distribution
shows a single mode at ~400 nm, similar to sulfate in this
same layer and with a similar width, is consistent with
internally mixing of sulfate and organics in aerosols that
have aged during transport.

[40] The measured mass distribution of m/z 44 does not
show much variability in its mode diameter with altitude or
on different days. Similar behavior is observed for the
sulfate mass distribution at different altitudes, which is
shown in Figure 13 for RF9 and RF17. During RF9, the
mode of the three size distributions is ~400 nm diameter,
while during RF17 the mode is ~400—465 nm for different
altitudes. However, these variations are within the resolu-
tion of the AMS size measurement as described earlier. As
reported in Table 5, the sulfate mass distribution on different
legs was relatively uniform from day to day with a mode in
a range of 400—500 nm vacuum aerodynamic diameter.

[41] Sulfate and ammonium mass distributions measured
at altitudes typical of marine boundary layers (i.e, <100 m)
and pollution layers are compared in Figure 14 (scaled to
the maximum). As shown in Figures 14a—14b, sulfate mass
distributions show a mode at ~400 nm for both marine
boundary layers and pollution layers. Similar mass distri-
butions are observed for ammonium in the marine boundary
layers and pollution layers although the distributions are
noisier (Figures 14c—14d).

4. Comparison of Twin Otter AMS and
DMA Data

[42] The aerosol size distribution in the range of 15 nm—
1 pm was measured by two differential mobility analyzers
(DMAs) aboard the Twin Otter. Operation of the DMAs
during ACE-Asia has been described by Wang et al. [2002].
The DMAs were mounted in the main cabin of the Twin
Otter next to the AMS. One of the DMAs measured the
aerosol size distribution at ambient relative humidity, while
the other measured the “dry” size distribution after passing
the aerosol stream through a Nafion drier prior to measure-
ment. Since no attempt has been made to derive the aerosol
water concentration from the AMS data, the dry aerosol size
distributions and volume concentrations from the DMA
are compared with the size distributions and total mass
concentrations of the AMS. Figure 15a shows the time
trend in the AMS total mass concentration (i.e, sum of
sulfate, nitrate, ammonium, and organics mass concentration
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Figure 14. Average sulfate and ammonium mass distributions for (a and ¢) marine boundary layer and
(b and d) pollution layers on Twin Otter RF9, RF11, and RF17 (scaled to the maximum, i.e, scaled to RF9
distribution for marine layer sulfate and ammonium, RF11 distribution for pollution layer sulfate, and

RF9 distribution for pollution layer ammonium).

(in pg m~) and the DMA dry volume concentration
(in pm® ¢cm ). These two quantities are numerically
identical for an aerosol composed of nonporous spherical
particles of unit specific density (i.e, with a density of
1 g ecm ). For spherical particles with a density different
from unity, the ratio of the AMS mass to the DMA volume is
the material density of the aerosol, while nonspherical
particles result in lower apparent density [Jimenez et al.,
2003a]. The two measurements follow each other closely in
time. Figure 15b shows the linear fit of the AMS mass
concentration with respect to the DMA volume concentra-
tion, with the slope indicating the apparent aerosol density,
averaged throughout the flight, assuming that all the aerosol
mass has been accounted for by the AMS. An independent
estimate of aerosol density can be derived from the AMS
measurements, assuming average densities for each of the
chemical species. Table 6 tabulates ratios of the AMS mass
to DMA volume concentration for a few flights at different
altitudes and air masses, and the expected aerosol density

based on sulfate, ammonium, and organics mass concen-
trations measured by the AMS, with the assumption that the
mixture volume is the sum of the volumes of the individual
components. However, since the AMS as operated in this
study was unable to detect refractory aerosol components, it
is more appropriate to compare values of this ratio to the
estimated density on the days when there was little influence
of dust or sea-salt in the sampled air mass. Aerosol extinction
coefficients as well as Si, Ca, Mg, Al, and CI concentrations
measured by a total filter aboard the Twin Otter indicate
contributions from larger size aerosols of dust and/or sea salt
during RF9 and RF11 [Wang et al., 2002] (S. Gao and
D. Hegg, University of Washington, personal communica-
tion, 2002). During RF14 and RF17, when a significant
influence of dust or sea-salt was not detected, the apparent
density obtained from the ratio of the AMS mass to DMA
volume matches with the estimated aerosol density based on
the AMS mass concentrations of sulfate, ammonium, and
organics to within 15—-23%. This discrepancy may be due to
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Figure 15. Time trend of the AMS total mass concentra-
tion and DMA total dry aerosol volume concentration on (a)
Twin Otter RF17 and (b) the linear fit to the data.

reduced particle transmission in the lens system of the AMS
for larger size or irregularly shaped particles. Presence of
irregularly shaped particles affects the size (volume) infor-
mation obtained from the DMA as well since the DMA
sizes particles based on their mobility diameter. The mo-
bility diameter is different from physical diameter if the
particles are nonspherical because the drag force on non-
spherical particles is different than on spherical ones.
Figure 16 compares the summed mass distributions of the
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sulfate and organics measured by the AMS with the total
dry volume distribution measured by the DMA versus
estimated physical diameter, at two different altitudes
during Twin Otter RF17. Vacuum aerodynamic diameter
of the AMS mass distributions has been converted to
physical diameter using the calculated density based on
sulfate, ammonium, and organics mass concentration in the
AMS mass spectral data, assuming additive volumes, and a
dynamic shape factor of 1.0 (i.e, assuming spherical par-
ticles). At both altitudes, the AMS mass distributions show
modes at 340—390 nm while the DMA volume distributions
modes appear at 280 nm. This discrepancy may be due to an
incorrect assumption for the density of the organic species
(0.9 g ecm ) in converting AMS vacuum aerodynamic
diameter to physical diameter or to the presence of some
water in the particles analyzed by the AMS. The effective
densities needed to match the AMS and DMA distributions
recorded at 156 m and 843 mare 1.6 gecm > and 1.3 gcm ™,
respectively, rather than 1.14 g cm ™ and 1.09 g cm* that
have been used in the analysis. In addition, presence of water
on the particles affects the vacuum aerodynamic diameter
observed by the AMS while it does not affect the dry
diameter measured by the DMA.

5. Comparison With Previous Measurements
in the Region

[43] Levels and relative amounts of aerosol sulfate,
nitrate, ammonium, and organics reflect atmospheric pro-
cessing and aging that take place as Asian emissions of
aerosols and aerosol precursor gases are advected away
from continental sources. Since both observations and
atmospheric chemical transport modeling studies of aerosol
concentrations and compositions in this region have been
reported before, it is possible to place the current ACE-Asia
measurements within the context of past studies. Measure-
ments at Cheju Island, Korea [Carmichael et al., 1997,
Chen et al., 1997], Nara, Japan [Matsumoto and Okita,
1998], and Sapporo, Japan [Kaneyasu et al., 1995] exemplify
results of observational studies in the region.

Table 6. Ratio of the AMS Total Mass Concentration to DMA Volume Concentration, Estimated Density Based on Individual Species
Mass Concentration Measurements of the AMS, as Well as Estimated Density by Comparing AMS D,, with DMA D,, on Several
Constant-Altitude Legs for Twin Otter Research Flights During ACE-Asia

Estimated Density

Estimated Density From Estimated Density

Date of the Time, Altitude, From Ratio of AMS Speciation, by Comparing AMS D,,,
Twin Otter Flight UTC m AMS Mass to DMA Volume g cm ™ and DMA D, g cm ™ Air Mass

14 April 2001 (RF 09) 3:04-3:19 64 0.58 1.54 1.48 NE China
4:20-4:35 1244 0.95 1.45 1.44 NE China
4:54-5:26 773 0.65 1.59 1.46 NE China
5:53-6:10 3093 0.44 1.39

17 April 2001 (RF 11) 4:33-4:47 2805 0.65 1.77 SE China
4:56-5:29 1383 1.16 1.59 1.33 E China
5:38-5:52 40 0.86 1.60 1.04 E China

23 April 2001 (RF 14) 1:21-1:32 26.5 1 1.30
1:35-2:54 607 1.03 1.27 1.62 NE China/N Korea
2:58-3:16 30.5 1.14 1.29 1.55
4:03—4:24 604 1.36 1.22 1.62 NE China/N Korea

27 April 2001 (RF 17) 00:47-1:35 37 0.90 1.17 1.56
1:38-2:09 457 0.91 1.08 1.55 S Korea
2:11-3:11 156 0.97 1.14 1.59 S Korea/N China
3:33-4:20 843 0.97 1.09 1.32 S Korea/N China
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Figure 16. Comparison of AMS average mass distribution
of sulfate and organics and DMA average total dry aerosol
volume distribution on RF17 (156 m (2:11-3:11 UTC) and
843 m (3:33—-4:20 UTC)).

[44] The measurements at Cheju are more representative
of air masses from Korea and China. Cheju Island, Korea, is
located at 33°N—126°E in the East China Sea, ~100 km
south of mainland Korea, ~500 km east-northeast of
Shanghai, China, ~250 km west of Kyushu, Japan, and
~1000 km north-northeast of Taichung, Taiwan. During
winter, airflow to Cheju is generally from north-northwest;
thus sampled air is influenced by northern China as well as
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Korea. During springtime, air masses at Cheju originate
predominantly from northern and eastern China. Carmichael
et al. [1997] and Chen et al. [1997] presented aerosol
composition data obtained from tape filters at Cheju during
March 1992—February 1995. These measurements show
that maximum aerosol concentrations are observed in spring
during dust storm events and continental outflows associated
with high-pressure cold fronts. Among various aerosol
species, calcium, nitrate, and potassium are maximum in
spring. Although non-sea-salt (NSS) sulfate and ammonium
show less seasonal variability than the previous species, their
concentrations are higher in winter and spring and lower in
summer. In general, observations at Cheju indicate that if the
air masses originate from north-central China traveling
behind high-pressure cold fronts, high concentrations of
SO3~, NO3, and Ca”>" occur. Air masses from the industrial
regions of eastern China are characterized by high SO; ™~ and
NO; concentrations and low Ca®". However, air masses
from southern Japan and Korea are associated with high
SO~ but low NO3 and Ca>".

[45] Other studies have characterized the ground-level
aerosol species concentrations in Japan, which should
reflect Japanese emissions and probably also advection
from the Asian mainland. For example, Matsumoto and
Okita [1998] presented results of Annular Denuder System
(ADS) sampling in Nara, Japan during June 1994—May
1995. Nara is located at 34°N—135°E, ~50 km east of
Osaka. Among the gaseous species, sulfur dioxide and
nitrous acid concentrations were higher in winter while
nitric acid concentration was higher in summer. Although
the observed particulate nitrate concentration was higher in
winter and spring, particulate sulfate and total nitrate (nitric
acid + particulate nitrate) were higher in the summer, the
reason being the summertime airflow from Osaka toward
Nara which transports the pollutants to Nara city.

[46] Kaneyasu et al. [1995] reported results of filter pack
measurements at two sites in the city of Sapporo, Japan
during June 1987—-December 1988. Sapporo is located on
the west coast of Hokkaido, the northernmost of the four
main Japanese islands, bordered by the Japan Sea on the
north and mountains on the west and south. Measurements
were collected at two stations: Higashi-Tsukisamu, at the
northern end of Sapporo, and Shinoro, at the southern end
of Sapporo. The wind direction in Sapporo is southeasterly
in summer and northwesterly in winter; thus Shinoro is
downwind of the urban area in summer, and Higashi-
Tsukisamu is downwind from the city in winter. Measure-
ments at Sapporo indicate that the PM, mass concentration
at both locations was higher during winter and spring and

Table 7. Average Aerosol Concentrations Previously Measured in the Region

NH4/(2S03~ + NO3),  NO;/SO3 -,

Location SO° NO; NH; Na* K° Ca** wMg* C  TC EC Molar Ratio Molar Ratio
Cheju® 8.0 1.5 13 1.4 0.5 1.1 0.27 1.6 0.40 0.29
Nara® 390 264 125 037 024 036 007 095 0.73 1.0
Shinoro® 4.1 12 079 064 014 071 012 062 67 33 0.42 0.45
Higashi-Tsukisamu® 4.0 0.9 064 048 013 083 0.0 049 72 3.6 0.36 0.35

Average aerosol concentrations in April at Cheju Island during 1992—1995 (All values in pg m>) [Carmichael et al., 1997; Chen et al., 1997].
®Average aerosol concentrations in April at Nara, Japan (All values in pg m~>) [Matsumoto and Okita, 1998].
“Average aerosol concentrations at Sapporo, Japan during 1998 (Ionic species concentration in pug m >, total carbon (TC) and elemental carbon (EC)

concentrations in pgC m~>) [Kaneyasu et al., 1995].
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Table 8. Summary of AMS Measurements of Sulfate, Nitrate, Organics, and Ammonium Mass Concentrations and the Corresponding

Molar and Mass Ratios at Different Altitudes

Before Takeoff SO4 NO3 Org NH4 NH4/(2*SO4 + NO3) (molar) NO3/SO4 (molar) Org/SO4 (mass)
Average, pg/m3 6.08 231 7.13 2.03 0.69 0.59 1.17
Standard deviation 1.80 1.45 3.88 1.30
Minimum, pg/m3 468 142 231 028
Maximum, pg/m3 846 451 1075 3.54
Number of cases 6 6 5 5
<100 m SO4 NO3 Org NH4 NH4/(2*SO4 + NO3) (molar) NO3/SO4 (molar) Org/SO4 (mass)
Average, mg/m3 3.01 097 446 1.32 0.94 0.50 1.48
Standard deviation 208 075 270 034
Minimum, mg/m3 0.14 002 057 0.67
Maximum, mg/m3 7.03 272 10.86 1.72
Number of cases 20 17 15 11
Number of cases with Korean influence = 1
100—1000 m SO4 NO3 Org NH4 NH4/(2*SO4 + NO3) (molar) NO3/SO4 (molar) Org/SO4 (mass)
Average, jg/m3 249 1.13  6.06 1.06 0.84 0.70 2.44
Standard deviation 1.74 054 3.78 048
Minimum, pg/m3 0.13 040 191 0.52
Maximum, pg/m3 551 227 1273 1.63
Number of cases 13 10 11 8
Number of cases with Korean influence = 7
1000-3000 m SO4 NO3 Org NH4 NH4/(2*SO4 + NO3) (molar) NO3/SO4 (molar) Org/SO4 (mass)
Average, jpg/m3 234 055 3.65 1.58 1.52 0.36 1.56
Standard deviation 2.61 050 247 1.20
Minimum, pg/m3 0.15  0.01 .12 022
Maximum, pg/m3 1031 145 947 414
Number of cases 17 8 9 10
Number of cases with Korean influence = 3
>3000 m SO4 NO3 Org NH4 NH4/(2 * SO4 + NO3) (molar) NO3/SO4 (molar) Org/SO4 (mass)
Average, pg/m3 141 041 262 3.38 5.21 0.45 1.85
Standard deviation 1.11 2.36
Minimum, pg/m3 052 041 082 338
Maximum, pg/m3 329 041 597 3.38
Number of cases 5 1 4 1

Number of cases with Korean influence = 0

lower in summer and fall. On average, total carbonaceous
aerosol contribution to the PM;, mass concentration was
~32%, while sulfate and nitrate contributions were ~9%—
27% and ~4%, respectively. Sulfate concentrations mea-
sured at both sites were comparable throughout the year.
Particulate nitrate and ammonium showed maximum con-
centrations during winter, presumably reflecting the shift of
the ammonium nitrate gas-particle equilibrium toward the
aerosol phase at lower temperatures. Table 7 summarizes
average concentrations of sulfate, nitrate, ammonium, and
organics reported by Carmichael et al. [1997], Matsumoto
and Okita. [1998], and Kaneyasu et al. [1995].

[47] Back-trajectory analysis showed that air masses from
eastern/northeastern China were sampled during most of the
Twin Otter flights (G.R. Carmichael, University of lowa,
personal communication, 2002). There were only a few legs
where air masses from Korea were sampled, during which
slightly higher organic concentrations were observed. Dur-
ing the previous studies in the region, higher sulfate levels
were observed at Cheju, Korea than at Nara and Sapporo,
Japan [Carmichael et al., 1997; Chen et al., 1997;
Kaneyasu et al., 1995; Matsumoto and Okita, 1998]. This
is attributed to the fact that during springtime the air masses
sampled at Cheju had the influence of emissions in northern
and eastern China while those sampled in Japan had the
influence of local urban emissions. Similarly, during the

Twin Otter flights, the AMS measured higher sulfate con-
centrations while sampling air masses from northern China
rather than Korea. It is worth mentioning, though, that the
highest sulfate concentrations were measured by the AMS
on the ground at Iwakuni, Japan, before takeoff, which
might be an indication of locally high sulfate precursor
emissions and low dilution, compared to the air masses
sampled over the ocean that had been advected away
~1000-2000 km.

[48] A summary of the AMS measurements of mass
concentration and the corresponding molar and mass ratios
of sulfate, nitrate, organics, and ammonium at different
altitudes is presented in Table 8. At altitudes less than
1000 m, the molar ratio of NH,/(2SO;~ + NO3) and
NO3;/SO3™ and the mass ratio of organics/SOi_ averaged
0.9, 0.6, and 1.96, respectively. Average sulfate, nitrate, and
ammonium concentrations at altitudes less than 1000 m
measured by the AMS during Twin Otter flights are lower
than ground measurements at Cheju, Korea, during April
1997 by 65%, 30%, and 8%, respectively [Carmichael et
al., 1997; Chen et al., 1997]. Thus the molar ratio of NH./
(2S03~ + NOj3) and NO3;/SO3-based on the AMS
measurements are higher than those measured at Cheju,
Korea. Similarly, the AMS measurements during Twin Otter
flights show lower concentrations for sulfate, nitrate, and
ammonium by 29%, 60%, and 5% than the concentrations
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measured at Nara, Japan [Matsumoto and Okita, 1998].
Sulfate, nitrate, and organics concentrations measured by
the AMS during Twin Otter flights are 31%, 5%, and 7%
less than the measurements at Sapporo, Japan while the
ammonium concentration is higher by 68% [Kaneyasu et
al., 1995]. However, since air masses at Nara and Sapporo
may be more representative of local urban emissions of
Japan, it is more appropriate to compare AMS measure-
ments on the ground, before takeoff, at Iwakuni, Japan, to
the measurements at these sites. This comparison yields
only 20% difference in ratios of NH, /(2503 + NO3 ) and
NO3/SO7~ based on AMS measurements and average
values of measurements at Nara and Sapporo.

[49] Song and Carmichael [1999] employed a chemical
transport model to simulate aerosol evolution over the
castern Asia region. Simulations were carried out for a
two-day period with initial conditions based on observa-
tions at Cheju Island, Korea. Simulations showed that SO,
and H,SO,4 are taken up mostly by the fine particle mode
because of the larger available surface area associated with
this mode. Furthermore, simulations indicated that, for sea-
salt aerosols, sulfate replaces the fine mode nitrate and
chloride and neutralizes the cations. If particles are acidic
after sulfuric acid uptake, then gas-phase ammonia is
taken up for further neutralization. If aerosols are still
sulfate rich, self-neutralization by H,SO, — HSO; + H"
is predicted to become dominant. However, sulfate deposi-
tion onto coarse mode sea-salt aerosols is slower, because
of their smaller available surface area, and sulfate prefer-
entially replaces the higher volatility chloride rather than
nitrate. At the end of the second day, the model predicts a
species molar ratio of NH;/SO3;~ = 1.12 for the fine mode
[Song and Carmichael, 1999]. One would expect the
NH;/SO3~ ratio based on the simulations to be different
than that based on AMS measurements since the initial
conditions of the model are based on observed concen-
trations at Cheju, Korea, which on most days are different
from those measured by the AMS. However, the qualita-
tive picture of sulfate dominated and partially neutralized
submicron aerosols is consistent with AMS measurements.
Considering only those legs of Twin Otter flights which
had influence of Korean emissions, the molar ratio of
NH;/SO;~ was estimated to be 1.9. The higher molar
ratio of NHI/SO?{ indicates that the aerosols that were
sampled by the AMS were neutralized to a greater extent
than model predictions. This can be explained by longer
transport of aerosols from the source regions and contin-
uous uptake of ammonia along the way.

6. Conclusions

[s0] An Aerodyne aerosol mass spectrometer was
deployed in an aircraft for the first time during ACE-Asia.
It successfully operated on 15 out of 19 research flights and
provided information on size-resolved chemical composi-
tion of the nonrefractory components of the submicron
Asian aerosols. Size-resolved mass concentration measure-
ments of nonrefractory aerosols by the AMS indicate that
discrete layers of pollution were present up to an altitude of
~3700 m in the Asian aerosol outflow during the ACE-Asia
field campaign. Pollution layers, marked by high concen-
trations of sulfate and organics, as high as 10 pg m > and

ACE 13 - 21

13 pg m, respectively, were separated by cleaner layers
with lower aerosol loadings. Ammonium and nitrate were
also detected in some layers with concentrations up to ~4
pg m > and ~3 pg m >, respectively. Back-trajectory
analysis showed that pollution layers that originated in
Korea had somewhat higher organics contribution while
pollution layers from China contained a higher fraction of
sulfate aerosols. Real-time mass distribution measurements
of the aerosols also indicate that sulfate and ammonium
mass distributions at various altitudes were uniform during
the campaign. Less than unity values of the molar ratio of
positive to negative ionic charges of the nonrefractory
components of the aerosols on most of the constant altitude
legs of Twin Otter flights is an indication of partially
neutralized aerosols in the region. On the days with less
influence of dust in the aerosol outflow, the total mass of
nonrefractory aerosols estimated by the AMS correlated
well with the total volume of aerosols measured by a
differential mobility analyzer.
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