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[1] Eight inorganic ions in fine aerosol particles (Dp < 1.3 mm) were measured on board
the NCAR C130 and NASA P-3B aircraft during the 2001 Aerosol Characterization
Experiment (ACE)-Asia and the Transport and Chemical Evolution over the Pacific
(TRACE-P) experiments, respectively. Concentrations of NH4

+, SO4
2�, NO3

�, Ca2+, K+,
Mg2+, Na+, and Cl� were determined using a particle-into-liquid sampler coupled to ion
chromatography (PILS-IC) technique at a 4-min resolution and a limit of detection
<0.05 mg m�3. The maximum total ion concentrations observed on the C130 and the P-3B
were 27 mg m�3 and 84 mg m�3, respectively. During ACE-Asia, NH4

+ and SO4
2�

dominated, with the dust-derived Ca2+ contributing nearly equally as SO4
2� in mixing

ratios. The sea-salt-derived Na+ and Cl� were comparable to biomass-burning tracer K+,
showing >1 ppbv only in the top 1% sample population. During TRACE-P, NH4

+

dominated, followed by SO4
2�, Cl�, Na+, NO3

�, Ca2+, and K+, in decreasing order of
importance. In addition to a sea-salt origin, Cl� showed a source in urban emissions
possibly related to biofuel combustion. Both sea salt and dust contributed to Mg2+. In both
experiments, NH4

+, SO4
2�, NO3

�, and CO were strongly correlated, indicating that
combustion was the dominant source of these species and that NH3 and other alkaline
materials were in sufficient supply to neutralize H2SO4. The [NH4

+] to ([NO3
�] + 2[SO4

2�])
ratio was �0.70 in the two campaigns, with deviations found only in volcano plumes,
whereby SO4

2� was found to correlate with SO2. Charge balance of the ions showed both
positive and negative deviations whose magnitudes, �30%, provide estimates of the lower
limits of unmeasured ions. Elevated NO3

� and Ca2+ coexist mainly under polluted
conditions, suggesting the importance of sequestering HNO3 by mineral dust. INDEX
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1. Introduction

[2] Atmospheric aerosol particles play many important
roles in the environment, including visibility, Earth radiation
budget and human health effects [National Research
Council (NRC ), 1998]. In order to establish models to
predict the distribution of aerosol particles (in terms of size,
number and chemical composition) and to assess their
environmental and health effects, knowledge of the various
types of aerosol sources from different regions of the world
is needed. Since many Asian countries are experiencing
increased energy consumption accompanying rapid eco-
nomical growth, emissions related to man-made activities
are expected to rise significantly. This increased emission
can impact chemical composition of the atmosphere on a
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regional to global scale and needs to be monitored to
evaluate current effects and to predict future changes. In
addition to emission sources related to man-made activities,
natural sources of aerosol particles and their precursors also
need to be understood. In Asia, both biomass burning and
dust storms are important processes by which aerosol
particles are generated.
[3] To gain an understanding of the emission sources in

Asia, two large-scale field measurement programs were
carried out in 2001 to record the chemical signals of
outflows from eastern and southeastern Asia. Transport
and Chemical Evolution over the Pacific (TRACE-P) was
an aircraft-based campaign organized by the US National
Aeronautics and Space Administration (NASA). This
program deployed two large research aircraft, a DC-8 and
a P-3B, to measure chemical composition off the coast of
China, Taiwan, Japan and Korea during the period between
4 March and 4 April 2001. Aerosol Characterization
Experiment (ACE)-Asia was organized by National Science
Foundation (NSF) and National Oceanographic and
Atmospheric Administration (NOAA) involving ground
(in Taiwan, China and Korea), shipboard (NOAA R/V
Ron Brown), and aircraft (NCAR C130) measurement
platforms. The C130 flew mainly over the waters off the
coast of China, Japan and Korea during the period between
30 March and 3 May 2001.
[4] Participating in both programs, we made real-time on-

line measurement of the concentrations of inorganic ionic
components in fine aerosol particles (i.e., aerodynamic size
diameter <1.3 mm) on board the NASA P-3B and the NCAR
C130 aircraft using the recently developed particle-into-
liquid sampler coupled to ion chromatography (PILS-IC)
technique [Weber et al., 2001; Lee et al., 2002; Orsini et al.,
2003]. NH4

+, SO4
2�, NO3

�, Ca2+, K+, Mg2+, Na+, and Cl�

were determined at a time resolution of 4 min and a limit of
detection (LOD) of 0.01 � 0.05 mg m�3. We present in this
paper a brief description of the principles and operation of
the PILS-IC instrument, and an overview of the data
collected on the two aircraft regarding distributions, rela-
tionships, and possible sources of these chemical compo-
nents. The simultaneously measured CO, SO2, and several
hydrocarbon species which provide insights as well as
constraints are used to aid the characterizations. Additional
analyses of the data regarding sources, transport/mixing,
and chemical processing are to be reported elsewhere [e.g.,
Ma et al., 2003].

2. Experimental Section

2.1. PILS-IC Instrument

[5] The PILS-IC instruments used on board the two
aircraft were identical. A detailed description of the instru-
ment in terms of construction, operation, efficiency, size
selection, and calibrations is given elsewhere [Orsini et al.,
2003]. Briefly, the PILS-IC is consisted of four major
components: gas denuders, a condensation particle growth
chamber fitted with a steam generator, an impactor sample
collector, and a dual-channel IC analysis system (Figure 1).
Sample air drawn into the system (15.0 L min�1) was first
removed of potential gas interferents using two glass
honeycomb denuders (Rupprecht & Patashnick Co., Inc.
Albany, NY) placed in series immediately upstream of the

condensation growth chamber. The two denuders were
coated with Na2CO3 and citric acid to remove acid gases
(e.g., HNO3 and SO2) and base gases (e.g., NH3), respec-
tively [Sioutas et al., 1996], and were regenerated every
other flight.
[6] The sample air entering into the condensation growth

chamber was mixed with steam generated from heating a
1.0 mL min�1 liquid H2O flow at 110�C, creating super-
saturation conditions. Within the approximately 1 s resi-
dence time inside the chamber, particles were grown to
supermicron sizes with an efficiency of � 90% for particle
diameters of 100 nm and greater [Orsini et al., 2003]. The
resulting supermicron size droplets were collected using an
impactor designed with a D50 = 1 mm [Marple and Willeke,
1976]. The small liquid sample collected on the impactor
surface was washed off with a stream of H2O (referred to as
the carrier flow; flow rate = 0.20 mL min�1) and transported
to the IC system for on-line analysis.
[7] The computer controlled IC system was comprised of

one anion IC (Metrohm model 761 with a suppressor,
equipped with a Metrohm Supp-5, 4 � 100 mm, anion
column) and one cation IC (Metrohm model 761 without a
suppressor, equipped with a Metrohm Metrosep Cation 1–
2, 4 � 125 mm, column). The eluants were 4.0 mM
Na2CO3/2.0 mM NaHCO3 in H2O for the anion IC, and
4.0 mM tartaric acid in 10% CH3CN/H2O for the cation IC.
Both eluant flow rates were maintained at 1.0 mL min�1.
Since the actual sample volume (i.e., the collected droplets)
varied depending on the concentration of condensable
particles, the degree of dilution resulting from mixing the
sample with the carrier flow also varied, albeit in a narrow
range. To determine this dilution factor, a 2.0 mM LiClO4

was present in the carrier flow as an internal standard. The
dilution factor was determined from the actual concentration
of Li+ measured by the IC.

2.2. Inlet Systems and Particle Size Selection

[8] The aerosol inlets on the C130 and the P-3B were
different: the C130 featured a Low Turbulence Inlet (LTI)
which allowed high transmission efficiencies for super-
micron size aerosol particles and the P-3B used a shrouded

Figure 1. Schematic diagram of the PILS-IC instrument
deployed on the NCAR C130 and NASA P-3B aircraft.
Sample flow rate was 15 L min�1.
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inlet which maintained a constant turbulence characteristics
in the diffuser cone independent of the attack-angle. Be-
cause the PILS system on the P-3B was situated across the
aisle from the inlet, there was an additional �8 ft of tubing
length (conductive, id = 0.75 in) between the inlet and the
instrument compared to the C130 configuration. However,
in spite of these differences, calculations showed that
aerosol transmission efficiencies for size range 80 nm to
2.5 mm were greater than 99% in both systems.

[9] A more restrictive size-cut limitation was identified
during post-experiment characterizations of the PILS
system. This restriction was caused by a bend in the
sample air-steam mixing region of the PILS used in the
experiments and was found to effect a size cut of �1.3 mm
at the 15.0 L min�1 sample flow rate used [Orsini et al.,
2003]. As a result, the term fine aerosols used in our work
has an upper size cut of 1.3 mm. Further, it was found out
that the instrument’s sampling efficiency for smaller par-
ticles leveled off at �90% [Orsini et al., 2003], agreeing
with the filter data also collected on the P-3B for calibra-
tion purpose. The final data have been corrected for this
efficiency factor.

2.3. Other Measurements

[10] Hydrocarbons were determined by taking whole air
samples in electro-polished canisters followed by laboratory
GC-FID-MS analysis [Blake et al., 1997]. CO was measured
by a tunable diode laser absorption spectroscopy technique
[Sachse et al., 1991] and SO2 by a chemical ionization
mass spectrometry technique [Thornton et al., 2002].

2.4. Flight Summary

[11] A total of 19 research flights were performed on each
aircraft. All of the 19 flights of the NCAR C130, which was
stationed in Iwakuni, Japan, were made over Japan, South
Korea, the Yellow Sea, East China Sea, and the Sea of Japan
(between latitude 23�–43�N and longitude 124�–144�E,
Figure 2). In contrast, the NASA P-3B devoted 7 of its
flights over the Pacific Ocean during the transits between
California and Asia, leaving 12 flights covering the western
Pacific region including South China Sea and the regions
mentioned above. We limit our analysis of the P-3B data to
those collected in this region, i.e., latitude 7�–41�N and
longitude 112�–156�E (Figure 2). During this western
Pacific research phase, the P-3B was stationed in Hong
Kong, Okinawa, and Yokota, Japan. The two aircraft mis-
sions overlapped for a 5 day period during which two
intercomparison flights were conducted, one on 30 March
2001 and the other 1 April 2001. Concerning the PILS
measurement, no data were obtained on the C130 on the
1 April 2001 flight because of a logistic problem. Inter-
comparison of the PILS-IC data collected on the two aircraft
on 30 March 2001 is reported by Y. Ma et al. (manuscript in
preparation, 2003). The ceilings of the two aircraft were
comparable: 7 km and 8 km for the P-3B and the C130,
respectively. The flight durations were 8–10 hr.

3. Results and Discussion

[12] PILS-IC data were collected on all of the 19 flights on
the P-3B. For the C130 the data were missing on 3 flights:
RF02 (1 April 2001), RF03 (4 April 2001) and RF19 (3 May
2001). The total ion concentrations (the sum of the measured
ions) are coded in color and displayed along the flight tracks
(Figure 2) to show the locations where elevated fine aerosol
mass loadings were encountered. The vertical distributions of
the ions and the total ion mass concentration in three latitude
bands are shown in Figures 3 and 4, respectively. The solid
lines in Figure 4 represent the locally weighted regression
scatterplot smoothing (Lowess) fits which closely track the
median values. We used the Lowess fit because it is more

Figure 2. Flight tracks of the NCAR C130 and NASA
P3-B duringACE-Asia and TRACE-P, respectively. The total
measured ion concentrations are color-coded according to the
color bars (the maximum concentrations are beyond that
indicated by the color bars); large symbols denote altitudes
below 3 km, narrow lines denote altitudes above 3 km, and
intermediate symbols denote altitudes between 2.7 and 3 km.
The total numbers of PILS-IC samples are indicated.
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convenient than the common practice of showing box plots of
binned data.
[13] Because NH4

+, NO3
�, and SO4

2� all showed much
lower concentrations above 3 km (Figure 3), we used this
altitude as an approximate division between the mixed layer
and the free troposphere for displaying the probability plots
of the ions (Figure 5). The maximum total ion concentration
observed on the P-3B (84 mg m�3) was significantly higher
than that of the C130 (27 mg m�3) mainly because of the
encounter of a highly polluted air mass over the Yellow Sea
(flight 14, 18 March 2001, Figure 6). Concentrations of Na+

and Cl�were both higher on the P-3B, but K+ concentrations
were roughly comparable. The C130 however intercepted air
masses that contained much higher fine soluble Ca2+ than the
P-3B (Figure 5), the maximum being 9.9 versus 4.3 mg m�3.

3.1. Relationships Between the Ions

[14] The individual chemical species are useful tracers for
identifying their sources [e.g., Andreae and Merlet, 2001].

The relationship between these species, with or without a
correlation, provides additional support for such analyses.
Na+ and Cl� are thought to be primarily derived from sea-
salt aerosols especially in marine environment where the
ACE-Asia and TRACE-P experiments were conducted.
During ACE-Asia the plot of Cl� against Na+ showed a
slope of 1.04 with r2 = 0.85 (Figure 7), fairly close to the
seawater ratio of 1.16. Several data points showing high
Na+ but very low Cl� were not used in the regression.
Whether these data points are real or caused by measure-
ment uncertainties is unknown and is being investigated.
The slightly lower than seawater ratio observed is consistent
with acidification of particles by strong acids H2SO4 and
HNO3, resulting in a Cl� deficit through HCl volatilization.
The correlation between Cl� and Na+ observed on the P-3B
showed a higher slope of 1.4 (Figure 7), suggesting possible
additional sources of Cl� other than sea-salt aerosols. Since
the three highest Cl� points were found at altitude of
3–4 km and were associated with moderate Ca2+ concen-

Figure 3. Vertical distributions of SO4
2�; NH4

+, NO3
�; Ca2+, K+; and Na+, Cl� in three latitude bands

(�N): <30, 30 < latitude < 35, and >35.
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trations, �500 pptv, a source of Cl� in crustal material
cannot be ruled out. In addition, we also note that Cl� and
Na+ observed in the polluted air mass during NASA P-3B
flight 14 (Figure 6) showed a higher ratio than those
observed in cleaner air masses. While the points below
the seawater ratio line (Figure 8) may be caused by the Cl�

loss mechanism mentioned above, the points above the
seawater ratio line indicate that there are additional sources
of Cl� that are associated with urban pollution which can
significantly influence the Cl�/Na+ ratio. This observation
is consistent with the report by Ye et al. [2003] that while
the mean Na+ concentrations in Shanghai City were nearly
constant over the 4 seasons (0.41–0.62 mg m�3), mean Cl�

concentrations increased significantly from summer (0.22
mg m�3) to winter (3.54 mg m�3). The fact that the samples
showing elevated Cl� also contained high levels of K+

(Figure 8), a biomass-burning tracer [Ma et al., 2003],
strongly suggests that the urban source of Cl� is related
to combustion of biofuel. This argument is consistent with
the findings of Ye et al. [2003] that K+ was also elevated in
Shanghai during the winter season.
[15] Ca2+ is generally believed to be derived from soil and

crustal material, and can therefore be used as a tracer for wind
blown dusts from deserts and arid regions [e.g., Wang et al.,
2002]. The major forms in which calcium is found as crustal
material, e.g., calcite/dolomite, are sufficiently soluble and
form Ca2+ through hydrolysis and/or reaction with acids.
Minor forms of calcium such as Ca3(PO4)2 may not contrib-
ute to the measured Ca2+ because of their limited solubilities.
In addition to this commonly accepted association between
aerosol Ca2+ and its dust/crustal material origin, we are also
considering the possibility that construction activities (and
cement manufacturing) in major urban areas may also play a
role in aerosol Ca2+ content. We note that elevated Ca2+

concentrations were detected in the most polluted plume
encountered in the TRACE-P mission (P-3B flight 14,
Figure 6), which has a strong urban emission characteristics
judging from the high concentrations of aerosol nitrate,
sulfate and many hydrocarbon species. The observed K+ to
Ca2+ ratio of�3 in the first encounter of this plume (Figure 6)
is similar to the ratios of the mean concentrations of these
species reported for Shanghai City (�4 in winter [Ye et al.,
2003]), suggesting that an urban source of Ca2+ may be
important and needs to be further characterized.
[16] In the C130 data set, Mg2+ showed a correlation with

Ca2+ (r2 = 0.83) with a slope of 0.12, but not with Na+

despite the fact that some high Mg2+ points are associated
with elevated Na+ (Figure 9). However, in the P-3B data set,
we note that Mg2+ at elevated concentrations (>400 pptv)
were correlated with Na+ (r2 = 0.78) exhibiting a Mg2+ to
Na+ ratio of 0.08. This slope is fairly close to their seawater
ratio of 0.11. When these high Mg2+ points are removed,
a lower Mg2+ to Ca2+ ratio of 0.16 resulted (r2 = 0.69),
similar to that found on the C130. That sea-salt particles are
found to contribute to Mg2+ observed on the P-3B is
consistent with the general conditions the two aircraft plat-
forms had experienced: the C130 had seen more dust than
sea salt and the P-3B the opposite.
[17] K+ showed a moderate correlation with NH4

+ and
NO3

�, r2 being 0.47 and 0.64, respectively, during ACE-
Asia, and 0.58 and 0.55 during TRACE-P. Because K+ is
thought to be associated with biomass burning (including
biofuel [Ma et al., 2003]), these correlations suggest that
both NH4

+ and NO3
� have an appreciable source in these

processes. It may be pointed out that the fact that elevated
K+ concentrations were observed in a highly polluted urban
plume (Figure 6) strongly supports that biofuel is an
important source of this aerosol component. Ye et al.
[2003] showed that K+ was important in the Shanghai urban
areas and that the mean concentration increased by �3 fold
from summer (0.89 mg m�3) to winter (3.2 mg m�3),
corroborating the elevated K+ we measured.
[18] NH4

+ was strongly correlated with NO3
� and SO4

2�

(r2 being 0.66 and 0.69, respectively, during both ACE-Asia
and TRACE-P), and stronger still with the sum of NO3

� and
SO4

2� (Figure 10), suggesting that NH3 shared common
emission sources with NO3

� and SO4
2� and their precursors.

One may note that NH3 is emitted at a significant level
(�1% of CO) from vehicles equipped with the modern
3-way catalytic converters [Perrino et al., 2002]. If a slope
of unity was observed in these plots (Figure 10), then a
complete neutralization by NH3 of HNO3 and H2SO4 is
indicated. However, since the best fit slope was 0.68, it
indicates that on average there is a �30% of deficit in NH4

+

compared to NO3
� and SO4

2�. This deficit is therefore made
up by other cations, including unmeasured organic species
(e.g., amines), soil-derived species (e.g., Fe and Mn) and the
hydronium ion (acid aerosols). However, since H2SO4 is a
much stronger acid than HNO3 and exhibits a negligible
vapor pressure compared to HNO3, aerosol NO3

� resulting
from condensation of gas phase HNO3 with available
NH3 (or other alkaline reagents) will become important
only if H2SO4 is fully neutralized [Seinfeld and Pandis,
1997]. Consequently, the presence of NO3

� in aerosols
can be used to indicate that the aerosol particles are no
longer acidic, and to assess the relative source strengths of

Figure 4. Vertical distributions of the total ion mass
concentrations segregated by latitude. The solid lines
represent locally weighted average.
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NH3 and the total sulfur (dominated by SO2 near emission
sources). From the fact that >90% of the samples collected
below 3 km, i.e., 1133 out of the 1161 collected on the C130
and 729 out of the 812 on the P-3B, contained nonzero NO3

�

(i.e., [NO3
�]/[SO4

2�] > 0.02), we conclude that under most
conditions NH3 and other alkaline materials, e.g., amines,
were emitted in quantities comparable to or greater than
HSSO4 and its precursor SO2.
[19] The altitude dependence of the ratio of NH4

+ to the
sum of NO3

� and SO4
2� is shown in Figure 11. The Lowess

fits shown as the solid lines, which approximates the
median, indicate for the C130 data a slight negative depar-
ture from the best fit slope of 0.68 in the 3 to 6 km range
and a positive departure above 6 km. For the P-3B data, the
ratio decreased from �0.8 at lower altitudes to �0.5 at
higher altitudes. In both experiments, this ratio remained
fairly constant below 3 km and showed departures only

above this altitude. This behavior qualitatively agrees with
the 3 km height chosen to divide the mixed layer and the
free troposphere (Figure 5) for which air masses of different
sources and history are likely to be encountered.
[20] The co-emission of NH3 along with aerosol sulfate

and its precursor SO2 is also observed during a study of
the plumes of the Miyakejima volcano (24.08N, 139.53E,
P-3B flight 17, 27 March 2001). Sampling was carried
out downwind of the volcano approximately 200 to
300 km to the east southeast. The molar ratio of [NH4

+]
to 2[SO4

2�] decreased with increasing aerosol SO4
2�,

reaching an asymptotic value of 0.42 ± 0.016 (Figure 12).
Because the analysis was confined to samples associated
with the volcano plumes (altitude < 2 km; [SO2] > 2 ppbv),
the reaching of an NH4

+ to SO4
2� equivalent ratio at 0.42

indicates that NH3 was released at a molar ratio roughly
similar to that of SO2. Because we expect a titration behavior

Figure 5. Frequency distributions of fine aerosol ionic components in two different altitude ranges:
below and above 3 km.
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in the [NH4
+]/[SO4

2�] ratio if NH3 is the only neutralizing
reagent, the fact that the ratio reached an asymptotic value of
0.42 without showing an end point strongly suggests the
presence of other alkaline materials. We speculate that
amines and alkaline metals were among the candidates. It
is noted that SO4

2� was correlated with SO2 (Figure 13)
suggesting that the oxidation of SO2 to H2SO4 is the rate
limiting step of aerosol SO4

2� production.

3.2. Charge Balance

[21] Electrical charge balance of the observed aerosol
ionic components offers insights into whether the major
ionic species comprising the aerosol particles have been
identified and quantified. Further, in the case of departure
from neutrality, we may estimate the possible identities of
the missing ionic species and their contributions. In addi-
tion, measurement reliability can also be evaluated through
this inspection.
[22] In Figure 14 we plot the total positive charges against

the total negative charges (in pptv-equivalent) found in the
samples. For the C130, the best fit shows a slope of 0.91
and a large intercept of 648 pptv-equivalent. The correlation
coefficient of this scatterplot is 0.67, reflecting the fairly
sizable scatter of the data. However, we note that all the
points lie above the 1:1 ratio line contained elevated levels
of Ca2+, i.e., [Ca2+] > 1.0 mg m�3. A plausible explanation

of this observation is that the anions associated with Ca2+

were not completely identified by our measurement tech-
nique. A possible candidate of this missing anion is CO3

2�,
which is known to be associated with crustal material
derived Ca2+ and was not quantified by our IC technique.
[23] To examine whether all of the anions associated with

Ca2+ were undetected and therefore resulted in the large
positive deviations seen in Figure 14, we inspect the same
plot but with Ca2+ removed. While the correlation coeffi-
cient increased to 0.80, the best fit slope only slightly
lowered to 0.82, with large scatters evenly distributed about
the 1:1 line. This indicates that the Ca2+ rich samples with
potentially unquantified anions contributed only a portion of

Figure 6. Time series of the concentrations of several fine
aerosol ionic components observed during NASA P-3B
flight 14 (18 March 2001) where a most polluted air mass
during the entire mission was encountered.

Figure 7. Correlation between aerosol Cl� and Na+. The
solid lines represent the least squares fits. Data points in the
rectangular box were not used in the regression.
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the positive deviation in the charge balance. It was noted
that neither Cl� nor SO2 caused a bias in the observed
scatter; data points with high values of these two species
being evenly distributed about the 1:1 ratio line. With the
aerosol chemical composition knowledge established so far
[e.g., Seinfeld and Pandis, 1997], we recognize that
organic compounds are also important components of
aerosols and may contribute to the missing charges. Excess
negative charges reflect the presence of unmeasured cations,
including metals, amines and strong acids. Excess positive
charges, on the other hand, indicate unmeasured anions
such as carboxylates [Kawamura and Sakaguchi, 1999].
The data points (Figure 14) exhibiting the largest negative
deviations, i.e., those identified in Figure 10 (small size
circles) having the lowest ratio of NH4

+ to (NO3
� + SO4

2�),
may contain the strong acid, H2SO4, that has not been
fully neutralized. However, because NO3

� was present in
most of the samples as pointed out earlier, acid aerosols
can only account for an upper limit of 10% of the
samples.
[24] The plots of total positive to negative charges are

shown in Figure 15 for the P-3B data. As with the C130 data,
samples containing higher Ca2+ tend to lie above the 1:1
line. The best fit slope, 0.83, is similar to that of the C130
data with Ca2+ removed. However, we note that samples
corresponding to high SO2 concentrations were responsible
for a low positive to negative charge ratio. The red points in
Figure 15 (bottom panel) with SO2 in excess of 10 ppbv were
identified to be those collected in the Miyakejima volcano
plumes during P-3B flight 17. It is also interesting to point out
that most of the high SO2 points not associated with the
volcano plumes showed a charge balance very close to unity,
again supporting the notion that alkaline materials, princi-
pally NH3, is co-emitted at a level similar to or possibly
greater than the acid aerosols and their precursors. There are

fewer data points in Figure 15 (bottom panel) because SO2

was not determined on all of the P-3B flights.
[25] The magnitude of the charge imbalance, i.e., total

positive charges minus total negative charges, is plotted in
Figure 16 as a function of the total concentration of the ions.
With respect to the C130 data, the Lowess fit of the negative
deviations showed a ‘‘median’’ of �60% at the lowest total
ion concentration which then decreased to �18% at 3 ppbv
and remained at that level for the higher concentration
regime. The Lowess fit of the positive deviations reduced
from 50% at the lowest concentrations to 40% at 3 ppbv,
and then remained between 30 to 35% in the higher
concentration range. The P-3B data showed a similar

Figure 8. Scatterplot of Cl� versus Na+ observed on
NASA P-3B flight 14. The dashed line represents their
seawater ratio of 1.16. Data points are color-coded
according to K+ concentration which extends beyond the
indicated range.

Figure 9. Correlation between Mg2+ and Ca2+ with the
data points color-coded to Na+ concentration. The solid
lines in both panels represent the best fit of the NCAR C130
data.
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magnitude of percent deviation from a complete charge
balance below the total concentration of 3 ppbv. Above that,
the P-3B data showed a smaller positive deviation (10–
15%) and a negative deviation comparable to that of the
C130 data.
[26] Since the limit of detection of the PILS-IC were

10 ng m�3 and 50 ng m�3 for the anions and cations,
respectively [Orsini et al., 2003], we estimate a measure-
ment uncertainty in the total anion to be �10 pptv and total
cation to be �110 pptv. The total uncertainty in the ion
imbalance calculation is �110 pptv, being dominated by the
cation’s uncertainty. It is clear that this small measurement

uncertainty contributed negligibly to the observed scatter in
Figure 16, accounting for only 10% at a total concentration
as low as 1 ppbv. One notes, however, that the higher LOD
for cations may be responsible for a larger negative devi-
ation in charge balance at the lowest aerosol mass loading
because values below LOD were assigned as zero.
[27] It is noted that one should not consider only those

samples exhibiting charge imbalance to have unmeasured
ions. Since neither organic ions nor the strong acid,
hydronium ion, were measured, it is unlikely that we
can rule out the presence of these components for samples

Figure 10. Correlation between NH4
+ and the sum of NO3

�

and SO4
2�. The solid lines represent the least squares best

fits. The data points showing a significant departure from
the main group were not used (small solid circles, top
panel).

Figure 11. Altitude dependence of the ratio of NH4
+ to the

sum of NO3
� and SO4

2�; values greater than 5 not shown.
The solid curve represents the Lowess fits, which
approximates the median values. The dotted lines are the
slopes of the best fits in Figure 10.
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that did show a reasonable charge balance. Two corollaries
that follow are (1) no a priori expectation of a normally
distributed charge balance centered at zero based on the
8 measured ions, and (2) the missing charges can only be

used to arrive at lower limit estimates for the concen-
trations of unmeasured ionic species.

3.3. Altitude Dependence of Charge Imbalance

[28] We plot the charge imbalance as a function of
altitude in Figure 17 to inspect whether a systematic
dependence exists. The Lowess fits of the C130 data show
that the surrogate median value is very near zero at the
lowest altitude, and increases with increasing altitude reach-
ing +60% at the maximum altitude of 8 km. With Ca2+

removed, we note that the median remains at �zero from
the lowest altitude to 5 km and then increases to +30% at the
highest altitude. The data points with total ion concentration
less than 500 pptv which are expected to show the largest
percent measurement uncertainties (�20%, Figure 17) did
not show a significantly different pattern in either magni-
tude or sign of the departure from the remaining data,
indicating that measurement uncertainties contributed insig-
nificantly to the observed charge imbalance. The P-3B data
showed an increase in positive deviation with increasing
altitude, similar to the C130 data. However, the lower
concentration data points (total ion < 500 pptv) appeared
to exhibit a wider spread in the imbalance, suggesting that
measurement uncertainties were partly responsible for the
observed charge imbalance.

3.4. Relationships of Aerosol Ionic Components With
Other Measurements

[29] Fine aerosol particles are known to have an impor-
tant source in combustion processes which produce precur-
sors such as SO2, hydrocarbons, and NOx in addition to
primary particulate matter such as soot containing particles.
Since CO is a major byproduct of combustion, a correlation
between CO and fine aerosol mass loading (and some

Figure 12. Ratio of [NH4
+] to 2[SO4

2�] as a function of
aerosol sulfate concentration observed during a volcano
plume study (NASA P-3B flight 17, 27 March 2001). Data
are color-coded to SO2 concentration and size-coded to
altitude (large circles for 2 km and below). The exponential
fit of the data is limited to those associated with the
Miyakejima volcanic plume using [SO2] > 2 ppbv as a
criterion. Note that the maximum SO2 was 17 ppbv,
extending beyond the color bar scale.

Figure 13. Relationship between aerosol SO4
2� and SO2 in

the Miyakejima volcano plume. The solid line represents the
best fit of the data for SO2 > 2 ppbv (r2 = 0.80). Data points
collected at 2 km and below are represented by the large
circles.

Figure 14. Plot of the total positive charges against the
total negative charges of the aerosol ionic components
measured on the NCAR C130 aircraft. Data points are
color-coded to Ca2+ concentration; the solid line is the least
squares fit of the data.
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aerosol chemical components) is expected. In Figure 18
we plot the sum of the concentrations of NH4

+, SO4
2�, NO3

�,
and K+ against [CO]. Na+, Cl�, Ca2+, and Mg2+ were not
included because they are considered noncombustion
related. Although the majority of the C130 data points
conform to a fairly strong correlation (Figure 18), there is
a separate group of samples that showed much smaller
ratios, i.e., [CO] ranging between 250 and 1000 ppbv with
corresponding [total ion] between 0 and 1 ppbv. Since these
data points also correspond to similarly low ratios of other
species to CO, e.g., toluene and ethane, we surmise that

these data points were collected in air masses that had been
substantially processed, e.g., by photo chemical reactions,
leaving, however, the long-lived CO relatively unchanged.
[30] To investigate this possibility, we establish a time

scale that can approximate the photochemical age of an air
mass using the measured hydrocarbon concentrations. Ra-
tios of co-emitted hydrocarbons, e.g., benzene and toluene
from automobile exhausts, have been applied to determin-
ing the plume age [Gelencser et al., 1997]. While this
approach has the advantage of being insensitive to dilution,
good knowledge of the ratios of the hydrocarbons at the
source is required. Further, a realistic average OH concen-
tration is also needed. Since fairly large uncertainties exist
in both quantities, the photochemical age estimated here is
at best qualitative. However, somewhat favorable for the

Figure 15. Plot of the total positive charges against the
total negative charges of aerosol ionic components
measured on the NASA P-3B. (top) Color-coded to Ca2+

concentration. (bottom) Color-coded to SO2 concentration.
The two solid lines are the same and represent the best fit of
the data points in the top graph.

Figure 16. Charge imbalance of the measured aerosol
ionic components as a function of total ion concentration.
The solid line represents the best fit of the data, and the top
panel in each graph shows the imbalance normalized to total
ion concentration.
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ACE-Asia and TRACE-P environment is that there are
fewer nearby sources over the ocean that can confound this
ratio.
[31] From the selected hydrocarbon species available we

used ethyne and toluene for this calculation because both
are known to have a strong source in vehicular emissions.
Using a source ethyne/toluene ratio of 0.65 [Fraser et al.,
1998] and a 24-hr average [OH] of 5.5 � 106 cm�3, we
derived a photochemical age ranging from 8 hr to 51 hr
(C130). This time scale agreed with that established using
propane and toluene to within 10 hrs. Although the C130
data in Figure 18 showing a small ion mass to CO ratio were
somewhat aged, 30 to 51 hr, there are significantly more

data points in this age group belonging to the higher slope
group of Figure 18. Consequently, it is clear that photo-
chemical reactions (�2 days) were not the primary process
by which aerosols were removed from the atmosphere.
Cloud processing which preferentially removes soluble
species is likely to be responsible for the low [ions] to
[CO] ratios in these samples. Since cloud processing is
often accompanied by rise of air masses to higher altitudes,

Figure 17. Charge imbalance as a function of altitude.
Points with a total ion concentration less than 500 pptv are
shown as solid diamonds. The solid lines represent Lowess
fits to the data.

Figure 18. Correlation between the sum of combustion
related aerosol ionic components (NO3

�, SO4
2�, NH4

+, and
K+) and CO. The solid lines represent the best fits of the data
without the group of points showing high [CO] (>250 ppbv)
and low [ion] (<1 ppbv), r2 being 0.67 and 0.76,
respectively. The dashed lines are the eyeballed top edge
of the data envelope. The dotted line in the bottom panel is
the best fit line of the NCAR C130 data.
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samples collected at higher altitudes may have increased
chance of going through such a process. In this regard, we
note that 31 of the 34 samples in this group were collected
at altitude greater than 2 km.
[32] We note that the inclusion of the noncombustion

related ions did not affect the correlation, with the r2

remaining at 0.82. This is not unexpected concerning Na+

and Cl� as their concentrations were low. However, this
also indicates that Ca2+ which was present at much higher
concentrations had been relatively well mixed with com-
bustion-derived plumes. Furthermore, it is worth noting that
in Figure 18 samples containing elevated K+ are associated
with high [CO]. Since K+ is believed to be a tracer for
biomass (and biofuel) burning, the inefficient combustion
process which is known to generate a significant amount of
CO is corroborated by this observation.
[33] A brief diversion follows. It should be cautioned that

the qualitative photochemical age analysis carried out here
is based on the assumption that vehicular-derived urban
pollution in large Chinese cities (e.g., Shanghai) is similar in
character to that of the U.S. However, the validity of this
assumption may be partly supported by two considerations.
First, China has a policy in place keeping vehicles older
than 10 years off the road and as a result the fleet is
dominated by modern vehicles, most of them produced in
China by major international nameplates. Second, despite
the fact that the air sampled on the P-3B were impacted by
various regions, including Hong Kong, Japan, Korea and
China, tight correlation between several key hydrocarbon
species (e.g., toluene, benzene, i-pentane, n-butane) were
observed on the P-3B similar to those observed in North
America [e.g., Parrish et al., 1998],
[34] A similar analysis is made for the P-3B data in

Figure 18. Although K+ is again found to be associated
with high [CO], the data did not form clearly distinguish-
able groups like the C130 data. We nonetheless fitted the
data without the group which showed [ion] less than 1 ppbv
and [CO] greater than 250 ppbv. The slope of the best fit
line is nearly twice as that for the C130 data, resulting
possibly from less aged high concentrations of pollution
encountered by the P-3B. It may be pointed out that the
photochemical age of the most polluted urban plume
encountered (the first plume in Figure 6) was estimated to
be �20 hr using the benzene/toluene pair. These low ion-
high CO samples were found to have elevated CH3Cl (600–
1000 pptv), but contained essentially zero K+, consistent
with cloud processing which had preferentially removed the
soluble species. The altitude at which these points were
sampled ranged between 0.6 and 6 km with 49 out of 72 at
above 2 km. The eyeballed maximum slopes using the top
of the data envelops (dashed lines, Figure 18) are fairly
similar between the C130 and the P-3B, providing a
qualitative estimate for the ion (including precursors) to
CO emission ratio of 5% at the sources.

3.5. Relationship Between Ca2++ and NO3
����

[35] Ca2+ (and other mineral cations) contained in dust
aerosols serves as an important neutralizing and quenching
reagent for acids produced in the gas phase (e.g., nitric and
sulfuric acids). Although it has been suggested that mineral
particles can also mediate chemical transformation [Dentner
et al., 1996] by way of surface reactions oxidizing NO2 to

NO3
�, field observations needed to support this mechanism

have not been unequivocally established. A major difficulty
in verifying this pathway lies in the fact that gas phase
formation of HNO3 from NO2 oxidation by OH followed by
adsorption onto mineral particles is typically fast, charac-
teristic NO2 life time being <24 hr. The data collected on the
C130 and P-3B again showed that samples of high aerosol
[NO3

�] are associated with high [CO] where active photo-
chemical production of HNO3 is expected. In Figure 19 we
plot the percent positive charge due to Ca2+ as a function of
aerosol [NO3

�]. While it is clear that Ca2+ played an
important role as a neutralizing reagent, accounting for up
to �50% of the positive charges at [NO3

�] � 1.5 ppbv,
elevated [NO3

�], i.e., greater than 200 pptv, were nearly
exclusively associated with [CO] � 200 ppbv. Photochem-
ical formation of HNO3 in polluted air followed by its
adsorption onto Ca2+ containing aerosol particles is a
plausible mechanism for the observation of Figure 19. Only
the C130 data were shown because of the larger Ca2+

concentration observed on this platform.

4. Conclusions

[36] Fine aerosol ionic components, NH4
+, SO4

2�, NO3
�,

K+, Ca2+, Mg2+, Na+, and Cl�, were determined at a 4-min
time resolution using the PILS-IC technique on board the
NCAR C130 and NASA P-3B aircraft during the ACE-Asia
and TRACE-P experiment, respectively. The maximum total
ion concentration observed on the P-3B was 84 mg m�3,
significantly higher than that on C130, 27 mg m�3, because
of encountering of a highly polluted air mass over the Yellow
Sea. The timing and location, however, allowed the C130 to
sample air masses that were heavily impacted by dust
particles indicated by the elevated Ca2+ concentrations
(maximum = 6 ppbv). Low levels of Mg2+ were also derived
from dust at a Mg/Ca ratio of �0.16. Higher levels of

Figure 19. The contribution of Ca2+ to positive charges as
a function of aerosol nitrate concentration.
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Mg were found to have a sea-salt origin showing a Mg/Na
ratio of �0.1. Cl� and Na+ were in general correlated, the
slope being close to their seawater ratio. However, addi-
tional sources of Cl� in urban emissions and dust plumes
were also indicated. SO4

2�, NO3
�, and K+ all showed strong

correlations with CO, consistent with their combustion
origins. NH3, which appeared to also be co-emitted from
the combustion processes and urban areas, was comparable
in supply to H2SO4 and its precursor SO2, responsible for
neutralizing �70% of the total aerosol acidity. Charge
balance of the 8 measured ions showed that although the
positive and negative charges are tightly correlated, slope
�0.8, the magnitude of the imbalance (positive charge-
minus charge, in pptv-eq) was �20% of the total ion
concentration (in pptv). It is expected that these missing
charges are associated with organic acids and bases, and to
a lesser extent, the hydronium ion. The unmeasured chem-
ical components were likely to also be present even in cases
where an apparent charge balance was observed. The
charge imbalance did not show an altitude dependence
and was not significantly influenced by measurement
uncertainties. The presence of NO3

� in Ca2+ containing
aerosol particles was noted and may result from adsorption
of photochemically produced HNO3 onto the Ca2+ contain-
ing particles.
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