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ABSTRACT

Free tropospheric aerosol particles were collected at Mt. Norikura (36.1°N, 137.5°E, 2770 m a.s.l.) in Japan during
May-October in 2001 and 2002. An automated sequential daily nighttime (00—-06 a.m.) sampler collected free tropo-
spheric aerosols. Average, median, SD, minimum and maximum concentrations of total ionic weight of the 114 samples
were, respectively, 3.9, 2.8, 3.7, 0.2 and 23.2 ug m—. Transport conditions were analysed using backward air trajec-
tory with precipitation amounts along the trajectory. Results suggest that low aerosol mass concentration causes are
(1) descending trajectories and (2) precipitation scavenging during transport without contacting boundary layer atmo-
sphere until arrival. It is suggested that, without precipitation scavenging after entrainment into the free troposphere,
aerosol transport from active emissions at the surface enhances mass concentration at Mt. Norikura.

Average concentrations of NO3 ™, non-sea-salt (nss)K* and C,042" are high in March—-June and low in winter.
The highest average nssSO42~ concentration occurs in summer; it is high from spring through fall. Seasonal variation
of NH4T concentrations resembles that of nssSO42~, but the concentrations” molar ratio (NHs1/nssS0427) is high
(ca. 2) in spring and decreases to 1 in winter. Seasonal variation of NHs ™ 4+ NHj concentration agrees with that of NH3

emissions in China.

1. Introduction

Atmospheric aerosol particles in the free troposphere (FT)
strongly alter direct and indirect radiation effects in the Earth’s
atmosphere (Charlson and Heintzenberg, 1995; Andreae, 1995).
Submicrometer aerosol particles are produced mainly by gas-to-
particle conversion processes in the atmosphere, whereas su-
permicrometer aerosol particles are formed by disintegration
processes of bulk material on the earth’s surface (e.g. sea salt
and dust; Jaenicke, 1993; Warneck, 1999). Most aerosol parti-
cles formed near the ground might remain within the planetary
boundary layer (typically several hundred metres to a few kilo-
metres of thickness above the ground, Stull, 2000), but some
might be entrained into the FT and transported longer distances.
In general, aerosol mass concentrations in the troposphere de-
crease with increasing altitude (Jaenicke, 1993; Dibbetal., 1996;
1997; 2003; Kline et al., 2004; Inomata et al., 2006; Yoon et al.,
2006). Aerosol particles are eventually removed from the atmo-
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sphere by precipitation scavenging and by dry processes such
as gravitational settling (Warneck, 1999; Seinfeld and Pandis,
2006). For those reasons, vertical and horizontal distributions
of aerosol particles in the FT might depend on source intensity,
vertical and horizontal transport from the source area, and wet
and dry deposition during transport.

Several areas showing high aerosol contents in the atmosphere
have been identified by observations from satellite remote sen-
sors (Husar et al., 1997; Kaufman et al., 2002). Among them,
East Asia is considered a globally important source area of an-
thropogenic NO,, SO, and NH; gases as well as submicrometer
aerosols. In addition, frequent dust storms in spring at dry desert
areas (such as the Gobi and Taklamakan Deserts) of East Asia in-
ject enormous quantities of mineral dust particles (yellow sand,
or Kosa in Japan) into the FT; they are subsequently transported
eastward (Duce et al., 1980; Iwasaka et al., 1983; Uematsu et al.,
1983). Along with migration of a synoptic-scale low-pressure
system, anthropogenic aerosols (e.g. sulphate and nitrate) are of-
ten mixed with natural aerosols (e.g. mineral dusts and sea salts).
Subsequently, the complex mixture is transported over Japan
en route to the north Pacific (Uematsu et al., 2002). Aerosols
that are transported through the FT might travel intercontinental
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distances from East Asia to North America (Jaffe et al., 2003).
For that reason, the free troposphere over Japan is an impor-
tant pathway of long-range transportation of materials from the
Asian mainland to the Pacific Ocean in the atmosphere. How-
ever, knowledge of physical and chemical properties of aerosol
particles in the FT near Japan, at the western entrance of the north
Pacific, is limited to short-term snapshots based on observations
made from aircraft (Dibb et al., 1996, 1997, 2003; Mori et al.,
1999; Kline et al., 2004; Inomata et al., 2006) or on mountains
(see below).

For physical data of aerosols in the FT over central Japan,
seasonal variation of number-size distribution was reported at
Mt. Tateyama based on continuous interannual measurements
using an optical particle counter (Osada et al., 2003). That study
showed differences of seasonal variations of coarse (spring maxi-
mum) and fine (early summer maximum) aerosol concentrations.
It was further suggested that seasonal variations are related to
changes in the dominant air trajectory and transport duration
from major source areas, where huge amounts of SO, are emit-
ted. Measurements of number-size distribution using an optical
particle counter can elucidate the physical aspects of aerosols,
but they cannot elucidate the chemical aspects of aerosols. At
ground level, several studies have been made of the year-round
seasonal variation of aerosol constituents in Japan [e.g. Mukai
et al. (1990) at Oki Is., and Ohta and Okita (1990) at Sapporo].
However, year-round characterization of the FT aerosol chem-
istry over Japan and East Asia has never been reported. Because
our previous chemical data of the FT aerosols were obtained
for a selected period from winter to spring at Mt. Tateyama
(Kido et al., 2001a,b) and late summer to fall at Mt. Norikura
(Osadaetal., 2002), adding further data from spring to fall might

20 km

elucidate the seasonal variation of the aerosol chemistry over
Japan.

We performed aerosol and other atmospheric observations at
Mt. Norikura (36.1°N, 137.5°E), central Japan from mid-May to
mid-October in 2001 and 2002 to fill the data gap from spring
to fall. First, we present temporal variation of ionic concentra-
tions during warm seasons. After defining the cases of low and
high concentration samples, major factors controlling ionic con-
centrations in FT aerosols will be discussed with backward air
trajectories regarding mixing with lower atmosphere and pre-
cipitation scavenging. Finally, combined with our previous data,
this study will examine factors relating to seasonal variation of
ionic species in FT aerosols over Japan.

2. Field and laboratory experiments

Atmospheric observations were performed at the Norikura
Cosmic-ray Observatory (2770 m a.s.l.), Institute for Cosmic
Ray Research, University of Tokyo, near the top of Mt. Norikura,
central Japan during 15 May—15 October 2001 and during 15
May-15 October 2002. Figure 1 depicts a map with locations
of Mts. Norikura (3026 m) and Tateyama (3015 m). No large
urban or industrial areas exist near the mountains. Local cities,
Takayama and Matsumoto, are located, respectively, at about
3040 km west and east of Mt. Norikura. Mt. Tateyama is lo-
cated about 50 km north of Mt. Norikura. Local cities, Toyama
and Nagano, are located, respectively, at about 40-50 km west—
northwest and east of Mt. Tateyama.

To check atmospheric conditions suitable for FT air sampling,
ozone and number-size distribution of aerosol particles were
measured using a Dasibi-type UV absorption O3 monitor (1150;
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Fig. 1. Map of Mts. Norikura and Tateyama,
central Japan. Cities are indicated as circles.
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Tokyo Dylec Corp.) and an optical particle counter (KC-01D;
Rion Co. Ltd.), respectively (Osada et al., 2002). Meteorologi-
cal parameters were recorded using a data logger (Mini-met 3;
Grant Instruments) and were logged on a memory board.

Inherent obstacles to atmospheric observations at high-
elevation sites are upslope valley winds and downslope moun-
tain winds (Mendonca, 1969; Nyeki et al., 1998; Seibert et al.,
1998); they occur often on the slopes of Mts. Norikura and
Tateyama. The upslope valley winds are caused by surface heat-
ing of the mountain slope by solar radiation during the daytime.
The downslope mountain winds are caused by radiative cool-
ing of the mountain surface during nighttime (Whiteman, 2000).
Dense cooler air flows down the mountain slope, flushing the
mountain surface with the FT’s clean air. Daily variations of at-
mospheric parameters are examined as follows to determine the
best condition to sample FT air at the site in Mt. Norikura.

Figure 2 shows variations of (a) O3 concentrations and hourly
precipitation, (b) number concentration of aerosols with particles
of diameters larger than 0.3 and 1.0 um and (c) averaged diur-
nal ratios for Oz and aerosols during non-precipitation periods.
To avoid local scavenging effects of precipitation, data of seven
non-precipitation d (26 September—1 October and 3—5 October,
1999), as indicated by horizontal arrows in the lower part of the
Fig. 2a, are included for calculating averaged diurnal variation
ratios; then the hourly ratios to daily averages were combined
for those 7 d. The O3 and aerosol concentrations showed clear
diurnal variations inversely: high in nighttime and low in day-
time for O3, low in nighttime and high in daytime for aerosols.
Similar diurnal variation was found for Mt. Tateyama (Osada
et al., 2003). Higher concentrations of aerosols during daytime
are associated with vertical upward transportation of pollutants
from lowland areas near the mountain. Lower concentrations of
aerosols during nighttime (2200-0600) are attributed to the sub-
sidence of clean air from FT aloft. Similarly, high and stable
O; nighttime concentrations result from the subsidence of the
O;-rich air from the FT. Consequently, to collect the FT aerosols,
our automated sampler was time-controlled and set to operate
every morning (2400-0600).

The automated aerosol sampler was developed in-house to
achieve unmanned long-term nighttime sampling at remote
mountain sites. The Norwegian Institute for Air Research
(NILU) filter holders were used to collect aerosol particles and
were placed in a plastic weather shield having an open window
at the bottom. Aerosol particles were collected using a Teflon
membrane filter (pore size: 1.0 um, filter size: 47 mm both
in diameter; Advantec Toyo Kaisha Ltd.) at a flow rate of ca.
11 1min~". The sample air flow rate was measured using a mass
flow meter (SEF-51; STEC Co. Ltd.) that was calibrated for
standard temperature and pressure conditions. Concentrations of
chemical constituents reported in this study are expressed under
conditions of 0 °C and 1013 hPa.

During intensive observation periods, typically several days to
10 d during July—October, we also collected samples separately
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Fig. 2. Variations of (a) O3 concentrations (ppbv) and hourly
precipitation (vertical bars, mm h™'), (b) number concentrations (1~")
of aerosols larger than 0.3 and 1.0 «m diameter and (c) averaged
diurnal variation ratios for O3 and aerosols. In (c), ratios to the daily
average are averaged for the non-precipitation period (horizontal arrows
in Fig. 2a: 26 September to 1 October and 3-5 October in 1999). The
position of date labels at the bottom of (a) and (b) indicates midnight.

for atmospheric NH; measurements using two acid-impregnated
filters (0.01 M oxalic acid in a 16/84 glycerol/methanol solu-
tionby volume) following the PTFE membrane filter. The NH;
sampling was conducted during nighttime to synchronize the au-
tomated aerosol sampling during the intensive observation peri-
ods for 3 yr from 2000.

After sampling, each aerosol filter sample was put into a pre-
cleaned polypropylene 15 ml centrifuge vial with an airtight
cap (Iwaki Glass Co. Ltd.). These vials were sealed in plas-
tic bags to prevent contamination from ambient gases and were
kept frozen until chemical analyzes at our laboratory. We ob-
tained several procedural blank samples during the observation
to evaluate possible contamination through sample handling and
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storage. Procedural blank samples were treated identically to ac-
tual aerosol samples. Concentrations of procedural blanks were
mostly negligible but, when present, they were subtracted from
the values in the actual sample. To extract water-soluble compo-
nents in the aerosol particles, we added 14 ml of ultrapure water
(Milli-Q; Millipore Corp.) to the sample vial and immersed it
for about 24 h. We applied neither ultrasonic treatment (increas-
ing NO,™ and NO3~ concentration) nor ethanol wetting (which
cannot measure trace amounts of weak acids and CI™) for extrac-
tion. Although the extraction efficiency of water soluble compo-
nents from a PTFE filter might be time-dependent (Derrick and
Moyers, 1981), immersion longer than 24 h and hand shaking
was sufficient to extract nearly 100%. Ionic constituents and pH
of water extracts of the filtered sample were analyzed using an
ion chromatograph (IC: DX-300; Dionex Corp.) and a pH meter
(34, Beckman Coulter Inc.). Using typical sample air (3.5 m?)
and extracted water volume (14 ml), detection limits of aerosol
constituents were estimated as about 20 ng m— for major ions
(NO;~, SO4%~, Na*, NH,*, K* and Ca?*) and about 4 ng m™>
for oxalate. Details of the chemical analyzes were reported in
Kido et al. (2001a) and Osada et al. (2002). Non-sea-salt (nss)
concentrations of SO,2~, Ca** and K* were estimated from Na*t
contents in the sample according to their respective ratios in sea-
water (Wilson, 1975).

Data of aerosol and NH; concentrations used here are se-
lected for samples without precipitation to avoid local effects of
aerosol-scavenging by rain. Another limitation of data selection
is the local wind direction during sampling. Volcanic emissions
of SO, and ash from Mt. Asamayama, located about 90 km ENE
of the site, increased in 2002. Data of aerosol samples collected
during periods of easterly winds are excluded from this study to
avoid volcanic effects and local contamination. For this study,
233 samples were obtained during the two warm periods of 2001
and 2002. Among them, 142 samples were of non-precipitating
conditions and 104 samples were of both non-precipitating and
non-easterly wind conditions.

3. Results and discussion

3.1. Short-term variation and co-varying ions in the
warm season

Figure 3 shows variations of ionic concentrations of FT aerosols
as composite plots for 2 yr. Data (10 samples for 1 September—8
October 2000) of the previous report (Osada et al., 2002) are also
included. Sporadically high concentrations for all ions shown are
observed in May—June, especially for nssCa?t, C,04%, nssK*
and NO;~. For nssCa*" and NO;~, they are apparently low
concentrations in July—mid-September. Concentrations of Na*,
nssK* and C,0, are lower and less variable in August. The
dominant ionic species in the aerosols are nssSO4>~ and NH,*.
As fractions of total ionic weights of aerosols, nssSO4>~ and
NH,*, respectively account for ca. 60% and ca. 20% on aver-
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Fig. 3. Temporal variations of ionic concentrations (nmol m~3) of
aerosols as composite plots for 2001, open circles, and 2002, triangles.
Data (1 September—8 October 2000) of the previous report (filled
squares) are also included (Osada et al., 2002).

age, except for samples with high HT and nssCa** contents. The
average, median, SD, and the minimum and maximum concen-
trations of the total ionic weight of the 114 samples in Fig. 3
were, respectively, 3.9, 2.8,3.7, 0.2 and 23.2 ug m—>. Based on
the range of temporal variation and variability in Fig. 3, we can
classify the data at Mt. Norikura into three periods: May—June
(MJ), July—August (JA), and September—October (SO). We will
use this classification later in Section 3.4.

Expanded temporal variations between 1 June and 2 July 2001
are shown in Fig. 4 to illustrate day-to-day variation and relation-
ship among ions. This period includes maximum concentrations
of nssS0O,4>~, NH4*, C,04%, NO3;~ and nssCa®* in Fig. 3. As
described in Section 2, data plotted here were selected according
to their local meteorological conditions: dry, with non-easterly
winds. At the top of Fig. 4, the duration of the easterly wind
is indicated at ‘E’ with bold underlining. Together with this,
rain intensity and relative humidity in the top panel describe the
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Fig. 4. Short-term variations of ionic concentrations between 1 June
and 2 July 2001. Vertical lines and line plot in the top panel,
respectively represent the precipitation amount and relative humidity.
Duration of the easterly wind is indicated as E at the top.

situation of meteorological conditions for aerosol sampling. Al-
though the unit of concentration in Fig. 4 is nmol m™>, the con-
centration of divalent ions is doubled for ionic balance compar-
ison purposes.

Concentrations of nssSO4%~ are correlated well with NH,*,
implying the existence of ammonium sulphate for the samples
in this period. Temporal variation of nssK* and C,04% concen-
trations are also mostly in phase and tend to synchronize with
variations of nssSO,4>~ and NH,*. Part of temporal variation of
NO; ™~ concentration co-vary with NH, ™, but also tend to exhibit
similar ‘high’ and ‘low’ episodes with nssCa*, except for June 4
of ahigh NO; ™~ event. Because Kosa particles containing CaCO3
act as aeolian carriers of NO3;~ (Nishikawa et al., 1991; Ooki
and Uematsu, 2005), nssCa** and NO;~ might be transported
together after chemical transformation. Among these ions,
stoichiometric correlation is apparent only for nssSO,*~ and
NH,".

Figure 5 shows scatter plots of nssSO,>~ and NH4*+ or NH,*
plus H* concentrations. Most samples with less than 30 nmol
m 3 of nssSO,%~ are plotted on the 1:2 line with NH,* alone, im-
plying that most of nssSO,4%~ exists as ammonium sulphate, fully
neutralized by NH, . On the other hand, for samples with greater
than 30 nmol m—, nssSO,4%~ concentrations are distributed be-
low the 1:2 line. Considered together with H* concentrations
(lower panel), most nssSO4%~ plus H* concentrations are bal-
anced with NH, .
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Fig. 5. Relationship between nssSO,4?~ and NH4+ or NH,+ + H
concentrations.

3.2. Transport condition of aerosols for low and high
concentration cases

In this section, we explain factors that control the low and high
ionic concentrations observed in Fig. 3. Horizontal and vertical
transport conditions are examined for low- or high-concentration
cases based on backward air trajectory (HY SPLIT 4; Draxler and
Rolph, 2003) with precipitation amount along the route (Seibert
et al., 1998; Nishita et al., 2007). The starting height and time
of the trajectories were set, respectively as 3000 m a.s.l. at Mt.
Norikura and the mid-point of the sampling period (03 LT). Us-
ing total ionic concentration, 25 samples with less than 1 pg
m~> were selected for low concentration cases. The value of the
total ionic weight of aerosols corresponds to ca. 7.5 nmol m™>
of nssSO,2~, assuming that all aerosols consist of (NH,),SOy.
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faa

Fig. 6. Horizontal plots of backward air trajectories: (a) cases for total ionic concentration below 1 g m™ with cumulative rain less than 5 mm
during the preceding 2 d, (b) Same as a but for more than 5 mm rain, (c) high nssSO42~ (>50 nmol m™) and (d) high nssCat (>5 nmol m™3).
Hatched areas and filled triangles in ¢ represent major source regions of SO and active volcanoes. Hatched areas in (d) indicate emission source

areas of Asian dusts.

For high concentration cases, 20 and 11 samples were selected,
respectively as high nssSO4%~ (> 50 nmol m~?) and high nssCa”*
(>5 nmol m™). In these samples, SO4>~ alone comprises about
60% of total ionic weight, on average. Therefore, selecting high-
SO,%~ samples implies selection of higher total ionic concentra-
tions, except for samples with high-Ca content influenced by
Kosa dusts. As depicted in Fig. 4, high nssCa’** on July 2 did
not accompany high nssSO,2~, suggesting that a different factor
exists to enhance Ca-rich aerosols. For that reason, cases of high
Ca?* concentration were considered separately, as described
below.

Figure 6 shows horizontal plots of backward trajectories: a
(21 samples) and b (four samples) for low concentration cases
with cumulative rain of less and more than 5 mm during the
preceding 2 d, and c and d, respectively, for high concentration
cases of nssSO,>~ and nssCa?*. The durations of backward tra-
jectories in Figs. 6¢ and d are 5 d instead of the 2 d for Figs. 6a
and b. Major source areas of Kosa dust (Fig. 6d) for nssCa>* and
anthropogenic pollutants (Fig. 6¢) for nssSO,?™ are indicated as
hatched areas (Pye, 1987; Sunetal.,2001; Kanayamaetal.,2002;
Streets et al., 2003). Locations of major active volcanoes in Japan
are also marked by triangles: Asamayama, and Miyakejima
and Sakurajima islands (Fujita et al., 2003; Current Eruptions
in Japan, http://hakone.eri.u-tokyo.ac.jp/vrc/erup/erup.html).
Figure 7 shows vertical plots of backward trajectories with hourly
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precipitation amounts along the route. Panels a to d in Fig. 7 cor-
respond to the same categories as those for Fig. 6.

No matter where air parcels travelled, precipitation scaveng-
ing immediately before arrival might have strongly reduced the
aerosol mass concentration, especially for air parcels that were
exposed to in-cloud scavenging (see the review in Warneck,
1999). For that reason, we carefully avoided data that were influ-
enced by local rain and fog events at the site. For low concentra-
tion samples (Figs. 6a and b), horizontal trajectories during the
prior 2 d spread around Japan from the southeast clockwise to
the north direction, mostly within 2000 km from the site. Note
that trajectory routes and endpoints tend to locate over the ocean
or over less-industrial regions. During 2 d, most trajectories de-
scended from higher altitudes (4-6 km) to the site (Fig. 7a),
except for ascended or waved cases, which were influenced by
precipitation scavenging (Fig. 7b). Although the vertical profile
of aerosol mass concentration might not simply decrease with
increasing altitude (Kline et al., 2004), it is generally consid-
ered as lower in the FT (Jaenicke, 1993; Sakai et al., 2000). For
that reason, air that has descended from a higher altitude might
display a lower mass concentration. Detailed analyzes of three-
dimensional trajectories suggest that low concentration samples
were obtained at the site when the position descended to 3 km
(altitude of the site) is over the sea or a less polluted area. Al-
though the thickness of atmospheric boundary layer is variable
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Altitude (m)

(mm/hr)

Precipitation

Altitude (m)

(mm/hr)

Precipitation

-120 -96 -72 -48

Hours

24 0 -120 -96 -72

with respect to location and time, typically several hundred me-
ters to several kilometres (Stull, 2000), it might be thinner over
the sea than over the continent because of lower surface heating
by solar radiation. This difference of layer thickness engenders
a reduced probability of entraining aerosols that are rich in the
continental boundary layer.

Trajectories showing ascension or waved cases in Fig. 7b ex-
perienced precipitation of more than 5 mm during the preceding
2 d. Although the amount of cumulative rain is not large, low
aerosol concentrations might result from precipitation scaveng-
ing within a short duration. The trajectories of Fig. 6b were
located mostly over the sea and rarely contacted with polluted
boundary layer; consequently, they displayed a low aerosol con-
centration after precipitation scavenging.

Examination of trajectories in Fig. 6c suggests that high
nssSO4%~ concentrations might be attributed to contact of air
parcels with strong anthropogenic emission areas and volcanic
plumes. Although some trajectories accompanied precipitation
during 5 d (Fig. 7c), entrainment of pollution or volcanic plumes
after precipitation scavenging might engender high aerosol con-
tents in the arriving air. Volcanic influences on high nssSO,>~
concentrations are often apparent during summer because huge
amounts of SO, were emitted from Miyakejima Island dur-

-48

Hours

Fig. 7. Vertical plots of backward
24 0 trajectories (upper) and hourly precipitation

amounts (lower) along the trajectory. Cases
plotted for a—d are as indicated in Fig. 6.

ing and after August 2000 (Fujita et al., 2003; Satsumabayashi
et al., 2004).

Almost no precipitation was estimated for trajectories of high
nssCa®* cases in Fig. 7d, but vertical trajectories showed undu-
lation. Horizontal positions of trajectories passed over desert and
loess areas (Fig. 6d). Because the trajectories passed over dusty
regions and because the air revealed high Ca contents of aerosols
(Ichikuni, 1978; Suzuki and Tsunogai, 1988), it is inferred that
the aerosol samples contain Kosa dust.

To summarize the information given in this section, factors
that lead to low aerosol mass concentration at the site are de-
scending trajectories and precipitation scavenging during trans-
port without contact with the boundary layer atmosphere until
arrival. Factors to enhance mass concentration in the FT aerosols
are the connection with active emissions at the surface without
precipitation scavenging after entrainment.

3.3. Correlation of FT aerosols between Mts. Norikura
and Tateyama

We have taken measurements at Mt. Tateyama for the winter—
spring period (Kido et al., 2001a,b). To obtain a year-round
data set for the FT aerosol chemistry over Japan, uniformity
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Fig. 8. Comparison of atmospheric pressure, hourly precipitation at
Kamikochi (intermediate of both sites), O3 and aerosol concentrations
(N > 0.3 and 1.0 ;zm) at Mts. Norikura (thin line) and Tateyama
(dotted line).

of aerosol concentration and synchroneity of temporal variation
at the height range of mountains were examined using contin-
uous data taken from Mts. Norikura and Tateyama. Figure 8
shows an example of time variations at the sites for atmospheric
pressure, O3 and aerosol concentrations (N > 0.3 and 1.0 wm).
Hourly precipitation at Kamikochi (at about the midpoint be-
tween both sites) is also plotted in Fig. 8 to show the duration
of aerosol scavenging by regional scale precipitation. Although
Mt. Tateyama is located about 50 km north, general trends of
atmospheric pressure, O3, and aerosols show similar variations.
The number concentrations of aerosols during rainy days, as
on May 16-19 and May 21, are different between the sites,
probably because of precipitation scavenging. In contrast, night-
time data during non-precipitation periods agree well, suggesting
that aerosol concentration at the altitude of the sites is laterally
uniform in this area under the non-precipitating FT condition.
Therefore, selecting non-precipitating nighttime conditions for
both sites might provide year-round data that are complementary
to those observed during different seasons. Assuming that non-
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precipitating nighttime data represent uniformly distributed FT
aerosol chemistry over central Japan, we next combine the data
from Mt. Tateyama to examine year-round chemical aspects of
FT aerosols over Japan.

3.4. Year-round variation of aerosol chemistry over
central Japan

Figure 9 shows box plots of ionic concentrations of aerosols
at Mts. Norikura (May—October, this study) and Tateyama
(November—April, Kido et al., 2001a,b). As described in Sec-
tion 3.1, data of Mt. Norikura are classified into three periods:
MJ, JA and SO. Data from Mt. Tateyama are classified into two
seasons: winter (NDJF: November—February) and spring (MA:
March and April). Table 1 lists averages and medians of those
data. As shown in Fig. 9 and Table 1, most average values are
higher than their median, reflecting that several high outlier val-
ues exist in the dataset.

Most average concentrations are high in spring and MJ, with
large variation. Except for Na', they are low in winter. Winter
minima of various constituents in FT aerosols have also been re-
ported for Mauna Loa (Hawaii, central Pacific; Lee et al., 1994;
Perry et al., 1999; Huebert et al., 2001), Sonnblick Observatory
(eastern European Alps; Kasper and Puxbaum, 1998), Jungfrau-
joch (central European Alps; Henning et al., 2003), and Vallot
Observatory (western European Alps; Preunket et al., 2002).

The Na™ concentration is high in spring, but it is almost
constant for other seasons. Average concentrations of NO;3~,
nssCa?t, nssK+ and C,0,4% in summer are almost equal to those
in fall: values are intermediate between spring high and winter
low values. Except for nssCa’*, these species are considered
to originate mainly from anthropogenic combustion sources or
biomass burning (Andreae, 1983; Kawamura and Kaplan, 1987;
Narukawa et al., 1999). Although a natural production mecha-
nism through cloud processing has been proposed for C,0,2 in
a clean atmosphere (Warneck, 2003, 2005; Ervens et al., 2004),
its correlation with other anthropogenic species in short-term and
seasonal variations suggests that contribution of natural produc-
tion might not be large to modify C,0,%~ levels in FT aerosols
over Japan.

For nssCa”* concentration, its seasonal variation might de-
pend on the outbreak frequency of dust storms in continental
Asia’s desert areas, which is low in winter and summer, and
high in spring (Kurosaki and Mikami, 2003). In addition, sea-
sonal change of major transport pathways inhibits Kosa dust
transportation from the west (Fig. 6d) because transport of Pa-
cific air is more common in summer (Osada et al., 2003).

The maximum of the average nssSO4%~ concentration occurs
in summer with continuously high concentrations from spring to
fall. As discussed in Section 3.2, a major precursor of nssSO42~
in the FT aerosols over Japan is inferred to be anthropogenic
SO, from East Asia and volcanic SO, near Japan, with a very
low contribution of marine DMS emission, as inferred from the
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Fig. 9. Box plots of ionic concentrations (nmol m~2) of aerosols at
Mts. Norikura (May—October, this study) and Tateyama
(November—April, Kido et al., 2001a,b). The boundary of the box
closest to zero indicates the 25th percentile, thin and heavy lines within
the box, respectively, represent the median and average. The boundary
of the box located most distally from zero indicates the 75th percentile.
M1J: May—June, JA: July—August, and SO: September—October, NDJF:
November—February, and MA: March—April. Numbers (n =) represent
the number of data used.

2001) of
Seasonal variation of

molar ratio (ca. 0.2% on average for
CH;SO; /nssSO4>~ (not shown).
SO, emissions in East Asia increases slightly in winter (Streets
et al., 2003). However, seasonal variation of nssSO4>~ that is
observed over Japan differs from that of SO, emission in East
Asia. According to measurements taken at Mt. Fuji (Igarashi

et al., 2004, 2006), the SO, concentration was high, with many
episodic peaks larger than 1 ppbv in winter, and low with fewer
spikes in summer. Considering seasonal variations of SO,
concentration at Mt. Fuji and our nssSO4>~ in aerosols together,
the ratio of sulphate aerosols to total sulphur in molar units,
S04 /(SO4> + S0O,), is expected to be high in summer and
low in winter. The winter minimum of nssSO,2~concentration
in aerosols might be ascribed to (1) the lower rate of SO,
oxidation during colder and darker winters (Warneck, 1999) and
(2) faster transport from SO, source areas to Japan (Kido et al.,
2001a; Inomata et al., 2006). Alternatively, opposite conditions
of oxidation and transport processes might engender efficient
formation of nssSO4%~ in aerosols in warm months (Osada et
al., 2003). In addition, frequency of volcanic influences tends to
increase in summer, as shown in Fig. 6c¢.

Seasonal variation of average NH,;* concentrations shows
high values during spring and summer, decreasing gradually
in fall to the winter minimum. Major sources of ammonia in-
clude combustion, bacterial decomposition of animal excreta,
and emission from soil and vegetation (Warneck, 1999). Among
them, emanation from fertilizer application and animals are con-
sidered to be main sources in East Asia (Streets et al., 2003).
According to estimates by Streets et al., NH3 emissions in China
vary according to the season: they are high during March—July
and low during October—February, mainly because of fertilizer
usage and temperature effects of emanation from agricultural
soils (Fig. 10a). Different from SO, emissions in China, the
maximum/minimum ratio of NH; seasonal variation is about 2.
Figure 10b shows total NH, (NH; + NH,™) and NH3 concen-
trations of FT aerosols at Japan. Although NH; data for the MJ
season are unavailable, seasonal variations of NH, and NH; con-
centrations show a spring maximum and winter minimum. The
maximum/minimum ratio (ca. 8) of NH, concentration is much
greater than that of NH; emissions in China. Values of average
particle fractions NH,*/(NH;+ NH; ") were from 68% in win-
ter to 87% in JA and SO season, implying that more than half
of NH, exists as aerosol particles at sites, with small variation
according to the season.

Seasonal variation of the molar ratio, NH,t/nssSO,2~ in
aerosols is high (ca. 2) in spring and decreases to 1 in winter
(Fig. 10c), implying a change of major chemical forms of sul-
phate from ammonium sulphate in spring to ammonium bisul-
phate in winter. According to aerial observation results, the mo-
lar ratios of aerosol NH,*/nssSO,42~ in the lower troposphere
over the East China Sea and Bohai Sea were approximately 2
(Hatakeyama et al., 2004, 2005), suggesting rapid neutralization
of acidic sulphates by ammonia, which is abundant in the spring
atmosphere over China. Combined with transport processes con-
sidered in Section 3.2 and Hatakeyama’s results, the existence of
(NH4),SO4 over Japan in spring is ascribed to transport of fully
neutralized sulphate at the major source area. For other seasons,
aerial data over China are not available, thereby preventing our
direct comparison of the molar ratio of aerosols with source
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Table 1. Tonic concentrations of atmospheric aerosol particles (nmol m—>)
1 2 3) ) (5) ©) (7
Location, altitude m a.s.1. Ref Nat NO;~ nssSO42~ NH,* nssK+ Cr04% nssCaZt
Period [number of samples, n]
Mt. Norikura, 2770 m This study
May-June [n = 23] 1.4 10.7 23.1 46.3 2.3 0.8 5.5
(0.5) 2.4 (16.3) (32.2) (1.4) 0.4) (1.6)
July—August [n = 43] 1.6 2.8 28.0 44.5 0.9 0.4 1.9
(1.7) (1.6) (14.5) (41.0) (0.6) (0.3) 0.9)
September—October [n = 47] 1.8 2.8 23.9 29.1 0.8 0.5 1.8
0.7) (1.3) (16.2) (18.3) 0.4) (0.3) (1.6)
Mt. Tateyama, 2450 m
Winter, 1995-2000 [n = 21] a 1.4 1.3 5.9 5.5 0.3 0.1 0.8
(November—February) 0.7) (0.6) (5.0) 4.5) 0.2) 0.1) 0.5)
Spring, 1996-2000 [ = 28] b 33 8.2 23.5 47.7 1.6 0.7 6.1
(March—April) (2.0) 3.2) (17.5) (29.8) (1.0) (0.3) 2.7)

Data in parentheses are median values.

Values below the detection limit were set to 50% of the detection limit for each ion.

References: a, Kido et al. (2001a) and b, Kido et al. (2001b).

areas. However, estimates of the source intensity for NH3 and
SO, (Streets et al., 2003) might facilitate the interpretation of
seasonal variation of the molar ratio. Although the seasonal vari-
ation of SO, emission in China is nearly constant throughout the
year, NH; emissions are high during March—July. For that rea-
son, the molar ratio of NH; to SO, in gas phase at the source area
might follow the seasonal variation of NHj3 emission (Fig. 10a).
Annual emission rates of SO, and NH; in China were estimated
as 0.3 and 0.8 Tmol yr !, indicating that more NH;3 was emitted
over SO, to form (NH4),SO,4 annually, but in fall to winter, emis-
sion of NHj3 lacked to fully neutralize S0,*" oxidized from SO,.
The lower values of the gaseous molar ratio from fall through
winter agree with observations of FT aerosols over Japan. As a
consequence, the variation of gaseous molar ratio at the source
area in China might lead to seasonal variation of the molar ratio
in aerosols in the FT over Japan.

4. Summary and conclusions

Free tropospheric aerosols were collected using an automated
aerosol sampler at Mt. Norikura, central Japan, from mid-May
to mid-October in 2001 and 2002 to close the seasonal gaps in
data sets for this area. Considered along with previously reported
data (November—April, Kido et al., 2001a,b), this report is the
first to describe year-round variation of the FT aerosol chemistry
for East Asia. This paper has presented short-term and seasonal
variations of ionic concentrations in relevance with controlling
factors of their variations.

Based on analyzes of backward air trajectories with precip-
itation amounts along the route, characteristic transport condi-
tions were discussed for low- and high-concentration samples.
The analyzes suggest that factors engendering low aerosol mass
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concentrations are (1) trajectories in descending motion and
(2) precipitation scavenging during transport without contacting
the boundary layer atmosphere until arrival, and that the fac-
tor that enhances mass concentration is connection with active
emissions at the surface without precipitation scavenging after
entrainment.

Average concentrations of NO3 ™, nssK* and C,0,4%~ are high
in March—June with large variability, and low in winter. The
dominant ionic species in the FT aerosols are nssSO,4>~ and
NH,* for all seasons. The maximum of average nssSO4%~ con-
centrations occurs in summer; those concentrations remain con-
tinuously high from spring through fall. The pattern of seasonal
variation of NH, T concentrations resembles that of nssSO4%~,
but their molar ratio (NH4*/nssSO4%7) is high (ca. 2) in spring
and decreases to 1 in winter, implying a change of major chemical
forms of sulphate from ammonium sulphate in spring to ammo-
nium bisulphate in winter. Considered along with NH; data at
the site and emission data obtained by Streets et al. (2003) at the
source area, the variation of gaseous molar ratio (NH3/SO,) in
China might engender seasonal variation of the molar ratio in
aerosols in the FT over Japan.
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