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Abstract

The Japanese Ministry of the Environment promulgated the new air quality
standard of PM,s in September, 2009, which is equal to the value of the air
quality standards of the US EPA (yearly average 15ug m™ and 24h average
35ug m™). With the concentration of primary particles such as elemental carbon
decreasing during the last decade, the contribution of secondary particles became
a big concern. Observation using an aircraft is advantageous in that observation
over the city sky does not receive local exhaust influence, is able to cover a wide
range at a time, and is useful in understanding spatial character of the secondary
particles.

With the aircraft, a spatial variation of the particle size distribution (0.5—
10pm) of the coast line area and the inland area was measured nine times in three
days from July 30, 2008 over the South Kanto region including the Tokyo
metropolitan area. From the level flight observation at 600m altitude, the
increased tendency of particle number concentration and the decreased tendency
of mean particle diameter were observed as we flew to the north inland area. The
number concentration and the relationship with the mean particle diameter
showed the well-organized distribution. A volumetric change of more than 3
times was seen in the distribution of particles sampled in the inland area,
whereas, a clear volumetric change was not seen in the distribution of particles
sampled on the coast line. As for the number concentration of the particle, the
mean particle diameter, and the particle volume, the value changed at the rate of
0.74cm™ km'l, -0.48nm km'l, 0.057|VLm3 cm™ km' each as a function of distance
from the coast line. The increment tendency of the volume growth rates was seen
in proportion to the NO, concentration in particular.

Keywords: Japan, Tokyo, spatial distribution, particulate matter, particle
number concentration, secondary particle.
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1 Introduction

Atmospheric particulate matter (PM) is important for health, visibility, and
climate [1-3]. The Japanese Ministry of the Environment promulgated the new
air quality standard of PM, 5 in September, 2009, and this leads a public interest
in air quality improvement. The values were equal to the air quality standard of
the US EPA (24-hour-average is 35ug m™ and yearly average is 15ug m™).
However, because the annual average concentration of PM, s in the remote area
with very little anthropogenic emission shows the value close to the air quality
standard, it seems to be difficult to achieve the standard in an urban area. The
elemental carbon (EC) concentration that was a representative of the primary
particle in PM, s decreased in Tokyo conspicuously, on the other hand, the
contribution of the secondary particle such as sulfate and organic carbon (OC)
has been a big concern till now [4]. As for the sulfate, Aikawa et al. [5] pointed
out that there is 50-70% of influence by long-distance transportation from
China. However, the quantity that OC based on the organic gas from regional
sources contributes to secondary particle of PM, 5 is big [6-9].

Since a secondary particle comes to occupy a main body of PM, s in Japan, it
is necessary to understand the formation process of the secondary particle. In
order to characterize chemical components of particle matter (PM), it is
necessary to observe for a long time over the wide area. When we collect
samples using PM sampler, we must consider influence of the neighboring
exhaust emission such as small stacks or industrial facilities. Moreover, it is
ideal to collect a particle in places as much as possible at the same time to
understand the spatial distribution of the components. Observation using an
aircraft is advantageous in that the observation over the city sky does not receive
neighboring exhaust influence at the same time to be able to cover a wide range
at a time. From this reason, the aircraft observation is useful in understanding
spatial character of the secondary particle.

As for the research of nucleation and the secondary particle formation of the
particle, much research has been accomplished till now, Kulmala ez al. [10]
reported a review of formation and growth rates of ultrafine atmospheric
particles including research of urban atmosphere. Those studies are based on the
size variation of ultrafine particle. However, there are many observation reports
which show high concentration of secondary particles in suburban area when we
measure on the basis of mass to compare with urban area. The mass growth is
observed in fine particle size range, not ultrafine particle size range.

If vehicle exhaust is a large contributor to PM, s in Japan, it is expected that
PM, 5 levels would decrease as emission control take effect in the vehicle fleet.
To evaluate the effective improvement in PM, 5 concentration, the Ministry of
Economy, Trade and Industry started the JATOP (Japanese Auto-Oil program;
www.pecj.or.jp/english/jcap/index_e.asp) in 2007 to investigate the influence
that motor vehicle emission gave on ambient PM. During this program, two big
observation campaigns were carried out in the summer of 2008 and the winter of
2009. This research is the results of the summer observation campaign.
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2 Observation

Figure 1 shows the location of the flight course and the meteorological
observation sites. Table 1 summarizes the measurements items. The aircraft with
five-passenger helicopter (AS355F2, Aérospatiale Inc., France) was used, and
the observation items shown in Table 1 were recorded every one second.
Ambient air was introduced to the Aerodynamic Particle Sizer (APS)
Spectrometer, and the NOx and the O; monitor. The location and the high level
of the aircraft were monitored with the GPS system. The correction of the NOx
monitor and the O; monitor was carried out before and after each flight using
standard gases.

We started the Tokyo heliport and made a round trip to Urayasu at 200m
altitude. Then, we made a round trip to Kisai via Saitama University, which
belongs to the South Kanto inland area at 600m altitude. We kept the mean
flying speed 60km hr'. This level flight was conducted nine times in three days
from July 30 to August 1, 2008.

Table 1: Summary of observation instruments.
Observables Instruments Measurement Method| Detection limit
PM number concentration and - . . 3
diameter (0.5-20um) TSI, APS model 3321 Time-of-flight 0.001 particle/cm
Ai ft Thermo Fisher Scientific, . .
obs:\:fgation NO, NO, Model 42C/) Chemiluminescence 0.40 ppb
Os Dylec, Model 1150 Ultraviolet absorption 1 ppb
Location, altitude, and travelling Garmin Oregon300 QPS.(Ground 10m
speed positioning systems)
Rawinsonde Vertical distribution of wind velocity,| Japan Weather Semiconductor +0.1deg.
observation wind direction, temperature, and Association, temperature +5% RH
humidity JWA94W/RDSOH hygrometer wind speed: 1m/s
Wind velocity and wind direction Kaijo, DA-600 Ultrasonic anemometer 0.005m/s
Ground base Temperature Chino, Pt-100 Flatinum resistance +0.3deg.
Relative humidity Vaisala, HMP-45A HUMICAP180 sensor +2%
Solar radiation intensity Eko, MS-402F Pyrheliometer +0.5%
. Tokyo helipott 2 [ ~
5 Lyae oastal area
1\3 rela"*vjzé & § :"9?". all1titudet= I200m
T be *)Bly ‘fr-;,i or fligl tco:ro area
\_ A | 50km
Figure 1:  Location of the meteorological observation sites and the flight
course. The rawinsonde observation was carried out at the sites of

star.
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A rawinsonde was launched from the Urayasu and the Saitama University
sites every three hours for four days including the aircraft observation period to
measure the vertical distributions of wind direction, wind speed, temperature and
relative humidity. During this flight, ground-base observation was conducted at
Urayasu (the Tokyo bay area), downtown Tokyo, Saitama University
(a suburban area), and Kisai (a rural area).

3 Results

3.1 Wind conditions

Figure 2 shows the backward trajectory analysis results of air parcel arriving at
each sites of South Kanto region. This trajectory analysis was obtained from
wind data of more than 200 monitoring sites adjusted to 10m high level by using
the method of inverse root-squaring of the distance. The trajectory line shows the
air parcel movement of 24 hours. It is shown that an air parcel was transported
from the east at most sites in South Kanto region. The mean wind velocity and
the mean wind direction from July 30 to August 1 were 1.6, 1.1, 1.0m s! and 58,
82, 153 degrees each. Because the objective analysis data was limited for time
and space in comparison with above monitoring data, the method mentioned
above can expect high precision by a short time period and the near ground level
analysis. For confirmation, we check the trajectory of each air parcel arriving at
600m altitude by using the HYSPLIT model as a reference, and obtained similar
results. The result that wind direction was almost an easterly wind in the whole
South Kanto area means that the direction of the wind was almost perpendicular
to the flight course to the inland part during the observation period, and we could
observe PM and trace gases without following the same air parcel. This
observation was carried out while a condition of ideal wind direction lasted three
days as mentioned above.

Kisai

Saitama
Univ,

Kisai 3 =
Saitama N
Univ, . \

= TokySjrayasu
2008/7/30 9:00 2008/7/31 9:00 2008/8/1 9:00
Figure2: =~ Backward trajectories of air parcel arrived at the time written under

the figure (the trajectory length shows the trace for 24 hours).
3.2 The vertical distribution of pollutants

The vertical distribution of pollutants was observed at Saitama University and
Kisai. The vertical distribution between 300m and 600m showed approximately
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constant for each pollutant. From the rawinsonde observation, all flights of this
time having been in the planetary boundary layer (PBL), constant concentration
of pollutants in the PBL agreed with the result of Laaksonen ef al. [11].

Because the particle number (PN) concentration measured using the APS
Spectrometer targets 0.5um or more, the ultrafine particle less than 100nm is not
included. Wang et al. [12] measured vertical variation of the particle size
distribution including the ultrafine particle from an altitude of 400m to 2,400m
during dust storm using the EEPS (engine exhaust particle sizer). And they found
that nucleation mode particle excelled at high altitude more than PBL, although
accumulation mode particle was dominant in low altitude. As far as we looked in
the range of fine particle and more, particle number concentration in Kisai was
slightly higher. In spite of temporal variation of pollutant concentrations, the
vertical distribution was uniform.

3.3 The horizontal variation of pollutants

An example of the variation of particle size distribution seen in level flight is
shown in Figure 3 as a spatial variation of number concentration and mean
particle diameter. The result of Figure 3 was provided in flight from 15:35 to
16:52 on July 31, 2008 and the average altitude was 619m (590-667m). The
increased tendency of PN concentration and the decreased tendency of mean
particle diameter (PD) were observed as we flew to north (deep inland area). The
similar tendency was seen in other flights.

Tokyo  Saitama Kisai Tokyo  Saitama Kisai
v Univ. v Unijv.
__120 _ 820 .
T . () ; E ()|,
E 100 : %800 ;09.
> Q a o -".
§ 80 "2'780 . O‘. o
(3] ) %" o
5 60 5 760 063
3 = @%ag )
E w S 740 o 0 oy
= =
20 720
0 20 40 60 80 0 20 40 60 80
Distance from the seashore Distance from the seashore
“Urayasu” (km) “Urayasu” (km)
Figure 3: =~ An example of spatial variation of (a) PN concentration and (b) PD

between the central Tokyo and Kisai rural area, as a function of the
distance from the seashore “Urayasu”.

The spatial distribution of pollutants gases in this level flight showed the
increased tendency of O; concentration and the decreased tendency of NOx
concentration was found according to the distance from Urayasu. On the other
hand, the spatial distribution of ground level O; and NOx are shown in Figure 4,
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which was obtained from monitoring data of the more than 200 sites. Figure 7(c)
shows the spatial distribution of O3 concentration of 15:00 on July 30 2008. The
O; concentration of Saitama University and Kisai site was 69.7 and 69.2ppb
each, and there were few differences in comparison with the level flight results.
From comparison between level flight and ground-base measurement, it is clear
that the O; concentration measured during the level flight represents overall
tendency of the South Kanto area. On the other hand, the NOx, which is assumed
as ground source, showed low concentration at 600m altitude, and needs
attention in the absolute scale analysis except relative evaluation such as
NO,/NOx.

(b) SPM max= 100pg m- (d) NO max= 40ppb[

Saitama
Univ.®

Figure 4: The spatial distribution of wind and air pollution (15:00 July 30
2008).

The temporal variation of PN and PD was seen as shown in Figure 5. It
became clear that the PN concentration decreased with the local time, and the PD
increased. This is considered as a variation by the mechanism of coagulation and
the secondary particle condensation to the particle. The research of the
nucleation is generally reported by a variation of particle less than 50nm.
Laaksonen ef al. [11] reported the nano-particle growth rate of around 1nm hr’!
from measurement in the Finnish forest sky. Liu ef al. [13] showed growth rates
of 2.2-19.81nm hr' from measurement of the Chinese city sky. According to
Minoura and Takekawa [14] who observed the growth rate in a suburban of
Japan, the daytime growth rate in summer was 7.9nm hr', however it became
higher value of 14.7nm hr”' in the evening due to enhancement of condensation
effect. As shown in Figure 6b, growth rate of particle sized more than 0.5um was
3.79nm hr', and it was agreed with the extent of the particle growth rate of
1-20nm hr’! that Kulmara ez al. [10] pointed out as a typical growth rate in cities.
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Kalafut-Pettibone ef al. [15] observed the variation of the particle volume using
APS and SMPS in Mexico City and showed the daytime increase in particle
volume of 700nm. This particle growth rate is the first value measured in the
upper PBL of the Tokyo sky. However, we should consider that this value was
obtained from the partial growth of tail of the nucleation mode particle of less
than 50nm. On the other hand, the above researcher mentioned a particle
nucleation ratio of 0.01-10 cm™ s, however negative value was obtained from
this research, and the gradient of Figure 9(a) was -0.001 cm™ s™'. It is thought
that this is the same reason that our observation was limited in size range of more
than 500nm.
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Figure 5: Temporal variation of (a) PN concentration and (b) PD averaged

every each level flight. The rate of change to be provided from the
gradient of the regression line is 3.79nm hr' and -0.001 cm” s™
each.

The PN concentration and the relationship with the PD showed the well-
organized distribution form as shown in Figure 6. The white circles show a
particle sampled in inland area of 600m altitude, and the black circles show a
particle sampled in coast line area of 200m altitude. As for the particle of coast
line area, the distribution was inclined in larger particle in comparison with the
distribution of inland particle. When the particle is assumed to be a sphere,
particle volume (PV) can be displayed as the aslant axis shown in Figure 6. As a
result, a volumetric change of more than 3 times was seen in the distribution of
particles sampled in the inland area, whereas, a clear volumetric change was not
seen in the distribution of particles sampled in the coast line. It is suggested that
the particle of the coast line showed physical coagulation and separation without
the volumetric change. On the other hand, the process of the volumetric increase
with the condensation of the secondary particle was seen in the particle of the
inland area.

The size distributions corresponding to the symbol “a” - “c” in Figure 6 are
shown in Figure 7. The symbol “a” represents a distribution of the coast line
particles featuring comparably high PN concentration in 1um or more. The
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symbol “c” represents a distribution of the inland particles featuring high PN
concentration in less than 1pm. The volume increase of the particle depended on
PN concentration increase of particle less than 1pum represented by the difference
from “b” to “c” in Figure 7.

200
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Figure 6: PN concentration and the relationship with PD.
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Figure 7: Typical PN size distribution in corresponding with “a”-c” in

Figure 6. (a) distribution of coast line area, (c) in inland area.
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The increment of the PV was provided as a function of the distance from the
coast, and it was changed in the range of 0.1-0.4um’ cm™ km™ by each flight. A
major factor to affect the PV increase was investigated among pollutants
concentration and meteorological elements. It became clear that the PV growth
rate has a positive relation with the NO, concentration, and a negative relation
with ambient temperature as shown in Figure 8. The correlation coefficients with
PV growth were summarized in Tables 2 and 3. Because the aircraft was not
equipped with temperature/hygrometer, it was compared with the data of the
ground truth stations. The only correlation coefficient of wind velocity and the
temperature were shown in Table 3, because the other elements showed low
absolute value of less than 0.2.

The positive correlation with NO, or NO,/NOx in Table 2 suggests that PV
growth rate of the particle is high where the photochemical oxidation made
progress. Hering et al. [16] reported the similar results during the POLLUMET
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Figure 8: PV growth rate and the relation with NO, concentration measured
inland level flight, and average temperature measured grand sites.

Table 2: Correlation coefficients with the particle volume growth rate and
gases.

Observation NO NO, NOx NO,/NOx (OR
location ppb ppb ppb ppb
Aircraft -0.076 0.580 0.114 0.320 -0.517

Table 3: Correlation coefficients with the particle volume growth rate and
weather.
Observation Wind velocity Temperature
location ms’ degree
Urayasu -0.228 -0.715
Tokyo -0.394 -0.586
Saitama Univ. -0.481 -0.656
Kisai -0.532 -
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study. The negative correlation with the wind velocity is considered results by
the dilution of the secondary particle or its precursor. As the first reason, the
decline of the O; concentration in Table 2 is considered the results that
contributed to a particle formation. As the second reason, due to the activation of
the convective flow, O; was supplied from upper air and it increased the O,
concentration, as the same time, the secondary particle or its precursor was
diluted and it decreased the particle volume. As for the negative correlation with
the temperature, the influence by the volatilization of secondary particle is
considered, and the association with the effect of convective activity mentioned
above might be considered.

As for the PN concentration, the PD, and the PV, it became clear that the
value changed at the rate of 0.74cm™ km™, -0.48nm km™, 0.057pm3 em” km™
each as a function of distance from the coast line by making a level flight to
north of the inland area. As for the increase of the PV, secondary particle
formation was suggested, and the increment tendency of the volume growth rates
was seen in comparison with the NO, concentration in particular.

4 Conclusions

A spatial variation of the particle size distribution (0.5-10um) of the coast line
area and the inland area was measured nine times in three days from July 30,
2008 by using an aircraft. During this flight, wind blew perpendicularly to the
flight course and the different character of particle could be observed from the
coast area to the inland area. From rawinsonde observation, the aircraft
observation of whole period was carried out in the PBL.

The vertical measurement of pollutant concentration between 300m and 600m
was carried out at two points in the inland area for every nine flights. It is cleared
that the concentration of pollutants (NO, NO,, O3, and particle number “PN”)
showed approximately constant value without depending on altitude, but showed
temporal and spatial variation.

The increased tendency of PN concentration and the decreased tendency of
mean particle diameter (PD) were observed as we conducted the level flight to
north (the deep inland area). The PN concentration and the relationship with the
PD showed the well-organized distribution. As for the particle of coast line area,
the distribution was inclined in larger particle. A volumetric change of more than
3 times was seen in the distribution of particles sampled in the inland area,
whereas, a clear volumetric change was not seen in the distribution of particles
sampled in the coast line. The increment tendency of the volume (PV) growth
rates was seen in comparison with the NO, concentration in particular. The
negative correlation was seen between PV growth and ambient temperature.
It is suggested that the volumetric increase with the condensation of the
secondary particle accompanied by photochemical oxidation was seen in the
particle of the inland area. As for the PN concentration, the PD, and the PV, it
became clear that the value changed at the rate of 0.74cm™ km™, -0.48nm km,
0.057um’® cm™ km™ each as a function of distance from the coast line.
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