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Vertical Distribution of the Tropospheric Ozone over Japan:

The Origin of the Ozone Peaks
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Abstract

Vertical distributions of the tropospheric ozone over Wakasa Bay, Enshu-nada and some other places
in Japan were measured by a series of aircraft measurements during 1987-1991. The backward trajectories
of air parcels with the ozone peaks and potential vorticity distributions around them were then analyzed
to study their origin. This result showed that the ozone peaks over Japan sometimes originated from the
tropopause folding which occurred in the west of Japan. Two ozone peaks had different altitudes and
concentrations over Enshu-nada on 21 January 1989 which originated from different tropopause foldings.
They seemed to diffuse during the transport which resulted in a stratified structure forming over Japan.
The two similar ozone peaks, which originated from the identical tropopause folding and were observed
300 km away on 21 January 1989, belonged to the identical ozone layer based on the potential temperature
inclination. Two different types of air masses were simultaneously observed at different points over Japan
on 8 August 1990. One was the continental air mass which showed a high ozone and a low water vapor
concentration being transported from the northeast of China. The other was the maritime air mass which
showed a low ozone and a high water vapor concentration staying over the sea for a few days that didn’t
come across the stratospheric air mass and pass over the metropolitan area. However, the ozone and
water vapor showed a positive correlation even when the maritime air mass passed over the metropolitan
or industrial areas, thus showing that the concentrations of the ozone and vapor were both high. The
vertical distribution of ozone on 27 April 1991 over Tsukuba was almost uniform and the concentration
was approximately 70 ppbv. This suggested that the air masses came from the folding area whose vertical
inclination of potential vorticity was small and was transported shortly after this event. Not only intrusion
from the stratosphere but diffusion during the transport was also important for the ozone distribution over
Japan based on the relationship between the concentration of ozone and the distance of transport.

1. Introduction cated in the western Pacific rim region which is
on the border of the continental and the maritime
air masses. Besides, the most intense jet stream
over Japan in the northern hemisphere is associ-
ated with repeated cyclogenesis in this area (Austin
and Midgley, 1994). Muramatsu (1989) has also
pointed out that the north of Japan is the region
where the stratospheric air mass intrudes actively
into the troposphere. Thus, the study of ozone in
the free troposphere over Japan is an important sub-
ject. The ozone measurement in the free troposphere
over Japan has been made at the top of Mt. Fuji
since 1992 (Tsutsumi et al., 1994). Though this
measurement showed a significant seasonal change
and a typical tropopause folding event in the free
troposphere, the information about the vertical pro-

Though various meteorological processes are
thought to cause stratospheric/tropospheric ex-
changes (Shapiro, 1980), the dominant processes of
stratospheric/tropospheric exchange are tropopause
folding (Danielsen and Mohnen, 1977) or tropopause
folding and mean meridional circulation (Singh et
al., 1980). On the other hand, a major loss pro-
cess is the destruction on land and ocean sur-
face (Fabian and Pruchniewicz, 1977; Newell, 1963;
Danielsen and Mohnen, 1977; Galbally and Roy,
1980). Lately, in addition to the stratosphere-
troposphere exchange processes noted above, pho-
tochemical processes in the troposphere can also
be a significant source or sink of the tropospheric

ozone (Fishman and Crutzen, 1978). Japan is lo-
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file of ozone was limited. Since an aircraft measure-
ment is useful for the study of vertical or horizontal
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Fig. 1. Research map for a series of aircraft measurements. The closed circles show the research area
where the vertical distribution was observed. The dashed line indicates the location of the cross

section which is shown in Fig. 7.

distributions of the tropospheric ozone, numerous
aircraft measurements on tropospheric ozone were
performed, including projects like TROZ (Fabian
and Pruchniewicz, 1977), GASP (Nastrom, 1979),
GAMETAG (Routhier and Davis, 1980), TROPOZ
(Marenco et al., 1990) and INSTAC (Tsutsumi et
al., 1991; Kondo et al., 1993). Though the air-
craft measurement on the tropopause folding over
Japan was made by Muramatsu et al. (1984), this
measurement was focused on the folding structure.
There are 4 ozone sonde stations in Japan and many
vertical ozone profiles have been accumulated for
more than 30 years. However the vertical resolu-
tion and accuracy of the concentration in the tro-
posphere were not sufficient to analyze the details
of the ozone profiles. Thus, the vertical structure of
the tropospheric ozone over Japan has not been fully
resolved yet. The vertical distribution of ozone over

the tropical region in the Pacific Ocean showed a
simple profile in the INSTAC project. For example,
the concentration of ozone simply increased with al-
titude over Yap (138°E, 10°N) and, on the other
hand, simply decreased with altitude over Davao
(125°E, 7°N) (Tsutsumi et al., 1991). How is the
ozone distributed in the troposphere over Japan and
where does it come from? A series of aircraft mea-
surements from 1987 to 1991 were made to study
the vertical distribution of the tropospheric ozone
over Japan and the origin of their peaks.

2. Experimental and analysis

Air was sampled from an intake on the aircraft
and was introduced to an ozone monitor. The ozone
monitor was an UV absorption type (Dasibi: Model
1008 and later Dylec: 1006-AHJ) and measured ev-
ery 12 seconds. The concentration of ozone was
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Table 1. Flight data of a series of aircraft measurement from 1987 to 1991. The morning means around
11 A.M. and the afternoon means around 2-3 P.M.

Flight Date Time Research Area | Ascent/ Remarks and
Number Descent Instrument
— Dec. 8 1987 morning Waksa Bay Descent | high pressure over Japan
afternoon Enshu-nada Descent | model 1008
Flight A | Jan. 21 1989 | morning Wakasa Bay Descent | typical winter mon-soon
afternoon Enshu-nada Descent | model 1006-AHJ
Flight B | Dec. 15 1989 | afternoon Enshu-nada Descent | typical winter mon-soon
afternoon Yokkaichi Descent | model 1006-AHJ
Flight C | Aug. 9 1989 | afternoon Enshu-nada Ascent | typical summer
afternoon | Hachijo-jima | Descent | model 1006-AHJ
Flight D | Aug. 8 1989 afternoon Wakasa Bay Descent | summer but typhoons were located
at east and west of Japan
afternoon Enshu-nada Descent | model 1006-AHJ
Flight E | Apr. 27 1991 | afternoon Tsukuba Descent | clear later cloudy
model 1006-AHJ
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Fig. 2. The vertical distributions of ozone
and water vapor over Wakasa Bay and
Enshu-nada on 21 January 1989.

modified to calibrate the standard temperature and
pressure. An altitude, air temperature and dew
point were monitored simultaneously. The air tem-
perature was measured by Model TS-051P (Makino
Oyo Sokki) and the dew point was measured by
Model 137-C3 (EG&G) whose significant range was
from —50 to 70°C.

Six flight measurements — three in winter, two

in summer and one in spring — were made during
1987-1991. The research points and flight informa-
tion are shown in Fig. 1 and Table 1. Five measure-
ments which showed significant features were ana-
lyzed. The vertical distributions were acquired dur-
ing the spiral ascent or descent from a few hundred
meters to about 7000 m. Two different points for
measuring the vertical distribution of ozone were se-
lected. The first point was over Wakasa Bay (36°N,
135.5°E) — north of Osaka and usually the wind-
ward side of Japan in the winter monsoon. The sec-
ond point was over Enshu-nada (34°N, 138°E) —
southeast of Nagoya and the leeward side of Japan
in the winter monsoon. These two points were about
300 km apart. Additional vertical measurements
were also made over Yokkaichi (35°N, 136.8°E),
Hachijo-jima (33.5°N, 137.1°E) and Tsukuba (36°N,
140°E). Every flight departed from Yao airport
(34.5°N, 135.6°E) in Osaka and took about 30-90
minutes to observe the vertical distribution at each
research point. There are two big cities around the
research points of these aircraft measurements. Os-
aka has a population of about 250 million and is lo-
cated to the west and the south sides of the research
points. Nagoya has a population of about 200 mil-
lion and is surrounded by an industrial belt. Nagoya
is located southeast of Wakasa Bay and northwest
of Enshu-nada.

The backward trajectories of air parcels along the
isentropic surface were calculated using objective
analysis data from the Japan Meteorological Agency
(JMA) at several altitudes of each research point.
The vertical levels for the objective analysis data
were 1000 hPa, 850 hPa, 700 hPa and 500 hPa. The
longitudinal and latitudinal resolution was 1.875°
and the time resolution was 12 hours. The objec-
tive analysis data has not always fully reflected the
real atmosphere, especially when a vertical distribu-
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Fig. 3. The backward trajectories from the 4600 m, 3300 m and 1800 m levels over Wakasa Bay on
21 January 1989. The trajectories were calculated to 5 days (120 hours) before the measurement.
The closed circles on the trajectories indicate the positions of the air parcels every 24 hours. Dotted
regions indicate the region where the potential vorticiy was larger than 1.0E-6 m?s™'Kkg at the
500 hPa level and italic numbers mean the hours before the measurement when the tropopause

folding occurred.
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Fig. 4. The cross section chart of potential vorticity along 125°E at 9 JST on 20 January 1989 — 24
hours before the measurement. Break lines indicate isopleth of wind speed (m/s). The symbols
indicate the points where the backward trajectories from each research area passed through. The
numbers in the figure indicate the intensity of potential vorticity (107 m2s~'Kkg™').

tion of wind speed or wind direction has a singular
point, then the calculated trajectory could have an
error.

Potential vorticity ¢(¢ + f)% is a conservative
quantity under an adiabatic condition and the po-

tential vorticity in the stratosphere is higher than
that in the troposphere. Reed (1955) has used the
potential vorticity as a tracer for the stratospheric
air mass. Shapiro (1974) has found a close rela-
tionship between the potential vorticity and con-
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Fig. 5. Same as Fig. 3, but the backward trajectories from the 4100 m, 2800 m and 1500 m levels over

Enshu-nada on 21 January 1989.
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Fig. 6. Same as Fig. 4, but along 105°E at 9 JST on 17 January 1989 — 96 hours before the measurement.

centration of ozone in the baroclinic zone beneath
a jet stream. Since the high potential vorticity re-
gion (> 1.0 x 107% m2s~'Kkg™!) is usually located
in the upper level, the region where this high po-
tential vorticity falls down to the lower atmosphere
has the possibility of having an intrusion from the
stratosphere. As a result, the region with high po-
tential vorticity larger than 1.0 (107 m2s~'Kkg™!)
at 500 hPa level was defined as a high potential vor-
ticity region where the stratospheric air mass could
have intruded into the troposphere. The main high

potential vorticity regions around the trajectories
were calculated using the objective analysis data
from the JMA which are marked as the dotted ar-
eas in the trajectory charts to check whether the
trajectories were affected by the folding or not. A
tropopause folding occurs in a few hours, however
the time resolution of the objective analysis data is
12 hours. Thus it is difficult to catch the instant
when the trajectory is in the fold. Since the strato-
spheric air is transported to the lower troposphere
by folding (Johnson and Viezee, 1981}, we presume
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Fig. 7. The cross section chart of po-

tential temperature (K) from Wakasa
Bay (35°38'N, 135°00'E) to Enshu-nada
(33°45'N, 138°45’E) at 9 JST on 21 Jan-
uary 1989.

the effect of the tropopause folding on the trajec-
tory from the relationship between the cross section
of potential vorticity and the location of the trajec-
tory.

3. Results and Discussion

3.1 Flight A (21 January 1989)

Five days before this flight, an anticyclone cov-
ered Japan. After that, an active cyclone traversed
Japan. On the measurement day, this cyclone was
located off the east coast of Tohoku district — the
northern part of Honshu. The pressure pattern was
a typical winter monsoon type, and the wind direc-
tion was west to northwest over Japan.

Figure 2 shows the vertical distributions of ozone
and water vapor over Wakasa Bay and Enshu-nada.
The ozone concentrations were not measured from
the 2000 m to the 2400 m levels and from the 5100 m
to the 5500 m levels over Wakasa Bay as the instru-
ments were being checked out. The ozone variation
of the vertical profile over Wakasa Bay was as large
as 30 ppbv and two distinct peaks appeared at the
4600 m and the 3300 m levels. Figure 3 shows the
backward trajectories from the 4600 m, 3300 m and
1800 m levels (the last layer showed a lower ozone)
over Wakasa Bay. As illustrated with the dashed
line in this figure, the trajectory from the 4600 m
level passed over the Yellow Sea (125°E, 35°N) —
24 hours before the measurement. Figure 4 is the
cross section chart of the potential vorticity along
125°E at 9 Japan Standard Time (JST) on 20 Jan-
uary — 24 hours before the measurement. This fig-
ure shows that a tropopause folding occurred over
the Yellow Sea. The closed circle in this figure indi-
cates that the backward trajectory from the 4600 m
level over Wakasa Bay passed through the high po-
tential vorticity region (~1.0 x 1076 m2s~!Kkg~!)
in the fold. Hence, the ozone layer of high concen-
tration around the 4600 m level over Wakasa Bay
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Fig. 8. The vertical distributions of the

ozone and water vapor over Enshu-nada
and Yokkaichi on 15 December 1989.

originated from the tropopause folding. The trajec-
tory from the 1800 m level over Wakasa Bay (solid
line in Fig. 3) shows that the air parcel came from
the north of China, passing over the north of North
Korea 24 hours before the measurement. Since the
dotted region in Fig. 3 shows that the high potential
vorticity region did not occur around this trajectory,
the air parcel of this layer was not affected by the
intrusion of the stratospheric ozone-rich air. The
trajectory from the ozone peak at the 3300 m level
also came from the north of China and North Korea
(dotted line in Fig. 3), thus this trajectory was not
considered to be affected by the stratospheric air di-
rectly as far as this figure shows. The origin of this
ozone peak could not be identified.

The vertical distribution of ozone over Enshu-
nada varied from 24 ppbv to 66 ppbv. The ozone
peaks higher than 60 ppbv appeared at the 6800 m,
4100 m and 1500 m levels (Fig. 2), and a broad
peak appeared at the 2800 m level. Figure 5
shows the backward trajectory analysis from the
4100 m, 2800 m and 1500 m levels over Enshu-
nada. As illustrated with the dashed line in Fig.
5, the trajectory from the 4100 m level over Enshu-
nada passed over the Yellow Sea 24 hours before
the measurement as the same route as that from
the 4600 m level over Wakasa Bay. The open
circle in Fig. 4 shows that this backward trajec-
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Fig. 9. Same as Fig. 3, but the backward trajectories from the 3000 m over Enshu-nada and 2500 m

level over Yokkaichi on 15 December 1989.
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Fig. 10. Same as Fig. 4, but along 130°E at 9 JST on 14 December 1989 — 24 hours before the measurement.

tory passed through the high potential vorticity re-
gion (~1.4 x 1075 m2s~'Kkg™!), consequently the
ozone peak at this level also originated from the
tropopause folding which occurred over the Yellow
Sea on 20 January. As illustrated with the solid
line in Fig. 5, the trajectory from the 2800 m level
over Enshu-nada did not pass over the Yellow Sea
24 hours before the measurement but passed over
the south part of China (105°E, 30°N) 96 hours be-
fore the measurement. Figure 6 is the cross sec-
tion chart of the potential vorticity along 105°E

at 9 JST on 17 January — 96 hours before the
measurement. This cross section chart shows that
a tropopause folding occurred over the south part
of China (105°E, 30°N) on 17 January, and the
open circle in this figure shows that the trajectory
passed through the high potential vorticity region
(~1.0x 1076 m2s~'Kkg~!). Hence, the broad ozone
peak at the 2800 m level over Enshu-nada was af-
fected by the other tropopause folding. The trajec-
tory from the 1500 m level over Enshu-nada (dotted-
dashed line in Fig. 5) shows that the air parcel
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Fig. 11. The vertical distributions of the

ozone and water vapor over Enshu-nada
and Hachijo-jima on 9 August 1989.

passed over the north of Nagoya metropolitan and
industrial area just before the measurement. No
tropopause folding occurred around this trajectory,
and the water vapor mixing ratio was high when be-
low the 2000 m level over Enshu-nada (Fig. 2). For
these reasons, the ozone peak at the 1500 m level was
thought to be affected by the photochemical ozone
production from the anthropogenic pollution. How-
ever, to confirm this, other data such as NOx and
CO concentrations are necessary.

Consequently, the air parcels which contained a
high concentration of ozone over Japan came from
the stratosphere by tropopause folding in the west of
Japan. Considering that the transported peak was
broad, the ozone peaks diffused during the trans-
port, building a stratified structure over Japan. Fig-
ure 7 is the cross section chart of the potential tem-
perature from Wakasa Bay (35°38’N, 135°00'E) to
Enshu-nada (33°45'N, 138°45’E) (see Fig. 1) on 21
January 1989. This cross section chart shows that
the isentropic surface slowly descended from Wakasa
Bay to Enshu-nada. The shape of the ozone peak
~at the 4600 m level over Wakasa Bay was similar
with that of the ozone peak at the 4100 m level over
Enshu-nada. Considering that the height difference
of potential temperature between Wakasa Bay and
Enshu-nada is approximately 500 m at the 4000 m
level, the height difference of these peaks (~500 m)
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is reasonable. For these reasons, it is believed that
these ozone peaks belonged to the identical ozone
layer and the height difference of these peaks was
due to the inclination of isentropic surface. Enshu-
nada is 300 km distant from Wakasa Bay, so the
horizontal scale of the tropospheric ozone layer was
larger than 300 km in this case.

3.2 Flight B (15 December 1989)

Two days before this flight, a cyclone generated
west of Japan and traversed over Japan, develop-
ing rapidly. This cyclone was located off the Pacific
coast of the Tohoku district, and an anticyclone was
located in the middle of China on the same day. The
weather pattern was a typical winter monsoon type
and a strong westerly covered Japan. The cyclone
brought a cut-off low in the upper level of tropo-
sphere. This cut-off low also traversed over Japan
with the cyclone.

Figure 8 shows the vertical distributions of ozone
and water vapor over Enshu-nada and Yokkaichi.
The vertical distribution of ozone over Enshu-nada
had a sharp peak whose concentration was approx-
imately 70 ppbv at the 3000 m level, and the wa-
ter vapor mixing ratio at this level was lower than
the detection limit of the instrument. Figure 9
shows that a large-scale tropopause folding occurred
around the west and the south of Korea on 14 De-
cember — 24 hours before the measurement. The
backward trajectory from the 3000 m level over
Enshu-nada (dashed line) also passed over the south
of Korea (128°E, 35°N) on the same day. Fig-
ure 10 is the cross section chart of the potential
vorticity along 130°E at 9 JST on this day. The
open circle in this figure shows that this trajectory
passed through the high potential vorticity region
(~1.6 x 1078 m2s~'Kkg™!); consequently it appears
that the high ozone peak at the 3000 m level over
Enshu-nada originated from this tropopause folding.

There was an ozone peak whose concentration was
60 ppbv at the 2500 m level over Yokkaichi in Fig.
8. The solid line in Fig. 9 shows that the backward
trajectory from the 2500 m level over Yokkaichi al-
most passed the same route as that from the 3000 m
level over Enshu-nada 24 hours before the measure-
ment when passing through the same high potential
vorticity region (~1.6 x 1076 m2?s7'Kkg~!) as il-
lustrated with the closed circle in Fig. 10. Hence,
this ozone peak also originated from the tropopause
folding that occurred on 14 December over the west
and the south of Korea. Both of the ozone peaks —
the 3000 m level over Enshu-nada and the 2500 m
level over Yokkaichi — originated from the identical
tropopause folding.

Austin and Midgley (1994) suggested that there
was a high concentration of ozone in a 5 km layer
above Tsukuba. They concluded that this thick
ozone layer was caused by a low tropopause level
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Fig. 12. Same as Fig. 3, but the backward trajectories from the 3500 m and 500 m levels over Enshu-nada

on 9 August 1989.
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Fig. 13. Same as Fig. 3, but the backward trajectories from the 4500 m, 3000 m and 1000 m levels over

Hachijo-jima on 9 August 1989.

with a cut-off low. The thickness of the ozone lay-
ers whose concentrations were higher than 40 ppbv
over Yokkaichi and Enshu-nada were 2 and 3 km, re-
spectively. As mentioned above, the weather chart
at the 500 hPa level at 21 JST on 14 December
showed that a cut-off low was located over Japan.
Though this cut-off low resulted in a low tropopause

level (~6030 m) at Hamamatsu (137°42'E, 34°45'N)
which is close to Enshu-nada at 9 JST on 15 De-
cember 1989, this altitude was higher than those at
Yokkaichi and Enshu-nada. Thus, these ozone layers
originated from the tropopause folding rather than
from the cut-off low.
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Fig. 14. Same as Fig. 4, but along 130°E at 9 JST on 7 August 1989 — 48 hours before the measurement.

3.3 Flight C (9 August 1989)

Two days before this flight, a typhoon passed over
Japan. After that, it became a cyclone with a cold
front to the north of Hokkaido. Though this cold
front was passing through Hokkaido, other areas of
Japan were clear and covered with an anticyclone on
this day. It was a typical summer weather pattern
in the middle part of Japan.

Figure 11 shows the vertical distributions of
the ozone and water vapor over Enshu-nada and
Hachijo-jima. Though the concentration of ozone
increased between the 4000 m and the 5000 m levels
over Hachijo-jima, the concentrations of ozone de-
creased when the altitudes were increasing above the
3000 m level over Enshu-nada and the 4000 m level
over Hachijo-jima. Both of the concentrations of
ozone from the 5000 m to the 7000 m levels were ap-
proximately 30 ppbv. On the other hand, the ozone
profiles at the lower level were different. Namely,
the concentration of ozone at the lower level over
Enshu-nada was higher than 90 ppbv at the 500 m
level, however that over Hachijo-jima was less than
20 ppbv. There was an ozone peak whose concentra-
tion was approximately 80 ppbv at the 3500 m level
over Enshu-nada, and the water vapor mixing ratio
was low (about 1 g/kg or lower than the detection
limit) at this level. There were two ozone peaks at
the 3000 m and the 4500 m levels over Hachijo-jima
whose concentrations were approximately 70 ppbv
and 50 ppbv and the water vapor mixing ratios were
both below 2 g/kg.

Figure 12 shows the backward trajectory analysis
from the 3500 m and the 500 m level over Enshu-
nada and Fig. 13 shows the backward trajectory
analysis from the 4500 m, 3000 m, 1000 m levels
over Hachijo-jima. These figures also show that a
high potential vorticity region was located at the

west of Kyushu (130°E, 35°N) on 7 August 1989
—48 hours before the measurement. The backward
trajectories from the 3500 m level over Enshu-nada
and the 4500m and the 3000 m levels over Hachijo-
jima passed to the south of this high potential vor-
ticity region 48 hours before the measurement. On
this day, a typhoon was located in the northern part
of Japan, on the other hand, an anticyclone was lo-
cated on the east coast of China. Though Danielsen
(1980) pointed out that the tropopause folding oc-
curred over the Pacific Ocean even in summer, this
case was not caused by the tropopause folding be-
cause the location of the jet stream was far north of
Japan (see Figs. 14 and 15). As noted above, the
typhoon was located over the northern part of Hon-
shu (140°E, 40°N) on 7 August, thus the subsidence
occurred around the eye of the typhoon (see Fig.
12), as pointed out by Palmén and Newton (1969).
However, this subsidence area was too far from the
trajectories. Figure 14 is the cross section chart of
the potential vorticity along 130°E at 9 JST on this
day and Fig. 15 is same as Fig. 14 but along 135°E.
These figures show the high potential vorticity re-
gions fell down to the lower layer around 35-40°N.
The typhoon brought a low at the 500 hPa level over
the western part of Japan, and a cold air flowed
into this low from the north. This low at the up-
per level might bring the subsidence over Kyushu.
Considering that the water vapor mixing ratio was
low at the 3500 m level over Enshu-nada and the
trajectory from there passed close to the high po-
tential vorticity region (Fig. 14), the ozone peak at
the 3500 m level over Enshu-nada might be affected
by this subsidence. The situation was almost same
for the trajectories from the 4500 m and the 3000 m
levels over Hachijo-jima. However, two days before
the flight, a typhoon passed over Japan. Then the
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Fig. 15. Same as Fig. 4, but along 135°E at 9 JST on 7 August 1989 — 48 hours before the measurement.
The symbols indicate the points where the backward trajectories from each research area passed

through.
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Fig. 16. The vertical distributions of the
ozone and water vapor over Wakasa Bay
and Enshu-nada on 8 August 1990.

adiabatic process might break down. Hence, trajec-
tories older than 48 hours before the measurement
possibly have an error. For this reason, we were not
able to exclude the possibility that these ozone peaks
over Hachijo-jima and Enshu-nada originated from
photochemical production or the other tropopause

foldings. Anyway, when the aircraft cruised back
from Hachijo-jima to Osaka at about the 3000 m
level, the air parcel which had a ozone concentra-
tion of approximately 90 ppbv and a low water vapor
mixing ratio was observed over Hamamatsu with a
horizontal scale of about 120 km. For certain there
was an air parcel which had a high concentration of
ozone and a low mixing ratio of water vapor over
the middle of Japan on the south coast of that day.

There was a steep ozone peak which had a high
ozone concentration of approximately 100 ppbv and
a high water vapor mixing ratio (~14 g/kg) at the
500 m level over Enshu-nada (Fig. 11). As illus-
trated with a solid line in Fig. 12, the trajectory
from the 500 m level over Enshu-nada passed over
Osaka and Nagoya — the industrial and metropoli-
tan area only 12 hours before the measurement, and
the altitude of the trajectory was too low to be af-
fected by the subsidence. The assumption that a
given air parcel moves on a constant isentropic sur-
face becomes doubtful in the lower layer where the
diabatic effects from the radiative processes and tur-
bulent mixing are important. However, we think
that the isentropic trajectory is suitable when be-
ing applied over a short distance to this lower layer
when the clear sky is over the sea because of no
latent heat release and less turbulence. For these
reasons, this ozone peak must be produced from the
photochemical reactions of the anthropogenic gases
in the metropolitan or industrial areas.

As illustrated in Fig. 11, the concentration of
ozone at the 1000 m level over Hachijo-jima was
very low (about 20 ppbv). Figure 13 shows the
backward trajectory analysis from the 1000 m levels
over Hachijo-jima. As illustrated with the dotted-
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Fig. 17. Same as Fig. 3, but the backward trajectories from the 2900 m level over Wakasa Bay and the
2900 m, 2200 m, 1200 m levels over Enshu-nada on 8 August 1990.
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Fig. 18. Same as Fig. 4, but along 125°E at 9 JST on 4 August 1990 — 96 hours before the measurement.

dashed line in this figure, the trajectory from the
1000 m level passed over the south of Kyushu 48
hours before the measurement by essentially the
same route as the 3500 m level over Enshu-nada
mentioned above. The reason why the concentra-
tion at the 1000 m level over Hachijo-jima was low
was that the altitude of the trajectory was too low
to be affected by the subsidence, as illustrated with
the closed square in Fig. 14, and the air parcel might
have mixed with the oceanic ozone-poor air at this
level.

Consequently, low ozone concentrations in the up-

per troposphere and high ozone concentrations in
the middle troposphere were observed in this mea-
surement. Considering the high ozone concentra-
tion above the tropopause, the vertical distribu-
tion over Hachijo-jima exhibits the same charac-
teristic “S” shape as pointed out by Marenco and
Said (1989) over the Atlantic Ocean in the North-
ern Hemisphere. Wakamatsu et al. (1983) suggested
that there was a high concentration of ozone and
other pollutants distributed about the 500 m~1 km
level over industrial or metropolitan areas, and that
they were locally advected by the land-sea breeze.
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Fig. 19. The ozone and water vapor concentration data during the level flight from Wakasa Bay to
Enshu-nada on 8 August 1990. The altitude is from 2800 m to 3500 m. It took about 30 minutes to
reach Nagoya from Wakasa Bay.

The air parcel at about the 500 m level over Enshu- Ozone (ppbv)
nada which must have been affected by the photo- 0 10 20 30 40 50 60 70 80
chemical ozone production seemed to be advected 8000 SN TS S S S M M—
by the synoptic scale motion. v S H,0
\ Tsukuba
8.4 Flight D (8 August 1990) 7000 /_l Ozone
Four days before this flight, a typhoon stayed off ] Tsukuba
the south coast of Japan for 48 hours. Though this 6000l
typhoon moved slowly to the east the next day, an- i
other typhoon approached Japan from the south. ]
Japan was covered with an anticyclone which had a 5°°°‘=
center in the middle of the west Pacific Ocean but, c i
on the other hand, there were two typhoons to the 4000 |
— \
east and the south of Japan on the same day. Ow- < I
ing to the surface pressure pattern, which showed a D |
saddle point over Japan, the wind speed was weak L 30007
and the wind direction was changeable over Japan. \
Figure 16 shows the vertical distributions of ozone 2000 \.\
and water vapor over Wakasa Bay and Enshu-nada. e~
The vertical distribution over Wakasa Bay clearly 1000 /‘
shows an anti-correlation between the ozone and wa- /\.\
ter vapor from the 1000 m to the 4000 m levels. A
Namely, the ozone-poor wet layers and the ozone- o T T T T 1% T 1

rich dry layers are stratified alternately. There was
a steep ozone peak about 80 ppbv at the 2900 m level
over Wakasa Bay. Figure 17 shows the backward tra-
jectory analysis from the 2900 m level over Wakasa
Bay and the 2900 m, 2200 m and 1200 m levels over
Enshu-nada. As illustrated with the dashed line in
this figure, the trajectory from the 2900 m level over
Wakasa Bay passed over the northeast part of China

0O 2 4 6 8 0

H20 (g/KQ) The surface ozone at Tsukuba

Fig. 20. The vertical distributions of the
ozone and water vapor over Tsukuba on
27 April 1991. The surface ozone at
Tsukuba was 63 pptv.
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Fig. 21. Same as Fig. 3, but the backward trajectories from the 4000 m, 3000 m, 2000 m and 1000 m

levels over Tsukuba on 27 April 1991.
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Fig. 22. Same as Fig. 4, but along 135°E at 21 JST on 26 April 1991 — 12 hours before the measurement.

(125°E, 42°N) on 4 August-96 hours before the mea-
surement. Figure 18 is the cross section chart of
the potential vorticity along 125°E at 9 JST on this
day. The closed circle in this figure shows that this
trajectory passed through a high potential vortic-
ity region (~0.7 x 107% m2s~'Kkg~!) — just below
the tropopause folding. The dry and ozone-rich air
of this level originated from the tropopause folding
which occurred over the northeast part of China.
The concentration of ozone at the 2200 m level
over Enshu-nada was low (30-40 ppbv). However,
the concentrations of ozone and the water vapor

mixing ratio at the 1200 m level over Enshu-nada
were both high (90 ppbv and 14 g/kg, respectively)
in Fig. 16. Asillustrated with the dotted-dashed line
in Fig. 17, the trajectory from the 2200 m level over
Enshu-nada where the ozone concentration was low,
stayed over the Sea of Japan for 48 to 120 hours be-
fore the measurement. The concentration of ozone
at this level over Enshu-nada is considered to be
almost a background concentration, because there
was no tropopause folding event during the trans-
port and the trajectory was far from the polluted
area. Tsutsumi et al. (1994) also suggested that
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Fig. 23. The correlation between the

relative ozone and the transport dis-
tance from the tropopause folding re-
gion where the trajectory passed. A rel-
ative ozone is defined as the peak con-
centration of ozone in the measurement
divided by the potential vorticity where
the trajectory passed through the fold-
ing.

there was a low concentration of ozone in summer
at the top of Mt. Fuji. This contrast between the
continental air mass over Wakasa Bay and the mar-
itime air mass over Enshu-nada reflects that Japan
is located in the rim region of these two kinds of
air masses. As illustrated with the dotted line in
Fig. 17, the trajectory from the 1200 m level over
Enshu-nada passed over Nagoya metropolitan area
24 hours before the measurement. Considering the
high ozone concentration, the high water mixing ra-
tio and the trajectory that passed over the indus-
trial area, this high ozone concentration is thought
to originate from photochemical production.

Figure 19 shows the ozone and water vapor mixing
ratio during the level flight at the 3000 m altitude
from Wakasa Bay to Enshu-nada. When the aircraft
cruised over Nagoya (about 30 minutes from Wakasa
Bay), the correlation between the ozone and water
vapor changed from negative to positive. As illus-
trated with the solid line in Fig. 17, the trajectory
from the 2900 m level over Enshu-nada came from
the north of Kyushu, passing over Nagoya. On the
other hand, the trajectory from the 2900 m level
over Wakasa Bay came from the Asian Continent,
as mentioned above. In consequence, two differ-
ent types of air masses covered central Japan at the
same 3000 m level on 8 August 1990 and the border
was located over Nagoya. One is the air parcel which
showed negative correlation between the ozone and
water vapor. This air parcel came from the Asian
Continent directly and was located on the northwest
side of Nagoya. The other is the air parcel which
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showed positive correlation between the ozone and
water vapor. This air parcel passed over Nagoya
and was located on the southeast side of Nagoya.
This positive correlation must be attributed to the
effect of the anthropogenic pollution in the bound-
ary layer.

3.5 Flight E (27 April 1991)

Three days before this flight, a cyclone generated
to the south of Kyushu. This cyclone traversed
Japan, developing rapidly on 26 April. Though
there was a stationary front to the south of Japan,
Japan was covered with an anticyclone centered on
the Sea of Japan. Almost all of Japan was clear
on the flight day but it became cloudy in the late
afternoon over Tsukuba.

Figure 20 shows the vertical distributions of the
ozone and water vapor over Tsukuba on 27 April
1991. The surface ozone at Tsukuba was also mea-
sured simultaneously and was recorded at 63 ppbv
in the afternoon on the same day. The vertical dis-
tribution of ozone over Tsukuba was approximately
70 ppbv and gradually decreased with decreasing al-
titude in this measurement. Figure 21 shows the tra-
jectory analysis from the 4000 m, 3000 m, 2000 m
and 1000 m levels over Tsukuba. These trajecto-
ries did not pass the folding regions except for the
2000 m level over Tsukuba —48 hours before the
measurement. However, a tropopause folding oc-
curred over the west part of Japan (135°E, 35°N) 12
hours before the measurement, as shown in Fig. 22
which is the cross section chart of the potential vor-
ticity along 135°E at 21 JST on 26 April. The region
where the potential vorticity strength was 0.5~1.0
(107® m?s~1Kkg~!) descended and spread widely
from the 500 hPa to the 850 hPa level. As illus-
trated in Fig. 22, all of these trajectories from over
Tsukuba passed through the region where the ver-
tical inclination of the potential vorticity was small.
The high concentration of ozone over Tsukuba must
originate from this tropopause folding region. Thus,
the vertical distribution of ozone is considered to be
uniform.

3.6 Correlation of the concentration of ozone and
the distance of transport

The concentration of ozone over Japan whose ori-
gin is in the stratosphere, depends on the strength of
intrusion, the diffusion during the transport and the
destruction by photochemical reactions with NOx.
Since a distinct ozone peak in the troposphere can
diffuse with the turbulent mixing in the vicinity of
the fold (Shapiro, 1980), the concentration of ozone
would be determined from the strength of folding
and diffusion during the transport in the free tropo-
sphere. Here, a relative concentration was defined
as the peak concentration of the measured ozone di-
vided by the potential vorticity of the point where
the trajectory from this peak passed through the
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Table 2. List of the observed ozone peaks and their origins.
ozone peak origin
date place altitude | ozone kind time before place
(m) | (ppbv) (hours)

21 Jan. 1989 | Wakasa Bay 4600 56 folding 24 125°E, 35°N
21 Jan. 1989 | Wakasa Bay 3300 56 undefined
21 Jan. 1989 | Wakasa Bay 1800 40 — — —

21 Jan. 1989 | Enshu-nada 4100 60 folding 24 125°E, 35°N
21 Jan. 1989 | Enshu-nada 2800 48 folding 96 105°E, 30°N
21 Jan. 1989 | Enshu-nada 1500 65 pollution 6 137°E, 35°N
15 Dec. 1989 Yokkaichi 2500 60 folding 24 130°E, 35°N
15 Dec. 1989 | Enshu-nada 3000 69 folding 24 130°E, 35°N

9 Aug. 1989 | Enshu-nada 3500 80 subsidence 48 130°E, 29°N

9 Aug. 1989 | Enshu-nada 500 95 pollution 12 136°E, 35°N

9 Aug. 1989 | Hachijo-jima 4500 50 subsidence 48 135°E, 28°N

9 Aug. 1989 | Hachijo-jima 3000 69 subsidence 48 135°E, 29°N

9 Aug. 1989 | Hachijo-jima 1000 20 — — —

8 Aug. 1990 | Wakasa Bay 2900 75 folding 96 136°E, 35°N

8 Aug. 1990 | Enshu-nada 2900 45 — — —

8 Aug. 1990 | Enshu-nada 2200 39 — — —

8 Aug. 1990 | Enshu-nada 1200 91 pollution 24 137°E, 35°N
27 Apr. 1991 Tsukuba 4000 65 folding 12 137°E, 36°N
27 Apr. 1991 Tsukuba 3000 68 folding 12 132°E, 37°N
27 Apr. 1991 Tsukuba 2000 66 folding 12 135°E, 37°N
27 Apr. 1991 Tsukuba 1000 65 folding 12 138°E, 38°N

folding. Figure 23 shows a correlation between the
relative concentration and the distance of transport
from the point of the tropopause folding. A nega-
tive correlation can be seen in the figure, thus diffu-
sion also plays an important role for the tropospheric
ozone during the transport.

4. Summary

A lot of the ozone peaks were observed in the
series of aircraft measurements during 1987-1991
over Japan, as listed in Table 2. Compared with
the results of the tropical region (Tsutsumi et al.,
1991), the vertical distributions over Japan were
complex. There were many ozone peaks, most of
which were transported from the stratosphere to the
troposphere by tropopause foldings to the west of
Japan a few days before the measurement. The in-
tense jet stream over Japan may produce many fold-
ing origin peaks, as pointed out by Austin and Midg-
ley (1994). The horizontal scale of the tropospheric
ozone layer over Japan was estimated to be larger
than 300 km and some ozone peaks in different ar-
eas originated from the identical tropopause folding.
The high concentration of ozone in the boundary
layer is thought to originate from the ozone produc-
tion by the photochemical reactions even when the
observation points were a few hundred kilometers
from the industrial or metropolitan areas. On the
contrary, the air parcel showed a low concentration
of ozone when the trajectory stayed over the sea for a
few days without coming across the stratospheric air

or passing over the metropolitan area. Two differ-
ent types of air mass were observed simultaneously
at the 3000 m level over central Japan in the sum-
mer measurement. One was the continental air mass
which showed a high concentration of ozone and a
low concentration of water vapor. The other was the
maritime air mass which showed a low concentra-
tion of ozone and high water vapor. However, if the
maritime air mass passed over the metropolitan or
industrial areas, it showed a positive correlation; the
concentrations of ozone and water vapor were both
high. The distance of transport from the intrusion
region was an important factor for the concentration
of ozone over Japan.
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