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Vertical Distribution of  theTlroposphericOzone  over  Japan:

The  Originof theOzone  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  ofaircraft  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  resuk  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

cencentrations  over  Enshu-nada  on  21 January 1989 which  originated  frorn different tropopause  foldings.

They  seemed  to diffuse dllring 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  aJ-ray  on  21 January 1989,  belonged  to the  identical ozone  layer based  on  the  potential  ternperature

inclination. Two  different types  of  air  masses  were  simultaneeusly  observed  at  different points over  Japan

on  8 August  1990. 0ne  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  maritirne  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 foIding area  whose  vertical

inclination of  potential vorticity  was  small  and  was  transported  shortly  after  this event.  Not only  intrusion

frorn 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

  Though  various  meteorological  processes are

thought  to cause  stratospheric/tropospheric  ex-

changes  (Shapiro, 1980), the  dominant processes of
stratosphericltropospheric  exchange  are  tropopause

folding (Danielsen and  Mohnen,  1977) or  tropopause

folding and  mean  meridional  circulation  (Singh et

at., 1980). On  the other  hand,  a major  loss pre
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,  phe
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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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  at., 1994). Though  this
measurement  showed  a  sigriificant  seasonal  change

and  a  typical tropopause  folding event  in the free

troposphere, the information about  the vertical  pro-
file of  ozone  was  limited. Since an  aircraft  measure-

ment  is usefu1  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  at., 1993). Though  the air-

craft measurement  on  the tropopause  folding oyer
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

verdcal  ozone  profiles have been accumulated  for
more  than  30 yeaJrs. However the vertical  resolu-

tion and  accuracy  of  the concentration  in the tro

posphere  were  not  suficient  to analyze  the details
of  the  ozone  profiles. Thus,  the  vertical  structure  of

the tropospheric ozone  over  Japan  has not  been  fu11y

resolved  yet. The  vertical  distribution of  ozone  over

the tropical  region  in the Pacific Ocean showed  a

simple  profile in the INSTAC  project. Fbr example,
the concentration  of ozone  simply  increased with  al-

titude over  Yhp  (138eE, 100N) and,  on  the other

hand, simply  decreased with  altitude over  DavaD

(1250E, 70N)  (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 en  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  ey-

ery  12 seconds.  The  concentration  of  ozone  was
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Table 1. Flight data of  a  series  of  aircraft  measurement  from
   11 A.M.  and  the  afternoon  means  around  2-3 P.M.

1987 to 1991. The  morning  means  around

FlightNumber Date TimeResearchATeaAscent/Descent Remarksand
Instrument

- Dec.81987
'mornmg

afternoonWaksaBay Enshu-nadaDescentDescenthighpressureoverJapanmodel1008

FlightAJan.211989
'mornmg

afternoonWakasaBay Enshu-nadaDescentDescenttypicalwintermon-soonmodel1006-AHJ

FlightBDec.151989afternoen
afternoonEnshu-nada YekkaichiDescentDescenttypicalwintermon-soonmodel1006-AHJ

FlightCAug.91989afternoon
afternoonEnshu-nadaHachijo-jimaAscentDescenttypicalsurnmerrnodel1006-AHJ

FlightDAug,81989afternoon

afterneon

WakasaBay

Enshu-nada

Descent

Descent

summerbutty-phoonswerelecated

ateastandwestofJapan

model1006-AHJ

FlightEApr.271991afternoonTsukubaDescentclearlatercloudy
model1006-AHJ

seoo

      Ozone

o le.2o  so

AEv+-[a.di=

 (ppbv)
4o  se  6o  7o  so

7000

6ooe

5000

4000

5000

2ooe

looe

o

 :
 :ii:.

i.

.-ss
   ----

    
-.---....-1Nx

 1x'

..

ii:--v.

 1-t  ,  -  .   . t-
 X. 

'h....

  x.

    !
    L,

  
-..-

      >t-x

 x

-:!t'

 -:

   I<
 "-'.ss-

)

7ss
    N

  -..- '

e

  4o'"
 Enwhu-nada

  Ozone
  bmhude

  HIO"
 WakasRBay

 Omne

 WakasaBay

  O  2 4 6  8  10 12 14 t6

         H20  (glkg)

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 7oeC.
  Six flight measurements  -  three in winter,  two

in summer  and  one  in spring  
-

 were  made  during

I987-1991.  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  (36eN,
135.50E) 

-
 north  of  Osaka and  usually  the  wind-

ward  side  of  Japan  in the winter  rnonsoon,  The  sec-

ond  point was  over  Enshu-nada (34eN, 1380E)  
-

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  Ybkkaichi (35eN, 136.80E),

Hachijo-jima (33.50N, 137.leE) and  Tsukuba  (36eN,
140eE). Every flight departed from YaD  airport

(34.50N, 135.6eE) 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 la
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  Ba"r and  northwest

of  Enshu-nada.

  The  backward trajectories of  air  parcels along  the
isentropic surface  were  calculated  using  objective

analysis  data  from  the  Japan  Meteorologieal 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  1.875e
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  1arger than  1.0E-6 m2s-iKkg  at  the

  500  hPa  level and  ita]ic numbers  mean  the  hours before  the measurement  when  the  tropopause

  folding occurred.

(Unit: 106m2s-IKkg-1>
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Fig. 4. The  cross  section  chart  of  potential  vorticity  along  125eE  at  9 JST on  20 January 1989 -  24

  hours before  the measurement.  Break  lines indicate  isopleth  of  wind  speed  (mls). 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  (10T6 m2s-iKkg-i).

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

  Potential vorticity  g(C +  f)St 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. 6.Same  as  Fig. 4, but along  105eE 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,O × 10-6 m2s-iKkg-i)  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 (10-6 m2s-iKkg7i)
at  5eO 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 dificult 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 ternperature (K) from  Wakasa

   Bay  (35e38'N, 135eOO'E)  to Enshu-nada

   (33045'N, 138045'E)  at  9 JST  on  21 Jan-

  uary  1989,

the efTect 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 Janua,ll 198SV
  Five days  befbre 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  [[bhoku 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 (1250E, 35aN) -

24  hours  before the measurement.  Figure  4 is the

cross  section  chart  of  the potential vorticity  along

125eE  at  9 Japan Standard Time  (JST) on  20 Jan-
uary  

-
 24 hours befbre 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  (AJI.O × 10-6 m2s-iKkg-i)
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  Ybkkaichi on  15  December  1989.

originated  from the tropepause  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 thSs trajectory was  not

considered  to be affected  by  the  stratospheric  air  di-

rectly  as fair 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. 10.Same  as  Fig. 4, but along  1300E  at  9 JST  on  14 December  1989 -  24 hours before the measurement.

tory  passed  through  the high potential vorticity  re-

gion (rwl,4 x  10-6  m2s-iKkg'i),  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  (1050E, 300N) 96 hours be-
fbre the measurement.  Figure 6 is the  cross  sec-

tion  chart  of the potential vorticity  along  105eE

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 (105eE, 30eN)  on  17 January, and  the

open  circle in this figure shows  that the trajectory

passed  through  the  high potential vorticity  region

(-Jl.O× 10-6  m2s-iKkg-i).  Hence,  the broad ozone
peak  at  the 2800  m  level over  Enshu-nada  was  afi

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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   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). Fbr

these reasons,  the ozone  peak  at  the 1500  m  level was

thought  to be affected  by the photechemical  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  eame  frorn

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  (35038'N, 135000'E) to

Enshu-nada (33e45'N, 138045'E) (see Fig. 1) on  21
January  1989. This  cross  section  chart  shows  that
the  isentropie surface  slowly  descended from Wakasa
Bay  to Enshu-nada,  The  shape  of  the ozone  peak
at the 4600  m  level over  WaJcasa  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 apprcmdmately  500 m  at  the 4000 m
level, the height difference of  these peaks  (nJ500 m)

is reasonable.  Fbr 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 surfhce.  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  t98SV

  Two  days  before this  fiight, a  cyclone  generated
west  of  Japan and  traversed over  Japan, develop-
ing rapidly.  This cyclone  was  located off  the Pacific

coast  of  the [[bhoku 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  Ybkkaichi.
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 1arge-scale tropopause  foIding 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 (128eE, 35eN) on  the saJne  day. Fig-
ure  10 is the cross  section  chart  of  the potential
vorticity  along  1300E  at  9 JST  on  this  day. The

open  circle  in this figure shows  that this trajectory

passed  through  the high potential vorticity  region

(fiJl.6× 10-6  m2s-iKkg-i);  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  Ybkkaichi in Fig.
8. The  solid  line in Fig. 9 shows  that the backward
trajectory from the 2500 m  level over  Ybkkaichi al-
most  passed the  same  route  as  that  from  the  3000  m

level over  Enshu-narla  24  hours  before the  measure-

ment  when  passing through  the same  high potential
vorticity  region  ("Jl.6 × 10-6  m2s-iKkg-i)  as il-

lustrated with  the closed  circle in Fig. 10. Hence,
this ezone  peak  also  originated  from the tropopause
folding that  oecurred  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  Ybklcaichi -  originated  from the identical
tropopause  foIding,

  Austin and  Midgley (1994) suggested  that there

was  a high concentration  of  ozone  in a5  km  1ayer
above  Tsukuba.  They  concluded  that this thick

ozone  layer was  caused  by a  low tropopause  level
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1000 m  levels over

with  a  cut-off  low. The  thickness of  the ozone  lay-

ers  whose  concentrations  were  higher than  40 ppbv
over  Ybkkaichi 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 (rv6030 m)  at  Hamamatsu  (137042'E, 34e45'N)

which  is close  to Enshu-nada at  9 JST  on  15 De-

cember  1989, this altitude  was  higher than  those at

Ybkkaichi 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  1300E  at  9 JST  on  7 August  1989 
-

 48 hours before the  measurement.

3.3 Flight C  (S} Augu6t 198SV

  Two  days befbre 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  Hachljo-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 glkg  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 glkg.

  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  Hachljo-jima, These figures also show  that a

high potential vorticity  region  was  located at  the

west  of  Kyushu  (130eE, 35eN)  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  fai north  of

Japan (see Figs, 14 and  15). As noted  above,  the

typhoon  was  located over  the northern  part of  Hon-
shu  (1400E, 400N) on  7 August, thus the subsidence

occurred  around  the eye  of  the typhoon  (see Fig.
12), as  pointed out  by  Palm6n  and  Newton  (1969).
However, this subsidence  area  was  too  far from the

trajecteries. Figure 14 is the cross  section  chart  of

the potential vorticity  along  130eE  at  9 JST  on  this

day and  Fig. 15 is same  as Fig. 14 but aJong  135eE.
These  figures show  the  high potential vorticity  re-

gions fell down  to the lower layer around  35-40eN.
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  Hachljo-jima, However, two  days before
the flight, a  typhoon  passed  over  Japan.  Then  the
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   ezone  and  water  vapor  over  Wakasa  Bay

   and  Enshu-nada  on  8 August  1990.

adiabatic  process might  break down. Hence,  trajec-
tories older  than  48  heurs  before the measurement

possibly have an  error.  Fbr 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  (rsJ14 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 afi

fected by the subsidence.  The  assumption  that a

given air parcel moves  on  a  constant  isentropic sur-

face becomes doubtfu1  in the lower Ia"rer 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. Fbr 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 2e  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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18. Same as  Fig. 4, but  along  125eE  at  9 JST  on  4 August1990  -  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, amd  the  air  parcel might

have mixed  with  the oceanic  ozonepoor  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  con ¢ entration  of  ozone  and

other  pollutants distributed about  the  500 mrvl  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
   Enshu-nada  on  8 August  1990.  The  altitude  is from 2800  m  to 3500  m.

   reach  Nagoya  from Wakasa  Bay.

flight from WIilcasa Bay  to
It took  about  30  minutes  to

The  air  parcel at  about  the 500 m  level over  Enshu-

nada  which  must  have been  affected  by the photo
chemical  ozone  production  seemed  to be advected

by the synoptic  scale  motion.

3.4 Flight D  (8 August 199oj
  Fbur  dacys before this  flight, a  typhoon  $tayed  off

the south  coast  of  Japan  for 48  hours, Though  this

typhoon  moved  slowly  to the east  the next  day, an-
other  typhoon  approached  Japan from the south.

Japan was  covered  with  an  anticyclone  which  had a

center  in the  middle  of  the  west  Pacific Ocean  but,

on  the  other  hand, there  were  two  typhoons  to the

east  and  the south  ofJapan  on  the saJne  day. Ow-
ing to the surface  pressure pattern, which  showed  a

saddle  point over  Japan, the wind  speed  was  weak

and  the  wind  direction was  changeable  over  Japan.

  Figure  16 shows  the  vertical  distributions of  ozone

and  water  vapor  over  Wakasa Bay  and  Enshu-nada.
The  vertical  distribution over  Wakasa  Bay clearly

shows  am  anti-correlation  between the ozone  and  wa-

ter  vapor  from  the  1000 m  to  the  4000  m  levels,

Namely,  the ozone-poor  wet  1ayers and  the  ozone-

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
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Fig. 22.Sarne  as  Fig, 4, but along  135eE  at  21 JST  on  26  April1991  -  12  hours before the  measurement.

(125eE, 42eN) on  4 August-96 hours before the mea-

surement,  Figure 18 is the cross  sectien  chart  of

the potential vorticity  along 1250E  at 9 JST  on  this

day, The  closed  eircle in this figure shows  that this

trajectory  passed  through  a  high potential vortic-

ity region  (rvO.7 × 10'6  m2sriKkg-i)  
-just

 below
the tropopause  folding. The  dry and  ozone-rich  air

of  this level originated  from  the tropopause  folding

which  occurred  over  the  northeast  patrt 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. As illustrated 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.

4000

there was  a  low concentration  of  ozone  in surnmer
at the top of Mt. Ifuji. 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  Nageya  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  Walcasa 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 caJne  from the Asian
Continent directly and  was  located on  the northwest

side  of  Nagoya.  The  other  is the  air  parcel which

showed  positive correlation  between the ozone  and

water  vapor.  This air  pamcel 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 becaJne cloudy  in the late

afternoon  over  Tsukuba.

  Figure 20 shows  the vertical  distribtttions of  the

ezone  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

20eO m  level over  Tsukuba  -48  hours befbre the
measurement.  However, a  tropopause  folding oc-

curred  over  the west  part of  Japan (1350E, 350N) 12
hours  before the measurement,  as shown  in Fig. 22

which  is the cross  section  chart  of  the potential vor-

ticity along  135eE at  21 JST  on  26 April. The  region

where  the potential vorticity  strength  was  O.5Nl.O
(loL6 m2s-iKkgui)  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 Comelation 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  ozene  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 origims,

ozonepeak origin

date place altitudeozone kindtimebefore place

(m)(ppbv) (hours)
21Jan.1989WakasaBay4600 56 folding 24 125eE,35eN

21Jan.1989WakasaBay3300 56undefined
21Jan.1989WakasaBay1800 40 r - -

21Jan,1989Enshu-nada4100 60 folding 24 125eE,35eN
21Jan.1989Enshu-nada2800 48 folding 96 105eE,30eN
21Jan.1989Enshu-nada1500 65pollution 6 137eE,350N

15Dec.1989Yokkaiehi2500 60 folding 24 1300E,350N
15Dec.1989Enshu-nada3000 69 folding 24 1300E,350N

9Aug,1989Enshu-nada3500 80subsidence 48 130eE,290N
9Aug,1989Enshu-nada500 95pollution 12 1360E,350N
9Aug.1989Hachijo-jima4500 50subsidence 48 135eE,280N
9Aug.1989Hachijo-jima3000 69subsidence 48 1350E,29eN
9Aug.1989Hachijo-jima1000 20 - - -

8Aug.1990WakasaBav-2900 75 folding 96 1360E,350N

8Aug.1990Enshu-nada2900 45 - - -

8Aug.1990Enshu-nada2200 39 - - -

8Aug.1990Enshu-nada1200 91pollution 24 137eE,35eN
27Apr,1991Tsukuba 4000 65 folding 12 137eE,36eN
27Apr.1991Tsukuba 3000 68 folding 12 1320E,37eN
27Apr.1991Tsukuba 2000 66 folding 12 1350E,37eN

27Apr.1991Tsukuba 1000 65 folding 12 1380E,380N

fblding, Figure 23 shows  a  correlation  between the
relative  concentration  and  the distan¢ e of transport

from the point of the tropopause  folding. A  nega-

tive correlation  can  be seen  in the figure, thus diffu-
sion  also  plays am  important  role  for the  tropospheric

ozone  during the transport.

4. Summary

  A lot of  the ozone  peaks  were  observed  in the
series of  aircraft  mea$urements  during 1987-1991
over  Japan,  as  listed in thble 2. Compared  with

the results  of  the tropical region  (Tsutsumi et  al.,

1991), the vertical  distributions over  Japan  were

eomplex.  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  1ayer 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

ofozone  when  the trajectory stayed  over  the sea  fbr a
few days without  coming  across  the stratospheric  air

or  passing over  the  metropolitan  area.  Two  differ-
ent  types of air  mass  were  observed  simultameously

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,

Acknowledgments

  Authors  wish  to thank  S. [[Uikahashi at  the Ap-
plied Meteorology  Division in the  Japan Meteorolog-

ical Agency who  offered  us  the use  of  the backward
traJectory program.

References

Austin, J.F. and  R.P, Midgley, 1994:  The  climatology  of

   the  jet stream  and  stratospheric  intrusions  of  ozone

   over  Japan. Atmos. Environ., 28, 39-52.
Danielsen, E.F. and  V.A. Mohnen,  1977: Project Dus-

   torm  report:  Ozone  transport, in situ  measurements

   and  meteorological  analyses  of  tropopause  folding. J.
   Ceophys. Res., 82, 5867-5877.
Danielsen, E,F., 1980: Stratospheric source  for unex-

   pectedly  large values  of  ozone  measured  over  the  Pa



Meteorological Society of Japan

NII-Electronic Library Service

Meteorologioal 　Sooiety 　 of 　Japan

December 　l995 Y ．Tsutsumi 　 and 　Y ．　Makino 1057

　 cific　Ocean 　during　Gametag
，
　August 　1977．」，σeo −

　 phys．」？es ．
，
85

，
401−412．

Fabian，　P．　and 　P．G ．　Pruchniewicz，1977： Meridional　dis−

　 tribution　of 　ozone 　the　troposphere　and 　its　seasonal

　 variation ，」，　Geophys，　Res，，82，2063−2073．
Fishman ，　J．　amd 　P ，J．　Crutzen ，1978 ： The 　origin 　of 　ozone

　 in　the 　troposphere ．　Nature
，
274

，
855．

Galbally
，
　IE ．　and 　C ．R 　R翼）y，

1980 ： Destruction 　of 　ozone

　 at 　the 　earth
，
s　surface ．　 Quart．」，　Roy ．　Meteorol．　Soc・

，

　 106 ，599−620．
Johnson，　 W ．B ．　 and 　 W ，　 Viezee，1981： Stratospheric

　 ozone 　in　the　lower 　troposphere − 1．　PresentatiQn 　and

　 interpretation　of 　aircraft 　measurements ，！4tmos．　En −

　 ntron ．
，
15

，
1309 −1323，

Kondo
，
　 Y ．

，
　 T ．　 Kitada

，
　 M ．　 Koike，　 S．　 Kawasaki 　 and

　 Y ．Makino ，1993： Nitric　oxide 　and 　ozone 　in　the　free

　 troposphere 　over 　the　 western 　Pac丗 c　Ocean ．　 J．（leo−

　 ph 歹s．　Res，，98，20，527−20，535．
Marenco ，　 A ．　 and 　F ．　 Said，1989 ： Meridional 　and 　verti −

　 cal 　Qzone 　distribution　in　the 　background　troposphere

　 （70QN −60
°S； 0−12　km 　 altitude ）from　 scienti 昌c　 ai卜

　 craft 　measurements 　during　the 　STRATOZ 　III　expe 卜

　 iment （June　1984）．　 AtTnos．　Environ，23，201−214．
M ．arenco

，
　 A ．，」，C，　Medale　 and 　S，　Prieur ，1990 ： Study

　 of 　troposp ｝1eric　 ozone 　in　the 　tropica畳belt（Africa，
　 America ）from　STRATOZ 　and 　TROPOZcampaigns ，

　 Atmos ，　Environ．
，
24A ，2823−2834．

Muramatsu ，　H ．，　T ．　Sasaki，　M ．　Hirota　and 　Y ，　Makino ，
　 1984 ： An 　aircraft 　observation 　of 　an 　intrusion 　process

　 of 　stratospheric 　ozone 藍nto 　the　 tropospllere ．　Pap．
　 Meteor，　 Geoph穿s．，35

，
1−10．

Muramatsu
，
　H ．

，
　1989： T［Yends　in　tropospheric 　ozone 　and

　 ozone 　transport 　from　the　stratosphere ．　 Ozone 　in 仇 e

　 Atmosphene ，　 RD ．　Bojikov 　and 　P．　Fabian ，　Eds ，，　A ．
　 Deepak　Pub ．，　Haupton　VA ，　USA ，535−538．
Nastorm

，
　G ．D ．

，
1979 ： 0zone 　in　the　upper 　troposphere

　 from　GASP 　 measurements ．」．　 Geophys．　 Res．
，
84

，

　 3638−3688．

Newell，　 R ．E ，1963； ［［Yansfer　through 　the　 tropQpause

　 and 　within 　the　stratosphere ．（〜u αrt．　J，　Roy ，　Meteo 一

　 π ）1．Soc．，89，372−409．
Palmen ，　E ，　and 　C ，W ．　Newton ，1969 ： Atmospheric 　Cir−

　 culation 　System− Their　Physical　Structure　and 　In−

　 terpretation ．　Academic 　Press，　New 　Ybrk，603 　pp，
Reed

，
　 R ，J．

，
1955： Astudy 　 of 　a 　 characteristic 　type 　 of

　 upPer 　level　front　genesis，」，　Meteorol，，12
，
226 −237 ．

Routhier
，
　 R 　and 　D ，D ．　 Davis

，　1980：　 Fヤee 　 trop ぴ

　 spheric ／boundary 　 layer　 airborne 　 measurements 　 of

　 H200ver 　the　latitude　range 　of　58°S　to　70 °N ： Com −

　 parison 　with 　simultaneous 　ozQne 　and 　carbon 　monox −

　 ide　mea8urements ．」．　Geophys．　Res．，85 ，7293−7306．
ShapirQ

，
　M ．A ．

，
1974 ； Amultiple−structured 　frontal　zone −

　 jet　stream 　systern 　as 　revealed 　by　meteorologically 　in−

　 strumented 　aircraft ．　 Mon ．　 Weather 　Rev．，102 ，244−

　 253．
Shapiro，　 M ．A ．， 1980：　 TUrbulent　 mixing 　within

　 tropopause 　folds　as 　a 　rnechanism 　for　the 　exchange 　of

　 chemlcal 　 constituents 　be七ween 　the 　stratosphere 　and

　 troposphere ，」．　Atoms ．　Sci，
，
37

，
994 −1004 ．

Singh，　H ．B．，W ，　Viezee
，
　W ，B．　Johnson 　and 　F ．L．　Ludwig

，

　 1980： The　impact　of 　stratospheric 　ozone 　on 　tropo −

　 spheric 　air 　quality．」．　Air　Pollution 　Cont買 ）1∠4550c・，
　 30，1009−1017 ．
Tsutsumi

，
　 Y ，

，
　 Y ．　 Makillo　 and 　M ．　Hirota

，
1991 ： 7［Yo−

　 pospheric　studies 　in　Japan ．　Oxone 　Depletion　Impli−

　 cations ノ
’
er 　the　 Tll，opics ，　M ．　Ilyas　Ed ．，　University　 of

　 Sciellce　Malaysia 　and 　UIlited　NatioIls　Environment

　 Program，196 −201，
Tsutsumi ，　Y ，，　Y ．　Zaizen 　and 　Y ．　Makino ，1994 ： ［［YopG

　 spheric 　ozone 　 measurement 　 at 　the　top　 of 　Mt ．　FUji．

　　（；eophl ／5，　Res，1ンett．， 21，1727−1730 ．
Wakamatsu ，　 S．，　Y ，　 Ogawa ，　 K ．　Murano ，　 K ．　Goi　and

　 Y ．Aburamoto ，1983： Aircrafb　 survey 　 of 　the 　sec −

　 ondary 　photochemical　pollutants 　covering 　the　Tbkyo

　 metropolitan 　area ．　Atmo3 ，　Environ．，17
， 827−835．

日本上 空 に おけ る対流 圏オ ゾン の 鉛直分布 ： オ ゾ ン ピ ー
クの 起 源

　堤 之智 ・牧野行 雄

（気象研 究所物理気象研究部）

　1987 年 か ら 1991年 に かけ て行 っ た 日本 上 空の
一

連 の航空機観測 に よ っ て 、若狭湾、遠州灘、そ の 他 い

くつ か の 地域 の 上空で 、対流圏 オゾ ン の 鉛直分布を観測し た 。 そ し て観測 され た オ ゾ ン ピーク の 起源 を探

る た め に、それ ぞれ の ピーク に 対 して 流跡線解析 と その 流跡線付近 の 渦位分布を調 べ た 。 その 結果 、今回

日本上 空 で観測 され た オ ゾ ン ピーク の うちの 多くは 、日本西方で 起 こ っ た トロ ポ ポ ーズ フ ォ
ール デ ィ ン グ

に 起因し て い る こ とが わ か っ た 。

N 工工
一Eleotronio 　Library 　
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　1989 年 1 月 21 日 に遠州灘上空で 観測 され た 2つ の 異な っ た高度、濃度の オ ゾ ン ピークは 、別の トロ ポポ

ーズ フ ォ
ール デ ィ ン グ を起源と して い た。そ して 輸送中に 拡散 されなが ら、日本上空で 層状構造 を な して

い た。同じ 日に 、同
一

の トロ ポポ
ーズ フ ォ

ー
ル デ ィ ン グを起源 に持つ 似た形の オ ゾ ン ピークが 約 300km 離

れ た 地域 で 観測された。それ らの オ ゾ ン ピー
ク は 、高度は異な るが 温位 の 傾きから、同じ対流圏オゾ ン 層

に 属 して い た と考えられ る 。 1990年 8 月 8 日に 2 つ の異な っ た性質の 大気が 日本上空 の そ う離れ て い な い 2

地点で 観測 され た 。 1 つ は高濃度の オ ゾ ン と低濃度の水蒸気を含ん だ大陸性 の 大気 で 、中国東北部 か ら輸

送され て来て い た。もう
一

つ は、低濃度 の オゾ ン と高濃度 の 水 蒸気 を 含ん だ 海洋性の大気で 、成層圏大気

に 出合わ ず また 都市域 も通過 せ ず に 数 日間海上 を 漂 っ て い た 。 海洋性気 団で も都市域 や 工 業 地 帯を通 過 し

た もの は 、オゾ ン と水蒸気が 正 の 相関、す な わ ち オ ゾ ン
、 水蒸気 ともに高濃度を示 した。1991 年 4月 27 日

の 筑波上 空 で の オ ゾ ン の鉛直分布は ほ ぼ
一

様で 70ppbv の 高濃度 を示した 。 こ れ は 、筑波 上 空 の 大気が 鉛

直方向の 渦位勾 配 が 緩や か な フ ォ
ー

ル デ ィ ン グ 領域 か ら来 て お り、しか もフ ォ
ー

ル デ ィ ン グが 起 こ っ て 間

もな く輸送 され て きた た め で あ ろ う。 オ ゾ ン 濃度 と輸送 さ れ た 距 離 の 関 係 か ら、対流圏中の オ ゾ ン の 分布

に は 成層圏 か らの 流入 だ け で な く、輸送中の 拡散 も重要で あ る と考えられる。
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