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Stratosphere-troposphere exchange of ozone associated 
with the equatorial Kelvin wave as observed 
with ozonesondes and rawinsondes 

Masatomo Fujiwara, Kazuyuki Kita, and Toshihiro Ogawa • 
Department of Earth and Planetary Physics, Graduate School of Science, University of Tokyo, Tokyo 

Abstract. An intensive observation with ozonesondes and rawinsondes was conducted 

in Indonesia in May and June 1995 to investigate a phenomenon of ozone enhancement 
in the tropical upper troposphere. We obtained the characteristics of an enhancement that 
continued for about 20 days, concurring with a zonal wind oscillation associated with the 
equatorial Kelvin wave around the tropopause and the Madden-Julian oscillation (MJO) 
in the troposphere. The isoline of ozone mixing ratio of 40 nmol/mol moved by 5.0 
km downward from 17.8 km to 12.8 km, while the tropopause height was 16.2-17.8 km 
throughout the period. Moreover, the maximum ozone concentration of 300 nmol/mol at 
the tropopause was concurrent with the maximum eastward wind phase of the Kelvin wave. 
The detailed mechanism of the ozone transport is interpreted as follows: The downward 
motion associated with the _Kelvin wave and the MJO transported the stratospheric ozone 
into the troposphere, and the air mixing due to the Kelvin wave breaking at the tropopause 
also caused stratosphere-troposphere exchange. The upper limit of the net amount of ozone 
transported from the stratosphere was estimated to be 9.9 Dobson units with the zonal and 
meridional extents of the ozone-increased region of more than 6.6 x 106 rn and 1.8 x 106 
m, respectively, to imply the potential to affect the photochemistry around the tropical 
tropopause. 

1. Introduction 

Recently, lhe significance of tropospheric ozone in the 
tropics has been recognized in terms of the oxidizing effi- 
ciency and greenhouse effect, and various efforts have been 
made to investigate its spatial distribution and temporal vari- 
ation [Kley et al., 1996; Thompson et al., 1997; Crutzen and 
Lawrence, 19971. However, especially in the upper tropo- 
sphere, the ozone budget in the tropics has not been fully 
understood yet because of the sparsity of the ground-based 
and long-term observations. 

We have been conducting a regular ozonesonde sounding 
at Watukosek (7.5øS, 112.6øE), Indonesia (Figure 1), since 
1993 in collaboration with the Indonesian National Institute 

of Aeronautics and Space (LAPAN) and the National Space 
Development Agency of Japan (NASDA). The previous data 
analysis revealed that a phenomenon of large ozone enhance- 
ment in the upper troposphere, altitudes of 12-16 km, some- 
times occurred in April, May, and June during the transition 
period from the local wet season to the dry one [Komala et 
al., 1996]. Two possible explanations for this phenomenon 

I Now at Earth Observation Research Center, National Space 
Development Agency of Japan, Tokyo 
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were mentioned: (1) the long-range transport of ozone and 
ozone precursor gases originating from biomass burning in 
the Asian continent where it is at the end of tile local dry 
season and (2) the downward transport from the stratosphere 
by a certain mechanism of the stratosphere-troposphere ex- 
change (STE) such as the deformation of the tropopause by 
the equatorial Kelvin wave activity, as suggested by Tsuda et 
al. [ 1994a]. It should be noted that the phenomenon tends to 
be observed when both biomass burning and convection, the 
latter of which may also increase ozone through lightning or 
transport of ozone-rich air from the surface, are not so active 
in Indonesia. 

Other previous reports related to the ozone enhancement 
in the tropical upper troposphere are available as follows: 
Pickering et al. [1993] discussed the role of lightning- 
produced NO.,.. in the active convective system as a source 
of the upper tropospheric ozone. Diab et al. [1996] pre- 
sented time-height cross sections of tropospheric ozone at 
four ozonesonde stations located in southern Africa and the 

tropical Atlantic Ocean during the Southern African Fire- 
Atmosphere Research Initiative (SAFARI-92) period. They 
interpreted the upper tropospheric ozone enhancements ob- 
served at Brazzaville, Congo, and Ascension Island as a 
result of stratosphere-troposphere exchange with analyses of 
vertical wind and potential vorticity. Kley et al. [1996] 
showed the results from several ozonesonde observations 

over the tropical Pacific in March 1993, mentioning that the 
elevated ozone concentrations in the upper troposphere ob- 
served over Christtnas Island were due to the stratospheric 
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Figure l. The locations of the observational sites, Watukosek 
(7.5øS, 112.6øE) and Bandung (6.9øS, 107.6øE). 

receiver or abrupt power failure of the station. The data sam- 
pling times are 4 seconds for ozone and 16 seconds for the 
other parameters with an ascending speed of •,,5 m s -•. In 
this paper, the vertical resolution is set to 200 m. The vertical 
distributions of horizontal wind and atmospheric temperature 
were measured with Vaisala RS-80 rawinsondes at Bandung 
[cf. Shirnizu and Tsuda, 1997]. We use the profiles obtained 
at 0700 LST during the period between May 1 and June 15 
with a vertical resolution of 150 m. 

Six successive vertical distributions of ozone mixing ra- 
tio and temperature obtained at Watukosek illustrate that the 
tropopause defined by the minimum temperature was lo- 
cated around 16-18 km, whereas the ozone profile changed 
drastically near the tropopause (Figure 2). While the ozone 

influx. Weller et aL [1996] constructed meridional cross 
sections of tropospheric ozone over the Atlantic with the 
ozonesonde observation aboard a research vessel, showing a 
large ozone enhancement in the tropical upper troposphere 
in May and June 1994. Folkins et al. [ 1997] analyzed the en- 
hancement of upper tropospheric NO, NOy, CO, and ozone 
observed during an aircraft campaign over Fiji in the cen- 
tral tropical Pacific in October 1994. Since the enhanced 
air mass originated as outflow from a convective disturbance 
near New Guinea, they ascribed it to the extensive biomass 
burning that occurred in October 1994 in Indonesia. Suhre 
et al. [1997] reported several episodes of very high concen- 
tration of ozone over the Atlantic as observed by a specially 
equipped commercial aircraft. However, the observations of 
the ozone enhancement in the tropical upper troposphere are 
still too limited to understand the photochemical and dynam- 
ical characteristics of the phenomenon comprehensively. 

An intensive observation was conducted in May and June 
1995 with 11 ozonesonde soundings at Watukosek and more 
than one rawinsonde sounding per day at Bandung (6.9øS, 
107.6øE; 600 km west of Watukosek), Indonesia. In this 
paper, we present the results of the observation that revealed 
several characteristics of the ozone enhancement concur- 

ring with the equatorial Kelvin wave activity around the 
tropopause and the Madden-Julian oscillation in the tropo- 
sphere (sections 2 and 3) and interpret the transport mecha- 
nism. Detailed processes of the ozone transport are discussed 
in section 4. Net amount of ozone transported from the strato- 
sphere is estimated in section 5. Discussion and conclusions 
are in sections 6 and 7. 

2. Observation 

The vertical distributions of atmospheric ozone concentra- 
tion and temperature were measured by Meisei RSII-KC79D 
electrochemical carbon-iodine ozonesondes with TX3000- 

type TOTEX balloons and a tracking system at Watukosek. 
The observations were successfully conducted on May 3, 9, 
17, 22, 26, 29, and 30 and June 1, 3, 5, and 14. Though five 
other soundings were also conducted during the period, we 
did not use them in the analysis because the data were not 
of good quality due to malfunction of the ozonesonde or the 
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Figure 2. Vertical distributions of atmospheric ozone mixing 
ratio (solid circles) and temperature (crosses) in 10-20 km 
observed with ozonesondes at Watukosek on (a) May 9, (b) 
May 17, (c) May 22, (d) May 26, (e) May 29, and (f) May 30. 
The tropopause height defined by the minimum temperature 
is also indicated by a star in each panel. 
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mixing ratio increased rapidly with altitude just above the 
tropopause on May 9, the increase started at lower altitudes 
on May 17, 22, and 26. Between 17 and 18 km on May 22, 
a constant mixing ratio of •300 nmol/mol (1 nmol/mol = 1 
ppbv) was observed, which was the maximum concentration 
at the tropopause during the observation period. Figure 3 
shows the variation of vertical distribution of ozone mixing 
ratio at Watukosek. The isoline of 40 nmol/mol moved by 
5.0 km downward from 17.8 km on May 9 to 12.8 km on May 
26, while the tropopause was located around 16.2-17.8 km 
throughout the period. The 120 nmol/mol isoline also moved 
by 3.0 km downward from 18.4 km on May 9 to 15.4 km 
on May 26. On the other hand, while the 160-320 nmol/mol 
isolines moved downward from May 17 to May 22, they had 
recovered on May 26. After May 26, the 40-120 nmol/mol 
isolines in the upper troposphere had also recovered by June 
1. 

Figure 4 compares the variation of temperature profile 
at Watukosek with that at Bandung. The variations of the 
tropopause height at Watukosek and Bandung agree well if 
the difference of the time resolution is considered. Because 

the distance between the two sites is only 600 km with a small 
latitudinal difference, it can be assumed that the rawinsonde 
data at Bandung represent the meteorological situation at 
Watukosek in the case of large-scale phenomena. 

Figure 5 shows the variation of potential temperature cal- 
culated from the rawinsonde data at Bandung. From May 11 
to May 22, the isolines between 355 and 375 K moved down- 
ward. To investigate the vertical motion in detail, the varia- 
tion of vertical distribution of potential temperature deviation 
from the time mean is plotted in Figure 6. The potential tem- 
perature deviation should be proportional to the downward 
displacement for adiabatic motions when the square of the 
Brfint-V•iis•il•i frequency A T CY 2) is constant. Large down- 
ward displacement at the tropopause, which had begun in the 
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Figure 3. Variation of vertical distribution of ozone mixing 
ratio at Watukosek from May 3 to June 14 in 12-20 km. The 
contour interval is 20 nmol/mol. The shaded region corre- 
sponds to that of more than 40 nmol/mol. The tropopause 
height at Watukosek is also indicated. 
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Figure 4. Variations of vertical distribution of atmospheric 
temperature at (top) Watukosek and (bottom) Bandung from 
May 1 to June 15. The contour interval is 2 K. The shaded re- 
gions correspond to those of less than 200 K. The tropopause 
height is also indicated at each station. 

lower stratosphere, was seen on May 15 and 16 when the 
tropopause jumped. After that, between May 16 and May 
29, a large region of downward displacement was seen in 
the upper troposphere, which nearly corresponded with the 
ozone-enhanced region in Figure 3. These results support 
the insight that the enhanced ozone in the upper troposphere 
originated from the higher altitudes, i.e., the stratosphere. 
However, it should be noted that the maximum ozone con- 

centration at the tropopause appeared not on May 17 but 
on May 22, though the largest downward displacement at the 
tropopause was seen on May 15 and 16. Note also the concur- 
rence of large positive deviation and downward displacement 
of ozone isolines in the lower stratosphere between May 29 
and June 3. 

Plate 1 shows the variation of vertical distribution of zonal 

wind at Bandung. It revealed an oscillation around the 
tropopause, between 15 and 19 km, and in the troposphere 
below 15 km in May. At 17 km, its period was 23 days 
(between May 5 and May 28), and its amplitude was 8-12 
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Figure 5. Variation of vertical distribution of potential tem- 
perature at Bandung. The contour interval is 5 K. 

m s -1 on May 21 and 22. The isoline of 0 m s-1 moved 
downward from 18.5 km on May 9 to 14.8 km on May 22, 
with a corresponding vertical phase speed of-3.3 x 10 -3 
m s -i. It should be noted that the maximum eastward wind 

phase at the tropopause appearing on May 21 and 22 was 
concurrent with the maximum ozone concentration at the 

tropopause observed on May 22. Below 14.8 km, the oscil- 
lation still existed till about 7 km (not shown), though the 0 
m s-1 isoline was not tilting but rather vertical. The nature 
of the oscillation and its relation to the downward transport 
will be discussed in the following sections. The prevailing 
eastward wind above 19 km was associated with the east- 

ward wind phase of the quasi-biennial oscillation (QBO). 
Figure 7 shows examples of vertical distributions of N 2 and 
atmospheric temperature at Bandung on May 15 and May 
22. It can be seen that the representative values of N 2 in the 
lower stratosphere, at 15 km, and between 10 and 15 km are 
5 x 10 -4 s -2, 1 x 10 -4 s -2, and 5 x 10 -5 s -2, respectively. 

3. Analysis of the Observed Zonal Wind 
Oscillation 

In this section, we investigate the nature of the zonal wind 
oscillation observed with the rawinsondes at Bandung. To 
examine the nature of the oscillation in broader horizontal 

extent, we use the zonal wind data of the global meteorolog- 
ical analysis by Japan Meteorological Agency (GANAL), 
whose horizontal grid is 1.875 ø x 1.875 ø and whose vertical 
levels are surface, 1000, 850, 700, 500, 400, 300, 250, 200, 
150, 100, 70, 50, 30, 20, and 10 hPa with a time resolution 
of 12 hours. Plate 2 represents the variation of zonal wind of 
GANAL along the 7.5øS latitude line on the 100-hPa level 
(• 16 km altitude). The zonal wind oscillation with a period 
of about a month is seen in the eastern hemisphere, between 
0 ø and 180 ø longitudes till the beginning of June. The region 
of the maximum eastward wind moves eastward with a speed 
of 8.9 m s -1 from 0 ø longitude on May 15 to 180 ø longi- 
tude on June 10. This eastward motion appears at altitudes 

from 300 hPa (•8.5 km) to 100 hPa. If the oscillation is 
interpreted as an eastward moving planetary-scale wave, the 
zonal phase speed relative to the ground c (x) is 8.9 m s -1, 
and the spherical integer zonal wave number s - ka cos ½ is 
•2, where k, a, and ½ are zonal wave number, the radius of 
the Earth, and latitude, respectively. The background zonal 
wind on 100 hPa a is N0 m s-1 in the eastern hemisphere. It 
should be noted that the phase, amplitude, vertical structure, 
and period of 26 days calculated from 27r/kc (•) agree quite 
well with those observed with the rawinsondes at Bandung 
despite that the Bandung data were not used in GANAL. 
The characteristics of the zonal wind oscillation seen in both 

Plates 1 and 2 are summarized in Table 1. 

The zonal wind oscillation above 14.8 km can be inter- 

preted as the equatorial Kelvin wave, because its period is 
•25 days; its vertical structure shows downward phase prop- 
agation; its horizontal structure is of planetary scale; and the 
system moves eastward. To confirm this interpretation, we 
calculate the vertical phase speed of the wave according to 
the linear theory of the equatorial Kelvin wave [Andrews et 
al., 1987]. The dispersion relation of the Kelvin wave in the 
case of a - 0 is written as 

- (]) 

where w is the frequency and m is the vertical wave number. 
Using w - kc (•), the vertical wavelength Xz and vertical 
phase speed c(Z) are written as follows: 

Xz - (2) 

c (z) -- w/m- -kc(•)2/N. (3) 
Using the values of c (•) and k obtained from the GANAL 
analysis, ,Xz and c (z) are estimated as shown in Table 2. 
Estimates of c (z) for the two altitude regions (•,, 15 km and 
the lower stratosphere) have the same order of magnitude as 
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Figure 6. Variation of vertical distribution of potential tem- 
perature deviation at Bandung. The mean distribution is 
calculated from all the data in the observation period. The 
contour interval is 4 K. The lighter shaded regions corre- 
spond to those with positive values. The regions of more 
than +4 K are darker shaded. 
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Plate 1. Variation of vertical distribution of zonal wind at 
Bandung. 

that derived from the Bandung data (see Table 1), supporting 
the interpretation that the zonal wind oscillation seen in both 
Plates I and 2 is the equatorial Kelvin wave. Note that 
the observed c (x) (8.9 m s -l) is much smaller than 25 m 
s -l for the Kelvin waves frequently observed in the lower 
stratosphere [Andrews et al., 1987]. 

On the other hand, the zonal wind oscillation still ex- 
isted below 14.8 km, where the 0 m s -• isolines are rather 
vertical (Plate 1). This is probably associated with the so- 
called Madden-Julian oscillation (MJO) [Madden and Julian, 
1972], which is caused by the tropical hierarchical convec- 
tive systems [Nakazawa, 1988]. To examine the convective 
activity during the observation period, we analyze the in- 
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Figure 7. Vertical distributions of the square of the Bdint- 
V•iis•il•i frequency N (diamonds and solid lines) and atmo- 
spheric temperature (dotted lines) with the tropopause (stars) 
in 10-26 km at Bandung on (a) May 15 and (b) May 22. The 
solid lines indicate the running averages of five data points. 
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Plate 2. Variation of zonal wind along the 7.5øS latitude line 
on the 100-hPa level (,-,,16 km altitude) from the GANAL 
data. The observational sites are indicated by lines. 

frared equivalent blackbody temperature data by Japanese 
Geostationary Meteorological Satellite (GMS), whose hori- 
zontal grid is 1 ø x 1 ø with a time resolution of 3 hours. The 
temperature value represents the cloud top height, i.e., lower 
values correspond to taller clouds and vice versa. Plate 3 
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Plate 3. Variation of the infrared equivalent blackbody tem- 
perature, which represents the convective activity, along the 
latitudinal band between 5.5øS and 9.5øS from the Geosta- 

tionary Meteorological Satellite data. The observational sites 
are indicated by lines. 
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Table 1. Summary of the Characteristics of the Zonal Wind Oscillation Seen 
in the Rawinsonde Data at Bandung (Plate 1) and the GANAL Data on 100 
hPa (Plate 2) 

Parameter Value 

Rawinsondes 

Period, 2•r /kc ( •) 
Amplitude, U 
Vertical phase speed, c (z) 

GANAL 

Zonal phase speed, c (•) 
Zonal wave number, s 
Background zonal wind, 

23 days 
8-12 m s -1 at 17 km 
-3.3 x 10 -3 m s -1 at 15-19 km 

8.9ms -1 
2 

Oms -1 

GANAL, Japan Meteorological Agency. 

shows the variation of the GMS data along the latitudinal 
band between 5.5øS and 9.5øS. It is revealed that an active 

large-scale convective system coming from the Indian Ocean 
passed over the observation sites on May 11, and after that, 
no remarkable system was observed till the beginning of 
June, which is consistent with the fact that the zonal wind 

direction changed from eastward to westward around May 8 
(see Figures 16g and 16h of Madden and Julian [ 1972]). 

4. Downward Transport of Ozone Associated 
With the Equatorial Kelvin Wave and MJO 

In this section, we try to interpret the ozone variation in 
Figure 3 along with the concurrent prevailing meteorological 
feature around the tropopause, i.e., the equatorial Kelvin 
wave and the MJO in the troposphere. Three features in 
Figure 3 are focused on: the downward motion of the isolines 
of 40-120 nmol/mol from May 9 to May 26 (section 4.1); 
the occurrence of the maximum ozone concentration at the 

tropopause on May 22 (section 4.2); and the recovery of 
the isolines around the tropopause from May 22 to June 1 
(section 4.3). 

4.1. Downward Motion of Ozone Isolines From May 9 
to May 26 

Figure 8 is a schematic illustration of the wind perturbation 
(u •, w •) of the Kelvin wave, where u • and w • are the zonal 
and vertical wind components, respectively, and the isotherm, 
hence the material surface, deformed by the wave. According 

Table 2. Estimated Values of •z and c (z) of the Equato- 
rial Kelvin Wave at Given Values of N 2 and c (x) - 8.9 

-1 
ms 

_N 2, S --2 

1.0x 10 -4 5.0X 10 -4 

Az, m 5.6 X 10 3 
c (*), m s -1 -2.5 X 10 -3 

2.5 x 10 3 
-1.1 x 10 -3 

to this figure, the maximum downward displacement should 
occur during the transition period from the westward wind 
to the eastward one if one notes that this wave pattern moves 
eastward (During this period, the maximum of the Kelvin 
wave temperature component propagates downward through 
the average tropopause level. Thus the tropopause may jump 
if the wave amplitude is sufficiently large, as in the case of 
May 15-16, 1995 (Figure 5).). In fact, the deviation plot of 
potential temperature indicates this downward displacement 
as the regions of more than +4 K (Figure 6) corresponding 
to the downward motion of the 0 m s-1 isoline from May 9 
to May 22 in Plate 1. According to Figure 5, +4 K change of 
potential temperature in the upper troposphere corresponds to 
0.5-1.5 km downward displacement. To investigate whether 
the vertical extent is explained by adiabatic motions, we 
estimate the maximum vertical displacement 2•0 associated 
with the Kelvin wave using the linear wave theory. The 
vertical wind component •t; • - e z/2H W exp[i(kx + mz - 
wt)], where H (•7 km) is the scale height and W is the 
amplitude, can be expressed with the vertical displacement 
• as w • - O•/Ot in the case of • - 0. Substituting 
• - ez/2n •o exp[i(kx +mz-wt)+iTr/2], where exp(i7r/2) 
is the phase delay relative to w •, and using the relation of the 
Kelvin wave's amplitudes, W/U - -k/m (Figure 8) and 
equation (1), we obtain 

•o - U/N. (4) 

With U - 10 m s -j, we calculate 2•0 - 2.0 km at 
N 2 - 1.0 x 10 -4 s -2 and 2•0 - 2.8 km at _/V 2 - 5.0 x 10 -5 
s -2. These results are consistent with those inferred from po- 
tential temperature deviation if one considers the maximum 
deviation of +8 K. 

On the other hand, from May 9 to May 26, the ozone iso- 
line of 40 nmol/mol moved by 5.0 km downward from the 
tropopause, and those of up to 120 nmol/mol also showed 
downward motions (Figure 3). Comparing the locations of 
these isolines in Figure 3 with the region of more than +4 K 
in the upper troposphere in Figure 6, most of their downward 
motion between May 9 and May 22 can be interpreted to 
have been due to the Kelvin wave. As for the further down- 

ward motion of the 40-120 nmol/mol isolines till May 26, the 
downward motion associated with the MJO may play a role. 
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Figure 8. Schematic illustration of the wind perturbation (u t, w t) indicated by arrows associated with the 
equatorial Kelvin wave. The observer is moving eastward with the wave at the speed of c (x) relative to the 
ground. A hypothetical air parcel moves at a velocity of (-c + q- u •, w •) in this coordinate system, where 
c + -- c (•:) -/•. Its trajectory can be interpreted as the isotherm, hence the material surface, deformed by 
the wave. See the text for further discussions. 

Around May 22 when the zonal wind direction changed from 
westward to eastward without any remarkable convection 
over Indonesia, the average vertical wind direction should 
have been downward, which corresponds to Figures 16b and 
16c of Madden and Julian [ 1972]. Holton [ 1992] roughly 
estimated the speed of the subsidence balanced with the ra- 
diative cooling of 1 K day-], which is the typical value for 
the tropical nonconvective troposphere, as 3 x 10 -3 m s -•, 
which means that it takes 4 days to move by 1 km downward. 
This vertical speed is consistent with the motion of the 40 
nmol/mol isoline from May 22 to May 26 in Figure 3. 

4.2. Maximum Ozone Concentration at the Tropopause 
on May 22 

Figure 3 also indicates that the maximum ozone concen- 
tration at the tropopause occurred on May 22 when the 
maximum eastward wind phase of the wave was observed 
(Plate 1 ), while the linear wave theory predicts its occurrence 
around May 16 because it was the transition period from the 
westward wind to the eastward one at the tropopause so that 
the maximum downward displacement should occur (Figure 
8). Therefore any nonlinear process such as breaking of the 
wave should be considered to explain all the results of the 
observations consistently. 

According to Table 1, the amplitude of the zonal wind com- 
ponent was comparable to the intrinsic zonal phase speed of 
the wave, c + =_ c (•') -/•, at the tropopause (i.e., U • c (:") as 
/• -- 0 m s-] at the tropopause). In such a case, the isotherm 
becomes vertical at least in the narrow region of the maxi- 
mum eastward wind phase, as also illustrated in Figure 8, to 
generate a mixing region, in other words, breaking of a part 
of the wave occurs. The fact that a nearly constant mixing 
ratio of •,,300 nmol/mol was observed between 17 and 18 

km on May 22 (Figure 2) when the maximum eastward wind 
phase appeared at the tropopause (Plate 1) strongly suggests 
that the air mixing due to the wave breaking occurred around 
these altitudes. It should be noted that the small jumps of 
the tropopause at Bandung on May 21 and 22 may indicate 
the instability which had caused the air mixing around 17 
km, as well as the existence of shorter-period waves [Tsuda 
et al., 1994b; Sato and Dunkerton, 1997]. The enhanced 
ozone of more than 160 nmol/mol in the uppermost tropo- 
sphere (above 16 km) on May 22 can be interpreted as the 

result of this mixing as well if one assumes that the breaking 
region had extended to these altitudes. As for the downward 
motion of the isolines more than 300 nmol/mol in the low- 

ermost stratosphere between May 17 and May 22 (Figure 
3), the downward phase propagation of the breaking region 
may play a role. The isolines more than 1280 nmol/mol 
(above 21.2 km) moved upward between May 17 and May 
22 (not shown), which suggests that the enhanced ozone in 
the lowermost stratosphere had originated around 21.2 km. 

Therefore the causes of the large ozone enhancement 
around the tropopause on May 22 can be summarized as 
follows: (1) The previous downward phase propagation of 
the air mixing region due to the wave breaking had increased 
the ozone concentration in the lowermost stratosphere; (2) on 
May 22, the breaking region had reached the tropopause and 
caused the ozone enhancement in the uppermost troposphere 
as well; and (3) the previous downward motion into the tro- 
posphere associated with the Kelvin wave and the MJO had 
increased the ozone concentration below 16 km, as discussed 

in the previous section. 

4.3. Recovery of the Ozone Isolines From May 22 to 
June 1 

After May 22, the ozone concentration in the uppermost 
troposphere had at least stopped increasing because the ozone 
transport from the stratosphere due to the Kelvin wave and 
its breaking had stopped as the maximum eastward wind 
phase had passed over Indonesia. For the recovery of the 
ozone isolines around the tropopause, we have two possibil- 
ities: One is the upward motion due to the Kelvin wave, and 
the other is the rapid horizontal mixing into the surrounding 
troposphere. The former is less plausible because Figure 6 
shows only a small region of upward displacement across 
the tropopause during this period. It should be noted that 
the downward phase propagation of the Kelvin wave around 
the tropopause may result in less efficient upward transport 
than downward transport because it means that the downward 
transporting region moves downward into the less stable tro- 
posphere but the upward transporting region does not move 
upward. Thus most of the ozone molecules transported from 
the stratosphere had spread into the surrounding troposphere 
before they were transported back to the stratosphere. 
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5. Estimation of the Ozone Amount 

Transported Into the Troposphere 

In this section, we roughly estimate the net amount of 
ozone transported from the stratosphere. According to the 
discussions in section 4, we can assume that the enhanced 

ozone on May 22 represented all the ozone molecules trans- 
ported from the stratosphere between May 9 and June 1 and 
that most of them had remained in the troposphere. Ozone 
amounts between 12 km and the tropopause on May 9 and 
May 22 are 0.79 Dobson units (DU) (1 DU -- 2.687 x 1016 
molecules of ozone cm -2) and 10.64 DU, respectively, so 
that the increased ozone amount over Indonesia is estimated 

from the difference of the two as 9.9 DU. Note that this value 

is the upper limit. If one uses 7.56 DU for the same alti- 
tude region on May 26, one obtains a 6.8 DU increase. The 
mefidional extent of the ozone-increased region, L.v, may be 
estimated from the approximate meridional scale of the equa- 
torial waves as L.v/2 -- (2N/•lml)•/2, where 3 -- 2g•a -1 
cos <5 and g• = 2•r(sidereal day) -1 [Andrews et al., 1987]. 
Putting appropriate values, we obtain L.v = 1.8 x 106 m. On 
the other hand, the zonal extent, L x, can be estimated from 
Plate 2 to be at least 6.6 x 106 m, corresponding to the re- 
gion of large eastward wind between 60øE and 120øE around 
May 25. It should be noted that L x will become larger if the 
nonbreaking regions, where ozone may be also transported 
into the troposphere irreversibly, are also included. 

Total ozone in the tropics varies from 250 to 280 DU [Fish- 
man et al., 1990], and the ozone amount between 3 and 16 
km at Watukosek varies from 10 to 25 DU [Komala et al., 
1996]. Thus the value of 9.9 (6.8) DU corresponds to 3.5- 
4.0% (2.4-2.7%) of total ozone and more than 40% (27%) 
of tropospheric ozone. Considering these facts and the hori- 
zontal extent of the ozone-increased region, the ozone trans- 
port associated with the Kelvin wave activity including wave 
breaking and the MJO has the potential to affect the pho- 
tochemistry in the tropical troposphere. This phenomenon 
may be detectable with the satellite-borne total ozone map- 
ping spectrometer (TOMS), though it might be difficult to 
exclude the perturbation component due to the Kelvin waves 
in the stratosphere [e.g. Ziemke and Stanford, 1994]. Unfor- 
tunately, the TOMS data are not available during our obser- 
vation period. 

6. Discussion 

There are several possible origins for ozone enhancement 
in the tropical troposphere other than the stratosphere, such 
as biomass burning and lightning. Biomass burning is most 
prevalent at the end of the local dry season in September and 
October. Ozone is enhanced in the lower and middle tro- 

posphere due to the enhancement of ozone precursor gases, 
though no enhancement is seen in the upper troposphere at 
Watukosek even in these months between 1992 and 1995 

[Komala et al., 1996; Fujiwara et al., 1996]. (However, 
large ozone enhancement throughout the troposphere was ob- 
served in September-December 1997, when the most active 
forest fire since the 1982-1983 period occurred in Indonesia.) 
On the other hand, lightning is most active in the local wet 
season between December and March, but the ozone concen- 
tration observed in Indonesia is the lowest (20-30 nmol/mol) 

throughout the troposphere in these months. There is also 
a possibility of the long-range transport of ozone or ozone 
precursor gases from distant biomass burning or lightning 
or from the stratosphere in midlatitudes. The former two 
may not enhance ozone in the upper troposphere over In- 
donesia except for the special cases such as the most active 
forest fire episode in 1997. The synoptic-scale wave activ- 
ity in midlatitudes, which causes the ozone transport from 
the stratosphere, has no distinct seasonality in the southern 
hemisphere [Trenberth, 1991]. Therefore the phenomenon 
of the upper tropospheric ozone enhancement over Indone- 
sia with a seasonality of Aphl-June is mostly caused by the 
transport from the stratosphere associated with the equatohal 
wave activity. 

The tropical stratosphere-troposphere exchange (STE) has 
been focused only on cumulonimbus penetration as a dehy- 
dration mechanism for the lowermost stratosphere, i.e., up- 
ward transport from the troposphere to the stratosphere since 
Danielsen [ 1982] proposed an intriguing hypothesis [Russell 
et al., 1993; Danielsen, 1993; Holton et al., 1995] (see also 
the special section on the NASA expehment on tropospheric- 
stratospheric water vapor transport in the Intertropical Con- 
vergence Zone (Geophys. Res. Lett., 9(6), 599-624, 1982)), 
though recently, some indirect cases in which the downward 
transport across the tropical tropopause may have had oc- 
curred were obtained [e.g., Tsuda et al., 1994a; Newell et 
al., 1996]. Our result suggests that the wave activity in- 
cluding wave breaking around the tropopause is a possible 
STE mechanism in the tropics. It should be noted that it 
would also affect the water vapor mixing ratio in the low- 
ermost stratosphere in a different way from cumulonimbus 
penetration because the tropopause temperature fluctuation 
associated with wave disturbances is different from that with 

cumulonimbus penetration. Therefore the STE process asso- 
ciated with the equatorial waves must be studied comprehen- 
sively to estimate its influence on the photochemistry around 
the tropical tropopause. 

For the above purpose, we need to know (1) the tem- 
poral and spatial variations of the wave activity including 
wave breaking around the tropical tropopause, (2) the rela- 
tionship between the wave breaking at the tropopause and 
the background meteorological conditions in both the tropo- 
sphere and the lowermost stratosphere, and (3) the amounts 
of constituents transported across the tropopause by waves 
including their breaking. As for case 1, some case studies 
[Tsuda et al., 1994a, b; Nishi and Sumi, 1995; Shimizu and 
Tsuda, 1997] and statistical studies [Maruyama, 1991; Sato 
et al., 1994; Sato and Dunkerton, 1997] have been made on 
the wave activity around the tropical tropopause. Maruyama 
[ 1991] showed that the Kelvin waves were most active in 
March on 70 hPa (• 18.5 km altitude) over Singapore. Using 
the same data set with a shorter pehod, Sato and Dunkerton 
[1997] showed that the Kelvin waves with relatively small 
zonal phase speed reported by Tsuda et al. [1994a] were 
common around the tropopause, which was perhaps related 
to the long duration of eastward wind above the tropopause. 
It should be noted that all of them are based on the data 

set taken in the equatohal east Asia or the western Pacific. 
Further studies are crucially needed to investigate the global 
wave activity in terms of the cross-tropopause transport by 
analyzing the data from stations and global analyses. As 
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for cases 2 and 3, numerical experiments to characterize the 
transport should be made with regard to the wave parame- 
ters such as the zonal phase speed, amplitude of the zonal 
wind component, and zonal wave number along with the 
background meteorological conditions for zonal wind and 
temperature distributions. It should be noted that ON2/Oz 
is very large in the uppermost troposphere so that the WKBJ 
approximation of the linear wave theory is no longer valid 
[cf. Andrews et al., 1987] and that 0/•,/0y as well as 
are sometimes sufficiently large to affect the wave structure 
around the tropopause over Indonesia. Observational data 
are still quite limited to allow understanding the transport 
and photochemistry around the tropical tropopause compre- 
hensively. 

7. Conclusion 

We have conducted an intensive observation with 

ozonesondes and rawinsondes in Indonesia in May and June 
1995 to investigate the phenomenon of ozone enhancement 
in the tropical upper troposphere. We have obtained a tempo- 
ral transition of the phenomenon that continued for about 20 
days concurring with downward displacement of air as rec- 
ognized from the variation of potential temperature. The 
concurrent prevailing meteorological feature was a zonal 
wind oscillation associated with the activity of the equatorial 
Kelvin wave around the tropopause and the Madden-Julian 
oscillation in the troposphere. 

The detailed mechanism of the downward transport of 
ozone could be interpreted as follows: (1) Downward 
displacement associated with the Kelvin wave around the 
tropopause, 15-19 km, and the subsidence during the non- 
convective phase of the MJO below 15 km had caused ozone 
transport from the lower stratosphere into the troposphere 

West Longitude East 
Figure 9. Schematic illustration of the longitude-altitude 
cross section of the observed ozone-transporting eastward 
moving system. The locations of 0 m s -• zonal wind are 
indicated by bold dotted lines. Ozone-increased regions are 
shown by shaded circles. The letters A-D indicate the time 
when the phase of the system passed over the observation 
sites: A, between May 6 and 11; B, between May 15 and 
16; C, between May 21 and 22; and D, May 26. The ozone- 
transporting processes were interpreted as follows: 1, down- 
ward motion associated with the Kelvin wave and the MJO; 
2, air mixing due to the Kelvin wave breaking; and 3, hori- 
zontal mixing in the troposphere. 

from May 9 to May 26; (2) the air mixing due to the Kelvin 
wave breaking occurred in the lowermost stratosphere and at 
the tropopause over Indonesia to cause the maximum ozone 
concentration around the tropopause on May 22; and (3) 
the ozone concentration in the uppermost troposphere had 
stopped increasing after May 22, and most of the ozone 
transported from the stratosphere had spread into the sur- 
rounding troposphere due to the horizontal mixing. These 
ozone-transporting processes are summarized in Figure 9. 

The net amount of ozone transported from the stratosphere 
into the troposphere was estimated to be 9.9 DU as the upper 
limit. The horizontal extent of the ozone-increased region 
was L:,... _> 6.6 x 106 m and L:j •_ 1.8 x 106 m. It should 
be emphasized that the ozone transport associated with the 
equatorial Kelvin wave activity including wave breaking and 
the MJO has the potential to affect the photochemistry in the 
tropical troposphere and lower stratosphere. 
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