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ABSTRACT 

Analysis of total ozone data measured at Taipei and Chengkung in 
Taiwan, suggests that the spatial variation of column ozone over Taiwan is 
negligible. Further analysis of the ozone sonding data over Taipei indicates 
that the seasonal variation of total ozone is strongly correlated to the change 
of stratospheric ozone and has a typical pattern of spring maximum and 
winter minimum. The tropospheric ozone occupies about 16% of the total 
column ozone, and has maximum levels in spring and summer. Intrusions 
of stratospheric ozone and meridional ozone transport by the Hadley cir­
culation have resulted in higher ozone levels in the upper and mid-tropo­
sphere in spring. Photochemical ozone production in the boundary layer is 
crucial to the summer maximum. Column ozone below 2km height occu­
pies about 3 % of the total column and 18.6 % of the troposphere ozone, 
which can be enhanced to 36% in July. Comparing this study's data with 
estimates from satellite data by Fishman et al. (1990), we note that there 
were changes of -3.3% , -8.2% and 34% in the total, stratospheric and tro­
pospheric ozone, respectively, from 1979-1987 to 1994 -1999. The tropo­
spheric ozone-increasing trend is most noteworthy. 

(Key words: Total ozone, Tropospheric ozone, Vertical ozone profile) 

1. INTRODUCTION 

Three factors are important to the distribution of tropospheric ozone (London and Liu 
1992): downward transport of stratospheric ozone through tropopause folding (Roelofs and 
Lelieveld 1997), surface deposition and the photochemical production and loss. Levy et al. 
(1997) use a Global Chemical Transport Model to reveal that two largest components in the 
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global ozone budget are the stratospheric ozone injection and the surface dry deposition. Net 
contribution from tropospheric chemistry is relatively small (about one-fifth of the strato­
spheric injection), but is a balance between two large terms: production in the polluted bound­
ary layer (about the same magnitude as the stratospheric injection) and destruction in the back­
ground troposphere. In the boundary layer, long-term anthropogenic emissions of ozone pre­
cursors from the industrialized Northern Hemisphere have enhanced surface ozone levels in 
Europe (Volz and Kley 1988; Marenco et al. 1994) and U.S. (Logon 1989, 1994). Meanwhile, 
biomass burning in the tropics results in significant ozone production in the lower troposphere 
and hence a strong seasonal correlation with the total ozone (Fishman et al. 1986; Badly et al. 
1996; Kim and Newchurch 1997; etc.). 

In past decades, strong economic growth in East Asia has drawn attention to studies con­
cerning the human effect on regional tropospheric ozone. Ogawa and Miyata ( 1985), Tsuruta 
et al. (1989) and Sunwoo et al. (1994) reveal that surface ozone in Japan has a seasonal varia­
tion pattern of spring maximum and summer minimum. Akimoto et al. ( 1994) show that ozone 
in 0-2km layer over Japan has been steadily increased in recent decades. Lee et al. (1998) 
point out an increase of about 2.5±0.6% per year of the ozone level in the lower tropospheric 
layer at Okinawa, Japan, and attribute this phenomenon to a steady increase of NO, emissions 
from the Northeast Asian region. Chan et al. (1998) analyze ozone sanding data at Hong Kong 
and reveal tropospheric ozone maximum in spring and minimum in summer. They have attrib­
uted the later phenomenon to summer monsoon, which carries tropical clean air mass to this 
region. 

In Taiwan, monitoring of total ozone can be traced back to the 1960s, but it was not until 
1992, when two Brewer Spectrometers were set up at two separate sites, that the inter-com­
pared datasets started to provide reliable information about local column ozone (Liu et al. 
1995). These sites are at Taipei (25°N, 121.3°E, 20m) and Chengkung (23.1°N, 121.4°E, 22m), 
approximately 200km apart along the same meridional line. The Brewer Ozone Spectropho­
tometer is a modified Ebert grating spectrometer, which uses axial slits to isolate five wavebands 
of interest. The intensity of each waveband is measured sequentially by a photomultiplier tube 
detector, and is recorded on separate channels in a microcomputer. The wavebands selected 
are centered at 306.3, 310, 313.5, 316.8 and 320 nm with a resolution of 0.6nm. The accuracy 
of ozone measurements is estimated to be ±1 % (Kerr et al. 1985). 

In addition, a Vaisala ozonesonde station within 5km from the total ozone site measures 
the vertical distribution of atmospheric ozone. A rawinsonde sensor and an ozonesonde sensor 
are attached to a plastic balloon and carried aloft. Under normal conditions, the whole detec­
tion process lasts for 2-3 hours and the balloon can reach an altitude of 30km. The Electro­
chemical Mixing ratio Cell (ECC) ozonesonde, developed by Komhyr ( 1969), has an accuracy 
range of 3 - 12% in the stratosphere when properly calibrated (Barnes et al. 1985). In operation, 
two sondes are released per month, but with frequently failed missions. In all, there were 24, 
25, 21, 19, 15 and 15 sondings in 1994, 1995, 1996, 1997, 1998 and 1999, respectively. Sparse 
temporal coverage of ozone sondings prevents us from doing any trend analysis; but still a 
composite analysis of daily variation is useful to enhance our understanding about the ozone 
behavior over East Asian region. 
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2. COLUMN OZONE 

In general, total ozone over Taiwan has a range between 200 - 330 D.U., with peak levels 
appearing in April - May and minimum levels in December - January. The root mean square 
value of the difference between the two stations' data is 12 D.U., which is only about 4.5% of 
the long-term mean 267 D.U. On average, total column ozone over Taipei is about 5.2 D.U. 
higher than that over Chengkung, with a correlation coefficient of 0.85. Since Taipei and 
Chengkung are nearly along the same meridional line, but about 200km apart, the analysis 
suggests that total ozone over Taiwan region has a negligible spatial variation. 

Further analysis of the fractional deviation of the monthly average from the long-term 
monthly mean shows a clarified QBO (quasi-biennial oscillation) pattern, with spring maxi­
mums (5-8%) in 1992, 1994, 1996 and 1998 and winter minimums (-4- -7 %) in 1993, 1995, 
1997 and 1999. No attempt is made here to estimate the long-term trend by the method out­
lined in WMO (2000), since only eight years of data are available here. 

As to the ozone sanding data at Taipei, a total of 119 sondings are available for 1994 -
1999. The average maximum sanding height is about 35±7 km. These data show a mean 
tropopause height of 17.4 km. Maximum tropopause altitude of 19 km appears in March, 
while minimum of 16 km occurs in July, which is that typically observed by regular meteoro­
logical sondings. Minimum ozone number density about 2 - 4 x 1011 # cm-3 is at tropopause 
where the temperature is often lower than -70°C, while maximum ozone number density about 
3.5 - 5.2 x 1012 # cm-3 appears at about 25km height. Higher level of ozone number density in 
April - May at 25km height is associated with the observed maximum total ozone during the 
same period of time. 

In Figs. la,b,c, temporal variation of total ozone (which was measured by Brewer spec­
trometer on dates when sondings were done), tropospheric column ozone and stratospheric 
column ozone are plotted. The stratospheric column ozone, which is obtained by subtracting 
the tropospheric column ozone from the total ozone amount, has a range between 180 - 275 D. 
U. with a mean level of 225 D.U., and has a seasonal variation pattern similar to that of total 
ozone. A high correlation coefficient of 0.85 exists between the stratospheric ozone and the 
total ozone. Meanwhile, tropospheric ozone varies between 24- 78 D.U. with a mean level of 
43 D.U., and has high levels in April - May and July - August. The correlation coefficient 
between the tropospheric ozone and the total ozone is about 0.53. In all, tropospheric ozone 
contributes about 16% of the total column, with the fraction ranging between 7.5 - 27% (Fig. 
Id). Higher fractions appear when the tropospheric ozone amount is at higher levels. 

By comparing Figs. lc,d with Figs. 4 and 5 in Chan et al. (1998), it is noted that the spring 
tropospheric ozone maximum appears also at Hong Kong with a maximum fractional contri­
bution to the total ozone close to 27%. Chan et al. (1998) suggest that photochemical produc­
tion in the lower troposphere has made a significant contribution to spring maximums, while 
downward mixing of stratospheric ozone also makes some contribution. But in summer, low 
tropospheric ozone near 20 D.U. appears at Hong Kong and is assumed to be associated with 
the cleari air mass coming from tropical maritime areas at levels below 2km height. At Taipei, 
lowest tropospheric ozone near 24 D.U. occurs in November - December. In summer tropo­
spheric ozone has a range between 27.9 - 61.1 D.U. There is no doubt that summer monsoon 
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also carries clean maritime air mass to the Taipei region (Liu et al. 1995), but anthropogenic 

emission of ozone precursors probably contributes more to enhance the photochemical pro­

duction of ozone locally. 

Fishman et al. (1990) analyze the 22,000 TOMS observations coincident with the SAGE 

profiles between 1979 and 1987 to derive the global distribution of total ozone, stratospheric 

ozone and tropospheric residual. Over the Taiwan region, the column amount retrieved is 

about 277, 245 and 32 D.U. for the total, stratospheric and tropospheric column, respectively. 

In this study, our analyses indicate that the mean total, stratospheric and tropospheric ozone is 

about 268, 225 and 43 D.U., respectively, during 1994-1999. Decrease of the stratospheric 
ozone from 1979 - 1987 to 1994 -1999 is accompanied with a gentle increase in the troposphere, 

and hence a weak decrease in the total column ozone. The change is about-3.3%, -8.2% and 

34% for the total, stratospheric and tropospheric ozone, respectively. Clearly, the tropospheric 

ozone-increasing trend is much higher than the stratospheric ozone-decreasing trend, while 

the magnitude of the total ozone-decreasing trend is close to that estimated in WMO (2000). 

There is no doubt that the characteristics of the data retrieved by Fishman et al. (1990) from 

TOMS and SAGE are not the same as those of ozonesonde data, but still such comparison of 
data provides a useful and preliminary estimation of a long-term changing trend over this area. 

3. VERTICAL VARIATION OF TROPOSPHERIC OZONE 

To analyze the vertical variation of tropospheric ozone, composite plots of ozone number 

density and mixing ratio below 20km height are shown in Fig. 2. In the troposphere, ozone 

molecules are abundant at the surface and increase after January to 12km height in April, then 

decrease afterward (Fig. 2a). In the meantime, higher ozone mixing ratio exists in the strato­

sphere and decreases downward to the surface (Fig. 2b). In April, a tongue of higher ozone 

mixing ratio extends downward from the tropopause to the surface. Similar phenomena have 

been observed at Hong Kong (Chan et al. 1998) and many other sites in the Northern 

Hemisphere. It is a large-scale seasonal phenomenon, associated with the intrusion of strato­
spheric air, large-scale transport by Hadley circulation and the photochemical production from 

anthropogenic emission of precursors (Danielsen 1968; Fishman and Crutzen 1978; Liu et al. 

1987). Over Eastern Asia, photochemical production at lower levels seems to contribute strongly 
to the April maximum of tropospheric ozone mixing ratio (Chan et al. 1998). After April, the 

ozone mixing ratio below 6km is decreased, just as that observed at Hong Kong, but is not 

down to 5ppbv in June - July as shown in Chan et al. (1998). This is possible because the 

sanding site is in the Taipei basin, which is a polluted area with elevated ozone levels. Low 

surface mixing ratio occurs in autumn when the northeasterly monsoon starts to prevail. 

The ozonesonding data in the troposphere can be divided into upper troposphere (8km -

tropopause), mid-troposphere (2 - 8km) and planetary boundary layer (PBL, 0 - 2km). Each 
layer occupies about 40, 42 and 18 %, respectively, of the tropospheric ozone, and has a mean 

level about 17, 18, and 8 D.U., respectively. Figure 3 shows that higher amounts occur in 

spring in the upper and mid-troposphere, and in April and July in the PBL. Lower amounts 

occur in winter in all three layers. Clearly, photochemical production is an important ozone 

source in the PBL, while intrusion of stratospheric ozone and meridional ozone transport by 
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the Hadley circulation strongly affects the variation of ozone amount in the upper and mid­
troposphere (Chan et al. 1998). The contribution of PBL ozone is about 7.5-36% (Fig. 3d) and 
is most important in summer. 

Selected ozone number density and mixing ratio profiles on 94/4/12, 9517120, 96/10/10 
and 97/1/8 are illustrated in Figs. 4a,b to provide a clearer picture of vertical variation in the 
troposphere. The highest ozone amounts from surface to tropopause appear in April, while 
low amounts appear in January and October. Near the surface, low photochemical production 
of ozone has caused low ozone amounts in January and October. In July, ozone amounts in the 
planetary boundary layer (PBL) are comparable to April levels, which are associated with 
effective photochemical production in summer over the polluted Taipei basin. In all, the most 
dramatic change of ozone level occurs in the PBL with a low level at surface and a sharp 
increase of ozone amount upward toward a peak level just below the PBL height. On 95/7/20, 
the surface ozone-mixing ratio was about 80ppbv, while the peak level of about 135ppbv 
occurred at l .6km height. 

To understand more clearly the importance of photochemical production of ozone at the 
surface, we have analyzed the data monitored by the local EPA (Environmental Protection 
Administration) at Wanli (located on northern coast), Panchiao (in the Taipei basin, near the 
ozonesonding site) and Y anmingsam (a mountain site, 827m altitude, located in northern Taipei). 
W anli is considered the northern background station, and Panchiao is in the polluted Taipei 
basin, while Yanmingsam is in the national park. Figure Sa shows the monthly-mean daily­
maximum ozone level during 1993 -1999, while Fig. Sb illustrates the monthly-mean daytime 
range (the difference between noontime maximum and 6am ozone level). It is no surprise that 
the largest monthly-mean daily-maximum and daytime range appears in summer at Panchiao, 
while at Wanli and Yanmingsam, the largest daily-maximum occurs in April and May, with 
maximum daytime range in summer. Since the magnitude of ozone daytime range indicates 
the efficiency of photochemical activities, the maximum value in summer at all three stations 
supports the importance of photochemical production in the PBL, which is just like that indi­
cated in the ozone sanding profiles. Interestingly, the maximum monthly-mean daily-maxi­
mum at Wanli and Yanmingsam appears in spring, which does support the importance of 
upstream ozone transport associated with the intrusion of stratospheric ozone in the mid-lati­
tudes and the southward transport by continental airmass. Still, the contribution from photo­
chemical production cannot be ignored in spring, as indicated from the large monthly-mean 
daytime ozone range shown in Fig. Sb. 

4. SUMMARY AND CONCLUSION 

Total ozone measured at Taipei is highly correlated with that measured at Chengkung. 
Even though the former is slightly higher than the latter, the difference is below 5% of the 
long-term mean. Hence, it is reasonable to consider that the spatial variation of total ozone 
over Taiwan is negligible. 

Seasonal variation of total ozone is characterized by spring maximum and winter minimum, 
which is strongly correlated with the variation in the stratosphere. Tropospheric ozone con­
tributes about 16% to total column ozone, and has maximum levels in spring and summer. 
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level at Wanli, Panchiao and Yanminsam. 

Intrusions of stratospheric ozone and meridional ozone transport by the Hadley circulation 

have resulted in the spring maximum in the upper and mid-troposphere. While photochemical 

production in the boundary layer can never be ignored in the Taipei basin, and has caused 

higher ozone levels in summer than those observed by Chan et al. (1998) at Hong Kong. The 
PBL column ozone is about 2- 18 D.U. and has a mean level of 8 D.U, which is only 3% of the 
total ozone. Its contribution to the tropospheric ozone is about 7.5 - 36% and has a mean level 

of 18%. Higher contributions occur in summer. Study of the vertical ozone profile indicates a 

sharp increase of ozone mixing ratio from surface to a peak level just below the PBL height. 

There is no doubt that photochemical production in spring and summer affects the PBL ozone 

level strongly. 

Comparing this study's data with that outlined in Fishman et al. (1990), we note that a 

decrease of stratospheric ozone from 245 D. U. during 1979 -1987 to 225 D. U. during 1994 
-1999 was accompanied with a gentle increase in the troposphere (from 32 D.U. to 43 D.U.), 
and hence a weak decrease in the total column ozone (from 277 D:U. to 268 D.U.). The change 
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was about -3.3%, -8.2% and 34% for the total, stratospheric and tropospherie ozone, 
respectively. The tropospheric ozone-increasing trend was much higher than the stratospheric 
ozone-decreasing trend, while the magnitude of the total ozone-decreasing trend was close to 
that estimated in WMO (2000). 
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