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ABSTRACT

Tropospheric ozone (O3) profiles over the east China coast at LinAn (30.30◦N, 119.75◦E) were mea-
sured by electrochemical concentration cell ozonesondes in the spring of 2001. The measurement
revealed that extremely high O3 with mixing ratios up to 1200 ppbv sometimes penetrated deeply
into 8.5–16 km above sea level as a result of lowering of the tropopause across the East Asia strong
subtropical jet stream. In addition, high O3 in the 75–150 ppbv range penetrated into the upper and
middle troposphere following the extreme O3 regimes and caused an overall high O3 mixing ratio in
these regions. The occurrence of the high O3 regimes followed the propagation of dry air with low
relative humidity and high potential vorticity suggesting that the O3 is of stratospheric origin. High O3
episodes with O3 mixing ratios in the 75–100 ppbv range were observed in the lower troposphere and
especially in the boundary layer. Trajectory analysis suggested that the O3-rich air masses had passed
through the industrialized and urbanized zones of the Pearl River Delta region of south China, northeast
China coast and Yangtze River Delta region of east China. The O3 is probably of anthropogenic origin
resulting from photochemical formation from pollutants emitted from these regions. Our analysis thus
revealed that over the east China coast at LinAn, stratospheric O3 is still the predominant source of O3
in the middle and upper troposphere, while anthropogenic sources caused a high O3 pollution episode
in the boundary layer.

1. Introduction

There have been limited studies of tropospheric
O3 over the vast landmass of mainland China and
Asia despite the fact that there has been a continu-
ous growth in air pollutant emissions as a result of
rapid urban expansion and industrial and agricultural
development in the region. Pollutant emissions and
export from Asia, especially China, are anticipated to
impact on the air quality, chemical evolution of the
atmosphere and climate change on a regional and con-
tinental scale. Photochemical O3 pollution in major
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urban and industrial centers of China was reported in
the early 1980s by Tang et al. (1995) and more re-
cently by Chan and Chan (2000). Luo et al. (2000)
have reported a non-urban O3 air pollution episode
over eastern China. Wang et al. (2001) have recently
reported their measurements of high levels of air pol-
lutants on the east China coast over LinAn. The effect
of long-range air pollutants transport from mainland
Asia on surface O3 on the East Asia coast has been re-
ported by Akimoto et al. (1996), Newell et al. (1997),
Carmichael et al. (1998) and Chan et al. (1998b). Chan
and Chan (2000) have reported the impact of long-
range air pollutants on surface O3 episodes in the re-
gion of Hong Kong in south China. Jacob et al. (1999),
Jaffe et al. (1999) and Yienger et al. (2000) have re-
ported the export of air pollutants from Asia and their
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effects on background tropospheric O3 and surface O3

air quality in North America. Chan et al. (2001) re-
ported the large-scale enhancement of tropospheric
O3 and subsequent surface temperature change over
tropical Southeast (SE) Asia and subtropical south
China as the results of the 1997 Indonesian forest
fires.

Measurements of tropospheric O3 over many parts
of the world, including East Asia and the western
Pacific in Japan, Taiwan and Hong Kong, show a
maximum concentration in spring (e.g. Logan, 1985;
Oltmans and Levy, 1992; Harris et al., 1998; Chan
et al., 1998b; Langford, 1999). In the climatologically
distributed tropospheric O3 map derived from satellite
data (Fishman and Brackett, 1997), tropospheric O3

over China and East Asia shows a springtime maxi-
mum. The springtime O3 maximum over Japan is tradi-
tionally explained by intrusion of stratospheric O3 into
the troposphere (Muramatsu et al., 1984; Wakamatsu
et al., 1989; Murao et al., 1990; Austin and Midgley,
1994; Tsutumi et al., 1994; Sunwoo et al., 1994). Kajii
et al. (1998) and Pochanart et al. (1999), however, re-
ported recently that the observed spring O3 maximum
at surface stations is caused by photochemical O3 for-
mation involving O3 precursors rather than intrusion
of stratospheric O3. Carmichael et al. (1998) showed
with model results that the near-surface O3 levels in
the springtime over East Asia are strongly influenced
by continental outflow of precursors and the strong
downward transport of O3-rich air from the upper
troposphere.

Chan et al. (1998a and 1998b) reported with sur-
face O3 measurements and ozonesonde data that sur-
face O3 in Hong Kong has an autumn maximum and
summer minimum. They attributed the seasonal O3

variation to the transport patterns associated with East
Asia monsoon winds. Chan et al. (2002b) showed, with
an O3–CO relationship, that photochemical produc-
tions of O3 from pollutants emitted from mainland
Asia and the eastern Asia coast are the causes of the
O3 peak in spring in the subtropical south China re-
gion. In a model study of summertime tropospheric
O3 over China, Ma et al. (2002) found that the surface
O3 over China is controlled by photochemistry in east-
ern China and transport processes in western China.
Zhang et al. (2002) stated, with evidence from numer-
ical model results, that the wintertime boundary layer
O3 in East Asia is dominated by photochemistry. Chan
et al. (2000; 2002a) showed that part of the O3 maxi-
mum in the lower free troposphere over Hong Kong is
a result of the strong O3 enhancements related to the

O3 build-up caused by biomass burning emissions in
SE Asia.

Understanding the mechanisms leading to the for-
mation of the spring O3 maximum would help us de-
termine the continuing changes of air quality, atmo-
spheric composition and climate caused by human
activities (Monk, 2001). In this paper we report tro-
pospheric O3 measurements over east China at LinAn
(30.30◦N, 119.75◦E) during the spring of 2001. The
focus is on studying the possible influences of strato-
spheric O3 and anthropogenic O3 in relatively unex-
plored mainland China.

2. Experiment

The vertical profiles of O3, relative humidity (RH),
temperature and wind were measured by a balloon-
borne electrochemical concentration cell ozonesonde
(model 6A) and radiosonde (RS80-15GE) from
Vaisala operated by a Vaisala DigiCora MW 15 re-
ceiving system. The ozonesonde preparation and cali-
bration procedures, quality control and assurance pro-
cedures were similar to those described by Chan et al.
(1998b). The O3 data measured by ozonesonde have
precisions from ±3 to ±12% in the troposphere. The
corresponding accuracies for individual ozonesonde
soundings are ±6% near the ground and 7–17% in
the high troposphere, where O3 mixing ratios may
be low (Komhyr et al., 1995). The experiment site
is primarily a rural one at 134m ASL. The launch
was performed at 5:00–6:00 UT (13:00–14:00 LST).
There were a total of 28 launches from 3 March to
13 April 2001, with a trial launch on 21 February.
The O3 profiles were available every day from 3 to 13
March. After that there was at least a profile available
every other day until 13 April with the exception of
4–7 April, during which time only two profiles were
available.

3. Results and discussion

3.1. Vertical ozone distribution in the middle
and upper troposphere

Figure 1 shows the vertical distribution of the O3

mixing ratio from 6.0 to 16.0 km ASL from 3 March
to 13 April. In this time–height color contour plot,
the O3 mixing ratio was averaged at 250 m intervals.
Also shown is the vertical distribution of the two
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Fig. 1. Time–height contour plot of ozone mixing ratios (ppbv) between 6 and 16 km ASL from 3 March to 13 April. The
thick line is the 2 PV unit surface. The time labels 5, 10, 15, 25, 30, 35, 40 and 45 correspond to 3, 5, 10, 15, 25 and 30 March
and 4, 9 and 14 April, respectively.

Fig. 2. Time–height contour plot of the potential vorticity (PVU, 1 PVU = 10−6 s−1 m2 kg−1) between 6 and 16 km ASL
from March 3 to April 13.

potential vorticity (PV) units, which is often consid-
ered as the dynamical definition of the tropopause
height at the mid-latitude. This tropopause height def-
inition is adopted, as LinAn is located at the edge of
the subtropics close to the mid-latitude. The vertical
distribution of PV is shown in Fig. 2. The PV was cal-
culated from NCEP reanalysis data. The tropopause
height varied substantially from around 8.5 to 16 km.
Ozone shows rather high mixing ratios and a promi-
nent vertical variation at altitudes from 8 to 16 km. The

O3 mixing ratio varied substantially from a minimum
of 50–70 ppbv at the lower region to a maximum in the
1200 ppbv range at the upper region. The most strik-
ing features in Figs. 1 and 2 are tongues of elevated O3

mixing ratio together with elevated PV frequently ex-
tending deeply from high altitudes into altitudes from
around 8.5 to 11 km. At the beginning (3–13 March),
high O3 with a mixing ratio of 100–400 ppbv extended
to 10–16 km ASL. From the middle to the end of the ex-
periment period (25 March to 9 April) extremely high
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O3 with mixing ratios in the range from 100 to over
1100 ppbv penetrated from 16 to 10.0 km ASL. At the
end of the experiment period (starting from April 11)
a similar elevated O3 mixing ratio tongue reappeared.
The PV values in these O3 tongues were particularly
high. For instance, at altitudes from 12.0 to 14.0 km
from 20 March to 7 April, PV values greater than 5
were found at the center of the elevated O3 mixing
ratio tongues.

In addition to the high O3 tongues, high O3 mix-
ing ratios of 75–150 ppbv were found in the middle
and upper troposphere. Also, there was an extension
of the high PV surface (1–1.5 PV units) into the upper
troposphere. Noticeably, the propagation of high O3

mixing ratios in these atmospheric regions followed
that of the tropopause height. In fact, the occurrence
of the two high ozone regimes (10–13 March and from
March 30 to April 1), which centered at 9.5 and 7.9 km
ASL, respectively, coincided or followed the elevated
O3 and tropopause tongues. Figure 3 shows the vertical
distribution of relative humidity measured by the ra-
diosondes. In general, low relative humidity was found
at altitudes above 11 km. Extremely low relative hu-
midity values were found at the regimes where en-
hanced O3 mixing ratio and PV was found. However,
in the periods 10–13 March and from March 29 to
April 1, dry streamers penetrated down to the mid-
dle and lower troposphere at 9 and 6 km, respectively,
where high O3 values were also found. At 6–9 km alti-
tude the relative humidity was usually in the 30–80%
range.

Fig. 3. Time–height contour plot of the relative humidity (%) between 6 and 16 km ASL from 3 March to 13 April.

3.2. Intrusion of stratospheric ozone in the middle
and upper troposphere

The frequent occurrence of elevated O3 tongues at
high altitudes is due to a lowering of the tropopause, as
indicated by the 2 PV unit surface. The air measured
by ozonesonde at these altitudes is in fact stratospheric
air. The simultaneous low relative humidity and high
O3 mixing ratios observed at the middle and upper
troposphere over LinAn may suggest that the O3 was
of stratospheric origin. Stratospheric air is rich in O3

and deficient in water vapor compared to tropospheric
air. Ozone and water content are often considered as
passive tracers of stratospheric air. In fact, O3 and wa-
ter content together with PV are usually considered
conserved variables linking dynamically to the flow
of stratospheric air into the troposphere in the strato-
sphere/troposphere O3 exchange events (Appenzeller
and Davies, 1992).

In East Asia over Japan, the exchange of strato-
spheric O3 into the troposphere is often linked to the
meteorological phenomenon associated with the East
Asia jet stream (Muramatsu et al., 1984; Wakamatsu
et al., 1989; Murao et al., 1990; Tsutumi et al., 1995).
These phenomena include tropopause folds, cut-off
lows and streamers along jet streams. The East Asia
jet over the East Asia coast, including eastern China,
is the largest jet stream in the world in spring (Ding,
1994). It comprises of a PFJ and a subtropical jet (STJ),
and is linked to the presence of a semi-permanent
pressure trough over the Asia continent and a large
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Fig. 4. Time–height plot of the wind speed (m s−1) between 6 and 18 km ASL from 3 March to 13 April.

temperature contrast at the East Asia coast. Such large-
scale perturbations in the flow penetrate into the west-
erly winds in the stratosphere and affect the distribu-
tion of O3 available for transfer into the troposphere
during spring (Austin and Midgley, 1994). Figure 4
shows the time–height cross-section of wind speed
over LinAn measured simultaneously with the O3 pro-
files. During the experiment period, a generally west-
erly wind was prevalent above the boundary layer and
the wind speed was very high. The wind reached its
full strength from 8–16 km with local peaks at around
10.5–13.5 km. The wind speed in this region was usu-
ally >40 m s−1. The maximum reached >90 m s−1

on 8 March 80 m s−1 on 26 March and 70 m s−1

on 7 April. The high wind speed is associated with
the STJ.

Figure 5 shows the cross-section of PV, poten-
tial temperature and wind speed along latitude across
LinAn on 11 and 31 March, when a high O3 mix-
ing ratio was found in the upper troposphere over
LinAn. Note that the O3 enhancement regimes, es-
pecially at 9.5 km on 11 March, were within the
jet stream and there were strong variations in wind
speed in the vertical direction. Such strong variations
in wind speed are believed to be associated with the
strong wind shear within the jet stream and the nearby
neighborhoods. The strong wind shear is expected to
cause strong mixing in these regimes and thus trans-
port of stratospheric O3 in the upper and middle tropo-
sphere. In fact, the influence of the PFJ on intrusion of
stratospheric O3 into the troposphere over Japan has

been confirmed by Japanese colleagues. The influence
of the STJ has been noted by Tsutumi et al. (1995)
and Langford (1999) through lidar O3 measurements
at the exit of the subtropical jet stream over Colorado
recently. The mechanism leading to the stratospheric–
tropospheric O3 exchange over LinAn deserves de-
tailed examination.

Austin and Midgley (1994) analyzed the
ozonesonde data from Japan. The analysis showed
that the stratosphere–troposphere O3 exchange in
spring is most effective over northern Japan but has
little influence in the southern ozonesonde station at
Kagoshima (32◦N, 130◦E). In our study, however, we
found that such stratosphere–troposphere exchange
of O3 does contribute significantly to the O3 in the
troposphere over the middle latitudes of the east China
coast at LinAn. Wakamatsu et al. (1989) reported that
the stratospheric intrusion of O3 into the troposphere
may reach the lower altitudes of the troposphere and
the boundary layer. However, at LinAn during the
experiment period in 2001, we did not see such down-
ward transport of O3 into the lower troposphere. Our
observational findings contrast to the recent model
results from Miyazaki et al. (2003). The researchers
found that the diurnal-average column-integrated rate
of O3 production in spring over East Asia is larger than
the Northern Hemispheric average and local strato-
spheric flux at Northern Hemisphere midlatitudes by
a factor of 3–20. They stressed that photochemistry
controls the upper tropospheric O3 abundance in
spring.

Tellus 55B (2003), 5



TROPOSPHERIC O3 OVER EAST CHINA 987

30

40

50

60

1

1

3

3

5

5

7

7

9

9

11 11

55.4 52.6 49.8 47.0 44.3 41.5 38.7 35.9 33.2 30.5 27.8 25.1 22.5 19.9 17.4

280

280

300

300

320

320

340

340

360

360
380

380400 400

1000
925
850

700

500

400

300

250

200

150

100

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16
2001031106 UTC

Latitude (oN)

30

40

50

60

1

1

3

3

5

5

7

7

9 9
9

55.4 52.6 49.8 47.0 44.3 41.5 38.7 35.9 33.2 30.5 27.8 25.1 22.5 19.9 17.4

290

290

310

310

330

330

350
350

370

370

390
390410 410

1000
925
850

700

500

400

300

250

200

150

100

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16
2001033106 UTC

Latitude (oN)

m/s

m/s

March 31 06 UTC

March 11 06 UTC

P
re

ss
ur

e
(h

P
a)

P
re

ss
ur

e
(h

P
a)

Fig. 5. The transverse vertical cross-section of wind speed (m s−1) (shaded) superimposed on PV (thick blue line) and
potential temperature (K) (solid green line) in a N–S direction along the axis at LinAn on 11 and 31 March at 06 UTC.

3.3. Ozone distribution in the lower troposphere
and boundary layer

Figure 6 shows the vertical O3 mixing ratio distribu-
tion below 8.0 km. Ozone shows a fairly high mixing
ratio with in the range from 50 to over 100 ppbv in the
lower free troposphere above 2.0 km, with exceptions
from 3 to 13 March and from 25 March to 1 April,
during which a low O3 mixing ratio (<70 ppbv) ex-
tended from 7.5 km down to the surface. Noticeably,
we observed isolated elevated O3 zones with mixing
ratios in the 70–100 ppbv range between 13 and 26
March and from 2 to 13 April. Ozone in the bound-

ary layer shows comparatively greater variations. The
most dominant O3 feature in this atmospheric region is
the elevated mixing ratio episodes occurring from 12
to 15 March, on March 24 and from 1 to 9 March. The
O3 mixing ratio in these periods reached a maximum
of 70–100 ppbv.

Figure 7 shows the vertical profiles of O3, relative
humidity, wind speed and direction, and temperature
below 8.0 km on 21 March and 7 April, corresponding
to the isolated high O3 mixing ratio zones in the lower
free troposphere in Fig. 5. On 7 April, an O3 peak with
O3 mixing ratio >100 ppbv occurred at 5.8 km above
ground and a high O3 mixing ratio region (>75 ppbv)
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Fig. 6. Time–height contour plot of ozone mixing ratios (ppbv) below 8 km ASL from 3 March to 13 April.

at 6.8–8.0 km. The O3 peak was accompanied by a
westerly wind and the high concentration region by a
general northwest wind. Noticeably, the relative hu-
midity in the O3 peak and the high O3 region had ex-
tremely low values. On 21 March, a high O3 mixing
ratio in the 60–75 ppbv range extended from around
3.0 km to 7.0 km above ground. The high O3 regime
was separated from the O3 in the boundary layer be-
low by a strong temperature inversion below. The O3

was also accompanied by a general west–northwest
wind and extreme low relative humidity. The low rel-
ative humidity may suggest that the O3 was a result of
transport of the O3-rich air from the middle and upper
troposphere.

Figure 7 also shows the respective profiles on 15
and 23 March and 1, 4 and 7 April corresponding to
the O3 enhancement periods in the boundary layer. We
noted that the elevated O3 mixing ratio at the boundary
layer on these days was accompanied by strong tem-
perature inversions at the top of the boundary layer. On
15 March and 7 April the high O3 was accompanied
by high relative humidity values greater than 80%. On
23 March and 1 and 4 April the relative humidity val-
ues were lower, in the range 50–60%. Since the high
PV region indicating stratospheric air in Fig. 3 does not
penetrate below 8.0 km, direct stratospheric O3 intru-
sion into the lower troposphere and the boundary layer
does not seem to be the cause of the high O3 in these at-
mospheric regimes over LinAn. We thus explored the
source region of the elevated O3 by isentropic back air
trajectory.

3.4. Transport pattern and source region
of boundary layer ozone

Figure 8 shows the 5-d back air trajectories ending at
850 hPa (∼1.4 km) altitude over LinAn at 00 UTC on
15 and 23 March and 1, 4 and 7 April, corresponding to
the O3 enhancement region in Fig. 6. Also shown are
the vertical motions of the trajectories. The markings
in this figure show the position of the air mass every
6 h. The trajectories were calculated by the model de-
veloped by Yamazaki et al. (1989) and Murayama et al.
(1998) using the NCEP reanalysis data as input. The
data had a time resolution of 12 h, horizontal resolution
of 1◦ and vertical resolution of 27 layers. The trajec-
tory model determined the transport paths of hypothet-
ical air parcels started at any selected isobar surface
every 6 h. In our calculation, 1331 (11×11×11) air
parcels were initially assigned to a small cubic space
with range of ±0.5◦ in longitude and in latitude at a
selected level over Linan.

The trajectory on 15 March shows that the O3-rich
air mass originated and had spent 3 d in its early jour-
ney in the boundary layer of south China region and
more specifically close to the Pearl River Delta (PRD)
region. This is why there was high relative humidity
accompanying the high O3 air masses, as the air in the
subtropical south China is high in water content. After
that, it traveled in a general southwesterly direction to
LinAn. The PRD contains the most industrialized and
urbanized cities in south China. There are heavy bur-
dens of pollutant emission from the major cities of the
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Fig. 7. The vertical profiles of ozone (ppbv), relative humidity (%), wind speed (m s−1), wind direction (degree), and
temperature (oC) below 8 km on 21, 15 and 23 March and April 1, 4 and 7.
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Fig. 8. The 5-d backward air trajectory reaching LinAn at 850 hPa (∼1.4 km) on 21 and 23 March and 1, 4 and 7 April. The
right panel is the vertical motion of the trajectory.

region, such as Guangzhou, Macau and Nahai (Wang
et al., 2002) and Hong Kong (Fu et al., 1997). Chan and
Chan (2000) and Chan et al. (2002b) measured high
levels of CO, O3 and hydrocarbons in air masses pass-
ing through the region. Thus, it is possible that the high
O3 observed over LinAn on 15 March was due to the
transport of O3 along the PRD region pollution plume.
On 23 March the trajectory shows that the O3-rich air
mass originated from northwest China and traveled to
the south China region close to the coast before curv-
ing in a northerly direction one day before reaching
LinAn. The air mass experienced substantial descend-
ing motions from the middle altitude at 500 hPa in its
early journey to the boundary layer 1.5 d before reach-
ing LinAn. This is possibly why the O3-rich air had
fairly high relative humidity. There are also pollutant
emissions from industrial and urban activities along
the subtropical south China coast. It is thus also possi-
ble that the air mass had picked up anthropogenic O3

from the region.
The trajectory on 1 April shows that the air mass

originated from northwest China and traveled in a
northwest direction to LinAn. On 4 April the air mass
originated from a high latitude of northwest Asia and
traveled in a northwest direction over northeast China,
the Yellow Sea and the East Sea in northeast China
before reaching LinAn. The air mass descended sub-
stantially from the middle troposphere and remained
for relatively less time (1 d) close to the boundary layer.
The air mass on 7 April traced back to the northeast

China coast in 5 d and traveled in a northwest direc-
tion close to the sea surface of the East Sea before
turning in an easterly direction 2 d before reaching
LinAn. The relative humidity of this air mass is thus
higher (80%) than that of the former two air masses
(∼50%). Note that the O3-rich air masses on 4 and
7 April passed through the northeast China coast and
the Yangzhi River Delta (YZRD) region of east China.
The northeast China coast and the YZRD region con-
tain the most industrialized and urbanized zones of
east and northeast China. There are substantial pollu-
tant emissions in these areas (Wang et al., 2001). Thus
it is possible that the air masses had picked up the
pollutants and O3 during their journey to LinAn. The
O3 is believed to be anthropogenic in nature, formed
through photochemical production from human
pollution.

Most air masses reaching LinAn passed over pol-
luted regions of inland China as demonstrated by tra-
jectories. However, not all these air masses contained
elevated O3 levels. This is because photochemical O3

formation and accumulation also depend on meteoro-
logical conditions. Our O3 launches were performed
in the early to middle spring of 2001. The temperature
profiles from radiosondes revealed that the weather
was still cold most of time within the period. Such
weather conditions were not favorable for O3 forma-
tion. This is possibly why only few O3 episodes were
observed even though most air masses had passed over
the polluted regions.
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4. Conclusion

In this paper we reported and analyzed the tropo-
spheric O3 measured on the east China coast over
LinAn in spring 2001. The PV and back air trajectory
were used to distinguish natural O3 from the trans-
ported air from the stratosphere and to trace the source
region of anthropogenic O3 in the boundary layer. The
measurement showed that extremely high O3 mixing
ratios sometimes penetrated deep into the 8.5–16 km
ASL region as a result of lowering of the tropopause
across the East Asia strong STJ stream. Also, high
O3 occurred in the upper and middle troposphere fol-
lowing the extreme O3 regimes and caused an overall
high O3 mixing ratio in these regions. The occurrence
of the high O3 tongues followed the propagation of
dry air with low relative humidity and high potential
vorticity, suggesting that the O3 is of stratospheric ori-
gin rather than anthropogenic O3 resulting from O3

production from its precursor emission and transport.
The exchange of stratospheric O3 in the upper and mid-
dle troposphere was linked to the stratospheric folding
process associated with the subtropical east Asia jet.
High O3 episodes were observed in the lower tropo-

sphere and especially in the boundary layer. Trajectory
analysis suggested that the O3-rich air masses in the
boundary layer had passed through the source regions
such as the PRD region of south China, the northeast
China coast and the YZRD region of east China. These
suggested that the O3 is of anthropogenic origin result-
ing from photochemical O3 formation from the pollu-
tants emitted from industrial and urban activities in
these regions. Our analysis thus revealed that over the
east China coast at LinAn, stratospheric O3 is still the
predominant source of O3 in the middle and upper tro-
posphere, while anthropogenic pollution caused high
O3 pollution episodes in the boundary layer in spring
2001.
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