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Summary

Analysis of ozonesonde data shows that in the lower
troposphere above Hong Kong, there is a relative maximum
with respect to height in all seasons except winter. In the
upper troposphere, there is with respect to height a relative
minimum in the seasonally averaged ozone mixing ratio in
winter. Ozone mixing ratios in the upper troposphere in
winter and spring can be significantly enhanced by
stratospheric intrusions associated with the passage of cold
fronts and upper cut-off lows.

For Hong Kong, the seasonally averaged total ozone has
the highest value in spring, and the lowest in winter. The
seasonally averaged total tropospheric ozone also has the
highest value in spring, but the lowest in summer. In a rela-
tive sense, total tropospheric ozone contributes most to the
total ozone in spring and the least in summer.

The phase of the total ozone anomaly above Hong Kong is
influenced by the Quasi-Biennial Oscillation (QBO), with
the positive anomaly associated with the easterly phase of
QBO, and the negative anomaly the westerly phase.

1. Introduction

Although chemically identical, ozone in different
layers in the atmosphere exerts different influ-
ences on the well being of Man (WMO, 1998).
In the stratosphere where approximately 90% of
the atmosphere’s ozone is found, ozone prevents
the sun’s ultra-violet radiation from reaching the
surface of the Earth. In the troposphere ozone is
a direct greenhouse gas (Mohnen et al, 1995;
Prather et al, 2001), and the vertical redistribu-

tion of ozone can affect radiative forcing
(Rajeevan, 1996). In the boundary layer which
is typically the lowest 2km or so of the atmo-
sphere (Pasquill and Smith, 1983), ozone is a
pollutant which harms the health of both Man
and his crops.

WMO (1993) has strongly recommended the
measurement of vertical distribution of ozone
especially in the tropics where little is known
of the critical chemical reactions that take place.
Hong Kong lies on the south China coast in the
tropics at a latitude of 22.3° N and a longitude of
114.2°E (Fig. 1). The south China coast is an
area of fast economic growth thus making the
identification of sources of ozone in the atmo-
sphere above it of importance. To this end, the
Hong Kong Observatory began operating balloon-
borne ozonesondes once a month at its King’s
Park Meteorological Station in October 1993
to obtain the data necessary for better under-
standing the characteristics of ozone in the atmo-
sphere above Hong Kong and its vicinity, and
also as a contribution to the World Meteorologi-
cal Organization’s (WMO) Global Atmospher-
ic Watch (GAW) programme by Hong Kong,
China.

Ozonesonde operations have since also been
conducted by the Hong Kong Observatory in
support of National Aeronautics and Space
Administration’s (NASA) Pacific Exploratory
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Mission West-B (PEM-West B) project in 1993—
1994 as well as its Transport and Chemical Evo-
lution over the Pacific (TRACE-P) project in
2000-2001 (see http://www-gte.larc.nasa.gov/
trace /tracep.html for details). They have also
been carried out for the Hong Kong Polytechnic
University’s atmospheric chemistry programme.
Up to the end of 2001, over 270 profiles on the
vertical distribution of ozone above Hong Kong
have been obtained. These ozone profiles provide
a unique dataset for characterizing vertical
ozone distributions above Hong Kong and its
vicinity.

Investigators of the features of these ozone
profiles include Liu et al (1999) who pointed
out that in spring, ozone profiles above Hong
Kong often showed enhancements in ozone
mixing ratios in the lower troposphere. They
postulated that these enhancements were related
to biomass burning activities in Southeast Asia.
This relationship was studied by Chan et al
(2000; 2003a) who utilized trajectory modelling
and satellite imageries of fire counts, and by
Liu et al (2002) who employed the GEOS-
CHEM global three-dimensional chemical
transport model as well as a trajectory model.
The impact of the 1997 Indonesian forest fires
on the vertical distribution of ozone above
Hong Kong was assessed by Chan et al
(2001). The characteristics of tropospheric
ozone profiles observed above Hong Kong and
two other sites in China (Kuming and Linan)
during the spring of 2001 was compared by
Chan et al (2003b).

Using the ozone profiles obtained between
1993 and 2001 by the Hong Kong Observatory,
this paper examines some characteristics of the
seasonally averaged ozone distributions or pro-
files above Hong Kong. It also demonstrates the
influence of stratospheric intrusions on ozone
mixing ratios in the upper troposphere above
Hong Kong using case studies. Case studies are
useful in the investigation of stratospheric intru-
sion events because of the episodic nature of
these events (Austin and Midgley, 1994), and this
paper presents one event associated with the
passage of a cold front and another associated
with an upper cut-off low. In these case studies,
potential vorticity (PV) is employed as a tracer as
high PV values are characteristic of tropospheric
air of stratospheric origin (Danielsen, 1968;
Appenzeller and Davies, 1992). As far as the
authors can ascertain, this is the first time that
stratospheric intrusions in the upper troposphere
above the South China coastal area are document-
ed via PV analysis. The climatology of strato-
spheric intrusions above the South China coastal
area using Hong Kong’s ozonesonde observa-
tions would be attempted as a separate study,
the meteorological data required for such a cli-
matological analysis not being presently avail-
able to the authors.

Furthermore, this paper compares the total
ozone obtained from ozonesonde data with those
from the Total Ozone Mapping Scatterometer
(TOMS), analyzes the seasonal variation in total
ozone and total tropospheric ozone above
Hong Kong, and investigates the possible influ-
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ence of the QBO on the interannual variation in
total ozone above Hong Kong.

2. Ozone soundings

The ozonesondes used by the Hong Kong Obser-
vatory are of the electrochemical concentration
cell (ECC) type. Each ozonesonde consists of
an electrochemical cell which serves as ozone
sensor, a non-reactive air pump, an electronic
interface board, and a special version model RS
80-15GE Vaisala radiosonde (model RS 80-15FE
was used between October 1993 and July 1997).

The ECC sensor has been widely used since
the early 1970s, and its accuracy has been tested
in a number of studies (e.g., Barnes et al, 1985;
Kombhyr et al, 1995). The sensors consist of two
platinum electrodes immersed in potassium
iodide (KI) solutions of concentration 1% (10g
of KI in 1000 ml of solution) contained in sepa-
rate cathode and anode chambers.

The ozonesondes are launched with 1.5kg or
3 kg rubber balloons and flown to a height that is
normally over 30km. Ozone mixing ratios as
well as air pressure, air temperature, humidity
and wind data are telemetered to the ground
receiving system (Vaisala DigiCORA /MARWIN
system) at King’s Park Meteorological Station
for analysis. The average ascent rate is 5m/s
and data is sampled every 2 seconds to give a
mean vertical data resolution of about 10m.
Details of these ozonesonde operations can be
found in Shun and Leung (1993).

Of the 270 ozone profiles obtained between
1993 and 2001, only those 181 which reached
30km or above are selected for the present study.
This is to ensure that the ozone layer has been
captured as much as possible for the computation
of total ozone. Total ozone is computed by inte-
grating the ozone profiles from the surface to the
top of the atmosphere. Likewise, total tropo-
spheric ozone is obtained by integrating the
ozone profiles with height from the surface to
the tropopause.

The total ozone above balloon burst altitude is
computed by extrapolating the ozone mixing
ratio at burst altitude to the top of the atmo-
sphere. The formula for calculating the total
ozone X above burst altitude is given by
x="2 1)

8p

where P is the ozone partial pressure at burst
altitude, ¢ is the ratio of molar masses of ozone
to air and p is the ozone density under standard
atmospheric condition at 1013.25hPa and
273.15 K (Godson, 1962). The total ozone deter-
mined by this formula is comparable with that
obtained by using the SBUV ozone climatology
data proposed by McPeters et al (1997) for the
region 20° N to 30° N.

3. Characteristics of ozone profiles
above Hong Kong

3.1 Ozone profiles

In this study, the seasons spring, summer, autumn
and winter refer respectively to the months
March to May, June to August, September to
November, and December to February. Season-
ally averaged profiles for spring, summer,
autumn and winter are constructed based on 56,
29, 42 and 54 ozone profiles, respectively.

The seasonally averaged ozone profiles above
Hong Kong for the atmosphere as a whole are
given in Fig. 2a—-d. Following Fujiwara et al
(2000), the vertical resolution used in this figure
is 200 metres.

Figure 2 shows that the ozone mixing ratio has
a maximum at an altitude between 30 and 33 km
in the stratosphere. The magnitude of this max-
imum is the largest in spring and summer, with a
value exceeding 9.0 ppmv. It falls to 8.8 ppmv in
autumn, and further down to 7.8 ppmv in winter.

The temperature profiles in Fig. 2a—d shows
that the seasonally averaged height of the tropo-
pause above Hong Kong is about 17km, and
there is little interseasonal variation. Tropopause
is defined as the lowest level at which the lapse
rate decreases to 2°Ckm~! or less (WMO,
1960). Following Liu et al (2002) whose results
for stratospheric intrusion into the upper tropo-
sphere above Hong Kong will be referred to in
Subsect. 3.3 below, for descriptive purposes the
“lower troposphere™ is taken in this study as that
part of the atmosphere below 3 km (700 hpa) and
includes the boundary layer, the “middle tropo-
sphere”” between 3 and 10km, (700hpa to
300 hpa), and the ‘“‘upper troposphere” between
10km and the tropopause (300hpa to about
100 hpa) between which altitudes the jet streams
reside (Palmén and Newton, 1969).
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3.2 Tropospheric features
3.2.1 Variation with height for each season

The seasonally averaged ozone profiles in the
troposphere are plotted in Fig. 3, the vertical
resolution in which is again 200m. Figure 3a
shows that in the lower troposphere in spring,
there is with respect to height a relative maxi-
mum in ozone mixing ratio at about 3 km. The
magnitude of the relative maximum in ozone
mixing ratio is about 70 ppbv. The seasonally
averaged relative humidity at 3km altitude is
over 60%, too high for the air associated with

Ozone Mixing Ratio (ppmv)

files used to derive the season-
ally averaged profiles

this relative maximum to be of stratospheric ori-
gin. Backward air trajectories and fire counts
deduced from the optical Along Track Scann-
ing Radiometer (ATSR) sensor on board the
European ERS-2 satellite all suggest that this air
is likely to have come from continental Southeast
Asia where it picked up ozone precursors pro-
duced by biomass burning before arriving at
Hong Kong (Liu et al, 1999; Chan et al, 2000;
2003a).

Figure 3b and c shows that in the lower tropo-
sphere in summer as well as autumn, there is a
relative maximum with respect to height at about
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1 km. The magnitude of this relative maximum is
about 30 ppbv in summer, and about 45 ppbv in
autumn. For each of these two seasons, the rela-
tive maximum in ozone mixing ratio coincides
with a relative maximum in relative humidity.
The simultaneous occurrence of high ozone mix-
ing ratio and high relative humidity (about 80%)
indicates that the ozone has come either from
photochemical production or convection from
the polluted boundary layer (Tsutsumi and
Makino, 1995; Thouret et al, 2000).

In winter, the seasonally averaged ozone mix-
ing ratio increases sharply from about 20 ppbv at

Ozone Mixing Ratio (ppbv)

individual profiles used to derive
the seasonally averaged profiles

the ground to about 45ppbv at an altitude of
about 1 km (Fig. 3d). It then continues to increase
with height but at a much slower rate, reaching a
relative maximum of about 57 ppbv at the alti-
tude of 7 km in the middle troposphere. Between
the ground and 3 km, there is a relative maximum
in relative humidity with a value of about 70%.
This again suggests ozone at these altitudes has
its source in tropospheric transport or production.

Above 7km, the ozone mixing ratio decreases
gradually and attains a relative minimum at just
above 12km in the upper troposphere. The case
studies conducted by Chan et al (1998) and Liu



Y. K. Leung et al

et al (2002) suggest that the occurrence of the rela-
tive minimum is related to the northward transport
to the south China coast of clean maritime air which
had first been lifted by convection to the upper tro-
posphere. Newell (1997) has also proposed a simi-
lar explanation for the low ozone mixing ratios in
the upper troposphere over the western North Paci-
fic observed by airborne lidar in PEM-West B.

3.2.2 Interseasonal variation
at different altitude

Figure 4 shows a plot of the seasonal variation
of ozone at different altitudes in the troposphere. In
the lower, middle as well as the upper troposphere,
ozone mixing ratio is the highest in spring among
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the four seasons. Ozone mixing ratio is found
lowest in summer for the lower troposphere but
winter for the upper troposphere. In the lower
troposphere, ozone mixing ratio ranges from
about 28 ppbv in summer to 44 ppbv in spring at
1 km, and 30 ppbv to 67 ppbv at 3km. As height
increases and for altitude 9 km or above, lowest
ozone mixing ratio is found in winter instead of
summer. In the upper troposphere, ozone mixing
ratio ranges from 47 ppbv in winter to 77 ppbv in
spring at 12 km, and 63 ppbv to 93 ppbv at 15 km.

3.2.3 Total tropospheric ozone

The time series of monthly averaged total tropo-
spheric ozone in Hong Kong is shown in Fig. 5. It

(b) 3 km

——
Spring Summer Autumn Winter
(d) 9 km

Spring Summer Autumn Winter
(f) 15 km
¢
Spring Summer Autumn Winter

Fig. 4. Seasonal variation of ozone mixing ratio at different altitudes in the troposphere: (a) 1km, (b) 3km, (¢) 6km, (d)
9km, (e) 12km, and (f) 15km. The error bars show the seasonal averaged ozone mixing ratios plus/minus one standard

deviation
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can be seen that in general, total tropospheric
ozone reaches a maximum in spring and a mini-
mum in summer. The monthly averaged total tro-
pospheric ozone above Hong Kong ranges from
12 to 73 Dobson Units (DU). Seasonally, total
tropospheric ozone above Hong Kong has an
average of 48 DU in spring, 33 DU in summer,
34 DU in autumn and 36 DU in winter.

3.3 Stratospheric intrusions

The climatology of the occurrence of strato-
spheric intrusions into the tropical upper tropo-
sphere has been studied by Waugh and Polvani
(2000) using the NCAR/NCEP reanalysis data
between 1980 and 1997. They define intrusion
events in the tropics by absolute values of PV
exceeding 2 units (1 PV unit=10""m? s~'°K
kg~!) at 10°N or 10°S. Based on this criterion,
Waugh and Polvani (2000)’s study shows that in
the northern hemisphere, stratospheric intrusions
occur mainly during the northern winter and over
the Pacific between the longitudes 180°E and
260° E. For that part of the tropics in the vicinity
of Hong Kong’s longitude, stratospheric intrusion
events do not seem to be evident (their figure 2b).

Using the global GEOS-CHEM model and tra-
jectory analysis, Liu et al (2002) attributed the
enhanced ozone mixing ratios observed in the
upper troposphere above Hong Kong on 6
January 1997 to stratospheric intrusion. On that
day, the 06 UTC ozonesonde observations show
ozone mixing ratios increasing sharply from
about 10km upwards, reaching a maximum
of 175ppbv between about 12km to 14km

Jan 00 Jan 01

Fig. 5. Variation of monthly
averaged total tropospheric ozone
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Fig. 6. Ozone profile on 6 January 1997

(Fig. 6). This is about 3.5 times the winter aver-
age for these altitudes (Fig. 3d), and the largest
ozone mixing ratio observed in the upper tropo-
sphere above Hong Kong to-date.

Liu et al’s (2002) conclusion is supported by
PV analysis, the results of which are shown in
Fig. 7. One can see from this figure that at
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Hong Kong’s latitude (22.3°N), there is
between about 300hPa (9.5km) and 120hPa
(15.4km) a tongue of air with PV of 2 PV Units
or more and reaching as much as 4PV Units.
These altitudes coincide with those between
which ozone mixing ratios are enhanced, and
indicate the air at these altitudes has its origin in
the stratosphere. In Fig. 7, PV is calculated from

PV = —g(¢ + )00/ 0p, (2)

(Gill, 1990) where ( is the relative vorticity, f
(=5.6 x 10> s~! for Hong Kong) the Coriolis
parameter, 6 the potential temperature, p the
pressure and g the gravitational acceleration.
The wind and temperature data are obtained
from Japan Meteorological Agency’s (JMA)
1.25° resolution analyzed fields at OOUTC, and
the calculations are made in the 113.75°E
meridional plane which is the one closest to
Hong Kong in JMA’s grid.

The stratospheric intrusion on 6 January 1997
is associated with the passage of surface cold
fronts across the south China coast (Fig. 8a and
b) and the presence subtropical jets at 200 hPa
aloft (Fig. 9a and b). That stratospheric intrusions
often take place in the vicinity of cold fronts have
been noted by Appenzeller and Davies (1992) as
well as others.

Another instance of stratospheric intrusion
appears to have occurred on 6 May 1998.
Figure 10 shows that at 06 UTC that day, ozone

Fig. 7. Meridional cross section
of potential vorticity along
113.75°E at 00 UTC on 6
January 1997. Black lines are
the potential vorticity in PV
units, dashed white lines poten-
tial temperature in °K. Hong
Kong’s latitude is marked by
the vertical line in white

Potential
Vorticity
Unit (PVU)

Surface weather
map at 00 UTC on|
5 January 1997

Surface weather
map at 00 UTC on

6 January 1997

Fig. 8. Surface weather charts at 00 UTC on (a) 5 January
1997, and (b) 6 January 1997 showing the passage of a cold
front across the south China coast
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jet over the south China coast and the northern part of the
South China Sea

mixing ratios increased sharply from about
13km to a relative maximum of over 150 ppbv
between about 15km to 16 km. This is about 1.5
times the spring average for these altitudes
(Fig. 3a).

PV analysis shows that air with more than
2PV units is found in the upper troposphere
above 160hPa (14 km) at Hong Kong’s latitude
(Fig. 11). The event of 6 May 1998 is associated
with the presence of an upper cut-off low in the
southeastern China (Fig. 12a and b). This cut-off
low developed in a deepening westerly trough. A
similar instance of stratospheric intrusion asso-
ciated with an upper cut-off low above Japan has
been presented by Austin and Midgley (1994).

In neither the 6 January 1997 nor the 6 May
1998 events did PV values of 2 PV Units or more
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Fig. 10. Ozone profile on 6 May 1998

extend to 10°N. This possibly explains why
these two events do not seem to be picked up
by the analysis of Waugh and Polvani (2000). It
would be useful to obtain the climatology of stra-
tospheric intrusions above the south China
coastal area to add detail to the information
obtained by Waugh and Polvani (2000) for the
tropics, as well as to provide insight into how
often are ozone mixing ratios in the upper tropo-
sphere above the south China coastal area influ-
enced by such intrusions. This is the subject of a
separate study.

4. Total ozone

4.1 Comparison with TOMS data

Before analyzing the seasonally averaged total
ozone over Hong Kong, a comparison is made
between the monthly averaged total ozone
derived from the ozonesondes and that derived
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Fig. 11. Meridional cross sec-
tion of potential vorticity along
113.75°E at 00 UTC on 6 May
1998. Black lines are the poten-
tial vorticity in PV units, dashed
white lines potential temperature
in °K. Hong Kong’s latitude is
marked by the vertical line in
white

§l Potential
Vorticity
Unit (PVU)

from the Total Ozone Mapping Spectrometer
(TOMS) aboard the Earth Probe satellite. TOMS
data between July 1996 and December 2001
are obtained from http://toms.gsfc.nasa.gov/
ozone/ozoneother.html.

The total ozone derived from the ozone-
sondes seems to compare or ‘‘benchmark™ well
against the total ozone above Hong Kong
derived from TOMS. Correlation between the
ozonesonde and the TOMS total ozone data is
high (Fig. 13). The correlation coefficient is
0.84 and significant at 0.01 level. The absolute
difference between the corresponding monthly
values of the ozonesonde and TOMS data are
small, with an average of 13.4DU or 5% rela-
tive to TOMS data.

4.2 Seasonal variations in total ozone

The seasonally averaged total ozone above
Hong Kong is obtained by averaging the total
ozone derived from the profiles in the season. It
has a value of 290DU in spring, 286 DU in
summer, 269 DU in autumn and 245 DU in win-
ter. That is, total ozone in Hong Kong has a
maximum in spring and minimum in winter.
The spring maximum is a common characteris-
tics of both mid-latitude and tropical total
ozone, while the winter minimum is character-
istic of tropical total ozone. The minimum in
total ozone in the mid-latitudes occurs in
autumn (Mani, 1991).
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Fig. 13. Correlation between the total ozone obtained from
ozonesondes and TOMS

4.3 Contribution of total tropospheric
ozone to total ozone

Dividing the seasonally averaged total tropo-
spheric ozone in Subsect. 3.2.3 by the season-
ally averaged total ozone for each season gives
the contribution of total tropospheric ozone to
total ozone: 16% in spring, 11% in summer,
13% in autumn and 15% in winter. Thus, in a
relative sense, total tropospheric ozone contri-
butes most to total ozone above Hong Kong in
spring, and the least in summer. These percen-
tages are similar to those found by Chan et al
(1998) wusing ozone profile data between

October 1993 and 1996. The average of all
the four seasons is 14%.

4.4 QBO signal

Spectral analysis using the five-point Hamming
window is carried out on the total ozone above
Hong Kong derived from the ozonesondes and
TOMS. Results show that total ozone anomalies
obtained from ozonesondes have a periodicity of
about 27 months after the annual cycle is filtered
out by forming 13-month running averages
(Fig. 14a). This periodicity is suggestive of the
influence of QBO on total ozone anomalies
above Hong Kong. The result also agrees with
that of Tung and Yang (1994) who found that
between 30° N and 30° S, the QBO is the domi-
nant periodicity in total ozone anomalies apart
from seasonal cycle. The total ozone anomalies
above Hong Kong as obtained from TOMS data
similarly show the QBO signal (Fig. 14b).

Furthermore, for both ozonesonde and TOMS
data, the positive phase in total ozone anomalies
above Hong Kong is generally associated with
the easterly phase of the QBO, and the negative
phase in total ozone anomalies with the westerly
phase of the QBO (Fig. 15). This relationship is
consistent with that found by Tung and Yang
(1994) for the region north of 12° N from anal-
yses of TOMS ozone data for global ozone
anomaly patterns, and with that of Logan et al
(2003) who used TOMS ozone data and also
ozonesonde data between 20° N and 20° S which
are outside Hong Kong’s latitude.

300 300
> 200 [ﬁ‘ 2 200 -
C— I \ ; \
17} | \
5 f 8
3 ? =]
g | £ R
S 100 f—1 8 100 F—
& VA & |
RN / g
Y /
\ A
0 M \FC‘J}?{FDTJ*MM{M%'
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
a Frequency (1/month) b

] N
o
0 o e S S S

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Frequency (1/month)

Fig. 14. Spectral analysis of time series of 13-month running averaged total ozone anomalies above Hong Kong based on (a)

ozonesonde, and (b) TOMS data
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5. Conclusions

In the atmosphere above Hong Kong, the peak
value in the seasonally averaged vertical profile
of ozone mixing ratio is found in the stratosphere
at an altitude between 30 and 33 km. This peak
value ranges from 7.8 ppmv in winter to over
9.0 ppmv in spring and summer.

In the lower troposphere, the seasonally aver-
aged vertical ozone profiles show a relative max-
imum with respect to height at an altitude of about
3km in spring, and 1km in summer and autumn.
The high relative humidity associated with these
relative maxima suggests that the relative maxima
occurring in these three seasons in the lower tro-
posphere is likely to be of tropospheric origin.

In the seasonally averaged ozone profile of
winter, there is a relative minimum in ozone mix-
ing ratio at just above 12 km. This relative mini-
mum is probably brought about by the northward
transport to the South China coast of clean mar-
itime air which had first been lifted by convec-
tion to the upper troposphere.

Potential vorticity analysis suggests that Hong
Kong is susceptible to the influence of stratospheric
intrusions which can result in large ozone enhance-
ments in the upper troposphere in winter and spring.

The seasonally averaged total ozone above
Hong Kong has a maximum of 290 Dobson Units
in spring and a minimum of 245 Dobson Units in
winter. The seasonally averaged total tropospheric
ozone also has a maximum of 48 Dobson Units in
spring but a minimum of 33 Dobson Units in sum-
mer. In a relative sense, total tropospheric ozone
contributes most, about 16%, to total ozone in
spring and the least, about 11% in summer.

of the 30hPa equatorial zonal wind data ob-
tained from the NOAA’s website http://www.
cdc.noaa.gov/climateindices

Spectral analysis shows that total ozone anom-
aly above Hong Kong is influenced by QBO. The
easterly phase of the QBO is generally associated
with positive anomalies in total ozone above
Hong Kong, and the westerly phase negative
anomalies.
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