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[1] The sources contributing to tropospheric ozone over the Asian Pacific Rim in different
seasons are quantified by analysis of Hong Kong and Japanese ozonesonde observations
with a global three-dimensional (3-D) chemical transport model (GEOS-CHEM) driven
by assimilated meteorological observations. Particular focus is placed on the extensive
observations available from Hong Kong in 1996. In the middle-upper troposphere (MT-
UT), maximum Asian pollution influence along the Pacific Rim occurs in summer,
reflecting rapid convective transport of surface pollution. In the lower troposphere (LT) the
season of maximum Asian pollution influence shifts to summer at midlatitudes from fall at
low latitudes due to monsoonal influence. The UT ozone minimum and high variability
observed over Hong Kong in winter reflects frequent tropical intrusions alternating with
stratospheric intrusions. Asian biomass burning makes a major contribution to ozone at
<32�N in spring. Maximum European pollution influence (<5 ppbv) occurs in spring in the
LT. North American pollution influence exceeds European influence in the UT-MT,
reflecting the uplift from convection and the warm conveyor belts over the eastern
seaboard of North America. African outflow makes a major contribution to ozone in the
low-latitude MT-UT over the Pacific Rim during November–April. Lightning influence
over the Pacific Rim is minimum in summer due to westward UT transport at low latitudes
associated with the Tibetan anticyclone. The Asian outflow flux of ozone to the Pacific is
maximum in spring and fall and includes a major contribution from Asian anthropogenic
sources year-round. INDEX TERMS: 0322 Atmospheric Composition and Structure: Constituent

sources and sinks; 0368 Atmospheric Composition and Structure: Troposphere—constituent transport and

chemistry; 0399 Atmospheric Composition and Structure: General or miscellaneous; 0365 Atmospheric

Composition and Structure: Troposphere—composition and chemistry; KEYWORDS: pollution transport,

seasonal variation, case study
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1. Introduction

[2] Ozone in the troposphere is an important greenhouse
gas [Lacis et al., 1990]. It is also the primary precursor of
OH, the main radical oxidant, and as such plays an essential
role in the oxidizing power of the troposphere [Crutzen,
1988; Thompson, 1992]. In surface air, ozone is a pernicious

pollutant and a major constituent of smog. Ozone is
produced in the troposphere by photochemical oxidation
of hydrocarbons and CO in the presence of NOx (NO +
NO2) radicals, and is also transported down from the
stratosphere. Ozone precursors (hydrocarbons, CO, NOx)
are emitted from fossil fuel combustion, industrial pro-
cesses, biomass burning, vegetation, microbial activity in
soils, and lightning. Human activity, including in particular
fossil fuel combustion, is a major global source of these
precursors.
[3] Tropospheric ozone concentrations have increased

since pre-industrial times, at least in the Northern Hemi-
sphere [Volz and Kley, 1988; World Meteorological Organ-
ization (WMO), 1994; Staehelin et al., 1994] and are
expected to continue to grow in the coming decades as a
result of Asian industrialization [Lelieveld and Dentener,
2000; Jonson et al., 2001]. There is concern that long-range
transport of Asian pollution across the Pacific could elevate
background ozone levels in surface air in the United States
and undermine the success of domestic strategies for ozone
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smog control [Jacob et al., 1999; Yienger et al., 2000; Fiore
et al., 2002]. However, there has been no focused study so
far of whether present-day ozone levels measured at the
network of ozonesonde stations along the Pacific Rim of the
Asian continent [Logan, 1999] are consistent with current
understanding of tropospheric ozone chemistry. Asian out-
flow of ozone to the Pacific reflects a complex combination
of natural and anthropogenic sources. Understanding quan-
titatively these contributions in a way that will allow future
projections is necessary. In this paper, we use a global three-
dimensional chemical tracer model (GEOS-CHEM) [Bey et
al., 2001a] driven by assimilated meteorological observa-
tions from the Goddard Earth Observing System data
assimilation system (GEOS DAS) at the NASA Data
Assimilation Office (DAO) to quantify anthropogenic and
natural influences on ozone over the Pacific Rim through
simulation of the ozonesonde observations in the region. We
place a particular focus on Hong Kong (22�N, 114�E) where
a new multiyear record of intensive ozonesonde observa-
tions is available [Chan et al., 1998; Liu et al., 1999].
[4] Figure 1 shows the locations of the five ozonesonde

stations examined in this study. The four stations along the
Asian Pacific Rim are spread from 22�N to 43�N. The Hong

Kong data are of particular importance because tropospheric
ozone observations in Southeast Asia are otherwise scarce
(see review by Chan et al. [1998]). The most extensive
observations are from the Japanese ozonesonde stations,
which have been operational for over 30 years (Kagoshima,
32�N, 131�E; Tateno, 36�N, 140�E; Sapporo, 43�N, 141�E)
or 10 years (Naha, 26�N, 128�E). Tateno is not included in
this study since the observations in the lower troposphere
are influenced by proximity to Tokyo [Logan, 1999]. The
seasonal cycle at the Japanese stations shows a summer
minimum in the lower troposphere (LT) at low latitudes due
to monsoonal intrusion of low-ozone air from the tropical
Pacific, and a broad spring/summer maximum in the middle
troposphere (MT)-upper troposphere (UT) at midlatitudes
which is a common feature in the Northern Hemisphere
[Logan, 1985, 1999]. Ozone trends at the Japanese stations
for 1970–1991 show a significant increase of <1% per year
at 500 hPa with larger increases at lower altitudes (�2% per
year in the planetary boundary layer), but with no signifi-
cant trend above 500 hPa [Logan, 1994; Akimoto et al.,
1994; Lee et al., 1998; Oltmans et al., 1998]. The trend in
the boundary layer may reflect the increasing emission of
ozone precursors from East Asia [Akimoto et al., 1994; Lee
et al., 1998].
[5] The Hong Kong Observatory (HKO) has performed

monthly ozonesonde soundings since October 1993 [Shun
and Leung, 1993; Yeung et al., 1996]. Between September
1995 and April 1997, weekly or more frequent ozonesonde
soundings were carried out as a joint venture by the Hong
Kong Polytechnic University and HKO. As a result of these
efforts, a total of 152 ozonesonde profiles were obtained
(Table 1). The tropospheric ozone column has a maximum
in spring and a minimum in summer [Chan et al., 1998].
Downward transport of ozone from the stratosphere con-
tributes to the spring maximum in the UT, but in the lower
free troposphere the spring maximum is due to biomass
burning in Southeast Asia [Liu et al., 1999]. The seasonal
cycle of ozone below 2 km is biomodal with ozone peaks in
spring and fall, both resulting from photochemical buildup
of ozone. The higher value in fall reflects the building
continental high pressure system and high solar radiation,
compared to cloudy and humid weather in spring [Chan et
al., 1998; Lam et al., 2001; Wang et al., 2001]. The Hong
Kong data also show an ozone minimum in the UT in late
fall and winter, reflecting tropical influence [Chan et al.,

Figure 1. Locations of the five ozonesonde stations
analyzed in this study: Hong Kong (22�N, 114�E), Naha
(26�N, 128�E), Kagoshima (32�N, 131�E), Sapporo (43�N,
141�E), and Hilo (20�N, 155�W).

Table 1. Number of Ozonesonde Soundings

Station Latitude Longitude
Years Used
in Analysisa

Month

J F M A M J J A S O N D

Hong Kong 22�N 114�E 1993 1 0 3
1994 1 6 2 3 0 1 1 0 1 1 1 1
1995 1 1 1 1 1 1 1 1 4 2 4 5
1996 9 5 9 18 5 3 7 5 3 5 5 12
1997 7 2 3 3

Naha 26�N 128�E 9/89–12/95 16 11 14 16 17 12 15 13 16 19 16 20
1996 5 4 1 2 2 1 3 4 3 5 3 4

Kagoshima 32�N 131�E 1/80–12/95 20 21 23 18 19 15 14 9 19 26 21 22
1996 4 4 2 4 4 2 2 5 4 4 4 4

Sapporo 43�N 141�E 1/80–12/95 20 20 19 23 28 16 13 18 23 26 19 25
1996 2 6 3 4 3 2 3 3 4 3 2 4

Hilo 20�N 155�W 1/85–12/93 31 30 27 28 28 29 26 36 31 35 28 29
1996 3 3 2 3 5 3 5 4 4 4 3 3

aOzonesonde data for Japanese stations and Hilo are taken from Logan [1999] and the World Ozone and Ultraviolet Data Center (WOUDC).
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1998]. More recently, Chan et al. [2001] reported the
influence of unusually large Indonesian forest fires on
tropospheric ozone at Hong Kong in December 1997.
[6] We describe briefly in section 2 the ozonesonde

measurements and the models used in this paper. The
seasonal cycle of ozone is presented in section 3. Transport
of ozone pollution over the Pacific Rim is described in
section 4. In section 5, we investigate contributions to ozone
from different sources. We present some case studies in
section 6 and discuss implications for the Asian outflow of
ozone to the Pacific in section 7, followed by summary and
conclusions in section 8.

2. Data and Methods

[7] Routine balloon-borne ozonesonde soundings began
at HKO in October 1993 [Shun and Leung, 1993]. The
ozone sensor is the Electrochemical Concentration Cell
(ECC) and the radiosonde is of the model RS80 403 MHz
Vaisala. The soundings are regularly made at 1400 local
time (06 UTC) at HKO King’s Park Meteorological Station,
an urban site 66 m above mean sea level. Part of the data set
was used in previous studies [Chan et al., 1998, 2000; Liu
et al., 1999].
[8] Ozonesonde data for other sites in Table 1 are taken

from Logan [1999], who obtained the original data from
various sources, in particular, the World Ozone and Ultra-
violet Data Center, Environment Canada, Downsview,
Ontario (http://www.tor.ec.gc.ca/woudc). Ozone concentra-
tions were given at 22 pressure levels from 1000 to 10 hPa
and the profiles were scaled to the Dobson or Brewer total
ozone. Sonde launches at Japanese stations are scheduled at
around 06 UTC, while the schedule at Hilo varies.
[9] Backward air trajectories are computed with the

CMDL (Climate Monitoring and Diagnostic Laboratory)
10-day isentropic back trajectory model [Harris and Kahl,
1994], which uses gridded analysis produced by the Euro-
pean Center of Medium Range Weather Forecasts
(ECMWF). Trajectories are calculated twice daily, at 0000
and 1200 UT arrival times.
[10] Global simulation of ozone for the 1995–1997

period is conducted with the GEOS-CHEM global 3-D
model of tropospheric chemistry [Bey et al., 2001a] driven
by GEOS DAS assimilated meteorological observations.
The simulation presented here uses GEOS-CHEM version
4.6 (http://www-as.harvard.edu/chemistry/trop/geos/) and
the GEOS1-STRAT meteorological observations for
December 1995 to January 1997. Reference will also be
made to simulations conducted for other years (1991–1997)
and presented in other papers [Bey et al., 2001b; Fiore et al.,
2002; Li et al., 2001, 2002; Chandra et al., 2002; Martin et
al., 2002]. The GEOS1-STRAT data have a horizontal
resolution of 2� latitude by 2.5� longitude, and 46 vertical
sigma levels (of which 23 are always above the tropopause).
The midpoints of the lowest four levels are at �50, 250,
600, and 1100 m above the surface. We retain the 23
tropospheric layers from GEOS1-STRAT in the GEOS-
CHEM model but merge the upper 23 stratospheric layers
into just 3 sigma levels. We use in general a degraded
horizontal resolution (4� latitude by 5� longitude) for
computational expediency. For some case studies (section
6), the original 2� � 2.5� model resolution is used to better

resolve features of transport. The model uses the advection
scheme of Lin and Rood [1996] and the moist convective
mixing scheme of Allen et al. [1996]. Rapid vertical mixing
within the GEOS-diagnosed mixed layer is assumed. The
Synoz (synthetic ozone) scheme [McLinden et al., 2000] is
used as a flux upper boundary condition for ozone in the
stratosphere and yields a cross-tropopause ozone flux of 475
Tg yr�1.
[11] The model solves the chemical evolution of 80

chemical species with a fast Gear solver [Jacobson and
Turco, 1994] and transports 24 chemical tracers to describe
tropospheric O3-NOx-hydrocarbon chemistry. Emissions
and deposition are mostly as described by Bey et al.
[2001a]. The 1995 anthropogenic emission for Asia (0–
60�N, 65–150�E) is 7.4 Tg N yr�1 for NOx and 135.8 Tg
yr�1 for CO. The reader is referred to Bey et al. [2001a,
2001b] for the anthropogenic emissions in other geopolitical
regions. The global lightning source is 3 Tg N yr�1. The
present version includes an improved biomass burning
emission inventory with seasonal variability constrained
by satellite observations [Duncan et al., 2002], but with
no interannual variability. A summary of the biomass
burning emissions for various regions of the globe is given
by Duncan et al. [2002]. Biomass burning over continental
Southeast Asia lasts from December to May and peaks in
March, while biomass burning in northern Africa begins in
October and peaks in December through March.
[12] General evaluations of the GEOS-CHEM simulation

of tropospheric O3-NOx-hydrocarbon chemistry have been
presented by Bey et al. [2001a]. The model captures well the
main features of tropospheric ozone. It simulates correctly
the seasonal phases (generally to within a month) and
amplitudes (generally to within 10 ppbv) for different
regions and altitudes, although it underestimates the sea-
sonal amplitude at northern midlatitudes. The model has
been applied previously to study tropospheric ozone and its
precursors over the western Pacific [Bey et al., 2001b], in
the Middle East [Li et al., 2001], over the United States
[Fiore et al., 2002], over the Atlantic [Li et al., 2002], and
in the tropics [Chandra et al., 2002; Martin et al., 2002].
The simulation of convective transport and scavenging with
the GEOS data has also been evaluated independently using
chemical tracers [Allen et al., 1996; Liu et al., 2001; Bell et
al., 2002].
[13] Simulation of the PEM-West B aircraft mission

(February–March, 1994) by Bey et al. [2001b] indicates
that the model reproduces well the latitudinal and vertical
distribution of the Asian outflow of ozone and NOy species
over the western Pacific. This study found that although
boundary layer outflow of Asian pollution is largely
restricted to high latitudes (north of 35�N), the maximum
outflow of Asian pollution is in the lower free troposphere
at �25–30�N. It also identified significant contributions to
the Asian outflow from European anthropogenic emissions
in the LT at high latitudes and from African biomass
burning emissions in the UT at low latitudes.
[14] Our simulation is conducted for the December 1995

to January 1997 period, with a 5-month prior period (July–
November) for initialization. Results for 1996–1997 are
used for analysis. In comparison to ozonesonde observa-
tions, the model is sampled at the actual sounding time
unless stated otherwise. To identify source regions in the
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model, we decompose ozone (actually odd oxygen or Ox)
and CO into tagged tracers where tagging indicates different
source regions. This approach has been used previously by
Wang et al. [1998] for ozone and Bey et al. [2001b] and
Staudt et al. [2001] for CO. Figure 2 shows the tropospheric
source regions used in this study for the tagged tracer
simulations. Ozone produced in the stratosphere is tagged
as a separate tracer. The sum of tagged tracers for all source
regions replicates closely the results from the standard full-
chemistry simulation.
[15] It should be stressed that tagging ozone by source

region does not actually describe the sensitivity of ozone to
emissions in that region because of chemical non-linearity.
We also conduct sensitivity simulations where emissions
from a given source type or region are suppressed. All
sensitivity simulations are conducted for the same period
andwith the same initialization as for the standard simulation.

3. Seasonal Variation of Ozone Along the
Pacific Rim

[16] Figure 3 compares simulated and observed daily
ozone concentrations averaged over three altitude bands
(850–700, 700–300, and 300–120 hPa) at Hong Kong in
1996. (A similar comparison using monthly averaged
values is shown in Figure 4a.) A total of 86 ozonesonde
launches were made during the year with intensive
launches during winter and spring (Table 1). The observed
seasonal pattern is similar to that reported by Chan et al.
[1998] for October 1993 to August 1996. Concentrations
peak in spring and are minimum in the LT in summer.
There is also a minimum in the UT (300–100 hPa) in late
fall and winter. As mentioned earlier, high ozone concen-
trations in the LT (�700 hPa) in spring are due to
Southeast Asian biomass burning [Liu et al., 1999]. In
summer and fall, high-ozone episodes occasionally occur
in the MT-UT. Considerable variability is seen in both the
observations and the model.
[17] The model generally reproduces the observed ozone

concentrations over Hong Kong, with mean biases of + 5.2
ppbv (8%), + 3.0 ppbv (5%), + 6.8 ppbv (15%) in the UT,
MT, and LT, respectively (Figure 3). The bias in the LT may

be due to titration of ozone in the observations by recently
emitted nitric oxide from heavy local traffic [Yeung et al.,
1996]. The model reproduces 40% of the day-to-day vari-
ability of ozone in the UT (R = 0.65), with a larger
percentage (56%) in January–April. In the MT/LT, the
correlations between the model and the observations are
weaker (R = 0.32 in MT and 0.38 in LT). The stronger
correlation in the UT reflects larger variability of ozone. The
model reproduces the spring maximum from biomass burn-
ing and stratospheric influence, the summer minimum from
the monsoon circulation, and the minimum in the UT in
winter. While the model reproduces ozone episodes in the
MT-UT in October/November, it misses the early August
ozone episode. The model does not capture the relatively
low ozone values in the UT during September when air
masses frequently have an origin over the western Pacific. It
also overestimates the MT ozone in early December, but
ozone concentrations sampled in an adjacent southern grid
box in the model are close to the observations.
[18] Ozonesonde observations at Japanese stations in

1996 are limited (Table 1). In Figures 4b–4d we compare
the model simulation for 1996 (right column) with the
ozonesonde climatology (left column) given by Logan
[1999]. The mature phase of cold ENSO (El Nino and the

Figure 2. Tropospheric source regions used for tagged
tracer simulations.

Figure 3. Seasonal variation of ozone over Hong Kong in
1996 averaged over three altitude bands (850–700, 700–
300, and 300–120 hPa). Model results (solid line) are
compared to observations (dots). Arrows indicate the events
analyzed in the case studies (section 6).
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Southern Oscillation) conditions (La Nina) characterizes the
climate of 1996, when both the subtropical Hadley circu-
lation and the East Asian jet are enhanced (in particular
during December 1995–May 1996) [Halpert and Bell,
1997]. This may contribute to the discrepancies between
the model results for 1996 and the ozonesonde climatology.
Combining model simulations for 1996 with those for other
years (1991–1995, 1997), we find that the wintertime UT
ozone minimum at low latitudes (Hong Kong and Naha) is

more apparent (�5–10 ppbv lower in value) and frequently
seen during the cold phase relative to the warm phase, due
to enhanced intrusion of tropical air. Nevertheless, the
overall pattern of seasonal variation in the model is similar
between years at the ozonesonde stations analyzed here.
[19] The seasonal cycle of ozone over Naha is similar to

that for Hong Kong, with a spring maximum and a summer
minimum (Figure 4b). As latitude increases, the ozone
maximum in the MT/UT shifts from spring at Naha

Figure 4. Seasonal variation of ozone concentrations (ppbv) as a function of altitude for the ozonesonde
sites of Figure 1. Observations (left panels) are compared to model results for 1996 (right panels). The
observations at Hong Kong are for 1996 while the observations at the other sites are from a long-term
climatology (Table 1). All values are monthly averages. Contour levels are 20, 30, 40, 50, 60, 70, 80, 100,
and 200 ppbv.
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(26�N) to summer at Sapporo (43�N) [Logan, 1999]. The
monsoonal summer minimum is more pronounced at lower
altitudes and latitudes. The simulated vertical distribution of
ozone and its seasonal variation at Naha are consistent with
the ozonesonde climatology (Figure 4b) and similar to those
at Hong Kong (Figure 4a), but the model does not fully
capture the summer minimum in the LT at these sites. The
model simulates a weaker enhancement of ozone in the LT
in spring at Naha than at Hong Kong, due to the higher
latitude and thus lesser influence from Southeast Asian
biomass burning, but the observations at Naha are too
sparse to test this result. The UT wintertime minimum in
the Naha climatology is less pronounced than in the Hong
Kong data or model results for 1996, due to enhanced
intrusion of tropical air in 1996 as mentioned above. The
decreasing magnitude of the summer minimum with latitude
and altitude reflects in the model the weakening of the
monsoonal influence. The shift of the ozone maximum in
the MT-UT from spring at Naha to summer at Sapporo is a
result of increased photochemical production of ozone at
northern midlatitudes in summer. The simulations at
Kagoshima and Sapporo (Figures 4c and 4d) illustrate the
slight tendency for the model to underestimate the ampli-
tude of the observed seasonal variation in the MT-UT at
northern midlatitudes [Bey et al., 2001a].

[20] At Hilo, model and observations show a spring
maximum and a late summer minimum above 500 hPa
(Figure 4e). The former is explained by a combination of
stratospheric influence and Asian pollution outflow [Wang
et al., 1998; Kentarchos et al., 2001]. The latter is in
contrast with the seasonality of ozone at the stations along
the Pacific Rim and is associated with convective activity in
the wet season which mixes ozone-poor air from the marine
boundary layer where photochemistry provides a net sink
for ozone [Oltmans et al., 1996].

4. Transport of Ozone Pollution Along the
Pacific Rim

[21] We use here a tagged ozone simulation to describe
the transport pathways for ozone photochemically produced
in the Asian troposphere and thus help our understanding of
sources of tropospheric ozone along the Asian Pacific Rim.
Figure 5 shows the seasonally averaged horizontal fluxes of
ozone produced in the Asian troposphere for the 1000–750
hPa column (Figure 5a), 500 hPa (Figure 5b), and 200 hPa
(Figure 5c). The large fluxes in the MT-UT reflect strong
winds in this part of the troposphere. In winter, the Asian
pollution is kept within the boundary layer by the general
subsidence over the Asian continent. The northwesterly

Figure 5. Horizontal fluxes of ozone produced in the Asian troposphere, shown for (a) 1000–750 hPa
column, (b) 500 hPa, and (c) 200 hPa. Values are seasonal model averages for 1996.
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(>25�N) and northeasterly monsoons (<25�N) sweep this
pollution south toward the tropics, where photochemical
production of ozone is active, as reflected by the large
ozone fluxes shown in Figure 5a (DJF). The pollution is
subsequently lifted up into the UT by deep convection over
the maritime continent, from where it is transported north-
ward along the upper-branch of the local Hadley circulation
and into the mid- latitude westerlies (Figure 5c). In this way,
Asian pollution influences the global ozone budget in
winter, as previously suggested by Newell et al. [1997].
As shown below in section 6, ozone production due to
tropical lightning NOx emissions also contributes signifi-
cantly to the Asian outflow of ozone in the wintertime UT.
[22] In summer, the monsoonal flow transports Asian

ozone pollution along the Pacific Rim towards the northeast
(Figure 5a) and the pollution is then subject to frequent
lifting into the UT by convection; this is discussed further in
the next section. While part of this pollution in the UT is
transported eastward to the northern Pacific, a large fraction
circulates southward and then westward around the so-called
Tibetan anticyclone (South Asia high), eventually reaching
the Middle East [Li et al., 2001]. The Tibetan anticyclone is a
climatological feature of the UTcirculation over eastern Asia
in summer and is characterized by southward transport along
the eastern Asia coast, as contrasted to the southwest

monsoonal flow in the LT, and westward transport at low
latitudes as part of the tropical easterly jet [Ding, 1994; Ye
and Wu, 1998], as shown in Figure 5c. In the MT, the Tibetan
anticyclone is much weaker and located further west (Figure
5b), and Asian pollution is transported to the Pacific around
the northern flank of the subtropical western Pacific high.
[23] Spring and fall are transitional meteorological peri-

ods. Outflow of Asian pollution to the Pacific in spring is
discussed in detail by Bey et al. [2001b]. This outflow is
driven by cold fronts sweeping across eastern Asia [Yienger
et al., 2000], and is maximum in the lower free troposphere
at �25–30�N following frontal lifting [Bey et al., 2001b].
Convective transport to the UT of ozone pollution from
biomass burning also makes a major contribution to Asian
outflow at lower latitudes. In fall, a prominent feature is the
southwest transport of ozone in the boundary layer along
the South China coast where photochemistry is quite active
in this season [Wang et al., 2001]. This is in contrast to the
northeast transport in spring in the same region.

5. Sources of Ozone Along the Pacific Rim

[24] We examine in this section for different seasons of
1996 the relative contributions to tropospheric ozone along
the Pacific Rim from different source types and source

Figure 5. (continued)
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regions. Figure 6 shows the contributions to ozone at Hong
Kong from chemical production in the Asian and African
troposphere and in the stratosphere, as determined from
tagged tracers (section 3). Figure 7 shows the changes in
ozone concentrations at Hong Kong when Asian fossil fuel,
African biomass burning, or lightning emissions are sup-
pressed, as determined from sensitivity simulations. Similar
plots were constructed for other source regions and source
types, and also for the other stations in Figure 1. They
provide the context for the source analysis that follows.

5.1. Asian Pollution and Biomass Burning

[25] A large fraction of ozone in the free troposphere
along the Asian Pacific Rim is produced within Asia, in
particular in summer because of the generally stronger
convective mixing of ozone and its precursors (see Figure
6a and Figure 7a for Hong Kong). In summer, unusually
strong photochemical production of ozone (6–10 ppbv/day)
occurs in the UT over the eastern Asia coast and the Indian
subcontinent. While the former is explained by rapid con-
vective transport of ozone precursors from the continental
boundary layer along the East Asia coast [Berntsen et al.,
1996; Mauzerall et al., 2000], the latter is mostly due to
lightning emissions over northern India and the Indochina
peninsula [Li et al., 2001].

[26] In the LT over Hong Kong, Asian pollution influence
exhibits a biomodal seasonal behavior with maxima in
spring and fall (Figure 7a), consistent with our previous
analysis of ozonesonde observations below 2 km [Chan et
al., 1998] and previous surface observations along the
China coast [Chameides et al., 1999; Luo et al., 2000;
Lam et al., 2001; Wang et al., 2001]. We find a larger
influence from Asian pollution in fall than in spring, again
consistent with observations [Lam et al., 2001]. Prevailing
clear skies over southern China in fall, reflecting the
building high pressure system over the Asian continent,
promote photochemical activity in the region [Chan et al.,
1998; Wang et al., 2001]. The biomodality of Asian
pollution influence is also seen in the model at Naha and
Kagoshima, but is not present at Sapporo where maximum
pollution influence is centered in late spring and summer.
[27] High ozone of Asian origin in the springtime

(March) LT over Hong Kong (Figure 6a) reflects strong
influences from Southeast Asian biomass burning. Figure 8
(bottom panel) shows the monthly averaged decreases in
700 hPa ozone concentrations for March when Southeast
Asian biomass burning emissions are suppressed, relative to
the standard simulation. The effect is important at Hong
Kong and to a lesser extent at Naha, and decreases as
latitude increases. Through convective lifting, Southeast

Figure 5. (continued)
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Asian biomass burning also has an effect on UT ozone over
South China and the western Pacific (Figure 8, upper panel).
The Asian contribution to ozone over Hilo is mainly seen in
the free troposphere in late spring (April–June) and is much
weaker than at the Pacific Rim sites. Seasonal biomass
burning is also known to make a major contribution to
Asian outflow of CO and hydrocarbons over the western
Pacific in spring [Blake et al., 2001; Staudt et al., 2001; Bey
et al., 2001b].

5.2. European Pollution

[28] Figure 9a shows seasonally averaged decreases in
900 hPa ozone concentrations for spring and fall in a
sensitivity simulation where European anthropogenic emis-
sions are suppressed, relative to the standard simulation. In
winter, the Siberian anticyclone promotes transport of Euro-
pean pollution to the Pacific Rim [Newell and Evans, 2000],

but production of ozone is slow. In summer, European
influence on the Pacific Rim is minimum throughout the
troposphere because of the Asian monsoon. Maximum
influence (still less than 5 ppbv) is in spring below 4-km
altitude at the high-latitude stations when favorable trans-
port is combined with active photochemistry.

5.3. North American Pollution

[29] While maximum European pollution influence occurs
in the LT in spring, maximum North American pollution
influence is in the UT in fall (Figure 9b). The larger influence
in the UT/MT of North American pollution than European
pollution reflects outflow from convection and the so-called
warm conveyor belts (WCBs) originating over the eastern
seaboard of North America [Stohl, 2001]. In contrast, WCBs
rarely originate over Europe [Stohl, 2001].

5.4. African Biomass Burning

[30] From late November to early April, about 10–20
ppbv of the UT/MT ozone at Hong Kong is contributed by

Figure 6. Major source regions for ozone at Hong Kong
as a function of altitude and season in 1996. The plots show
model results for tagged ozone (a) produced in the Asian
troposphere, (b) produced in the African troposphere, and
(c) transported from the stratosphere. Values are monthly
averages. Contour levels are 4, 8, 12, 16, 20, 24, 28, 32, 36,
and 40 ppbv.

Figure 7. Decreases in ozone concentrations at Hong
Kong when (a) Asian fossil fuel emissions, (b) African
biomass burning emissions, or (c) lightning NOx emissions
are suppressed, relative to the standard simulation. Values
are monthly averages. Contour levels are 4, 8, 12, 16, 20
ppbv for Figures 7a and 7c and 0.5, 1.0, 1.5, 2.0, 3.0 ppbv
for Figure 7b.
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the African troposphere (Figure 6b), reflecting intense
seasonal biomass burning in sub-Saharan northern Africa
[Marenco et al., 1990] as well as lightning [Martin et al.,
2002]. Model calculations by Marufu et al. [2000] suggest
that African biomass burning emissions are responsible for
about 35% of the global annual pyrogenic ozone enhance-
ment. Our sensitivity simulation where African biomass
burning emissions are suppressed shows a few ppbv
decreases in the UT ozone at low-latitude stations (Hong
Kong and Naha) from January through March (see Figure
7b for Hong Kong). African air masses convected to the UT
merge into the Northern Hemisphere subtropical jet as they
travel to the Pacific Rim, leading to a positive correlation
between African and stratospheric ozone components in the
model on a day-to-day basis.

5.5. Stratospheric Influence

[31] During winter and spring, ozone in the UT at Hong
Kong is largely shaped by the alternation between strato-
spheric influence and intrusion of ozone-poor air from the
tropics (Figures 3 and 6c). Stratospheric influence advected
from midlatitudes explains the events of high ozone in the
UT during January through April; a case study will be
discussed in section 6. Stratospheric and tropical influences
decrease from April on, reflecting northward shift of the jet

stream, the weakening of the Hadley circulation, and the
onset of the summer monsoon. At Naha, stratospheric
intrusion in the UT has a distinct maximum in spring with
frequent events in summer (July–August, not shown). The
latter are likely due to stratosphere-troposphere exchange
associated with convective complexes [Poulida et al., 1996;
Rood et al., 1997], considering that they correlate with
anthropogenic pollution from Asia in the model. Strato-
spheric contribution to UT ozone is maximum in winter for
the higher-latitude Japanese stations, consistent with current
knowledge of stratosphere-troposphere exchange [Austin
and Midgley, 1994].

5.6. Lightning

[32] Lightning influence, as indicated with a sensitivity
simulation where NOx emissions from lightning are shut
off, is shown in Figure 7c for Hong Kong and in Figure 10
for the globe at 300 hPa. Lightning has the strongest
influence over subsiding regions which receive the accu-
mulated effect of ozone production in the UT [Jacob et al.,
1996; Martin et al., 2002]. The decrease in ozone concen-
trations is up to �8 ppbv in the UT/MT over Hong Kong
and Naha, with a summertime minimum. Much less influ-
ence is seen at the higher-latitude Japanese stations; the
meridional gradient of influence is particularly strong in
winter and spring. The summer minimum at low latitudes is
somewhat surprising if one considers that deep convection
over the Asian continent is maximum at this time of the
year. It reflects the westward UT transport of lightning
outflow away from the Pacific Rim, as discussed in section
4. Instead, lightning outflow from the Indian subcontinent
and Southeast Asia makes a major contribution to summer-
time tropospheric ozone over the Middle East [Li et al.,
2001].

6. Case Studies

[33] We present here some case studies from Hong Kong
and other ozonesonde records to illustrate some of the major
features of the ozone observations along the Pacific Rim,
including alternation between low and high ozone in the
wintertime UT, springtime ozone layer enhancements, and
high ozone episodes in summer and fall.

6.1. Alternation Between Low and High Ozone in
the Wintertime UT

[34] As noted above, a remarkable feature of the obser-
vations at Hong Kong is the alternation between low and
high ozone in the wintertime UT (Figure 3). This feature is
reproducible from year to year (September 1995 to April
1997). Back trajectories and our model results relate the low
ozone to intrusions of tropical air and the high ozone to
intrusions of midlatitude stratospherically-influenced air.
Intrusions of tropical air are favored in winter when the
Hadley circulation is at its seasonal maximum intensity
[Ding, 1994]. We illustrate this point here with a case study
for December 24, 1996 and January 6, 1997 (Figure 11).
[35] On December 24, the air flow in the UT over South

China is from the tropics and carries low ozone upwelled in
the ascending branch of the East Asia local Hadley circu-
lation (Figure 11, middle left panel). By January 6, 1997,
this circulation has shifted to the east and the UT flow over

Figure 8. Decreases in ozone concentrations (ppbv) at 300
hPa (upper panel) and 700 hPa (bottom panel) when
Southeast Asian biomass burning emissions are suppressed,
relative to the standard simulation. Values are monthly
averages for March 1996.
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Hong Kong is instead from the northwest (Figure 11,
middle right panel); the intensification and southward
movement of westerlies (subtropical jet stream) leads to
the intrusion of stratospheric ozone into the tropical tropo-
sphere (Figure 11, bottom right panel).
[36] Ozone minima in the UT over Hong Kong associated

with tropical convective outflow (30–40 ppbv) are never as
low as values found in tropical convective outflow over
other regions (<20 ppbv) including the western Pacific
Ocean [e.g., Kley et al., 1996; Browell et al., 1996; Newell
et al., 1997], the Indian Ocean [de Laat et al., 1999], or the
eastern U.S. and North Atlantic Ocean [Grant et al., 2000].
We find in the model that such low values do not occur over
Hong Kong because of ozone production from Asian

pollution and lightning emissions affecting the tropical
convective outflow, as discussed in section 4.

6.2. Springtime Ozone Layer Enhancements

[37] Asian biomass burning outflow to the Pacific in
spring peaks in the lower free troposphere [Liu et al.,
1999; Bey et al., 2001b], but high springtime ozone events
over Hong Kong are also observed in the UT. Figures 12a–
12e shows daily ozonesonde profiles during the period of
April 11–15, 1996, illustrating some of these events,
associated with moderately high humidity (20–30%). The
corresponding back trajectories all pass over continental
Southeast Asia, suggesting a biomass burning origin similar
to that in the LT. The model usually underestimates or

Figure 9. Decreases in ozone concentrations (ppbv) (a) at 900 hPa when European fossil fuel emissions
are suppressed, (b) at 300 hPa when North American fossil fuel emissions are suppressed, relative to the
standard simulation. Values are averages for spring (March–April–May) and fall (September–October–
November) 1996. See color version of this figure at back of this issue.
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misses these ozone layer enhancements in both the UT and
the LT, but does show enhanced CO of Asian biomass
burning origin (Figure 12). High values of biomass burning
CO and to a lesser extent Asian fossil fuel CO concen-
trations indicate the important role of deep convection over
Indochina in lifting biomass burning and anthropogenic
pollution from the surface to the UT. Sensitivity simulations
show comparable contributions to the UT ozone from
biomass burning, Asian fossil fuel, and lightning emissions.
[38] The limited ability of the model to simulate the ozone

layer enhancements in both the LT and the UT could be due
to the following factors among others. Since the layers of
enhanced ozone in the LT generally have their bases at about
2 km with a thickness of about 2–3 km, weak vertical
transport and mixing would be adequate to lift ozone and its
precursors up from the boundary layer to lower free tropo-
sphere. The fire buoyancy not accounted for in the model is
believed to contribute to the ventilation of biomass burning
pollution and thus to the formation of ozone layer enhance-
ments over Hong Kong. Also, many biomass burning
activities over continental Southeast Asia take place in

mountainous forest regions [Stott, 1988; Jones, 1997] where
isoprene and other hydrocarbon emissions may lead to
efficient production of ozone [Pickering et al., 1992].
Satellite observations have shown unusually active biomass
burning (relative to climatology) over this area in the spring
of 1996 (R. Martin, personal communication, 2001), in
particular in the northern part of the Indochina where high
terrain elevations facilitate the impact of biomass burning
emissions on downwind regions (H. Liu et al., manuscript in
preparation, 2002). The issue in discussion is further com-
plicated by the episodic nature of biomass burning activities.
[39] Events of Asian biomass burning influence can also

be seen midway across the Pacific at Hilo. Ozonesonde
observations on April 3, 1996 at Hilo show a pronounced
ozone peak (�80 ppbv) in the MT (�500 hPa) (Figure 12f).
The model captures this peak with the right magnitude,
although it does not capture the overlying minimum.

6.3. Ozone Episodes in Summer

[40] Even though tropospheric ozone at the lower-latitude
Pacific Rim stations is at its seasonal minimum in summer,

Figure 9. (continued)
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ozone enhancements are occasionally observed in the free
troposphere. Here we examine such an episode on August 6,
1996 (Figure 3). This episode reflects an interruption of the
monsoon by a tropical cyclone. On August 6, 1996,
ozonesonde observations at Hong Kong show a broad
maximum of mixing ratio (�75–110 ppbv) in the MT, with
lower ozone in the LT and UT (Figure 13). Kagoshima on
the same day also shows a peak of ozone mixing ratio (�70
ppbv) at �400 hPa. Back trajectories indicate that the mid-
tropospheric air mass remained over the East China Sea for
a few days before it was advected southward to Hong Kong.
During July 31–August 2, the tropical cyclone Herb made a
landfall in East China and subsequently evolved into a
continental low pressure system [Hong Kong Observatory
(HKO), 1996], which may have caused widespread lifting of
ozone and/or its precursors from the boundary layer into the
MT and UT. The explicit transport mechanism for this
pollution is however complicated. The standard simulation
with 4� � 5� resolution does not capture the MT ozone layer
at Hong Kong, but a simulation with 2� � 2.5� resolution
significantly improves the result (Figure 13). In this layer is
enhanced Asian fossil fuel CO, and sensitivity simulations
indicate that without Asian fossil fuel emissions there would
be no ozone enhancement. The model reproduces the MT

ozone enhancement concurrently observed at Kagoshima
with overestimates below and above.
[41] High ozone due to anthropogenic pollution is

observed frequently in the UT over Hong Kong in summer,
in which case trajectories are usually very similar; pollution
along the eastern Asian coast is lifted into the UT by deep
convection followed by northerly transport as part of the
Tibetan anticyclone (Figure 5c). One such case is August
21, 1996, when observed ozone shows high values in the
UT (Figure 14). The model reproduces well the strong
vertical gradient of ozone and the sensitivity simulation
indicates maximum influence in the UT from Asian anthro-
pogenic emissions.

6.4. Ozone Episodes Over Hong Kong in Fall

[42] Our model sensitivity calculations indicate that, at
lower latitudes (Hong Kong and Naha), Asian pollution
influence on ozone is larger in fall than in spring, not only in
the boundary layer but in the free troposphere; the latter is
also somewhat true for lightning influence (Figure 7).
Indeed, observations at Hong Kong in October–November
1996 show high ozone events (60–90 ppbv) in the MT-UT
(Figure 3). Here we present a case study for October 9,
1996. Observations at Hong Kong on that day show sub-

Figure 10. Decreases in ozone concentrations (ppbv) at 300 hPa when lightning NOx emissions are
suppressed, relative to the standard simulation for 1996. Values are seasonal averages for 1996. See color
version of this figure at back of this issue.
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stantial enhancements of ozone in much of the troposphere
(600–150 hPa) and model sensitivity calculations indicate
large influences from both Asian fossil fuel and lightning
emissions (Figure 15). We find that this event is driven by
lifting ahead of a cold front sweeping across China [HKO,
1996].
[43] Cold fronts have been recognized previously as a

major pathway for outflow of Asian pollution to the Pacific
[Liu et al., 1997; Carmichael et al., 1998; Yienger et al.,
2000; Bey et al., 2001b]. In spring, these fronts are very
frequent [Chen et al., 1991; Zhang et al., 1997] but are then
usually too far north to influence Hong Kong, where low-

latitude air prevails (Figure 5a). In the fall, by contrast, the
northeasterly monsoon sweeps the Asian pollution toward
Hong Kong. This pollution is exported to the Pacific by
cold fronts and convection. Subsequent active photochem-
istry leads to strong Asian pollution influence throughout
the troposphere at low latitudes.

7. Contributions to Asian Outflow of Ozone
to the Pacific

[44] We discuss briefly in this section for different sea-
sons of 1996 the relative contributions from different

Figure 11. Case study illustrating the alternation between low and high ozone in the wintertime upper
troposphere over Hong Kong. The top panels show ozonesonde profiles on December 24, 1996 and
January 6, 1997. Observations (solid lines) are compared to model results for the corresponding days
(dotted lines). The middle and bottom panels show additional model results for those days: (1) ozone
concentrations and wind vectors at 200 hPa; (2) latitude-altitude cross-section at the longitude of Hong
Kong (114�E) for the tagged ozone tracer originating in the stratosphere. The white dots and vertical lines
correspond to the location of Hong Kong. See color version of this figure at back of this issue.
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sources to the Asian outflow of ozone to the Pacific. The
relative contribution from a given source is determined by
difference from the standard simulation in a sensitivity
simulation where that source is suppressed. Figure 16 shows
the relative contributions to the eastward flux of ozone
integrated for the 1000–200hPa column through a wall at
150�E between 10 and 60�N, from Asian fossil fuel, Euro-

pean fossil fuel, North American fossil fuel, Asian biomass
burning, lightning, and African biomass burning emissions.
Also shown in Figure 16 (dashed line) is the total eastward
flux of ozone (scaled down by a factor of 20) in the standard
simulation.
[45] Anthropogenic Asian influence on the Asian outflow

flux of ozone to the Pacific is maximum in spring and fall,
and is minimum in winter and summer. The low value in
winter reflects weak photochemical activity. The low value
in summer reflects the prevailing easterly flow away from
the Pacific (section 4). The contribution from Asian biomass
burning is maximum in spring and insignificant in other
seasons. African biomass burning influence is maximum in
early spring. European anthropogenic influence peaks in
spring. By contrast, the maximum influence of North
American pollution is in late fall. Lightning influence also
peaks in late fall.
[46] Throughout the year we find that anthropogenic

sources in Asia make the largest single contribution to the
Asian outflow flux of ozone over the Pacific (Figure 16).
Second is lightning, due to strong sources over both South
Asia and Africa. Remarkably, North American anthropo-
genic sources contribute more to the Asian outflow flux of
ozone than European anthropogenic sources, reflecting
efficient uplifting by the warm conveyor belts and by
convection over and downwind off the eastern United States
(section 5).

8. Summary and Conclusions

[47] We have used a global 3-D model of tropospheric
chemistry driven by assimilated meteorological data to
analyze ozonesonde observations along the Asian Pacific
Rim. Our aim was to understand the contributions from
different sources to the tropospheric ozone budget in that
region for different seasons and altitudes. We analyzed
ozonesonde observations at four stations (Hong Kong,
Naha, Kagoshima, and Sapporo) extending from 22�N to
43�N along the Pacific Rim, and one (Hilo) over the remote
Pacific, with a particular focus on the year of 1996 at Hong
Kong where an extensive data set is available.

Figure 12. Ozonesonde profiles at (a)–(e) Hong Kong on
April 11–15, 1996, and (f ) Hilo on April 3, 1996.
Observations (solid lines) are compared to model results
for the corresponding days (dotted lines). Also shown are
Asian biomass burning CO concentrations (dashed line)
from a tagged tracer simulation.

Figure 13. Summertime ozone pollution event in the middle troposphere over Hong Kong and
Kagoshima on August 6, 1996. The solid lines show ozonesonde observations, and the dotted lines show
model results. Also shown are ozone concentrations simulated with 2� � 2.5� model resolution (dashed
line) and Asian fossil fuel CO concentrations (dash-dotted line).
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[48] The seasonal cycle of ozone has a spring maximum
and summer minimum at low latitudes (Hong Kong and
Naha), but shifts to a summer maximum in the middle and
upper troposphere (MT-UT) at higher latitudes (Kagoshima
and Sapporo). The springtime lower troposphere (LT)
maximum is due primarily to Southeast Asian biomass
burning, and the springtime UT maximum reflects the phase
overlap of ozone transported from the stratosphere and
ozone produced in the troposphere [Wang et al., 1998].
The shift to a summer maximum at higher latitudes is due to
seasonal photochemical production in the MT-UT.
[49] We investigated the sources of tropospheric ozone

along the Asian Pacific Rim by tagging ozone produced
from different source regions and by model sensitivity
calculations. We found that Asian sources dominate the
ozone budget throughout the troposphere, except for the
winter- spring UT/MTwhere stratospheric and other sources
are important. Maximum Asian pollution influence in the
LT occurs in spring and fall at lower latitudes, and in late

spring and summer at higher latitudes; maximum influence
in the MT-UT is in summer when rapid convective transport
of ozone precursors from the continental boundary layer
leads to unusually strong photochemical production of
ozone (6–10 ppbv/day). Maximum European pollution
influence along the Pacific Rim takes place in the LT (<4

Figure 14. Summertime ozone pollution event in the
upper troposphere over Hong Kong on August 21, 1996.
The solid line shows ozonesonde observations, and the
dotted line shows model results. Also shown as a vertical
profile are simulated ozone concentrations when Asian
fossil fuel emissions are suppressed (dashed line). The map
shows decreases in ozone concentrations (ppbv) at 160 hPa
(13 km), when Asian fossil fuel emissions are shut off,
relative to the standard simulation. Arrows are wind vectors,
and the white dot shows the location of Hong Kong. See
color version of this figure at back of this issue.

Figure 15. High-ozone episode over Hong Kong in fall
(October 9, 1996). The solid line shows ozonesonde
observations, and the dotted line shows model results
(upper panel). Also shown as vertical profiles are ozone
concentrations when lightning NOx emissions (dash-dotted
line) or Asian fossil fuel emissions (dashed line) are
suppressed. Maps show decreases in ozone (ppbv) at 350
hPa (8 km) when lightning emissions (middle panel) or
Asian fossil fuel emissions (bottom panel) are suppressed,
relative to the standard simulation. Arrows are wind vectors,
and the white dots show the location of Hong Kong. See
color version of this figure at back of this issue.
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km) in spring, but with an ozone enhancement of less than 5
ppbv. North American pollution influence is maximum in
the UT in fall and exceeds European pollution influence in
the UT/MT, reflecting more efficient uplift by convection
and by the warm conveyor belts at the eastern seaboard of
North America. African biomass burning and lightning
emissions make major contributions to the Pacific Rim
observations in the MT-UT at lower latitudes. Stratospheric
influence is responsible for major events of high ozone in
the UT and is important in the MT during winter/spring. In
particular, stratospheric influence at low latitudes is deter-
mined by southern shifts of the subtropical jet and can
extend into the deep tropics. Lightning influence is impor-
tant in the UT/MT at low latitudes, with a summer minimum
due to westward transport of lightning outflow around the
Tibetan anticyclone and away from the Pacific Rim.
[50] We conducted case studies to further examine the

sources of high/low ozone in different seasons. In winter/
spring, the UT ozone at lower latitudes is largely shaped by
the alternation between intrusion of tropical air (low ozone)
and stratospheric influence (high ozone). The former is most
favorable in winter when the East Asia local Hadley
circulation reaches its seasonal maximum intensity [Ding,
1994]. The shift from the former to the latter appears to be
accompanied by eastward shift of the Hadley cell, allowing
stratospherically influenced air from northern midlatitudes
to flow over the Pacific Rim. Even under conditions of

tropical convective outflow, ozone concentrations in the UT
are still relatively high due to contributions from Asian
pollution and lightning emissions.
[51] Biomass burning in Southeast Asia in spring leads to

substantial enhancements of tropospheric ozone at all alti-
tudes over the Pacific Rim (<32�N) and evidence of this
enhancement extends across the Pacific to the ozonesonde
observations over Hilo. Along the Pacific Rim this seasonal
biomass burning influence is strongest in the lower free
troposphere, but deep convection also produces biomass
burning enhancements of ozone in the UT/MT which are
seen over Hong Kong and Hilo.
[52] In summer, tropospheric ozone is at its seasonal

minimum at the lower latitudes of the Pacific Rim. The
monsoon lifts Asian pollution to the UT where much of it
gets caught in the westward circulation around the Tibetan
anticyclone, away from the Pacific. Mid-level convection
and stagnation occasionally produce elevated ozone layers
in the MT, and two such episodes observed at Hong Kong
were analyzed.
[53] In fall, the South China coast region is a photo-

chemically active region as the building continental high
leads to clear skies and southward transport of pollution.
Frontal and convective lifting of this pollution produces
elevated ozone layers in the free troposphere over Hong
Kong. Frontal lifting of pollution is more frequent in fall
than in spring at the lower latitudes of the Pacific Rim, in
contrast to higher latitudes where frontal lifting is most
efficient in spring.
[54] We investigated the relative contributions from dif-

ferent sources to the Asian outflow flux of ozone over the
Pacific. This flux is maximum in spring and fall, and
includes a major contribution year-round from anthropo-
genic sources in Asia as well as from lightning. Anthro-
pogenic sources in North America make a bigger
contribution to the Asian outflow than anthropogenic sour-
ces in Europe, reflecting more efficient uplift by convection
and frontal activity. African biomass burning contributes to
Asian outflow from December through April while Asian
biomass burning influence is concentrated in March–April.
[55] We find overall that tropospheric ozonesonde obser-

vations along the Pacific Rim are consistent with current
understanding of tropospheric chemistry as quantified by
the GEOS-CHEM global 3-D model. While this result
encourages the use of such models to analyze Asian outflow
and long-term trends of ozone, our ability to further con-
strain the model is still limited by available measurements
and current understanding of physical and chemical pro-
cesses in the atmosphere. Improved understanding is needed
with respect to variability in meteorology in this region,
stratosphere-troposphere exchange, biomass burning and
lightning activities, as well as intercontinental transport.
Projected increases in anthropogenic emissions of ozone
precursors in Asia [van Aardenne et al., 1999] are expected
to lead to a positive trend of tropospheric ozone in the
region, and detection and interpretation of this trend will be
complicated by the above factors in particular variability in
biomass burning and lightning. With increasing satellite
observations becoming available in the future, constraints
on these sources are expected to be greatly improved.
Several years of coordinated and intensive year-round
measurements at the established ozonesonde stations along

Figure 16. Relative contributions from different sources
to the Asian outflow flux of ozone over the Pacific as a
function of season in 1996. The Asian outflow flux is
defined as the eastward flux (106 kg/day) integrated for the
1000–200hPa column through a wall located at 150�E
between 10 and 60�N. Contributions from individual
sources (i.e., Asian fossil fuel, European fossil fuel, North
American fossil fuel, Asian biomass burning, lightning,
African biomass burning) are determined by subtraction
from the standard simulation in a sensitivity simulation
where the source is suppressed. The total Asian outflow flux
of ozone in the standard simulation (scaled down by a factor
of 20) is plotted as a dashed line. All values are monthly
averages.
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the Asian Pacific Rim should be quite helpful in better
constraining the model. Studies of orographic influence on
pollution transport should also be encouraged.
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Figure 9. Decreases in ozone concentrations (ppbv) (a) at 900 hPa when European fossil fuel emissions
are suppressed, (b) at 300 hPa when North American fossil fuel emissions are suppressed, relative to the
standard simulation. Values are averages for spring (March–April–May) and fall (September–October–
November) 1996.
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Figure 9. (continued)
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Figure 10. Decreases in ozone concentrations (ppbv) at 300 hPa when lightning NOx emissions are
suppressed, relative to the standard simulation for 1996. Values are seasonal averages for 1996.
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Figure 11. Case study illustrating the alternation between low and high ozone in the wintertime upper
troposphere over Hong Kong. The top panels show ozonesonde profiles on December 24, 1996 and
January 6, 1997. Observations (solid lines) are compared to model results for the corresponding days
(dotted lines). The middle and bottom panels show additional model results for those days: (1) ozone
concentrations and wind vectors at 200 hPa; (2) latitude-altitude cross-section at the longitude of Hong
Kong (114�E) for the tagged ozone tracer originating in the stratosphere. The white dots and vertical lines
correspond to the location of Hong Kong.
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Figure 14. Summertime ozone pollution event in the
upper troposphere over Hong Kong on August 21, 1996.
The solid line shows ozonesonde observations, and the
dotted line shows model results. Also shown as a vertical
profile are simulated ozone concentrations when Asian
fossil fuel emissions are suppressed (dashed line). The map
shows decreases in ozone concentrations (ppbv) at 160 hPa
(13 km), when Asian fossil fuel emissions are shut off,
relative to the standard simulation. Arrows are wind vectors,
and the white dot shows the location of Hong Kong.

Figure 15. High-ozone episode over Hong Kong in fall
(October 9, 1996). The solid line shows ozonesonde
observations, and the dotted line shows model results
(upper panel). Also shown as vertical profiles are ozone
concentrations when lightning NOx emissions (dash-dotted
line) or Asian fossil fuel emissions (dashed line) are
suppressed. Maps show decreases in ozone (ppbv) at 350
hPa (8 km) when lightning emissions (middle panel) or
Asian fossil fuel emissions (bottom panel) are suppressed,
relative to the standard simulation. Arrows are wind vectors,
and the white dots show the location of Hong Kong.
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