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ABSTRACT

Linyuan (LY) is a coastal station located downwind of the industrial city of Kaohsiung in southern Taiwan. This station is
often affected by severe ozone pollution during sea breeze events. Intensive tethered ozone soundings were performed at this
station during a 4-day ozone episode in November, 2005. Back air trajectories were also calculated to track the origins of air
masses arriving at the station during the experiment. The investigation revealed complicated ozone profiles in the lower
atmosphere (below 1300 m) both day and night. At night, industrial plumes forming no-ozone air layers were frequently
distributed at 400 - 800 m. Mixing layers rapidly decreased from 800 - 1100 m down to 200 - 350 m in the late morning hours
when sea breezes and thermal internal boundary layers (TIBLs) developed. Recirculation of polluted inland air masses over the
sea, the development of TIBLs, and the late development of sea-breeze events all are likely responsible for severe ozone
pollution at the LY station. Elevated industrial plumes or ozone aloft above TIBLs revealed only a minor contribution to ozone
pollution via a downward mixing process. Elevated ozone levels (140 - 170 ppb) were often trapped within transitional layers
of sea-breeze circulations at 600 - 800 m and were accompanied by ambient northerly flows parallel to the coastline, suggesting
that an ozone pollution core likely formed over the west coast of Taiwan on ozone-episodic days when sea-breeze circulations
developed.
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1. INTRODUCTION

In the lower atmosphere, ozone is produced by photo-
chemical reactions of volatile organic compounds (VOCs)
and NOx in the presence of sunlight (National Research
Council 1991; Finlayson-Pitts and Pitts 2000). High ozone
pollution is usually produced by strong emissions coupled
with a stagnant atmosphere on sunny days (Banta et al.
2005). In coastal regions, ozone pollution often occurs dur-
ing sea-breeze events (Clappier et al. 2000; Boucouvala and
Bornstein 2003; Angevine et al. 2004; Ding et al. 2004;
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Banta et al. 2005; Kalthoff et al. 2005; Oh et al. 2006; Lin et
al. 2007; Talbot et al. 2007).

Weak ambient offshore flows associated with sea-breeze
events are known to trigger coastal ozone pollution events
(Clappier et al. 2000; Ding et al. 2004; Banta et al. 2005; Oh
et al. 2006; Talbot et al. 2007). A sea breeze cannot cause
ozone pollution by itself, but can move polluted air masses
inland. Polluted sea-breeze air masses typically result from
recirculation of polluted air masses originating inland. Sea-
breeze events that develop under weak ambient offshore
flows can increase coastal ozone pollution (Banta et al. 2005);
however in this scenario, developing sea breezes must over-
come ambient offshore flows and it takes for several hours
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with low wind speeds or even stagnant atmospheric condi-
tions. During this period, ozone precursors can easily ac-
cumulate and increase subsequent ozone pollution. The ad-
ditional pollutants from coastal sources may also contribute
to ozone pollution when previously offshore polluted air
masses return to coastal regions.

The low mixing depths in coastal regions may also be
responsible for coastal ozone pollution. Mixing depth can
influence ozone pollution because it limits the extent of ver-
tical mixing of surface-emitted ozone precursors and photo-
chemically produced ozone (Rao et al. 2003). In continental
regions, mixing depths on a sunny afternoon typically grows
to 1 - 2 kilometers (Stull 1988). However, mixing depths
over sea during daytime can be as small as several hundred
meters (Hsu and Blanchard 2003). Additionally, in areas
near the coast, the mixing depth during a sea-breeze event
may still be small. Sea-breeze air masses generally stabilize
before moving over land because seawater has a large heat
capacity (Simpson 1994; Miller and Keim 2003). When a
stable sea-breeze air mass is transported over warm land
during the daytime, the bottom portion of the sea-breeze air
mass near the ground becomes unstable as heat is gained
from the warm land surface. Under such circumstances, an
unstable convective mixing layer, the thermal internal boun-
dary layer (TIBL), develops over land (Garratt 1992). There-
fore, mixing depths during sea-breeze events are determined
by the developed TIBLs. Notably, TIBLs are typically lower
than 500 m when they are < 10 km from the coastline
(Garratt 1992).

Severe ozone pollution has been observed in coastal
urban-industrial regions and cities such as the Houston-
Galveston Bay region in Texas (Banta et al. 2005), Busan
City in Korea (Oh et al. 2006), Marseille City in southern
France (Kalthoff et al. 2005), and, as in this study, Kao-
hsiung City in southern Taiwan. Industrial sources of 0zone
precursors are known to enhance coastal ozone pollution in
these regions and cities. However, industrial sources emit
substantial amount of ozone precursors at high altitudes. In
this scenario, the effects of industrial sources on coastal
ozone pollution are usually related to TIBLs. For example,
when the effective plume height of an industrial source ex-
ceeds the top of the TIBL in a coastal region, the plume ty-
pically remains aloft. Therefore, the industrial source does
not contribute to ozone pollution in the coastal region, and
vice versa. Surface ozone concentrations even under a con-
dition of downward mixing of ozone precursors from ele-
vated plumes may still be low because the ozone is likely to
have been depleted initially in plumes due to NO titration -
03 + NO — NO; + O, (Finlayson-Pitts and Pitts 2000). The
development of a TIBL on coastal air pollution due to emis-
sions from high stacks has been demonstrated (Lyons and
Olsson 1973; Portelli 1982; Sawford et al. 1998). These
studies concluded that surface pollution typically occurs
after the elevated plumes contact TIBLs; however, few ex-

perimental field studies have been conducted and most fo-
cused on primary pollutants such as sulfur dioxide. Analy-
tical results obtained by studies for primary pollutants such
as sulfur dioxide cannot be fully applied to coastal ozone
pollution. Thus this study is motivated to further the under-
standing of coastal ozone pollution in an urban-industrial
environment.

This work investigated the origins of severe ozone pol-
lution at the LY coastal station downwind from the urban-
industrial Kaohsiung complex. Intensive tethered ozone
soundings were taken at the LY station every 2 - 4 h during
an ozone field study from 31 October to 5 November 2005.
Complete diurnal and nocturnal evolutions of vertical distri-
butions of ozone, potential temperature and wind fields were
obtained. Back air trajectories were calculated to track the
origins of air masses arriving at the station during the ex-
perimental period. Based on the experimental observations,
a schematic diagram of vertical ozone variations under the
influence of land-sea breezes, the development of TIBLs,
and the industrial plumes in the coastal environment was
presented and discussed.

2. EXPERIMENTAL SETUP
2.1 Site Description

Figure 1 shows the location of the studied LY station
(22.48°N, 120.41°E, 10 m above sea level) and its surround-
ings. The LY station is 20 km southeast of the Kaohsiung
city, in southern Taiwan. The coastline is 1500 m to the west
and 600 m to the south of the station. High ozone levels are
commonly monitored at the LY station. The LY station be-
longs to the Taiwan Air Quality Monitoring Network (Tai-
wan EPA 2007), in which hourly concentrations of regulated
criteria pollutants (O3, PM;y, SO,, CO, NO,) and meteoro-
logical variables (wind speed, wind direction, temperature,
relative humidity) are measured. For about 30 days per year,
the daily maximum hourly ozone concentration at the LY air
station violates Taiwan’s 1-h ozone standard of 120 ppb.

Kaohsiung is an densely industrialized city with several
industrial parks and county wide (Fig. 1). Linhai (LH),
Zenda (ZD), and LY are three representative industrial parks.
According to the Taiwan Emission Data System 6.1 (Taiwan
EPA 2006), the annual emissions of SOx, NOx and VOCs in
southern Taiwan gained from all anthropogenic sources are
79000, 207000, and 214000 tons in 2005, respectively. The
emissions from the three industrial parks and from the
Shingda coal-fired power plant (Fig. 1) contributed nearly
100% of the SOx emissions, 50% of the NOx and 30% of the
VOCs. The LY Industrial Park is just 500 m north of the
studied station. Moreover, the LH Industrial Park, the big-
gest industrial park in southern Taiwan, is 8 - 10 km northwest
of the studied station. Therefore, sources located in the LY
and LH industrial parks have the most potential to be respon-
sible for the observed high pollutants in the studied station.
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Fig. 1. Location of the Linyuan (LY)) measurement site (star) and its surroundings. Major point sources in southern Taiwan are indicated by circles,
and the area of each circle is proportional to the annual NOx emission of each corresponding source.

2.2 Measurements

A tethered sounding system was used to measure ver-
tical distributions of ozone and meteorological parameters,
typically up to 1400 - 1600 m, every 2 - 4 h from 31 October
to 5 November 2005. This system consisted of a helium-
filled balloon with a diameter of 3 m attached to an electric
winch via a 2 km-long Kevlar line. Ozone was measured by
Vaisala TTO111 ozonesondes (Helsinki, Finland) and mete-
orological parameters (pressure, temperature, relative hu-
midity, wind speed, and wind direction) were measured by
Vaisala TTS111 meteorological radiosondes (Helsinki, Fin-
land). Both ozonesonde and meteorological radiosonde were
tethered on the tethered line, 25 m blow the balloon. The
ascent and descent of the balloon were controlled using the
winch. During the ascent and descent soundings, the vertical
variations of the ozone and meteorological parameters were
simultaneously acquired. The ozonesonde sensor was a SPC
(Science Pump Corporation 1999) model 6A ECC (Electro-
chemical Concentration Cell). A buffered 1% KI solution
was used in the cathode half-cell and a saturated KI solution
was used in the anode half-cell, as suggested by Komhyr
(1969) and Komhyr et al. (1995). Before each launch, the

meteorological radiosonde was calibrated using the ground
check set GC 25 (Helsinki, Finland). Additionally, zero and
one-point calibrations of the ECC ozonesonde were per-
formed. The accuracy of the ECC ozonesonde was within
6% in the lower troposphere (Komhyr et al. 1995). At the
start and end of each sounding, the tethersonde was kept at
15 m above the ground for 3 - 5 min to compare measure-
ments with those obtained at the LY air station. The LY air
station is roughly 100 m from the sounding site. Figure 2
compares the measurements of hourly O3 concentrations,
temperature, wind speed, and wind direction measured at the
LY air station and those measured using tethersondes at the
start and end of each sounding during November 1 - 4. Ge-
nerally, the two measuring systems were very consistent
(Fig. 2). However, some discrepancies existed, especially
nighttime. Some discrepancies were due to the different
locations of the two systems and different measurement
times. Data from the air station were hourly values and those
acquired from soundings were averages for only 3 - 5 min.
Nighttime ozone values measured by ozonesondes were
occasionally lower than those measured at the LY air station.
These differences may be due to different amounts of ozone
dry deposition and different influences by NO titration at the
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Fig. 2. Comparisons between hourly measurements of ozone (Os), temperature (T), wind speed (WS), and wind direction (WD) at the Linyuan (LY)
air station and those obtained with tethered ozonesondes during the start and end of each sounding on 1 - 4 November 2005.

two sites. The amounts of ozone dry deposition at the sound-
ing site should be higher than that at the air station because
the former is located in an open grassed area and the latter is
installed on the concrete roof of a building on the campus of
an elementary school. Ozone deposition velocity in the open
grassed area should be greater than that on the concrete roof
(Wesely and Hicks 2000). Finally, the air station located on
the campus should be influenced little by surface NO emis-
sions and, therefore, has a relatively high ozone concentra-
tion due to reduced influence by NO titration.

2.3 Synoptic Weather and Surface Measurements
during the Field Study

During November 1 - 4, synoptic weather in Taiwan was
dominated by continental anticyclones centered in the re-
gion between the East China Sea and Japan. On November
1, an anticyclone emanated from mainland China and moved
easterly over the East China Sea. On November 2, the anti-
cyclone moved over Japan. Its center moved continuously
eastward on November 3. However, the anticyclone pro-
duced a separated, minor center near Japan on November 3
(Fig. 3). The situation on November 4 resembled that on

November 3; however, the intensity of the anticyclone sys-
tem was weaker. The synoptic weather patterns during No-
vember 1 -4 resembled “the back of a high-pressure system”
(Cheng 2001; Lin etal. 2004; Peng et al. 2008). This weather
pattern was frequently accompanied by ozone episodes in
western Taiwan. The synoptic flows were northeasterly to
easterly on experimental days, and the flows in western Tai-
wan were northerly and weakened due to channeling and
blocking by the Central Mountain Range (CMR). The in-
fluence of the high-pressure system and weak ambient flow
in western Taiwan favored the development of sea-breeze
events during the experimental period.

Figure 2 shows that daily maximum hourly ozone con-
centrations were 112, 119, 140, and 128 ppb at the LY air sta-
tion present in the early afternoons of the four days, respec-
tively. Diurnal variations of temperature, wind speed and
wind direction suggest that sea breeze (westerly) and land
breeze (easterly) dominated each day and night, respec-
tively, during the four experimental days. The onset of the
daily sea breeze was at 10 - 12 local standard time (LST),
and, therefore, the sea breeze was a late event. Notably, the
ozone peaks in the early afternoons were accompanied by
sea breezes.
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Fig. 3. Synoptic surface weather map for 3 November 2005 (Central Weather Bureau, Taiwan).

3. RESULTS AND DISCUSSION

3.1 Elevated Industrial Plumes Identified by Elevated
Low-Ozone Layers at Night

Figure 4 shows the time-height plots of 0zone and wind at
the LY sounding site during November 1 - 4. The ozone and
wind plots were obtained through linear interpolations of
thirty-three tethered soundings. Each tethered sounding in-
cluded ascendant and descendant measurements, and each
was given a sounding number (SN) (Fig. 4). The interpolated
variables in the afternoon on November 2 (Fig. 4) are not re-
presentative because the data used for the interpolations were
limited. Several soundings were canceled in the afternoon due
to strong sea breezes. Therefore, the following discussion
focuses on the measurements on November 1, 3, and 4.

At night, air layers with low-ozone concentrations less
than 20 ppb were often present at 0 - 1000 m (Fig. 4). Figure
5a shows the detailed ozone profiles associated with ele-
vated low-ozone layers. These ozone profiles (Fig. 5a)
clearly reveal that ozone was often completely depleted in
some air layers with depths of several hundred meters at 400
- 800 m. These non-ozone air layers were detected repeat-

edly on different mornings, and their altitudes were approxi-
mately invariant, suggesting that they were caused by regu-
lar processes. These non-ozone air layers were most likely
related to elevated industrial plumes. An industrial plume is
likely quite rich in NO. Therefore, ozone is expected to be
mostly depleted from an ambient airflow entrained into an
industrial plume by NO titration (O; + NO — NO, + O,).
Therefore, elevated low-ozone air layers (Fig. 4) and non-
ozone air layers (Fig. 5a) were mostly likely indicative of el-
evated industrial plumes. Ozone depletion due to NO titra-
tion is rapid (within several min) and significant. Ozone de-
pletion within elevated plumes has been identified in experi-
mental and numerical studies (Senff et al. 1998; Stein et al.
2005; Middleton et al. 2008). During the US 1995 Southern
Oxidants Study (Ryerson et al. 1998; Senff et al. 1998), an
ozone lidar at a research air plant was utilized to investigate
ozone variations in plumes from the Cumberland Power
Plant. The generating capacity of the Cumberland Power
Plant is 2600 MW comparable to that of the coal-fired power
plant (2700 MW) located in the LH Industrial Park in this
study (Fig. 1). The measurements of the ozone lidar indi-
cated that ozone depletion due to NO titration occurred
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within the plumes during their initial 3 - 4 h of traveling to
roughly 50 km from the power plant. Similar ozone deple-
tion within urban-industrial plumes has also been identified
on the Mediterranean coast of the Iberian Peninsula (Stein et
al. 2005).

Figures 5d - f show back air trajectories at different al-
titudes starting from the LY station at 06 LST on November
1, 3, and 4, respectively. These back air trajectories were
calculated based on interpolated wind fields (Fig. 4). The
calculations were performed as described in our previous
work (Lin and Chang 2002). The trajectories at 400, 600,
and 800 m indicate that the corresponding air masses tra-
veled northerly for at least several hours before arriving at
the LY station, a finding consistent with the northerly winds
observed at night (Figs. 4, 5¢). The back trajectories at 400,
600, and 800 m obviously passed over the northern LY In-
dustrial Park, as indicated in small windows (Figs. 5d - f);
some trajectories also passed over the LH and/or ZD Indus-
trial Parks. This trajectory analysis, therefore, further de-
monstrates that the observed non-ozone and low-ozone lay-
ers are likely generated by industrial plumes.

Plume rise from the major point sources located in
neighboring industrial parks (Fig. 1) were estimated using
the formula suggested by Briggs (1971, 1972)

(1

gd' (T, -1)

nd s = g0
4T,

dz T

e

F = ©)

where AH is the plume rise (m); F and S are the buoyancy
flux and stability parameter, respectively; u; is the wind
speed at the stack height (m s™); g is the acceleration due
to gravity; ¥}, and d are the stack gas exit velocity (ms™)
and the stack diameter (m), respectively; 7), and T, are
stack gas and ambient air temperature (K), respectively;
and d6f/dz is the change in potential temperature with
height (K m™). Table 1 shows the estimated plume rises,
AH, and the associated plume heights (H = AH + h where
h is the stack height) for typical nighttime stack para-
meters of large point sources located in the industrial parks
and typical atmospheric conditions during the experi-
ment. Apparently, under a light wind (z, =1 ms™)and a
nearly statistic neutral condition (d6/dz =0.001 K m’)
common at night in the experiment (Fig. 5b), the esti-
mated plume heights were in the 407 - 804 m range.
These estimated plume heights coincide with the altitudes
at which most no-ozone air layers were detected (Fig. 5a).
Therefore, the elevated low-ozone and no-ozone layers
clearly represented industrial plumes. Additionally, ozone
depletions can be clearly identified using ozone profiles
which also suggest that a tethered ozone sounding is a
useful alternative for evaluating plume rises and plume
heights.
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Table 1. Estimated plume rises and plume heights of typical major point sources in southern Taiwan at night.

Period hm) d@m) T,(K) V,(ms") w,(ms’) T.(K) d@dz(Km') AH(m) H=AH+h(m)
Night 80 3 423 10 1 297 0.001 327 407
Night 150 6 423 20 1 297 0.001 654 804
Night 80 3 423 10 2 297 0.002 206 286
Night 150 6 423 20 2 297 0.002 412 562
Night 80 3 423 10 3 297 0.003 157 237
Night 150 6 423 20 3 297 0.003 314 464

The h is the stack height; d the stack diameter; w, the wind speed at the stack height; T, the stack gas temperature; V), the stack gas exit velocity; T, ambient air
temperature; d@/d-= the change of potential temperature with height; AH the plume rise; and H the plume height.
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3.2 Rapid Decreases in Late Morning Mixing Depths
Due to Developing TIBLs

Figure 6 represents time-height plots of potential temper-
ature and tops of daytime mixing layers superimposed onto
ozone contours (Fig. 4). The top of the daytime mixing layer
in each sounding is also plotted and identified at the altitude at
which the first temperature inversion occurred or strong sta-
bility above the ground surface existed, as suggested by Stull
(1988). Figure 7 presents some examples of the identified
daytime mixing layers. Rapid decreases in mixing depths
were observed in the late morning hours on November 1, 3,
and 4 (Fig. 6). The potential temperature within TIBLs re-
mained almost constant in the afternoons on November 3 and
4 (Fig. 6). This situation should be reasonable since the poten-
tial temperature in a TIBL at a study location mainly depends
on heat gained by the air mass traveling from the coastline to
the study location (Garratt 1992). In the afternoons on No-
vember 3 and 4, the sea breezes remained stationary (Fig. 4)
and the surface heating rates were stable, explaining why the
potential temperature remained almost constant in the after-
noons. Increases in potential temperatures mostly above the
TIBLs in the upper levels existed during the experimental
days from the late morning hours to the afternoons. These in-
creases likely resulted from horizontal transport.

Figure 7a shows an example of rapid development in
mixing depth after surface inversion was broken in the
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morning on November 4. The top of the mixing layer was at
240 m during the ascendant sounding. Additionally, a non-
ozone air layer existed at 800 - 920 m. During the descen-
dant sounding, the top of the mixing depth was at 800 m.
However, ozone, potential temperature, water mixing ratio
vibrated significantly at 800 - 1000 m, implying an existence
of a transition layer at the altitudes. Northerly winds domi-
nated at 0 - 1200 m during this sounding, indicating that the
daytime westerly sea breezes did not start by the end of this
sounding. Figure 7b shows that the mixing depth rapidly de-
creased near noon time. During the ascending sounding, the
top of the mixing layer was identified at 1050 m. However,
during the descendant sounding, a small but clear temperature
inversion was observed at 300 m, indicating that the top of the
mixing layer had decreased from the previous 1050 to 300 m.
Moreover, the westerly winds strengthened during this sound-
ing, indicting the development of daytime westerly sea breezes
during this sounding period. Apparently, the rapid decrease in
mixing depth during this sounding resulted from the deve-
lopment of a TIBL associated with the sea breeze. The evo-
lution of the mixing layer followed collapses due to onset of
a sea breeze was observed during the ESCOMPTE experi-
ment over the Marseille area in southern France during 2001
(Delbarre et al. 2005; Puygrenier et al. 2005).

Figures 8 a - ¢ show ozone profiles, potential tempera-
ture and wind speed measured in early afternoons of No-
vember 1, 3, and 4. The tops of TIBLs identified from the
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Fig. 6. Same as Fig. 4 with the addition of potential temperature (Celsius) superimposed onto ozone contours. The cross symbols indicate daytime
mixing depths identified from potential temperature profiles obtained in each ascending and descending sounding.



Coastal Ozone Pollution 351

potential temperature profiles in early afternoons in these
three days were at 195, 350, and 205 m, respectively. Some
low-ozone peaks existed at 300, 400, 550, and 700 m (Fig. 8a).
Back air trajectories at 600 - 800 m (Figs. 8d - f) had previ-
ously passed over the northern industrial parks, suggesting
that some of the low-ozone peaks were likely related to the
nearby industrial plumes. The low-ozone peaks also suggest
that ozone was not fully produced in the industrial plumes.
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The study LY station is 500 m, 10, and 25 km from the LY,
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vative estimate of a wind velocity of 3 m s in the afternoon
(Fig. 8c), the times for the plums to travel from the LY, LH,
and ZD industrial parks to the sounding site were roughly
5 min, 1, and 2 h, respectively. Ryerson et al. (1998), Senff et
al. (1998), and Stein et al. (2005) demonstrated that to gain a
net ozone production in typical power plant and urban-in-
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Fig. 8. Same as in Fig. 5, but during the SN 06 sounding (at 1255 - 1400 LST on November 1), SN 21 (at 1232 - 1319 on November 3) and SN 29 (at
1345 - 1508 LST on November 4). The TIBL represents turbulent internal boundary layer.

dustrial plumes in the afternoon took 2 - 4 h and more than 6
h to fully produce ozone in the plumes. Therefore, the travel
times of plumes from the nearby industrial parks to the LY
station support that hypothesis that the observed low-ozone
peaks (Fig. 8a) resulted from the NO titration in the plumes.
Apparently, the industrial plumes occurred above the
TIBLs (Fig. 8b). Consequently, these industrial plumes did not
affect the analyzed station via downward mixing process.
Very high ozone concentrations of 140 - 170 ppb (Fig. 8a) were
detected at 400 - 800 m. Similarly, these ozone layers were
present further above the TIBLs (Fig. 8b). Therefore, they were
also unable to influence the study station via downward mix-
ing. Finally, the elevated ozone layers were accompanied by
relative low wind speeds (Fig. 8c), implying that they were
located in transitional layers of sea-breeze circulations.

3.3 Causes of Severe Ozone Pollution at the Study
Station

Severe surface ozone pollution of 110 - 140 ppb was

present in the early afternoon at the LY station during sea-
breeze events (Figs. 2, 8a). Previous pathways of these
ozone-rich, sea-breeze air masses can be reasonably repre-
sented by back trajectories at 200 m arriving at the LY station
atdaily 14 LST. The back trajectories at 200 m on November
1,3,and 4 (Figs. 8d - f) showed that the air masses originated
inland before moving to the nearby sea daily at 6 - § LST and
then remained at sea for the next 6 - 8 hours before finally
arriving at the LY station around 14 LST under sea-breeze
events. The air masses on November 3 and 4 had previously
passed over the Kaohsiung complex before traveling out to
sea. These air masses likely acquired abundant ozone pre-
cursors as they passed over the Kaohsiung complex at night.
During the day, ozone can be produced over sea in the air
masses and, then, transport back to LY station associated
with sea-breeze events and cause the ozone pollution at the
study LY station. Coastal ozone pollution due to recircu-
lation of inland polluted air masses has been identified in
Perth, Australia (Hurley and Manins 1995), Busan, Korea
(Oh et al. 2006), Houston, USA (Banta et al. 2005), and
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Hong Kong (Ding et al. 2004). Furthermore, as the polluted
air masses passed over the Kaohsiung complex, most ozone
in the air masses was removed by dry deposition and NO ti-
tration. Therefore, ozone concentrations measured in the
early afternoons on the experimental days (Figs. 2, 8a) at
the LY station were likely produced daily and likely not at-
tributable to abundant background or transported ozone pro-
duced on previous days. Moreover, the ozone precursors in
the air masses were primarily emitted from near-ground
sources rather than elevated point sources such as those with
plume heights of 400 - 800 m (Fig. 5) because vertical mix-
ing only occurs within the lowest several hundred meters
over sea areas (Hsu and Blanchard 2003). Ding et al. (2004)
determined that mixing depths over sea were distributed at
200 - 400 m based on their numerical simulations for ozone
episodic days.

The late development of daytime sea breezes at 10 -
12 LST likely contributed to the severe ozone pollution at
the LY station because the slow development enabled accu-
mulation of ozone in the air masses before they arrived at the
LY station. Finally, the development of the TIBL in the stu-
died coastal region during the experiment also likely con-

tributed to the ozone pollution at the LY station by continu-
ously and effectively limiting ozone dispersion in the ver-
tical direction within the air masses during their onshore
journey between the coastline and the LY station.

Figure 4 shows that elevated ozone layers were present at
600 - 1200 m throughout the afternoons on November 1, 3,
and 4. Figures 9a - ¢ show the detailed measurements for
ozone, wind speed and wind direction in the late afternoons of
these three days. Comparison of ozone (Fig. 9a) and wind
speed (Fig. 9b) profiles reveals that the lower portions (600 -
800 m) of the ozone layers were associated with relatively low
wind speeds. Moreover, the back trajectories at the correspon-
dent altitudes of 600 and 800 m (Figs. 9d - f) were almost pa-
rallel to the coastline. The lower portions of the ozone layers
were therefore located in the transitional layers of sea-breeze
circulations and traveled northerly along the coastline. How-
ever, the upper portions of the ozone layers at 1000 - 1200 m
(Fig. 9a) were associated with stronger easterly offshore
winds (Figs. 9b, c). The back trajectories at the correspondent
altitudes of 1000 and 1200 m (Figs. 9d - f) originated inland in
the east, suggesting that the upper portions of the ozone air
layers were likely generated by return sea breezes.
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3.4 Possible Afternoon Formation of an Ozone
Pollution Core over Coastal Areas

Figure 10 shows schematic diagrams that describe pos-
sible relationships among vertical ozone variations, land-sea
breezes, TIBLs and industrial plumes in the near-coastal
study region based on observations by tethered ozonesondes
and analysis of back air trajectories. At night, numerous
NOx-rich industrial plumes existed over the coastal region,
as revealed from elevated non-ozone air layers (Fig. 5a).
After sunrise, the stable nocturnal boundary layers broke
up (Fig. 6), and distinct pollution layers became mixed by
midday (Fig 7a). This process likely caused deep-mixing of
NOx and VOCs inland and enhanced subsequent ozone pro-
duction in all mixing altitudes. Elevated industrial plumes
alone were not sufficient to produce ozone because they
were rich in NOx but short of VOCs. The VOCs were nor-
mally emitted at ground or near-ground levels by mobile
sources and some petrochemical facilities in the industrial
parks.

In the late morning hours, sea breezes and TIBLs deve-
loped (Figs. 6, 7b). The low TIBLs kept industrial plumes
and ozone-rich air at upper altitudes (Fig. 8a) and then pro-
tected the near coastal area from the downward mixing of
the industrial plumes and ozone-rich air. From late morning
to early afternoon, the ozone concentrations at lower alti-
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tudes continuously increased (Fig. 4) because they were do-
minated by transport of the ozone produced in the daytime
over sea in the air masses originated inland (Figs. 8d - f). The
minimal vertical mixing of air masses moving toward the
studied station and the late development of sea-breezes
likely enabled production and accumulation of ozone. The
air masses caused serious ozone pollution at the study sta-
tion. At the same time, both NOx and VOCs were likely rich
at upper altitudes due to constant mid-day mixing. There-
fore, ozone was continuously produced and accumulated
aloft. However, at some altitudes, ozone depletions due to
fresh industrial plumes existed above the TIBLs (Fig. 8a).
After early afternoon, ozone concentrations in the sea-breeze
layers decreased (Fig. 9a) by newly arriving and relatively
unpolluted air masses driven by sea breezes (Figs. 9d - f).
In the afternoon, an ozone pollution core likely formed
over the coastal region and located in the transitional layer
of a sea-breeze circulation because the air in lower altitudes
below the transition layer had been replaced with newly ar-
riving and relatively clean sea-breeze air. Similarly, the in-
itial polluted air in upper altitudes above the transition layer
had been replaced by clean upper background easterly flows.
The ozone pollution core likely formed along the coastline
due to northerly ambient flows. The possible formation of
the ozone pollution core explained why the highest ozone
concentrations were frequently observed in the transitional

(b) Mid-day

Mixing layer
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Fig. 10. Schematic diagram of vertical ozone variations under influence of land-sea breezes, development of TIBLs and industrial plumes on high
ozone pollution days observed at a coastal station, Linyuan (LY), located downwind of the urban-industrialized Kaohsiung complex, in southern

Taiwan, (a) at night, (b) midday, (c) early afternoon, and (d) late afternoon.
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layers of sea-breeze circulations (Fig. 4). The transition lay-
ers were located roughly at 600 - 800 m where the winds
were light and northerly (Figs. 4, 9).

In the late afternoon, some polluted inland air masses
were likely transported by return sea breezes over the coastal
region and overlaid the transition layer, thereby thickening
the elevated ozone layers (Fig. 9a). Ozone trapped within the
mesometeorological circulations has been identified in some
coastal environments (Lu and Turco 1995; McKendry and
Lundgren 2000; Millan et al. 2000). These studies iden-
tified some possible mechanisms responsible for trapping
ozone such as the lofting of pollutants in sea-breeze fronts
and injection of convective air masses into inversion layers,
advective venting, undercutting of a mixed layer by a ad-
vancing sea breeze, injection of pollutants into inversion
layers by slope flows, mountain venting and evening sta-
bilization.

4. SUMMARY

Ozone soundings were performed during a 4-day ozone
episode in November 2005, at the LY station, a coastal site
located downwind of Kaohsiung City, an industrial city in
southern Taiwan. This investigation identified striking,
highly complex vertical distributions of lower-atmosphere
ozone over urban-industrial coastal regions. At night and in
early morning, numerous elevated low and non-ozone air
layers at 400 - 800 m were observed frequently. We suggest
these low and non-ozone air layers are indicative of indus-
trial plumes emitted from the nearby industrial parks as
ozone was completely depleted likely due to titration of
considerable NO in the industrial plumes. Tracing the ori-
gins of the low-ozone air parcels and analysis of the plumes
rising from industrial sources further supported this conclu-
sion. Rapid decreases in mixing depths existed from 800 -
1100 m down to 200 - 300 m in the late morning hours due to
the development of TIBLs associated with sea-breeze events.
The development of TIBLs clearly limited vertical mixing to
< 300 m above the ground for the remainder of the day.
These TIBLs can therefore protect the LY station and other
near-coastal areas from downward mixing of elevated ozone
layers frequently existing at 600 - 1200 m in the afternoon
and most elevated industrial plumes exceeding 400 m in
height. Back trajectory analysis indicates that the air masses
causing considerable ozone pollution at the LY station re-
sulted from recirculation of polluted inland surface air
masses. Additionally, elevated ozone layers at 600 - 800 m in
the afternoon were located in the transition layers of sea-
breeze circulations and accompanied by northerly winds.
These experimental observations suggest that an ozone pol-
lution core likely formed over the west coast of Taiwan on
ozone-episodic days when sea-breeze circulations developed.

A preliminary conceptual model (Fig. 10) is presented to
describe possible relationships among vertical ozone varia-

tions, land-sea breezes, TIBLs, and industrial plumes in the
near-coastal study region based on observations by tethered
ozonesondes and analysis of back air trajectories. However,
the effects of sea breezes, TIBLs and elevated industrial
plumes on vertical and diurnal variations of ozone distribu-
tions in the study are likely very complex. Further experi-
mental and numerical investigations are warranted to verify
and modify the presented conceptual model. For instance,
the investigations of other pollutants, such as NO, are impor-
tant to directly verify the existence of the plumes instead of
that of non-ozone air layers in this study. Measurements over
the sea are also important to further verify the recirculation
of polluted air masses by sea breezes and the character of
low mixing depths over the sea. Similarly, measurements for
other inland areas are also important for verifying the ele-
vated ozone recirculation of return sea breezes. Finally, de-
tailed simulations of the transport, vertical mixing, photo-
chemical reactions and other processes related to ozone pro-
duction and removal through photochemical modeling are
needed to fully explore the mechanisms responsible for
ozone pollution over an urban-industrial coastal region. A
sophisticated photochemical model associated with detailed
flow simulations would prove to be a highly effective ap-
proach in such work.
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