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Abstract. The air layer between the nocturnal boundary
layer and the top of the daily mixing layer in an ozone-
polluted area is known to serve as an ozone reservoir since
the ozone that is produced in the mixing layer on the pre-
ceding day is effectively preserved throughout the night in
the air layer. Ozone reservoir layers existing at night can
enhance the accumulation of surface ozone on the following
day. However, our knowledge of the characteristics of ozone
reservoir layers and their effects on the daily ozone accumu-
lations is limited. In this work, ozone reservoir layers were
experimentally investigated at a coastal, near-mountain site
in southern Taiwan, 30 km away from the coastline. Teth-
ered ozone soundings were performed to obtain vertical pro-
files of ozone and meteorological variables during a four-day
ozone episode in November 2006. Observation-based meth-
ods are adopted to evaluate the effects of the ozone reservoir
layers on the surface ozone accumulation during the four-
day ozone episode. Ozone reservoir layers were found to
develop every evening with a depth of 1200–1400 m. Ozone
concentrations within the reservoir layers reached over 140
parts per billion (ppb). From each evening to midnight, the
size of the ozone reservoir layer and the ozone concentration
inside dramatically changed. As a result, a concentrated, el-
evated ozone reservoir layer formed with a depth of 400 m
at 800–1200 m every midnight. For the rest of each night,
the elevated ozone reservoir layer gradually descended un-
til it reached 500–900 m in the next morning. The observed
ozone reservoir layer is formed by the invasion of a cool, ma-
rine air mass into a relatively warm, ozone-rich mixing layer
in the evening. The descending is related to nocturnal coastal
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subsidence as well. The ozone concentration at the study site
was maximal at 15:00–17:00 LT daily because of the addition
of the daily produced ozone on the preceding day. The rate
of increase of surface ozone concentration due to the down-
ward mixing of the ozone in the ozone reservoir layers can
be as high as 12–24 ppb/h in the late morning. The contri-
bution of the ozone carried over from the preceding day can
be 60–85 ppb, which contributes over 50% to the daily ozone
pollution as compared with ozone produced on the study day.

1 Introduction

Understanding the processes that drive the ozone accumula-
tions in the boundary layer is important because of the ad-
verse effects of ozone on human health, plants and global
warming (Fuhrer, 2003). Surface ozone levels can rise af-
ter sunrise from single digits or zero parts per billion (ppb)
to more than 120 ppb in the afternoon (National Research
Council (NRC), 1991). Processes attributable to the accu-
mulation of ozone can be easily determined from a photo-
chemical trajectory box model (Evans et al., 2000),
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whereC represents the ozone concentration within a consid-
ered travelling air box whose vertical height equals a vary-
ing mixing height,h; U andV represent the averaged wind
speeds in thex andy directions within the mixing layer;P
andLC represent the rates of photochemical production and
loss; νd is the dry deposition velocity, andCr is the ozone
concentrations above the mixing layer. Notably,Cr can be
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regarded as the ozone concentration in an ozone reservoir
layer because most of the daily photochemically produced
ozone is within the mixing layer. The terms in Eq. (1) repre-
sent (1) I, the observed, total rate of variation of ozone con-
centration variation rate within the travelling air box; (2) II,
the observed, total rate of variation of ozone concentration
at a specific location (x, y) determined from an Eulerian ap-
proach; (3) III, the rate of variation of ozone concentration
due to horizontal advection; (4) IV, the rate of variation of
ozone concentration due to net photochemical production;
(5) V, the rate of variation of ozone concentration due to dry
deposition, and (6) VI, the rate of variation of ozone concen-
tration due to net vertical entrainment. Clearly, a positive rate
of variation of ozone concentration, as observed at a specific
location in the daytime mixing layer, (II), is probably caused
by three processes, which are the horizontal advection (III),
net photochemical production (IV), and net vertical entrain-
ment (VI).

Emission-based air quality models can be used to cal-
culate explicitly the contributions of the three processes to
the daytime accumulation of ozone concentration at a loca-
tion of interest (Russell and Dennis, 2000). However, the
calculated contributions are frequently associated with sig-
nificant uncertainties, particularly those related to difficul-
ties in acquiring accurate emission inventories (Placet et al.,
2000) and effectively simulating boundary layer dynamics
(Dabberdt et al., 2004). An alternative method, which cou-
ples the measured ozone and its precursors and the dynam-
ics of the boundary layer, is known an observation-based
method (Trainer et al., 2000; Cardelino and Chameides,
2000), and can complement emission-based models. Nu-
merous observation-based methods have been developed in
the past decade to evaluate photochemical production rates
(Trainer et al., 1991, 2000; Cantrell et al., 1996; Spirig et
al., 2002; Kleinman, 1986; Cardelino and Chameides, 2000;
Gerasopoulos et al., 2006; Frost et al., 1998; Baumann et
al., 2000; Shiu et al., 2007). However, no observation-based
method has yet been used to analyze the contribution of hori-
zontal advection or vertical entrainment to surface ozone ac-
cumulation. This fact is partially explained by the difficulty
in simultaneously making vertical measurements of ozone
concentration and meteorological variables with a high time
resolution. This study develops an observation-based method
and applies it to evaluate the contribution of the ozone accu-
mulated owing to vertical entrainments to daily ozone pollu-
tion in a field study.

Several investigations have explained the formation of an
ozone reservoir layer and its possible enhancement of the sur-
face ozone concentration on the following day (Neu et al.,
1994; Stull, 1998; Zhang and Rao, 1999). Figure 1 sum-
marizes these explanations. However, the structures of the
ozone reservoir layers are expected to differ from those of
the proposed model (Fig. 1). For example, nighttime trans-
port can distort ozone reservoir layers. Several field studies
have demonstrated the importance of complicated nighttime
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Fig. 1. Formation of ozone reservoir layer and its influence on sur-
face ozone accumulation on the following day.(a) In the afternoon,
ozone (O3) is uniformly distributed in the convective mixing layer
(MD), as revealed by the range of altitudes associated with a con-
stant potential temperature (PT).(b) After sunset, surface cooling
forms a nocturnal boundary layer (NBL), and the decay of turbu-
lence within the previous mixing layer forms a residual layer (RL).
The RL serves as an ozone reservoir layer (ORL) because ozone
levels in this layer can remain as high as that in the previous mixing
layer, due to a lack of ozone depleting sources, such as dry depo-
sition and NO titration.(c) The following morning, the ozone in
the RL or ORL can be mixed into the growing mixing layer and
increasing the surface ozone levels.

transport aloft (Banta et al., 1998; Hidy, 2000). In addition
to possibly O3 titration by elevated NO plumes, nocturnal
chemistry, dominated by the nitrate radical, NO3, can also
consume ozone, NO2+O3 →NO3+O2 (Brown et al., 2003;
Stutz et al., 2004). Our knowledge of the characteristics of
ozone reservoir layers and their effects on daily ozone accu-
mulation is limited.

In this work, four days of complete diurnal and noctur-
nal variations of vertical ozone and meteorological profiles
were obtained from tethered ozone soundings that were in-
tensively performed during a field study during November
2006 in southern Taiwan. The characteristics of the observed
ozone reservoir layers, their driving processes and their ef-
fects on daily ozone accumulation are investigated and dis-
cussed.

2 Experimental setup

2.1 Site description

Figure 2 shows the location of the study site (22.826◦ N,
120.529◦ E, 10 m above sea level) and its surroundings. It is
a coastal site near mountains, in an agricultural area, 30 km
from the western coastline and 7.5 km from the eastern edge
of the Central Mountain Ranges (CMR). Major sources are
located at least 30 km away from the study site. They in-
clude vehicles and industrial parks in and around the indus-
trial Kaohsiung City, and the Shingda (SD) coal-fire power
plant (4300 MW) on the western coastline. Pollutants from
sources in central or northern Taiwan can also be transported
to the study site when ambient flows are northerly. Although
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Fig. 2. Topography and location of field study site (diamond) and its surroundings, including air stations, highway systems, industrial parks
and the most important power plant (SD) in southern Taiwan.

the main sources are located 30 km away from the study area,
the ozone pollution was unexpectedly high there. For exam-
ple, in 2006, the Meilung (ML) air station, 7 km north of the
study site, recorded 29 days on which Taiwan’s 1-h ozone
standard of 120 ppb was violated (Taiwan EPA, 2007).

2.2 Measurements

A tethered sounding system was installed at the study site to
measure vertical profiles of ozone and other meteorological
variables. Our earlier work adopted similar systems (Lin et
al., 2004). Tethered soundings were performed daily from 29
October to 12 November 2006 and more frequently during a
high-ozone period, 8–11 November. On days of high ozone
concentration, soundings were preformed every 2–4 h, up to
altitudes of 1400–1600 m when the meteorological condi-
tions permitted. The system consisted of a helium-filled bal-
loon with a diameter of 3 m, attached to an electric winch via
a 2 km-long Kevlar line. Commercial tethered ozonesonde
TTO111 (Vaisala, Finland) and meteorological radiosondes
TTS111 (Vaisala, Finland) were used to measure simulta-
neously vertical ozone and meteorological variables (pres-
sure, temperature, relative humidity, wind speed and wind
direction). The sondes were tethered on the tethered line,
15 m below the balloon. The ascent and descent of the bal-
loon were controlled using an electric winch. Both ascend-
ing and descending profiles were acquired in each sounding.
The ozonesonde sensor was an SPC (Science Pump Corpora-
tion, USA) model 6A ECC (Electrochemical 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 sounding was conducted, the mea-
surements of the meteorological radiosonde were checked
against those measured at an on-site MAWS 201 surface
weather station (Vaisala, Finland), which was installed dur-
ing the field study. Zero and one-point calibrations of the
ECC ozonesondes were also performed. The accuracy of the
ECC ozonesonde was within 6% in the lower troposphere
(Komhyr et al., 1995).

2.3 Synoptic weather and surface ozone levels in Taiwan
during 8–11 November 2006

During 8–11 November, the synoptic weather in Taiwan
was dominated by a continental anticyclone from mainland
China, which was moving eastward (Fig. 3). This synoptic
weather pattern along with serious ozone pollution is typical
in western Taiwan (Cheng et al., 2001; Chen et al., 2003; Lin
et al., 2007). During this period, Taiwan was at the edge of
the high-pressure system. The ambient flows toward Taiwan
became northeasterly and were blocked by the CMR. Since
the solar radiation was sufficiently intense and the ventila-
tion was poor, ozone concentrations quickly increased on 8
November (Fig. 4), and increased further on 9–10 November
as the anticyclone moved further eastward and the blocking
effect became more important.
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Fig. 3. Synoptic surface weather map on 8 November 2006 (Central Weather Bureau, Taiwan).

On 11 November, a weak front approached Taiwan. The
ozone pollution in northern and central Taiwan significantly
decreased but in southern Taiwan, the ozone concentrations
reached their highest levels within the four-day study pe-
riod. Figure 4 plots the ozone distributions and wind fields
throughout Taiwan in the afternoons from 7 to 12 November,
interpolated from the measurements made at the air stations
of the Taiwan Air Quality Monitoring Network (TAQMN).
From 8 to 11 November, the daily numbers of air stations of
the TAQMN that reported violations of the 1-h ozone limit of
120 ppb were 15, 23, 24 and 6. This ozone episode in Taiwan
was the most important in 2006.

Ozone pollution is clearly associated with relatively light
and landward winds in the afternoon (Fig. 4), suggesting
poor ventilation and the development of local circulations.
Notably, weak synoptic force actually favored the develop-
ment of a sea breeze according the previous studies (Atkin-
son, 1981; Helmis et al., 1987). Daily maximum hourly
ozone concentrations reached as low as 40 ppb on 8–10
November in the upwind northeastern and eastern parts of
Taiwan (Fig. 4), suggesting that the ozone episode was not
attributable to long-range transport, such as from mainland
China (Akimoto et al., 1996; Junker et al., 2009).

Southern Taiwan usually experiences its worst ozone pol-
lution episodes in October or November (autumn) (Chen et
al., 2004) but in mid-latitude areas, such as those in the east-
ern United States and Europe, the worst ozone episodes usu-
ally occur in the summer (NRC, 1991). This difference is
caused by the fact that the former episodes are caused by a
topographical effect, which is the blocking of the CMR (Lin
et al., 2007), while the latter are caused by an meteorologi-

cal conditions that are conducive to the production of ozone,
such as the existence of a slow-moving, high-pressure system
(NRC, 1991).

3 Results and discussion

3.1 Daily evolution of ozone reservoir layers

Figure 5a plots the time-height relationship of each of the
ozone soundings and the corresponding number of soundings
from 8 to 11 November. A total of 28 soundings were per-
formed over these four days. Figure 5b presents some of the
ozone profiles to reveal daily cycles in vertical ozone distri-
butions from an afternoon to the following noon. These pro-
files are the averages of ascending and descending profiles.
Hourly vertical ozone distributions are obtained by linearly
interpolating all of the measured ozone profiles to clearly re-
veal continuous variations of vertical ozone concentrations
(Fig. 5c).

No distinct elevated ozone layer was observed on the
morning of 8 November (Fig. 5c) because the ozone pollu-
tion in the previous afternoon was light (Fig. 4). The evo-
lution of the vertical ozone distribution after noon on the
last day, 11 November, differed from those on the previous
three days. This difference resulted from changes in the wind
fields on the morning of 11 November (Fig. 6a).

An ozone reservoir layer is defined herein as a layer of
air in which the ozone concentration apparently exceeds the
regional background value. Furthermore, the ozone reser-
voir layer is expected to be present from evening to the next
morning below the tops of the daily maximum mixing layers.

Atmos. Chem. Phys., 10, 4439–4452, 2010 www.atmos-chem-phys.net/10/4439/2010/
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(a) 7 Nov. (b) 8 Nov. (c) 9 Nov.

(d) 10 Nov. (e) 11 Nov. (f) 12 Nov.

10 m/s

Fig. 4. Daily maximum hourly ozone contours and average wind
fields at 12:00–16:00 LT throughout Taiwan, interpolated from
the air stations of the Taiwan Air Quality Monitoring Network
(TAQMN) during 7–12 November 2006. Diamonds represent the
field study site.

The background ozone levels in the free atmosphere during
the experimental period were 60–70 ppb, as determined from
some soundings that were conducted at relatively high al-
titudes. Therefore, ozone reservoir layers can be identified
as those with ozone concentrations of over 80 ppb from the
evening to the next morning. Accordingly, the evolutions
of the ozone reservoir layers were quite similar on the three
nights between 8 and 11 November (Fig. 5c). The evolu-
tion of the ozone reservoir layers on the three nights at the
study site can be simply divided into two stages – a devel-
oping stage (I) and a stable, descending stage (II) (Fig. 5c).
Stage I began at 15:00–17:00 LT, lasted for 5–8 h, and ended
at 22:00–23:00 LT. Stage II began at midnight, lasted for 8–
10 h, and ended at 08:00–10:00 LT.

Before the beginning of stage I, at 12:00–15:00 LT, ver-
tical ozone concentrations at 0–1300 m were uniformly dis-
tributed, as indicated in ozone profiles nos. 3, 11, and 18
in Fig. 5b and c. The uniformity of the ozone concentration
resulted from convective mixing every afternoon. At 15:00–
17:00 LT daily, surface ozone concentrations reached their
daily maximums. Subsequently, a residual layer (RL)-like
ozone layer formed.
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Fig. 5. (a) Time-height relationships of the ozone soundings and
the number of soundings from 8 to 11 November 2006,(b) selected
ozone profiles associated with numbers of soundings given in (a),
and(c) temporal evolution of vertical ozone distributions, produced
from linear interpolations of measured ozone profiles in (a). Pro-
files in (b) are averages of ascending and descending measurements;
some upper parts of the ozone contours in (c) are blanked out to
avoid false interpolations, due to lack of ozone measurement. Verti-
cal thin lines in (c) represent stages I and II of daily ozone reservoir
layer evolutions.

The formation of the RL-like ozone layer marked the be-
ginning of stage I of the daily evolution of the ozone reservoir
layer (Fig. 5c). In the first 2–3 h of stage I, the ozone concen-
tration above the ground increased continuously, particularly
from 400 to 1200 m, as indicated in ozone profiles nos. 4, 13
and 20 in Fig. 5b. Thereafter, ozone concentrations at 200–
800 m decreased considerably until midnight (Fig. 5c). How-
ever, the ozone concentrations at 800–1200 m were roughly
invariant in the last 3–4 h of stage I. By midnight, the vari-
ations in the vertical ozone distribution had become small
and a concentrated, elevated ozone reservoir layer formed at
800–1200 m, as indicated in ozone profiles nos. 5, 14 and 21
in Fig. 5b and c. Interestingly, an ozone-depleted air layer
was observed at 500–700 m at midnight between 9 and 10
November, as indicated in ozone profiles nos. 14 and 15 in
Fig. 5b and c. The observed depletion of ozone at elevated
levels will be discussed in Sect. 3.2.

In stage II of the daily evolution of the ozone reser-
voir layers, the vertical ozone distributions were stable but
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Fig. 6. As Fig. 5c, but for(a) winds, (b) potential temperature in
Celsius, and(c) water mixing ratio in g/kg, superimposed on ozone
contours (Fig. 5c). Solid thick lines represent convective mixing
layers. Vertical thin lines represent stages I and II of daily ozone
reservoir layer evolutions.

the concentrated, elevated ozone layer descended by about
250 m from 950 m at midnight to around 700 m at 09:00 LT
in the next morning, as indicated in ozone profiles nos. 9, 17
and 24 in Fig. 5b and c. Finally, the elevated ozone layer
merged into the developing mixing layer at 10:00–12:00 LT
(Fig. 5c).

Notably, the similarity of the evolution of the daily ozone
reservoir layers suggests that the evolution was driven by
some regular, daily processes. Furthermore, the observed
evolution (Fig. 5b and c) differed from that predicted by the
generally accepted model, as presented in Fig. 1. The dif-
ference was probably caused by the fact that the evolution in
this study was observed in the coastal environment whereas
the general model (Fig. 1) was constructed based on exper-
iments conducted inland on a relatively flat continent (Neu
et al., 1994; Stull, 1998; Zhang and Rao, 1999). Nighttime
transport is expected to be more complicated in a coastal en-
vironment than that in a continental one.

3.2 Processes driving evolution of coastal ozone
reservoir layers

Figure 6 shows the variations of the wind, potential temper-
ature, water mixing ratio, and daytime mixing layer super-
imposing on ozone contours. Like the ozone concentration
(Fig. 5c), these variables are obtained from linear interpola-
tions of these variables from the sounding profiles. The top
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Fig. 7. Vertical profiles of ozone (O3), potential temperature (PT),
water mixing ratio (MR), wind speed (WS) and wind direction
(WD), obtained from tethered soundings at study site at(a) 16:46–
17:42 LT and(b) 19:29–20:22 LT on 9 November 2006. A and D
represent ascending and descending measurements.

of each daytime mixing layer was identified at the altitude
where the gradients of potential temperature and water mix-
ing ratio were strong, as suggested by Stull (1988). Figures 7
and 8 show some sounding profiles from the evening of 9
November to the next morning, to elucidate how the relevant
factors drive the evolution of the observed ozone reservoir
layers.

Backward air trajectories, starting at the study site, were
calculated every four hours at altitudes of 200, 400, 600,
800, 1000 and 1200 m to identify the origins of the differ-
ent air masses that arrived at the study site at different alti-
tudes and times. These back air trajectories were calculated
from interpolated wind fields (Fig. 6a), using a method that
was described in detail in our previous work (Lin and Chang,
2002; Lin et al., 2004). Banta et al. (1998) employed a simi-
lar approach to analyze the city plume transport in Nashville,
Tennessee. Figure 9 plots the calculated trajectories at 18:00
and 22:00 LT on 9 November and at 02:00 and 06:00 LT on
the next morning to identify typical origins of the air masses
at different altitudes in the ozone reservoir layers.
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Fig. 8. As Fig. 7, but at(a) 02:08–03:10 LT and(b) 09:23–10:14 LT
on 10 November 2006.

Firstly, the formation of the ozone reservoir layers was
found to be related to the arrival of cooler marine masses
at 15:00–17:00 LT daily. Evidence of the arrival includes
rapid decreases in depths of the mixed layers (Fig. 6), de-
creases in the potential temperature (Fig. 6b), and increases
in the water mixing ratio (Fig. 6c). Westerly onshore and
easterly offshore winds prevailed below and above the tran-
sitional layer; they exhibited the behaviors of sea-breeze cir-
culation (Fig. 6a). The evening sounding of 9 November
(Fig. 7a) clearly revealed a rapid decrease in potential tem-
perature and an increase in the water mixing ratio. The de-
crease in potential temperature and increase in water mixing
ratio in Figs. 6b, c and 7a can be explained by the arrival of
cooler, moisture-rich marine air masses.

The rapid decrease in the top of the mixing layer in each
afternoon (Fig. 6) resulted from the formation of a stable
layer when a cooler marine air mass invaded the bottom part
of a warmer mixing layer in the afternoon. The RL-like
ozone reservoir layer observed at this time was the residue
of the afternoon mixing layer. Notably, the depth of the land-
ward breeze reached 800 m (Fig. 6a), but only the bottom
200 m was initially identified as a marine air mass with a
relatively low potential temperature and high water mixing

140 160 180 200 220 240
UTME(km)

(a) 18:00 LT on 9 Nov. (b)  22:00 LT on 9 Nov.

200 m 400 m 600 m 800 m 1000 m 1200 m

(c) 02:00 LT on  10 Nov. (d) 06:00 LT on 10  Nov.

Fig. 9. Back air trajectories at 200, 400, 600, 800, 1000 and 1200 m,
starting at study site at(a) 18:00 and(b) 22:00 LT on 9 November,
(c)02:00 and(d) 06:00 LT on 10 November. Distance between adja-
cent symbols in each trajectory represents one hour; circles and rect-
angular region indicate locations of industrial parks and SD power
plant in southern Taiwan, respectively (Fig. 2).

ratio. Lu and Turco (1994) simulated a similar stabilization
of the boundary layer in the evening by an invasion of a cool,
marine air mass into an inland, deeper and warmer air mass,
in a study of the transport of air pollutants in the Los Angeles
Air Basin.

Secondly, initial increase and the subsequent decrease in
the ozone concentration in the lower part of the daily ozone
reservoir layer below 800 m in stage I probably resulted from
the arrival of more marine air masses at the study site. No-
tably, the beginning and end of the evolution of the ozone
reservoir layers in stage I were consistent with those of the
sea-breeze return flow above 800 m. This consistency sug-
gests that the evolution of the ozone reservoir layers in stage
I was related to the sea-breeze circulation. This circulation
may be a combination of a sea breeze, a mountain flow and
their return flows. The combination of a sea breeze and a
mountain flow is typical in a coastal mountain region (McK-
endry and Lundgren, 2000; Whiteman et al., 2000).

Notably, the initially arriving marine air masses were more
polluted than those that arrived later because they came from
near the coastline where important sources are located. This
fact explains why the daily surface ozone concentrations
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were maximal roughly when the marine air masses initially
arrived at the study site (Fig. 5c). The continuous increase
in ozone concentration at the altitudes 300–800 m in the first
2–3 h of stage I is explained by the arrival of polluted coastal
air masses at higher altitudes. Notably, the speed of the sea-
breeze flow peaked at 150 m and decreased as the altitude
increased (Figs. 6a and 7a). Therefore, polluted near-coast
air masses at higher altitudes were expected to arrive later
than those at lower altitudes.

After the near-coast, polluted air masses had arrived, the
marine air masses that arrived subsequently were less pol-
luted, because they came from a more remote, less polluted
area over the sea. This fact explains the subsequent, rapid de-
crease in ozone concentration in the lower part of the ozone
reservoir layer toward the end of stage I. The continuous ar-
rival of marine air masses in stage I was evidenced by the
continuous decease in potential temperature and increase in
water mixing ratio (Fig. 6b and c). A backward trajectory
analysis also indicated that more marine air masses arrived
at the study site in stage I as the night progressed. For exam-
ple, more air masses came from the sea area at 22:00 LT on
9 November (Fig. 9b) than at 18:00 LT (Fig. 9a). The ozone
concentrations at 800–1200 m remained invariant in stage I
because they were polluted, return inland flows, and were
initially located within the convective mixing layer (Fig. 6).

Notably, the elevated plumes emitted from large sources in
the coastal area may have been accompanied by the marine
air masses and transported to the study site when a sea-breeze
circulation prevailed. As mentioned in Sect. 3.1, elevated
ozone depletion at 500–700 m was found at night between 9
and 10 November (Fig. 5b and c). Figure 8a depicts one such
elevated ozone depletion. Backward trajectories at 22:00 LT
on 9 November and 02:00 LT on 10 November (Fig. 9b and
c) reveal that air masses at several altitudes had previously
passed over the coastal, SD power plant, suggesting that
the observed ozone depletion resulted from the NO titration
within the SD plume, NO+O3 →NO2+O2. Moreover, the
air flow at 400–800 m frequently blew landward. For ex-
ample, in the daytime, the flow at 0–800 m was a landward
sea breeze and at night, the flow at 400–1000 was a land-
ward, returning, land breeze. Therefore, the plumes emitted
from large coastal point sources, such as the SD power plant
(Fig. 8c), can be transported inland both day and night. This
previously unnoticed feature may have played an important
role in the serious ozone pollution at the inland study area.
This effect must be investigated further.

After midnight, the sea-breeze circulation stopped and no
more marine air mass arrived subsequently. Hence, the de-
crease in the ozone concentration in the lower parts of the
ozone reservoir layers ceased. The previously easterly, re-
turn flows were then replaced with northerly ambient winds
(Fig. 6a). However, the direction of the flow changed with
altitude. Northeasterly flows typically dominated below
300 m. These were downwardly sloping land breezes, trig-
gered by surface cooling. The flows above the land-flow

layer at 400–1000 m were northwesterly, and probably the
counterparts of the land breezes. The backward trajectories
at 06:00 LT on 10 November (Fig. 9d) clearly revealed the
variation in the flow direction with altitude in stage II. The
trajectories also suggest that the elevated, concentrated ozone
reservoir layer in stage II came from an area relatively close
to the coast. The descent of the daily ozone reservoir layer
in stage II was probably the result of atmospheric subsidence
due to surface cooling (Fig. 3). This process is common in
coastal areas (Simpson, 1994).

During the study period, the synoptic weather was domi-
nated by a high-pressure system (Fig. 3). This high-pressure
system may have additionally enhanced the observed strong
subsidence. Nighttime subsidence was revealed by the slight
increase in potential temperature and the decrease in the wa-
ter mixing ratio above 500 m in stage II (Fig. 6b and c). How-
ever, the transport of air aloft may also mask the subsidence
of the elevated ozone reservoir layers. As mentioned above,
the air masses at 500–1000 m came from areas close to the
coast. Notably, during the period of prevailing sea-breeze cir-
culation in stage I, the area aloft near the coast was an area
of subsidence. As a result, the elevated ozone layers were
expected to be relatively low in the near-coast areas. When
these lower-level ozone layers were transported to the more
inland study site in stage II, they may have masked the sub-
sidence at the site.

3.3 Conceptual model for coastal ozone reservoir layers

The observations and above discussion of the ozone reservoir
layers suggest that the ozone reservoir layers at the study site
were formed by the invasion of cooler, marine air masses into
the inland warm, ozone-rich mixing layer. Accordingly, the
coastal ozone reservoir layers are expected to have particular
characteristics.

An ozone reservoir layer can form at any coastal place
where a cooler, marine air mass invades a warm, inland
ozone-rich mixing layer. Therefore, the coastal ozone reser-
voir layer is expected to form over a considerably large
coastal region and parallel to the coastline. This region may
begin at some distance from the coastline in the sea-land di-
rection and end at the line of penetration of the sea breeze.
In a near-coast area, no ozone reservoir layer is expected to
form, because a marine air mass may arrive in the area so
early that the area does not have enough time to develop a
deep, convective mixing layer unless the sea breeze develops
late.

The first expectation is supported by the observation of
the ozone reservoir layers at the study site during the exper-
imental days. Notably, on the experimental days, the atmo-
sphere was not stagnant but associated with light, northerly
ambient flow and sea-land breeze circulations (Fig. 6). Daily
formed ozone reservoir layers were, therefore, expected to
move and follow those flows. Daily, from the late afternoon
to the mid-morning hours of the next day, a period of more
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than 16 h, the observed ozone reservoir layers were expected
to move for a considerable distance. However, during this
period, ozone reservoir layers were continuously observed at
the study site (Fig. 6), suggesting that the horizontal dimen-
sion of the ozone reservoir layers was large.

An ozone reservoir layer is expected to form even at a site
downwind of a coastal emission area, because the invasion
of a marine air mass will not be influenced by the existence
of the emission area. However, in this case, the arriving ma-
rine air mass can mix with abundant ozone precursors that
are emitted from the emission area. Additional ozone can
be produced within the arriving marine air mass. Therefore,
the ozone concentration in the arriving marine air mass can
exceed the marine background level. If a marine air mass is
mixed with a large amount of NO and the site is very close to
the emission area, then the ozone concentration in the arriv-
ing marine air mass is expected to be lower than the marine
background level owing to the titration of ozone by NO.

Finally, when the prevailing wind is strong, no sea breeze
will develop. Therefore, the invasion will not occur. Con-
sequently, the formation of an ozone reservoir layer is not
expected.

Figure 10 shows a conceptual model of the processes that
may drive the evolution of the observed coastal ozone reser-
voirs. The proposed coastal model and the generally ac-
cepted continental one, shown in Fig. 1, have the following
differences.

(1) In the coastal model, an ozone reservoir layer is formed
by the invasion of a cool, marine air mass into a rel-
atively warm, ozone-rich mixing layer but in the con-
tinental model, an ozone reservoir layer is formed by
surface cooling after sunset.

(2) A less polluted layer can develop under the coastal
ozone reservoir layer because an increasing number of
more remote, less polluted marine air masses arrive in
the coastal model. However, if the observation site is
just downwind of a coastal emission area, then addi-
tional ozone may be produced or titrated in the arriving
marine air masses. This evolution does not occur in the
continental model.

(3) The ozone reservoir layer in the coastal model descends
significantly because of nocturnal subsidence. The sub-
sidence is expected to be stronger in the coastal model
than in the continental model.

(4) Large increases in surface ozone concentration in the
morning due to the downward mixing of the ozone from
the ozone reservoir layers probably occur 1–2 h later in
a coastal environment than in a continental one, because
the ozone reservoir layer is higher in the former than in
the latter. Section 3.4 will elucidate this feature.
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O3
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O3
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Fig. 10.General evolution of vertical ozone distribution (O3), wind
(U ) and potential temperature (PT) at various stages of the ozone
reservoir layer. In the developing stage(a), a cooler, marine air
mass arrives at the study site and an ozone reservoir layer forms at
altitudes of 150–1300 m by the invasion of the marine air mass into
a warmer, ozone-rich mixing layer. In this stage, the air layer be-
low 150 m, MAL, is filled with marine air. The lower part of the
ozone reservoir layer at 150–800 m, ORL(I), is a sea-breeze-like
layer. However, it is filled with air masses that originate over land.
The upper part of the ozone reservoir layer at 800–1300 m, ORL(II),
is a return-flow layer that is filled with air masses that originated in-
land. The fully-developed stage is associated with the stopping of
sea-breeze circulation by midnight when(b) a concentrated, ele-
vated ozone reservoir layer, CORL, forms at 800–1200 m, and is
filled with air masses that originated inland. The air layer in the
previous ORL(I) is now filled with recently-arrived, less polluted
marine air masses, MAL. Additionally, a stable nocturnal boundary
layer (NBL) is formed by surface cooling. The descending stage
is from midnight to the following morning(c). A land-breeze cir-
culation is fully developed. The CORL gradually descends and the
previous MAR becomes shallow owing to nocturnal subsidence.

3.4 Ozone carried over from the preceding day and
ozone produced on the current day

Ozone that was observed in the early-morning ozone reser-
voir layers (Fig. 5c) was carried over from the preceding
day. This ozone enhanced surface ozone concentration by
downward mixing, while the daytime mixing layers grew
through the ozone reservoirs. The daily morning soundings
conducted during the field study revealed this phenomenon.
Figure 8b shows such an example.

Clearly, an ozone concentration in a daily mixing layer
(which is the total ozone concentration,Ctot) consists of two
parts. The first part is carried over from the preceding day
(old ozone concentration,Cold) and the second is produced
on the current day (new ozone concentration,Cnew). Infor-
mation on the relative contributions ofCold andCnew to Ctot
are important for air quality managers to construct effective
strategies for controlling ozone pollution. This section pro-
poses an observation-based method, which is adopted to es-
timate hourly variations ofCold andCnew during the daytime
on the four experimental days.

First, the old and new ozone in a daytime mixing layer
are assumed to be independent of each other. Based on this
assumption, the processes that dominate the local variation in
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the old ozone concentration can be expressed by an equation
that is similar to Eq. (1),

∂Cold

∂t
+(U

∂Cold

∂x
+V

∂Cold

∂y
) = (Pold−LoldCold)−Cold

vd

h

+(Cr −Cold)
1

h

∂h

∂t
(2)

where the sub index “old” represents the old ozone. Notably,
all observations in this investigation were made at a fixed lo-
cation, the study site, but not made within a traveling air par-
cel. Therefore, Eq. (2) should be expressed in an Euler form
but not in a Lagrangian form. The terms of horizontal trans-
port and the net chemical production in Eq. (2) are neglected,
enabling the hourly variations in the old ozone concentration
at the study site during the four experimental days to be suc-
cessfully estimated using the observed mixing heights and
vertical ozone profiles. The possible uncertainties associated
with neglecting the two terms are discussed below.

Apparently, the horizontal transport term in Eq. (2) has
only a small effect when the wind is light and/or the hori-
zontal gradient of the old ozone concentration is small, or
when the transport term is smaller than the other terms. Light
winds within the mixing layers were found from sunrise to
noon on the four experimental days (Fig. 6). The net entrain-
ment term was also expected to dominate the overall varia-
tion of the old ozone concentration in the late morning hours.
Therefore, neglecting the horizontal transport term in Eq. (2)
in this study was expected to have only a small effect in the
morning hours.

The observed ozone reservoirs were expected to have a
large horizontal dimension, as discussed in Section 3.3. The
horizontal gradient of the old ozone concentration was small
when the study site was under the moving ozone reservoir
layers. The arrival of relatively clean marine air masses at
the study site in the late afternoon daily probably indicates
that the edges of the ozone reservoir layers at the seaward
side had probably just passed over. Therefore, neglecting
the horizontal transport term may generate relatively large
uncertainties after the arrival of the marine air masses at the
study site, typically late in the afternoons.

The net chemical production above the mixing layer
should be trivial owing to the lack of reactive species there.
When the old ozone came into contact with newly emitted
species, such as NO and VOCs, within the mixing layers, the
old ozone may have been depleted and NO2 and some per-
oxide radicals produced in. However, the produced NO2 and
peroxide radicals are expected to have reproduced new ozone
in a short period, as described by NRC (1991). The chemical
production and loss rates were, therefore, roughly the same
for the old ozone, indicating that neglecting the net chemical
production in Eq. (2) is acceptable.

When the horizontal transport and net chemical produc-
tion terms are neglected, the processes that govern the rate of

variation of the old ozone concentration in a daytime mixing
layer can be described simply by

∂Cold

∂t
= −Cold

vd

h
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1

h
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(3)

The following finite-difference equation is further used to de-
termine the hourly variations of the old ozone concentration:
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where the upper indexn represents thenth hour. In this
study, the dry deposition velocityνd is assumed to increase
linearly from 0.2 cm/s at 07:00 LT to 0.4 cm/s at 12:00 LT and
to decrease linearly from 0.4 cm/s at 13:00 LT to 0.2 cm/s at
18:00 LT. These values are typical of agricultural areas dur-
ing the fall (Wesely and Hicks, 2000). Notably, the last net
entrainment term should be ignored when the mixing layer is
falling, typically in the afternoon, because in that situation,
no entrainment or dilution can occur.

Rearranging Eq. (4) yields the equation for estimating the
hourly concentrations of the old ozone,

Cn
old = Cn−1

old (1−
vd

hn−1/2
−

hn
−hn−1

hn−1/2
)+Cn−1

r

hn
−hn−1

hn−1/2
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or

Cn
old = Cn−1

old (1−
vd

hn−1/2
) (6)

where Eqs. (5) and (6) apply for the hours when the mixing
layer is growing and falling, respectively.

The initial hour to estimate the concentration of the old
ozone in Eqs. (5–6) is set at 06:00 LT daily. At such early
hour, solar radiation is very weak and, therefore, no new
ozone is produced. Consequently, the concentration of the
old ozone at 06:00 LT,C6

old, can be easily obtained from the
observed concentration of the total ozone at 06:00 LT:

C6
old = C6

tot (7)

Finally, Eqs. (5–7) are used to calculate the hourly concen-
trations of the old ozone in the daytime mixing layers on the
four experimental days.

The processes that dominate the hourly variations of the
new ozone in a daytime mixing layer can be expressed by an
equation that is similar to Eq. (2) as,

∂Cnew
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+(U
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) = (Pnew−LnewCnew)
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h
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1

h
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where the sub index “new” represents the new ozone. No-
tably, the last net entrainment term on the right-hand side of
Eq. (8) includes only the dilution effect since the concentra-
tion of the new ozone in the ozone reservoir layer is assumed
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to be close to zero. Notably, the net chemical production
term in Eq. (8) is expected to dominate the local variation
of the new ozone during most of the daytime. The horizon-
tal transport term in Eq. (8) may also be very important be-
cause the sea-breeze flow can transport the new ozone from
the coastal emission area to the study site, as discussed in
Sect. 3.2. Therefore, neglecting the above two terms and de-
termining the hourly concentrations of the new ozone in a
manner similar to that adopted for the old ozone concentra-
tion is unreasonable. The following paragraph proposes an
approach that overcomes this difficulty.

The hourly concentration of the new ozone can be es-
timated simply by subtracting the hourly concentration of
the old ozone, estimated using Eqs. (5–7), from the total
ozone concentration, which was continuously monitored at
the study site during the study period:

Cn
new= Cn

tot−Cn
old (9)

Equation (9) is finally used to estimate the hourly concentra-
tion of the new ozone concentration in the daytime mixing
layers at the study site on the four experimental days. No-
tably, the uncertainties associated with the concentration of
the new ozone estimated using Eq. (9) are only related the
uncertainties associated the estimation of the concentration
of the old ozone. Actually, all processes that are likely to af-
fect the hourly variations of the new ozone concentration, as
expressed in Eq. (8), are implicitly accounted for when they
are estimated using Eq. (9). Relatively large uncertainties as-
sociated with the calculation of the new ozone concentration
may appear in the late afternoon because in this period the
uncertainties associated with the calculation of the old ozone
concentration may become large as mentioned above.

Figure 11 plots hourly concentrations of the total ozone
concentration, the estimated new ozone concentration, the
estimated old ozone concentration, and the rates of their
hourly variations at the study site on the four experimental
days, obtained using Eqs. (5–7) and (9). Hourly concentra-
tions of the total ozone and old ozone follow each other very
closely from 06:00 to 12:00 LT daily, suggesting that the in-
crease of the total ozone concentration in the morning hours
is dominated by the old ozone. The hourly concentrations of
the total ozone increase continuously from 12:00 to 17:00 LT
daily. During this period, the old ozone concentration does
not increase, and the increase in the total ozone concentration
is the same as that of the new ozone concentration, suggest-
ing that the increase of the total ozone concentration in the
afternoon is dominated by the new ozone.

On the four experimental days, the daily maximum hourly
rates of increase of the total ozone, old ozone and new
ozone concentrations are in the ranges 16–30, 12–24, and
10–16 ppb/h, respectively. The three rates of increase are all
highest in the morning hours. The hourly rate of increase
of the total ozone concentration (Fig. 11) exhibits two peaks
at around 8 and 11:00–12:00 LT daily. The first daily peak
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Fig. 11. Hourly variations of the total ozone concentration (Ctot),
new ozone concentration (Cnew), and old ozone concentration
(Cnew) and their rates of hourly variation1Ctot, 1Cnew, and
1Cold, respectively, at the study site during the daytime on the four
experimental days.

at 08:00 LT is coincident with greatly increased concentra-
tion of the new ozone. This first peak results from the high
rate of production of ozone in the shallow, morning mixing
layer. Notably, the concentrations of ozone precursors can
be very high in the morning, shallow mixing layers since
ozone precursors that are emitted at night are confirmed near
the ground by surface inversion. The second peak at 11:00–
12:00 LT is associated with greatly increased concentration
of the old ozone (Fig. 11). The second peak arises when
mixing layers grow through the concentrated ozone reservoir
layers at 500–900 m (Fig. 6). Therefore, the second peak re-
sults from the downward mixing of the old ozone from the
ozone reservoir layers.

The increase in the new ozone concentration in the day-
time mixing layer may have resulted from the horizon-
tal transport and net chemical production, as indicated in
Eq. (8). On 9 and 10 November, the late-afternoon peaks
in the hourly rate of increase of the new ozone concentra-
tion are found. In the late afternoons, chemical productions
should be small because solar intensity is weak. Therefore,
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the late-afternoon increases are caused by a sea breeze, which
can transport the new ozone from the coastal polluted area to
the study site.

In rural areas, the downward mixing of old ozone from
ozone reservoir layers can reportedly dominate daytime
ozone increases (Kleinman et al., 1994; Niccum et al., 1995).
The contribution of old ozone to a daily ozone increase in
a polluted area has seldom been reported. New ozone can
be reasonably assumed to dominate daily ozone increases in
a polluted area since ozone precursors are abundant there.
However, our investigation indicates that even in a polluted
area such as southern Taiwan, the contribution of old ozone
through downward mixing process to total ozone can be
50% more important than that of ozone newly produced on
that day. The daily maximum hourly concentrations of total
ozone on the four experimental days were in the range 103–
141 ppb, with an average of 119 ppb; those of the old ozone
were in the range 60–85 ppb, with an average of 74 ppb, and
those of the new ozone were in the range 43–58 ppb, with an
average of 48 ppb. On average, the contributions of the old
ozone and the new ozone to the total ozone were 60 and 40%,
respectively. Accordingly, more attention should be paid to
old ozone in studies of ozone pollution.

4 Conclusions

Previous experimental investigations have found that a rel-
atively stable ozone reservoir layer can form over homoge-
nous, continental land owing to surface cooling after sunset.
This study reveals that an ozone reservoir layer can also form
over an extended coastal inland region, but by a process other
than surface cooling. The coastal ozone reservoir layer is dy-
namic but not stable in the nocturnal atmosphere.

The coastal ozone reservoir layer observed in this work
was initially formed by the invasion of a cool, marine air
mass into a relatively warm, ozone-rich mixing layer. The
subsequent evolution of the ozone reservoir layer includes a
developing stage and a stable, descending stage, as observed
at the study site. During the developing stage, typically from
late afternoon to midnight, a less polluted layer becomes
deeper under the initially formed ozone reservoir layer be-
cause an increasing number of more remote, less polluted
marine air masses arrive. Finally, an elevated ozone reservoir
layer forms after sea-breeze circulations stop around mid-
night. For the rest of the night, the elevated ozone reservoir
layer gradually descends due to nocturnal subsidence.

The downward mixing of ozone is normally expected to
dominate a surface ozone accumulation at 08:00–10:00 LT
when surface inversion is interrupted. However, in this study,
a later and more important contribution to the surface ozone
accumulation is made at 11:00–12:00 LT, because the con-
centrated ozone reservoir layer is higher in a coastal environ-
ment than in an inland environment. This finding suggests
that the effect of downward mixing on surface ozone con-

centration is related to the vertical distribution of the ozone
in an ozone reservoir layer. Furthermore, ozone distributions
within the ozone reservoir layers are expected to be far from
uniform, as presented in Fig. 1, particularly where local cir-
culations dominate, as described in the current work.

Since a sea-breeze circulation is much deeper than a land-
breeze circulation, large point sources in a coastal region may
contribute substantially to inland ozone pollution, because
the plumes of coastal point sources can be transported inland
accompanied by a landward, sea-breeze flow in the daytime
and, accompanied by a landward, returning land-breeze flow
at night. This scenario is worthy of further study.

Finally, results of this work suggest that even in an area of
high pollution and on a day of an ozone episode, the down-
ward mixing of ozone or the ozone from the preceding day
can still contribute 50% more to daily ozone pollution than
the ozone produced on the day of interest. Further under-
standing ozone reservoir layers is critical, and will depend on
the future simulation-based and experimental investigations.
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