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[1] The spatial and temporal variation in ozone production over major source regions in

East Asia during the NASA Transport and Chemical Evolution over the Pacific (TRACE-P)
measurement campaign in spring 2001 is assessed using a global chemical transport model.
There is a strong latitudinal gradient in ozone production in springtime, driven by
regional photochemistry, which rapidly diminishes as the season progresses. The great
variability in meteorological conditions characteristic of East Asia in springtime leads to
large daily variability in regional ozone formation, but we find that it has relatively little
impact on the total global production. We note that transport processes effectively
modulate and thus stabilize total ozone production through their influence over its location.
However, the impact on the global ozone burden, important for assessing the effects of
precursor emissions on tropospheric oxidizing capacity and climate, is sensitive to local
meteorology through the effects of location on chemical lifetime. Stagnant, anticyclonic
conditions conducive to substantial boundary layer ozone production typically allow
little lifting of precursors into the free troposphere where greater ozone production could
occur, and the consequent shorter chemical lifetime for ozone leads to relatively small
impacts on global ozone. Conversely, cyclonic conditions with heavy cloud cover
suppressing regional ozone production are often associated with substantial cloud
convection, enhancing subsequent production in the free troposphere where chemical
lifetimes are longer, and the impacts on global ozone are correspondingly greater. We find
that ozone formation in the boundary layer and free troposphere outside the region of
precursor emissions dominates total gross production from these sources in springtime, and
that it makes a big contribution to the long range transport of ozone, which is greatest in this
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1. Introduction
[2] Photochemical formation of ozone in the troposphere
from precursor species such as nitrogen oxides (NOx),
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carbon monoxide (CO) and hydrocarbons leads to a degradation of local air quality [Haagen-Smit, 1952] and to a
global increase in O3 that leads to a global warming [Lacis
et al., 1990; Hansen et al., 1997]. The link between these
regional and global impacts is becoming increasingly evident [Hansen, 2002]. Ozone is also the principal source of
tropospheric OH radicals and therefore controls the rate at
which gases such as methane are oxidized [e.g., Chameides
and Walker, 1973; Crutzen, 1974; Thompson, 1992]. On a
global scale, the photochemical production of O3 in the
troposphere generally dominates the stratospheric influx
[Liu et al., 1980; Lelieveld and Dentener, 2000; Prather
and Ehhalt, 2001]. While the production mechanisms are
well known [e.g., Chameides and Walker, 1973; Crutzen,
1974; Logan et al., 1981], the magnitude, timing and
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location of greatest O3 formation depend on the meteorological environment about the region of precursor emissions. Meteorological processes effectively modulate the
chemical processing of O3 through the amount of sunlight
and water vapor, the residence time in the boundary layer,
the dilution and mixing of different precursors and their
scavenging by clouds and precipitation, and the long-range
transport and dispersion of the O3 produced.
[3] In the polluted boundary layer, the lifetime of O3 to
chemical destruction and deposition is relatively short
(days), but it remains longer than typical dynamical time
scales (hours to days), and hence much of the O3 formed
may be transported to cleaner environments. Atmospheric
lifting processes associated with convection or frontal
systems [Pickering et al., 1990; Bethan et al., 1998] are
particularly important in controlling the global impacts of
the O3 formed as they raise it higher into the troposphere
where the lifetime to chemical destruction is longer (weeks
to months). Transport of O3 precursors out of polluted
emission regions typically leads to slower but greater total
O3 production [Liu et al., 1987], and supplements production from sources in the troposphere such as lightning. The
export of short-lived precursors such as NOx is generally
inefficient [Horowitz et al., 1998] and subsequent O3
production in the free troposphere from boundary layer
sources is therefore dependent on temporary storage as
longer-lived NOy species and on the location and timing
of rapid vertical transport by convection. Chatfield and
Delany [1990] provided contrasting examples of O3 production in biomass burning plumes undergoing delayed or
immediate convective lifting, colorfully termed ‘‘cookthen-mix’’ and ‘‘mix-then-cook’’ scenarios, demonstrating
very different impacts on regional and global O3. While
rapid boundary layer formation in stagnant conditions over
polluted urban regions in the presence of strong sunlight
and high temperatures may lead to a large buildup of smog
O3, Sillman and Samson [1995] speculated that the impacts
on global O3, and hence on climate, may be less than in
overcast conditions where O3 buildup is small, but the
export of precursors is larger. The balance between regional
and downwind production and its sensitivity to meteorology
is thus important both for assessing the impacts of surface
emissions on air quality and climate, and for understanding
how global or regional climate change may affect these
impacts in the future.
[4] This study uses the extensive set of measurements and
analysis from the NASA Transport and Chemical Evolution
over the Pacific (TRACE-P) measurement campaign held in
spring 2001 [Jacob et al., 2003] as a case study to examine
the meteorological factors controlling production of O3
from fossil fuel sources over East Asia. Outflow of pollution
from rapidly developing countries around the Pacific Rim is
known to influence tropospheric O3 on a hemispheric scale,
and has the greatest effects in springtime [Berntsen et al.,
1996; Jacob et al., 1999; Mauzerall et al., 2000; Wild and
Akimoto, 2001; Bey et al., 2001]. The meteorology of the
region in spring is characterized by strong frontal activity
which lifts pollution into the path of strong westerly winds
which may carry it across the Pacific. This transport is
consequently episodic in nature [Yienger et al., 2000], as the
passage of successive low pressure systems interlaces
polluted continental ou
with cleaner, marine air and
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with dry air from the stratosphere descending in trailing
anticyclones [Carmichael et al., 1998]. The meteorological
processes leading to this variability in outflow also strongly
influence O3 production directly via their impacts on mixing
processes, humidity, photolysis rates and scavenging of
precursors, providing ideal conditions for study of variability in O3 production and its global impacts.
[5] While previous studies have characterized the production and export of O3 from East Asia on a seasonal or
annual basis, this study uses the day-to-day variations in
weather to identify the meteorological factors controlling
the buildup of tropospheric O3. By following the emission
of O3 precursors each day from a specified region independently, we show how the different meteorological conditions affect local versus regional production and thus how
the synoptic weather patterns control the net impact of
emissions on global tropospheric O3. The principal aims
of the paper are to quantify the contributions of East Asian
emissions to global O3 during springtime, to relate these to
the meteorological conditions over the source region, and
thus to examine how meteorological mechanisms control
the balance between local air quality and global climate
forcing.
[6] In section 2, we evaluate the performance of the
model used in this study against O3 tendencies derived
from TRACE-P observations. This campaign provided
extensive observational data from two aircraft operating in
the region with sufficient detail to allow thorough testing of
current photochemical theory [Cantrell et al., 2003]. We
examine the regional production of O3 from East Asia
during the spring of 2001 in section 3. We then focus on
the daily variability in O3 production from each day’s
emissions in section 4, exploring its dependence on meteorological conditions, and noting generally opposite
impacts on air quality and climate forcing. We conclude
by testing the sensitivity of production to specific meteorological variables, and identifying potential biases in this
study.

2. Chemical Transport Model Ozone Production
[7] This study uses the Frontier Research System for
Global Change (FRSGC) version of the University of
California, Irvine (UCI), global chemical transport model
(CTM), described by Wild and Prather [2000]. The model
is run at T63 resolution (1.9  1.9), with 37 eta levels in
the vertical, and is driven by 3-hour meteorological fields
for spring 2001 generated with the European Centre for
Medium-Range Weather Forecasts (ECMWF) Integrated
Forecast System (IFS). The configuration of the model
and meteorological data used in these studies is described
in more detail by Wild et al. [2003] and is presented with an
evaluation of the O3 simulation during the TRACE-P period
against observations from aircraft, ozonesondes, and satellite. The model uses a linearized stratospheric chemistry for
O3 [McLinden et al., 2000] and calculates a reasonable net
flux of O3 from the stratosphere to the troposphere of
557 Tg yr 1. With this treatment, the model is able to
capture the short-term variations in total column O3 which
affect photolysis rates in the troposphere, as well as the
magnitude and timing of stratospheric intrusions [Wild et
al., 2003]. The general features of the O3 distribution over
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Figure 1. Net chemical O3 tendency (105 molecules cm 3 s 1, top) over the western Pacific (west of
145E south of 30N, west of 160E north of 30N) (left) from the CTM and (right) from steady state
calculations constrained by aircraft measurements along flight tracks during the TRACE-P campaign.
(bottom) Gross O3 production and destruction rates with a different color scale used. See color version of
this figure at back of this issue.

the Pacific are reproduced very well [Wild et al., 2003],
although there is a tendency to overestimate the total O3
column at 45N by about 12% compared with columns
from the TOMS satellite instrument, and to overestimate
boundary layer O3 near polluted continental regions by an
average of 12 ppbv at ozonesonde locations. Further model
evaluation and assessment of the representativeness of the
TRACE-P measurements is presented by Hsu et al. [2004].
[8] To evaluate the CTM simulation of O3 production
over the western Pacific, we compare the instantaneous net
chemical production of O3 sampled from the model fields
at 1-min intervals along the flight tracks of the NASA
DC-8 and P-3B aircraft during the TRACE-P campaign
with those derived fro
otochemical steady state box

model calculations driven by observed precursor concentrations and photolysis rate coefficients using the Georgia
Tech/NASA Langley box model [Crawford et al., 1999].
Figure 1 shows the mean latitude-height tendency for O3 for
all flights over the western Pacific region, binned onto the
horizontal grid of the model (190 km) and onto 500-m
levels in the vertical. Where key observational variables
constraining the box model are unavailable and the O3
tendency cannot be calculated, the CTM value is omitted
so that the sampling is identical. Ozone destruction dominates in the lower troposphere south of 27N and below
6 km in clean, marine air masses; north of this region, there
is strong production in the lower troposphere in the continental outflow from China and Korea and from sources over
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Figure 2. Profiles of sampled variables binned by altitude showing the mean (circles), median (vertical
bar), quartiles (defining box) and 10th/90th percentiles (horizontal lines) at each 1-km level over the
western Pacific region. CTM distributions are shown in cyan, aircraft observations in red, and
instantaneous tendencies from steady state box model calculations in blue. See color version of this figure
at back of this issue.
Japan. This clear separation into two distinct regimes is
similar to that found during the PEM-West B campaign in
1994 [Crawford et al., 1997], and reflects both the location
of major sources and the key meteorological boundaries in
spring. There is significant O3 production in the upper
troposphere over the whole region, greatest at about
10 km, similar to that found 3 weeks earlier in 1994 during
the PEM-West B campaign [Crawford et al., 1997] and
1 month later in 1998 during the BIBLE-T campaign
[Miyazaki et al., 2003]. The gross production rate, defined
as the sum of the rates of NO reaction with modeled peroxy
radicals following Crawford et al. [1997], is shown separately in Figure 1 (bottom). While boundary layer production is reasonably well matched, there is a significant
underestimation of formation in the middle and upper
troposphere relative to the constrained model, which contributes to a mean underestimation of net production of
30% in this region. The destruction rate matches the
constrained model more closely except in the pollution
plumes sampled between 2 and 6 km. The locations of
many of the plume features are captured, but the magnitude
of formation and destruction in these layers is typically
underestimated as they fall below the grid scale of the
model.
[9] The simulations can be compared in more detail by
considering the statisti
stributions of the aircraft and

model data along the flight tracks averaged over 1-km
altitude bins; see Figure 2. In the lower troposphere, the
net production is reasonably well matched, although the
high-end distributions are somewhat low as plume conditions cannot be reproduced. Between 2 and 5 km, there is
slow net destruction, and both formation and destruction
rates remain large; above 5 km, destruction is slow, and
formation dominates. The profile of the main O3 precursor
species, NOx, is reproduced well in shape, but mean
abundances are consistently underestimated by about 35%.
Consequently, while the gross O3 destruction rate is simulated well, the gross formation rate is on average 20% low.
The CTM does not capture the variability in O3 formation
driven by the presence of plumes, which also contributes to
this bias. The O3 profile reveals an overestimation in the
boundary layer, but the mean abundance of O3 is 9% low in
the 6 – 10 km region, consistent with underestimated production. The larger modeled variability in O3 in this region
indicates that stratospheric influence also makes a significant contribution here. The principal oxidation products of
NOx, nitric acid and peroxyacetyl nitrate (PAN), are reproduced reasonably well in the free troposphere, but are
overestimated by about 70% in the boundary layer. This
may reflect poor simulation of regional emission or deposition processes, but it may also be attributed to overestimation of O3 and hence OH production in the polluted
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Figure 3. Daily net chemical O3 tendency in the boundary
layer (below 750 hPa) over the east Asian/western Pacific
region (5 – 45N, 95 – 150E, solid line) and over China
(22– 45N, 100– 125E, dashed) between February and
April 2001, highlighting the daily variability and temporal
trends over the period. See color version of this figure in the
HTML.
boundary layer over source regions, leading to oxidation of
NOx which is too rapid.
[10] The photolysis frequencies of O3 and NO2, which
play important roles in O3 formation and destruction, are
generally well simulated, with mean values 2% and 13%
above those observed, respectively. This reflects uncertainties in the simulation of cloud cover as well as in calculation
and measurement error, and is similar to comparisons from
previous measurement campaigns [Shetter et al., 2003].
Specific humidity is generally reproduced well in the
meteorological fields at the surface and in coastal regions
at ozonesonde stations [Wild et al., 2003]. It is overestimated by an average of 2% compared with diode laser
hygrometer measurements from the DC-8 aircraft [Podolske
et al., 2003] and by 6% compared with the composite
measurements used to drive the box model, heavily biased
by overestimation at 5 – 8 km over the ocean at 30– 35N.
This may be partly responsible for overestimation of OH
and HO2, which are on average 9% high compared with the
box model. Note, however, that this falls well within the
30% 1-s error estimated for the box model calculations
[Davis et al., 2003] and that the error in the CTM simulation
is likely to be larger. However, OH is 60 –80% higher than
the aircraft observations in the middle and upper troposphere, indicating a significant discrepancy between the
measurements and current understanding of photochemistry
that remains to be resolved. The overestimation of HOx with
the box model also highlights the uncertainty in the measurement-derived O3 tendencies.
[11] The overestimation of O3 and NOy in the boundary
layer and underestimation of NOx in the free troposphere
suggests either that there is insufficient vertical lifting of O3
and precursors out of the boundary layer, or that O3 is
produced on timescales which are too short close to source
regions. The simulate
ributions of CO have been
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evaluated elsewhere [Kiley et al., 2003; Hsu et al., 2004],
and though abundances are underestimated here by an
average of 6%, no significant vertical bias suggesting
insufficient lifting is evident; see Figure 2. It is therefore
likely that the underestimation of O3 production in the
middle and upper troposphere relative to the constrained
model is due to shorter model timescales for production in
source regions, caused by neglecting the impact of aerosol
effects on photolysis rates [Martin et al., 2003; Bian et al.,
2003; Tang et al., 2003], by simplifications of hydrocarbon
oxidation and omission of heterogeneous processes in the
chemical scheme, and by the effects of coarse model
resolution on nonlinear HO x /O 3 /NO x chemistry. The
assumption of instantaneous mixing within a model grid
box is known to cause overestimation of O3 production
[Sillman et al., 1990; Chatfield and Delany, 1990; Jacob et
al., 1993], and the consequent reduced export of precursors
may lead to reduced production downwind. The implications of resolution for the present study will be addressed
further below.
[12] The uncertainties in this comparison are clearly large
and originate from source strengths and their variability,
from sampling the relatively coarse resolution CTM data in
the presence of small-scale features such as outflow plumes
and cloud cover, and from the assumptions used in deriving
instantaneous production in the two models. Nevertheless,
the magnitudes and patterns of formation and destruction
agree sufficiently well to improve confidence in our ability
to simulate O3 production in the troposphere, while also
pointing to potential biases in the model simulations.

3. Regional Ozone Production
[13] We first consider the temporal and spatial variations
in O3 production over the east Asian region during the
TRACE-P campaign period. The daily net O3 production
rate in the boundary layer (below 750 hPa, 2 km) over the
extended region (5– 45N, 95– 150E) for February to
April 2001 is shown in Figure 3. The mean net production
rate is 246 Gg d 1, and shows little trend over the period,
although the day-to-day variability is large, about 28 Gg d 1
(1s). The total net production in the regional boundary layer
over the period is 21.9 Tg. The mean net production rate
through the depth of the troposphere is 320 Gg d 1,
indicating that free-tropospheric production is responsible
for about 23% of the total net production over the region.
This is in reasonable agreement with earlier studies [Pierce
et al., 2003] which estimated a mean production rate of
370 Gg d 1 between 7 March and 12 April 2001, over a
domain slightly larger than that used here; we find a
production rate of 340 Gg d 1 over the same period.
Although we choose not to diagnose the gross flux of O3
from the stratosphere on the grounds that it is resolutiondependent and thus not a useful measure of stratospheretroposphere exchange [Hall and Holzer, 2003], we find that
about 30% of the O3 over the region is of stratospheric
origin, dropping to 20% in the boundary layer, consistent
with earlier findings [Pierce et al., 2003].
[14] The net O3 production rate in the boundary layer
over China, the closest source region to the measurements
made during TRACE-P, is shown separately in Figure 3,
and accounts for just over half of the net regional produc-

5 of 14

WILD ET AL.: OZONE PRODUCTION OVER THE WESTERN PACIFIC

D15S02

Table 1. Net Boundary Layer O3 Production, February – April
2001
Region

Domain

East Asia
5 – 45N, 95 – 150E
China
22 – 45N, 100 – 125E
Europe
35 – 67N, 10W – 30E
United States 28 – 49N, 124 – 70W

Production, Gg d
246
134
125
187

1

Trend, Gg d

2

0.1
0.7
2.0
3.0

tion, 134 Gg d 1. The increasing photochemical activity
over this more northerly part of Asia during springtime
leads to a clear trend, with O3 production increasing by an
average of 0.70 Gg d 2. This trend appears stronger in the
first half of the period. The residual production from east
Asia outside China decreases during the period, as production is dominated by biomass burning sources which peak in
February and March; consequently the relative importance
of sources in China on total regional production increases
strongly over the period, from 45% at the beginning of
February to 63% by the end of April. The variability in the
detrended daily production is 15% (1s), and reflects differences in the meteorological variables that modulate O3
production, in particular cloud cover, temperature and
boundary layer residence time. This will be explored in
more detail in section 4.
[15] In contrast, net boundary layer O3 production over
Europe is found to average 125 Gg d 1 over the same
period, and over the United States is 187 Gg d 1; see Table 1.
Both regions exhibit larger temporal trends, 2.0 Gg d 2 over
Europe and 3.0 Gg d 2 over the United States.
[16] To investigate the trend in net O3 production over the
spring season in more detail, we examine production over
large, heavily populated metropolitan regions in East Asia,
focusing on Hong Kong, Shanghai, Beijing and Tokyo.
Figure 4 shows the monthly mean production rate in the
boundary layer over each 2  2 region, together with its
day-to-day variability. Over the south of the region, O3
production is strong and the seasonal increase is weak; there
is a decrease in production over Hong Kong in April caused
by a decrease in biomass burning sources from neighboring
regions and by increased cloud cover. In contrast, more
northerly regions such as Beijing and Tokyo show rapidly
increasing photochemical activity due to longer daylight
hours and higher temperatures. Ozone formation is sufficiently slow in February that total boundary layer production
is small, and for Beijing we find a small net destruction.
Consequently there is a strong latitudinal gradient in O3
production in February that disappears by April. A significant gradient is still present during the March time period of
the TRACE-P campaign.
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and has not been clearly characterized. The sensitivity of the
large-scale impacts on O3 to the occurrence and timing of
deep convection has been highlighted by Chatfield and
Delany [1990], and the sensitivity of production in polluted
air masses from North America to dilution and the timing of
lifting processes over the North Atlantic has been explored
by Wild et al. [1996]. Here we quantify the importance of
O3 production in the free troposphere from fossil fuel
sources in East Asia, and examine how meteorological
processes control its variability. The aim is to investigate
the evolution of the chemical outflow over the Pacific in
springtime and its sensitivity to meteorology and hence to
contribute to a better understanding of the global impacts of
this region.
[18] We determine the influence of polluted metropolitan
regions by making a small perturbation (20%) to the fossil
fuel and industrial sources of NOx, CO, and nonmethane
hydrocarbons over a single region for 1 day. We follow the
impacts of this perturbation over the following 5 weeks by
comparing this simulation with a control run with the
standard emissions. Separate perturbations are performed
for each of the 31 days in March and for each of the four
metropolitan regions defined above. The responses presented here are scaled by a factor of 5 to provide a linear
estimation of those from the full emissions for each day. The
primary diagnostics presented are the gross production of
O3 and the perturbation to O3 abundance. The gross
production provides some insight into the timescales and
location of chemical formation. However, the impacts of
precursor emissions are driven principally by the additional
O3 abundance. This is the more useful diagnostic, since the
lifetime of O3 varies greatly with latitude and altitude, and
may be sufficiently short compared to transport that much
does not escape the region of formation. Both these diagnostics are considered over three distinct volumes: the
regional boundary layer (RBL) over the metropolitan region, the distant boundary layer (DBL) comprising the
boundary layer over the rest of the globe, and the free
troposphere (FT). These three volumes together cover the

4. Regional Versus Global Production
[17] Boundary layer O3 formation from regional precursor emissions occurs on relatively short timescales, and is
important in controlling regional air quality. However, the
impacts of these surface emissions on the global O3 budget,
important for assessing effects on climate and tropospheric
oxidizing capacity, is also dependent on continued production in the free troposphere from transported precursors,
which occurs on longer timescales. The relative importance
of regional and downwind production for the global O3
budget is strongly dep
on meteorological processes,

Figure 4. Net chemical O3 tendency over four large
metropolitan source regions in East Asia during spring
2001. See color version of this figure in the HTML.
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Figure 5. Additional mass of O3 from 1 day’s emissions
of precursors from Shanghai on (top) 12 March and
(bottom) 16 March. Note that the altitude regions are
additive; together with the stratospheric impacts (which are
small) they give the global perturbation. See color version
of this figure in the HTML.
global troposphere. To reduce the computational requirements of this study, the horizontal resolution of the model is
reduced to T21 (5.6  5.6). While this increases the
effective size of the metropolitan regions considered, the
additional spatial averaging may also lead to overestimation
of regional O3 production, as noted above. We find an
increase in O3 formation in the East Asian boundary layer in
March of about 10%; sampled along the aircraft flight tracks
there is increased production below 2 km, reduced production between 2 and 8 km, and very little change in the upper
troposphere, consistent with the changes in chemical timescales expected due to resolution.
4.1. Evolution of Ozone Production
[19] Figure 5 shows contrasting examples of regional and
global O3 perturbations following emissions pulses over
Shanghai. The meteorological conditions on these days and
the additional gross O3 production over the first 3 days are
shown in Figure 6. On 12 March, the region was dominated
by a high pressure system with clear skies and low humidity, leading to rapid boundary layer O3 production. Largescale subsidence prevented lifting of precursors and outflow
of air was principally at low altitudes; direct export of O3
and further production from exported precursors both contribute to a boundary layer enhancement outside the region.
Significant eastward transport and lifting do not occur until
after the third day, by
time most of the additional
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precursor NOx has been removed, and subsequent production above the boundary layer accounts for less than 10% of
the total O3 production. After the first week, about 60% of
the additional O3 is in the midtroposphere (750– 400 hPa),
but only about 10% reaches the upper troposphere (above
400 hPa), mostly in a single lifting event ahead of a cyclone
northeast of Japan on 18 March (day 7). The perturbation
decays quickly in the midtroposphere due to chemical
destruction and subsidence, with an e-folding decay time
of 4 weeks, but more slowly elsewhere. Interestingly,
boundary layer O3 remains steady over the second and third
weeks, as chemical destruction and deposition to the ocean
is counterbalanced almost equally by subsidence from the
troposphere and by additional formation from transported
precursors.
[20] In contrast, on 16 March the area was under heavy
cloud cover close to a region of cyclogenesis, and boundary
layer O3 formation was greatly reduced. Regional production peaked on the second day, and total production was
only half that of 12 March. However, convection associated
with the cloud cover lifted precursors into the free troposphere, and significant additional formation, almost 40% of
the total, occurs there on longer time scales. The maximum
global O3 perturbation does not occur until day 7, emphasizing the slower mean chemical formation rates compared
with 12 March, but the magnitude is very similar. A larger
proportion of the O3 change (25 – 30%) occurs in the upper
troposphere and is strongly dominated by downwind production, in contrast to 12 March. However, O3 in the
midtroposphere decays more quickly in this case, with a
lifetime of 3 weeks, reflecting different meteorological
impacts over the Pacific and beyond, and the global
perturbation decays at a slightly faster rate.
[21] Although the precursor emissions in these two cases
are the same and the integrated O3 perturbations are very
similar (within 2% over the first month), the O3 responses
are quite different. In the former case regional production is
rapid and O3 is then transported to the global atmosphere,
while in the latter case production is slow, transport of
precursors is greater, and total formation is dominated by
tropospheric production outside the region. These cases are
representative of the cook-then-mix and mix-then-cook
scenarios of Chatfield and Delany [1990], although the
lifting processes here are not as strong as in the tropical
regions of South America that they considered. The combination of lifting processes present over this region is
revealed for the 16 March case in Figure 6. Convective
lifting of precursors on the first day leads to enhancement of
O3 formation at 350 hPa, but slower lifting ahead of a
frontal system on the third day leads to a rising band of
enhanced formation in the lower troposphere reaching
140E.
[22] The evolution and location of additional gross production is shown in Figure 7. While production in the
regional boundary layer is limited to 3 – 4 days due to
transport of precursors out of the region, subsequent formation in the troposphere continues for more than a month.
Initially this is restricted close to the source region; the
3-day period shown in Figure 6 represents 70% of the
total formation for 12 March, and 50% for 16 March.
The greater direct export of precursors on 16 March leads
to much greater production outside the region in the first
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Figure 6. Column- and latitude-mean additional gross O3 production (pptv) over the first 3 days
following 1 day’s emissions of precursors from Shanghai on (left) 12 March and (right) 16 March. Mean
sea level pressure (grey contours) and cloud optical depth (shading) at the end of the first day are shown
in the top panels. See color version of this figure in the HTML.

Figure 7. Cumulative additional O3 formation (left) with time and (right) with longitude following
1 day’s emissions of precursors from Shanghai on 12 March (black) and 16 March (grey), revealing the
temporal and spatial evolution of gross production over the first month. Inserts show the absolute
production on a log scale to highlight additional formation over the eastern Pacific after day 7 in the
12 March case
8 of 14
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Figure 8. Additional gross O3 production over one month over the source region (black) and over the
globe (grey) following 1 day’s emissions of precursors from Shanghai and from Tokyo for each day of
March.
week, most of which occurs over the western Pacific. The
longitudinal variation in Figure 7 suggests that up to 18% of
the formation for the 16 March case occurs between 125E
and 150E in the region sampled during the TRACE-P
campaign but only 6% for the 12 March case. However, in
both cases, more than 25% of formation occurs after the first
week, and almost 20% occurs east of the dateline. For the
16 March case, O3 formation drops off steadily with time
and distance from the source, and further formation is
governed by longer timescales in the upper troposphere.
For the 12 March case, on the other hand, almost 10% of the
total formation occurs in the lower troposphere over the
eastern Pacific, following subsidence and thermal decomposition of PAN during the second week. Note, however,
that this region remains a net sink for O3, as destruction of
transported O3 formed earlier exceeds this additional formation. This is in good agreement with previous studies of
the central/eastern North Pacific region by DiNunno et al.
[2003].
[23] Despite the different regional responses, the net
global responses are of similar magnitude, suggesting that
it may be possible to parameterize the global impacts on O3
based on regional emissions alone. However, this is not
always the case, and the global impacts can sometimes
differ substantially, as we shall demonstrate below.
4.2. Gross Production
[24] We calculate gross O3 production over the source
region and over the globe in the first month following each

pulse of emissions. Figure 8 shows the gross additional
formation following pulses for each day of March over
Shanghai and over Tokyo. For each region emissions are the
same each day; while NOx emissions over the two regions
are comparable, CO emissions over eastern China are
almost 5 times larger than over Japan due to the prevalence
of coal and biofuel burning. The same experiments were
performed for Beijing and Hong Kong; the impacts are
similar to those over Tokyo and Shanghai, respectively, and
the total production and variability are presented separately
in Table 2.
[25] Ozone formation from local sources over the Shanghai region is more than twice that over Tokyo, but total
global formation is only about 15% greater. In both cases,
formation downwind of the source region dominates global
formation, with regional production accounting for about
40% of the total from Shanghai, but less than 20% from
Tokyo. The lower proportion for Tokyo reflects both longer
timescales for chemical formation due to lower temperatures and shorter daylight hours and shorter air mass
residence times due to different meteorological conditions.
Stagnant, anticyclonic conditions are more common over
eastern China, and lead to greater production and less
variability than the changeable conditions associated with
frontal passage over Japan. Both regions show a greater
daily variability in regional production (20 –40%) than in
global production (8 – 12%), suggesting that regional meteorology has a relatively small impact on total gross production, and exerts more control over the location of formation

Table 2. Ozone Production From 1 Day’s Emissions of Precursors in March 2001
Emissions

Gross Production

Region

NOx,
103 kg N

CO,
106 kg

Beijing
Tokyo
Shanghai
Hong Kong

730
780
720
730

19.5
4.3
21.1
17.2

Region,
106 kg
2.4
3.6
8.8
9.9

±
±
±
±

1.3
1.5
1.7
2.2

Globe,
106 kg
16.9
18.7
21.5
24.8
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±
±
±
±

2.6
2.3
1.8
3.8

Mean Burden
Fraction
in region
0.14
0.19
0.41
0.40

Region,
106 kg
0.03
0.29
1.86
2.14

±
±
±
±

0.15
0.33
0.96
0.74

Globe,
106 kg
5.67
7.77
5.41
6.43

±
±
±
±

1.39
1.43
0.80
1.66
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Figure 9. Mean additional mass of O3 following each day’s emissions of precursors from Shanghai and
Tokyo, showing the additional O3 over the source region (averaged over 3 days, black) and over the globe
(averaged over 1 month, grey).
via the chemical and dynamical timescales than over its
total magnitude.
[26] Downwind production in the troposphere is at least
as important from the more northerly source regions of
Tokyo and Beijing as from Shanghai and Hong Kong,
despite the lower regional production. However, the longer
timescales for chemical formation suggest that the more
southerly regions will make a bigger contribution to total
production over the western Pacific in the region sampled
during the TRACE-P campaign, while the more northerly
sources dominate at greater distances.
4.3. Mean Burden
[27] The impacts of precursor emissions are principally
driven by the additional abundance of O3 rather than by the
gross production. We therefore consider the additional mean
global burden over the first month, broadly representative of
the radiative impacts over the period, and the mean regional
burden averaged over 3 days, reflecting the impacts on air
quality, see Figure 9. This reveals the importance of the
location and lifetime of the O3 formed.
[28] For Shanghai, the variability in the regional burden is
much larger than that in production. Fair-weather, anticyclonic conditions favoring O3 formation, such as that on
10– 12 March, are often associated with relatively stagnant
conditions, and O3 buildup is consequently large. However,
suppression of lifting processes in these conditions leads to
export of O3 and precursors principally in the boundary
layer, where the lifetime of O3 is shorter than at higher
altitudes, and where additional production from exported
precursors is relatively inefficient. The impact on the global
burden is consequently less in these stagnant conditions
than at other times. This confirms speculation by Sillman
and Samson [1995], based on studies of O3 production in a
one-dimensional model, that the global burden of O3 may
be affected to a greater extent by surface emissions when
localized high O3 does not occur.
[29] Over Tokyo, the frequent passage of cyclonic systems in March does n
w much buildup of O3 from

regional emissions. However, the impacts on the global
burden are almost 50% larger than over Shanghai, despite
lower gross production. This is because formation and
destruction are sufficiently slow that more O3 reaches
higher altitudes and latitudes where the lifetime is longer.
The higher CO emissions over Shanghai are responsible for
about 40% of the global O3 perturbation, and 25% of the
regional perturbation, suggesting that Tokyo may have more
than twice the impact on the global O3 burden given the
same emissions. The greater mean global burden would
suggest that these northerly fossil fuel sources have a
greater impact on climate forcing through O3 than regions
such as Shanghai or Hong Kong, although this may be
offset by the reduced contribution of O3 at higher latitudes
to total forcing [Roelofs et al., 1997]. A full assessment of
the climate impacts would require a detailed calculation of
radiative forcing taking into account the location of these
changes and inclusion of the indirect effects on tropospheric
methane.
4.4. Ozone Production Efficiency
[30] To highlight the importance of the balance between
chemical and dynamical timescales, we consider the location and production efficiency of O3 formed from each
day’s emissions. Figure 10 shows the gross production of
O3 against the NOx lost for each pulse over the regional
boundary layer (Shanghai or Tokyo), the distant boundary
layer, and the free troposphere. The global production is the
sum of the production in these three domains, and the total
NOx loss is the same in each case and is equal to the
additional emissions. The production efficiency is defined
here as the gross production of O3 per molecule of NOx lost,
as from Liu et al. [1987], and loss of NOx does not include
temporary conversion to PAN.
[31] For each source region, the O3 production values
cluster quite closely along lines representative of the O3
production efficiency for that domain, and mean production
efficiencies are labeled in Figure 10. While there is a small
spread in efficiencies reflecting different conditions, the
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Figure 10. Gross production of O3 and loss of NOx from 1 day of emissions over (left) Shanghai and
(right) Tokyo for each day of March showing formation in the regional boundary layer (squares), in the
distant boundary layer (triangles) and in the free troposphere (circles). Open symbols indicate days with
heavy daytime cloud cover. See color version of this figure in the HTML.

values are sufficiently different over the domains considered, typically a factor of 10 between the polluted boundary
layer and the free troposphere, that the clusters remain quite
distinct. Comparing the mean O3 production and NOx loss
over each domain we find that about 40% of the gross O3
production over Shanghai occurs in the boundary layer from
about 70% of the NOx emitted. Respectively 40% and 20%
of the production occur in the distant boundary layer and
free troposphere, where production efficiencies are higher.
Chemical timescales are sufficiently rapid that the boundary
layer dominates removal of NOx, and only an average of 4%
reaches the free troposphere. Note, however, that the coarse
model resolution used in these simulations may lead to a
systematic bias in these conditions, with an underestimation
of NOx export as seen in section 2. Over Tokyo, 20% of the
production occurs in the boundary layer from 50% of the
NOx emitted, with another 50% in the boundary layer
outside the source region. Slower chemical production and
shorter dynamical timescales lead to a much greater variability in boundary layer NOx removal, and an average of
10% reaches the free troposphere. The O3 production
efficiencies over each domain are about half those over
Shanghai, consistent with slower photochemical formation.
However, the total production is similar due to the different
distribution of production between the domains. This
emphasizes the important role that transport of precursors
plays in controlling gross O3 production.
[32] Days with heavy daytime cloud cover (optical depth
greater than 10) are highlighted with unfilled markers in
Figure 10. These typically have lower production efficiencies in the regional boundary layer due to the increased
cloud cover, but slightly higher production efficiencies in
the free troposphere. Boundary layer NOx loss is less than
average due to the lower abundance of OH, and a greater
proportion of the NOx is lifted into the troposphere by
convective processes, where total production is about a

factor of two greater. Consequently, these changes in timescales shift some O3 production out of the boundary layer
into the free troposphere, but do not alter the gross production or the mean burden greatly. Comparing the 5 days of
heavy cloud cover over Shanghai with 10 largely cloud-free
days, we find an increase in gross production of 5% and an
increase in mean burden of 10%, suggesting that the impact
on global O3 may be larger on overcast days than in fairweather conditions.
4.5. Sensitivity to Meteorology
[33] To investigate the sensitivity of regional and global
O3 production to meteorological processes, we consider the
changes to the conditions over Shanghai on 16 March
required to reproduce the additional O3 found on 12 March.
Convection, rainfall and cloud optical depth over Shanghai
are removed for 16 March, and the temperature, humidity,
boundary layer height and the O3 column used in calculating photolysis rates are set to approximate the fair-weather
values of 12 March for both emission pulse and control run.
With all changes applied, global production is 15%
greater than on 12 March, reflecting the effects of differing
transport patterns and residence times, which were not
altered.
[34] By altering each variable in turn, and neglecting the
coupling between them, we estimate that 60% of the
difference in regional production is due to cloud cover
suppressing photolysis rates, 20% is accounted for by
reduced dilution of precursors due to the lower boundary
layer height, and 15% is due to suppressed convection
preventing lifting of precursors. The remaining 5% is
dominated by increased temperature, but also reflects
reduced humidity and total O3 column. Suppressing convection reduces the global production by about 20%,
reflecting the greater production efficiency per molecule
of NOx in the free troposphere, but reduces the additional
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global burden of O3 by 45% due to the short lifetime of
O3 in the boundary layer. Removing the impact of clouds
on photolysis rates increases global production by about
15%, with 60% greater boundary layer production balanced against 5% less production elsewhere due to lack of
enhancement in photolysis rates above clouds, and to
reduced export of precursors due to shorter production
time scales. The resultant impact on the global burden is
very small, as these effects cancel. Increasing the boundary
layer mixing height, appropriate to the fair-weather conditions on 12 March, causes an increase in global production of almost 40% as it provides an alternative method of
lifting precursors into the free troposphere. However, no
attempt has been made in this sensitivity study to keep the
conditions dynamically consistent, and the stagnation and
subsidence on 12 March prevent precursors exported by
this mechanism from being carried away to regions of
higher production efficiency. This interaction of dynamical
processes emphasizes the need for boundary layer turbulence to be fully consistent with the large-scale dynamics
to correctly simulate production of O3 in the free troposphere. Nevertheless, this sensitivity study demonstrates
that the clear-sky conditions which strongly influence
regional O3 production may have little impact on the
global abundance of O3, and that these global impacts
are most strongly influenced by lifting processes.

5. Conclusions
[35] We have explored the magnitude and patterns of O3
production from continental emissions over East Asia in
springtime using a global CTM. The strengths and weaknesses in the simulation of regional O3 production are
demonstrated by comparing it with values derived from
observations during the NASA TRACE-P measurement
campaign. The latitudinal and altitudinal variations in production and destruction are well simulated, although there is
a tendency to underestimate net production in the upper
troposphere and to overestimate it in the polluted boundary
layer, suggesting that the timescales for production in the
model are too short. High production and destruction rates
are found in continental outflow regions, but the magnitudes
are not reproduced well where small-scale pollution plumes
occur at or below the model resolution.
[36] We present an O3 budget for East Asia in springtime,
finding relatively constant production over the season.
However, we note that this masks an increase from northeast Asian sources, due to increasingly efficient photochemical formation, and a decrease over southeast Asia as the
peak in biomass burning emissions has passed. Over eastern
Asia, we note a strong latitudinal gradient in O3 production
from large urban sources in February which diminishes
during springtime and vanishes by April.
[37] We demonstrate that O3 production over major east
Asian source regions is highly variable, and is largely
governed by meteorological processes, as previous studies
over other regions have found [e.g., Jacob et al., 1993]. On
a global scale, we find that regional meteorological variations have much less impact on the global production than
on the regional production of O3, but that the net burden of
O3 is more dependent on them due to the variation in
location of production.
, stagnant, anticyclonic con-
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ditions greatly favor regional O3 production which may lead
to significant pollution episodes, but reduced export of
precursors supporting subsequent production and little lifting of the O3 formed leads to short O3 lifetimes and small
global impacts. In cool, cloudy conditions both the regional
formation rate and the efficiency of production from precursors are reduced, but shorter boundary layer residence
times and lifting of O3 and its precursors by convection
associated with cloud cover enhances both the efficiency of
production and the lifetime, and the global impacts are
typically larger than in fair-weather conditions. We suggest
that there is often a balance between the timescales for
formation and for transport which buffers the total production but that the consequent variation in the location of
production may have a large impact on the chemical
lifetime of the O3 formed. The impacts on the global burden
of O3, important for assessment of climate effects, are more
sensitive to this balance. Attempts to estimate global
impacts on O3 based on regional export of precursors would
therefore greatly benefit from some consideration of the
altitudinal distribution of expected O3 formation.
[38] Understanding the chemical evolution of continental
outflow from Asia formed one of the objectives of the
TRACE-P campaign. We find that gross chemical production in the troposphere away from the source region exceeds
production in the regional boundary layer for each of the four
500-km square metropolitan regions considered. While the
balance between regional and distant production is dependent on the size of the region considered, production outside
the regional boundary layer remains important in all cases
studied here and is greater when source regions are covered
by cloud than when clear, anticyclonic conditions prevail.
The contrast in spring weather between eastern China and
Japan leads to the greater importance of remote production
downwind of Tokyo than downwind of Shanghai, even
though formation rates over the northwestern Pacific may
be less due to the longer chemical timescales involved. The
longer lifetime of O3 from these more northerly source
regions leads to a greater impact on the global burden,
despite the smaller gross production that occurs.
[39] What biases are present in these results? The relatively coarse resolution of the model used here is shown to
lead to overestimation of production in the boundary layer
and underestimation in the free troposphere, and hence both
the importance of free tropospheric production and the
meteorological impacts on the global burden may be larger
than suggested here. The simple bulk mixing approach to
boundary layer turbulence may also lead to overestimation
of regional production [Wild et al., 2003]. Dust aerosol from
northern and western China, maximum in spring, and black
carbon from high levels of wintertime coal-burning both
lead to significant reduction in photolysis rates, and may be
expected to reduce regional O3 production. Heterogeneous
chemical processes on the surface of these aerosol may also
influence production [Jacob, 2000]. Our conclusions regarding the global impacts on O3 are also sensitive to the
chemical treatment of PAN in the model, which is responsible for much of the remote O3 formation. Despite these
inadequacies, we demonstrate the strong link between
regional meteorological processes and O3 production, and
suggest that future studies focusing on other parts of the
world at other times of year explore in more detail how the
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mechanisms controlling O3 transport also affect its chemical
production and lifetime.
[40] Acknowledgments. This work was supported by the NASA
Tropospheric Chemistry Program as part of the TRACE-P mission. The
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Figure 1. Net chemical O3 tendency (105 molecules cm 3 s 1, top) over the western Pacific (west of
145E south of 30N, west of 160E north of 30N) (left) from the CTM and (right) from steady state
calculations constrained by aircraft measurements along flight tracks during the TRACE-P campaign.
(bottom) Gross O3 production and destruction rates. Note the different color scale used.
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Figure 2. Profiles of sampled variables binned by altitude showing the mean (circles), median (vertical
bar), quartiles (defining box) and 10th/90th percentiles (horizontal lines) at each 1-km level over the
western Pacific region. CTM distributions are shown in cyan, aircraft observations in red, and
instantaneous tendencies from steady state box model calculations in blue.
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