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Abstract Large day-to-day variability in O3 and CO was
observed at Chongming, a remote rural site east of Shanghai,
in August 2010. High ozone periods (HOPs) that typically
lasted for 3–5 days with daily maximum ozone exceeding
102 ppb were intermittent with low ozone periods (LOPs) with
daily maximum ozone less than 20 ppb. The correlation analysis of ozone with meteorological factors suggests that the large
variations of surface ozone are driven by meteorological conditions correlated with the changes in the location and intensity
of the west Pacific subtropical high (WPSH) associated with
the East Asian summer monsoon (EASM). When the center of
WPSH with weaker intensity is to the southeast of Chongming
site, the mixing ratios and variability of surface ozone are
higher. When the center of WPSH with stronger intensity is
to the northeast of Chongming site, the mixing ratios and
variability of surface ozone are lower. Sensitivity simulations
using the GEOS-Chem chemical transport model indicate that
meteorological condition associated with WPSH is the primary
factor controlling surface ozone at Chongming in August,
while local anthropogenic emissions make significant contributions to surface ozone concentrations only during HOP.
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Introduction
Ozone is produced in the troposphere by photochemical reactions of nitrogen oxides (NOx), carbon monoxide (CO), and
volatile organic carbons (VOCs). High ozone near the surface
has an adverse impact on human health and vegetation (NCR
1991) and is thought to be responsible for crop damages
(Cheung and Wang 2001; Pochanart et al. 2003).
Consumption of fossil energy especially coal (NBS 2007)
and increasing vehicular emissions (Hao and Wang 2005)
result in large increases in ozone precursor emissions in
China with implication for tropospheric chemistry. Great
efforts have been made to obtain in situ measurements of
surface ozone in China (Wang et al. 2001, 2002, 2004, 2005,
2006; Gao et al. 2005; Lin et al. 2008; Ding et al. 2008; Wang
et al. 2010). The in situ measurements suggested that surface
ozone was relatively low in summer at rural and coastal sites
over east China, ranging from Hong Kong (Wang et al. 2005),
to Shanghai (Wang et al. 2004), to Beijing (Lin et al. 2008;
Wang et al. 2006), in contrast to the pattern observed typically
in North America and Europe (maxima in summer).
Previous studies have suggested that the East Asian summer monsoon (EASM) has significant influences on the seasonal variation of ozone in East Asia (Luo et al. 2000; Yamaji
et al. 2006; Li et al. 2007; Wang et al. 2008, 2011). The
temporal and spatial distribution of tropospheric ozone is
strongly related to meteorological condition and atmospheric
circulation. In summer, the weather of east China is under the
control of the EASM. Its clean maritime inflow with lower
ozone background and precursors contributes to the relatively
low surface ozone in summer (Wang et al. 2011).
In order to further study the variability in surface O3 and its
association with EASM over the Yangtze River Delta (YRD)
region in central east China, Tsinghua University founded an
ozone observation station at the Chongming Island to the

Environ Sci Pollut Res (2012) 19:4016–4029

northeast of Shanghai. The site was selected to capture the
dichotomy between relatively clean maritime air and polluted
continental air with the urban plume from Shanghai and other
cities in the YRD. Shanghai is one of the most rapidly developing metropolises in China with a population of over 20
million. It faces serious air pollution problems due to population growth, economic expansion, and industrial development
in recent years. Better understanding of the relevant physics
and chemistry of O3 can play a significant role in finding costeffective measures to reduce ozone pollution. The purpose of
this study is to understand the effect and the mechanism of the
EASM on surface ozone variability at Chongming in summertime based on in-depth analysis of measurements during
August 2010. The association of O3 and meteorological
parameters will be used to develop an understanding of weather patterns influencing variations of O3 over the YRD region in
August. A chemical transport model is adopted to test the
mechanism and to separate the effects of local emissions and
meteorology.

Site description and general meteorology
Site description
The Chongming site (31°31′ N, 121°54′ E, 24 m a.s.l.) is
located in the eastern part of the Chongming Island. The
Island is in the mouth of the Yangtze River, about 30 km
northwest to Shanghai urban center. The Yangtze River
flows between the Island and Shanghai urban area before
reaching the Yellow Sea (Fig. 1). The eastern part of the
Island is mostly wetland and designated protection areas for
migrating birds, covered mostly by trees and bushes with no
major pollution sources. Located near Shanghai and to the
east of the developed YRD region, the Chongming site is an
optimal place to measure the chemical characteristics of
outflow from east China and the contrast between east
China outflow and the maritime inflow.
The measurements of tracer gases (O3, CO) and basic
meteorological data (wind speed and direction, temperature,
Fig. 1 The location of
Chongming site (red dot). The
red rectangle indicates the
Yangtze River Delta (YRD)
region
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relative humidity, pressure, and solar radiation) began in May
2009. Surface ozone is measured using an analyzer based on
UV absorption (Thermo Environmental Instruments Model
49c). CO is measured using an analyzer based on infrared
absorption (Thermo Environmental Instruments 48CTL). The
instruments are kept in a room on the top floor of a three-floor
building at a height of 24 m above the ground level, with a
5-m long Teflon inlet shared by the two instruments. There is a
particulate filter in the inlet to prevent particles from entering
the instruments. Sample air is drawn from the inlet and is dried
by a cold trap held at 2 °C and Nafion drier continuously.
Exhaust air from the instruments is used to purge the Nafion
drier before venting to the room. Raw data are recorded by the
instruments at a frequency of 1 min. In order to keep the
measurement accuracy, quality analysis and quality control
are performed periodically. Instrument zero of CO is determined by diverting sample air through an oxidizing catalyst to
remove CO (Foulger and Simmonds 1993) for 3 min every
15 min. Twice daily, the instrument gain is determined by
supplying NIST traceable standards (Scott-Marrin). The
ozone instrument is calibrated with a UV photometric primary
standard (Thermo Environmental Instruments 49i-PS) every
6 months. For the purpose of studying day to day and diurnal
variations of ozone in the present study, we use hourly mean
observation data at the site.
East Asian summer monsoon and Western North Pacific
subtropical high
East China is in the East Asian monsoon domain. Southerly
wind prevails in summer and northerly wind in winter. The
climatological dates of the onset of the EASM is from the first
to second dekad of June characterizing the arrival of the East
Asian rainy season such as the Meiyu over the Yangtze River
Basin (Ding et al. 2004). The seasonal advance and retreat of
the EASM behave in a stepwise way. It undergoes three
stationary periods and two abrupt northward jumps (Ding
and Johnny 2005). These stepwise northward jumps are
closely related to seasonal changes in the general circulation
in East Asia, in coincidence with the westward and northward
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expansion of Western Pacific subtropical high (WPSH),
which is one of the most important components of the East
Asian monsoon (Tao and Chen 1987). With the development
of EASM, WPSH expands westward, while it moves or jumps
northerly. In summer, the ridge of WPSH expands northwest,
influencing the weather patterns of east China (Huang and Yu
1962; Tao and Zhu 1964; Chang et al. 2000; Liu and Wu
2000). In August, the ridge moves to the vicinity of 30°N and
the Chongming site is under the control of descending
currents under the ridge of the WPSH. The weather is clear
and hot, implying the favorable conditions for photochemical
production of ozone in the daytime.
A very strong WPSH occurred in summer 2010 over East
China with its ridge north of 32°N (NCC/CMA). This
means a typical weather pattern with higher temperature
and lower relative humidity in the lower troposphere favorable for local ozone production over the YRD. In order to
investigate the influence of the WPSH on surface ozone
over East China, the present study focuses on measurements
of O3 and CO at Chongming in August 2010.

Model description
We used the nested-grid GEOS-Chem chemical transport model developed by Wang et al. (2004) and Chen et al. (2009) to
simulate surface ozone observations at Chongming. The purpose of using a chemical transport model with assimilated
meteorology is to separate the role of meteorology and emissions on the variability of ozone at Chongming. The model is
driven by meteorological data assimilated by the Goddard
Earth Observing System (GEOS-5) at the NASA Global
Modeling and Assimilation Office. We use GEOS-Chem
Fig. 2 Time series of hourly O3
(a) and CO (b) mixing ratios at
Chongming in August 2010.
The dash lines indicate the
noon of day, and the dotted line
indicates the102 ppb of O3.
HOP and LOP are indicated by
the vertical lines
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model version v8-02-01 with a horizontal resolution of 0.5°
latitude by 0.667° longitude over the nested domain (70°E–
150°E and 11°S–55°N, includes all of China, parts of neighboring countries, and a significant portion of the northwestern
Pacific) and 47 vertical hybrid eta levels, extending from the
surface to 0.01 hPa.
The GEOS-Chem model includes a detailed tropospheric
simulation of the complex chemical interactions between
ozone, nitrogen oxides (NOx), hydrocarbons, and aerosols.
The model uses the advection algorithm of Lin and Rood
(1996), consistent with the meteorological simulation in the
GEOS GCM. Convective transport in GEOS-Chem is computed from the convective mass fluxes in the meteorological
archive. Anthropogenic emissions of ozone precursors over
China were adopted from the inventory of Zhang et al. (2009)
for 2006. Application and evaluation of the nested-grid GEOSChem model over China has been described in detail by Wang
et al. (2004a,c, 2011). The atmospheric life of ozone is 1–
2 weeks in summer and 1–2 months in winter and atmospheric
life of CO is 1–2 months on average. To remove the influence
of initial conditions, the model was spin-up for months from
May 2010 and then run through the end of August 2010.
Hourly model output sampled at the grid box that includes
Chongming is used for comparison with observations.

Results
Day to day variations
Figure 2a presents the hourly mixing ratio of ozone observed at
Chongming in August 2010. The mean mixing ratio of ozone
in August is rather low (34 ppb), but there are large day-to-day
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variations (standard deviation of 30 ppbv). At night, the ozone
levels are generally below 20 ppb except for the dates of 3–4
August and 29–30 August, as a result of inactive photochemistry and reduced boundary layer height. First, reduced vertical
mixing and depth of the boundary layer at night allow enhanced
depletion of ozone at the surface while it suppress transport of
ozone from aloft. Second, mixing ratios of freshly emitted NO
increase at night because of reduced vertical mixing and no
photolysis loss, resulting in enhanced titration effect of NO on
O3 (NO+O3→NO2 +O2). In the daytime, the ozone levels have
a large range from 20 to 150 ppb. The diurnal variation of
ozone is considerably large during the periods of 1–4 August
and 12–18 August.
Figure 2b presents hourly mixing ratios of CO observed at
Chongming in August 2010. The mean daytime mixing ratio
of CO is 330 ppb±250 ppbv, relatively lower compared with
other surface sites in China such as Miyun, a rural site about
100 km northeast of Beijing (500 ppb in August 2006) (Wang
et al. 2008). Similar to ozone, the day-to-day variations of CO
are large, ranging from 100 to 1000 ppb. During the periods of
1–4 and 12–18 August when ozone levels are high, CO levels
are higher than other days.
Table 1 lists the days and the number of hours with
1-h mean mixing ratios of ozone exceeding 102 ppb
(China’s ambient air quality standard for ozone at 1 atm
and 25 °C). There are two distinct periods of high ozone
period: 1–4 August and 12–18 August. In the first period,
there are 14 h when the ozone mixing ratios exceed the air
quality standard, noting that the lowest values of ozone
mixing ratios over the days of 3–4 August are above
35 ppb. In the second period, the number of hours with
ozone exceeding the standard is 19 h with lowest values of
ozone mixing ratios below 20 ppb. We define the dates of 1–
4, 12–18 August as the high ozone periods (HOP) that have
the mean daytime mixing ratios of 92 ppb. In contrast,
ozone levels on 5–11 and 19–28 August are significantly
lower, with daytime mean mixing ratios of only 21 ppb. We
define these days as the low ozone periods (LOPs).
Comparing Fig. 2a and b, we can see that the day-to-day
variability of CO is similar to that of ozone. The correlation
of CO and ozone has been used in many researches to
examine the effects of anthropogenic precursors on ozone
(Chin et al. 1994; Parrish et al. 1998; Mao and Talbot 2004).
Table 1 The numbers
of hours with 1-h mean
concentrations of O3
exceeding 102 ppb
(Chinese air quality
standard for ozone) in
August

Date
1
3
12
13
14
15

Figure 3 presents the different correlations between hourly
daytime CO and ozone observed at Chongming during HOP
and LOP. The coefficient of correlation is 0.75 during HOP,
decreasing to 0.52 during LOP. The stronger O3–CO correlation during HOP indicates the influences of anthropogenic
precursors on the production of ozone. Higher CO observed
at Chongming site also indicates the air masses during HOP
were mainly from the urban areas. The O3–CO correlation
slope is 0.13–0.15 ppb ppb−1, smaller than those in North
American (0.3–0.4 ppb ppb−1) (Mauzerall et al. 2000;
Pochanart et al. 2003), in consistence with the study by
Wang et al. (2006) in a rural area of Beijing.
Figure 4 presents hourly time series of temperature
(Fig. 4a), RH (Fig. 4b), and surface pressure (Fig. 4c) observed at Chongming in August 2010. During HOP defined
above, both daytime and nighttime temperatures are higher
than that in other days. The maximum temperature is 37 °C on
14–15 August. The RH at noon is much lower during HOP
than during other days. The minimum RH is 60 % on 14–15
August compared with the typical value of 80 % on other
days. There is an alternative pattern of low and high pressures
that can last for a few days each (Fig. 4c). Surface pressure is
relatively lower during HOP. We will show the association of
HOP and LOP with different weather patterns controlled by
the continental and marine air masses, respectively.
Diurnal cycles
Figure 5 presents the mean diurnal cycles of O3 (Fig. 5a), CO
(Fig. 5b), temperature (Fig. 5c), RH (Fig. 5d), surface pressure
(Fig. 5e), solar radiation (Fig. 5f), and wind speed (Fig. 5g),
respectively, averaged during HOP and LOP. During HOP,
ozone shows large diurnal changes. The lowest value
(<20 ppb) and highest value (>100 ppb) occur at 5–6 A.M.

Hours (O3 >102 ppb)
3
11
4
7
6
2

Fig. 3 The CO–O3 relationship observed at Chongming during HOP
and LOP in August 2010. The filled circle and solid line are for HOP,
and the open circle and dashed line are for LOP
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Fig. 4 Time series of air
temperature (a), RH (b), and
surface pressure (c) at
Chongming in August 2010. The
dashed lines indicate the noon of
day. The HOP and LOP are
indicated by the vertical lines

and 1 P.M., respectively. The diurnal cycle of CO is different
from that of O3. It increases gradually from midnight and
peaks at 8 A.M. with the highest value of 750 ppb, then it
decreases gradually in the daytime and reaches the lowest
value of 400 ppb at 8 P.M. and, afterwards, keeps nearly a
constant level to midnight. During LOP, the diurnal change in
O3 is much smaller with low value of ozone mixing ratios in
the nighttime (about 10 ppb) and a gradual increase in the
daytime (about 20 ppb). CO stays almost constant throughout
the day at a level of 150 ppb or so.
Temperature and RH shows large diurnal cycle with higher
temperature and lower RH in the daytime, while the diurnal
change of surface pressure is relatively small. Temperature has
a similar trend to that of solar radiation in the day except that the
peak time is different. Temperature peaks at noon and ozone
peaks 1 h later than temperature. This is different from the
measurements at a rural site near Beijing (Miyun) where ozone
peaks at 4 P.M. (Wang et al. 2010). It is mainly because the two
sites are in different latitudes with different weather systems
and emissions. The mean peaking temperature at noon during
HOP is about 4 °C higher than that during LOP. The difference
in RH between HOP and LOP occurs mainly in the daytime.
Corresponding to the temperature maximum, the minimum of
RH occurs at 11 A.M. The diurnal change of pressure is similar

during HOP and LOP, with higher pressure in the morning and
lower pressure in the afternoon. Surface pressure throughout
the day during HOP is about 4 hPa lower than that during LOP.
The peak solar radiation in HOP is slightly smaller than that in
LOP. The diurnal change of wind speed is similar during HOP
and LOP, with stronger wind in the daytime. During HOP, the
maximum wind speed (4 m/s) occurred at 12 P.M. and minimum
wind speed at 5 A.M. and 8 P.M., respectively. During LOP, the
maximum wind speed (2 m/s) occurred at 1 P.M. and minimum
wind speed at 5 A.M. The wind speed throughout the day during
LOP is about 1–2 m/s higher than that during LOP except at 7
and 8 P.M. (<0.5 m/s). The diurnal change in wind speed is
associated with thermodynamic circulation near the surface.
Wind
Wind is a key factor to indicate transport patterns. Figure 6
presents the wind rises during HOP and LOP. Winds are
mostly southerly during both HOP and LOP, indicating that
under the influence of the EASM, the ridge of the WPSH
has moved to the vicinity of Chongming in August.
However, during HOP, about 40 % of the time the winds
are from N–NNW–NW, indicating the influence of continental outflow at the site. During LOP, ESE–SE–SSE–S
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Fig. 5 Mean diurnal cycles of O3 (a), CO (b), air temperature (c), RH (d), surface pressure (e), solar radiation (f), and wind speed (g) at Chongming
during HOP and LOP in August 2010. The filled circle and solid line are for HOP and the open circle and dashed line are for LOP

winds are more frequent indicating the marine air inflow.
Although southerly wind blows >40 % of the time during
HOP and LOP, wind speed is quite different. During HOP,
the mean southerly wind speed is <1.4 m/s, while during
LOP, it is a factor of 2 higher, >2.8 m/s. The median
southerly wind speed has the same variations as the mean
speed between HOP and LOP. Smaller wind speed is favorable for the local photochemical production and accumulation of ozone.
In this section, we show that although the monthly mean
ozone mixing ratio is relatively low (34 ppb) at Chongming in
August, there are large day-to-day variations of ozone with
noticeable high ozone periods that typically last for 3–5 days
with daily peaking ozone levels exceeding 102 ppb and low
ozone periods with daily peaking ozone levels lower than
20 ppb. CO levels are much higher during HOP than those
during LOP, indicating that HOP are of anthropogenic origin.
Ozone and CO exhibited large diurnal variations during HOP,
while the diurnal variations of both species became much
flatter during LOP. The meteorological conditions are found

to be different. During HOP, northwesterly winds are more
frequent, indicating the influence of continental pollution. At
the same time, wind speed is small, suggesting a stable meteorological condition for accumulation of pollution plumes.

Discussion
Temporal correlation between ozone and meteorological
factors
The meteorological factors are closely associated with weather
patterns. Analyzing the correlations of ozone and meteorological factors will contribute to deeper understanding of the
influences of weather patterns on ozone variations. Figure 7
presents the correlation between daily maximum ozone and
selected meteorological factors: daily maximum temperature
(Fig. 7a), daily range of RH (Fig. 7b), and daily mean surface
pressure (Fig. 7c). The correlation coefficients between daily
maximum ozone and daily maximum temperature, daily range

4022

Fig. 6 Wind rose of wind directions at Chongming for HOP and LOP.
The ratio indicates the frequency of wind observed in each direction

of RH, and daily mean surface pressure are 0.8, 0.78, and
−0.54 respectively. Temperature is a key factor in determining
the reaction rates of key chemical reactions critical to the ozone
variations (Jacob et al. 1993; Xu et al. 2011). The strong
positive correlation between ozone and temperature is consistent with general understanding of ozone chemistry and dynamics that have been well documented by observations
worldwide (NRC 1991; Steiner et al. 2010; Xu et al. 2011).
Previous studies suggested that ozone would have a negative
correlation with RH due to the reaction of ozone with water
vapor (Davis and Speckman 1999; Elminir 2005), as RH
indicates water vapor content in the air. As RH is typically
lower in the day than that at night, the diurnal range of RH
becomes larger when daytime RH decreases. Therefore, the
strong positive correlation between daily maximum ozone and
the daily range of RH at Chongming is an alternative way to
show the negative correlation with ozone and daytime RH.
We find that the daily range of RH has a stronger correlation with daily maximum ozone than the daytime RH
does. The reason is that the daily range of RH better reflects

Fig. 7 a The relationship between daily maximum ozone (y-axis) and
daily maximum temperature (x-axis) observed at Chongming in August 2010. Each point refers to daily mean mixing ratios. Correlation
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the weather patterns resulting in ozone production. The
larger daily range of RH and higher daily maximum temperature indicate that the weather is under the control of
WPSH with clear sky, which features lower temperature and
higher RH at night. At noon, temperature rises rapidly, while
RH decreases sharply, resulting in higher daily maximum of
temperature and lower RH, favorable for ozone production.
This implies that the daily range of RH is a better factor than
daytime RH to predict maximum daytime ozone level over
the YRD region in summer.
Previous studies have found that high ozone pollution
events occurred preferably during high pressure conditions
(Hanna 1991; Xu et al. 1997, 2011; Eshel and Bernstein
2006). Wild et al. (2004), using a global chemical transport
model, suggested that the high pressure conduced to strong
ozone production over East Asia by keeping ozone and precursors within the boundary layer. The negative correlation
exhibited between ozone and surface pressure at Chongming
under the control of WPSH appears to be in contrary to this
general understanding. As WPSH is the prevailing weather
system over YRD in summer, surface pressure change is
associated with the change in the location and intensity of
WPSH, rather than driven by the shifts between transient high
and low pressure regimes. Therefore, the negative correlation
between surface ozone and surface pressure indicates the
effects of WSPH variation on ozone. An analysis of the
vertical variation of O3 and related meteorological factors is
conducted next to further investigate the mechanism.
Vertical variation of O3 and related meteorological factors
As we do not have in situ measurements of vertical profiles
of ozone and meteorological factors, the vertical distributions of ozone and meteorological factors from the GEOSChem model are used to further analyze the impact of
WSPH on ozone at Chongming. We first evaluate the model’s performance in simulating surface-level ozone and meteorological fields at Chongming by comparing model
results with observations (Fig. 8). The model well captures

coefficients (R) are shown in inset; b same as a, but for the daily range
of RH (x-axis); c same as a, but for daily mean pressure (x-axis)
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Fig. 8 Comparisons of observed and modeled day-to-day variations in surface ozone (a), air temperature (b), RH (c), and surface pressure (d).
Observations are indicated in solid lines and the GEOS-Chem model results in dotted lines
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the concentration levels and variations in surface O3 at
Chongming, with the correlation coefficient with observations of 0.72 and a mean positive bias of 3 ppbv. The GEOS5 assimilated meteorological fields used to drive the model
match well with observations, including temperature, RH,
and surface pressure, which are critical meteorological factors affecting O3 production. RH in the model is generally
5–10 % lower than observations.
In Fig. 9, we compare the daily (24 h) mean vertical profiles
of O3 (Fig. 9a), temperature (Fig. 9b), and RH (Fig. 9c) between HOP and LOP obtained from the GEOS-Chem model.
As illustrated in Fig. 9a, the vertical variation in O3 during HOP
is quite different from that during LOP. During LOP, the mean
ozone mixing ratio increases from about 20 ppb at 70 m (the
lowest model level) to 25 ppb at 200 m, then increases slowly
with altitude to 30 ppb at 2,000 m. During HOP, the mean
ozone mixing ratio increases rapidly from about 60 ppb at 70 m
to 80 ppb at 200 m and increases further to 87 ppb at 500 m,
then gradually decreases to 37 ppb at 1800 m with little changes
upwards. This vertical profile of O3 is associated with the
vertical profile of temperature (Fig. 9b). The temperature in
the boundary layer in HOP is about 2–5 °C higher than that in
LOP. The difference in temperature between HOP and LOP is
larger at the surface than in the middle and upper boundary
layer. In particular, temperature increases with height below
200 m during HOP.
The vertical profile of temperature is closely associated with
subsidence inversion caused by the subsidence flow under the
ridge of WPSH. When the intensity of WPSH decreases, the
subsidence flow become weaker and cannot penetrate to the
surface, resulting in a buildup of an isothermal or inversion
layer near the surface. The inversion layer suppresses vertical
motions and weakens the subsidence flow in the middle and
low level of WPSH. As a result of relatively high temperature
in the inversion layer, air density decreases, resulting in reductions of surface pressure and further decreases in the intensity
of WPSH. This corresponds to the temperature profile during
HOP and explains the negative correlation between ozone and
surface pressure. On the other hand, during LOP, the subsidence flow associated with a stronger WPSH bring free
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tropospheric air all the way down to the surface. As temperature increases during the subsidence, there is no inversion layer
at the surface. Corresponding to the vertical variation of temperature, the mean RH (Fig. 9c) during HOP decrease rapidly
from 72 % at 70 m to 60 % at 330 m and remains more or less
constant till 500 m, then gradually increases to 72 % at 1,200 m
and remains little changes upwards. The mean RH during LOP
is higher than that during HOP, and it gradually decreases from
85 % at 70 m to 70 % at 2,000 m. The differences of vertical
profiles for temperature and RH between HOP and LOP
suggest that the inversion layer near the surface as a result of
subsidence flow associated with the intensity of WPSH is
conducive to pollutant accumulation and photochemical production of ozone.
Circulation patterns
Figure 10 presents observed pentadly mean 850 hPa wind
fields in August 2010 for the large geographical regions influenced by EASM (NCC/CMA 2010). The first and third pentad
corresponds approximately to HOP while the second and
fourth pentad to LOP. The red dot on the figure indicates the
Chongming site, and the green box indicates the South China
Sea region with significant influences on EASM. Winds in the
low troposphere prevail southwesterly over Chongming during
HOP, compared to southeasterly during LOP. Over the South
China Sea, winds are strong southerly and southwesterly respectively during HOP and LOP. Figure 11 presents the mean
wind fields at the surface overlaid with surface ozone (Fig. 11a,
b), air pressure (Fig. 11c, d), and air temperature (Fig. 11e, f)
from the GEOS-Chem model averaged during HOP and LOP,
respectively. During HOP (left panels of Fig. 11), the center of
WPSH is to the southeast of the YRD region (Fig. 11c). The
region is predominated by SW winds with smaller wind speed,
lower surface pressure, and higher temperature, which are
favorable for high ozone episodes. During LOP (right panels
of Fig. 11), the center of WPSH is to the northeast of YRD
region (Fig. 11d). The region is controlled by SE winds with
stronger wind speed, higher pressure, and lower temperature.
The EASM transports maritime air with less abundance of

Fig. 9 Mean vertical profiles of O3 (a), air temperature (b), and RH (c) at Chongming during HOP and LOP in August 2010. Solid lines are for
HOP and dotted lines for LOP
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Fig. 10 Pentadly mean 850 hPa wind fields (NCC/CMA) for 1–5 August (upper left), 6–10 August (upper right), 11–15 August (bottom left), and
16–20 August (bottom right), 2010. Red point indicates the Chongming site. Green box indicates the South China Sea monsoon monitoring area

ozone and ozone precursors. The inflow of clean marine air
results in less ozone production at the site. The intensity of
WPSH is coincident with surface pressure change at
Chongming. During HOP mean surface pressure at
Chongming is about 6 hPa lower than that during LOP, resulting in the negative correlation between ozone and surface
pressure presented before.
Influence of emissions
In order to separate the influence of anthropogenic emissions on ozone variability, a sensitivity simulation was conducted in which anthropogenic emissions of ozone
precursors (NOx, VOCs, and CO) from the YRD region
were zeroed out in the GEOS-Chem model. The day-today variations of O3 and CO at Chongming site from the
standard and sensitivity simulation were compared in
Fig. 12a and b, respectively. During HOP, the mean mixing
ratios of O3 and CO are reduced by 36 and 246 ppbv,
respectively, in the sensitivity simulation compared to the
standard simulation. During LOP, the reductions are much
smaller, about 4 ppbv for O3 and 56 ppbv for CO. The
difference in model results indicates that anthropogenic
emissions in YRD contribute to 52 % of surface ozone
concentrations during HOP, whereas their contribution
reduces to only 15 % during LOP. Given that anthropogenic

emissions do not change from LOP to HOP, the different
contributions of emissions to ozone between LOP and HOP
suggests that surface ozone at Chongming in August is very
sensitive to meteorological conditions associated with the
variability of WPSH. When the center of WPSH is to the
southeast of Chongming site with reduced intensity and
weaker subsidence, which is the meteorological conditions
during HOP, it is conducive for accumulation of anthropogenic emissions in YRD and for production and accumulation of O3. On the other hand, during LOP, stronger WSPH
located to the northeast of Chongming with southeasterly
winds and stronger subsidence results in efficient dispersion
of local anthropogenic emissions. Therefore, local anthropogenic emissions make significant contributions to surface
ozone concentrations only during HOP.
In August, the weather in east China is under the control
of WPSH. The weather conditions during HOP are quite
different from that during LOP. On one hand, the vertical
profiles of temperature and RH are different. During HOP,
the inversion or isothermal layer (below 500 m) at
Chongming results in the weather pattern characterized by
higher temperature and lower RH. During LOP no inversion
or isothermal layer occurs and the weather pattern is characterized by lower temperature and higher RH. The inversion or isothermal layer results in trapping of pollutants such
as anthropogenic emissions including ozone precursors
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Fig. 11 Mean wind fields atop the filled contour plots of surface O3 (a, b), surface pressure (c, d), and air temperature (e, f) in August 2010. The
left panels are mean model fields during the HOP, and the right panels are for LOP. White or red triangle indicates the Chongming site

close to the ground and suppresses vertical mixing by making the surface air more stable. On the other hand, the
circulation patterns are different. The weaker SW winds

with aged urban pollution and stronger SE wind with clean
maritime air prevail during HOP and LOP respectively.
During HOP, the stagnant condition is favorable for ozone
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Fig. 12 Comparisons of
observed and modeled day-today variations in surface ozone
(a) and CO (b). Observations
are indicated in solid lines and
the GEOS-Chem model results
in dash lines (standard simulation) and dotted lines (sensitive
simulation)

production and accumulation of ozone precursors and ozone.
Model sensitivity simulation suggests that surface ozone at
Chongming in August is very sensitive to meteorological
conditions. Local anthropogenic emissions make significant
contributions to surface ozone concentrations only during
HOP when the center of WPSH is to the southeast of
Chongming with reduced intensity and weaker subsidence.

Concluding remarks
In summer, with the development of the summer monsoon,
WPSH moves northwesterly and increases in intensity. In
August, the ridge of WPSH moves to the vicinity of 30°N
above the YRD region. We find that ozone mixing ratios at
Chongming in August 2010 are strongly correlated with the
location and intensity of the center of WPSH. The day-to-day
variations of ozone mixing ratios are characterized by noticeable HOP that typically lasted for 3–5 days with daily peaking
ozone levels exceeding 102 ppb (Chinese air quality standard
for ozone) and LOP with daily peaking ozone levels lower
than 20 ppb. When the center of WPSH with weaker intensity
is to the southeast of Chongming site, the mixing ratios and
variability of surface ozone are higher. When the center of
WPSH with stronger intensity is to the northeast of
Chongming site, the mixing ratios and variability of surface
ozone are lower. The vertical profiles of air temperature and
RH show that inversion layer occurs at the ground layer

during HOP. On one hand, the inversion layer is favorable
for accumulation of primary pollutants such as CO in the
boundary layer during HOP. On the other hand, the inversion
layer weakens the intensity of WPSH by preventing subsidence flow and decreases the air density due to its relatively
high temperature. As a result, the inversion layer causes
reductions in surface pressure, which explains negative correlation between ozone and surface pressure at the site. Local
anthropogenic emissions make significant contributions to
surface ozone concentrations only when the center of WPSH
is to the southeast of Chongming with reduced intensity and
weaker subsidence. During LOP, southeasterly wind carries
relatively clean marine air mass to Chongming unfavorable
for local photochemical production of ozone, while southwesterly wind during HOP carries aged urban pollution
plumes from YRD to Chongming resulting in the incidence
of high levels of O3. Sensitivity simulations using the GEOSChem chemical transport model confirm that meteorological
condition associated with WPSH is the primary contributor to
ozone pollution events observed at Chongming in August.
The EASM has a considerable influence on the weather
over East China. In August, the WPSH, which is one of the
most important components of EASM, is the crucial weather
system affecting the weather over YRD region resulting in
enhancement of surface ozone mixing ratios. The analysis of
our work suggests that strategies to minimize ozone pollution
over YRD region and Shanghai in summer should focus on the
times when the intensity of WPSH are observed or predicted to
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weaken due to the occurrence of the inversion or isothermal
layer in the surface layer and when winds turn westerly.
Reduction in emissions of O3 precursors during such times is
likely to be most cost effective measures to reduce summertime
incidence of high levels of O3 over this region.
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