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ABSTRACT

Near surface ozone, NO, NO2, and solar radiation levels were measured during late 2003
and early 2004, in the urban area of Jinan, China. Ozone levels were relatively low
throughout the study period, while NO were relatively high compared with other cities
in the world. Statistical analysis of ozone showed a typical diurnal variation pattern of
urban areas in Jinan, with the maximum in the afternoon and minimum in the early
morning before sunrise. Analysis of ozone levels and solar radiation data in the daytime
8 h (08:00-16:00) shows that the variation of ozone follows solar radiation with a delay
of about two hours, with both showing similar behavior. Further studies indicate that
solar radiation is a signi®cant impact factor for the daytime variations of ozone
concentrations in Jinan, especially in the morning hours. Regression analysis of ozone
level and NO2/NO concentration ratio shows that they correlated well with each other.
In late winter and early spring days local eects play a major role in determining ozone
concentrations in Jinan.
x

Surface ozone; Photochemical pollution; Ozone variation; Pollutant
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INTRODUCTION

Ozone (O3) is one of the important secondary air pollutants because it is
harmful to humans and plants at high concentrations (e.g. Burnett et al., 1997;
Manning, 2003; Kim et al., 2004). The study of ozone levels and development
has become a popular topic. Ozone and related trace gases and meteorology
have been systemically monitored (e.g. Croes and Fujita, 2003; Hidy 2000;
Solomon; 2000); factors and processes aecting ozone formation and
accumulation have been extensively analyzed (e.g. Kleinman, 2005; So and
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Wang, 2003; Wang, et al., 2001; Bloom®eld et al., 1996), and the adverse eects
of ozone pollution on human health and plants has been comprehensively
studied around the world (e.g. Rabl and Eyre, 1998; Arbaugh, et al., 1998;
Musselman and Minnick, 2000). However, each geographical region has distinct
characteristics that require independent interpretation of the ozone chemistry,
precursor emissions, and meteorology.
In the lower troposphere, ozone is mainly produced by photochemical
reactions, it is formed by the action of UV light from the sun on nitrogen oxides,
and the reaction is in¯uenced by VOCs, CO, etc. Its production and
concentration depend on the UV light and the presence of primary pollutants
(e.g. NO, NO2, CO, VOCs, etc.), which are released from various natural and
anthropogenic processes. Studies have shown that the ozone production does
not increase linearly when the precursors are increased (e.g. Dimitriades, 1977).
Urban ozone formation is a complex phenomenon, therefore, many researchers
have tried to study urban ozone levels along with their related meteorological
factors and ozone production precursors, as well as their interrelationships (e.g.,
Abdul-Wahab et al., 2005). In recent years, the rapid economic development in
China has brought drastic atmosphere pollution incidents. Major cities, such as
Beijing, Shanghai, Hong Kong, Tianjin, Lanzhou, and Jinan, are faced with
photochemical threat, and high ozone concentrations are reported frequently
(He and Huang, 1995; Cheung and Wang, 2001; Lu et al., 2002; Xu et al., 1999;
Yin et al., 2006). However, there are limited reports on surface ozone observed
data in the urban sites of China mainland.
Surface ozone is mainly monitored in industrialized and relatively highlypopulated continental regions because of its potential impact on human health
and vegetation (Duenas et al., 2004). Jinan 2is the capital of Shandong Province
in East China, with an area of 8, 227 km and a population of 5.53 million,
including 2.57 million urban people. This city, like other big cities in China,
faces air pollution problems. Coal is the leading fuel in Jinan, which accounts
for more than 70% of the total energy. Coal burning discharges hundreds of
kilotons pollutants every year and is widely used for power heating. In recent
years, with the rapid increase in the number of motor vehicles, an evident
change is taking place in the characteristic of air pollution in Jinan. Surface
ozone has obviously increased, so some areas of the city present symptoms of
photochemical smog (Yin et al., 2006). However, until recent years there have
been scarce systematic simultaneous measurements of surface ozone and its
precursor gases in this city.
In order to study the ozone tendency in the urban area in Jinan, it is necessary
to have a complete understanding of the relationship between ozone tendency
and variations of meteorological factors and ozone precursor concentrations.
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We have reported high ozone concentrations of nearly 300mg/m3 caused by
favorable meteorological factors and precursor conditions (Shan et al, 2006). In
this study, we present measurements of ozone, NO, NO2, and solar radiation
obtained in the urban area of Jinan during a period when coal ®red heat was
used from November 2003 to March 2004. These measurements will not only
help to study the urban air quality but will also be useful in studying the changes
in the chemical composition of the regional atmosphere and adopting ecient
pollution control measures. The data from this study were used to characterize
the levels and variations of ozone, NO, NO2 and NO (NO + NO2), and to
analyze the correlation of ozone and NO2/NO; ozone and solar radiation. On
the basis of the above studies, a simple ozone prediction model was constructed
and tested.
x

EXPERIMENTAL
Study site

Measurements were carried out on top of the building of the Environmental
Science and Engineering college (36842' N, 117808' E, 34.5m a.s.l.), on the
campus of Shandong University, which is in the eastern area of Jinan (Fig. 1),
with a yearly average temperature of 14¡ñ and an annual mean precipitation of
650-700 mm. Three directions of the city are surrounded by mountains, and in
the north is the Yellow River embankment, making Jinan a basin location. The
unfavorable local topography means pollutants easing accumulate in the urban
area.

A map showing Jinan, the observational sites, and major air pollution sources.
Shandong University is the observation site of pollutants (O3, NO, NO2);
Jinan Environmental Monitor Station is the observation site of solar radiation.

Fig. 1.
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Measurement techniques

Ozone was continuously measured using a UV photometric analyzer (Thermo
Environmental Instruments, model 49C). The limit of detection is 2 ppbv
(signal-to-noise ratio (S/N) = 2, 2-min average) and the precision is +2 ppbv.
NO and NO2 were continuously determined with a chemiluminescence analyzer
(Thermo Environmental Instruments, model 42S). These instruments were
operated continuously operating every day for 24 h. The interval of each
measurement was 1 min and the data presented in this paper are hourly
averaged values. Air samples were collected through Te¯on inlet tubes. The
height of the air intake was 8.5 m above the ground. The solar radiation data
were obtained from the Jinan Environmental Monitor Station, which is about
1.5km south-west of the pollutant monitoring site. Microsoft Excel 2003 and
Microcal OriginPro 7.0 were used as statistics, analysis and graphing software.
RESULTS AND DISCUSSION
Temporal variation of ozone

The ozone levels in Jinan were analyzed statistically hourly, daily and monthly
from November 2003 to March 2004 when coal-®red boilers are used for
heating.
Table 1 shows some statistical characteristics of the hourly average ozone
concentrations, these statistics reveal rather low ozone pollution in the
monitoring period. 3The maximum hourly averaged ozone concentration in this
period is 185.54g/m (86.70ppbv), occurring on November 30, 2003, lower than
the US National Ambient Air Quality Standards (NAAQS) for ozone (1-h 120
ppbv). Many previous studies have pointed out that, due to the in¯uence of the
Asian monsoon winter is the season with the lowest ozone levels in this region
(e.g. Cheung and Wang, 2001), and since the monitoring was mainly done in
winter, the obtained ozone values are relatively low. The low ozone levels also
indicate that, the eect of heating in winter to ozone pollution is not as
signi®cant as meteorological factors.
There is a very clear variation of surface ozone concentration over the ®ve
months monitored. Ozone levels in November 2003 slowly decreased through
December 2003, and then continuously increased (see Fig. 2). 3The minimum
daily averaged ozone concentration in this period was 5.37
mg/m , observed on
3
December 5, 2003, while the maximum was 117.35mg/m , observed on March
15, 2004. A polynomial ®t of the daily values of ozone concentration is shown in
Fig. 2, the correlation coecient is 0.76.
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Table 1: Statistical results of measured ozone concentrations
from November 2003 to March 2004 in Jinan
Parameter

Nov-03

Mean (g/m3)

Median (g/m3)
Min (g/m3)
Max (g/m3)
SD
n

23.76
15.77
2.62
185.54
22.76
720

Dec-03

20.73
15.98
3.44
70.97
15.22
737

Jan-04

27.91
18.84
1.80
112.76
24.44
741

Feb-04

44.18
38.14
1.66
132.94
34.61
696

Mar-04

69.12
69.00
2.10
150.78
37.38
742
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Fig. 2.

Daily averaged ozone concentrations in November 2003-March 2004.

In general, ozone variation over the diurnal scale can provide insight into the
interplay of emissions, and chemical and physical processes that operate on a
diurnal cycle. Ozone levels tend to follow the solar radiation intensity, resulting
in higher ozone concentrations during the daylight period (US EPA, 1996). A
clear diurnal cycle of ozone can be seen from Fig. 3, which shows the diurnal
statistics including maximum, mean, median, minimum, central 50%, 90%, and
98% of the data for each hour. The diurnal ozone variation observed in Jinan
shows the typical pattern for urban areas, similar to that observed in other
cities, such as Malaga (Duenas et al., 2002), Marseilles (Pont and Fontan, 2001),
and Pune (Khemani et al., 1995). Except for 14:00, the median value in all hours
of the day is lower than the mean value, which means that there is a larger
percentage of data with low values in the monitoring period. The trends for each
parameter were almost identical, increasing from 07:00 to afternoon, peaking at
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13:00-15:00, and then decreasing until 19:00. Ozone levels are observed to be
relatively steady at night, as there is no photoxidation of precursors causing
ozone formation (Lal et al., 2000). However, from 02:00 the values continuously
decreased at a low rate. This loss of ozone is attributed to in situ destruction of
ozone by the well-known reaction between ozone and NO, and the surface
deposition. Ozone maintained a relatively low value in nighttime, and the
minimum value in the day was observed during early morning hours, near
sunrise, although concentrations of NO and NO2 were very high at that time
(see Fig. 5). Chemical loss of ozone by nitrogen oxides is one reason for the low
levels of ozone in the early morning, as well as meteorological factors (low
temperature, light wind, development of a nocturnal inversion layer, etc.).
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Fig. 3.

Diurnal variations of ozone concentrations in November 2003-March 2004.
Correlation of ozone and solar radiation

Generally, ozone is formed primarily through the action of UV light, hence it
would be expected that the variation of ozone concentrations follow solar
radiation. Fig. 4 shows the varying concentration of ozone and intensity of solar
radiation from 8:00 to 16:00 in February-March 2004. It can be seen that, the
varying tendency of hourly averaged ozone concentrations was consistent with
solar radiation, though it was delayed about two hours. So we calculated the
correlation between solar radiation from 08:00 to 14:00 and ozone
concentrations from 10:00 to 16:00, with the result that the correlation
coecient is 0.90. Solar radiation reaches its peak value at 12:00, and then
decreases sharply in the afternoon, but ozone was almost constant from 14:00 to
15:00. In the afternoon, due to the higher temperature, variations of ozone
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precursors and other factors, ozone does not correlate with solar radiation as
well as in the morning. When the correlation between solar radiation from 08:00
to 12:00 and ozone concentrations from 10:00 to 14:00 was calculated, a
correlation coecient of nearly 1.00 was obtained. The results suggest that solar
radiation is one of the most signi®cant in¯uences for the daytime variations of
ozone concentrations in Jinan, especially in the morning hours.
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Hourly variations of ozone and solar radiation
from 8:00 to 16:00 in February-March 2004.

Fig. 4.

Correlation of ozone and nitrogen oxides

Ozone is a secondary pollutant, primarily in¯uenced by two independent groups
of factors: emission rates of its precursors and meteorological conditions. It is
well known that the ozone generation rate relates to these factors in a complex
way. Many studies have shown that NO and NO2 are the principal precursors of
ozone (e.g. Kleinman, 2005). According to the observed diurnal variation of
ozone, the daytime data set brackets the photochemically active period of the
day that aects the relationship between ozone and ozone precursors. Hence,
the collected data for ozone, NO, NO2, and NO (NO + NO2) during the
daylight 8 h (08:00-16:00) were compared.
The measurements showed that there were relatively low ozone levels
accompanied by high NO levels during this period in Jinan. Fig. 5 shows the
variations of hourly averaged ozone, NO, NO2 and NO concentrations from
8:00 to 16:00 in February-March 2004. NO, NO2 and NO all showed high
levels in the morning hours, which was dierent from ozone, and NO reached its
peak value earlier than NO2 (09:00). High levels of primary pollutants (NO,
x

x

x

x
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NO2, NO ) indicated the accumulation of locally emitted pollutants in the
shallow boundary layer, especially pollutants emitted by the busy trac in the
morning. Ozone had an opposite trend mainly due to surface deposition and
titration by NO in the night (Cheung and Wang, 2001). In the reaction of NO
with ozone, NO is oxidized to NO2 by ozone, so the maximum value of NO2
appeared later than NO. Due to the photochemical processes in the daytime,
ozone levels continuously increased from morning to afternoon, while NO
levels continuously decreased from 09:00 to 15:00. Again there were obvious
dierences in the variations of ozone, NO, NO2 and NO levels between clear
days and cloudy days, variations in clear days were smooth, but on cloudy days
were ¯uctuating. These dierences also indicate that solar radiation is an
important factor for the variation of ozone levels.
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Fig. 5.

Hourly variation of ozone, NO, NO2 and NO concentrations
from 8:00 to 16:00 in February-March 2004.
x

In the presence of solar energy, h, NO2 molecules may dissociate into NO
and O, then the recombination of O and O2 will occur when any other gaseous
molecule (M, usually N2, O2, or H2O in air) collides with them. On the other
hand, the NO molecule may undergo a rapid reaction with ozone molecules.
The balance of these reactions is dependent on the solar energy and NO
available. The well-known photooxidation cycle can be expressed as follows:
1
NO2  h ! NO  O 3 P
O 3 P  O2  M ! O3  M
2
NO  O3 ! NO2  O2
3
x
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In the absence of other processes to convert NO to NO2 and assuming steadystate conditions, equations (1)-(3) can be written as:
4
O3  K 2 No2=NO
K  Rate coefficient for reaction 1=Rate coefficient for reaction 3
5
It is assumed that K is constant with height in the lower troposphere (Syri et
al., 2001; Barrett et al., 1998). In this study, the relationship between ozone level
and NO2/NO concentration ratio was analyzed and discussed according to the
observed data at Jinan from 08:00 to 16:00 in February- March 2004. The
correlation coecient of linear ®tting analysis is 0.86, showing that ozone level
and NO2/NO ratio correlated well with each other. Further analysis showed
that the correlation coecient in clear days is higher than in cloudy days. The
results indicate that, in late winter and early spring local eects, such as
reactions with pollutants from nearby emission sources, play a major role in
determining ozone concentrations in Jinan.
There are topographic and meteorological reasons for the air pollution of
Jinan. This city is in a basin location, surrounded by mountains and the Yellow
River embankment. The unfavorable local topography makes pollutants
dicult to disperse from the urban area. Considering the meteorology, the
frequency of light wind and nocturnal inversion is very high in the winter in
Jinan, thus the air is steady, which is quite unfavorable for the diusion of the
pollutants. Unreasonable distribution of urban industry is also an important
factor for the air pollution of the city. The dominant wind direction in Jinan is
northeast and southwest, but some industrial parks and several industrial
manufacturers are located in these parts of the city (see Fig. 1), which
aggravates the air pollution of the urban area.
CONCLUSION

In this study, we present the observational data of near surface ozone, NO,
NO2, and solar radiation during late 2003 and early 2004, in the urban area of
Jinan, China. The obtained ozone values are relatively low, which indicates that
the impact of using coal ®red in winter on ozone pollution is not signi®cant
compared to meteorological factors. There is a very clear variation in the
surface ozone levels throughout this period, and the lowest average ozone value
is in the December. Ozone exhibited a typical diurnal variation pattern in urban
Jinan, with the maximum in the afternoon and minimum in the early morning
before sunrise.
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Analysis of the variation of ozone and solar radiation in the daytime 8 h
(08:00-16:00) shows that they have a similar tendency with ozone levels delayed
about two hours. Clear vs. cloudy day studies showed that solar radiation has a
signi®cant in¯uence on the daytime ozone concentrations in Jinan, especially in
the morning hours.
Measurements showed that there were relatively low ozone levels
accompanied with high NO levels during this period in Jinan. NO, NO2 and
NO all showed high levels in the morning hours, which indicates the
accumulation of locally emitted pollutants in the shallow boundary layer,
especially pollutants emitted by the busy trac in the morning. Ozone had an
opposite trend with NO mainly due to surface deposition and titration by NO
in the night. Regression analysis of ozone level and NO2/NO concentration
ratio shows that they correlate well with each other, which indicates that in late
winter and early spring local eects, such as reactions with NO from nearby
emission sources, play a major role in determining ozone concentrations in
Jinan.
x

x

x

x
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