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ABSTRACT

A 3-D chemical transport model (OSLO CTM2) is used to investigate the impact of the increase of
NOx emission over China. The model is capable to reproduce basically the seasonal variation of surface
NOx and ozone over eastern China. NOx emission data and observations reveal that NOx over eastern
China increases quite quickly with the economic development of China. Model results indicate that NOx

concentration over eastern China increasingly rises with the increase of NOx emission over China, and
accelerates to increase in winter. When the NOx emission increases from 1995 to its double, the ratio
of NO2/NOx abruptly drops in winter over northern China. Ozone at the surface decreases in winter
with the continual enhancement of the NOx level over eastern China, but increases over southern China
in summertime. It is noticeable that peak ozone over northern China increases in summer although
mean ozone changes little. In summer, ozone increases in the free troposphere dominantly below 500 hPa.
Moreover, the increases of total ozone over eastern China are proportional to the increases of NOx emission.
In a word, the model results suggest that the relationship between NOx and ozone at the surface would
change with NOx increase.
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1. Introduction

In the past more than 20 years, the energy con-
sumption and pollutant emissions of China have in-
creased dramatically with its fast economic develop-
ment (Kato and Akimoto, 1992; Bai, 1997). Espe-
cially, as more and more families own cars with the
increase of their income now, NOx emission over east-
ern China must rapidly increase (Elliot et al., 1997).
Because of increasing pollutant concentrations, the en-
vironment in China is changing. For example, the con-
centration of surface ozone in China is high enough to
exert an influence on the output of winter wheat in
China (Chameides et al., 1999). NOx (NO+NO2) is
one of the main pollutants in the air and one of the
very active trace gases. It can cause acid rain and form
an aerosol composite of nitrogen, and has a great im-
pact on ozone concentration (Sillman et al., 1990) and
the oxidizing power of the atmosphere, which can lead
to changes of the lifetime and concentration of many
traces, such as CH4, etc. (Karlsdottir and Isaksen,

2000; Berntsen et al., 1997). Meanwhile, high NO2

concentration can also harm human health.
NOx and other ozone precursors affect ozone in the

troposphere (Sillman et al., 1990). There have been
many studies about the ozone and its precursors in
China (Zhou et al., 1993; Yan et al., 1997; Berntsen
et al., 1996; Yang et al., 1999; Luo et al., 2001; Zhu,
2002; Wang, 2002; Yang et al., 2002; Wang et al.,
2003). Berntsen et al. (1996) showed that under the
conditions of doubling and redoubling anthropogenic
emissions of 1980 in Asia, the increase of pollutant
emissions result in significant increase of ozone at the
surface and in the upper troposphere through highly
efficient convective activities over Asia in August. Luo
et al. (2000) indicated that peak ozone during high
ozone episodes would respond to changes in VOC and
NOx emission in a spatially inhomogeneous manner.
Namely, rural areas in southern China tend to be NOx-
limited, but rural areas in northern China tend to be
VOC-limited.
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Figure 1.The seasonal variation of observed surface NOx and ozone (left) at Lin’An  
(unit: ppbv); The seasonal variation of modeled surface NOx and ozone  
(right) at Lin’An (unit: ppbv). The upper are NOx, and the bottom ozone.           

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
      Figure 2. Distribution of surface NOx and ozone over east and south Asia,  
              (a) NOx in January, (b) NOx in July, (c) ozone in January, and  
      .       (d) ozone in July.  
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Fig. 1. The seasonal variation of observed surface NOx and ozone (left) at Lin’an (units: ppbv);
The seasonal variation of modeled surface NOx and ozone (right) at Lin’an (units: ppbv). The
upper are NOx, and bottom ozone.

However, the above studies have mostly focused on
high ozone episodes at the surface, and stressed that
VOC and NOx induce ozone production. In this pa-
per, we simulate the impact of NOx change on ozone
and OH over China with NOx emission of different
periods, and examine model results with observations.
We wish to comprehend completely the mechanism of
the impact of NOx change on ozone, namely, the spa-
tial, seasonal, and diurnal change.

2. NOx emission over China and experimental
setup

The detailed introduction about OSLO CTM2 can
be found in Sundet (1997), Jonson et al. (2001), and
Liu et al. (2003a, b). The NOx emission of 1987 in
China is from Kato and Akimoto (1992), and the NOx

emissions of 1992–1995 are from Bai (1996). The anal-
yses of NOx emission data show that amount of NOx

emission of 1987 over China is 2.59 Tg (N) yr−1; that of
1992, 3.98 Tg (N) yr−1; and that of 1995, 5.79 Tg (N)
yr−1. Compared with that of 1987, NOx emission of
1992 represents an increase of 53.7%, and that of 1995
of 122%. The increase mainly occurs in Northeast and
East China. It is equivalent to 10.7% growth per year.
If the growth rate of NOx emission continues, the NOx

emission of 2005 in China will be double that of 1995.
Based on the above analyses, three experiments are

performed. The first one is under the condition of NOx

emission of 1987 over China, the second one is under
that of 1995, and the third one is under the condition
of the double NOx emission of 1995. Every experi-
ment runs for 15 months, and the results of the last
12 months are analyzed.

3. Comparing model results with observations

Figure 1a shows the seasonal variation of observed
surface NOx at Lin’an County from June 1999 to June
2000, which is a regional background site (30◦25′N,
119◦44′E, altitude: 132 m). The observed NOx shows
that there is a peak in December and January of 17.9
ppbv. Moreover, the NOx concentration is low in sum-
mer with a value of 5.6 ppbv because NOx is oxidized
more rapidly under the circumstance of the strong sun-
light and oxidizing power of the atmosphere. Figure
1b depicts the seasonal variation of simulated surface
NOx at Lin’an under the condition of the NOx emis-
sion of 1995, from which it can be seen that the model
results reproduce the main features of the observation
that the peak occurs in December and January, and
the low concentration in summer. But the modeled
NOx is lower than the observation. The reason for the
relatively low concentration is the growth of NOx emis-
sion. Figure 1c depicts the seasonal variation of ob-
served surface ozone at Lin’an, from which it is found
that there are two peaks in May, and September and
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Fig. 2. Distribution of surface NOx and ozone over East and South Asia of 1987, (a) NOx in
January, (b) NOx in July, (c) ozone in January, and (d) ozone in July.

October, respectively. Moreover, the ozone concen-
trations are low in summer and winter. Figure 1d
shows the seasonal variation of simulated surface ozone
at Lin’an under the circumstance of NOx emission of
1995. The two peaks appear in May, and August and
September, respectively. Although the modeled ozone
peak in August and September occurs a little earlier
than the observation,the model results basically reflect
the pattern of the ozone seasonal variation. The com-
parison of the observations and the model results indi-
cates that the latter can basically reproduce the pat-
tern of seasonal variation of ozone and NOx over east-
ern China. Therefore, we further analyze the model
results to understand the spatial and seasonal changes
due to NOx increase over eastern China.

4. Results and discussions

Figure 2 shows distributions of simulated NOx and
ozone at the surface under the conditions of the NOx

emission of 1987. In eastern China, the highest NOx

concentration happens in winter and the lowest in
summer, with the maximum of 5 ppbv in January and
2.5 ppbv in July, respectively. From Figs. 2c and 2d, it
is found that the seasonal variation of surface ozone is
very obvious in eastern China. There is a low center of

ozone with a value of 35 ppbv in January, but a high
center of ozone happens in the Yellow Sea and Bohai
Gulf with the maximum of 60 ppbv in July.

Figure 3 displays the change of NOx, ozone, and
OH at the surface due to the increase of NOx emis-
sion in China from 1987 to 1995. From the figure, it
is found that NOx concentration significantly increases
in Northeast, North, and East China with the maximal
increase of 13 ppbv in January, and in North and East
China with the maximum of 4 ppbv in July. Ozone
in eastern China changes obviously with the increase
of NOx (see Figs. 3c and 3d). In January, the surface
ozone decreases in Northeast, North, and East China
with the maximal decrease of 20 ppbv, while surface
ozone in southern China increases with the highest in-
crease of 6 ppbv. In July, ozone concentration signifi-
cantly increases in eastern China. The center of ozone
increase is located to the west of the high center of
NOx increase with a concentration of 11 ppbv.

OH is one of the very importantand active oxidants
in the troposphere. It can react with manyatmospheric
trace components, and influences the lifetime and the
concentrations of these components. OH is mostly pro-
duced through the reaction between excited oxygenic
atoms produced by ozone photolysis and vapor in atm-
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      Figure 3. The change of surface NOx, ozone and OH under the conditions of NOx emission 
              of 1995 and 1987,（a）NOx in January, (b) NOx in July, (c) ozone in January, 
               (d) ozone in July, (e) OH in January, (f) OHe in July.   
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Fig. 3. The change of surface NOx, ozone, and OH under the conditions of NOx emission of 1995
and 1987, (a) NOx in January, (b) NOx in July, (c) ozone in January, (d) ozone in July, (e) OH in
January, (f) OH in July.

osphere. So the concentration and distribution of OH
alter along with ozone changes. Figure 3e shows that
surface OH increases in southern China with the max-
imum of more than 80% in January while the concen-
tration of surface OH in Northeast, North, and East
China decreases with the biggest decrease of 60% due
to the reduction of ozone. Figure 3f displays that there
are two centers of surface OH increase in July with
80%, which are located in Northeast and Southwest

China, respectively.
The mechanisms of ozone production and loss in-

duced by NOx together affect ozone concentration,
namely, as follows: Circle 1 is ozone production;Circle
2 is ozone destruction. Usually, it is thought that Cir-
cle 2 occurs at night and in weak sunlight. In fact, the
mechanism of NOx to ozone destruction takes effect
all day, and its role enhances with NOx increase. With
NOx increase, the period of “weak sunlight” becomes
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          Figure 4. The seasonal variations of NOx, NO2/NOx and Ozone under  
                  the cases of NOx emission of 1987, 1995, and double that of  
                  1995, solid line (open circle) for double that of 1995, long dished 
                  line (solid circle) for 1995, short dished line (open square) for 1987. 
                  (a) and (b) for NOx; (c) and (d) for NO2/NOx; (e) and (f) for ozone. 
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Fig. 4. The seasonal variations of NOx, NO2/NOx, and ozone under the cases of NOx emission
of 1987, 1995, and double that of 1995; solid line (open circle) for double that of 1995, long dished
line (solid circle) for 1995, short dished line (open square) for 1987. (a) and (b) for NOx; (c) and
(d) for NO2/NOx; (e) and (f) for ozone.

longer in a day. The intensity of sunlight controls the
impact of NOx on mean and peak ozone concentration.
This is in good agreement with the results of Luo et al
(2000) which stated that rural areas in southern China
tend to be NOx-limited for peak ozone, but rural areas
in northern China tend to be VOC-limited.

HO2 + NO→ NO2 + OH

RO2 + NO→ NO2 + RO

2×)NO2 + hν → NO + O

RO + OH + O2 → RO2 + HO2

+) 2×)O + O2 + M→ O3 + M

net: 3O2 + hν → 2O3 Circle (1)

NO2 + O3 → NO2 + O2

+)NO2 + O3 → NO3 + O2

net: NO + 2O3 → NO3 + 2O2 Circle (2)

In order to investigate seasonal variations of NOx

and ozone under the conditions of three scenarios of
NOx emission, the seasonal variations at two surface
sites are analyzed (Fig. 4). The model results show
that NOx increases most rapidly in winter in a non-
linear manner; especially under the condition of dou-
ble NOx emission of 1995 the concentration increase
of NOx overpasses the increase of NOx emission. The
model results are in good agreement with the observed
maximal increase of NOx at Lin’an in winter (Yan et
al., 1997; Luo et al., 1998; Wang et al., 2003). NOx

is finally transformed into HNO3 by the reactions in
which ozone is produced by Circle (1), and depleted by
Circle (2). The rapid increase of NOx in winter is be-
cause that ozone increase from Circle (1) is less than
ozone loss from Circle (2) with the enhancement of
NOx emission under the condition of weak solar radi-
ation. Meanwhile, the concentration of OH decreases
with the reduction of ozone, and the atmospheric ox-
idizing power is weakened. Consequently, the NOx
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         Figure 5. The diurnal variation of surface ozone (35°N,120°E), (a) July; (b) January. 
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Fig. 5. The diurnal variation of surface ozone (35◦N, 120◦E), (a) July; (b) January.

chemical transformation further decelerates. The ratio
of NO2 to NOx becomes smaller (Figs. 4c and 4d), es-
pecially in northern China. This is a positive feedback
mechanism.

In the early 1990s, the observations of ozone in
China show enhanced levels probably due to photo-
chemical reactions (Zhou et al., 1993). But in the late
last 1990s, Luo et al. (1998) showed that ozone con-
centration decreases with NOx increase in winter at
Lin’an. The negative correlation between NOx and
ozone was observed frequently in Beijing (Wang, 2002)
and the Yangtze River Delta (Wang et al., 2003). With
the comparison of the observations of Yan et al. (1997)
and Wang et al. (2003), it is found that the averaged
NOx level has become enhanced at Lin’an. Over the
Yangtze River Delta, the median NOx was about 9 to
27 µg m−3 (Wang et al., 2003). These observations
imply that the relationship between ozone and NOx

has been changing at the surface over eastern China.
When the NOx emission increases from 1987 to

1995, the concentration of surface ozone in northern
China increases in summer and decreases in winter,
and at the same time, ozone in southern China in-
creases in both summer and winter. However, when we
increase NOx emission from 1995 to its double, the sur-
face ozone in northern China decreases except in sum-
mer in which it changes little; and in southern China it
increases in summer and decreases in winter (see Figs.
4e and 4f). The model results are consistent with the
observed negative relation between ozone and NOx at
Lin’an in winter (Luo et al., 1998). It is noticeable
that peak ozone is still enhanced in northern China in
summertime (see Fig. 5). Similar to that of NOx emis-
sion of 1995, the modeled NOx ranges from 8.1 ppbv
in July to 24.5 ppbv in January at Lin’an under the
condition of the doubled NOx emission of 1995. The
NOx observations fit well between the modeled NOx

of the NOx emission of 1995 and its double. Figure

5 shows the simulated diurnal variations of monthly
average ozone in July and January under the condi-
tions of the three scenarios of NOx emission. In sum-
mertime, when NOx emission increases from 1987 to
1995, ozone concentration rises all day. Under the con-
dition of doubled NOx emission of 1995, it can be seen
that peak ozone increases while ozone concentration
decreases at night and in the morning in summer. But
ozone concentration decreases with NOx increase all
day in winter.

The change of NOx emission not only leads to al-
tering the concentrations of the surface NOx, ozone,
and OH, but also influences NOx, ozone, and OH in
the free atmosphere. Model results indicate that the
increases of NOx, ozone, and OH dominantly happen
in the boundary layer with the highest increases of 13
ppbv, 8 ppb, and 80% because convective activities are
restrained in winter. Figure 6 displays the changes of
NOx, ozone, and OH along 115◦E in July. Figure 6a
suggest that the surface NOx is transported into the
middle and upper troposphere between 20◦N and 40◦N
with a value about 50–100 pptv besides the increase in
the boundary layer in July. Figure 6b indicates that
the change of ozone happens significantly below 500
hPa with a maximum value of 16 ppbv between 20◦N–
45◦N. The ozone increase agrees well with the anal-
ysis of ozone sonde data at Tateno (36◦N, 140◦E) of
Japan, where the trend of ozone increase of 1% yr−1–
2% yr−1 happens below 6 km (Wang et al., 1993; Lo-
gan, 1994). OH changes are depicted in Fig. 6c, which
show that OH relative changes take place significantly
in the boundary layer with a maximal increase of 70%;
and also in the middle and upper troposphere between
30◦N and 40◦N with a value of about 20%. By compar-
ing the changes under the case of the two scenarios of
1995 and its double, it is found that the ozone increase
in the middle and upper troposphere is proportional to
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Figure 6. The change of NOx, ozone and OH under between NOx emission of 1995 

                and 1987 along 115°E in July,（a）NOx, (b) ozone, (c) OH. 
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Fig. 6. The change of NOx, ozone, and OH between NOx

emission of 1995 and 1987 along 115◦E in July: (a) NOx,
(b) ozone, (c) OH.

the increase of NOx emission, but the rate of ozone
increases in the low and middle troposphere (below
500 hPa) is lower than the increase of NOx emission.
Meanwhile, the pattern of OH relative changes is sim-
ilar to that of the ozone changes, namely, the increase
of OH in the middle and upper troposphere is also
proportional to the increase of NOx emission. Figure

7 shows the changes of total ozone in July, which dis-
play that the increases of total ozone in eastern China
are proportional to the increase of NOx emission. This
means that the highest increase of total ozone is 5 DU
from 1987 to 1995 and is 10 DU under conditions of
the doubled value.

5. Summary

The emission data and observations suggest that
NOx increases occur in China. The model results in-
dicate that the NOx level increasingly rises with the
increase of NOx emission. When NOx emission in-
creases from the emission of 1995 to its double, the
changes of NOx and ozone are obviously different than
the changes from 1987 to 1995. In winter, the concen-
tration of NOx increases rapidly under the condition
of the doubled NOx emission of 1995, and the rate of
the NOx increase is higher than that of the increase
of NOx emission. Meanwhile, the ratio of NO2 to
NOx abruptly drops over northern China. When NOx

emission increases from 1995 to its double, the surface
ozone decreases in winter over northern and south-
ern China, but in summer the ozone changes little in
northern China and increases in southern China. The
concentration of OH rises with the increase of ozone,
and decreases with the reduction of ozone. The in-
crease of ozone dominantly happens below the mid-
dle and low troposphere. However, the concentration
of NOx in the upper troposphere increases through
convective activities, and the increase of ozone in the
middle and upper troposphere is proportional to the
increase of NOx emission. In summertime, total ozone
in North and East China significantly increases with a
maximum of 5 DU from 1987 to 1995, and its maxi-
mum reaches to 10 DU under the conditions of double
NOx emission of 1995.

Although CO and VOC, etc. and other ozone
precursors except NOx also influence the changes of
ozone, the model results indicate that the NOx in-
creases over eastern China have a significant effect on
ozone and OH. Moreover, the model results suggest
that the pattern of the seasonal variation of NOx and
ozone at the surface will alter with the continuous in-
creases of NOx emission, and the relationship between
surface NOx and ozone will change with the enhance-
ment of the NOx level. The modeled peak, night, and
mean concentrations of ozone suggest that the inten-
sity of sunlight becomes a key factor of the impact of
NOx on ozone change over northern China.
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