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ABSTRACT

A 3-D chemical transport model (OSLO CTM2) is used to investigate the influences of the increasing
anthropogenic emission in India. The model is capable of reproducing the observational results of the
INDOEX experiment and the measurements in summer over India well. The model results show that
when NOx and CO emissions in India are doubled, ozone concentration increases, and global average OH
decreases a little. Under the effects of the Indian summer monsoon, NOx and CO in India are efficiently
transported into the middle and upper troposphere by the upward current and the convective activities
so that the NOx, CO, and ozone in the middle and upper troposphere significantly increase with the
increasing NOx and CO emissions. These increases extensively influence a part of Asia, Africa, and
Europe, and persist from June to September.
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1. Introduction

It is known that ozone is one of the key trace
gases in the atmosphere. It is not only a chemically
active component, but also an important greenhouse
gas. From preindustrial times, the global annual aver-
age radiative forcing induced by the increase of tropo-
spheric ozone is estimated to be in the 0.2–0.6 W m−2

range (IPCC, 1996; WMO, 1999). In particular, the
enhancement of ozone in the middle and upper tropo-
sphere can have a large climatic effect (Wang and Sze,
1980; Lacis et al., 1990). Furthermore, the changes
of ozone and its precursors can result in the change
of OH radical, which namely may change atmospheric
oxidizing capacity. The OH changes can affect the life-
time of many trace gases and their concentration, and
further indirectly influence climate.

With the growth of the Indian population and
continuous economic development, Indian energy con-
sumption is continually increasing by about 5% per
year (http://www.nic.in/). This may cause the en-
hancement of pollutant emissions from India. More-

over, the Indian climate is under the strong effect
of the monsoon. In winter, convective activities in
South Asia are suppressed, and the pollutants are
transported by prevailing northeasterly winds into the
ITCZ (Lelieveld et al., 2001). In summer, by analyz-
ing NCEP and ECWMF reanalysis data, it is found
that there are strong upward currents over northern
India and the Bay of Bengal (Chen et al., 1991; Bian
et al., 1997). Cong et al. (2001) revealed that there
is a high value center of the transportation from the
troposphere to the stratosphere over the north part of
the Bay of Bengal in summer. Hence, we think that
the pollutant emissions from India may potentially in-
crease and be transported into the middle and up-
per troposphere under the effects of the strong Indian
summer monsoon. The INDOEX experiment mainly
stressed that under the effect of the winter monsoon,
the influences of pollutants from South Asia occur
on the Indian Ocean and the Tropics. Berntsen et
al. (1996) indicated that the increase of Asian pol-
lutants could significantly affect ozone in the upper
troposphere in August, and this effect is mainly over
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Southern China. In this paper, based on the possi-
bility of future economic development and population
growth, we mainly investigate the possible influences
of increasing pollutant emissions from India in sum-
mer, and emphasize the special role of the circulation
of the Indian summer monsoon.

2. Description of the model

Oslo CTM2 is an off-line chemical transport/tracer
model (CTM), which uses precalculated transport and
physical fields to simulate chemical turnover and dis-
tributions in the atmosphere. The model is valid for
the global troposphere, and is three-dimensional with
the model domain reaching from the ground up to 10
hPa for the current dataset. The model horizontal res-
olution is determined by the input data. The dataset
used in this study is the ECMWF forecast data with
a T21 grid (5.625◦ × 5.625◦) from 1996. The vertical
resolution of the model is also determined by the in-
put data, and accordingly, we use 19 levels from the
surface up to 10 hPa.

Advection is handled by means of the second or-
der moment (Prather, 1986). Convection is based
on the Tiedtke mass flux scheme (Tiedtke, 1989), in
which the vertical transport of species is determined
by the surplus/deficit of mass flux in a column. The
chemical scheme is dealt with by the QSSA approach
(Hesstvedt, 1978; Berntsen and Isaksen, 1997). Pho-
todissociation is performed on-line following Wild et
al. (2000). Natural emissions are based upon GEIA
and EDGAR, and anthropogenic emissions are from
Müeller (1992) (see Table 1) (Sundet, 1997; and Liu
et al., 2003a, b), in which subsonic aircraft NOx emis-
sion is referenced as the IPCC Year 2000 scenario. De-
position is treated according to Wesely (1989), and
the boundary layer according to the Holtslag K-profile
scheme (Holtslag et al., 1990). Dry deposition veloc-
ities in the model are given in Table 2 (see Sundat,
1997; Liu et al., 2003a, b). The influence of strato-
spheric ozone is a fixed ozone flux of 450 Tg per year.

The model is able to simulate the seasonal varia-
tion of ozone and CO observed at a number of stations
both in the Northern and Southern Hemispheres (Sun-
dat, 1997; Jonson et al., 2001). The model excellently
reproduces the valley of total column ozone over the
Tibetan Plateau in summer with respect to the TOMS
data and SAGE data (Liu et al., 2003a), and it simu-
lates the seasonal variation of ozone at the surface in
China well, except for ozone over the Tibetan Plateau
in winter (Liu et al., 2003c). In addition, the esti-
mation of ozone transport in the upper troposphere
and lower stratosphere is in good agreement with ob-
servations within the measurement of ozone and wa-

ter vapor by the airbus in-service aircraft (MOZAIC)
program (Marenco et al., 1998). The model is capable
of simulating NOx distributions and variations in the
upper troposphere well, and estimating the effect of
aircraft NOx emission on ozone and NOx (Liu et al.,
2003b).

Table 1. Overview of natural and anthropogenic emis-
sions in OSLO-CTM2

NOx (Tg yr−1)

Fossil fuels 31.7

Biofuels 1.3

Biomass burning 7.1

Aircraft 0.7

Lightning 5.0

Soils 5.6

Stratosphere approx. 0.5

Total 51.9

CO (Tg yr−1)

Fossil fuels 650

Biomass burning 700

Oceans 50

Vegetation 150

Total 1550

NMHC (Tg (C) yr−1)

Isoprene 220

Acetone 30

Fossil fuels 124

Biomass burning 32

Total 406

Table 2. 1 m dry deposition velocities (V0) used in the
model

V0 (cm s−1)

Species Land Sea Ice and snow

O3 0.6 0.1 0.05

NO2 0.1 0.05 0.02

HNO3 4.0 1.0 0.05

PAN 0.2 0.0 0.0

H2O2 1.0 1.0 0.05

CO 0.03 0.0 0.0

3. Experimental setup

As Indian energy consumption increased by about
5% per year from 1985 to 2001 (http://www.nic.in/),
two model experiments are conducted to investigate
the impact of increasing anthropogenic emissions in
India on tropospheric ozone and OH radical. A refer-
ence run is performed according to Table 1, which
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           Figure 1. The distribution of NOx, CO, ozone（unit：ppbv）and OH（unit：pptv） 
                   Over India and its surroundings in January and July. 
 

Fig. 1. The distribution of NOx, CO, ozone (ppbv), and OH (pptv) over India and its surrounding
areas in January and July.



NO. 6 LIU YU, LI WEILIANG, ZHOU XIUJI ET AL. 971 

                 
 
                  Figure 2. The vertical profile of ozone at KCO island,（a）Observation 
                        (Solid line, from Lelieveld et al., 2001); (b) Model monthly  
                        averaged ozone in February. 
                         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             Figure 3. The difference of CO and OH between sensitive and reference    

Experiment in January, (a) surface CO (ppbv), (b) vertical changes of  
CO (ppbv) along 60°E, (c) relative change of OH (%). 
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Fig. 2. The vertical profile of ozone at KCO island. (a) Observation (Solid line, from
Lelieveld et al., 2001); (b) Model monthly average ozone in February.

represents Indian emission for about 1985. Another
experiment is performed to explore the changes of tro-
pospheric ozone, OH, NOx, and CO under the condi-
tion of doubled Indian emission of NOx and CO com-
pared to 1985 levels. Each experiment runs for 15
months, and the results of the last 12 months are an-
alyzed.

4. Comparison of model results and observa-
tions

4.1 Reference experiment

Figure 1 shows the distributions of simulated
monthly average NOx, CO, ozone, and OH over south-
ern and eastern Asia in January and July. From the
figure, it can be seen that high centers of NOx and
CO concentration exist in northern India, located at
(25◦N, 85◦E). The concentrations of NOx and CO are
higher in winter (3 ppbv NOx and 400 ppbv CO) than
in summer (2.5 ppbv NOx and 300 ppbv CO). The sim-
ulated CO in winter is similar to the results of Lelieveld
et al. (2001). The seasonal variation of the pollutants
may be attributed to the monsoon circulation varia-
tion in this region. When the convective activities are
restrained in winter, it is disadvantageous to the diffu-
sions of the pollutants so that they accumulate on the
ground.

In winter, there is a high center of surface ozone of
50 ppbv over northeastern India and the Bay of Bengal
to southwestern India as well as its coastal area, which
is in good agreement with the observations (Lelieveld
et al., 2001). In summer, there is a high center of sur-
face ozone (40 ppbv) over the Bay of Bengal and north-
ern India. Meanwhile, two low centers of surface ozone

of 30 ppbv are situated in western India and in north-
western Bengal, respectively. OH radical is the most
active trace component in the troposphere, which in-
fluences the concentrations and lifetime of many trace
components. The concentration of OH on the ground
in India and the Bay of Bengal is higher in summer
than in winter, and in northwestern and northern In-
dia it varies obviously with the seasons.

4.2 Model results in winter

Figure 2a shows the vertical profile of the ozone ob-
served at KCO Island on 2 February 1999 (Lelieveld
et al., 2001), and Fig. 2b displays the simulated verti-
cal profile of the monthly average ozone in February.
Comparing the two figures reveals that the model re-
sults agree with the ozone vertical distribution well.
Figures 3a and 3b display the differences between CO
of the sensitivity experiment and the reference exper-
iment. From the figures, it can be seen that in win-
ter CO increases not only in the local area but is
also transported to the northern Indian Ocean and
ITCZ by prevailing, northeast winds, where CO is
transported into the upper troposphere. The relative
change of the surface OH is shown in Fig. 3c, which
indicates that two high centers of OH increase are sit-
uated in central and southern India with an increase
of 15%. Meanwhile, OH decreases by 5% in the north-
ern Indian Ocean, and by 10% in northern India. The
global average concentration of OH decreases by 0.68%
from 1.043×106 mol cm−3 to 1.035×106 mol cm−3. The
reason for the change of global average OH is domi-
nantly due to the decrease of OH in the northern In-
dian Ocean. The above model results reproduce the
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Fig. 3. The difference of CO and OH between sensitiv-
ity and reference experiments in January. (a) surface CO
(ppbv), (b) vertical changes of CO (ppbv) along 60◦E, (c)
relative change of OH (%).

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            Figure 4. The distribution of observed (left) and simulated (right) CO (ppbv). 
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Fig. 4. The distribution of observed (left) and simulated (right) CO (ppbv).
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             Figure 5. The difference of NOx, CO, ozone (unit: ppbv) and OH  
                     (unit: %) between sensitive and reference experiment in July. 
                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. The difference of NOx, CO, ozone (ppbv), and OH (%) between sensitivity and reference experiments in
July.

observational results of the INDOEX experiment well
(Lelieveld et al., 2001).

4.3 Model results in summer

Figure 4 shows the CO distributions of the model
simulation and the observations from MOPITT. From
the observed CO distribution at 850 hPa, it is found
that there are five high value centers, which are lo-
cated in the northern U.S., eastern China, northern
India, central South America, and central Africa, re-
spectively. By comparing the model results with the
observations it can be seen that the model is basically
able to reproduce the features of CO distribution, al-
though some of the center positions and concentra-
tions are different to some extent. Over India and the
Bay of Bengal, the simulated CO is in good agreement
with the observations. Meanwhile, the CO observa-
tion at 250 hPa shows that there are a high CO center
over northern India and its surrounding areas. The
model results are in good agreement with observation.
These indicate that the model is capable of simulating

CO distribution over India and its surrounding ares
in summer. In addition, because CO is mostly from
emissions at the surface, it can be taken as trace ma-
terial. By contrast with CO distribution in the low
and upper troposphere, it can be found that there is
an efficient upward transport over India and the Bay
of Bengal in summer.

5. Analysis of the Model Results

Some research works on the Asian monsoon (Bian
et al., 1997; Li et al., 1983; Ye et al., 1979; Chen et al.,
1991) show that the Indian summer monsoon happens
from the end of May to September, during which there
is strong upward current in India and the Bay of Ben-
gal, over which intensive storms occur frequently. The
high center of pollutant concentration in northern In-
dia is also situated in the area of the upward current.
Therefore, the pollutants may be transported into the
middle and upper troposphere under the impact of the
strong upward current and convective activities.
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          Figure 6. The differences of NOx, CO, ozone and OH along 85°E 
                Between sensitive and reference experiment in July,  
                Left panel is the changes of NOx (unit: pptv), CO and ozone (unit: ppbv),                    
                Right panel is the relative changes of NOx, CO, ozone and OH (unit: %). 
                 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Figure 7. The differences of NOx (unit: pptv), CO, ozone (unit: ppbv) and OH  
                 (unit: %) at 200 hPa Between sensitive and reference experiment in July.  
 
 

Fig. 6. The differences of NOx, CO, ozone, and OH along 85◦E between sensitivity and reference
experiments in July. Left panel is the changes of NOx (pptv), CO, and ozone (ppbv), right panel
is the relative changes of NOx, CO, ozone, and OH (%).
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Figure 5 shows the difference of the surface NOx,
CO, ozone, and OH between the sensitivity and ref-
erence experiments in July. It reveals that due to in-
creasing pollutant emissions in India, the changes of
NOx, CO, ozone, and OH at the surface in summer
take place mainly in India and the Bay of Bengal. The
maximums of NOx, CO, and ozone increase are 2, 200,
and 8 ppbv, respectively. By virtue of the impact of
the upward flow, convective activities, and storms, the
increases of surface NOx, CO, and ozone concentra-
tions are lower in summer than those in winter. The
surface OH increases with the increasing ozone and its
precursors, which increases by 20% in central India,
and only 5% around northern India.

Figure 6 displays the vertical changes of pollutants
along 85◦E, which indicates that between 15◦– 30◦N,
NOx and CO are transported into the middle and up-
per troposphere through vertical advection and con-
vective activities. In particular, the relative change
reveals that there is a center of pollutant increases in
the middle and upper troposphere. The ratio of the
relative changes in the middle-upper troposphere to
those at the surface can represent the efficiency of ver-
tical transport. From the figure it is found that the
NOx ratio is about 0.38, namely the relative change
of NOx is 80% on the surface and 30% in the upper
troposphere. Meanwhile, the CO ratio is about 0.5,
65% on the surface vs 35% in the upper troposphere.
This efficiency is higher than that in the ITCZ in win-
ter, where the CO ratio is 0.4, namely 25% on the
surface vs 10% in the upper troposphere. And the ef-
ficiency is also higher than that in eastern China in
summer (∼0.25) (Liu et al., 2003c). The maximum of
ozone increases is roughly 21 ppbv between 200 hPa
and 100 hPa. However, the highest relative change
of ozone (24%) occurs in the boundary layer. While
OH below 300 hPa increases with a maximal increase
of 25% between 10◦N and 30◦N, OH decreases from
300 hPa to 100 hPa with a reduction of 10% between
20◦N and 45◦N. Moreover, the global average OH de-
creases 0.49% from 1.15×106 mol cm−3 to 1.150×106

mol cm−3.
Changes of the trace components in the middle

and upper troposphere receive more attention because
ozone changes in the middle and upper troposphere
have a significant impact on climate (Wang et al., 1993;
WMO, 1992). Figure 7 displays the difference of NOx,
CO, ozone, and OH at 200 hPa between the sensi-
tivity and reference experiments. From the figure, it
can be seen that the high center of NOx increase at
200 hPa is located in northern India with a maximum
of 100 pptv. NOx change over 15◦–50◦N, 10◦–110◦E
is largely obvious. Similarly, the high centers of CO
and ozone increases are located in northern India and

in the southern Tibetan Plateau, and the center of
OH decrease is in the Tibetan Plateau. The extremes
of CO and ozone increases are 50 ppbv and 18 ppbv
respectively, and OH decreases 10%. In addition, be-
cause the lifetimes of CO and ozone are longer than
that of NOx, the CO and ozone influence the climate
more extensively than NOx does.

Figure 8 shows the seasonal variations of NOx, CO,
and ozone increase at the surface and in the upper tro-
posphere over central and northern India. All com-
ponents except surface ozone are selected in north-
ern India (25◦N, 85◦E). Because the surface ozone
changes most significantly in central India, surface
ozone change is selected in central India (20◦N, 85◦E).
The figure reveals that the increases of NOx and CO
at the surface are the highest in winter and lowest
in spring, but the increases of surface ozone do not
change obviously with the season, which are the low-
est in summer and highest in spring. The increases
of NOx, CO, and ozone in the upper troposphere (at
200 hPa) are different from those at the surface. In
summer (from June to September) the NOx, CO, and
ozone increase significantly, especially in July which
has the highest increase. The above results illustrate
that seasonal changes of the pollutants correspond to
the seasonal variation of the Indian monsoon. When
the upward current and the convective activities are
restrained in January, pollutants at the surface signifi-
cantly increase, but those in the upper layer alter little.
However, when the upward current and the convective
activities become strong in summer, the increases of
the surface pollutants are lower and those in the up-
per troposphere are most significant.

6. Summary

The model is capable of reproducing the observa-
tional results of the INDOEX experiment well, namely
in winter the pollutants from South Asia can disperse
to the northern Indian Ocean, and are transported
into the middle and upper troposphere over the ITCZ.
Moreover, in summer the simulated CO in India is in
good agreement with the observation from MOPITT.
The model results indicate that increases of NOx and
CO emissions in India may bring about the increase of
NOx, CO, and ozone concentrations and the decrease
of the global average concentration of OH. Further-
more, the increase of the surface NOx and CO con-
centrations in India is the highest in winter and the
lowest in spring while the surface ozone increases more
in spring and less in summer. OH increases in India
and decreases in the northern Indian Ocean in winter.
In summer, the concentration of OH increases in the
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Fig. 8. The seasonal variation of the
differences of NOx, CO, and ozone at the
surface (dashed line) and at 200 hPa (solid
line) between sensitivity and reference
experiments. All compositions are selected
in (25◦N, 85◦E) except surface ozone is
selected at (20◦N, 85◦E). NOx difference
at 200 hPa is scaled up 10 times.
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middle and lower troposphere over India and decreases
in the upper troposphere.

In summer, NOx and CO in India can be efficiently
transported into the middle and upper troposphere
through the upward current and the convective activ-
ities. The changes of NOx, CO, and ozone can ex-
tensively influence a part of Asia, Africa, and Europe.
These changes in the upper troposphere may persist
from June to September. Because the change of the
ozone in the upper troposphere has a large impact on
the climate, it is received special attention on the ob-
vious increase of the ozone in the region. When NOx

and CO emissions in India are doubled, the maximum
of ozone increase can reach to 21 ppbv with more than
10% relative change in the upper troposphere.
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