
lable at ScienceDirect

Atmospheric Environment 44 (2010) 3314e3321
Contents lists avai
Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv
Comparison of satellite observed tropospheric NO2 over
India with model simulations

Varun Sheel a,*, Shyam Lal a, Andreas Richter b, John P. Burrows b

a Physical Research Laboratory, Ahmedabad 380009, Gujarat, India
b Institute of Environmental Physics, University of Bremen, Bremen, Germany
a r t i c l e i n f o

Article history:
Received 23 May 2009
Received in revised form
12 May 2010
Accepted 24 May 2010

Keywords:
Tropospheric NO2

Chemical transport model
Satellite data
* Corresponding author.
E-mail address: varun@prl.res.in (V. Sheel).

1352-2310/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.atmosenv.2010.05.043
a b s t r a c t

Nitrogen dioxide (NO2) plays a key role in the chemistry of the atmosphere and is emitted mainly by
combustion processes. These emissions have been increasing over India over the past few years due to
rapid economic growth and yet there are very few systematic ground based observations of NO2 over this
region. We thus take recourse to satellite data and compare tropospheric NO2 column abundances
simulated by a chemical transport model, MOZART, with data from the Global Ozone Monitoring Exper-
iment (GOME) for a few locations in India that have seen a rapid economic growth in the last decade.
The model generally simulates higher columnar abundances of NO2 compared to GOME observations and
does not reproduce the features of the observed seasonal behaviour. The combined uncertainties of the
emission inventory and retrieval of the satellite data could be contributing factors to the discrepancies.
It may be thus worthwhile to develop emission inventories for India at a higher resolution to include local
level activity data. The ten year data (1996e2006) from GOME and SCIAMACHY (SCanning Imaging
Absorption spectroMeter for Atmospheric CHartographY) show increasing trends for Indian cities where
rapid industrial and vehicular traffic growth has been observed during this period.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrogen dioxide (NO2) plays an important role in the produc-
tion of tropospheric ozone. Its sources, emitted by all combustion
processes, lie close to the Earth’s surface with the exception of
emissions from aircraft and production from lightning. Therefore,
an accurate estimate of NOx emissions is important for under-
standing ozone chemistry. Rapid economic development has the
potential to increase the emissions of nitrogen oxides, especially
due to the growing fossil fuel consumption in East Asia (Akimoto,
2003). The global anthropogenic emission for NOx (NO þ NO2),
for the year 1990 was about 31 million tons N year�1, with major
anthropogenic source identified as fossil fuel combustion (70%, of
which the major sources are road transport and power plants)
(Olivier et al., 1998).

Studies based on bottom up approaches indicate that the NOx
emissions have been increasing and will continue to increase over
India in the coming years. According to one scenario, vehicle pop-
ulation in India increased by about 1.5 times fromyear 2000 to 2005
(Rao et al., 2004). Energy consumption in India has gone up from 7
All rights reserved.
million tons of gasoline in 2001 to 8.6 million tons in 2005 (Ministry
of Petroleum and Natural Gas, India; Baidya, 2007). A study carried
out by the Asian Development Bank has estimated that for India, the
total on-road vehicle fuel consumption in the year 2005 was 58
million tons of oil equivalent (Mtoe) (which includes gasoline and
petrol), which could rise by about six times to 371 Mtoe in the year
2035 (Lohani, 2006). Correspondingly, they estimate the total NOx
emissions from on-road vehicles at 2.2 million tons in 2005 which
could touch a figure of 3.6 million tons in 2035.

Tropospheric NO2 column data retrieved from satellite instru-
ments GOME (Global Ozone Monitoring Experiment) and SCIA-
MACHY (SCanning Imaging Absorption spectroMeter for Atmospheric
CHartographY) have been used earlier as a proxy for NOx emissions
(Irie, 2005). Due to large uncertainty in emission estimates for India, it
is crucial to make a validation comparison for emission inventories
used in chemical transport models against satellite data for the Indian
region (Kunhikrishnan et al., 2004). In this work, we compare model
simulated tropospheric NO2 column abundances with GOME obser-
vations for a fewselected Indian locations to assess the performance of
emission inventories.

It is also important to understand the long term temporal
changes inNO2 over India associatedwith changes in local emissions
resulting from rapid urbanisation and increasing demand of energy
consumption. However, there are only a few sites in India providing
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limited measurements of NO2. For example, four years of NO2
column measurements are available for Ahmedabad (Chakrabarty
et al., 2006). The Central Pollution Control Board (CPCB) of India
also measures surface NO2 in a few cities of India, but the uncer-
tainties are too large to make the data useful for long term trend
studies. Satellite data can fulfil this requirement by covering a large
spatial domain for long periods of consistent observations.
A significant increase in tropospheric columnar NO2 has been found
over an industrial area of China (Richter et al., 2005). Increasing
trends of NO2 columnhave also been detected by Ghude et al. (2008)
over polluted regions of India using data from GOME and SCIA-
MACHY for the period 1996e2006. Whereas Ghude et al. (2008)
report trends and seasonal variation of NO2 over broad regions of
India, we look at the same time series for four Indian cities:
Delhi (28.4�N, 77.1�E), Ahmedabad (23�N, 72.5�E), Pune (18.5�N,
73.8�E), and Bangalore (12.9�N, 77.6�E), where vehicular traffic
and economic growth have increased rapidly during the period
1996e2000 (www.siamindia.com andDalvi et al., 2006) and are still
on the rise.

2. Data used in the work

2.1. Model description

MOZART is a comprehensive global chemical transport model
of atmospheric composition designed to simulate tropospheric
chemical and transport processes. MOZART-2 includes detailed
NOxeCH4eNMHC chemistry for the troposphere, with strato-
spheric chemistry constrained to climatologies (Horowitz et al.,
2003). The horizontal resolution used in this run is 2.8� � 2.8�

(equivalent to T42). Thus, there are 128 longitude and 64 latitude
grid points. There are 28 vertical sigma levels (dictated by the
meteorological input data), from surface to about 40 km altitude.

The model incorporates approximately 63 chemical constitu-
ents including Ox, NOx, HOx, CH4, C2H6, C3H8, C2H4, C3H6, C4H10,
isoprene, terpenes. The chemical mechanism includes 133 gas-
phase, 2 heterogeneous, and 33 photolytic reactions. Source gas
emissions are taken at the surface for CO, NO, CH4, C2H6, C3H8,
C4H10, C2H4, C3H6, isoprene, terpenes, CH3COCH3 and CH3OH, from
lightning for NOx (e4 Tg N yr�1) (Price et al., 1997a,b; Pickering et al.,
1998) and from aircraft for CO, CH4, NOx (0.44 Tg N yr�1).
The emissions are taken from the POET (Precursors of Ozone and
their Effect on the Troposphere) emission inventory.

The meteorological fields (winds and temperatures) required by
MOZARTare taken fromNCEP reanalysis in this study. The dynamical
processes in themodel include: (1) Advection: this is based on a flux-
form semi-Lagrangian scheme (Lin and Rood, 1996) (2) Convection:
the convection scheme is based on thework of Hack (1994) for mid-
level convection and Zhang and McFarlane (1995) scheme for deep
convection (3) Boundary layer exchange: it is parameterized based on
the scheme by Holtslag and Boville (1993) (4) Surface deposition:
Thewet deposition is represented as a first-order loss processwithin
the chemistry operator, using large scale and convective precipita-
tion rates diagnosed by MATCH (Model of Atmospheric Transport
and CHemistry), soluble species removed by in-cloud scavenging
(Giorgi and Chameides, 1985), highly soluble species are also
removed by below cloud washout (Brasseur et al., 1998).

2.2. Satellite measurements of NO2

The GOME instrument was launched on the ERS-2 in April 1995
and provided global observations of trace gases till June 2003
by observing scattered sunlight in nadir viewing geometry. The
SCIAMACHY was launched in March 2002 onboard the ENVISAT
satellite and has provided nadir and limb data since then.
Measurements by the above two instruments have been used to
retrieve tropospheric columns of NO2 (Leue et al., 2001; Richter and
Burrows, 2002; Martin et al., 2002; Beirle et al., 2003; Boersma
et al., 2004). Here we use the KNMI (Royal Netherlands Meteoro-
logical Institute) tropospheric columns, which are obtained in
three steps (Boersma et al., 2004). First, NO2 columns integrated
along the light path (slant columns) are determined by means of
the Differential Optical Absorption Spectroscopy (DOAS) method.
Second, the tropospheric slant columns are isolated by subtracting
from the retrieved slant columns the stratospheric slant column
calculated from the TM4 chemistry-transport model. In the last
step, the effect of light path is accounted for by application of air-
mass factors (van der A et al., 2008). Only data having less than 20%
cloud cover are used in the analysis. The final monthly mean NO2
column data are publicly available on the TEMIS project website
(www.temis.nl) on a global grid of 0.25� � 0.25�. Details on the
differences between GOME and SCIAMACHY data can be found in
Richter et al. (2005). The city of Delhi has the largest number of
missing satellite data.
3. Results and discussion

Daily NO2 mixing ratio vertical profiles are taken from MOZART
runs for the local time of satellite pass (around 10.30 h local time
over the equator). The daily tropospheric NO2 column is calculated
from these data according to the method discussed below and then
averaged over each month. The monthly mean NO2 column values
thus obtained are used for comparison with satellite data. The
satellite data have been averaged over themodel grid cell nearest to
the city of interest for comparison with the model to study the
seasonal variation of NO2 column in Section 3.1 (Table 6). For the
analysis of long term trends (Section 3.2), from the gridded satellite
data, we select the grid that is nearest to the location of the city.

The NO2 column Tc is calculated from the model output mixing
ratio as follows.

Tc ¼
Zz2
z1

cðzÞNairðzÞdz ¼
Zz2
z1

cðzÞArairðzÞ
Mair

dz (1)

where Nair(z), rair(z) and Mair are the number density profile, mass
density profile and molecular mass of air (in kg mole�1). A is the
Avogadro’s number. From the hydrostatic equation for air, we
substitute for themass density in the above equation, rair(z)dz¼ dp/
gwhere p is the atmospheric pressure and g is the acceleration due
to gravity. The above equation therefore reduces to

Tc ¼ A
ðMairgÞ

Zp2
p1

cðpÞdp (2)

The NO2 mixing ratios from the model at different pressure
levels can, thus, be integrated to obtain the desired NO2 column.
The tropospheric column is calculated from Equation (2) by inte-
grating from the surface to the thermal tropopause in the model.

Fig.1(a) and (b) show the spatial distribution of the tropospheric
NO2 column as observed by the GOME instrument and those
simulated by MOZART respectively, over the Indian region for the
month of December 2000. Overall, MOZART simulated NO2
columnar amounts are more than those observed by GOME. Large
values can be seen over the northern region 25e30�N and 76e80�E
(close to the city of Delhi), which we have included in our trend
analysis along with the four Indian cities. MOZART simulates higher
NO2 columns than the GOME data for the southern region of
India also.
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Fig. 1. The spatial distribution of the tropospheric NO2 column for the month of
December 2000 as observed by GOME (a) and as simulated by the model MOZART (b).
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Fig. 2. The tropospheric NO2 column for four major Indian cities. The left panel is based on G
by MOZART for the year 2000.
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3.1. Comparison of model simulation with satellite data:
seasonal variation

Lifetime of NO2 is of the order of 1 day depending on meteo-
rological conditions, its photolysis rate and the concentration of
OH radicals. The combination of the variability in meteorological
conditions, chemistry and emissions leads to a seasonally depen-
dent NO2 concentration.

There have been limited observations of NO2 over the Indian
region. Total column density of NO2 has been observed at Ahme-
dabad bya groundbased spectroscopic technique (Chakrabartyet al.,
2006) and are found to be of the order ofw70�1014molecules cm�2

for the period 1996e2000 which are higher by a factor of 2
compared to total NO2 columns derived from GOME Level-1 spectra
during the same period (Andreas Richter, University of Bremen
Scientific Product). However both data sets showamaximumduring
the summer season (MayeJune). Meena et al. (2003) have observed
the total vertical column densities for NO2 of the order of
10e100 � 1014 molecules cm�2 over Pune based on visible spec-
troscopy, which also show a summer maxima. As tropospheric NO2
column is a proxy for the local emissions, in this sectionwe look at its
seasonal variation and compare MOZART simulated columns with
those observed by GOME.

The seasonal variation of tropospheric NO2 column for the selected
cities for the year 2000 is shown in Fig. 2, for bothMOZART simulated
NO2 column (Fig. 2(b)) and that observed by the GOME instrument
(Fig. 2(a)). Only for the city of Delhi, GOME observations show
a prominent peak during winter (NovembereDecembereJanuary),
while a less dominant summer (MayeJune) peak can be seen for
Ahmedabad, Bangalore and Pune. The monthly mean temperature
and precipitation of the four cities for the year 2000 are shown in
Tables 1 and 2 respectively (source: Indian Meteorological Depart-
ment, New Delhi, India, http://www.imd.gov.in/). During winter, the
temperatures are low (Table 1) leading to a decrease in loss rate of NO2
through photolysis. Also low precipitation during winter (Table 2)
makes less OH radicals available, again increasing the lifetime of NO2.
Tropospheric NO2 column values during monsoon season (JulyeAu-
gust) are low for all the cities.

The winter maxima are well reproduced by the model for Delhi
while the low values during monsoon can be seen for Delhi,
Pune and Bangalore. MOZART also shows a winter high for Pune
compared to GOME observations. The wintertime maxima of NO2
are also seen in the east of China, which is due to strong
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Table 1
Observed monthly mean temperature (in �C) for the four cities of India, for the year 2000 (source: Indian Meteorological Department, New Delhi, India).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Delhi 13.9 15.4 22.1 30.9 35.1 32.6 29.9 30.6 29.9 27.8 21.8 15.6
Ahmedabad 20.6 21 26.6 32.8 33.4 33.7 29.4 29.4 29.8 29.7 25.4 21.4
Pune 20.9 22.5 26.1 29.0 29.8 27.4 25.1 24.5 24.9 25.3 22.7 20.6
Bangalore 22.3 24.4 26.2 27.9 27.1 24.3 23.9 23.6 24.4 23.7 22.9 20.9
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anthropogenic emissions and longer lifetime (Zhang et al., 2007).
MOZART does not show a significant seasonal variation for the
region of Ahmedabad. This may be due to inadequate OH radicals
available in the model grid representing Ahmedabad, as the water
vapour is prescribed in MOZART. Also the maxima and minima are
broader in the case of model simulations compared to observations.

The model simulated tropospheric NO2 column amounts show
a small peak during summer for the cities of Delhi and Bangalore.
The summer high values could be due to more natural emissions of
NOx from soil. Higher temperatures during summer (Table 1) lead
to more soil emissions (Yienger and Levy, 1995). Another reason for
higher column values during summer may be higher biomass
burning which peaks during MarcheMay (ATSR, World fire atlas).

The monsoon low is due to transport of cleaner air from the
Arabian Sea and Indian Ocean and also due to the loss of NO2
through reaction with OH radicals (which have higher concentra-
tion in the monsoon due to higher moisture content (Table 2)).
Due to higher moisture content during monsoon (Table 2), the wet
deposition rate of NO2 may also be faster, leading to lower NO2
column values.

Also, observations andmodel show that for all themonths in the
year 2000, Delhi has the highest total as well as tropospheric NO2

columns. According to model simulations, Ahmedabad has the
lowest tropospheric NO2 columnar abundances.

The discrepancies between MOZART and GOME values could be
due to either the uncertainties in the emission inventory taken as
input in MOZART or due to errors in retrieval from the satellite
data (resulting from increased aerosol loading in Indian cities). The
emissions are those from the emission inventory POET (http://
www.aero.jussieu.fr/projet/ACCENT/POET.php), which is in turn
based on GEIA (Global Emission Inventory Activity) and EDGAR
(Emissions Database for Global Atmospheric Research) data and
include new developments on biogenic VOC emissions (Olivier
et al., 2003). GEIA is a consortium of about 100 partners world-
wide in the framework of IGBP and IGAC and version 1 provides
comprehensive global emissions on a 1� �1� grid for the years 1985
and 1990. Apart from black carbon, biomass burning data are
obtained from the inventory by Hao and Liu (1994). The data are
aggregated in annual, seasonal or monthly averages. The recom-
mended anthropogenic emissions are from the EDGAR data set,
which is a global anthropogenic emissions inventory (Olivier et al.,
2005), comprising data from 1990 to 1995 on a 1� � 1� grid.

The POET data set consists of 1� � 1� gridded anthropogenic,
biomass burning, and natural emission data. Anthropogenic emis-
sions are annual data, while biomass burning and natural emissions
are monthly data. The total emissions for each month and the
percentage contribution from natural and anthropogenic sources
Table 2
Observed monthly mean precipitation (in mm) for the four cities of India, for the year 2

Jan Feb Mar Apr May Jun

Delhi 30.9 60.3 21.4 10 12.6 129
Ahmedabad 0 0 0 0 72.5 74
Pune 1.6 1.1 2.7 13.6 33.3 120
Bangalore 0 57.7 0 76.2 56.6 91
are shown in Table 3 for the year 2000. The contribution of biomass
burning to the total emissions is very small and hence not shown.
Natural emissions for all the cities exhibit the maximum seasonal
variation (Table 3). Thus, one can see that the variation in themodel
simulated columns is largely arising from the seasonality of the
natural emission.

A Japanese group has developed a new emission inventory of
anthropogenic emissions for Asia (Regional Emission inventory in
ASia (REAS) Version 1.1) for the period 1980e2020 (Ohara et al.,
2007). Similar to Table 3, the total emissions and the contribution
from each source as estimated in the REAS inventory for the year
2000 are shown in Table 4. Here only the anthropogenic emissions
have been taken from REAS, whereas emissions from the other two
sources (natural and biomass burning) are the same as in the POET
inventory.

For the year 2000, the total emissions of NO2 from the POET
inventory (used in MOZART) for Ahmedabad is 157.2 kilo tons,
while that from REAS is 101.5 kilo tons. The corresponding figures
for Delhi are 414 kilo tons (POET) and 123.5 kilo tons (REAS)
respectively. Amongst the four cities, the highest estimates are for
Bangalore e 556.5 kilo tons from the POET inventory and 218.9 kilo
tons from the REAS inventory. In fact the effect of these high
emissions on MOZART simulated tropospheric NO2 columns can be
seen in the comparison of Fig. 1(a) and (b).

Thus, the model has been runwith a higher surface emission for
NO2 and correspondingly the column amount simulated is higher
than the satellite measurements (Fig. 2 (a) and (b)).
3.2. Long term trends

In urban cities of both developing and developed countries, it is
predominantly mobile or vehicular pollution that contributes
to overall air quality problems. In Delhi, for example, close to
two-thirds of the total pollution (66%) is from vehicles. Increase in
vehicular population seen in major Indian cities over the last
decade indicates that there should have been a corresponding
increase in the NOx emissions as well. In this section, we look at the
long term trend for the monthly mean tropospheric NO2 column
observed by GOME from 1996 to 2003 and SCIAMACHY from 2003
to 2006. We fit the time series with a non-linear regression model
given by (van der A et al., 2008)

Y ¼ Aþ B
12

t þ C Sin
�p
6
t þ f

�
þ R (3)

Where Y is the monthly mean NO2 column at t months, with
January 1996 taken as t ¼ 1. The first two terms in the above
000 (source: Indian Meteorological Department, New Delhi, India).

Jul Aug Sep Oct Nov Dec

.4 257.5 130.8 27.2 2.2 1.4 0

.2 476.6 113.7 4.4 0 0 1.2

.4 179 106.4 129.1 78.8 28.6 5.3

.8 115.9 276.7 208.8 286.2 8.9 15.1
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Table 3
POET emission inventory of NO2, for the four cities of India, for the year 2000 taken as input to MOZART.

Month Delhi Ahmedabad Pune Bangalore

Total
(kilo tons)

Anthro
(% of total)

Soil
(% of total)

Total
(kilo tons)

Anthro
(% of total)

Soil
(% of total)

Total
(kilo tons)

Anthro
(% of total)

Soil
(% of total)

Total
(kilo tons)

Anthro
(% of total)

Soil
(% of total)

Jan 32.8 99.7 0.3 9.6 96.4 3.5 27.8 96.7 3.3 44.8 92.7 7.3
Feb 30.0 98.3 1.7 10.3 81.1 18.8 25.1 96.6 2.8 40.5 92.6 7.1
Mar 33.9 96.3 3.7 12.5 73.7 25.4 29.0 92.6 4.2 47.0 88.4 10.8
Apr 34.6 91.4 7.2 14.4 62.3 36.3 28.5 91.1 4.6 47.6 84.6 15.0
May 37.0 88.4 11.6 16.8 55.0 45.0 29.1 92.3 5.3 47.6 87.4 12.5
Jun 36.1 87.6 12.4 14.2 63.2 36.8 27.5 94.5 5.5 49.6 81.1 18.9
Jul 38.3 85.4 14.6 15.4 59.9 40.1 28.2 95.2 4.8 50.2 82.7 17.3
Aug 37.7 86.7 13.3 14.5 64.0 36.0 28.3 95.0 5.0 46.4 89.5 10.5
Sep 35.0 90.5 9.5 16.3 54.8 45.2 27.6 94.3 5.7 45.6 88.2 11.8
Oct 33.6 97.2 2.8 12.3 75.2 24.8 28.4 94.7 5.3 45.7 91.0 9.0
Nov 32.1 98.5 1.5 10.2 87.5 12.5 26.8 97.1 2.3 45.9 87.7 12.3
Dec 32.9 99.3 0.7 10.7 86.5 13.5 28.0 96.0 1.9 45.5 91.4 8.6
Total 414.0 157.2 334.3 556.5
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equation represent a linear trend, with B representing the annual
trend in the NO2 tropospheric column. The third term is the
seasonal component for the annual cycle of NO2, with amplitude C
and a phase shift f. The residual unexplained by the fit function is
represented by R. The non-linear fitting is done by the least squares
method. A linear trend B is taken as statistically significant with 95%
confidence level if jB/sBj > 2, where sB is the error in B.

Fig. 3 shows the time series of the GOME and SCIAMACHY data
for the four cities in India and an industrial region of north India.
The observed trends and its error from the non-linear regression
model (Equation (3)) are shown in Table 5. The annual growth rate
with respect to the mean NO2 column of 1996 is given in the last
column of Tables 5 and 6.

As can be seen from Fig. 3 and Table 5, the tropospheric NO2

column over the capital city of Delhi shows the largest significant
increase from 1996 to 2006 of 11.29 � 3.01% per annum. Such
a growth rate is commensurate with the economic development
and vehicular traffic increase during the same period. According to
the records from Regional Transport Office (RTO), Delhi, the
vehicular population in Delhi rose from 1.9 million vehicles in 1990
to nearly 3.6 million in the year 2001 (an increase of nearly 8.7% per
annum). Earlier, Gurjar et al. (2004) have shown that transport
emissions are responsible for most of the NOx in Delhi. They
showed that NOx emissions have increased from 94 Gg of NO2 in
1990 to 161 Gg in 2000. NOx emissions for the first half of the 1990
decade, vary within the range of 11e131 Gg of NO2 year�1 according
to different literature sources (Gurjar et al., 2004). Even after the
introduction of Compressed Natural Gas (CNG) as fuel in 2001 for
Table 4
REAS emission inventory of NO2, for the four cities of India, for the year 2000.

Month Delhi Ahmedabad

Total
(kilo tons)

Anthro
(% of total)

Soil
(% of total)

Total
(kilo tons)

Anthro
(% of total)

Soil
(% of total

Jan 8.1 98.8 1.2 4.9 93.0 6.9
Feb 7.7 93.5 6.5 6.0 67.7 32.1
Mar 9.3 86.4 13.6 7.8 57.8 40.8
Apr 10.7 72.3 23.3 9.8 44.6 53.2
May 12.3 65.2 34.8 12.1 37.3 62.7
Jun 12.2 63.3 36.7 9.6 45.6 54.4
Jul 13.6 58.9 41.1 10.7 42.2 57.8
Aug 13.0 61.5 38.5 9.7 46.5 53.5
Sep 11.1 69.9 30.1 11.7 37.2 62.8
Oct 9.0 89.5 10.5 7.6 59.7 40.3
Nov 8.2 94.3 5.7 5.6 77.4 22.6
Dec 8.2 97.3 2.7 6.0 75.8 24.2
Total 123.5 101.5
the public transport system in Delhi, NOx concentrations in Delhi’s
ambient air have shown an increase (Sharma and Pundir, 2008). It
has been estimated that in Delhi, the NOx has increased from 3.5 Gg
to 4.5 Gg for the period 1990e1996 from gasoline consumption
alone, while it has increased from 8 Gg to 12.8 Gg from diesel
consumption (Sharma, 2003). With the same GOME and SCIA-
MACHY time series, van der A et al. (2008) report an increasing
trend of 7.4 � 1% per year for the city of Delhi, whereas Ghude et al.
(2008) estimate an increase of 2.4�1.2% per year for a larger region
of north India which includes Delhi.

The tropospheric NO2 columnar abundances over Ahmedabad
have clearly increased from 1996 to 2006 (Fig. 3 and Table 5). The
annual growth rate of 9.97� 2.26% per annum is comparable to the
10% per annum growth rate in the vehicular population in Ahme-
dabad (Regional Transport Office, Ahmedabad). The linear trend is
also statistically significant and is much higher than the growth
rate (2.1�1.1%) reported by Ghude et al. (2008) in a western region
of India which includes Ahmedabad and Mumbai. The satellite data
also show a clear increase in the tropospheric NO2 column for
Bangalore with a growth rate of 3.54 � 1.39% per annum with
respect to 1996, as the vehicular traffic has increased substantially
in Bangalore also during the period from 1996 to 2006.

However the linear trend for Pune is statistically not significant
(jB/sB j ¼ 1.5). The 1.54 � 1.04% per annum growth rate is the lowest
amongst the four cities, though according to an estimate by the
Society of Indian Automobile Manufacturers, vehicles in Pune have
increased by 7% from the year 2002 to 2007. According to another
study, in 2005 there were more than 1.3 million vehicles in Pune of
Pune Bangalore

)
Total
(kilo tons)

Anthro
(% of total)

Soil
(% of total)

Total
(kilo tons)

Anthro
(% of total)

Soil
(% of total)

5.4 83.3 16.7 16.2 79.8 20.2
4.9 82.8 14.2 14.6 79.6 19.7
6.7 67.6 18.3 18.3 70.3 27.6
6.9 63.2 19.0 19.8 63.0 35.9
6.8 66.8 23.0 18.9 68.3 31.5
5.9 74.1 25.9 21.8 57.2 42.8
5.9 77.0 23.0 21.6 59.8 40.2
5.9 76.1 23.9 17.8 72.7 27.3
6.0 73.4 26.6 17.9 69.9 30.1
6.0 74.9 25.1 17.0 75.8 24.2
5.1 85.1 11.8 18.1 68.8 31.2
5.6 79.9 9.4 16.8 76.8 23.2

71.1 218.9
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Fig. 3. The tropospheric NO2 column for the four cities and an industrial region of India, from 1996 to 2006 as measured by GOME and SCIAMACHY. The solid line represents the
linear fit as obtained by Equation (3).
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which, about 1 million were two-wheelers with an addition of
10,000e13,000newvehicles eachmonth,which corresponds to about
10% increase per year (Safai et al., 2005, PuneMunicipal Corporation).

A recent study shows that the emission from megacities is not
well represented in global emission inventories (Butler et al., 2008).
Three global emission inventories were used in this study, viz.
EDGAR, IPCC-AR4 (Dentener et al., 2005) and RETRO (Pulles et al.,
2007). Emissions of NOx, globally and from megacities, are always
higher in the EDGAR inventory compared to the other two. For
example, for the city of Delhi, the EDGAR emissions are 60 Gg (of
N) year�1, the IPCC-AR4 emissions are 40 Gg (of N) year�1 and
RETRO emissions are 20 Gg (of N) year�1. The total emissions from
Table 5
Observed trends for the four cities (and a region) of India from 1996 to 2006.

City Coordinates
(latitude, longitude)

1996 mean column
(1014 mol cm�2)

Delhi 28.5N, 77.2E 45.19
Ahmedabad 23N, 72.5E 18.77
Bangalore 12.9N, 77.6E 25.24
Pune 18.5N, 73.8E 33.25
Region 25e30N, 76e80E 28.27
the POET inventory (used in MOZART) for Delhi is 126 Gg (of N) for
the year 2000.

For the megacities of Shanghai and Beijing in China, a significant
increase in NO2 column amounts of 20% and 18% per year respec-
tively, has been reported for the period 1997e2006 fromGOME and
SCIAMACHY data (Zhang et al., 2007). A significant trend of 29� 5%
per annum has been reported by van der A et al. (2008) for
Shanghai. The increase in NO2 column in Beijing is fairly well
correlated with the traffic increase during the above period (Zhang
et al., 2007). In fact, the traffic restrictions implemented during the
Sino-African Summit in Beijing, were remarkably successful in
reducing emissions of NOx by about 40% (Wang et al., 2007).
Linear trend in NO2

(1014 mol cm�2 year�1)
Annual growth rate
(% with respect to 1996)

5.1 � 1.36 11.29 � 3.01
1.87 � 0.42 9.97 � 2.26
0.89 � 0.35 3.54 � 1.39
0.51 � 0.34 1.54 � 1.04
0.74 � 0.29 2.61 � 1.01



Table 6
The model grid cells representing the Indian cities, over which satellite data have
been averaged.

City Coordinates Model grid cell

Ahmedabad 23�N 21.43�Ne24.28�N
72.5�E 70.31�Ee73.12�E

Delhi 28.4�N 27.14�Ne30�N
77.1�E 75.94�Ee78.75�E

Pune 18.5�N 15.71�Ne18.57�N
73.8�E 73.12�Ee75.94�E

Bangalore 12.9�N 12.86�Ne15.71�N
77.6�E 75.94�Ee78.75�E
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This was estimated by comparing the observations from the Ozone
Monitoring Instrument (OMI) aboard the Aura satellite and simu-
lations with the GEOS-Chem global 3-D chemical transport model
with resolution of 2� � 2.5� (Wang et al., 2007). On the other hand
compared to China, we do not see such a high growth rate for the
Indian region, with a maximum of 11.3% per annum for Delhi.

We have also looked at the tropospheric NO2 column abun-
dances for a small industrial region over north India (25e30�N,
76e80�E). The data fromGOME and SCIAMACHY (Fig. 3 and Table 5)
show a slightly increasing trend of 2.6 � 1% per year for this region.
This can be compared with the growth rate of 2.4 � 1.2% estimated
by Ghude et al. (2008) for a geographically similar (but larger)
region. However, whenwe compare this with an industrial region of
East China studied by Richter et al. (2005), the NO2 values over India
are about a factor of 5 or more less. Also a clear increasing trend, as
seen for China, is not so evident for India. This may have to do with
more fossil fuel burning in China. Zhang et al. (2007) report a rapid
increase in tropospheric NO2 over the industrial region of East China
with about 8.2� 1014 molecules cm�2 per annum, during the period
1997e2006. They attribute this to the increasing emissions from
industry and traffic. On the other hand, the industrial region of India
that we have considered, the increase is only at the rate of about
0.74 � 1014 molecules cm�2 per annum (Table 5).

4. Conclusions

We have used GOME and SCIAMACHY data to evaluate the
capability of a global chemical transport model in simulating the
tropospheric NO2 columnar abundances over a few locations of
India that have witnessed increasing NOx emissions over the past
few years. Tropospheric columnar abundances of NO2 are generally
overestimated by the MOZART model compared to satellite data.
This could bedue to higher emission estimates in the POET inventory
used in MOZART. The model also does not reproduce the general
features of the observed seasonal behaviour and the quantitative
comparison at the local crests and troughs is also not very good.
This may be attributed to the lack of seasonal variation in anthro-
pogenic emission estimates of the POET inventory. The discrepancies
between MOZART and GOME values could be due to either the
uncertainties in the emission inventory or due to errors in retrieval
from the satellite data (as a result of increased aerosol loading in
Indian cities).

According to Velders et al. (2001), the measured tropospheric
NO2 column densities derived from GOME data are a factor of 2e3
higher than those calculated by MOZART for Asia. In a similar
comparative study, Ma et al. (2006) observed that the regional
chemical transport model used for their study, generally repro-
duced higher tropospheric NO2 column densities compared to
those observed by GOME, in polluted areas of China. Another
comparison of observed SCIAMACHY NO2 columns with a simula-
tion from a 3D Eulerian air quality model showed a large bias of 60%
due to poor emission data used in themodel (Shi et al., 2008). There
is, therefore, a need to refine the global emission inventories with
respect to megacities and other regions of Asia, so that NO2 column
concentrations simulated by global chemical transport models
agree more closely with satellite data.

We have also examined trends over the period 1996e2006 in
tropospheric NO2 columns over a few Indian regions where high
economic growth in the present decade is likely to see increased
NOx emissions. Except for Pune, the observed NO2 columnar
abundances show a fast increase commensurate with that seen in
the growth of anthropogenic activities in those regions of high
economic growth (Table 5). However, even the highest growth rate
of NO2 seen in the present study, is less when comparedwith similar
polluted regions of China, where a muchmore rapid increase in NO2
column values have been observed from the GOME and SCIAMACHY
data (van der A et al., 2008; Richter et al., 2005).
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