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Abstract

A comprehensive emission inventory for megacity Delhi, India, for the period 1990-2000 has been developed in
support of air quality, atmospheric chemistry and climate studies. It appears that SO2 and total suspended particles
(TSP) are largely emitted by thermal power plants (~68% and ~80%, respectively), while the transport sector
contributes most to NOx, CO and non-methane volatile organic compound (NMVOC) emissions (480%). Further,
while CO2 has been largely emitted by power plants in the past (about 60% in 1990, and 48% in 2000), the contribution
by the transport sector is increasing (27% in 1990 and 39% in 2000). NH3 and N2O are largely emitted from agriculture
(~70% and ~50%, respectively), and solid waste disposal is the main source of CH4 (~80%). In the past TSP
abatement to improve air quality has largely focused on traffic emissions; however, our results suggest that it would be
most efficient to also reduce TSP emissions by power plants. We also assessed the potential large-scale transport of the
Delhi emissions based on 10-day forward trajectory calculations. The relatively strong growth of NOx emissions
indicates that photochemical O3 formation in the regional environment may be increasing substantially, in particular in
the dry season. During the summer, on the other hand, convective mixing of air pollutants may reduce regional but
increase large-scale, i.e. hemispheric effects.
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1. Introduction

Delhi ranks amongst the worst polluted megacities of
Asia. Its low air quality is held responsible for about
18600 premature deaths per year (TERI, 2001a).
Varshney and Aggarwal (1992) and Singh et al. (1997)
have shown that ozone levels in Delhi approached or
exceeded the limit of air quality standards set by the
World Health Organization (WHO). Also, measure-
ments from the Central Pollution Control Board

(CPCB, 2001a) show that total suspended particle
(TSP) concentrations have exceeded air quality stan-
dards throughout the period 1990-2000. Consequently,
Delhi's air pollution problem has received much
attention and various policy measures have been
proposed. Especially for the transport sector several
control measures have been implemented, such as low-
sulfur diesel in the mid 1990s, EURO-II equivalent
emission norms for passenger vehicles in 2000, and
replacement of diesel fueled commercial vehicles with
Compressed Natural Gas (CNG) vehicles in 2001.

Besides local air quality aspects, atmospheric emis-
sions from megacities like Delhi contribute to large-scale
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phenomena such as acidification and eutrophication
(Guttikunda et al., 2003), and the occurrence of large-
scale pollution haze (Lelieveld et al., 2001) leading to
perturbations of the climate and water cycle (Rama-
nathan et al., 2001). Atmospheric chemistry models
studying these phenomena use global emission inven-
tories such as Emission Database for Global Atmo-
spheric Research (EDGAR) (Olivier et al., 1996) or
regional studies such as Transport and Chemical
Evolution over the Pacific (TRACE-P) (Streets et al.,
2003). These inventories mainly use information at the
national level, which means that the different develop-
ments between urban and rural areas are not distin-
guished, leading to misinterpretation of megacity
emissions. Also, most inventories do not provide
emission trends making it difficult to capture the
dynamic megacity developments in time. At present a
comprehensive emission trend inventory that includes
greenhouse gases, ozone precursors and particulate
matter for the city of Delhi does not exist. Existing
inventories focus on a particular emission source
(especially transport) or a particular problem (e.g.
greenhouse gases) and only for a given year (see Table 1).
To fill this gap and provide a consistent emission
database, we have constructed a decadal (1990-2000)

sector-wise emission inventory for various compounds
(CH4, CO, CO2, N2O, NH3, NMVOC, NOx, SO2, and
TSP) covering the administrative region of Delhi as
defined in the Economic Survey of Delhi (ESD),
2001-2002. Section 2 of this paper describes the emission
inventory construction. In Section 3, our results are
presented and compared with existing inventories and
local air quality measurements. Section 4 illustrates the
implications of this work on urban to global scales using
global emission inventories and trajectory analysis.

2. Methodology

Emissions in megacity Delhi have been calculated
using an emission factor based approach for the source
categories e.g. power plants, transport, domestic sector,
industrial processes, agriculture and waste treatment.
Compounds included in this inventory are CH4, CO,
CO2, N2O, NH3, NMVOC, NOx, SO2 and TSP.

2.1. Emissions from power plants

Three coal-fired (i.e. Badarpur, Indraprashta, and
Rajghat) and one gas-fired [Gas Turbine (G.T.) station]

Table 1
An overview of total and traffic emission estimates (Gg) for megacity Delhi as found in the literature (also shown our estimates)

Total emissions
Sharma et al. (2002a)

Garg et al. (2001a)

Garg et al. (2001b)

Bose (1996)
Bose and Anandlingam (1996)
Our estimates

Traffic emissions
Singh et al. (1990)
CPCB (1994)
Bose (1996)
TERI (1997)

Kandlikar and Ramachandran (2000)
Padhy and Varshney (2000)
Sharma et al. (2002b)

Mittal and Sharma (2003a)
Our estimates

Year

1990:
1995:
1990:
1995:
1990:
1995:
1990:
1990:
1990:
1995:

1987-88
n.s.a

1990
1990
1995
n.sa

1995
1990
1995
1997
1990
1995
1997

CH4

202

—
—
—
—
—
—
133
164

—
—
—

—
—

4
—

—
4
6
7

CO

152
200
—
—

—
265
361
524

150
295
180
139
178
185-285
—
152
199
387
302
448
430

CO2

13200
16600
—
—
17400
18600
—
15000
16802
19458

—
—
—

—
—
—
—

5460
4558
6487
7417

NMVOC

8 (HC)
9 (HC)
—
—
—
—
—
100
148
208

—
113
73
55
71

100-180
—

7
9

178 (HC)
121
175
177

NOx as NO2

11
17
66
82

—
—

73
73
94

131

—
57
16
33
44

65-145
—

12
17

1520 (as NO)
76

108
118

SO2

—
—

71
69

—
—

45
26

100
113

—
—

2
4
5

—
—
—

91
28
39
24

TSP

14
21

—
—
—
—
116
116
131
141

—
5

0.4
7
9

16-32
—

14
21
26
16
22
25

an.s. = not specified. Note: Due to large differences in activity data used for calculations, there is significant difference in SO2

emissions of Bose group and our estimates.
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Table 2
Characteristics and emission factors of power plants in Delhi

Capacity (MW)a

Boilers (MW)a

Fuelb (CV)c

Plant load factor
(range)a
Gross generation
(range in GWh)
Fuel consumption
(range in kt and million
m3)
Emission factors

NOx as NO2

SO2

CO
CO2

CH4

NMVOC
N2O
NH3

TSP

Badarpur

705
3x95, 1 x210
Sub-bituminous coal
(20MJkg^1)
0.700-0.818

4323-5051

3501-4092

Badarpur
ton/kt coal

1.40d

11.40e

0.28d

1894.00d

0.01d

0.60d

0.02d

0.02f

23.63g,h

Indraprashta

278 (248 after 1997)
1 x36, 1 x60, 3x62.5
Lignite coal
(leMJkg-1)
0.314-0.398

682-895

577-757

Indraprashta
ton/kt coal

1.15d

22.77e

0.23d

1641.28d

0.01d

0.49d

0.01d

0.01f

3.06g,h

Raj ghat

135
lx 15, 2x67.5
Sub-bituminous coal
(lSMJkg-1)
0.523-0.797

618-942

498-747

Raj ghat
ton/kt coal

1.24d

10.13e

0.25d

1683.77d

0.01d

0.53d

0.01d

0.01f

23.63g,h

G.T. station

248
6x30, 2x34
Natural gas
(36MJirT3)
0.290-0.485

630-1053

201-327

G.T. Station
ton/Mil .m3

3.86i

2.15e

1.14d

1985.79d

0.21d

0.18d

0.00d

0.03f

0.27g,h

aCEA (2003a, b).
bAccording to IEA definition using calorific value (CV) of fuel.
cAveraged value 1999-2001 taken from http://www.indiainfoline.com/infr/stat/plfs/plfc.html, with the exception of G.T. Station for

which information from RAINS-Asia (Foell et al., 1995) is taken.
dEMEP/CORINAIR (EEA, 2001).
Foell et al. (1995).
fBouwman et al. (1997).
gReddy and Venkataraman (2000).
hScaled with PM2.5 using CEP-MEIP inventory (unpublished).
iReddy (2001).

thermal power plants have been in operation within the
study domain during the period 1990-2000 to produce
electricity for Delhi. Characteristics of these power
plants presented in Table 2 are considered in this study.
The fossil fuels consumed for power generation is
determined using Eqs. (1) and (2).

Gross generation ðGWhÞ =plant load factor ð%Þ
x capacity (GW) x 24
x 365; (1)

Fuel use ðktÞ =gross generation
x fossil fuel use per GWh: (2)

The range of plant load factors for the different power
plants and resulting gross electricity generation are
shown in Table 2. Plant load factors were not available
for all years of study; therefore extrapolations were
made. Emission factors (see Table 2) representative for

Delhi are scarce, and were available only for SO2, TSP
and NOx as presented by Foell et al. (1995), Reddy and
Venkataraman (2002a, b), Reddy (2001), and Reddy and
Venkataraman (2000). We did not use the NO2, SO2,
and particulate emission factors recommended by
Chandra and Chandra (2003) because they did not
distinguish lignite from sub-bituminous coal emissions,
and also because the database for the recommended
emission factors was lacking. For other compounds
emission factors were selected for uncontrolled condi-
tions for different boiler fuel combinations from
EEA (2001), Bouwman et al. (1997) and CEPMEIP
(unpublished).

2.2. Emissions from transport

Transportation of goods and persons in Delhi is
primarily dependent on road traffic. As a consequence
of the high traffic density in Delhi, the average speed
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within the city is relatively low [~20kmh \ Kandlikar
and Ramachandran (2000)]. Emissions from road
transport in the period 1990-2000 have been calculated
as follows:

Ef.
Vehf

(3)

emission of compound (i)
number of vehicles per type (j)
distance traveled in a year per different vehicle
type (j)
emission of compound (i), vehicle type (j) per
driven kilometer.

The annual mileage per vehicle category and number
of registered vehicles have been taken from CPCB
(2001b) and ESD (2001-2002), respectively, to calculate
distance traveled in a year per different vehicle type.
Buses and goods vehicles and taxis are assumed to use
diesel as fuel, while motorcycles and auto rickshaws use
gasoline. With diesel passenger cars virtually negligible
before 1994 and estimated to be only 1-3% after 1995
(CPCB, 2001b) it is assumed that all passenger cars use
gasoline. Several control measures have been implemen-
ted in the period of study, such as the introduction of
unleaded fuel in 1996 (0.15g/l), phasing out of leaded
fuel in 1998 and introduction of low-sulfur diesel in 1996
(0.5% S) and 1998 (0.25% S) (Mashelkar et al., 2002).
Furthermore, in 2000, 8-year old buses were phased out
and all vehicles were assumed to meet EURO I
equivalent norms except for passenger cars that should
have met EURO II norms.

Emission factors taking into account Delhi's driving
conditions and control measures were hard to find.
Some data are based on laboratory measurements
(Saxena et al., 2002) while others present emission
norms (e.g. CPCB, 2001b) not accounting for poor
maintenance and mixing of fuels. Except for Saxena et
al. (2002), all other studies are emission factor compila-
tions based on measurements in India, theoretical
emission factor calculations or uncontrolled data from
Europe or United States of America. As shown in
Table 3, the range of emission factor values is rather
large for some compounds. To interpret these values, we
consulted speed dependent emission factors (for 20 and
40 km IT1) as reported in EEA (2000). CO emission
factors for gasoline passenger cars as reported by
Kandlikar and Ramachandran (25g/km), Bose
(28.9 gkm"1) and Mittal and Sharma (24.8 gkm"1) are
above the emission factors for non-controlled European
vehicles at 20kmh~1. This seems reasonable given the
low traffic speed, relatively poor maintenance and fuel
mixing practices in India (Kandlikar and Ramachan-
dran, 2000). The emission factor of Bose (1998) for post-
1984 leaded fuel (9.5gkm^1) is in the range of the
improved conventional measures. However, applying

the values of 2.6 and 3.9 reported by Bose (1998) and
Saxena et al. (2002) seems rather unrealistic with
passenger cars in Delhi performing better than both
EURO I and EURO II European cars at low speeds.
These differences underscore the importance of estab-
lishing emission factors for transport in Delhi that
highlight both the uncontrolled situation as well as
values that account for emission control technology.

Emission factors for our calculations (see Table 4)
have been determined as follows. Motorcycle emission
factors reported for India have been used if they were
comparable with non-control European 2-stroke motor-
cycles; if not, a best estimate is being used. For auto-
rickshaws, comparison with European three wheeler
engines is unrealistic. Since fuel mixing takes place
especially in this category (Kandlikar and Ramachan-
dran, 2000) upper range values from India studies are
selected. Emission factors for gasoline passenger cars are
selected for three periods. For the period 1990-1996
uncontrolled leaded emission factors are used. For the
post-1996 measures such as catalysts (after 1996) and
EURO I norms for new vehicles in 2000 are taken into
account. For the period 1996-1999 we assumed that
50% of the vehicles were uncontrolled using leaded
gasoline with the others using unleaded gasoline and a
catalytic converter. For the year 2000 we assumed that
25% of the vehicle fleet was uncontrolled, 50% of which
using a catalytic converter, and that 25% met the
EURO I standards. For diesel vehicles we assumed that
before 1996, these vehicles were uncontrolled and used
high-sulfur diesel, and that in 1996-2000 vehicles ran on
low-sulfur diesel. For CO2 emission factors the values of
Mittal and Sharma (2003a) were used. Emission factors
for CH4, N2O and NH3 were adopted from EEA (2001).
Finally, NMVOC emission factors were determined
by subtracting CH4 from VOC values, as stated in
EEA (2000).

2.3. Emissions from the domestic sector

Emissions from fossil fuel burning in household stoves
or generators are calculated using Eq. (4).

Ei = (4)

Ec emission per compound (i)
Fuelj: consumption of fuel per fuel type (j)
EFi, j: emissions of compound (i) per unit of energy

The Delhi Statistical Handbook (DSH, 2000) presents
consumption of energy products in Delhi without
distinguishing energy uses in the power, industrial or
domestic sector. Based on assumptions (see footnote,
Table 5) domestic energy use consists of the fuel types
cooking gas, kerosene oil, fuel wood, crop waste, and
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Table 3
Emission factors (gkm^1) for different vehicles types as presented by Bose (1998), Mittal and Sharma (2003a), and reference therein as
Saxena et al. (2002), and Kandlikar and Ramachandran (2000)

CO2

CO

N O x as N O 2

HC

SO2

TSP

Bose

Motor

MC

8.30a,b

2.40c

0.10a

0.39b

n ORC

5.18a

0.72b,c

0.05a

0.03b,c

0.5a

0.08b,c

cycles and

AR

12.25

0.10

7.65

0.10

0.50

Mittal

scooters

MC

26.60a

28.30b

2.0a

1.4b

1.2a

2.1b

6.60a

0.00b

0.00

0.00

and Sharma

(MC) and auto

AR

60.3a

78.5b

5.25a

2.0b

1.8a

3.7b

5.9a

0.00b

0.00

0.00

Saxena et

rickshaw (AR)

MC

4a

2.6b

0.06a

0.3b

3.3a

0.7b

—

0.10a

0.06b

al.

AR

8.60a

0.09a

7.00a

—

0.15a

Kandlikar and

MC

7.56a,k

0.03a

4.53a,k

0.013a

0.5a

Ramachandran

AR

1 1 .4a,k

0.26a

8.56a,k

0.029a

0.5a

Cars/Jeeps using gasoline (G) and Taxi's using diesel (D)
G D G D G D G D

CO2 — — 223.60 208.30 — — — —

CO 28.90d

9.50e

2.60f

NOx as NO2 2.70d

HC

SO2

TSP

CO2
CO

1.90e

0.6f

6.20d

1.50e

0.30f

0.22d

0.15e

0.14f

0.33d

0.25e

0.08f

Buses
B
—
12.70

NOx as NO2 21.00
HC
SO2

TSP

2.10
2.5l

2.00
a2-stroke, gasoline.
b4-stroke gasoline.

1.10g

3.30g

0.28g

0.93g

0.60g

24.80

5.1b

0.00

0.00

0.00

(B) and Goods vehicles
G
—
12.70
21.00
2.10
2.5l

2.00

B
515.20
4.70
540
0.00
2.5i

25.4j

4.62h

2.0

180b

0.00

10.30

2.19h

(G) using diesel
G
515.20
4.70
540
0.00
2.5i

25.4j

4.62h

3.90

1.10

0.80

—

0.05

B
—
4.50
16.80
1.21
—

1.60

1.20

0.69

0.37

—

0.42

G
—
4.50
8.40
1.21
—

0.80

25

2

5

0.053

0.33

B
—
4.7k

8.1k

1.7k

1.42k

1.15k

0.85

1

0.28

—

2

G
—
4.7k

8.1k

1.7k

1.42k

1.15k

c4-stroke with catalytic converter (unleaded gasoline).
dpre- 1984.
epost-1984.
fwith catalytic converter.
gsulphur content assumed to be 0.5%.
hPM and soot.
ilow-sulfur diesel (0.05%).
jhigh-sulfur diesel (0.5%).
kaveraged compiled values.
lwith sulfur content of 0.5% (w/w).
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Table 4
Selected emission factors (g km~1) used for calculation of transport emissions

CO2

CH4

N2O
CO

NOx as NO2

Motor cycles

26.60a

0.18b

0.002b

8c

0.03k

Auto rickshaw

60.3a

0.18b

0.002b

12d

0.10d

Cars

223.60a

0.17b

0.005b

25e,fg,f,h

13i,f,h

3e,l

Taxi

208.30a

0.01b

0.01b

1y

r

Buses

515.20a

0.09b

0.03b

4.7j

21q

Goods vehicels

515.20a

0.09b

0.03b

4.7j

21q

voc 0.28s 1.6t 1.6t

SO2

NH3

TSP

0.05u

0.002b

0.5u

0.10d

0.002b

0.5d

2 .5i,h

0.22u

0.002b

0.33u

0.93u

0.001b

0.60u

5m,v

2.5°,w

0.003b

1.15x

5.4m,v

2.5o,w

0.003b

1.15x

Emission factors for NMVOC can be determined by subtracting CH4 emission factor values from VOC values.
Abbreviations used in explanations: B = Bose (1998), MS = Mittal and Sharma (2003a), S = Saxena et al. (2002), KR = Kandlikar and
Ramachandran (2000), EU = EEA (2000).

aTaken from MS (Motorcycles and auto rickshaw are 2-stroke engines).
bTaken from EEA (2001).
cTaken from B and KR although values are too low compared to European values.
dUpper range values.
ePeriod 1990-1995 uncontrolled.
fRange of B, MS, KR.
g1996-1999 with 50% of fleet with catalytic converter and unleaded fuel.
hValues taken from B.
i2000 with 25% uncontrolled, 50% with catalytic converter and 25% meeting EURO 1 standard.
jRange of B, S and KR.
kValues from MS, S and KR in agreement with uncontrolled EU.
lKR comparable to EU values.
mRange of B and MS.
n1990-1995 on high sulfur-diesel (1%).
oValue of KR in agreement with upper range EU.
p1996-2000 on low-sulfur diesel (0.5%).
qValue taken from S in agreement with EU range.
rTaken from B, other values are too low compared to EU.
sRange of B, MS, K although too low compared to European values.
tValues of B and KR in agreement with upper range of EU.
uAverage of B, S and KR, in range with EU.
vArbitrary selection of B.
wDerived from B values for low sulfur diesel (0.5%).
xValues taken from B.
yTaken from KR in upper range of EU non controlled.

dung cake. Emission factor data (Table 5) for India
stoves were found in US-EPA (2000), and Reddy and
Venkataraman (2002b).

2.4. Emissions from industrial processes and solvent use

Delhi has witnessed phenomenal industrial growth in
the past few decades starting, from 8160 enterprises in
1951 to 126,218 in 1996 and 150,000 in 2002 (Chauhan
and Sinha, 2004). As a consequence of a Supreme Court

(SC) decision in 1996, polluting industries in Delhi were
closed in 2000 and others were relocated. In 2002, the
government declared 24 residential areas as industrial
zones, being rejected by the SC. Currently only 200 of
the 16,000 industries affected by the government
relocation decision in the nearby Bawana industrial are
operating. The associated lack of factual information
may lead to a greater uncertainty in our estimates from
the industrial sector in comparison to the other sectors.
Data on industrial production for Delhi are also not
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Table 5
Consumption of energy products in the domestic sector and selected emission factors

Fuel usea

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

Emission factors

CO2

CH4

N2O
CO
NOx

NMVOC
SO2

NH3
T S P b

Cooking gas (kt)

205
214
240
266
277
309
332
365
390
448
467

gkg- 1

3085
0.05
0.15

15.00
33.00
18.80
2.10
0.00
0.33

Kerosene oil (M.L)

289
276
269
261
240
240
243
243
233
206
215

gm~3

2354
0.80
0.08

49.60
2.57

15.20
2.57
0.00
1.52

Fuel wood (kt)

143
154
164
175
185
207
203
224
188
165
182

gkg- 1

1605
7.00
0.20

86.00
3.10

15.00
2.45
0.00
1.50

Crops waste (kt)

143
154
164
175
185
207
203
224
188
165
182

gkg- 1

1243
11.47
0.13

70.67
1.35

16.33
0.76
0.00
3.88

Dung cake (kt)

215
231
246
262
277
310
305
336
282
248
274

gkg- 1

1021
9.00
0.31

47.33
0.65

23.93
1.00
0.00
5.04

aThe Delhi Statistical Handbook (2000) does not distinguish between energy used in the power, industrial or domestic sector.
Therefore the following assumptions have been made: (a) petrol, high speed oil and light diesel oil are used in transport sector, (b)
cooking gas and kerosene oil are burned in small stoves, (c) other energy products does not include coal, since coal used in power plants
exceeds this number, (d) other energy is assumed to be biomass such as fuel wood, crop waste and dung. For years where no data were
found (1991, 1992, 1993 and 2000) existing data were extrapolated via linear regression. The percentage of other energy products, that
is fuel wood, crop waste or dung, has been determined using published data (Reddy and Venkataraman, 2002b; CESE, 2003).

bvalueof PM2.5.

available in the literature; however, we have attempted
to approximate these. On the national level some
production figures are presented by the Ministry of
Commerce and Industry (MCI, 2001). For iron produc-
tion, steel production, chemical industry, pulp and paper
industry and solvent use, data on the national level—
emission estimates by industrial category from the
EDGAR database (Olivier et al., 2002)—have been
scaled using population data [ratio Delhi population vs.
India population, FAO (2003)].

2.5. Agricultural emissions

Emissions from agricultural activities result from
enteric fermentation, manure, rice cultivation and
agricultural soils. CH4 emissions from enteric fermenta-
tion are calculated using Eq. (5)

EmissionCH4 = \ ^ (Number of animalsj x EFCH4J :

(5)
Here, j denotes the animal type.

Livestock data (Table 6) are available for the year
1992 and 1997 (DSH, 2000; ESD, 1999-2000,
2001-2002). For other years national animal data

(FAO, 2003) were scaled with the ratio of Delhi animals
to the national totals for the years 1992 and 1997.
Emission factors from IPCC/OECD/IEA (1997) are
used, which would probably result in higher emissions
because of different nutrient intakes. Singh and Mohini
(1996) (as referred in Yamaji et al., 2003) present
emission factors related to enteric fermentation in the
Indian context. However, their animal type categories of
cattle did not match the distinction used in our work.

Animal manure results in emissions of CH4, N2O and
NH3 as a result of microbiological decomposition under
anaerobic conditions (IPCC/OECD/IEA, 2000; Bouw-
man et al., 1997). CH4 emissions are calculated using
Eq. (5) with Asian regional emission factors for cattle
and aggregated emission factors by climate type or
economic status for the other animal types as presented
in IPCC/OECD/IEA (1997). N2O and NH3 emissions
are calculated using Eq (6), assuming unmanaged
livestock keeping and non-treatment of manure.

Emission N2O=NH3 = ^(Number of animalsj

x Nitrogen-excretionj

(6)
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Table 6
Animal population figures in Delhi and emission factors for enteric fermentation and manure management

Dairy cattle
Non-dairy
cattle
Young-cattle
Mature
buffalo
Young
buffalo
Sheep
Goats
Horses
Pigs
Camels
Poultry
Other

1992 (head)

22277
3026

15398
152914

95746

198
16225

748
11996

23
301050

1127

1997 (head)

51277
9876

34507
130113

72941

10674
25358

1131
30534

99
101685

1611

Emission factor
enteric fermentation
(kg/head)

46
25

25
55

55

5
5

18
1
46

0
0

N-excretion
(kg/head)

60
40

25
53

40

10
9

45
11
55
0.5

—

CH4 from animal
manure (kg/
head)

27
2

27
3

3

0.21
0.22
2.2
7
2.6
0.023

—

NH3 from animal
manure (% of N-
excreted)

0.18
0.18

0.18
0.18

0.18

0.10
0.10
0.18
0.44
0.18
0.44
—

Nitrogen excretion data per animal type (Table 6) are
taken from Bouwman et al. (1997). The global default
emission factor for N2O from the IPCC guidelines
(IPCC/OECD/IEA, 1997) has been used to calculate
N2O emissions (0.02 kg N/kg N excreted) while a
regional (developing countries) emission factor per
animal type has been taken from Bouwman et al.
(1997) to calculate NH3 emissions (Table 6).

CH4 emissions from wetland rice cultivation have
been calculated using an emission factor approach with
value of 20 g CH4rrT2 rice field and information on the
amount of m2 of rice fields in Delhi (ESD, 2001-2002).
The inter-annual variability in the amount of irrigated
rice fields is large, with 3300 ha (1990), 540 ha (1993) and
8000 ha (1999).

The application of fertilizers, animal waste or crop
residues to soils leads to emissions of N2O, NOx and
NH3. Emissions have been calculated by multiplying the
amount of fertilizer and animal sludge with representa-
tive emission factors. Fertilizer and animal sludge
application data (DSH, 2000) for the years 1994-1999
have been used. For other years values have been kept
constant (1990-1993 using 1994 data and 2000 using
1999 data). Fertilizer application ranges from 14,800 ton
in 1990 to 24,000 ton in 2000 while animal sludge
application decreased from 14,800 ton in 1990 to
4,600 ton in the year 2000. The emission factor for
NOx is taken from Yienger and Levy (1995). N2O
emissions are calculated using a default emission factor
(IPCC/OECD/IEA, 1997). Using information provided
by Bouwman (personal communication, 2003) an
emission factor of 0.22 and 0.29 ton NH3 loss per ton
of fertilizer were applied.

2.6. Emissions from waste treatment

Treatment of municipal solid waste (MSW) and
wastewater leads to CH4 emission from landfills and
anaerobic wastewater treatment, and NH3 emission
from composting (EEA, 2001). Moreover, burning of
uncontrolled waste emits several compounds. Approxi-
mately 80% of the garbage generated in Delhi is
collected with the remainder left on the streets or in
small dumps (TERI, 2003). According to Kumar et al.
(2001) and Sharma et al. (2002c), the municipal solid
waste is for 90% disposed in landfills, and the remainder
is composted. Detailed waste statistics per year were not
found. The Ministry of Statistics and Program Imple-
mentation (MSPI, 2000) states that 492 g of waste is
produced per person per day. Based on this figure and
Delhi population statistics (ESD, 2001-2002) the yearly
amount of municipal waste has been estimated. CH4

emissions from solid waste disposal are calculated using
Eq. (7) (IPCC/OECD/IEA, 1997). For most parameters
lack of data led to application of default IPCC values
except for Degradable Organic Carbon (DOC) [taken
from Sharma et al. (2002c)]. It has been assumed that
Delhi landfills are not being controlled.

Emission CH4 =[(MSW x MCF x DOC x DOCf

x Fx 1 6 / 1 2 ) - R ] x ( 1 - O F ) . (7)

MSW= Municipal Solid Waste [per capita waste
produced (MSPI, 2000) x Delhi population
(ESD, 2001-2002)]

MCF= Methane Correction Factor: unspecified dis-
posal sides-default value = 0.6
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DOC= Degradable Organic Carbon: O.lSkgCkg"1

SW"1 (Sharma et al. 2002c)
DOCf= Fraction of DOC dissimilated: 0.77 (default)
F = Fraction of CH4 in landfill gas 0.5 (default)
R = 0 (no CH4 recovery)
OF = Oxidation factor: 0, default.

NH3 emissions have been calculated using a default
emission factor of 240 g NH3 per ton of organic waste
being composted. Further, our estimate of emissions
from the burning of uncollected waste is based on the
assumption that 20% of the solid waste is not collected.
Emissions have been calculated using emission factors
for CO2: 0.7 ton ton"1 (IPCC/OECD/IEA, 1997), N2O:
O.lkgton"1, CO: 0.2 kg ton"1, NO2: 1.8kgton"\
NMVOC: 0.02kgton"1, SO2: l^kgton"1 (EEA, 2001),
and TSP: 0.008 kg ton"1 (CEPMEIP, unpublished).

Treatment of wastewater under anaerobic conditions
leads to CH4 emissions, which are calculated using Eq.
(8) (IPCC/OECD/IEA, 2000). Information on water
consumption and wastewater generation has been taken
from (ESD, 2001-2002). In the period of study waste-
water generation increased from 6x 1011l in 1990 to
13xl0u l in2000.

Emission ðCH4Þ = Wastewater x BOD x Bo x MCF

(8)
BOD (biochemical oxygen demand) = ISOmgl"1

Bo (Maximum methane producing capacity for waste-
water) = 0.25 kg CH4/kg BOD

MCF (methane correction factor) = 0.025 (default).

2.7. Methodological limitations

Due to the lack of accurate data the methodology
presented above is accompanied with several limitations.
First, several emission source categories were excluded.
For example, emissions from land conversions or
biomass burning were not estimated because available
data from ESD (1999-2000, 2001-2002) seem rather
questionable when, for example, in 1996 the amount of
forest increased by more than a factor of two compared
to 1995. Due to a lack of data the emissions from wood
consumption in crematoria have also been excluded.
Other sources excluded are emissions from private
vehicles of commuters from nearby towns and large
point sources of national capital region (NCR), re-
suspension of road dust and particulate matter gener-
ated by sand storms in summer seasons and construction
activities. Second, for source categories that are in-
cluded, activity data on emission processes are scarce
and sometimes not available (e.g. industry). Further-
more, Delhi or India specific emission factors are often
not available or difficult to interpret. The discussion on
transport emission factors (Section 2.2) is illustrative.

Also for TSP emission from power plants some
controversy exists on the available emission factors with
Mittal and Sharma (2003b) stating that no control
measures are applied to power plants, while Kandlikar
and Ramachandran (2000) argue that electrostatic
precipitators (for TSP emission reduction) are in place
and ESD (2001-2002) mentioning that all three thermal
power plants located in Delhi need more emission
control devices as well as better utilization of the fly ash
that they generate.

Besides the issue of activity data (mainly fuel statistics
or industrial production statistics), the selection of
emission factors is a major source of uncertainty in
our work. For example, to estimate TSP emissions from
buses and trucks, we used an emission factor that is
already higher than the uncontrolled European emission
factors as presented by CEMEIP, which may still be
lower than the actual emissions in Delhi. However, in
view of the absence of Delhi specific reliable emission
factors for TSP from buses and goods vehicles, we
preferred the uncontrolled European emission factors
from CEMEIP instead of the emission factors of Bose
(1998) or Mittal and Sharma (2003a), which differ by a
factor of 2.3 from each other.

3. Results and discussions

3.1. Emissions in Delhi (1990-2000)

The Delhi emission trends are shown in Fig. 1a-i for
the compounds CH4, CO, CO2, N2O, NH3, NMVOC,
NOx, SO2 and TSP, respectively. To illustrate that for
some source categories inter-annual emission variability
may be important; a selection of source categories is
presented in Fig. 2a-c. Fig. 1 shows that emissions of
several compounds are dominated by a single source
category. For example, transport emissions are respon-
sible for most of the NOx, CO and NMVOC emissions
(Fig. 1g, b, f), power plants for the TSP emissions (Fig.
1i), agriculture for NH3 (Fig. 1e), and waste treatment
for CH4 (Fig. 1a). For CO2, N2O, and SO2 several
different sources determine the total emission strength.

CH4 emissions (Fig. 1a) have increased over the last
decade by about 40% from 133 Gg in 1990 to 192 Gg in
2000. This trend reflects the population growth in Delhi
since emissions have been calculated using a constant
waste per person factor and population statistics for
Delhi.

CO emissions (Fig. 1b) increased from 361 Gg in 1990
to 503 Gg in 2000 (39% increase). Measures taken in the
transport sector are visible in the CO trend (Fig. 2a) for
the period 1995-1996 (catalytic converter) and
1999-2000 (EURO-I norms). Another source of CO is
domestic fuel combustion. As shown in Fig. 2b, CO
emissions from domestic fuel use show a strong decrease
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Fig. 1. Emission estimates per source category in megacity Delhi for the period 1990-2000; (a) CH4, (b) CO, (c) CO2, (d) N2O, (e) NH3, (f) NMVOC, (g) NOx as NO2, (h) SO2, (i) TSP.
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from 1997 to 2000 caused by a change from traditional
fuels to cooking gas (see Table 5).

CO2 emissions (Fig. 1c) increased from 17Tg in 1990
to 22Tg in 2000 (~30%). Power plants, transport and
domestic fuel combustion are significant emission
sources. As shown in Fig. 2c the CO2 emissions have
an inter-annual variability of up to 10%, for example, in
the years 1992 and 1998. The relatively lower emissions
in these years relate to the plant load factors, which are
lower in these years. The fact that Delhi imports a large
fraction of its electricity can be seen in this figure; while
available electricity has increased by a factor of two
(ESD, 2001-2002), CO2 emissions have not grown very
strongly.

N2O emissions (Fig. 1d) range from 1.4-1.7 Ggyear l

in Delhi. Main emission sources are manure manage-
ment, agricultural soils and transport. The relatively
small emission trend can be explained by a decrease of
the amount of animal sludge used as fertilizer since 1996
and the change of traditional fuel to cooking gas as of
1997. These decreases make up for emission increases in
the transport sector.

NH3 emissions (Fig. 1e) amount to about
10Ggyear"1 throughout the study period, and are
dominated by agricultural soils. Emissions have de-
creased since 1996, which is related to the reduced
animal sludge application as fertilizer (DSH, 2000),
followed by a slight increase in emissions from 1998

NMVOC
0NOx
CO

x450

- • 400 _

8

H 1 1 1- 250
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

Fig. 2. (a) CO, NMVOC and NOx emissions from transport in Delhi (1990-2000). (b) CO, NMVOC and NOx emissions from
domestic energy use in Delhi (1990-2000). (c) CO2 and TSP emissions from power plants in Delhi (1990-2000).
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due to increasing animals and associated manure
management.

NMVOC emissions (Fig. 1f) show an increase of
-55% with 148 Gg in 1990 to 229 Gg in 1999. The
largest source of NMVOC is transport (~80%). Within
this sector, motorcycles represent the largest contributor
to NMVOC emissions (~108 Gg in 2000). As shown in
Fig. 2a, the lower NMVOC emissions in 1996 are related
to the introduction of catalytic converters for passenger
cars in 1996, while the lower emissions in 2000 result
from a combination of introducing EURO I norms for
passenger cars and the fuel shift in the domestic sector.

NOx emissions (Fig. 1g) show a strong increase from
94 Gg in 1990 to 161 Gg in 2000. Control measures in
the transport sector, such as catalytic converters and the
introduction of EURO I norms, do not seem to have
curbed the NOx emissions (Fig. 2a), although they have
probably prevented even stronger increases. Further-
more, as a result of more efficient burning, NOx

emissions from cooking gas are higher than under
conditions of burning traditional fuels. Thus the shift of
traditional fuels towards cooking gas results in an
additional increase of NOx emissions (Fig. 2b).

SO2 emissions (Fig. 1h) show an inter-annual
variability with values ranging between 90 and 113Gg.
The decrease of emissions in 1996-1998 results from the
introduction of low-sulfur diesel in 1996 and low plant
load factors in 1998. For example, the introduction of
low-sulfur diesel in 1996 has resulted in the reduction of
transport emissions from ~39Gg in 1995 to ~23 Gg in
1996. Nevertheless, the increasing number of vehicles in
Delhi partly counteracts this measure, so that the
transport emissions almost reached the level of 1990
by the year 2000.

TSP emissions (Fig. 1i) in Delhi increased from
131 Gg in 1990 to 150 Gg in 2000 (15%). As power
plants are the largest contributors (~80%) to total TSP
emissions, the plant load factors strongly influence the
emission trends, being evident from the lower TSP
emissions in the years 1992 and 1998 (Figs. 1i and 2c).
Transport emissions contributed about 19% by the year
2000. However, apart from the years 1992 and 1998,
TSP emissions by the power plants have been relatively
constant (~113 7 5Ggyear^1), whereas TSP emissions
from the transport sector almost doubled from 15 Gg in
1990 to 28 Gg in 2000.

There are uncertainties in power plant related TSP
emissions, as plant specific data were not available.
Given the fact that we had to construct a dataset on
gross generation by power plants based on limited data,
we cannot exclude errors in the estimated amount of fuel
consumed. This could lead to an underestimate of NOx

or TSP from stationary sources. Further, total TSP
emissions are expected to be under-estimated due to the
lack of accurate data on industrial emissions and waste
incineration. In addition, we have considered emissions

mainly of anthropogenic origin. However, Delhi TSP
concentrations may be affected by wind blown dust,
mostly during the summer season from the Thar desert
in Rajasthan, which has not been accounted for in the
present study.

3.2. Comparison with other studies

Table 1 presents our estimates along with total and
transport emission estimates for Delhi taken from
different emission inventories. Most of these inventories
focus on a particular emission source (especially
transport) or particular emissions (e.g. greenhouse
gases) and a specific year (e.g. 1990 or 1995). Compared
to other inventories, our total estimates are generally
higher, largely associated with higher emissions from
power plants and transport. As shown in Table 1, a
variety of traffic emission estimates is available, indicat-
ing the uncertainty in traffic emissions. The differences
are in some cases rather remarkable. For example, NOx
emissions according to CPCB (1994), as stated in
Kandlikar and Ramachandran (2000), Bose (1996),
TERI (1997), and Sharma et al. (2002b) vary within
the range of 12-57 Gg year"1 NO2. The range of our
estimates is higher (76-133 Ggyear"1 NO2); however, it
is close to the range of 65-145 Gg year"1 NO2 derived by
Kandlikar and Ramachandran (2000). The estimates of
Mittal and Sharma (2003a) are very high with
1520 Gg year"1 NO, which is based on the combustion
process at a constant temperature of 2500 K and quite
high emission factors of NO (e.g. 354-405 g km"1 for
buses and trucks). Thus, the selection of NOx emission
factors seems to be the most important reason for the
discrepancies. For example, several studies applied
passenger cars emissions factors that are lower than
the values for European vehicles meeting the latest EU
norms, which seems rather unrealistic. A second
explanation is the assumption of low traffic speed (less
than 40kmh"1) resulting in high emission factor values
for several compounds.

This study may underestimate the TSP source for
industrial emissions. Scaling of national statistics from
the EDGAR database did not include TSP emissions.
Although there is a large uncertainty about the values,
based on CPCB (1994), Saxena and Dayal (1997) and
Kandlikar and Ramachandran (2000), TSP emissions
might be underestimated by 3.5-125 Gg year"1. The
reasons for this underestimation have been elaborated in
Section 3.1. For other source categories the number of
available emission estimates is smaller. CH4 emissions
from enteric fermentation of lSGgyear"1 are compar-
able with the work by Sharma et al. (2002c) who used
the same method and data. With 86 Gg in 1991 (Sharma
et al., 2002c) and 106 Gg in 1995 (Garg et al., 2002), CH4

emissions from municipal solid waste are lower than our
estimates (113 Gg in 1991 and 132 Gg in 1995). This
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difference is probably caused by differences in waste
data. According to Sharma et al. (2002c) rice cultivation
emissions for the period 1990-1997 show a strong inter-
annual variability with values ranging from 0.8 Mg
(1993) to 9.6 Mg (1997). Our estimates show the same
inter-annual variability, however, with higher values
ranging from 0.1 to l^Ggyear^ 1 CH4. This difference
seems to be related to the conversion from hectares to
m2, which seems to be erroneous in the work by Sharma
et al (2002c).

3.3. Comparison with air quality measurements

Air quality data for the period 1990-2000 for SO2,
NO2, and TSP are provided by CPCB (2003) for five
stations in industrial areas and four in residential areas
as defined in CPCB (2001a). CO measurements were
excluded because of limited coverage. Averaged annual
concentrations of SO2 in industrial and residential areas
show similar trends except in 1991 (Fig. 3a). The SO2

peak observed in residential area measurements is not
present in the emission inventory. Whether this is a real
pollution event or a measurement error could not be
determined. The calculated decrease of SO2 emissions
from 1995 to 1998, partly due to low-sulfur diesel
(Fig. 1h), is visible in the air quality trend.

NOx measurements (Fig. 3b) show an inter-annual
variability with large differences in the residential areas.
Although the quality of these measurements and likely
role of local air chemistry [e.g. the role of NOx in
titration and formation of O3, and also the conversion of
NOx into nitric acid followed by uptake on dust particles
(Lelieveld et al., 2001)] could not be determined, the
relatively constant trend in the industrial area is
comparable with the power plant emission estimates.
The introduction of the catalytic converter in the year
1996 is discernable, although less pronounced in the
emission data than in the measurements. The gradual
increase in NO2 concentrations after 1997 is in agree-
ment with the emission estimates. The fact that NO2

concentrations in residential areas show an increase
from 1998-2000 seems to validate that the emission
inventory takes into account larger NOx emissions from
shifting of fuel-wood to cooking gas in the domestic
sector.

TSP measurements (Fig. 3c) refer to particles in the
size range of 0.1-100 mm diameter (CPCB, 2001a), while
our estimates refer to all aerosols, also those smaller
than 0.1 mm. Annual air quality standards for TSP are
360|j.gm~ for industrial areas and 140|j.gm~ for
residential areas (CPCB, 2001a), which have been
exceeded during the entire decade. Except in 1991,
1992 and 1996, TSP levels in both residential and
industrial areas are comparable and follow the same
temporal tendency. On the other hand, the TSP emission
tendency (Fig. 1i) indicates a relatively constant level of

emissions from 1990 to 2000. Since the power plants are
situated within the city limits, a likely reason of the
relatively low residential TSP concentrations during
1996-1998 could be lower emissions from power plants
in this period due to control measures. Another tentative
possibility may be linked to low SO2 emissions (because
of low-sulfur diesel use from 1996 onwards) in these
years (see Fig. 1h) and thus less availability of SO2 to be
converted into sulfate particulates (Sharma et al., 2003).

4. Implications and scope

4.1. Local implications

Emission estimates and their interpretation in the light
of local air quality conditions and risk-benefit analysis
are the necessary tools in defining control measures to
tackle the air pollution problem in a megacity like Delhi.
If emission estimates and their interpretation are
erroneous, policy measures might be ineffective. For
example, a government white paper on pollution in
Delhi (GOI, 1997) and a CPCB report (CPCB, 2001a)
state that vehicular pollution contributes 67% to the air
pollution emissions with contributions by coal-fired
power plants, industrial units, and the domestic sector
of 13%, 12% and 8%, respectively. We have been
unable to retrieve the underpinning of these data. Our
estimates indicate that these figures may correspond to
the total pollution load of criteria pollutants as listed in
CSE (1996). However, as stated in a World Bank report
(TERI, 2001b), such figures have no technical meaning
since different pollutants have different levels of toxicity
on mass and dose-response criteria basis. Nonetheless,
on the basis of such reports (e.g. GOI, 1997; CPCB,
2001a) along with a Supreme Court initiative, the Delhi
government decided a shift in public transport to
compressed natural gas (CNG), implemented since April
2001 (Goyal and Sidhartha, 2003). It has been observed
that even after implementation of CNG based public
transport system in Delhi, TSP levels in ambient air are
still much beyond the permissible limits (Goyal and
Sidhartha, 2003). According to our estimates, the major
TSP source in Delhi's atmospheric environment is the
power sector, which, for example, is responsible for
about 77% of the total particulate emissions in Delhi for
the year 2000, while the transport sector contributes
only about 19%. Moreover, within the transport sector
about 39% of TSP is emitted by two-wheelers, which
constitute about 65% of Delhi's vehicular population,
and their number has constantly increased in the last
decade (e.g. the number of two wheelers in Delhi
increased from 2.185 million in 1999 to 2.231 million
in 2000, i.e. by about 46000 or 2.10% per year).
Moreover, there are unaccounted sources of TSP
(see Section 3.1). Thus it is not surprising that the TSP
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Fig. 3. (a) Averaged annual concentrations of SO2 in Delhi (1990-2000). (b) Averaged annual concentrations of NO2 in Delhi
(1990-2000). (c) Averaged annual concentrations of TSP in Delhi (1990-2000).

level in Delhi's ambient air still violates the permissible
limits. Since TSP is directly related to morbidity and
mortality (WHO, 2002), and the largest impact of
particulates on daily deaths in Delhi occurs in the age
group of 15-44 years (Cropper et al., 1997), an age
group that may spend most time outdoors, reducing
TSP pollution may substantially reduce the number of
premature deaths by air pollution in Delhi. Clearly,
there is a need to carry out a detailed comparative health
related risk-benefit analysis based on the relative
contribution of respirable TSP emitted by various
sources, particularly from power plants and the trans-
port sector.

4.2. Regional and global implications

During a passive diffusion sampling study conducted
from 23/11 to 30/11/2000, Mohan (personal commu-
nication, 2003) observed surface ozone concentrations in
Delhi and suburban areas of about 21 and 41 |J.gm~ ,
respectively. There is a distinct possibility that the
relatively strongly increasing NOx emissions (Fig. 1g)
from megacity Delhi enhance ozone concentrations in
downwind rural areas, possibly resulting in reduced
agricultural production. This effect may be particularly
important in the dry season when air mass transport is
mostly confined to the lower troposphere (Lelieveld
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et al., 2001). During the summer season, on the other
hand, large-scale transport in the free troposphere may
take place after surface emissions have been transported
upward in isolated or organized deep convection (Stohl
et al., 2003 and references therein). For example, the 10-
day forward trajectories originating from megacity
Delhi on specific days in April-June 2000 (Fig. 4a)
illustrate that some of the air parcels cross the entire
continent to the Pacific. In contrast, the trajectories for
the period October-December 2000 (Fig. 4b) remain in
the lower troposphere and indicate contributions of air
pollution in the atmospheric boundary layer over the
downwind Indian subcontinent, ultimately traveling
toward the Indian Ocean. The trajectory calculations
for the other seasons (not shown here), too, confirm the
likely potential of Delhi air pollution to contribute to
regional and global air pollution, consistent with the
analyses of Mayer et al. (2000) and Akimoto (2003).

Atmospheric chemistry-transport models used to
study the impact of emissions on a regional and
intercontinental scale need emission data from global
inventories such as EDGAR (Olivier et al. 2002). By
comparing our emission data with those in EDGAR for
the grid cell containing megacity Delhi for the year 1990
and 1995, it appears that our estimates are higher for
CO2 (by 109% and 65%), NMVOC (by 90% and
114%), SO2 (by 89% and 47%), and NO2 (by 118% and
104%), while they are lower for CH4 (by 58% and 56%),
N2O (82% and 84%) and CO (by 33% and 20%),
respectively. Similarly, for the year 2000, when com-
pared with the megacity Delhi grid emissions derived
from the TRACE-P emission inventory (Streets et al.,
2003), our estimates are higher for NO2 (by 164%),
NMVOC (by 48%), and SO2 (by 41%), while they are
lower for CO2 (by 11%), CH4 (by 56%), CO (by 40%),
and NH3 (by 90%). These discrepancies underscore the
large uncertainties associated with emission inventories,
indicating a need for quantitative tests through direct
measurements of emission factors, and modeling studies
combined with validation campaigns with a special
emphasis on megacity emissions.

5. Conclusions

A decadal (1990-2000) emission inventory of criteria
pollutants, ozone precursors, and greenhouse gases has
been prepared for megacity Delhi. To the best of our
knowledge, this is the first comprehensive and consistent
emission inventory for Delhi, which includes a range of
air pollutants and greenhouse gases. We infer that
during the study period 1990-2000 power plants were
the main source of SO2 (-68%) and TSP (-80%), while
the transport sector was the largest source of NOx

(about 82%), CO (-86%) and NMVOC (-80%). While
CO2 was largely emitted by power plants (about 60% in

1990, and 48% in 2000) followed by transport (27% in
1990, and 39% in 2000), the contribution by transport
has increased most strongly. Agriculture was the largest
emission source of NH3 (-70%) and N2O (-50%),
while CH4 was mainly (—80%) emitted from solid waste
disposal. The emission trends show that emissions in
megacity Delhi are partly associated with a strong inter-
annual variability based on introduction of control
measures, fuel shifts, changes in agricultural practice,
increase in the vehicle fleet or problems within the power
generation sector. Further, the emission trends and air
quality analysis reveal that the impact of several control
measures is not very large. For example, NOx emissions
had been steadily increasing throughout the study
period, and TSP levels in Delhi's air still violate the
permissible limits.

Our emission estimates are among the first available,
substantial uncertainty may be expected based on the
quality of emission factor data (as Delhi or India specific
emission factors were often not available) and other
methodological limitations (see Section 2.7). Thus our
results must be interpreted with caution. Although the
emission estimates presented here are based on several
assumptions which are difficult to test, the important
outcome is that the relative contributions from various
source categories for each chemical species can be
estimated reasonably well, which should be useful for
the planning of emission control strategies.

The coarse grid size of both the global atmospheric
models and inventories often do not capture the
developments of megacity emissions in time and space.
However, since megacities are increasingly being recog-
nized as important sources of pollutants that can travel
across the continents (Stohl et al., 2003) as well as affect
global atmospheric chemistry and climate (Mayer et al.,
2000; Akimoto, 2003), their role in global inventories
and atmospheric chemistry modeling will likely increase
in future. Although 10-day forward trajectories qualita-
tively indicate a likely impact of Delhi emissions on
regional and even hemispheric atmospheric chemistry,
more detailed tracer studies are required to determine
these effects. We hope that the approach presented in
this study forms a basis for such studies.
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