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Regional NO, emission strength for the Indian subcontinent and the
impact of emissions from India and neighboring countries on regional
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[1] This study examines the regional NO, emission strength and influence of external
emissions on Os-related chemistry over the Indian subcontinent based on a three-
dimensional chemistry transport model and space-based observations, following up on our
earlier work on NO, chemistry over southern Asia. NO, mass and emissions from Global
Ozone Monitoring Experiment (GOME) and Model of Atmospheric Transport and
Chemistry—Max Planck Institute for Chemistry Version (MATCH-MPIC) over India are
compared, and the uncertainties in the estimates are briefly discussed. This study also
employs the concept of small-perturbation tendencies to compute the scaled sensitivities
with modified NO, emissions for India and the neighboring continents. The sensitivities of
NO,, O3, OH, and reservoir species of NO, over India to NO, emission from India,
Southeast Asia, Africa, China, and the Middle East are discussed with respect to the
photochemistry and the regional meteorology. Our study suggests that the mean regional
NO, emission strength for India is close to 2.5 Tg(N)/yr with a seasonal maximum

(~3 Tg(N)/yr) during April and minimum (~1.6 Tg(N)/yr) during winter. The changes in
the O3 concentrations with respect to NO, and nonmethane hydrocarbon emissions from

India show that southern India is relatively more sensitive to local emission.
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1. Introduction

[2] Industrialization, urbanization, rapid traffic growth
and increasing levels of anthropogenic emissions have
resulted in a substantial deterioration of air quality over
Asia [van Aardenne et al., 1999; Horowitz and Jacob, 1999;
Jaffe et al., 1999; Levy et al., 1999; Streets and Waldhoff,
1999; Yienger et al., 2000]. A recent study by Akimoto
[2003] indicates that the NO, emission rate from Asia now
exceeds the amounts emitted in North America and Europe
and the trend is expected to continue over the next two
decades. In contrast to the thinning of the O3 layer in the
stratosphere, the O3 burden in the troposphere is generally
increasing because of increasing emissions of precursors
such as nitrogen oxides NO, (NO + NO,) and volatile
organic compounds (VOC). NO, and O; levels in urban air
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and amounts of nitrate in the aerosol particles over south
Asia indicate that NO, levels are not negligible [Lal et al.,
2000; United Nations Environment Programme (UNEP),
2002].

[3] NO, indirectly influences the radiation budget of the
atmosphere through O3, which possibly represents 10—15%
of the total anthropogenic greenhouse radiative forcing in
the atmosphere [Fishman et al., 1979; Lacis et al., 1990,
Wild et al., 2001]. NO, also influences the oxidation
capacity of the atmosphere through OH and nitrate. O3
production in the troposphere is mainly due to the oxidation
of CH4, CO and hydrocarbons in the presence of NO,
[Crutzen, 1974; Chameides and Walker, 1973]. A major
uncertainty in tropical tropospheric chemistry is the quan-
tification of NO, emissions from fossil fuel, bio fuel and
biomass burning, soils and lightning. The photochemical
transformation and losses of NO, are similarly uncertain.

[4] Our present knowledge of NO, and nonmethane
hydrocarbon (NMHC) chemistry and their impact on re-
gional ozone levels is limited because of the lack of
observations of various trace gases, especially over India.
In situ measurements are limited to certain locations over
major cities or from field campaigns. These data are
insufficient to assess the overall air quality of the country
as a whole. It is reported that the emission of NO, due to
fossil fuel burning could increase even more rapidly in the
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coming years. The uncertainty in our knowledge of the NO,
chemistry and its influence on O3 over India is a major
problem in the way of developing effective pollution control
strategies as well as a better understanding of the air quality
of this region. However, a systematic approach to quantify
the NO, emissions from local and remote sources is also
difficult because of nonlinear chemical process in the atmo-
sphere. As mentioned in our earlier study [Kunhikrishnan et
al., 2004a] (hereinafter referred to as K04a), we have
proposed the use of the scaled sensitivity with model
simulations to examine the impact of local NO, emissions
over source and outflow regions. K04a indicates that mod-
erate increase in NO, over India will not result in a
significant change in O3, taking into account the nonlinearity
with the NO, lifetime and the OH feedback.

[5] Recent studies based on in situ observations over
certain locations over India indicate that the rural atmo-
sphere is significantly influenced by the urban emission, by
transport and mixing [Chand and Lal, 2004; Varshney and
Agarwal, 1992]. As the region is highly heterogeneous with
respect to different climatic zones of arid and semiarid
features and with respect to emissions from urban and rural
areas, the overall atmospheric chemistry is complex. Syn-
ergetic use of a chemical transport model and satellite
observations can provide a better understanding about the
NO,-related chemistry over this region.

[6] In continuation of our earlier work on Asian NO,
(K04a), this study examines the regional characteristics of
NO, induced chemistry over India using output from the
global model, Model of Atmospheric Transport and Chem-
istry—Max Planck Institute for Chemistry Version
(MATCH-MPIC), retrievals of the tropospheric NO, col-
umn, and corresponding emission estimates from the Global
Ozone Monitoring Experiment (GOME) instrument on
board the ERS-II satellite, which are described in the next
section, including an examination of the quality of the O3
simulation with respect to available MOZAIC profiles over
India. In section 3, we present a review of NO, emissions
over India, examine the regional NO, emission strengths
based on the model, and discuss the uncertainties when
using GOME NO, observations for deriving source
strengths. Following that in section 4, a theoretical approach
to examine the nonlinearity in the model runs with modified
NO,. emissions over India is discussed. On the basis of this,
the influence of continental emissions on NO, chemistry
over India in light of the seasonal meteorology and the
variation of Oz with respect to precursor emissions are
briefly discussed.

2. GOME Satellite Observations and Global
Three-Dimensional Chemical Transport Model

[7] This study uses the retrieval of tropospheric NO,
columns [Richter and Burrows, 2002] (hereinafter referred
to as RB02) along with the derived NO, emissions [Wenig,
2001] (hereinafter referred to as W01) from GOME. GOME
is a scanning spectrometer on board the ERS-2 satellite,
which was launched by the European Space Agency in
April 1995. ERS-2 is in a Sun-synchronous orbit, approx-
imately 800 km above Earth, crossing the equator at 1030
local time. Detailed descriptions of GOME NO, retrieval
methods are given by Burrows et al. [1999]. For the
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retrievals used in this work, the spectral window 423451
nm, where NO, has strong absorption features, has been
selected. GOME-NO, emission data used in this study are
based on an improved algorithm (W01) following on the
study of Leue et al. [2001]. GOME has shown its capability
to observe many realistic features in the atmosphere; how-
ever, some of the drawbacks are its low resolution and the
uncertainties in the retrieval techniques [Kunhikrishnan,
2004]. Generally, the uncertainty in GOME is the smallest
for NO, source regions and high-albedo regions (RB02) and
is typically of the order of 4 x 10" molecules/cm®.

[8] This study also employs data from a simulation with
the three-dimensional global chemistry-meteorology model
MATCH-MPIC version 3.1, at a horizontal resolution of
T21, 28 vertical levels from surface to 2.7 hPa and a time
step of 30 min. Details of the chemical and physical
processes in the model are given by Lawrence et al.
[1999, 2003], von Kuhlmann et al. [2003a, 2003b], and
Rasch et al. [1997]. MATCH is an offline chemistry
transport model with driving meteorology from the
NCEP/NCAR Reanalysis data [Kalnay et al., 1996]. The
model uses the basic meteorological parameters such as
pressure, temperature, and wind, which are used to compute
the convective transport, cloud microphysics, including
cloud fraction for both convective and nonconvective
clouds, cloud water and precipitation. The model is able
to simulate the full hydrological cycle and determines the
water vapor distribution from latent heat fluxes, transport
and cloud parameters. The MATCH meteorology simulates
transport by advection, convection and dry turbulent diffu-
sion. The chemical component of the model consists of
sources, sinks and chemical transformations of important
trace gases, which are divided according to their lifetimes
into transported and nontransported species. The model
consists of 56 species with 141 gas phase reactions, out
of which 33 are photolysis reactions. The chemical scheme
in the model deals with photochemical reactions involving
major chemical species in the troposphere related to Os,
HO,, NO,, CH,4, CO and VOCs up to C5 (isoprene).

[v] The sources considered in MATCH-MPIC are partly
from direct emissions and partly from photochemical trans-
formations. In addition to that, stratospheric intrusions and
transport from source to receptor regions also play signif-
icant roles as sources of major trace gases. Detailed infor-
mation on NO, emissions used in the model is given in
KO04a. Carbon monoxide (CO) emission is mainly from
industrial and biogenic activities and biomass burning. The
oxidation of volatile organic compounds (VOC) also con-
tributes to the total of 2260 Tg (CO)/yr in the model.
Methane (CHy) is fixed in the surface layer in the model
allowing transport and photochemical oxidation by OH to
determine its concentration in the rest of the atmosphere
[Lawrence et al., 1999].

[10] Various studies have been made to evaluate
MATCH-MPIC with observations from satellite, aircraft
data, ozonesondes and various field campaigns over differ-
ent regions [von Kuhlmann et al., 2003a, 2003b; Lawrence
et al., 1999, 2003; Kunhikrishnan et al., 2004a, 2004b]. The
model has been extensively compared with observations of
various species such as NO,, O3, and CO and was found to
generally reproduce the spatial and temporal variability such
as land sea gradients and seasonal cycles. These include
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Figure 1a. Oj vertical profiles (green lines) and their mean profile (black line) from MOZAIC and the

monthly mean profile (red line) from MATCH-MPIC in parts per billion by volume (ppbv) for Delhi.

INDOEX data covering outflow from India [Lawrence et
al., 2003], a study of Asian NO,, in particular over India
along with the GOME NO, column (K04a) and observa-
tions from the MINOS campaign considering the transport
of O3 precursors from southern Asia to the Mediterranean
[Lawrence et al., 2003; Lawrence, 2004]. Over India, the
magnitude of the modeled NO, column is comparable to the
observations from GOME, although the model tends to
underestimate the pronounced maximum during the bio-
mass burning periods (K04a). The model is also able to
reproduce the occurrence of semiregular NO, plumes in the
middle troposphere (MT) over the southern Indian Ocean
during the monsoon transition periods as observed by the
GOME satellite [Kunhikrishnan et al., 2004b].

[11] As a further step toward evaluating the model per-
formance of Oz chemistry over India, O; profiles from
Measurement of Ozone by Airbus In-service Aircraft
(MOZAIC) [Law et al., 1998; Marenco et al., 1998; Thouret
et al., 1998] available over this region which have been
preprocessed for 1997—1999 are compared with the monthly
mean 24-hour O3 from MATCH-MPIC.

[12] Direct comparison between the model and MOZAIC
is limited by the low model resolution and monthly aver-
aged output as compared to the instantancous MOZAIC
profiles available over Indian airports. In this study we use
vertical profiles corresponding to takeoff and landing within

a horizontal range of 200 km of 3 Indian airports which are
frequented by the MOZAIC aircraft: Chennai, Delhi and
Mumbai. The monthly mean concentration of O3 from
MATCH-MPIC (red line) is plotted (Figures la—1c) with
available MOZAIC profiles (green lines) with their mean
(black line). Generally, the O3 concentration increases with
respect to height, which is more predominant over Delhi as
compared to Mumbai and Chennai. MOZAIC profiles
typically show low mixing ratios of Oz (<40 ppbv) over
Mumbai and Chennai, while over Delhi it is 60—80 ppbv
within 1-2 km altitude. Generally, MATCH-MPIC tends to
overestimate the O3 concentration as compared to MOZAIC
at all levels with some exceptions during October—Decem-
ber for Delhi. However, MATCH-MPIC does reproduce
some of the main features. In particular, the lower tropo-
sphere (LT) peak, which is frequently seen around 900 hPa,
the rough overall vertical shape and the seasonality are
reproduced by the model. To analyze the seasonal varia-
tions, we examined the time series at three isobaric levels in
the LT close to the surface (915 hPa, Figure 2a), the
transition layer (690 hPa, Figure 2b), and the midtropo-
spheric layer (500 hPa, Figure 2c¢) from MOZAIC and
MATCH-MPIC shown here in Figure 2 for the example
of Chennai. The model simulates a seasonal cycle similar to
the one observed by MOZAIC, in particular the O; maxima
during the dry summer and minima during the summer
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Figure 1b. Oj vertical profiles (green lines) and their mean profile (black line) from MOZAIC and the
monthly mean profile (red line) from MATCH-MPIC in parts per billion by volume (ppbv) for Mumbai.

monsoon months. Finally, it is interesting to note that there
is not much interannual variation in the O over these three
cities on the basis of either of the data sets.

3. NO, Emission From India

[13] The chemical processes that tend to maintain the
chemical composition of the atmosphere and influence
climate are initially controlled or modified by the emission
of trace gases. Because of the short lifetime of tropospheric
NO,, its regional distribution is strongly controlled by its
emissions; however, in the midtroposphere (MT) to upper
troposphere (UT) NO, mainly corresponds to the transport
by advection and convection from remote and underlying
sources. The main sources of the NO, and hydrocarbons
over India are vehicular transport and biofuel burning.
Power generation and industrial emissions contribute the
remaining fraction. A study by Gadi et al. [2003] has given
an estimate of 0.6—1.4 Tg for 1990 from biofuel NO,
emission, which is mainly from the domestic sector of rural
India that provides 70% of the total energy requirements.
The increasing population and urbanization result in a 4 to
6% annual growth rate of energy consumption in India,
which enhances the emissions of NO, and other trace gases
[UNEP, 2002]. Long-term air quality data over the residen-
tial and industrial locations of different Indian cities indicate
that NO, levels are increasing steadily over major cities, and
some of them already exceed the permissible limits, as high

as 100 to 240 pg/m’. Different studies based on sector
analysis and measurement campaigns show that NO, emis-
sions over India are expected to increase in the forthcoming
years, even though these estimates have large uncertainties
for different sectors [Carmichael et al., 1998; Garg et al.,
2001; Mitra and Sharma, 2002; Sharma et al., 2002; Streets
et al., 2003].

[14] Tt is clear that more efforts are needed to understand
the spatial and temporal evolution of regional NO, emis-
sions over India with respect to the increasing demand of
energy consumptions, rapid urbanization and efforts to
stabilize the increasing level of greenhouse gas concentra-
tions as well as improve the air quality of this region. Data
from chemistry transport models and satellites provide
valuable information to improve estimates of NO, emis-
sions as well as to identify the source regions and to study
the regional O3 chemistry in light of seasonal meteorology.

3.1. Regional NO, Emission Strength From
MATCH-MPIC

[15] The industrial source of NO, used in MATCH-MPIC
is based on the Emission Database for Global Atmospheric
Research (EDGAR), version 2.0, 1° x 1° emissions inven-
tory [Olivier et al., 1999]. In the EDGAR database, the
Indian emissions consist of about 64% from fossil fuel
combustion and 30% from biofuel combustion, and the total
NO, emission for 1995 is estimated as 1.63 Tg(N). In
addition to this, the model takes into account the emission
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Figure 1c. Oj; vertical profiles (green lines) and their mean profile (black line) from MOZAIC and the

monthly mean profile (red line) from MATCH-MPIC in parts per billion by volume (ppbv) for Chennai.

from soils, lightning, aircraft, biomass burning and transport
from the stratosphere, which are discussed in KO4a. The
NMHC emissions from India consist of about 16.4% from
fossil fuel combustion and 69.6% from biofuel combustion
with a total national emission of 8.1 Tg(C) for 1995.
NMHC:s are emitted on a speciated basis, based on EDGAR
data for anthropogenic emissions. The industrial and an-
thropogenic NO, and NMHC emissions from different
sectors especially over India used in the model based on
EDGAR emission data are shown in Figure 3.

[16] MATCH-MPIC shows an enhancement of NO, emis-
sions over north to northeast India, with maximum emis-
sions during the dry summer period of India (April) and the
least during winter months (October—December). Studies
based on ATSR and AVHRR satellite observations show
that NE India, especially Orissa and West Bengal, are the
regions of most intense biomass burning in India during
March—April [Duncan et al., 2003]. The Indian NO,
emissions used in MATCH-MPIC for India are discussed
in comparison to GOME in section 3.4. The mean NO,
emission for India used in the model is 2.28 Tg(N) for
1997—1998 with a monthly standard deviation of 0.44
Tg(N).

[17] In the following section, we examine the integrated
mass of NO, over India and the seasonal variation of the

NO, lifetime with uncertainties from the model, which are
the main parameters that are used for computing the
emission strength based on satellite data.

3.2. Vertical Distribution of Integrated NO, Mass
Over India

[18] Knowing the NO, mass abundance in the tropo-
sphere enables us to estimate the emission strength for a
region. For species like NO,, which are present in both the
troposphere and the stratosphere, the retrieval of the tropo-
spheric contribution by satellite remote sensing is difficult.
As such estimates are not easily available from satellite
measurements here we examine the fraction of NO, mass in
different levels of the troposphere over India by using the
model; The integrated mass of the NO, column for five
isobaric levels, the boundary layer (BL; surface to 850 hPa),
MT (850-500 hPa), UT (500—150 hPa), tropospheric
column (surface to 150 hPa) and the stratospheric column
(150-2.7 hPa) are computed for the model grids
corresponding to the Indian domain. The ratios of mass
computed for different levels are summarized in Table 1.
This shows that, in winter, ~67% and in summer, ~39% of
the NO, mass in the tropospheric column is in the BL close
to the source regions. This is mainly due to subsidence and
lack of convective transport during winter and strong
convective transport and photochemical activity during
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Figure 2. Seasonal variation of monthly mean O; concentration (ppbv) of available profiles from
MOZAIC and MATCH-MPIC over Chennai for (a) 915 hPa, (b) 690 hPa, and (c) 500 hPa.

summer. ~30% of the NO, mass in the tropospheric column
is in each of the MT and UT during summer, mainly
because of convective transport and the contribution from
lightning. The tropospheric mass of the NO, is less than
40% of the stratospheric NO, mass over India. As men-
tioned in KO4a, this introduces an uncertainty with the
satellite retrieval of the NO, column over this region.

3.3. Uncertainties in the Estimation of
Tropospheric Lifetime

[19] The primary loss processes of NO, are the reaction
with OH and the hydrolysis of N,Os during nighttime.
These lead to conversion to HNOs, which is then lost to dry
and wet deposition as described in detail by Dentener and
Crutzen [1993] and Crutzen and Lawrence [2000]. This
implies that the photochemical lifetime depends on OH and
O3, which induces spatial and temporal variations of the
NO, lifetime as described in K04a. Large seasonal varia-
tions of OH associated with photochemistry and moisture
transport through the monsoon circulation can be generally
seen over India. In the troposphere, the source of NO, is
primarily as NO. There is a rapid cycling between NO and
NO, involving ozone. From the model, it is found that the
NO,/NO, fraction is about 0.7—0.9 in the LT and 0.3—-0.5 in
the UT over India (Figure 4) and this is partially the reason

for the longer lifetime of NO, in the UT (the lower OH
concentration also contributes).

[20] The NO, lifetime varies spatially and NO, is recycled
through PAN and HNOs;. The effective lifetime of NO,
(NO + NO,) is the average time a nitrogen atom spends as a
NO,. molecule between when it is emitted and when it is
removed from the atmosphere (via deposition of nitrogen to
the ground). This effective lifetime is different from the
lifetime that is calculated on the basis of the first-order loss
reactions and is difficult to quantify because it would
require tracking the N through exchanges with NO,,
N,0Os, HNO;, PAN and other forms of NO,. The most
convenient way to estimate the effective lifetime is the
mass-emission method (introduced in K04a), by computing
the ratio of the total mass abundance of NO, over the region
(taking only the 16 model columns over India) to the mean
integrated emission of NO, on a monthly average basis. The
assumption is that total loss rate is equal to the emission under
steady state conditions. This would be the correct lifetime if
there were no flux of reactive nitrogen into or out of the
region. Since there is a nonzero flux, we estimate upper and
lower uncertainty bars as follows. The upper limit of the
lifetime is computed by taking a broader rectangular region to
roughly account for the outflow of NO, from India. The
lower range of the lifetime takes into account only the
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approximate fraction of NO,, which originates from the local
NO, source over India. The range of the lifetime (12—
20 hours) computed in this manner is shown in Figure 5;
with an estimated average uncertainty (6¢) of approximately
+5 hours from mean value. The minimum values are during
February—April, when the sunshine is high over India and the
highest values are during October—November.

[21] Several approaches for estimating the NO, lifetime
have been discussed in KO4a. Here, the lifetimes of
tropospheric NO, and its components computed for India

from the mass-emission method and budget analysis based
on MATCH-MPIC and from the chemical decay method
over the outflow region from India using GOME are
summarized in Table 2. The mean lifetime of tropospheric
NO, over India computed from various approaches agrees
well between all the methods. However, it varies with
respect to seasons on the basis of the photochemistry
involving OH, solar radiation, bright sunshine hours and
transport.
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Table 1. Ratio of Integrated Mass of NO, Column Over the Indian Subcontinent From MATCH-MPIC

Ratio of Integrated Mass of NO,"

January

July

BL/TC (PS to 850/PS to 150 hPa)
MT/TC (850—-500/PS to 150 hPa)
UT/TC (500—150/PS to 150 hPa)
TC/SC (PS to 150/150—-2.7 hPa)

66.5% (1.33 x 10°/2.0 x 10%)
23.6% (4.71 x 10%2.0 x 10%)
9.9% (1.97 x 10%2.0 x 10%)
40.8% (2.0 x 10%/4.9 x 10%)

39.3% (8.2 x 10%2.09 x 10%)
31.1% (6.48 x 10%/2.09 x 10°)
29.6% (6.18 x 10%/2.09 x 10%)
32.5% (2.09 x 10%/6.41 x 10°)

“BL, boundary layer; MT, middle troposphere; UT, upper troposphere; TC, tropospheric column; SC, stratospheric column;

PS, surface level.

3.4. Regional NO, Emission Strength From GOME

[22] Developing bottom-up emissions inventories is dif-
ficult. This is mainly due to the rapidly changing anthro-
pogenic emissions, heterogeneity and uncertainty in detailed
statistics, the lack of temporal and spatial continuity as well
as the uncertainty in the natural emissions from lightning
and soils. A quantitative approach to estimating the regional
emission strength from space has been developed in recent
years. Estimation of regional NO, emission from the GOME
NO,; column is described in detail by Leue et al. [2001], on
the basis of certain assumptions. There have been several
encouraging studies in this direction to quantify the NO,
emission from lightning and ships based on GOME satellite
observations [Burrows et al., 2004; Richter et al., 2004,
Martin et al., 2002; Beirle et al., 2004].

[23] Here we first estimate the NO, emission for India
based on the NO, retrieval from GOME developed in
RBO02. Tropospheric NO, mass from GOME over India is
computed from its number density by taking an areal
average. From that, NO, emission is computed for steady
state conditions by taking the temporal variation of lifetime
estimated from MATCH-MPIC on the basis of the mass-
emission method. However, we cannot rule out biases in the
new estimates, because the biases in the model emissions
inherently influence the lifetime computed from the model.
We found that the mean NO, source computed in this way
from GOME is 0.7 Tg(N)/yr for a broader rectangular
region and relatively less (0.53 Tg(N)/yr) for the Indian
grids with a maximum source in the range ~0.9—-1.2 Tg(N)/
yr during February—June (winter-spring). The accuracy of
this value is further limited by the uncertainty (up to 50%)
in the GOME retrieval especially due to clouds and aerosols
during summer monsoon months.

[24] Second, we also use an estimate of NO, emission
based on the GOME NO, retrieval of W01. This estimate is
an improved one from GOME following on the work of
Leue et al. [2001] with an average uncertainty of about 30—
50%. In this method, the vertical column density of NO, is
obtained by multiplying the retrieved NO, column by a
correction factor, which also takes into account the fraction
of NO, to the total NO,. The conversion from NO, to NO,
emissions is dependent on the photolysis frequencies, which
are dependent on the solar zenith angle (SZA). If the SZA
increases, the conversion factor decrease, therefore conver-
sion factors are higher in winter than in summer. A basic
assumption for computing this fraction is that NO, as
measured by GOME is in photochemical stationary state
with NO. The mean NO, emission from GOME for India, if
we were instead to simply assume a constant lifetime of 24
hours, would be estimated at 1.63 £+ 0.24 Tg(N) for 1996—
2001 with a maximum of 1.75 Tg(N) for 1997. Since this
estimate is based on a constant lifetime of 24 hours, it is
difficult to compare directly, therefore we also compute the
emission strength for India with the regionally appropriate
lifetime estimated from MATCH-MPIC. The mean annual
NO, emission computed for 1997—-1998 from GOME is
2.35 + 0.5 Tg(N)/yr (Figure 6) with a maximum of 3.35
Tg(N)/yr in March—April (dry summer) and a minimum of
1.65 Tg(N)/yr in November—December (winter). The NO,
emission estimated from GOME is close to the mean
emission (2.28 + 0.44 Tg(N)/yr) used in MATCH-MPIC
for India with a maximum of 3.03 Tg(N)/yr for the same
period.

[25] As the lifetime estimate from MATCH is not free
from biases due to the uncertainties as mentioned above, we
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Figure 4. NO,/NO, for India from MATCH-MPIC.
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Figure 5. Estimate of the tropospheric NO, lifetime over India using the mass-emission method:
Uncertainties due to possible imbalances in inflow and outflow of NO, are given with error bars, the
upper limit using a larger, rectangular domain including outflow region and the lower limit based on only
the approximate fraction of NO, that stems from local emissions.

examine the column mass of NO, from GOME emission
data (W01) and MATCH-MPIC (Figure 7). The mean NO,
mass computed for India from GOME and MATCH-MPIC
for 19962001 is 4.6 = 0.37 x 10°kg (N) and 4.47 + 0.64 x
10° kg (N) respectively, in good overall agreement. On the
other hand the mass of NO, for India computed from the
RB02 method is around 1.5 to 2.5 x 10° kg (N).

[26] Regional NO, emissions estimated from different
methods are summarized in Table 3. The average
MATCH-MPIC NO, emission for India during 1997-
1998 is 2.28 Tg(N)/yr and has a maximum of 3.0 Tg(N)/yr
during April, the dry summer period in India. The value
is very close to the one from GOME for 1997-1998
(2.35 Tg(N)/yr with a maxima of 2.99 Tg(N)/yr). van
Aardenne et al. [1999] have reported a value of 1.5 Tg(N)
for the year 1990 based only on the anthropogenic source of
NO.,. Garg et al. [2001] have estimated a higher value of 3.5
Tg(N) for 1995 from sector analysis over India. The average
emission computed by Leue et al. [2001] from GOME using
the assumption of a constant production rate and a constant
lifetime (~27 hours) over India and the surrounding region
is 2.96 Tg(N) for 1997. While it is clear that more effort is
needed to obtain accurate estimates of the Indian NO,
source, it is at least promising that several different studies
and techniques now all indicate it is around 2—3 Tg(N)/yr.

3.5. Regional NO, Emission Strength From Space:
Possible Uncertainties

[27] Estimation of the regional N O, emission from space
is limited by the uncertainties due to many factors such as
varying lifetime, external influences on the regional chem-
istry such as transport, and errors in the retrieval methods
with varying clouds, albedo and aerosols. The model

sensitivity simulations for India discussed in K0O4a and
section 4 indicate the influence of a nonnegligible contri-
bution of external NO, sources, which introduces an uncer-
tainty into the estimation of the regional NO, source
strength using GOME as employed by Leue et al. [2001].
In addition to that, the lifetime of NO, varies with respect to
space and time, having an uncertainty of ~5 hours over
India, which implies that we cannot use a constant lifetime
to estimate the emissions as long as the variation exceeds
the uncertainty. The estimate of NO, lifetime from GOME
is also restricted to only certain outflow regions.

[28] There are attempts to improve the emission estimate
from GOME by taking different steps. Martin et al. [2003]
proposed a new method to estimate the emission by taking
top-down information derived from the GOME NO, col-
umn to reduce the uncertainties in NO,, while trying to
integrate the information from bottom-up inventories. How-
ever, this method does not include varying regional life-
times and the uncertainty due to export/import as discussed
above. Combining these various advances may eventually
lead to an improved NO, emission inventory based on
observations from space.

4. Impacts of NO, Emissions on Regional
Tropospheric Chemistry

[20] Following up on the previous section, in which we
focused on the magnitude of regional NO, emissions, in this
section we examine their impact on the tropospheric chem-
istry of the region. We first describe the methodology for the
sensitivity studies, then several aspects of the impacts of the
emissions.

Table 2. Lifetime of Tropospheric NO, Over India From Different Methods Based on Kunhikrishnan et al. [2004a]

Method Lifetime of NO,

Basic Assumptions

Data Source/Remarks

Mass-emission method 12—22 hours
Exponential decay

C, concentration
Sink of NO, against HNO; 11-34 hours
formation by OH

Loss rate from budget analysis 16—23 hours

steady state conditions; loss rate equals total emission
L(NO,): 18.2 hours C(x) = C(0) exp (—#1); wind is a function of time;

loss of NO, equals loss of NO,

MATCH-MPIC

GOME; source region: west coast
of India

MATCH-MPIC

total loss equals loss due to photochemistry and dry deposition MATCH-MPIC
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Figure 6. NO, emission [Tg(N)/yr] computed for Indian subcontinent from GOME emission estimate
based on WOI (black line) and MATCH-MPIC (red line) by taking temporally varying lifetime estimates

obtained from MATCH- MPIC.

4.1. Small-Perturbation Tendency: Sensitivity Studies
Based on MATCH-MPIC Simulations With Indian
Emissions

[30] In a previous study (K04a) we have examined the
impact of NO, source perturbation for the outflow regions
from India and neighboring continents to the Indian Ocean.
In the present study we apply this directly for the source
regions to examine their impact on India. We employ here
the theory of small-perturbation tendency (SPT as proposed
by Kunhikrishnan and Lawrence [2004]) to perform sensi-
tivity studies to assess the impact of neighboring continental
emissions on NO,-related chemistry over India. The theo-
retical approach to the problem is described in detail with
respect to perturbations in Indian NO, emissions in Appen-
dix A. For this method, model sensitivity studies are done
by taking a 10% increase of NO, emissions in a chosen
region, which limits the chemical nonlinearity primarily to
the first-order feedback via OH. This is then compared to
the model base run results to estimate the scaled sensitivity
of Indian NO, from local sources and external sources of
neighboring countries. NO, responds nonlinearly to changes
in emissions, since O3 and OH, which depend on NO,,
influence its lifetime. The departure from the SPT in the LT
and UT after 3 months model spin-up for December 1996 is
given in Table 4. This study indicates that the relative
percentage difference from the SPT for entirely masking
Indian NO,. (100% reduction) for the LT (surface to 500 hPa)
is about 22.7% and for the UT (500—150 hPa) is 29%. Thus

there will be a deviation of ~20-30% with a test run of
100% reduction in NO, source strength over India versus
the SPT scaled sensitivity. The degree of departure is more
prominent when the source strength is reduced by a factor of
50% or more, than when it is increased by the same amount
especially for changes of >50%. This is due to the transition
from a typically continental high-NO, regime to a low-NO,
regime for large negative perturbations. The departure from
the SPT for NO, over India becomes significant only after
an increase/decrease of its source strength by a factor of
20% or more. It is clear that smaller perturbations of less
than 20% in the source strength will not result in a
considerable deviation from the SPT. As employed in
KO04a, these results show that the 10% perturbation runs
can be used to directly examine the current sensitivity of
NO, over India to emissions from local sources as well as to
external emissions.

4.2. Sensitivity of NO, and O3, OH, and PAN Over
India to Continental NO, Emissions From India,
Southeast Asia, the Middle East, Africa, and China

[31] In this section, we consider the impact of NO,
emissions from India (60°-95°E, 7°~35°N) and the sur-
rounding continental regions, Southeast Asia (95°—140°E,
10°S to 20°N), Africa (0°—40°E, 35°S to 35°N), China
(95°—120°E, 20°-45°N), and the Middle East (35°~70°E,
10°~45°N) on NO,-related chemistry over India. The
surface NO, emissions during the months representing four

Figure 7. NO, mass in 10° Kg(N) for Indian region from GOME obtained from emission estimate
based on WO1 (black line) and MATCH-MPIC (gray line) for India, during the years 1996—2001.
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Table 3. Regional NO, Emission Strength Over India/Extended Indian Domain From Various Sources/Methods

Source Year NO, Emission, Tg(N)/yr Remarks/References
MATCH 1997-1998 2.28 lifetime, 15—-20 hours
GOME-MATCH 1997-1998 2.35 lifetime, MATCH; data, GOME emission; Wenig [2001]
GOME 1997-1998 1.70 lifetime, 24 hours; Wenig [2001]
GOME 1997 2.96 lifetime, 27 hours; extended Indian region; Leue et al. [2001]
RAIN-ASIA 1990 1.50 based on anthropogenic source; van Aardenne et al. [1999]
Energy Statistics India 1995 3.55 based on sector analysis, India; Garg et al. [2001]

major seasons, used in MATCH-MPIC for these regions are
given in Table 5. NO, emissions are greatest for Africa
(partly because of the larger area), and for China, and are
lowest for the Middle East. However, annual emission per
unit area from India is relatively higher compared to Africa
and less than that over China. According to the EDGAR
emissions statistics, Africa contributes the majority of NO,
emissions from biomass burning (~6 Tg(N)/yr) followed by
Southeast Asia (~1 Tg(N)/yr) for 1995. NO, from fossil
and bio fuel emissions together constitute 13.7, 4.7, 4.6 and
4 Tg(N)/yr for China, Africa, the Middle East and Southeast
Asia. The scaled sensitivities of NO,, O3, OH and PAN over
India to the emissions from India, Southeast Asia, Africa,
China and Middle East are computed for 1997 on the basis
of runs with MATCH-MPIC in which the emissions from
each region are increased individually by 10%. The results
are depicted in Figure 8.

Table 4. Relative Deviations From Linearity for Different Isobaric
Levels Over India From MATCH-MPIC With Respect to Changes
in NO, Abundances [(x;/x) — 1] Versus Changes in Local Source
Strengths [(f — 1)] for December 1996 (After a Three-Month Spin-
up)

Relative
f—1 (x1/x) — 1 Linear Fit Deviation Deviation, %
Surface to 850 hPa
1 0.701 0.760 0.059 7.8
0.5 0.360 0.380 0.020 5.4
0.2 0.148 0.152 0.004 2.7
0.1 0.075 0.076 0.001 1.6
—0.1 —0.077 —0.076 0.001 —1.1
—0.2 —0.156 —0.152 0.004 —-29
—0.5 —0.418 —0.380 0.038 —10.0
-1 —0.944 —0.760 0.184 —24.1
Surface to 500 hPa
1 0.622 0.663 0.041 6.2
0.5 0.316 0.331 0.015 4.5
0.2 0.129 0.133 0.003 2.4
0.1 0.065 0.066 0.001 1.5
—0.1 —0.067 —0.066 0.001 -0.9
—0.2 —0.136 —0.133 0.003 -2.5
—0.5 —0.361 —0.331 0.030 —9.1
—1 —0.813 —0.663 0.151 —22.7
500-150 hPa
1 0.080 0.088 0.008 8.9
0.5 0.042 0.044 0.002 53
0.2 0.017 0.018 0.001 22
0.1 0.009 0.009 0.001 1.1
—0.1 —0.009 —0.009 0.000 —0.8
—0.2 —0.018 —0.018 0.001 24
—0.5 —0.047 —0.044 0.003 —6.8
-1 —0.113 —0.088 0.026 —29.0

[32] Tropospheric NO, over India shows a high degree of
seasonality and is mainly sensitive to emissions from local
sources and neighboring continents carried to India by
monsoon circulations. The largest response is to local
NO, emissions, 70—-90% close to the surface for all the
seasons and also in the MT to UT (~50-70%) during
the summer monsoon due to convective transport from the
surface, while during winter, the sensitivity in the MT to UT
to the local sources during winter is almost negligible. This
implies that external emissions contribute a substantial
amount of NO, over India. Fifteen to twenty percent of
NO, in the MT to UT over India is sensitive to African NO,
during winter carried by the subtropical westerly jet (SWJ),
which is more significant (10—-30%) during the final phase
of the 1997 El Niflo when the upper air circulation was
much stronger than normal years, accompanied by with the
intense biomass burning over southeast Asia. The influen-
ces of emissions from Southeast Asia and China on Indian
NO, show a large seasonality with a peak during the
summer monsoon of ~25% sensitivity for NO, in the UT
due to the strong tropical easterly jet (TEJ) dominant over
southern peninsular India. We also noted a sensitivity of
~10-15% of Indian NO, to the emissions from the Middle
East carried by westerly winds in the LT during the summer
monsoon.

[33] O over India can also be examined with respect to
NO, emissions from the continents and NMHC emissions
from India. The major contribution of continental NO, (all
together) to Os over India is during the summer monsoon
(August—October) and is generally least responsive during
the premonsoon period. The O3 sensitivity to continental
NO, emissions takes the same pattern as NO, (Figure 8).
Twenty to twenty-five percent of BL Oz over India is
sensitive to local NO, emissions almost irrespective of the
season. The response of Oz (~20-30%) to local NO,
emissions can also be seen in the MT during the summer
monsoon. NO, emissions from the Middle East, Southeast
Asia and China contribute ~10% sensitivity each to O3 over
India in the LT to MT and UT during the monsoon period.

[34] The major impact of changes in NO, emissions from
India, China and South Asia together determine the overall

Table 5. Mean Surface NO, Emission in Tg(N) Used in MATCH-
MPIC for India and Neighboring Countries for the Year 1997

India Indonesia Africa China Middle East
January 1.38 1.41 5.10 2.84 0.99
April 2.10 2.02 3.88 3.64 1.10
July 1.66 1.86 5.81 4.68 1.59
October 1.14 1.70 5.88 2.66 1.04
Annual 1.55 1.76 5.30 3.46 1.19
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