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Abstract

Ozone (O3) is a dangerous air pollutant in terms of damage to crop plants and human
health. It is phytotoxic to vegetation and a toxic agent for human health. Tropospheric ozone (O3)
in the Indian sub-continent from Afghanistan in the west (60°E) to parts of Southeast Asian
countries in the east (105 E) and parts of China in the north (45'N) to Sri Lanka in the south (0" N)
is simulated with an episodic chemical transport model christened HANK for the spring and

summer months (February to May 2000). O3 concentrations are mapped on the gridded region. .

It provides a general picture of the variations ingh&face ozone concentrations in the
different regions of the Indian sub-continergimulated O is compared with the
measurements at Delhi, Ahmedabad, and the Arabian Sea. AOT40 -a parameter that
represents the accumulated dose of ozone oveestitid of 40 ppb is computed for the

region.The Indo-Gangatic plain in the Northeast region of India has been found to have very
high AOT40 and also much higher concentrations of Ozand CO compared to the rest of the
Indian region. There is substantial temporal and spatial variation in O3 across the region due to

meteorological conditions and anthropogenic emissions of precursor gases. Oz concentrations
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are higher in March compared to other months during February-May period. Northern region of

India has higher concentrations of O3 then the southern region.
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1. Introduction

Ozone (Q), one of the key trace gases in the atmospheneost abundant tropospheric
oxidant. The residence time (life cycle) of troplspc G varies according to season and
altitudes between a few days (5 to 8) and a fewks/€gto 15). Troposphericsds not only
a chemically active component, but also an imporgasenhouse gas. Tropospherig O
changes contribute roughly 0.35 W/¢about 8-15%) to the total radiative forcing asated
with the greenhouse gas increase since pre-indusines (e.g. Marenco et al., 1994;
Portmann et al., 1997; Brasseur et al., 1998 (@a}he lower atmosphere,s@& produced
mainly by photochemistry from industrial and otl@thropogenic emissionkifhman and
Crutzen, 1978] of CO, HC, and NOx, from burning of the fé$sels and biomass
[Mauzerall, 1998], as well as from natural emission sournekiding lightning, wildfires,
soils, and vegetation. Photochemical reactionsgteduce @ depend on meteorological
conditions such as solar radiation, wind speedperature, and pressure. The distribution of
surface @, mainly produced from anthropogenic precursorgjgsly localized and time-
variant. In urban areas emissions of NO decreasaebzoncentrations in the absence of

solar radiation due to the reactiog ®©NO ® NO, + O,. Conversely, @concentrations



show comparatively less diurnal variability in ruesieas due to the absence of highNO

emission sources.

O3 has detrimental effects on a variety of receptersg,, humans, animals, aquatic
ecosystems, forests, and agricultural crops, arténmmass. Ozone, in high concentrations, is a
toxic gas that can damage pulmonary tissiasnjet et al., 2003 andlanneane et al., 2003]
and is thought to contribute to the decay of urbaidings and other structures [Hisham and
Grosjean, 1991]. High levels of ozone are toxiplmts Chameides et al., 1994 and EPA,
2002]. Negative effects of tropospheric ozone anpd and agriculture include reduced crop
and grain yieldsgPA, 1996; Finnan et al., 199&grawal et al., 2003]. In addition to
reducing plant growth, exposure to elevatedcén also alter plant tissue chemistryndlay
et al., 1996] and reduce allocation of carbon to roois ot exudategJoleman et al., 1995,

Andersen, 2003].

The abundance of tropospherig © increasing at many sites over the gldbeggn et
al., 1999] and expected to rise significantly thromgtthe 21 century JPCC, 2001]. Asia,
in particular is experiencing serious air pollutiamcluding ozone, as a result of population

growth and increased fossil fuel consumption dugetmand for economic growth.

In this paper, we present a gridded distributioswface @ over the entire Indian
region as simulated using the chemical transpodehl ANK. Simulated results are
compared with measurements at few places for vadidaA gridded map of the surface

0zone concentrations in the entire region of tlekain sub-continent has not been



available until now. This is the first comprehemsstudy that provides spatial and
temporal variations of ©concentration in the surface air across the Indigscontinent.
Rapid industrialization and urbanization in India@oming metropolis are causing
serious air pollution problems in India. Sourcesbfpollution include vehicular
emissions andntreated exhausts from power plants and otheistngs. With rising
energy consumption and vehicle ownership along visihg population and income, the
air pollutants like ozone are also expected tonagedly. This rise in air pollutants may

cause significant health and agricultural problems.

Economic risk assessment of the pollutants reqainegccurate and complete
understanding of the gridded concentrations oftt@ary and secondary species of the
pollutants. An accurate reproduction of particydatlution episodes can help in
disaggregating the different sources of pollutiontcibuting to emissions in a given region,
thereby allowing an identification of the most respible sources (source apportionment).
Indian region is vast in area with lot of diversitytypes and quantum of anthropogenic
activities and, therefore, the impact of ozoneifiscdlt to gauge with the few measurements
available. In general, there have been no systersmhultaneous measurements of surface
ozone and its precursor gases over the Indianme@bende et al., (1992) reported limited
measurements of the surface ozone over the Indgion. More measurements at limited
sites in India have been reported since thahdt al., 1998 and Naza et al., 1999]. Recently,
Jain et al., (2005) reported increased surfagat@elhi. Chand and Lal (2004) also
measured elevated surface (@0 to 110 ppbv) during afternoon hours at ruitassin

downwind direction of major industrial region of fatat (India).



There have been few modeling studies focusing ®ov@r India. Debaje and Jadhav
(1999) used an Eulerian photochemical model to lsitauropospheric ozone at Pune, using
simple chemistry and the mass balance of ozonéglds3-D chemical transport model
(OSLO CTM2) with a 5.625° x 5.625° or approximat@d x 600 km grid and Indian
emissions for 1985, Liu et al. (2003) have discddke influence of the increasing
anthropogenic emissions in India in summer on thbaj tropospheric ozone and hydroxyl

radical (OH).

2. Model Description and Simulation

O3 formation is a complicated process in which chémi@ncluding gas-phase
chemistry and heterogeneous chemistry), meteorolgyssions, and deposition interact
with each other. Pennsylvania State University/Nel Center for Atmospheric
Research (PSU/NCAR) Mesoscale Modeling System (Mis1&sed to obtain
meteorological fields used in this study. Griddestribution of the chemical species over
the Indian region is computed using a three-dinmradiepisodic nested regional
chemistry transport model HANK. The chemistry ti@ogé model inputs 3-hour averages
of winds, temperature, pressure, water vapor, cleater and rain from the MM5
simulation. The total concentration of chemicalspe is advected every 4 minutes using
a positive definite schemé&rolarkiewicz, 1984]. Details of the HANK model are
discussed elsewherklgss et al., 2000]. The set of reactions is designed for chemical
conditions found in rural and remote locationsha world and includes 154 reactions

and 51 chemically active species (47 of which eargported). The chemical mechanism



has a simplified lumped hydrocarbon chemistry sehamd uses 3 hour time-averaged
temperature and water vapor fields. Photolysissréde cloud-free skies are determined
by linear interpolation from a look-up table basedthe ozone column, surface
elevation, altitude, and solar zenith angle. Thetplysis rates are corrected for
temperature and clouds. The MM5 simulation isafited and constrained at the lateral
boundaries by analyzed meteorology from the Eumpeater for Medium-Range
Weather Forecasts (ECMWF) Toga analysis. Input onetegical fields are time
averaged. The MM5 is run using Grell deep and shatlonvection Grell et al 1993],

the Holtslag boundary layer schento|tslag and Moeng, 1991; Holtslag and Boville,

1993] and Mixed-Phase microphysidSiydhia et al 2001].

The chemical boundary conditions used for HANK tateen from the global
chemistry transport model MOZARBfasseur et al., 1998 (b)]. The long-lived species
concentrations are explicitly set at the boundamésle the short-lived species are
allowed to adjust chemically. Biogenic emissionssoprene and terpenes are based on
the Biogenic Volatile Organic Carbon (BVOC) Gloahissions Inventory Activity
(GEIA) emission inventory. Surface emissions ofioibxide (NO), CO, methane (GH
and other hydrocarbons are based on a revisedtowyeiMuller, 1992, Hess et al.,
2000]. These global emission distributions are jgled as monthly mean values and are
linearly interpolated in time for each model rum @mission inventory specific to Indian
region was not available at the time these simutatindia’s energy consumption has
increased from 8.71 quadrillion Btu (quads) in 18®22.67 quads in 2000. This 45 %

increase in energy consumption would have alseas®d the emissions equally.



For the simulations described here, the model domansidered is the Indian region
from 0.9°S to 58.8N and 42.8E to 106.8E. A 91 x 91 horizontal grid with a resolution of
60 km and 38 layers in the vertical on a hybridasagcoordinate system from surface to 100
mbar are used for these computatiorise verticalgrid is in sigma coordinates with 10
levels below 800 mbar, the first being 10 mbarkhithe transport of the chemical species is
computed for four months, February to May, 200@f ihcludes a 7-day model spin-up.
During these winter/spring months, the atmospheiedia is relatively calm and this is the
anthesis period in India for crops yielding fooaigs (particularly wheat, rice, gram, beans).
In May, dust storms start and continue until raarts in July. A continuous simulation of the
entire period was not attempted with the meteoiokdgnodel MM5, as the MM5 simulation
drifts from the analyzed fields. A new MM5 simutatiis initialized every month. Unlike
other chemistry models designed to simulate th@spimeric chemistry of urban areas,

HANK is designed to simulate the chemistry of tamote free troposphere.

3. Comparison of Measurements and Model Results
Several investigators have reported measuremersisrfaice ozone at different
locations in India for different time periods. Qfent techniques are used in these
measurements. Some investigators use UV-absorpéised DASIBI Ozone Analyzer,
while others use Kl (Potassium lodide) based edebmical technique to measure the
surface ozone. Available measurements pinfOndia are compiled and summarized in

Table 1.



Model values of surfacefZoncentrations are compared with the measurements
at Delhi, Ahmedabad, Kashidhoo Island in the Inddeean, and at the Arabian Sea. An
inverse square weighted interpolation is used tduage the concentrations at the latitude
and longitude of the measurement site where titedass and longitudes of the
measurement site and the computational grid denadth for comparing the model
values with the measurements. Indian Standard (i€ is five and a half hours plus

Greenwich Mean Timd§T = GMT + 5.30).

Comparison of the modeled and measure@tQhe surface presents a number of
difficulties. In many locations the measurement wnailt be representative of the
relatively large area encompassed by a model gnd- his will occur when the
measurement site is situated within a region odéfogfeneous emissions, or of local
circulations (e.g., land-sea breezes). In additib@,emission inventory used in HANK is
not likely to be representative of the rapid changelndian emissions in recent years
and makes no attempt to represent the diurnalhiéityeof the emissions. Finally, the
vertical resolution in HANK makes it impossibleresolve the very shallow surface

layers which may form at night, and so are unablesolve the nighttime chemistry.

Delhi [28.35 N, 77.12 E], the capital city of India is also one of thegaeities
of Asia. Delhi has the largest number of vehicleglee road than any other city in India.
As a result, the emission levels of N&hd CO have increased many folds over the last
ten years. Several government agencies measuredis®rological and air quality data
in Delhi. Surface ozone is measured at the NatiBhgkical Laboratory (NPL) with a
UV-absorption based DASIBI Ozone Analyzer. Unfoetely for the year 2000,

measurement values are available only for FebriaB4. Surface @measurements



[Jain et al., 2005] at Delhi for February 2000 emenpared with the model values in

Figures 1(a) and (b).

Figure 1(a) shows the peak values gff@ each day of February 2000 as
measured and computed from model. The correlaoefficient for the peak
measurement and model values is 0.6. Diurnal vanan the average surface; @r
February is shown in Figure 1(b). The correlatioeficient for the measured and the

model diurnal variation is 0.93. Model values haveias = 7.67.

Measurements of surface; @ Delhi for the months of February, March, April,
and May, 2001 as reported by Jain et al., [2005campared with the present model

values in Figure 2.

Prior to May the simulated ozone is overestimateaight, but underestimated
during the day. The bias is primarily due to anenedtimate of ozone during the
nighttime hours, although the simulated peak ozmmeentrations are usually
underestimated. An unresolved night-time boundayel and underestimated emissions
may likely account for this discrepancy, althoughes factors may also be of
importance. In May, both the measurements and aimunls show an ozone decrease
compared to the previous months. The simulatededseris much larger than measured,
however. Note, that the measurements are représentd 2001, while the simulation if
for the year 2000. An emission inventory of 1992ised in the model. Model values

during morning hours and nighttime are higher ttirnmeasurements. This variability in



the model values and the measurements may beldilieked to emissions from heavy
city traffic. Also the model resolution does notgdately represent the city land surface
and emissions, nighttime O3 concentrations diffemfthe measurements. Other reason
for differences could be the difference in meteogatal parameters in 2000 and 2001.
Average @ concentrations are high in the month of March Apdl. Model values

mostly peak between 13:00 hrs to 14:00 hrs whiepiak for measurements occurs
between noon and 13:00 hrs. Table 2 gives the mawriand minimum of concentrations
and the local time of occurrence in Delhi for eawbnth. These differ according to

different months.

Singh et al. (1997) measured&nd oxides of nitrogen in Delhi during winter
months (January and February) of 1993 but repdrigll concentrations (£~ 34 -125
ppbv and oxides of nitrogen ~ 32 - 272 ppbv). Measents were done with ozone and
NO-NO, monitor models 1003 RS and AC 30M at a site diffeste from that of Jain et

al., (2005).

Ahmedabad [23° N, 72.6° E] is an urbanized city on the wesdst of India. Lal
et al. (2000) have measured OO, and NQ at the Physical Research Laboratory on the
western edge of the city during 1991-1995. Averdigenal variations in measurements
and simulated ozone (computed for the year 20@ymen in Figures 3 for February,

March, April, and May.
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The diurnal patterns of {dneasurements, which are the four year average
between1991-1995, are consistently lower thanithelated ozone, both during night
and during the day. The pattern is similar fortla¢ four months. The measurements and
model are in best agreement during February, amangasured maximum is only slightly
overestimated during May. Maximum and minimum valéee measurements and model

and the time of their occurrences are given in &&bl

KASHIDHOO (KCO) [4.97° N, 73.5° E] is a small island in thallfives chain,
essentially a maritime site. The island itself m@scent moon shape with plenty of trees
and a little agriculture in the middle. Surfacga®KCO was measured during the Indian
Ocean Experiment (INDOEX) in 1999. The sampling sias on the upwind side of the
island. This data is made available by CODIAC atABRJKCO, 1999]. Diurnal
variations in surface £atKCO are shown irrigure4. At this remote site there is
excellent agreement between the simulated and mezheaone. The agreement is better
for March compared to February as the simulatioesdwot capture the timing of the
measured diurnal cycle. Both, measurements anchtee| values show very little

diurnal variation.

Arabian Sea Marine Boundary Layer (MBL)

Os concentrations in the Arabian Sea marine bouni@asr were measured in
1999 during INDOEX [Lal and Lawrence, 2001]. Measurements were taken during
March 2-6, 1999 when the Indian ship ORV Sagar leamgs sailing at 15° N between

60° to 72° E and during March 7-11, 1999 when the was sailing at10-17° N between

11



70-75° E. Figures 5(a) and 5(b) show a comparistwden the measurements and
simulations for corresponding days of the year 2@08ng with the latitudes and
longitudes of the position of the ship. HANK cagsithe measured ozone gradient
between March 2 and part of 3, and between pavtasth 8 and through Mard.
Between March 3 and 8, the model and measuremieows & significant discrepancy.
This difference is not unexpected, however, dudéadifferent meteorology between
1999 when the measurements were taken and 200@edindor which the simulation is
valid. Both, the simulations and measurements shomeasing @concentrations as the
ship moves towards the shore (increasing longitade)confirm the tendency towards

higher Q near the coast.

Seasonal patterns of surface €@ncentrations at several sites obtained with the
HANK model and the measurements are compared ite FdbThese are 24 hour
monthly averages of {in ppbv. Details of the measurements are giverainld 1. At
most locations 24 hour monthly averaged measurestradrine surface §£maximizes in
March, with the exception of Ahmedabad, Delhi andAu. Measurements from 1991-
95 at AhmedabadLAl et al., 2000] have comparatively low 24 hour monthly averaged
ozone in March and May. Measurements taken at Niely Delhi during 2001 [Jain et
al., 2005] show that §£xoncentrations increase continuously from Febrtadyiay.

Both, measured and simulated 24 hour monthly aeefagone concentrations are
maximum at Mt. Abu, though the measured concenptnatdecrease continuously from
February to May, unlike Delhi. Note that this sgesituated higher than the other sites.

Simulations show the 24 hour monthly averagesofi@ximizes in March, except in

12



Ahmedabad and Mt. Abu. In Ahmedabad and Mt. Abmusated 24 hour averaged

monthly @ maximizes in April.

4. Results and Discussions
O3 formation is a complex phenomenon. Many parametiéest the formation of
ozone in a nonlinear fashiong @oncentrations over the entire Indian region vaith
hourly temporal variation are obtained for 120 d@ysbruary to May, 2000). There is
substantial temporal and spatial variation in thecentrations due to different
meteorological conditions and topography. Ozoneceatrations generally increase from
February to March and then start decrease froml ApiMay, although there are local

variations to this seasonal cycle.

As the ozone concentration during day time is mwgortant than during the night time
for impact studies (effects on human and plantthéedm exposure to £), daytime

monthly average ozone concentrations are showomtsuar plots in Figure 6.

Concentrations varying between 25 ppbv and 100 ppéshown in these
contour plots. Concentrations vary widely acrogsrégion. In the mountain region of
Tibet Plateau between 27N to 35 N and 78E to 100 E, that also includes Nepalz O
concentration is markedly high. These concentrateme high due to the elevated
topography. In addition they are likely to be acdedy affected by the boundary
conditions, which are obtained from a global masleich does not adequately resolve

the elevated topography. However, Pudasainee, ¢2@06) have reported 8 hour
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average surface{@oncentrations (measurements) greater than 100 ipghe
Kathmandu Valley of the Nepal region. NPL measumsér June 2 and 3, 2000 at
Hanle (32N and 80E, Laddakh) also shows@oncentrations up to 80 ppbv (NPL,

2001).

These contour plots show that higher ozone conegmtis move from south to
north and east to west from February to May. Thushavest region shows relatively
higher concentrations in May, particularly in tiegion between 2& to 40 N and 60E
to 70° E. Note, that this northwest region which coveagpof Afghanistan and Pakistan,
has relatively high @compared to the rest of India. In February,cOncentrations are
higher in the Arabian Sea and the Bay of Bengal thahe nearby coastal areas, whereas
in March, there is general tendency of higheimQhe coastal areas. Non-availability of
sufficient solar radiation and washout of pollusamthibits the ozone formation in May.
Average monthly ozone concentration over the nomtpart of India (25° N to 40° N) is
maximum in March. This phenomenon was also observdte measurements during the

INDOEX expedition Lelieveld et al., 2001].

Day time 8-hour monthly averages of @btained with the HANK model are

tabulated in Table 5 to discuss the regional viamat Table 4 compares 24-hour monthly

average simulated{and measurements.
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AOTA40 -a parameter that represents the accumulatedad@eover a threshold of 40
ppb is computed using the simulateghv@lues. @ concentration greater than 40 parts per
billion (ppb) in the surface air affects the agltawal crop yields and also the production,
vitality, and stress tolerance of forest trees. AOTs the sum of the differences between
the hourly mean surface ozone concentration (ir) ppd 40 ppb for each hour when the
concentration exceeds 40 ppb, accumulated duriggtiahours (8:30 am to 4:30 pm,
Indian Standard Time for the Indian Region).AOTd@sed to determine the ozone
uptake by plants. AOT40 equal to 3000 ppb hourblippver a period of three
consecutive months is associated with a five pén@stuction in the yield of spring
wheat in six European countries (the experiment eeased out over 10 seasons, and
with 10 cultivars) [Fuhrer et al., 1997]. This valis accepted as the critical level of

ozone for a reduction of yield in crops.

In the absence of sufficient measurements, we #gékHo estimate the
AOT40 hours in the Indian region (5.0° N to 32.3ahd 64.5° E to 93.6° E) from
February to May, 2000. These are shown as contots jm Figure 7. Values vary
between 100 and 19,000 ppbh with maximum valuélsarNE quadrant, which includes
the Indo-Gangetic plains. We calculate that mucimadia is subject to AOT40 values

greater than 3000 ppb hours.

5. Discussion and Conclusions

There is a lack of research related to troposplatr@nistry in the Indian region,

although this is an active photo-chemical regiothefatmosphere[g., Andreae and
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Crutzen, 1997]. Using the chemical transport model (NASA/GISBgrntsen and Isakan,
(1997) show that on increasing the anthropogenisgans by two and four times, ozone
production efficiency is maximum over the Indiagio, followed by Japan and China.
There have been no systematic studies of surfameecand its precursor gases over the
Indian region. This is the first study that praegothe gridded distribution of the surface

ozone in the Indian region.

Measurements in the Indian region are not sufficierdocument the extent of the
ozone problem. For this reason we have supplemehéecheasurements in this study,
with a regional simulation of ozone mixing ratiosthe region. Surface ozone
measurements, particularly those within cities,extteemely difficult to compare to
model simulations. First, HANK model uses an emissinventory representing a large-
scale area; hence, the variations at the locas so@l not represented well. In addition
HANK uses time averaged emissions, so hourly vianatin emissions are not captured
in the computation. During the evening hours, @ tinban areas (e.g., Delhi City), there
is heavy vehicular traffic on the roads, resultimgparticularly high emissions of N@nd
other ozone precursor gases. Secondly, HANK isabtat to resolve the very shallow
surface layers which may form at night. As a restdtdoes declines during the dusk and
evening hours, but underestimates the very steelmden the measured data. In more
rural areas, NQemissions are insufficient to drastically lower mtigme G
concentrations. Chand and Lal (2004) have also unedlevated levels of the surface

Os at the rural sites near an urban area. Third, Isitiauns are based on a global emission
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inventory (Muller, 1992), though the meteorologyhat of the year 2000. Hence the

comparison is at best qualitative.

Over oceanic regions not influenced by local emissiHANK produces a good
simulation of the measured concentrations (as dstreted at KCO and during the
second week of shipboard INDOEX measurements)ddiitian HANK simulates the
measured seasonal ozone change in most locatitsts néte that there is no clear
overall bias in the HANK results, at some sitesrtizglel is high, and at other sites it is

low.

Based on this analysis, the conclusion can be dthatrsurface ozone is much
above critical levels, as AOT40 is greater thanBPPbh at most places in the Indian
region. It is of significant concern for agriculaiproductivity. More than 40 percent of
the population in this region depends on an econ@tayed to agriculture. Based on this
study, the impact of £on human health and agricultural yields can benased.

Detailed studies like those in Europe and North Acaeare needed to develop
adaptation and mitigation strategies to minimiz= akone impact on productivity in the

region.

This study provides a first general picturdhef variations in the surface ozone
concentrations in the different regions of the &mdsub-continent. Many uncertainties
remain in the magnitude and spatial extent of #e@ne enhancement in the Indian region

within the constraints of available input paramgt@ihe scope of further refinement in
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model simulation in future exists by including &) updated and improved emission
inventory, (ii) higher resolution to better accotmit local conditions, (iii) model-
measurement comparisons for different meteoroldégoaditions such as fog, dust
storms etc., (iv) model-measurement comparisomeohe, additional species, and
aerosols at many additional sites for a betteruatan of the model results. More studies
and measurements are therefore needed to fornthkaggppropriate policies to abate the

increase in the surface ozone concentrations ihndhien sub-continent.
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