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We present the simultaneous field measurements of surface ozone (03) made at the five different sites
of western Maharashtra, India for the period between 2001 and 2005. Seasonal variation in O3 shows a
pronounced maximum concentration about 40-50 ppbv in the summer and winter season in the urban
site and similar concentration of O3 is also observed in the rural site despite less emission of precursor
gases. The increase in O3 concentration is observed in the sugar factory premises during sugarcane crush-
ing period. Diurnal patterns in O3 do not show daytime in situ photochemical buildup at high altitude

é(ﬁjr”f/:ggd;;one mountain site. The higher O3 concentration is observed in the morning hours near to the dam than at
Urban urban and rural sites. These variations in O3 indicate that the local pollutants are major contributors to

Rural the O3 concentrations at the urban and rural sites, while regional transport plays a role at high altitude
mountains site. Model simulations using a Eulerian photochemical model have also been carried out with
the available data. The comparison of model results with observation shows that a diurnal and seasonal
pattern is in good agreement.
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1. Introduction

Ozone (03), one of the key trace gases in the atmosphere,
is the most abundant tropospheric oxidant. The human activity
(e.g. combustion which leads to the emission of nitrogen oxides
(NOx=NO+NO,) and volatile organic compounds (VOC), a major
precursor of O3) are responsible to increase the concentration of
03 at the surface of the earth. The residence time (life cycle) of O3
in the lower troposphere varies according to season and altitudes
between a few days (5-8) at the ground level and a few weeks
(3-15)inthe free troposphere. The high O3 concentrations and their
long persistence times have now become a new and frightening
aspect of life on our planet. Surface Os is produced as a by-product
of the oxidation of carbon compounds (VOC, carbon monoxide (CO)
and methane (CHg)) in the presence of NOy by photochemistry;
and O3 formation are influenced by the sunlight intensity [1]. Pho-
tochemical production of O3 is dependant on its precursor gases
concentration (NOy, VOC, CO, CH4) and prevailing atmospheric con-
ditions. Liu et al. [2] reported that the production processes of O3
are highly complex and non-linear in nature. A recent review by
Vingarzan [3] revealed that ozone concentrations are increasing at
the rate of 0.5-2% per year over the Northern Hemisphere due to
increase in human activities.
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Surface O3 is a highly oxidizing agent; its high reactivity causes
detrimental effects on all living organisms and materials. Humans
are likely to be affected at O3 concentrations above 80 parts per bil-
lion by volume (ppbv). World Health Organization guideline value
for O3 is 77-102 ppbv averaged over 1h. The U.S. health related
National Ambient Air Quality Standard for O3, based on a sin-
gle day, maximum hourly exposure, is 120 ppbv for 1h, not to be
exceeded more than once per year [1]. However, at low levels of
O3 (<120 ppbv) can also produce significant changes in respira-
tory function in humans has been well established and it exposure
can cause premature aging of the lungs [4]. Mulholland et al. [5]
reported that O3 can increases 4% in pediatric asthma rate per
20 ppbv increase in surface O3 concentration. Further, recent stud-
ies have shown that the number of excess O3 related deaths of
around 600-2045 during the summer period June to August 2003
in the Netherlands and in the UK compared to an ‘average’ summer
[6,7].

Being phytotoxic in nature, surface O3 concentration greater
than 40 ppbv in the surface level can affects the agricultural crops
yield and also the biomass production, vitality, and stress toler-
ance of the forest trees [8]. Chameides et al. [9] and Feng et al.
[10] have showed the decrease in the yield of crop by 10-15% due
to increases in surface O3 concentration (>60 ppbv) at the ground
level in China. The surface O3 is also responsible for the present
rapid forest decline and reduces the lifespan of various materials
like rubber, concrete building, painting, etc. [11]. Further, O3 is a
powerful greenhouse gas as itabsorbs the radiation at 9.6 um wave-
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length emitted by earth’s surface. Hence, it acts as the third most
important greenhouse gas after carbon dioxide (CO,) and CH4 and
contributes roughly 0.35 W/m? (about 8-15%) to the total radiative
forcing [12]. Rapidly developing countries in the tropics and sub-
tropics, the regions (particularly India and China in Asia) of very
limited measurements of surface Os, realized the importance of
the studies on surface O3.

A few observational studies on surface O3 are available over the
Indian region. Khemani et al. [13] reported high surface O3 concen-
trations around 38 ppbv during summer season in March over semi
urban site, Pune. Lal et al. [14] and Sahu and Lal [15] have shown
that surface O3 (here after O3) concentration was in the range of
30-43 ppbv at the urban site of Ahmedabad (23°N, 72.6°E, 49 m asl)
during the winter and a similar concentration of O3 at the rural site
of Gadanki (13.5°N, 79.2°E, 375 masl) during the summer season
[16]. Recently, Beig et al. [17] reported that average high O3 con-
centration of 55 ppbv in February during the winter at semi urban
site of Pune was attributed to the regional transport from the sugar
factories/industries. These previous observation-based studies in
India have attempted to determine the behavior of O3 were aimed
for either in urban or rural environmental condition but not for
both. We change the focus and present a systematic O3 behavior
in both urban and rural environment simultaneously to determine
the relative importance of chemistry and transport.

In this study, simultaneous continuous measurements of O3
were made at five different sites over western Maharashtra, India
along with different environmental conditions. To the best of our
knowledge, combined simultaneous measurements of O3 at both
urban and rural sites over the Indian region prior to this study have
not been made earlier. Therefore, these measurements will help to
understand the various processes including regional transport and
in situ photochemical production of O3 especially over rural sites in
Indian tropical region. It is also stressed that local emissions of pre-
cursor gases and seasonal cycle of meteorological parameters can
play a predominant role to influence the photochemical regimes of
03. Results of O3 measurements are discussed in the light of avail-
able meteorological parameters and chemical precursor gases NO,
and CO estimated from satellite plots.

2. Observational sites and instrumentation for ozone
measurements

2.1. Observation sites and general meteorology

Five different sites are selected with different atmospheric
conditions to explore the diurnal and seasonal pattern of O3 con-
centrations over western Maharashtra, India in the present study
(Fig. 1). Continuous measurements of O3 were made from January
2001 to December 2005 at Pune in the Indian Institute of Tropical
Meteorology (IITM) campus, a representative of semi urban site.
Second site was rural; Joharapur, O3 was measured from January
2002 to December 2005. Third site was premises of Sugar fac-
tory, Bhenda, O3 was measured for one complete crushing period
(before, during and after the crushing of sugarcane) for the period
from November 2004 to March 2005; and fourth site, remote rural
near to the dam, Mulanagar for the period from March 2005 to
June 2005 which is surrounded by high mountain hills on both
sides and far away from the human activities (similar to forest
environmental condition). The measurements of O3 have also been
made from November 9 to 17, 2005 at high altitude mountain rural
site (fifth site), Mahabaleshwar. In this way, these five different
sites signify large variations in topographical conditions ranging
from remote dam surrounded by hills to high altitude mountains
and from urban to rural and sugar factory. Table 1 shows the
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Fig. 1. Location map of the India shows five different observation sites of surface
ozone (urban, rural, mountain, sugar factory and dam) over western Maharashtra,
India.

location, classification and O3 measurements period of the each
site.

Table 2 presents the average seasonal cycle (average monthly)
of meteorological parameters such as maximum, minimum and
average temperature, incoming solar radiation, relative humidity
(RH), rainfall (RF), cloud cover (CC) and wind speed (WS) and direc-
tion reported for 2001-2005 by Indian Meteorological Department
(IMD) at Pune [18]. The seasonal cycle of meteorological param-
eters is related with the seasonal cycle of O3 measured over the
study region. The unique feature of the present study region is the
southwest monsoon wind from Arabian Sea which brings rainfall
activity over Indian region from June to September that amount-
ing to 80% of the total annual normal rainfall, seems to play an
important role in seasonal as well as in diurnal variability of Os.
The annual rainfall 57, 42, 45.9, 91.3 and 133.9cm was recorded
for the year 2001, 2002, 2003, 2004 and 2005, respectively (annual
normal rainfall: 67 cm) over Pune. Southwest wind brings mon-
soon and clean air (in particular over the study region) to India
by the northward propagation of Inter Tropical Conversion Zone
(ITCZ). The weather during post-monsoon season from October to
November is calm and some times scattered rainfalls occur. Fair
weather conditions prevail during the winter season from Decem-
ber to February with calm wind speed with northeasterly direction,
clear sky and moderate relative humidity of 20-70%. Northeasterly
wind brings the polluted air over the study region. The summer
(premonsoon) season period from March to May experiences hot
weather due to intense incoming solar radiation, which acceler-
ates the photochemistry of O3 production. However, sometimes
pre-monsoon shower disturbs the photochemical production of O3
in some years. The surface air temperature reaches around 43 °C
during day and 25 °C in the night over the study region.
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Table 1

Details of the location, description and period of ozone measurements of the site over western Maharashtra, India

Station Location Site classification Monitoring period
Pune 18.5°N, 73.8°E, 559 m Semi urban 2001-2005
Joharapur 19.3°N, 75.2°E, 474 m Rural 2002-2005
Bhenda 19.5°N, 75°E, 480 m Sugar industries November 2004-March 2005
Mulanagar 19.4°N, 74.6°E, 657 m Dam, remote rural March 2005-June 2005
Mahabaleshwar 18°N, 73.7°E, 1382 m High mountain November 2005
Table 2
Average monthly meteorological condition observed for 2001-2005 over the study region at Pune

Temperature (°C) Radiation (W m~2) RH (%) RF (mm) CC (%) Wind

Maximum Minimum Average Speed (m/s) Direction
January 334 8.2 20.6 682 56 0 36 04 NNE
February 36.8 7.3 22.6 892 39 0 22 2 NNW
March 40.1 11.7 25.9 935 32 0 29 3 NNW
April 39.5 14.1 29.2 955 40 25 38 3 NNW
May 41.3 19.4 30.3 1012 58 30 45 4 WNW
June 36.4 21.1 26.9 860 74 120 82 4 WSW
July 31.5 21 25.3 576 80 225 83 3 SwW
August 29.2 20.6 243 771 83 164 85 3 S
September 32.2 15.9 26.5 785 81 86 70 3 NW
October 32.8 12.7 25.7 950 67 60 67 1 N
November 32.6 10.5 24.1 812 61 30 35 1 NNE
December 321 8.1 224 805 60 0 42 0.5 N

Average monthly concentration of NO, and CO, a major precur-
sor of gases of O3 formation, was estimated from the satellite plots
(website:  http://www.temis.nl/airpollution/no2col/SCIAMACHY
Version 11 for NO, and website:
http://mopitt.eos.ucar.edu/mopitt/data/plots/MOPITT  for CO
at 850 hPa level) over Pune for 2003-2007 is shown in Table 3.
The estimated seasonal cycle of NO, and CO was compared with
the seasonal cycle of NOyx and CO measured at ground level for
2003-2004 [17]. It is seen from Table 3 that there is a quanti-
tative agreement with the estimated NO, and CO from satellite
plots and measured NOx and CO concentration of seasonal cycle.
Estimated low concentrations of NO, and CO during monsoon
season months well agree quantitatively with the measured NOy
and CO concentration. Similarly, estimated high concentration of
NO, and CO during winter and summer months was also in good
quantitative agreement with the measurements. Measurements of
NOy and CO are not made in the present study; hence the satellite
plots are utilized to understand the seasonal cycle of NO, and CO
concentration quantitatively but not qualitatively over the study
region. These plots are quite consistent with the location of human

Table 3

activity and related emissions. The estimated seasonal cycle of
NO, and CO concentration is related with the seasonal cycle of
O3 measured. The chemistry of the atmosphere is dominated by
solar radiation which induces a photolysis of certain molecules
into reactive atoms or free radicals [1]. The photolysis of ozone:

03 +hvu— 0,+0('D), A< 315nm

This key photolysis leads to the formation of hydroxyl rad-
ical (OH) involved in the oxidative removal/decomposition of
most trace gases in the troposphere emitted by the human
activities. Hence, OH radical term as a detergent of the lower atmo-
sphere/troposphere which removes the almost all pollutants. The
photolysis of nitrogen dioxide:

NO, +hu— NO + O(3P), 290 <X < 400nm

This reaction contributes to the chemical formation of O3, which
is the only source of photochemical ozone in the troposphere
indicates that in the absence of photolysis of NO, there is no
ozone formation [1]. Further, it infers that combustion processes

Comparison of average monthly concentration of nitrogen dioxide (NO, ) and carbon monoxide (CO) estimated from satellite plot over the study region and with measurements

available of NOy and CO at Pune

Estimated from Satellite?

Ground level measurements®

NO, Cco NOy Cco
January 3.3(0.189) 168 16.1 750
February 2.8 (0.160) 143 13.5 -
March 3(0.171) 182 1.2 600
April 3.5(0.200) 175 8.5 400
May 2.8 (0.160) 136 6.8 350
June 3(0.171) 98 3.6 300
July 2(0.114) 63 2.8 300
August 1.5 (0.085) 69 32 300
September 1.9 (0.108) 99 4.1 350
October 3(0.171) 126 8.6 400
November 3.2(0.183) 170 15.5 700
December 2.7 (0.154) 165 20.7 800

2 SCIAMACHY (2002-2007) (NO, density [10'> mol/cm?]), NO, values in ppbv are shown in parentheses. MOPITT (2001-2007) (CO (ppbv)).

b June 2003-May 2004, NO, and CO in ppbv over Pune [17].
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Fig. 2. Growth of the registered automobile vehicles in the urban and in town for
1980-2004 in the study region.

by human activities which emit the NOy are mainly responsible for
increasing of O3 concentration at the ground level.

Rapid industrialization and urbanization are causing serious air
pollution problems in India. Sources of air pollution include vehicu-
lar emissions and power plants and other industries growth. The air
pollutants like O3 are also expected to rise rapidly in urban, as well
as in the rural areas due to transport of precursor gases from cities.
Recent report on Motor Transport Statistics for Maharashtra State,
India [19] shows the rate of increase of transport vehicle is about
12% per year in the urban (Pune) and similar in the town (Ahmedna-
gar (19.1°N, 74.8°E, 657 m asl) about 100 km of northeast from Pune)
for 1980-2004 (Fig. 2). The increase in vehicular traffic density from
more than last two and half decades is related with the increase
of daytime maximum Os concentration (from about 23-60 ppbv)
and average O3 over this region. Garg et al. [20] reported the major
emission of NOy about 32% is from vehicular transport and rural
biomass burning contributes 18% of the total emission (3.46 Tg) in
1995 over the Indian region which is effective sources of O3 pre-
cursor gases. Asian emission inventory in 2000 by Streets et al. [21]
show the transport sector contribution has increased from 32% to
34% to total NOy emissions (4.59Tg) and is growing at an annual
rate of about 6.5% which is higher by 1% than the earlier estimate
[20] in India.

2.2. Ozone measurements technique

The electrochemical O3 sensors have been used for simultane-
ous continuous measurements of O3 at all the five sites [22]. The
detection limit of the O3 instrument is 1 ppbv and the precision
better than +2% [23]. The ozone sensor was calibrated with the
ultraviolet (UV) photometric ozone analyzer (Model 0342 M, Envi-
ronmentS. A., May 2002) by running them together with averaging
time interval of 1 h, and correlation coefficient is found to be 0.86.
All data analyses in this paper are based upon the hourly averaged,
Indian Standard Time (IST). IST is 5.5 h plus Greenwich Mean Time.
In addition, the continuous air temperature, relative humidity and
incoming solar radiation are also measured at Pune, Joharapur and
Mahabaleshwar. The cloud cover, air temperature, rainfall, relative
humidity, wind speed and direction data are used to explore atmo-
spheric conditions over the study region for 2001-2005 from IMD
[18].

2.3. Photochemical model

To study the ozone behavior and its precursor gases over the
study area, we use a Eulerian photochemical model to simulate
diurnal and monthly O3 concentration, using Euler’s numerical
techniques assuming quasi steady state approximation (QSSA) and
simple chemistry and mass balance of Os3. Details of model for-
mulation and simulation are given elsewhere [24]. The model
requires hourly input data of NO, NO3, Jno, (photolysis rate
of NO, related to the intensity of solar radiation) and tem-
perature for computation of chemical rate constant (k) of the
reaction (O3 + NO — O, + NO>). Simulation of O3 concentration was
carried out at Pune latitude and compared with measured O3
concentration. These inputs are computed using required avail-
able NOy, temperature and radiation data for 2003-2004 at Pune
[17].

3. Results and discussion
3.1. Diurnal variations in ozone at urban and rural sites

Average diurnal variations of ozone for different months from
January to December for 2001-2005 at urban site Pune are shown in
Fig. 3. Vertical bars show single standard deviation. Measurements
show that daytime maximum O3 concentration (10-60 ppbv) due to
the in situ photochemical production of O3. Ozone concentrations
are observed to be low during nighttime, as there is no photochemi-
cal production of O3. The minimum O3 concentrations (3-17 ppbv)
are observed during early morning hours, near the sunrise time.
Minimum concentration of O3 during early morning hours is due
to the loss of O3 by NO:

03 +NO — 0, +NO,

NO concentration is higher in the morning due to the lowest
temperature at the sunrise.

In the seasonal cycle of O3, highest O3 concentration
(40-50 ppbv) is observed during summer in the month of March
or April due to the high concentration of precursor gases (NO,
and CO) and intense solar radiation which increases the rate of
chemical reaction of O3 production at the higher temperature
(Tables 2 and 3). On many occasions hourly average O3 concentra-
tions exceeds 80 ppbv (up to 90 ppbv) at noon in summer season
were also observed. Similarly, higher O3 is observed in December
and January during the winter season due to low temperature and
less boundary layer height which accumulate the O3 at the ground
level. During monsoon months (June-September) lowest O3 con-
centration 4-7 ppbv was observed due to clean and moist air from
the Arabian Sea, diffused incoming solar radiation and high cloud
cover. Rainfall wash out the active radicals involved in the O3 forma-
tion processes and results in the diurnal variation of O3 nearly flat
in the monsoon months. Accumulation of active nitrogen species
(NOy) especially PAN and NMHCs due to reduced temperature and
low concentration of OH radicals in winter would continue till early
summer [1]. Subsequent warming at the onset of summer causes
pulsed input of NOy at the ground level. This abrupt supply of NOy
and NMHCs and increased incoming solar radiation appears to be
the cause of buildup of photochemical O3 results in summer peak
of ground level Os.

Similarly, Fig. 4 shows the monthly mean diurnal variations of O3
concentrations for 2002-2005 at a rural site, Joharapur. The highest
O3 concentration (35-45 ppbv) was observed during the summer
months, however diurnal amplitude (maximum O3 minus mini-
mum O3) is smaller as compared to the urban site at Pune due to
the low precursor gases concentration in the rural site. The O3 con-
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Fig. 3. Average diurnal variations of ozone concentrations in different months for 2001-2005 measured at semi urban site, Pune. Vertical bars are 16S.D.

centration reached up to 75 ppbv at noon during summer season
in April on few occasions. Comparison of Figs. 3 and 4 shows that
the variations in the diurnal amplitude is higher in all months at
urban site (5-35) than at the rural site (10-33). Further, it is impor-
tant to note that during the monsoon months (June-September)
relatively higher ozone concentration (10-15 ppbv) was observed
at rural site than at urban site (Fig. 3) due to the inefficient O3
destruction mechanism owing to the less emission of NOy in the
rural areas.

3.2. Changes in diurnal patterns of Oz at five different sites

The variation of O3 within a day may be helpful in delin-
eating the processes responsible for O3 formation or loss at a
particular site. Fig. 5a-e show the diurnal variation of O3 at five
different sites. The maximum photochemical buildup (peak) of O3
was observed during daytime usually at noon at Pune, Joharapur,
Mulanagar and Bhenda site (Fig. 5a-d) due to the photochemi-
cal buildup of O3 by photolysis of NO,. Similarly, the minimum
of O3 was observed at all four sites during nighttime as there is
a loss of O3 by nitric oxide (NO) (titration). In addition to this,
during nighttime, the photochemical production ceases. In the diur-
nal cycle of O3, the minimum concentration was observed during
early morning hours near the sunrise time. The diurnal magni-
tude of O3 was nearly similar in the urban and in rural sites, which
indicates that precursor gases load has increased in the rural site
due to transport of precursor gases from nearby cities. It is noted

that the time of occurrence of pronounced peak of O3 was var-
ied from season to season in the urban site. In the urban site,
the peak of O3 33.1+5.5ppbv (the average concentration of O3
with 1o standard deviation) concentrations was observed before
noon at around 11:30 h local time in winter because of fast photo-
chemical production by freshly emitted precursor (NO) from the
vehicular traffic in the morning hours [25], while rapid loss of
05 also noticed in the afternoon by same NO because of domi-
nant titration (Fig. 5a) [14,17]. Similarly, Tiwari and Peshin [26]
reported the forenoon (1000-1200h) sharp peak (narrower) in
O3 concentration during the winter in January at Pune, which is
similar to the present study. However, this forenoon pronounced
broader peak of Os is shifted to afternoon in the summer. On the
other hand, in the rural site peak O3 29.7 +5.7 ppbv occurred in
the afternoon around (14:00-16:00h) local time in all seasons,
probably, due to the late emission of natural precursor gases like
isoprene, hydrocarbons from crops and trees which has high poten-
tial for O3 formation is related to ambient air temperature which
is generally observed in the afternoon [27] and relatively very
less O3 loss by NO owing to the negligible vehicular traffic emis-
sions in the evening (Fig. 5b). The maximum of O3 concentration
33.8 +4.5 ppbv was observed during daytime near to the dam, sim-
ilar to the urban site Pune and rural site Joharapur. On the contrary,
the morning hour’s concentration of O3 around 18.5 & 5.2 ppbv was
observed to be highest near to the dam as compared to correspond-
ing concentration of O3 in the urban and rural sites (Fig. 5a—c).
It appears from Fig. 5c¢ that the loss of O3 during nighttime was
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Fig. 4. Same as Fig. 3 but for measured at Joharapur rural site for 2002-2005.

slower near to the dam results in higher concentration of O3 in the
morning.

In the sugar factory premises, higher O3 concentrations are
observed during the working days of sugar factory (sugarcane
crushing period) than the non-working days of sugar factory indi-
cate that higher emission of precursor gases during working days,
in particular of NOy and hydrocarbons (Fig. 5d). Further explanation
for higher O3 during crushing of sugar factory is discussed later in
Fig. 8b.

On the contrary, at the high altitude mountain site, Maha-
baleshwar, minimum of O3 32.07 4+ 4.24 ppbv was observed during
the daytime at noon around 13:00h and maximum of Oj
40.2 +5.5 ppbv during the nighttime in the early morning hours
around (03:00-04:00 h) local time (Fig. 5e). The low O3 concentra-
tion in the daytime indicates that in situ photochemical build-up
is not dominant. Hence, pronounced peak in O3 at daytime (as
observed at the other sites, Fig. 5a-d) is not observed. It appears
that NO concentration seems to be below the threshold limit of O3
formation (50 parts per trillion by volume (pptv)), which was not
allowing to buildup of O3 concentration during daytime by pho-
tochemical production. On the contrary, under this condition odd
hydrogen radical’s (which generate O3) photochemistry:

03 +HO, — 20, +OH

produces net loss for O3 during the daytime. Thus, diurnal cycle
of O3 at mountain site was completely different from the other

four sites. The maximum of O3 was observed during the nighttime
seems to be due to the regional transport of O3 from nearby cites.
Lifetime of O3 also increases with the height at the high altitude
mountain site. The stratospheric intrusion/input of ozone into the
troposphere at the ground level is impossible over the latitude of
Mahabaleshwar (18°N), which is in the tropical region [28] indicate
that diurnal O3 variability is mainly due to transport of O3 from
nearby cities and destruction of O3 during daytime. Significant dif-
ferences were found in the diurnal patterns at the five different sites
over this region. It appears that a diurnal pattern of O3 concentra-
tions is a function of site. The hourly averaged O3 concentration in
the daytime at all rural sites was higher than permissible limit of
40 ppbv for the crop, suggests that winter crops yields may affect
as per the AOT40 concept over this region due to the increasing of
O3 pollution [8-10,29].

Fig. 6a-d shows the comparison of average diurnal variations
of O3 concentrations with diurnal variations of incoming solar
radiation and air temperature measured during November 2005
at the urban, rural and mountain site. It is seen from Fig. 6a
that O3 increases with increase of incoming solar radiation over
urban site. The maximum of O3 48 + 2.8 ppbv was observed in the
daytime at around 11:00h and minimum 5 ppbv in the morning
at 07:00h, and corresponding maximum incoming solar radi-
ation 896.43+120.63Wm~2 at 12:30h at urban site. On the
contrary, O3 decreases with increase of incoming solar radiation
at mountain site Mahabaleshwar Fig. 6b. The minimum of O3 con-
centration around 32 ppbv was observed during the daytime at



692

S.B. Debaje, A.D. Kakade / Journal of Hazardous Materials 161 (2009) 686-700

50 - - - -

Urban (a) Rural (b) | Dam (c) Sugar factory (d) | Mountain (e)
>
2
[N
o
Q
[ ==
[o]
N
[o]

m ﬂ‘
o
o
o
>
Z
A "__
Al % I
(ke e L e L e e s e e e e e e e e e L L B BN |
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 Q 6 12 18 24 0 6 12 18 24

Local Time (IST)

Fig. 5. Comparison of diurnal variability of surface ozone concentrations observed at (a) urban, (b) rural, (¢) dam, (d) sugar factory and (e) mountain site.

100+ 1004 F i
£ Urban site (@) Mountain site (b)
£
% 80 80 —e— Ozone
- —O— Radiation x 10
o
@
T 604 60
)
e
©
8 404 404
o
c
@
<> 204 204
a
Q
K=
g 2 = ' - 0y . : ;
0 6 12 18 24 0 6 12 18 24
60- a5
= Rural site (c) Mountain site (d)
%) —e— Ozone
L —0— Air temperature
g
g 40 40
0]
o
£
o
o
& 204 20
=
B
o
2
On
0 T T T 1 0 T - T .
0 6 12 18 24 0 6 12 18 24

Fig. 6. Variation of average diurnal ozone concentrations with incoming solar radiation observed at urban (a) and mountain site (b) and with temperature at rural (c) and

mountain site (d). Vertical bars are 16S.D.

Local Time (IST)

Local Time (IST)



S.B. Debaje, A.D. Kakade / Journal of Hazardous Materials 161 (2009) 686-700 693

13:00 h. Corresponding maximum solar radiation was observed to
be 549.27 +65.76 Wm~2 at 12:00 h during daytime. The maximum
of 03 40.2 +5.5 ppbv observed during nighttime at about 04:00h
because of transport of O3 from near by cities. The loss of O3 by
NO s less and lifetime of O3 increases with decease of temperature
during night at high altitude mountain site.

Fig. 6¢c and d shows the comparison of average diurnal variations
of O3 with diurnal variations of temperature measured at rural and
mountain site. The O3 concentration increases with increase of air
temperature during daytime in the rural site (Fig. 6¢). On the con-
trary, O3 decreases with increase of temperature in the daytime
at the mountain site (Fig. 6d). This indicates that diurnal patterns
of O3 were not related to the diurnal patterns of air temperature
at high altitude mountain site, whereas it was closely related with
diurnal patterns of air temperature at rural sites. It appears that O3
concentration was not buildup by photochemical production of O3
during daytime at high altitude mountain site. On the contrary, the
mountain site experiences constant higher O3 level in the range
of 30-40 ppbv during the day and nighttime as compared to the
urban and rural sites O3 of 5-50 ppbv. Thus, there is a significant
temporal and spatial variation in the O3 concentrations due to the
differences in meteorological and topographical conditions. In the
urban and in rural sites daytime maximum of O3 due to the pho-
tochemical buildup, whereas maximum of O3 during nighttime at
high altitude mountain site is attributed to the transport of O3 from
nearby cites.

Fig. 7 shows the comparison of diurnal variation of O3 observed
at Mahabaleshwar with the other mountain sites in India, Mt. Abu
(24.6°N, 72.7°E) [30] and Cerro Tololo, Chile (30°S, 70°W) [31].
Vertical bars are 1 sigma standard deviation. Fig. 7 shows that
O3 measured at Mahabaleshwar are consistent with the earlier
measurements reported at Mt. Abu and at Cerro Tololo. Such type
of diurnal patterns in O3 is generally observed at clean or high
altitudes sites. Naja et al. [30] reported average nitric oxide (NO)
concentration around 40 pptv at Mt. Abu, which is less than the
threshold limit for O3 formation. It is seen from Fig. 7 that O3 con-
centration was observed to be lower in the daytime as compared
to the nighttime at all three mountainous sites are due to the lack
of photochemical buildup of O3 in the daytime, and less titration of
03 during the nighttime by NO. The diurnal variation at these three
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Fig. 7. Comparison of average diurnal ozone concentrations observed at mountain
site, Mahabaleshwar with those of other mountain sites at Mt. Abu and Cerro Tololo,
Chile. Vertical bars are 10S.D.
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Fig. 8. Diurnal variations in ozone concentration observed near to the dam (a) and in
the sugar factory premises (b), indicating higher ozone in the sugar factory premises
during crushing and higher ozone in the morning hours near to the dam.

sites appears to be a result of photochemical O3 destruction during
daytime hours in a regime with very low NOy concentrations [30].

Measurements of O3 made near to the Mulanagar, dam site
shows the loss of O3 is slower near to the dam than other urban
and rural sites during the nighttime. The minimum of O3 concen-
tration is higher (15-20 ppbv) in the morning hours at sunrise as
compared to the other urban and rural sites (5-10 ppbv) during the
same period of observation in the present study and earlier studies
reported in India [16,17] (Fig. 8a). It appears that Os titration was
slower during nighttime which results in higher O3 concentration
in the morning hours as compared with the other urban and rural
sites. Hence, it is seen from Fig. 8a that diurnal pattern of O3 was
relatively flat near to the dam, which allows to experience ambient
environment at higher O3 levels.

Fig. 8b shows higher O3 concentrations observed during the
crushing period of the sugar factory, as compared to that of
before and after the crushing time. During the crushing daily
mean of O3 31ppbv was observed and after the crushing daily
mean decreases to 28 ppbv. The decrease in O3 concentration
after crushing is related to the decrease in precursor gases in the
sugar factory premises. This shows that the approximately 11%
increase in O3 concentration during crushing period is attributed
to the increase in emissions of precursor gases during working
of sugar factory. Therefore, it seems to contribute to enhance
O3 concentration during crushing from November to May in
the western plateau of Maharashtra state known as sugar fac-
tory belt of India. The increase in O3 level above 40 ppbv during
daylight hours may affect the agricultural winter wheat crop
yields over the Indian region [29]. It is expected to reduce win-
ter crop yields by 5% as per the AOT40 concept at the present
level of O3 and it will reduce more if O3 level increases in near
future.

Fig. 9a and b shows the comparison of diurnal variation of O3
concentration with the diurnal air temperature and relative humid-
ity (RH) at Pune (urban) and Joharapur (rural) measured during
summer month in April 2005. It shows that O3 increases with
increase of temperature in the daytime, while it decreases with
increase of RH at both the urban and rural sites. However, it is also
seen from Fig. 9 that daytime O3 concentration is higher by about
25 ppbv due to high precursor gases at urban site than the O3 at rural
site. Fig. 10a-f shows the average monthly O3 variation with the
meteorological parameters (temperature, relative humidity (RH),
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Fig. 9. Variation of diurnal ozone concentration with temperature and relative
humidity (RH) observed during summer in April 2005 at (a) urban site, Pune and (b)
at rural site, Joharapur.

rainfall (RF), cloud cover (CC), and wind speed (WS)) observed at
Joharapur. It is seen from Fig. 10a, b and e that O3 increases with
the increase of temperature and it decreases with the increase of
CC, which is similar with the our previous study of O3 reported at
coastal site, Tranquebar (11°N, 79.9°E, 9 m asl) by Debaje et al. [32].

3.3. Wind pattern

The wind pattern is traced and studied by using 3D 7
days back trajectories from HYSPLIT-4 model (website: http://
www.arl.noaa.gov/ready/hysplit4.html) over Pune (here trajecto-
ries figures are not included). In general, flow pattern in the

boundary layer winds is southwesterly during the monsoon season
from June to September over the Indian subcontinent, and brings
cleaner and moist air from the Arabian Sea. On the contrary, the
flow becomes exactly opposite in direction northeasterly during
the winter and summer season from December to May and carries
significant amounts of air pollutants from the northeast continen-
tal region of India over the study region. Fig. 11 shows the variation
of O3 concentration with the variation in the direction of wind at
Joharapur (wind rose). It is seen from Fig. 11 that changes in the
concentration of O3 are associated with the changes in the direc-
tion of wind. The higher O3 concentration is observed, when wind
is from northeasterly; while lower O3 concentration is observed,
when wind flow is southwesterly direction. Khemani et al. [13] and
Beig et al. [17] reported similar type of relationship of O3 with the
direction of wind over Pune. This feature indicates that the influ-
ence of polluted and clean air wind pattern on the O3 concentration
over the study region.

3.4. Seasonal diurnal variability

Fig. 12a and b shows the average seasonal diurnal variation of
O3 concentrations observed at urban site, Pune (a) and (b) rural
site, Joharapur. The highest O3 41.2 ppbv (38.6 ppbv) was observed
during the daytime at Pune (Joharapur) in winter season with well-
marked peak in the forenoon (afternoon) as compared to the other
seasons. The low boundary layer height traps the precursor gases
(NOy, CO, VOC) near to the ground level in the winter at both urban
and rural sites [14,17]. It is to be noted that peak of O3 concentration
was observed always in the afternoon in all seasons in the rural site,
whereas it varies with seasons in the urban site. The photochemical
production of O3 was not dominant in winter as compared to that
in summer because of low production of odd hydrogen radical’s
concentration and low intensity of incoming solar radiation to fuel
the O3 formation processes [1,25]. Despite these odd factors signif-
icant amount of O3 was observed in winter season similar to that of
summer season and well marked peak in the forenoon hours around
10:00-12:00 h at urban site (Fig. 12a), whereas it was in the after-
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Fig. 11. Variations of the ozone concentrations with that of wind direction (scale:
1cm =10 ppbv ozone) observed at Joharapur.

noon around (14:00-16:00 h) at rural site (Fig. 12b). The increase in
the lifetime of O3 during winter is due to decrease in temperature,
which causes an accumulation of O3 over the period of time. Fur-
ther, Indian region is dominated by an anticyclone in winter with
calm wind less than 1 ms~! prevailing stagnant condition over the
study region.

The differences in the occurrence of peak of O3 in the urban
and in rural sites appear to be related to the maximum emission of
NOy and hydrocarbons at different times. The time of occurrence
of daytime peak in O3 was different in urban and in rural sites. In
the urban site, large emissions of NOy and hydrocarbons concen-
tration in the morning hours from commuter vehicular traffic that

50— (@)

Urban site

Average ozone (ppbv)

695

utilized rapidly for production of O3 as intensity of incoming solar
radiation increases (NO + HO, — NO, + OH, which further produces
03 by photolysis of NO,) [25]. This helps attain pronounced peak
O3 concentration in the forenoon in winter at the urban site. On
the contrary, incoming solar radiation intensity increases at noon,
while Os slightly decreases at noon because of complete utiliza-
tion of freshly emitted NOy. In the afternoon as solar intensity
decreases, O3 buildup also decreases, while commuter traffic emis-
sion increases which is now responsible for rapid decrease of O3
level at faster rate at urban site.

On the other hand, in the rural site emission sources of precursor
gases are different from that of urban sources and depend more on
natural processes such as intensity of incoming solar radiation and
air temperature (Fig. 12b). Hence, the emission rate of precursor
gases is slower in the rural site as compared to that in urban site.
The O3 concentrations linearly depend on emission of NOy in the
rural sites [33]. On the contrast in the urban, there is a negative
relationship of O3 with NOy emissions that can also occasionally
switch to positive under particular meteorological conditions [34].
The pronounced peak of O3 was attained always in the afternoon
at rural site which corresponds to the peak of air temperature and
peak of isoprene emission from crop and trees [35]. The loss of
O3 by NO appears to be less effective at the rural site because of
absence of NOy emission from vehicular traffic that helps to shift
the pronounced peak of O3 in the afternoon.

During summer season high O3 40.9ppbv (37.7 ppbv) was
observed in the daytime at urban (rural) site as formation of O3 was
more pronounced with warm temperature and intense incoming
solar radiation (favorable meteorological conditions for O3 forma-
tion in most urban and polluted rural areas). O3 concentrations
show comparatively less diurnal amplitude variability in rural areas
than in the urban due to the absence of high NOx emission sources.
The high O3 values in summer are related to in situ photochemical
production with well-marked peak shifted now in the afternoon
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Fig. 12. Seasonal diurnal variability of ozone observed at (a) urban site, Pune and (b) rural site, Joharapur.
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(which appeared earlier in the forenoon in winter season) in the
urban site. On the contrary, in the rural site, time of occurrence of
peak O3 remained unchanged and was observed strictly in the after-
noon. This indicates that diurnal pattern of O3 was more stable in
the rural site than at urban site with respect to season and precursor
concentration levels. It seems that sufficient amount of anthro-
pogenic precursor gases get transported from near by cities and
sugar factories to the receptor site. The large emission of isoprene
and additional biomass burning to make land ready for cultivation
were also significant local sources of precursor gases in the rural
site [36], which produces significant amount of O3 nearly equal to
the O3 in the urban site. The diurnal amplitude of O3 gets reduced
some times due to summer shower in some years in the summer
season. The comparison of diurnal variations of O3 in winter and
summer season revealed a sharp increase and then sharp decrease
in daytime maximum Os (shorter peak period: 12:00-17:00 h for
03 above 35 ppbv) during winter months, whereas the daytime
maximum in O3 broader (longer peak period: 11:00-20:00h for
03 above 35 ppbv) is observed during summer months (as shown
in Figs. 3 and 4). Therefore, the monthly average of O3 leads to
higher during the summer months instead of in winter months.
The daily seasonal diurnal average of O3 was observed to be higher
23.7 ppbv (24 ppbv) at the urban site than in the rural site 23.3 ppbv
(23.6 ppbv) during the winter (summer) season.

In the monsoon season diurnal amplitude of O3 was low at
both rural and urban site due to near absence of incoming solar
radiations and large washout of precursor gases by precipitation
(Tables 2 and 3). In the cloudy weather in the absence of solar radia-
tion, generation of new odd hydrogen radicals is less, results in slow
05 formation. Hence, the diurnal amplitude of O3 was observed
to be flat in the monsoon as compared to the winter and sum-
mer season (as shown in Figs. 3 and 4). The peak O3 was observed
around (12:00-13:00h) in the urban site, whereas it was still in
the afternoon in the rural site. In the absence/diffuse of incom-
ing solar radiation NOy plays different roles in the urban and rural
sites. It is seen from Fig. 12b that in the rural site relatively higher
03 level (around 17 ppbv) is observed as compared to in the urban
site (8 ppbv). There appears to be less O3 loss by NO due to low NOx
emission (loss of O3 <production of O3). On the contrary, in the
urban areas higher emission of NOx from vehicular traffic decrease
O3 level in the absence of solar radiation resulted in more O3 loss by
NO (loss of O3 > production of O3 ) by the same NO titration reaction
(as shown in Fig. 12a, lower curves of solid stars dotted line).

3.5. Seasonal cycle of ozone concentration

Fig. 13 shows the seasonal cycle of O3 concentration (monthly
mean) for 2001-2005 at urban site, Pune (solid lines) and for
2002-2005 at rural site, Joharapur (dotted lines). It is seen from
the figure that higher O3 concentration was observed during the
summer months March or April and low concentration during the
monsoon months July to August at both the sites. The O3 concen-
tration increases during early winter season from October with a
maximum (30-40 ppbv) during summer season in March or April
and decreases during monsoon season from June to September.
The main reason for a winter maximum of O3 due to decrease in
temperature which increases the lifetime of O3 and summer max-
imum is related to the pronounced photochemical buildup of O3
due intense solar radiation. The low O3 concentration (5-15 ppbv)
observed during monsoon is due to the decrease in its precursor
gases by rain processes and reduce solar radiation at the ground
level (Tables 2 and 3). It is seen from Fig. 13 that the higher O3 con-
centration is observed at urban site than at the rural site in summer.
On the contrary, higher ozone concentration is observed at rural
site than at the urban site during the monsoon season (four dotted
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Fig. 13. Average monthly ozone concentration (seasonal cycle) observed at urban
site Pune (solid lines) and at rural site Joharapur (dotted lines).

lines). Fig. 14 (a and b) shows the bar diagram of daytime aver-
age maximum O3 concentration for the study period at Pune and
Joharapur. Table 4 shows the summary and comparison of average
monthly (seasonal cycle) maximum of O3 concentration at urban
site Pune and rural site Joharapur with the other studies carried out
at Pune and rural site Gadanki in India. Measurements of O3 carried
out at other three sites (Bhenad, Mulanagar and Mahabaleshwar) in
this study were less than a year, hence, these sites are not included
in Table 4. Detailed elaboration has been carried out on diurnal
variation of O3 for these sites discussed in the earlier section. It
is seen from Table 4 that the maximum of O3 was observed dur-
ing the different month at Pune and at Joharapur, while minimum
of O3 in July or August at both the sites. The maximum of O3 was
observed in a month of April, March, April, February and April for
year 2001-2005 at Pune, and in a month of April, April, January
and April for year 2002-2005 at Joharapur, respectively. Beig et al.
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Fig. 14. Average maximum ozone concentration observed in the daytime (a) urban
site Pune and (b) rural site Joharapur.
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Table 4
Summary and comparison of average monthly maximum concentration of ozone (ppbv) measured in the present study at urban and rural sites with other site measurements
available over Indian region

Pune Joharapur Pune? GadankiP
Statistics 2001 2002 2003 2004 2005 2002 2003 2004 2005 2003-04 1993-96
January Mean 39.9 40.3 358 42 339 354 303 52.3 294 37.6 26.2
S.D. 12 10 6 1 7 4 5 5 4 16 14
February Mean 41.4 37 325 54.5 34.6 19.3 30 49.6 26.3 54.6 30.1
S.D. 10 6 6 11 11 3 4 8 5 15 17
March Mean 44.7 52.2 46.1 52.2 36.9 34 36.2 50.1 39.8 52.5 33.6
S.D. 9 8 12 11 9 6 6 6 4 16 21
April Mean 55 46.1 59.7 45 41.4 424 58.9 493 41 425 24.7
S.D. 16 11 13 12 15 5 18 9 5 9 16
May Mean 25 32.7 374 214 271 30 332 31.1 325 27.5 249
S.D. 13 9 12 5 7 9 12 6 6 4 11
June Mean 24.8 27.1 21.7 14.9 15.5 254 15.3 16.3 13.1 20.4 25.9
S.D. 7 9 6 4 3 7 2 5 4 2 8
July Mean 8.7 10.5 204 11.5 12.9 18 14.5 16.2 10.8 17.5 20.3
S.D. 2 3 4 3 2 3 3 3 2 5 7
August Mean 6.7 8.9 15.6 15.8 13.3 17.6 14.1 17.5 12.9 12.2 18.5
S.D. 2 2 2 2 2 2 2 2 1 7 6
September Mean 20.5 15 22.8 11.8 19.8 25.7 215 226 243 14.9 19.8
S.D. 10 4 7 2 5 6 3 5 3 5 1
October Mean 30.6 20 35 28.6 28.5 26.5 353 33 285 25 18.1
S.D. 12 5 10 8 6 5 7 4 9 15 11
November Mean 35 18.1 27.2 34.7 319 284 423 254 31.2 325 26.1
S.D. 13 4 7 9 6 5 7 7 6 20 14
December Mean 38.9 37.6 31.6 52.6 35 32.7 46.7 29 33.7 34 30
S.D. 12 3 7 17 10 6 7 7 6 18 15
Annual Mean 31 28.7 322 32.1 27.6 28 315 327 27 309 249
S.D. 10 6 8 8 7 5 6 6 5 11 14

2 June 2003-May 2004 for Pune [17].
b 1993-1996 for rural site Gadanki [16].

[17] reported maximum of O3 in February and minimum of O3 in
August for the 1-year period June 2003-May 2004 at Pune, simi-
lar with the our present O3 measurements at Pune. Similarly, Naja
and Lal [16] reported maximum of O3 in March at Gadanki, while

in January or April at Joharapur. On the contrary, minimum of O3 07 oure (2004) @)
is reported in October at Gadanki due to the northeast monsoon 404 —e— Observed
period October-December over this region instead of in July or 2 1 e Model
August (southwest monsoon, as shown in Fig. 4) as observed in @ 30'_
the present measurements at Joharapur. Debaje et al. [32] reported 9 504 I [
minimum of O3 in October at coastal site Tranquebar due to the S 1 i{"{‘]
northeast monsoon, similar with the minimum of O3 observed at O 107
Gadanki. The annual average for 5 and 4 year’s measurements show 0 . ' . : y y . .
maximum O3 concentration was around 30.3 & 8 and 29.8 & 6 ppbv 0 6 12 18 24
in urban and rural sites, respectively. Local Time (IST)
60 (b)
3.6. Model versus observations — Pune (2004)
) ) ) 2 404

Comparison of the simulated diurnal and monthly O3 con- 2 J
centration with the measured O3 concentration at Pune latitude o 307
by using a Eulerian photochemical model is shown in Fig. 15a S 20
and b. Fig. 15a shows that the model diurnal variation of Os o} 104
in winter January 2004 is compared with the corresponding ™
measured diurnal variation of O3;. The measured diurnal varia- a ' 1'3
tions of O3 show maximum O3 concentration 40-50 ppbv around
12:00h and minimum concentration 5-10 ppbv at the sunrise.
Model O3 maxima and minima follow O3 measurements pat- Fig.15. Comparison of observed concentration of ozone with the concentration sim-
tern. The diurnal pattern of O3 is reproduced well by the model; ulated from a Eulerian photochemical model (a) diurnal and (b) seasonal variation

however, model values are less by 15-25% at the daytime and for 2004 at Pune. Vertical bars are 16S.D.
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nighttime O3 values are less by 5-15% than the measured O3
values [24]. The important feature in our result is that model
03 follows general diurnal features by using photostationary
state relation. This means that we are able to model diurnal
variation pattern, maxima and minima of O3 up to a certain
extent.

Fig. 15b shows the average monthly (seasonal cycle) variation
of measured O3 versus model O3 for the year 2004. Model O3 val-
ues follow general monthly features of measured O3 values. It is
seen from Fig. 15b that measured O3 values are higher by 20-30%
than the model O3 values. The large difference (25-40%) in O3 con-
centration is observed during the monsoon season between model
and observed O3, while less difference (10-20%) during winter and
summer months. These differences in O3 values are expected in the
troposphere considering the O3 formation and destruction mech-
anism involving simple chemistry (photostationary state relation).
The present model results help to understand the mathematical
modeling response of photochemical processes to surface O3 and
its precursor level in the troposphere over the Indian region.

3.7. Comparison with other measurements

3.7.1. Diurnal variations

The diurnal variations of O3 observed at these five different sites,
which are highly influenced by the seasonal changes, as like some
other sites in India. The diurnal patterns indicating that O3 con-
centration starts increasing after sunrise, attains maximum value
during noontime and then decreases have been observed at an
urban site, Pune by Khemani et al. [13] and Beig et al. [17]. The
daytime increase in O3 concentration, which is a pronounced fea-
ture of an urban polluted site, is basically due to the photoxidation
of the precursor gases. The diurnal variation in Os is the result of the
photochemical production of O3 and O3 loss by dry deposition and
reaction with NO (titration), where the emission of precursor gases
controlled by vehicular traffic and industrial activity. Earlier O3
studies at Pune by Tiwari and Peshin [26] show the minimum in the
03 concentration (2-5 ppbv) occurs at about 07:00-08:00h local
time and maximum (23-27 ppbv) in late afternoon between 14:00
and 16:00h local time during the year 1974-1985, and thereafter
maximum (32-35 ppbv) shifted to forenoon between 10:00 and
12:00 h during the year 1988-1991 during winter. This indicates
that, earlier diurnal variation of O3 was dominated by air tempera-
ture, but now it is dominated by precursor gases. Diurnal variations
in O3 at Delhi (28.35°N, 77.12°E) by Jain et al. [37] have shown min-
imum concentration in the morning and maximum concentration
at the noontime, similar to O3 measurements in the present study
at Pune. At high altitude Himalayan site, the higher values of sur-
face O3 during nighttime than daytime have shown by Ali et al. [38]
at Kothi (32.31°N, 77.18°E, 2530 m asl), in northern India, which has
been attributed to mixing from upper layer. Similar type of diurnal
variations in O3 concentration has been shown by Naja et al. [30]
at Mt. Abu high altitude mountain site (as shown in Fig. 7), but the
same maximum O3 concentration during nighttime in the present
study at Mahabaleshwar is attributed to the transport from nearby
cities. In sugar factory burning lots of baggasse (a fine sugarcane
residue) for heating boiler during the operation emits large-scale
pollutant precursor gases. The large biomass burning during March
to May in the Indian subcontinent region [20,36], results in maxi-
mum emission of NOy, CO (see Table 3) and hydrocarbons lead to
more photochemical buildup of Os. Beig et al. [17] reported that
increase of pollutants (NOx, CO and Os) to the receptor site at Pune
during the working period of sugar factories. In the present study,
increase of O3 concentration was observed at Bhenda, sugar factory
(Fig. 8b), which was in agreement with the O3 observation reported
by Beig et al. [17] at Pune.
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Fig. 16. Average monthly ozone concentrations at Joharapur and Pune compared
with those of at Bermuda and Reykjavik.

Measurements made at Ahemdabad over northwest India show
higher O3 concentration during February [15]. They have attributed
these higher levels to low convective mixing and stagnant wind pat-
terns. On the contrary measurements made at Delhi show high O3
during the summer month of May, however, summer time high O3
at Delhi is explained on the basis of large photochemical O3 pro-
duction, which is similar to high O3 concentration in the present
study during April at urban site, Pune (Fig. 3). Earlier studies car-
ried out at Pune show the high O3 concentration during the month
February to April and low O3 concentration during the monsoon
season [13,17,26], similar with the present study.

3.7.2. Seasonal variations

Measurements of O3 made at Pune and Joharapur are com-
pared with the O3 reported at Bermuda (32°N, 65°W) and Reykjavik
(64°N, 22°W) (Fig. 16) [39,40]. It is seen from Fig. 16 that the O3
concentration observed at Pune and O3 concentration reported at
Reykjavik show the nearly similar O3 seasonal cycle. The lower O3
is observed at Joharapur than the O3 at Bermuda, however, seasonal
pattern of O3 is similar at both the site. Higher Os is observed dur-
ing summer March or April, and low O3 from July to September at
all four sites. The seasonal cycle of O3 at Pune and Joharapur is con-
trolled by local pollution and photochemical buildup, whereas at
Bermuda and Reykjavik it is controlled by natural processes such as
downward transport of stratospheric ozone. Further, O3 chemistry
at Bermuda and Reykjavik is dominated by photochemical destruc-
tion of O3 in the daytime hours due to the low NOy concentration,
i.e. minimum of O3 in the daytime due to lack of photochemical
buildup and maximum of O3 during the nighttime. From the last
2-3 decades, significant changes have occurred from 1974s to 1991s
in the seasonal variation of O3 at Pune [26]. The daytime maxi-
mum of O3 concentration has increased from 23 ppbv in 1974 to
35 ppbv in 1991. At present, daytime maximum of O3 exceeds very
often 80 ppbv in February to April, which was 25-30 ppbv during
the year 1973 at Pune. This indicates that precursor gases load has
increased extensively. Khemani et al. [13] reported daily average
value of O3 between 13.5 and 15.4 ppbv during the year 1992 in
the forest areas of Nilgiri Biosphere Reserve in Tamil Nadu, India;
which was lower than the present O3 values (25.6 ppbv) measured
near to the Mulanagar Dam.

Average maximum O3 concentration observed at these five sites
was low between 40 and 50 ppbv as compared to that many global
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sites such as northern United States, Mexico, Europe, Canada, and
also Taiwan, where hourly average O3 concentrations exceeding
100 ppbv for many days have been commonly observed [40,41].
However, there are few instances of hourly average peak O3 concen-
tration in February to April at the present urban site which reaches
up to 90 ppbv alarming by air quality standard. The low O3 at these
sites as compared to that of the above global sites was attributed
to the low precursor gas concentrations which are responsible for
low photochemical production of Os. It has been shown recently
during Indian Ocean Experiment from January to March 1999 that
the ratio of total CO and hydrocarbons sources (Sc) and combined
anthropogenic NOy sources (Sy), i.e. Sc/Sn, is more than four times
higher in India (Sc/Sy =21.5) than in North America (Sc/Sy =4.96).
Similarly, S¢/Sy ratios for Europe, China and East Asia are 6.6, 11.6
and 14.1, respectively. This infers that O3 photochemistry in India is
strongly NOy limited, which indicates that O3 production increases
with the increase of NO, concentration [42]. The efficiency of O3
production (number of O3 molecules formed per NOx molecule lost)
is highly non-linear, depending on the amount of NOy present and
on the ratio of S¢/Sy in the atmosphere. Berntsen et al. [43] pre-
dicted that for Indian region the O3 production efficiency is much
higher, 100 ppbv/Tg (N) per year than the Japan (8.4) and China
(6.5). This is due to the significantly lower NOy concentrations over
the Indian region. Further, considering the present IPCC scenario
the NOx concentration is increasing at the rate of about 5% per
year in India for year 2000-2100, and 3.3% per year over East Asia
indicate higher production of O3 over Indian region in near future
[12].

4. Conclusions

Simultaneous measurements of surface O3 at five different sites
with different atmospheric conditions in western Maharashtra,
India between 2001 and 2005 have provided a valuable data set
for this region. Diurnal and seasonal scale of O3 concentration is
a function site, due to the different rate of emission of precursor
gases and transport. Variability in O3 mainly influences by in situ
photochemistry of O3 production at urban and rural sites and by
transport at mountain site. The average high maximum of O3 con-
centration 49.5 4+ 13 ppbv was observed during summer in April,
whereas low maximum of 12.1 42 ppbv during the monsoon in
August in the urban site. On the contrary, corresponding nearly
equal high maximum concentration of O3 47.94+9 ppbv and low
maximum of 15.64+2 was observed in the rural sites indicates
the rise in anthropogenic pollution in rural areas. It suggests that
equally high concentration of O3 in the rural areas is due to the
increase of precursor gases load by transport from nearby urban
cites into the rural areas and also increase of human activities in
particular sugar industries and biomass burning over this region.

The high O3 concentrations with low solar radiation and low
temperature during winter season January or February suggest the
influence of minimum temperature which increases the life time of
O3 and trapping near to the ground due to low mixing height. On
the contrary, high O3 during summer in March or April indicates
the influence of in situ photochemical production of O3 as rate of
chemical reaction increases with the temperature due to intense
solar radiation. This rise in air pollutants (O3) in the rural areas
may cause significant agricultural crops yield consequences in near
future.

A comparison of measured diurnal and monthly averaged Oj
with that of a Eulerian photochemical model simulated results are
in good agreement with 20-30% difference. This is due to the sim-
ple physical and chemical mechanism involved in the model. Cloud
processes and nighttime chemistry are some of the major factors,

which are responsible for more disagreement in O3 simulation in
monsoon season. The simulated and observed O3 show the better
agreement during winter and summer season. For further study,
simultaneous measurements O3 and its precursor gases at many
places (network) are needed for detailed understanding of the vari-
ability of O3 over the Indian region.
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