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ABSTRACT: Climatology of tropospheric ozone (O3) and water vapour (H2O) over a metro city of Chennai in southern 
India has been presented based on the Measurements of OZ one and water vapour by Airbus I n-service AirCraft (MOZAIC) 
data during 1996–2001. The seasonal trends in mixing ratio of O3 are discussed in view of annual changes in the transport 
pattern, rainfall, and its relationship with ambient H2O. The vertical distributions of both O3 and H2O show large seasonal 
variations. The observed high mixing ratios of O3 in winter and spring months can be attributed to long-range transport of 
pollutants by the northwesterly winds associated with winter monsoon circulation. The lowest mixing ratio of 15 ppbv of O3 
from July to September coincides with the summer monsoon circulation over Indian subcontinent. The surface level mixing 
ratio of O3 was observed to be below 30 ppbv throughout the year. On the other hand, monthly rainfall and vertical 
distributions of H2O show just opposite seasonal variations to that of O3 mixing ratio. Chennai is a coastal city; therefore, the 
seasonal change in surface wind flow causes large variability in H2O concentrations of 6–30 g/kg in the lower troposphere. 
More or less similar annual patterns of mixing ratios of O3 and H2O are repeated during different years of 1996–1998, except 
for some small-scale differences. High level of O3 mixing ratio, particularly during the early winter months of year 1997, 
seems unusual as we do not see such trends for other year of measurements over Chennai. The case studies of profiles of O3, 
relative humidity (RH), and temperature in view of long-range transport over Chennai during the different seasons have been 
also discussed. Significant enhancements in tropospheric O3 were observed over Chennai due to transport of air from forest 
fire regions of Indonesia during October 1997. 
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1. Introduction

Tropospheric ozone (O3) plays a key role in the chemistry

of the atmosphere, with effects on both the environment

and Earth’s climate. In the troposphere, photolysis of

O3 initiates the oxidation process through the formation

of hydroxyl radicals (OH). Ozone, because of its strong

absorption band centred at 9.6 µm, also plays an impor-

tant role in global warming, particularly in the upper

troposphere (Forster and Shine, 1997; Gauss et al., 2003).

The photochemical reactions are dominated by the cycles

of O3 and water vapour (H2O) in the tropical region,

which receives intense solar radiation. H2O is also a

greenhouse gas (Ramanathan et al., 1985; Wigley, 1987).

Tropospheric O3 levels have increased since pre-

industrial times (1860), particularly in the Northern

* Correspondence to: L. K. Sahu, Research Center for Advanced Sci-
ence and Technology, University of Tokyo, 4-6-1 Komaba, Meguro-ku,
Tokyo 153-8904, Japan. E-mail: l okesh@yahoo.com

Hemisphere (NH) (Oltmans et al., 1998). It is estimated

that O3 has contributed +0.35 W/m2 to the radiative

forcing since 1860, compared with +1.66 W/m2 from

the CO2 (Forster et al., 2007). Tropical region is a large

contributor to the global O3 budget. Moreover, it plays

a key role in controlling the chemistry and climate of

the tropical troposphere. Human activities increase O3

concentration in the troposphere through emissions from

fossil fuel combustion and biomass burning (Crutzen

et al., 1979; Logan et al., 1981; Crutzen and Andreae,

1985).

The tropical continental boundary layer (CBL) is

an important source region for photochemical produc-

tion of O3. In tropics, biomass burning and fossil fuel

combustion generate large amount of precursors such

as CO, methane (CH4), and non-methane hydrocar-

bons (NMHCs) (Houghton et al., 1996; Kirchhoff, 1996).

Therefore, vertical variations of O3 reflect the hetero-

geneity of this region, arising from O3 precursor sources

(biomass burning), sinks (photolysis, photochemistry),
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and convective processes (Chatfield and Crutzen, 1984;

Liu et al., 1987; Davies et al., 1998). Lateral transport

from a source in the upper troposphere or perhaps the

lower stratosphere, or O3 and its precursors from a pho-

tochemically very active source region have also been

observed to play important role in the distributions. An

important factor in transport studies is the lifetime of O3.

Ozone is photodissociated by short-wave solar radiation

(<340 nm) into electronically excited O(1D) atoms and

with H2O to form OH radicals. Thus, the lifetime of O3

is basically determined by the amount of H2O and solar

radiation. The lifetime of O3 increases from 2 to 5 days

in the moist tropical marine boundary layer (MBL) to

approximately 90 days in the free troposphere (Fishman

et al., 1991). Thus, once O3 is lifted from the bound-

ary layer it can be transported far away from its source

regions.

Typical vertical distributions of O3 in the tropics

exhibit a minimum at the surface, a maximum at

∼6.5 km, another minimum at 11.2 km, and a subse-

quent increase towards the tropopause (Folkins et al.,

2002). The major factors that determine the vertical vari-

ation of O3 are in situ production/destruction, deep con-

vective outflow, vertical advection, shallow convection,

eddy exchange with the lowermost stratosphere, con-

vective downdrafts, and vertical mixing near the tropi-

cal tropopause associated with convective overshooting

(Sherwood and Dessler, 2001) and Kelvin waves (Fuji-

wara et al., 1998).

The detailed characteristics of O3 in the tropical tropo-

sphere remain unresolved because of a lack of compre-

hensive observations. The number of ozonesonde stations

in the northern tropics is limited (Logan, 1999), although

Hilo, Kuala Lumpur, Surinam, Benin (Thouret et al.,

2009), and Costa Rica have all participated in SHADOZ

(Thompson et al., 2003; http://croc.gsfc.nasa.gov/

shadoz). The main objective of this work is to study the

tropospheric O3 profile in view of annual changes in the

transport pattern and also its relationship with H2O based

on the Measurements of OZ one and H2O by Airbus In-

service AirCraft (MOZAIC) data over Chennai, India.

We have also presented the case studies to investigate the

impact of long-range transport in the vertical distributions

of O3 and H2O over Chennai.

2. Overview of MOZAIC program and

measurements over India

The MOZAIC program was initiated in 1993 by European

scientists, aircraft manufacturers, and airlines to collect

experimental data. Ozone and H2O sensors were installed

on board five long-range commercial aircrafts (Airbus

A340’s) of four participating airlines. The MOZAIC

project, in operation since August 1994, is a European

Union (EU) supported project for the automatic measure-

ments of O3 and water vapour on board AIRBUS A340

aircraft on scheduled flights. MOZAIC is sponsored by

major European airlines: Air France (one aircraft), Aus-

trian Airlines (one aircraft), Lufthansa (two aircrafts), and

Sabena/Air France (one aircraft).

The ozone analyser is a dual-beam ultraviolet (UV)

absorption instrument (Thermo-Electron Model 49–103),

which has a detection limit of 2 ppbv. Uncertainties in

the measurements are estimated to be ±(2 pbbv +2%),

although actual performance is better (Thouret et al.,

1998a, 1998b). The response time of the instrument is

4 s, which translates into a vertical resolution of 30 m.

Full details of calibration procedures and mounting in

the aircraft are also given by Thouret et al. (1998b).

Relative humidity (RH) and temperature are measured

with a capacitive sensor (Humicap-H) and a platinum

resistance sensor (PT100), respectively. The Humicap-

capacitor together with the PT100 resistor is mounted at

the top of an axis-symmetric body, which is especially

designed for installation in an appropriate housing.

MOZAIC data combined with meteorological data

are being used to (1) establish a quasi-global climatol-

ogy of the large-scale distributions of O3 and H2O in

the troposphere; (2) establish the vertical and temporal

distributions of O3 and H2O at various locations (air-

ports) over the continents; (3) investigate the seasonal

and geographical variations in relation to their natu-

ral and anthropogenic sources, stratosphere–troposphere

exchange (STE), horizontal and vertical air circula-

tion; and (4) to validate chemistry and transport models

(Marenco et al., 1998). Measurements taken during both

take off and landing of the aircraft have been used as

vertical profile data over the airports. To supplement

some gaps in MOZAIC database during August or July

months, we have used the Indian Metrological Depart-

ment (IMD) data measured at Trivandrum (as this site

also represents similar climatology as over Chennai). The

MOZAIC vertical profiles of O3, H2O and meteorological

parameters over the Indian subcontinent consist of mea-

surements at three airports of metropolitan cities, namely

Chennai (Madras) (12.99 °N, 80.15 °E), Delhi (28.56 °N,

77.11 °E), and Mumbai (Bombay) (19.09 °N, 72.87 °E).

In this study, we have discussed the distributions of O3

and H2O over Chennai.

3. Seasonal transport pattern over Chennai

Chennai metropolitan area extends over 1180 sq km and

has a population of more than 8.5 million. Rapid increase

in urbanization with vehicle congestion has increased

on the roads of Chennai. As a result of this, gaseous

pollutants are continuously increasing in the ambient air

of Chennai city (Senthilnathan, 2008). The daily rainfall

data measured by the IMD for years 1996–2001 are

plotted in Figure 1. Chennai is a coastal city and very

often influenced by the transport of maritime air due to

land see breeze circulation. The northeast (NE) monsoon

period from October to December is the principal rainy

season, whereas the southwest (SW) monsoon from June

to September is the secondary rainy season for this place.
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Figure 1. Daily rainfall variations measured at Chennai for different years during 1996–2001 period [data taken from Indian Meteorological

Department (IMD)].

In the lower troposphere, the seasonal change in the

wind flow pattern over Southeast Asia is mainly associ-

ated with the onset and withdrawal of monsoon circula-

tions (Asnani, 1993). The summer monsoon circulation is

generally visualized as large-scale convergence of mass

and moisture over the Indian subcontinent in the lower

levels, while a strong upper level divergence aloft. Sur-

face heating during summer favours enhanced convection

over land, which is fuelled by moist inflow at low lev-

els. We have used the National Centre for Environmental

Prediction (NCEP) data to derive the wind streamline

flow over India and surrounding marine regions. Figure 2

shows the mean wind streamline plots during the win-

ter months of January–March (JFM) at four different

pressure levels of 925, 700, 400, and 250 mb during

1996–2001. In the winter season, wind flow at 700 mb

is from NE, while in the upper troposphere (see plot at

250 mb) westerly wind flow prevails over Chennai. In the

summer monsoon season from July to September (JAS)

months, the wind streamlines at 925 mb show the SW

flow, while in the upper troposphere the flow is easterly

over Chennai (Figure 3). In the middle troposphere, the

wind patterns show large seasonal variations over Chen-

nai.

4. Seasonal variations in O3 over Chennai during

1996–1998

4.1. Monthly mean profiles of O3 and H2O during

1996

We have calculated the monthly mean of MOZAIC pro-

file data to study the seasonal variations of O3 (ppbv)

and H2O (g/kg) in the troposphere (0–8 km). Figure 4

shows the vertical distributions over Chennai for year

1996. It can be very clearly seen that profiles of both

O3 and H2O show large seasonal variability. The mix-

ing ratio of O3 near surface is always below 30 ppbv

throughout the year. In a good agreement to this result,

the mean surface O3 mixing ratio of ∼10–25 ppbv was

observed at an urban site of Chennai during year 2006

(Pulikesi et al., 2006). During the winter months, mixing
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Figure 2. Mean wind fields (NCEP data) at four different pressure levels during winter (January, February, and March) of 1996–2001 period

over continental and surrounding marine regions of India (∗ symbol shows the location of Chennai). Colour bar represents the magnitude of

wind speed. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

ratio of O3 varies from 40 to 50 ppbv without any signif-

icant vertical gradients in the free troposphere, between 1

and 8 km of altitudes. Measurements during April–June

months exhibit elevated mixing ratio of 50–70 ppbv in

the middle troposphere between 3 and 8 km of altitudes.

While consistently low mixing ratios of tropospheric

O3 were observed from August to December months.

In this period of summer monsoon circulation, vertical

distributions of O3 show steady increasing trend with

height as the mixing ratios were 10–15, 10–20, 20–30

and 30–40 ppbv between the altitudes of 0–2, 2–4,

4–6 and 6–8 km, respectively. On the other hand, the

seasonal variability in H2O concentration of 6–30 g/kg

was observed in the lower troposphere over Chennai.

Chennai is a metro city of India where anthropogenic

emissions of precursors of O3 are continuous throughout

the year. As expected for a typical urban site, the diurnal

variations of ozone at Chennai exhibit elevated mixing

ratio during daytime with low values at night (Pulikesi

et al., 2006). Therefore, O3 mixing ratios near the surface

were always low as the MOZAIC profile measurements

were always taken during the night hours. In the spring

months (April and May), observed high concentrations

of O3 in the lower and mid-troposphere could be due to
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Figure 3. Mean wind fields (NCEP data) at four different pressure levels during summer (July, August, and September) of 1996–2001 period

over continental and surrounding marine regions of India. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

the long-range transport of pollutants from the continen-

tal region of Asia (Hastenrath, 1985; Lal et al., 2007).

On the other hand, the observed low mean concentra-

tion of ∼15 ppbv over Chennai is due to advection of

cleaner air from the Indian Ocean during June to Septem-

ber. This is the period when frequency and amount of

rainfall are highest at Chennai due to the influence of

summer monsoon circulation. In a good agreement with

this observation, the mixing ratios of O3 were observed to

be in the range of 10–20 ppbv over the southern region

of Bay of Bengal during the summer monsoon cam-

paign (Sahu et al., 2006). To investigate how the rainfall

might have linked with the seasonality in O3 distributions,

the monthly mean tropospheric mixing ratio of O3 and

rainfall recorded per month over Chennai are plotted in

Figure 5. Annual variations of O3 and rainfall show just

opposite trends for year 1996 (Figure 5(a)). The rain-

fall was lowest from January to June months (year 1996

was an exception), while mixing ratio of O3 was ele-

vated at 35–60 ppbv during this period of measurements

over Chennai. The onset of summer monsoon circulation

(cleaner marine air), usually associated with rainfall and

convective clouds, coincides with the decline in mixing

ratio of O3 from ∼60 to 25 ppbv in upper troposphere
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Figure 4. Monthly mean contour plots of (a) ozone and (b) water vapour representing the annual variations over Chennai during 1996. This

figure is available in colour online at wileyonlinelibrary.com/journal/joc

and ∼40 to 15 ppbv in lower troposphere. Later, from

October to December, the rainfall increases over Chen-

nai. However, O3 is almost constant at ∼20 ppbv in the

lower troposphere and ∼40 ppbv in the upper troposphere

partly due to the transport of polluted air from Indo-

Gangetic plain (discussed in case studies). This insen-

sitivity of O3 mixing ratio to the increasing rainfall over

Chennai could be partly due to the balance between the

transport of pollutants and photochemical sink of O3.

During the early winter monsoon circulation, the NE

wind flow brings continental pollutants from Asia; how-

ever, concentrations of O3 and other pollutants could be

diluted due to intense rainfall and related chemical pro-

cesses over Chennai. The importance of the processes

leading to low mixing ratio of O3, whether simple dilu-

tion or presence of additional O3 sink due to high H2O,

needs further investigation. The monthly means of tro-

pospheric O3 and H2O over Chennai for measurements

during 1996–1998 are shown in Table I.

Space-based observations from Measurements of Pol-

lution in the Troposphere (MOPITT) (Kar et al., 2004),

the Microwave Limb Sounder (MLS) (Jiang et al., 2007;

Park et al., 2007), the Atmospheric Composition Exper-

iment (ACE) (Park et al., 2008), and the Atmospheric

Infrared Sounder (AIRS) (Randel and Park, 2006) also

show how deep convection associated with the summer

monsoon lofts boundary layer air with low O3 and high

H2O from Asia into the upper troposphere (Gettelman

et al., 2004). This pattern occurs also over Nairobi, a

continental site that is located in a meteorological regime

more akin to the Indian Ocean than central or southern

Africa (Chatfield et al., 2004, 2007).
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Figure 5. Monthly mean tropospheric (0–3 and 3–8 km of altitudes) ozone, water vapour, and rainfall per month over Chennai for 1996–1998

period (a–c). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Table I. Mean mixing ratios of O3 and H2O between 0 and 10 km of altitudes over Chennai during 1996–1998.

Month Year 1996 Year 1997 Year 1996–1998

O3 (ppbv) H2O (g/kg) O3 (ppbv) H2O (g/kg) O3 (ppbv) H2O (g/kg)

January 32.8 3.5 45.7 3.0 39.3 4.4

February 41.8 4.5 45.6 2.6 41.5 5.0

March 41.8 9.8 47.0 3.7 43.2 7.9

April 43.5 14.2 41.7 2.9 43.4 9.6

May 50.6 7.1 51.4 6.7 50.0 8.4

June 48.4 8.3 46.4 10.4 47.6 10.9

July 37.3 8.5 28.4 9.1 32.4 10.6

August 19.7 8.2 30.0 9.0 21.0 10.1

September 23.3 7.2 32.3 10.9 27.5 11.0

October 18.3 9.6 45.8 8.1 30.8 10.8

November 25.2 8.7 38.8 7.5 30.0 9.7

December 29.2 3.7 42.1 4.0 36.3 4.8

4.2. Monthly mean profiles of O3 and H2O during

1997 and 1998

Figure 6 shows the seasonal variations of tropospheric

O3 and H2O over Chennai for year 1997. Generally,

the seasonal pattern of mixing ratio of O3 is similar to

that observed during 1996. The major factors such as

emissions of O3 precursors from biomass burning sources

and pattern of transport controlling the distribution of O3

in the troposphere may change significantly from year
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Figure 6. Monthly mean contour plots of (a) ozone and (b) water vapour representing the annual variations over Chennai during 1997. This

figure is available in colour online at wileyonlinelibrary.com/journal/joc

to year. The main features are same for the years 1996

and 1997; however, some small-scale differences can

be noticed in the year-to-year distributions of O3 over

Chennai. The onset of episodes of low O3 during the

summer monsoon starts from June in 1997, while it was

from July during 1996. In the upper troposphere (6–8 km

altitudes), mixing ratio of O3 varies between 30–40 and

50–60 ppbv during 1996 and 1997, respectively.

Similar to the observation for year 1996, the annual

variations of O3 and rainfall data also show opposite

trends during 1997 (Figure 5(b)). The rainfall was lowest

from January to June months, while mixing ratio of

O3 was elevated at 40–55 ppbv during this period

of measurements. As has been explained the onset of

summer monsoon brings cleaner marine air and rainfall,

therefore mixing ratio of O3 declines from ∼45 to

35 ppbv during July–August period. Later, from August

to November, the rainfall data exhibit increasing trend,

while mixing ratio of O3 increases and it becomes

∼45 ppbv in October month. The increasing trend in O3

mixing ratio, particularly during the early winter months

of year 1997, seems to be an unusual feature as we

do not see such trends for both the years of 1996 and

1998 (Figure 5(a) and (c)). If we see the daily rainfall

pattern during the late monsoon and early winter months,

from August to mid-October, year 1997 seems to have

influenced by spells of dry weather than those in other

years of 1996–2001 (Figure 1). Interestingly, for the

same period of year 1997 the mixing ratios of O3 in

middle and upper troposphere over Chennai were higher

than those in 1996 and 1998. The year 1997 corresponds

to El Niño events when convective activity becomes low

in Indonesia, in this region, extensive forest fire activities

were reported due to sparse precipitation (Fujiwara et al.,
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Figure 7. Monthly mean contour plots of (a) ozone and (b) water vapour representing the annual variations over Chennai during 1998. This

figure is available in colour online at wileyonlinelibrary.com/journal/joc

1999 and reference therein). Pronounced enhancements

of total and tropospheric O3 were also observed in the

other parts of Southeast Asia when extensive forest fires

were reported in Indonesia during 1997. The coincidences

of the ozone enhancements with the forest fires suggest

the photochemical production of tropospheric O3 due

to its precursors emitted from the fires (Fujiwara et al.,

1999). Case study discussing the impacts of Indonesian

forest fires on the vertical distribution of O3 over Chennai

has been presented in Section 5.

Figure 7 shows the seasonal variations of O3 and H2O

over Chennai for year 1998. There were no MOZAIC

measurements during November and December months,

otherwise the seasonal variability in O3 during 1998 data

is similar to that for year 1996. However, vertical extent

of elevated O3 (values up to 80 ppbv) during spring

season of 1998 is higher compared to same period of

1996 and 1997. Seasonal variation in H2O concentration

during 1998 is also similar to 1996 over Chennai. For

the period 1996–1998, the composite seasonal variations

based on monthly mean vertical profiles of O3 and H2O

are shown in Figure 8. The general features observed in

the seasonal patterns of both O3 and H2O are similar

to those discussed for individual years. The 1-sigma

(standard deviation) variation of monthly O3 mixing ratio

is shown in Figure 9. The mixing ratio of O3 shows

some small-scale anomalies in the lower and middle

troposphere. The 1-sigma values of ∼20 ppbv between

0 and 1 km in the winter and spring months are due

to exceptionally high values during year 1997. Another

anomaly of 15–20 ppbv can be observed in the middle

and upper troposphere (>6.0 km) during October. We

have investigated all the individual profiles using back

trajectories and fire count data to know the causes of this
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Figure 8. Monthly mean contour plots of (a) ozone and (b) water vapour representing the annual variations over Chennai during 1996–1998.

This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Figure 9. The 1-sigma (standard deviation) variations of monthly O3 during 1996–1998 over Chennai. This figure is available in colour online

at wileyonlinelibrary.com/journal/joc
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Figure 10. Vertical profiles of ozone, relative humidity, and temperature obtained from MOZAIC measurements over Chennai (a–d). This figure

is available in colour online at wileyonlinelibrary.com/journal/joc

anomaly. We found that the long transport of O3-rich

air from extensive biomass burning regions of Indonesia

during year 1997 yielded this feature (case study is

presented in Section 5.).

5. Case studies of O3 profiles over Chennai

At any particular location, there can be large day-to-day

variability in the vertical distributions of O3 and mete-

orological parameters. The magnitude of variability can

change significantly with altitude, sometimes exhibiting

marked stratification, with a single or multiple peaks, and

other times exhibiting a uniform profile and absence of

structures.

Each O3 profile is a unique response to photochemi-

cal and dynamic processes. Therefore, study of profiles

in terms of its structure, particularly the magnitude and

altitudes of maxima and minima, and vertical gradient

should provide the insights about the underlying pro-

cesses. Traditionally, mean profiles averaged by season

or year together with some measure of variability about

these means have been analysed (Kirchhoff et al., 1991;

Diab et al., 1996; Fortuin and Kelder, 1998; Thouret

et al., 1998b; Logan, 1999; Thompson et al., 2003). On

the other hand, case studies have been widely used to

gain an understanding of the underlying atmospheric pro-

cesses. Examples of studies focusing on dynamic pro-

cesses, particularly STE, include Merrill et al. (1996),

Cooper et al. (1998), Folkins et al. (1999), Ramdri-

ambelo et al. (1999), Zachariasse et al. (2000), Scott and

Cammas (2002), and Kim et al. (2002). Others in which

strong photochemical forcing was targeted include Fuji-

wara et al. (1999) and Longo et al. (1999). The drawback

of case study analysis is that, whilst an understanding

of process is gained, there is little contribution to our

knowledge of the frequency of events or their relative

importance in the overall budget of O3.

In this study, we first describe the observed features in

O3 along with RH and temperature in the troposphere and

then back trajectory analysis will be discussed to explain

the features associated with the transport of different

air masses. The isentropic 7-day back trajectories were
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Figure 11. The 7-day back trajectory plots indicating the source and transport history of air masses at different altitudes for four selected dates

of observation over Chennai (a–d). The monthly fire count data (filled circle in red) indicate the activities of biomass burning over the different

continents. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

calculated using the Hybrid Single-Particle Lagrangian

Integrated Trajectories (HYSPLIT) program (Draxler and

Hess, 1998). Back trajectories represent the large-scale

circulation and may be used to suggest potential source

regions, although origin of a specific air parcel cannot be

determined exactly. The monthly fire count data from

Along Track Scanning Radiometer (ASTR) have also

been shown to demonstrate the emissions activities. In

the following subsection, we have chosen four different

days of MOZAIC observations to represent the typical

features in the different seasons over Chennai.

5.1. 25 July 1997

For 25 July 1997, the vertical profiles of O3, RH, and

temperature over Chennai are shown in Figure 10(a).

This day of MOZAIC measurements have been chosen

as a representative for the summer monsoon period. In

the lower troposphere (0–5 km), vertical profile of O3

shows constant but very low values of ∼15 ppbv, while

RH increased from 80 to 90% near surface to 110% in

the free troposphere. The layer of very high RH in the

middle troposphere indicates the presence of thick cloud

due to deep convection of marine air over Chennai. In

the upper troposphere, O3 increases from 20 to 30 ppbv,

while RH profile shows decreasing trend in the upper

troposphere.

Such low levels of O3 in the middle and upper

troposphere are frequently observed in the tropical marine

air (Fujiwara et al., 2000). For this day of observation, the

back trajectory plots calculated at three different altitudes

12



of 2, 4 and 8 km are shown in Figure 11(a). All these

trajectories over Chennai were tracked to have originated

in the MBL of southern Indian Ocean. Back day analysis

of the trajectories suggests that the air masses were

confined within the MBL and were convectively uplifted

(up to 8 km) just hours before their measurements over

Chennai [see lower panel of Figure 11(a)]. Owing to deep

convection of marine air, the entire troposphere is well

mixed resulting in very low mixing ratios of O3 and very

high RH values over Chennai for this day of observation.

In the monsoon season, due to wet or rainy weather, RH

is typically associated with low levels of O3 provided

by less intense photochemical production (Lelieveld and

Crutzen, 1990). In addition, the chemical loss due to

following set of reactions (Parrish et al., 1986) could also

play a major role.

O3 + hν −−−→ O(1D) + O2(λ < 320 nm) (1)

O(1D) + H2O −−−→ 2OH (2)

HO2 + O3 −−−→ OH + 2O2 (3)

Similarly, low values of O3 mixing ratios over the

Indian Ocean have been reported due to lifting of ozone-

poor MBL air by convective cells of the Inter Tropical

Convergence Zone (ITCZ) (De Laat et al., 1999; Taupin

et al., 1999; Chatfield et al., 2004). In support to the

observations, the biomass burning activities over Indian

subcontinent were also lowest during the July 1997.

5.2. 17 October 1997

For 17 October 1997, vertical profiles of O3, RH, and

temperature showing large variability over Chennai are

plotted in Figure 10(b). This day of MOZAIC measure-

ments have been chosen as a representative for the tran-

sition period from summer to winter monsoon circula-

tions over the Indian subcontinent. The mixing ratio of

O3 is ∼10 ppbv near the surface, which increases lin-

early with height in the lower troposphere (0–5 km),

while profile of RH exhibits very high RH of ∼90%.

At higher altitudes, mixing ratio of O3 increases sharply

from ∼45 ppbv at 5.5 km to ∼82 ppbv at 7 km. On the

other hand, RH shows just opposite trend as it decreases

from 90% at 5.5 km to 30% at 7 km. The peak in O3

mixing ratio of 82 ppbv coincides with a minimum in

RH of 10% between 7 and 8.5 km of altitudes. How-

ever, this profile over Chennai appears to be unusual, as

we have not noticed such enhancements in O3 profiles

during October and November months of other years.

Figure 11(b) shows back trajectory plots at altitudes

2.5, 5 and 9 km over Chennai for this day of measure-

ments. The back trajectory arriving at 2.5 km of altitude

originated over Thailand about 5 days before the obser-

vations. Subsequently, the air mass travelled through the

MBL (which is a sink of O3) of Bay of Bengal before

reaching over Chennai. On the other hand, the sources

of back trajectories calculated at 5 and 9 km of altitudes

were located in the lower troposphere over Indonesia. It

has been well known that during the October–December

months of year 1997, there were extensive forest fire

activities over Indonesia as also shown in Figure 11(b).

Therefore, transport of O3 and its precursors from Indone-

sia could have impacted the measurements over Chennai.

The year of 1997 corresponds to El Niño events when

convective activity becomes low in Indonesia. In this

region, it is likely that pronounced enhancements of tro-

pospheric O3 associated with extensive forest fires due

to sparse precipitation may take place (Fujiwara et al.,

1999). Chan et al. (2003) have reported the substantial

enhancements in O3 mixing ratio over many parts of

tropical Southeast Asia and the subtropical south China

region including Hong Kong in mid-autumn and early

winter (October–December) of 1997, when many for-

est fires occurred in the Indonesian region. Therefore,

O3 enhancements were caused by the large-scale out-

flows of O3 and other pollutants from the fire active

regions of Indonesia, which were related to the abnor-

mal meteorological conditions associated with the strong

El Niño phenomenon. The spread of O3 plume, extended

as far as India, was also detected by satellites observa-

tion of the Earth Probe-Total Ozone Mapping Spectrom-

eter (EP/TOMS) during intense fire (August–November

1997) over Indonesia (Thompson et al., 2001). The global

importance of emissions from Indonesian peat fires is

well established (Herman et al., 1997; Thompson et al.,

2001; Cochrane, 2003)

5.3. 02 January 2001

For 02 January 2001 of measurements, the vertical pro-

files of O3, RH, and temperature over Chennai are shown

in Figure 10(c). This day of MOZAIC profiles have been

chosen to represent the winter season measurements over

Chennai. In the lower troposphere (0–5 km), mixing

ratio of O3 fluctuates between 20 and 30 ppbv, while

corresponding RH profile shows decreasing trend with

fluctuations between 40 and 90%. Interestingly, we can

see several small-scale stratified layers in the profiles of

both O3 and RH, which are just opposite in phase. In the

middle troposphere, a layer (5–7.5 km) of enhanced O3

(∼40 ppbv) was observed when mixing ratio increased

from ∼25 to 65 ppbv. On the other hand, RH profile

exhibits just opposite variation and observed to be low-

est of ∼10% when O3 mixing ratio was highest. In the

upper troposphere, mixing ratios of O3 decreases with

height while RH increases as their values were ∼20 ppbv

and 60%, respectively at 10 km of altitude. Newell et al.

(1999) found that approximately 20% of the troposphere

is stratified and that layers are sometimes as thin as a few

hundred metres (Thouret et al., 2000).

To investigate the factors causing stratifications in both

profiles of O3 and RH, the back trajectories calculated at

the three different altitudes of 3, 6 and 9 km over Chennai

are plotted in Figure 11(c). Air parcels arriving at 3 and

9 km of altitudes were originated in the free troposphere

over the oceanic regions of Indian Ocean and Bay of

Bengal and do not show any influence of continental
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air mass. In the tropics, maritime free tropospheric air

mass is characterized by low O3 and high RH due to

lifting of ozone-poor MBL air by convective cells of

the ITCZ (De Laat et al., 1999; Taupin et al., 1999).

Further, additional depletion of O3 in clouds might have

also caused the observed low and high RH in their

respective profiles (Kley et al., 1996). On the other hand,

trajectory arriving at 6 km of altitude shows continental

influence as it originated over extensive biomass burning

regions of west and central Africa (Ghana and Nigeria).

The combination of high O3 and low RH might be due

to convectively lifted CBL air that has subsided over

Chennai (Zachariasse et al., 2000). January is the month

characterized by the more intense fire activity in west

central Africa, where emissions of pollutants including

the precursors of O3 are large (Eva and Lambin, 2000).

A field campaign named EXPeriment for REgional

Sources and Sinks of Oxidants (EXPRESSO) was

designed to investigate the O3 formation in the trop-

ical troposphere above central Africa and to consider

the impact of biomass burning processes on the global

atmosphere in the November month 1996 (Marion et al.,

2001). During this campaign period, which corresponds

to an intense burning activity, the ozone production effi-

ciency (OPE) ranging from 6.3 to 14.8 was estimated in

the plumes. Satellite observations have shown high lev-

els of tropospheric O3 over large areas above the western

African continent (Fishman et al., 1990).

5.4. 26 April 2001

Vertical profiles of O3, RH, and temperature measured

on 26 April 2001 have been shown in Figure 10(d).

Typical for the distribution in spring season, profiles

of both O3 and RH show large variations resembling

laminar structure over Chennai. The mixing ratio of O3 is

below 10 ppbv, while RH varies from 40 to 80% in the

boundary layer. Above the boundary layer, the mixing

ratio of O3 increases rapidly to 50–75 ppbv and remain

elevated up to 3.5 km of altitude, while reverse to O3

profile RH value is down to ∼10% in this layer. In the

mid-troposphere, between 3.5 and 4.5 km of altitudes,

O3 decreases to 20 ppbv and RH increases to 70%

simultaneously. Similar to layer observed just above the

boundary layer, mixing ratio of O3 shoots to the elevated

values of 60–70 ppbv while RH becomes extremely

low (below 5%) between 5 and 7 km of altitudes. A

layer with O3 of about 35 ppbv and RH of 15% was

observed between 7 and 9 km of altitudes. In the upper

troposphere, mixing ratio of O3 is ∼20 ppbv and RH is

relatively high of 40% between 9 and 11 km of altitudes.

We have calculated the back trajectories at various

altitudes for this day of measurements; however, trajec-

tories only at 3.0, 4.5 and 8 km of altitudes are shown in

Figure 11(d). In previous case study, we have explained

that the enhancements in O3 mixing ratio in the free tro-

posphere over Chennai are mainly due to the long-range

transport of fire plumes from Africa. However, in the

present case study the observed low mixing ratio of O3

and high RH near the surface is due to strong temperature

inversion (Figure 11(d)), hence O3-rich free tropospheric

air does not enter into the boundary layer. The trajec-

tory at 3 km over Chennai, which corresponds to the

elevated O3 of ∼80 ppbv, was originated over the cen-

tral Africa and passed through Arabian Peninsula and

northwest India. April is the end of fire season over cen-

tral Africa (Eva and Lambin, 2000); however, apart from

biomass burning other anthropogenic pollutants could be

transported from continents of India and Arabian Penin-

sula. Diab et al. (2003) have also reported that the forest

fire emissions over the central Africa are responsible for

the low to mid-tropospheric enhancements in the spring

season. Trajectory at 4.5 km originated in the upper tro-

posphere over the Atlantic Ocean and passes through the

marine region of Bay of Bengal, resulting in low O3 and

high RH over Chennai. This could have resulted in the

dilution of a high O3 layer as there are two layers with

similar levels of O3 and RH lying just below and above

to this layer of lower O3 mixing ratio. Trajectories arriv-

ing in the upper troposphere at 9 km and higher altitudes

were originated over the southeast of Indian Ocean and

could have transported the O3-poor and wet air masses

over Chennai. While moderately low O3 of 35 ppbv and

high RH (40%) at 8 km was due to the transport of mixed

air from Arabian Sea and continental region of central

India. This transport could be due to the presence of east-

erly jet, which is characterized by O3-poor and wet layer

at 9–14 km over the tropics (Fujiwara et al., 2003).

6. Conclusions

Climatology of tropospheric ozone and water vapour

over a metro city of Chennai in southern India has been

presented based on the MOZAIC data during 1996–2001.

We have also used the NCEP wind data and HYSPLIT

back trajectory calculation to explain the transport and

origin of various air masses. Chennai is a coastal city

where NE monsoon period from October to December

is the principal rainy season, whereas the SW monsoon

from June to September is the secondary rainy season.

The vertical distributions of both O3 and H2O show large

seasonal variations for each year of measurements from

1996 to 1998. In the late winter and spring months, the

observed high values of 60–80 ppbv of O3 mixing ratio

in the middle troposphere over Chennai were attributed

to the long-range transport of pollutants form continents

of Africa and Arabian Peninsula by the northwesterly

winds. On the other hand, low O3 mixing ratios of

∼15 ppbv were observed during the JAS months, which

coincide with the summer monsoon circulation over

Indian subcontinent. On the other hand, monthly rainfall

and vertical distributions of H2O show just opposite

seasonal variations to O3 mixing ratio. The onset of

summer monsoon circulation associated with rainfall and

convective clouds coincides with the decline in mixing

ratio of O3. While from August to December, the monthly

rainfall data exhibit increasing trend, but O3 was almost
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constant, this insensitivity of O3 mixing ratio was due

to the balance between the transport of pollutants and

photochemical sink of O3. For year 1997, rather elevated

but increasing trend in O3 mixing during the early winter

months seems to be an unusual feature as we do not

see such trends for both the years of 1996 and 1998 of

MOZAIC measurements over Chennai.

We have also selected some MOZAIC measurements

for case studies of O3, RH and temperature to investigate

the impacts of long-range transport and special clima-

tologically events. As a representative for the summer

monsoon measurements, the profiles on 25 July 1997

exhibit low O3 values of ∼15 ppbv and high RH in the

troposphere due to the deep convection of marine air

over Chennai. The measurements on 17 October 1997

have been chosen as a representative for the transi-

tion period from summer to winter monsoon circulations

over the Indian subcontinent. This day of O3 profile

exhibits strong enhancements from ∼45 ppbv at 5.5 km

to ∼82 ppbv at 7 km over Chennai due to transport from

extensive forest fire region of Indonesia during year 1997,

which corresponds to El Niño events. This is for the first

time we report the enhancements of O3 over India caused

by the extensive fires over Indonesia. On 02 January

2001, typical for winter monsoon, the vertical profiles

of O3 and RH show several small-scale stratified layers

that are just opposite in phase. Typical for the distribu-

tion in spring season, profiles on 26 April 2001 show

large variations of both O3 and RH resembling laminar

structure over Chennai.

Acknowledgements

The authors acknowledge for their strong support the

European Commission, Airbus, CNRS-France, FZJ-

Germany, and the airlines (Lufthansa, Air France, Aus-

trian, and former Sabena who carry free of charge the

MOZAIC instrumentation since 1994). We are thankful

to the IMD, Government of India for providing us the

rainfall data. The ATSR World Fire Atlas data have been

taken from Ionia products of European Space Agency.

References

Asnani GC. 1993. Climatology of the tropics. In: Tropical Meteorology,
Indian Institute of Tropical Meteorology, Pune, India 1: 100–204 .

Chan CY, Chan LY, Harris JM, Oltmans SJ, Blake DR, Qin Y,
Zheng YG, Zheng XD. 2003. Characteristics of biomass burning
emission sources, transport, and chemical speciation in enhanced
springtime tropospheric ozone profile over Hong Kong. Journal of
Geophysical Research 108(D1): 4015, DOI:10.1029/2001JD001555.

Chatfield RB, Crutzen PJ. 1984. Sulfur dioxide in remote oceanic
air: cloud transport of reactive precursors. Journal of Geophysical
Research 89: 7111–7132.

Chatfield RB, Guan H, Thompson AM, Witte JC. 2004. Convective
lofting links Indian Ocean air pollution to paradoxical South
Atlantic ozone maxima. Geophysical Research Letters 31: L06103,
DOI:10.1029/2003GL018866.

Chatfield RB, Guan H, Thompson AM, Smit HGJ. 2007. Mechanisms
for the intraseasonal variability of tropospheric ozone during the
Indian winter monsoon. Journal of Geophysical Research 112:
D10303, DOI:10.1029/2006JD007347.

Cochrane MA. 2003. Fire science for rainforests. Nature 421: 913–919.

Cooper OR, Moody JL, Davenport JC, Oltmans SJ, Johnson BJ,
Chen X, Shepson PB, Merrill JT. 1998. The influence of springtime
weather systems on vertical ozone distributions over three
North American sites. Journal of Geophysical Research 103:
22001–22013.

Crutzen PJ, Heidt LE, Krasnec JP, Pollock WH, Seiler W. 1979.
Biomass burning as a source of atmospheric gases CO, H2, N2O,
CH3Cl and COS. Nature 282: 253–256.

Crutzen PJ, Andreae MO. 1985. Atmospheric chemistry. In Global
Change, Malone TF and Roederer JG (eds). Cambridge University
Press: Cambridge; 75–113.

Davies WE, Vaughan G, O’Connor FM. 1998. Observation of near-
zero ozone concentrations in the upper troposphere at mid-latitudes.
Geophysical Research Letters 25: 1173–1176.

De Laat ATJ, Zachariasse M, Roelofs GJ, van Velthoven P, Dicker-
son RR, Rhoads KP, Oltmans SJ, Lelieveld J. 1999. Tropospheric
ozone distribution over the Indian Ocean during spring 1995 eval-
uated with a chemistry-climate model. Journal of Geophysical
Research 104: 13881–13894.

Diab RD, Thompson AM, Zunckel M, Coetzee GJR, Combrink J,
Bodeker GE, Fishman J, Sokolic F, McNa-mara DP, Archer CB,
Nganga D. 1996. Vertical ozone distribution over southern Africa
and adjacent oceans during SA-FARI92. Journal of Geophysical
Research 101(D19): 23823–23833.

Diab R, Raghunandan A, Thompson A, Thouret V. 2003. Classifica-
tion of tropospheric ozone profiles based on MOZAIC aircraft data.
Atmospheric Chemistry and Physics 3: 713–723.

Draxler RR, Hess GD. 1998. An overview of the HYSPLIT-4 modeling
system for trajectories, dispersion, and deposition. Australian
Meteorological Magazine 47: 295–308.

Eva H, Lambin EF. 2000. Fires and land-cover change in the tropics:
a remote sensing analysis at the landscape scale. Journal of
Biogeography 27: 765–776.

Fishman J, Watson CE, Larsen JC, Logan JA. 1990. The distribution
of tropospheric ozone determined from satellite data. Journal of
Geophysical Research 95: 3599–3617.

Fishman J, Fakhruzzaman K, Cros B, Nganga D. 1991. Identification
of widespread pollution in the Southern Hemisphere deduced from
satellite analyses. Science 252: 1693–1696.

Folkins IA, Loewenstein M, Podolske J, Oltmans S, Proffitt M. 1999.
A barrier to vertical mixing at 14 km in the tropics: evidence from
ozonesondes and aircraft measurements. Journal of Geophysical
Research 104: 22095–22101.

Folkins I, Braun C, Thompson AM, Witte J. 2002. Tropical ozone as
an indicator of deep convection. Journal of Geophysical Research
107(D13): 4184, DOI: 10.129/2001JD001178.

Forster PM, Shine KP. 1997. Radiative forcing and temperature trends
from stratospheric ozone changes. Journal of Geophysical Research
102: 10841–10856.

Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R, Fahey DW,
Haywood J, Lean J, Lowe DC, Myhre G, Nganga J, Prinn R,
Raga G, Schulz M, Van Dorland R. 2007. Changes in atmospheric
constituents and in radiative forcing. In Climate Change 2007: The
Physical Science Basis. Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental Panel on Climate
Change, Solomon S, Qin D, Manning M, Chen Z, Marquis M,
Averyt KB, Tignor M, Miller HL (eds). Cambridge University Press:
Cambridge, United Kingdom and New York, NY, USA.

Fortuin JPF, Kelder H. 1998. An ozone climatology based on
ozonesonde and satellite measurement. Journal of Geophysical
Research 105(D24): 31709–31734.

Fujiwara M, Kita K, Ogawa T. 1998. Stratosphere-troposphere
exchange of ozone associated with the equatorial Kelvin wave as
observed with ozonesondes and rawinsondes. Journal of Geophysical
Research 103: 19173–19182.

Fujiwara M, Kita K, Ogawa T, Kawakami S, Sana T, Komala N,
Saraspriya S, Suripto A. 1999. Tropospheric ozone enhancements
during the Indonesian forest fire events in 1994 and in 1997
as revealed by ground-based observations. Geophysical Research
Letters 26(16): 2417–2420.

Fujiwara M, Kita K, Ogawa T, Kawakami S, Sano T, Komala N,
Saraspriya S, Suripto A. 2000. Seasonal variation of tropospheric
ozone in Indonesia revealed by 5-year ground-based observations.
Journal of Geophysical Research 105(D2): 1879–1888.

Fujiwara M, Xie SP, Shiotani M, Hashizume H, Hasebe F, Vömel H,
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