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y
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CHAPTER-1

Introduction

The climate of the earth is governed by a delicate balancing system of physical, 

chemical and biological processes in the atmosphere, the oceans, and land surfaces 

[Wameck, 1988; Graedel and Crutzen, 1993]. Within the atmosphere, ozone and water 

vapor play a crucial role in interaction between climate and chemistry of the 

atmosphere [e.g Ramanathan et al., 1987]. There is mounting evidence that long 

term changes in trace gases (e.g. ozone, CFCs, carbon dioxide, oxides of nitrogen, 

methane, carbon monoxide, etc), which have been observed over the last few decades, 

are linked to human activities and that such changes influence the natural climate 

system [e.g. World Meteorological Organization - Scientific Assessment of Ozone 

Depletion, 2007, Intergovernmental Panel on Climate Change (IPCC), 2007].

In addition to the serious concerns of significant ozone loss in the stratosphere during 

past few decades, increasing levels of tropospheric ozone in some parts of the world 

[Naja and Lai, 1996; WMO, 1998; Logan et al., 1999] have become another issue for 

concern. Ozone in the stratosphere accounts for 85-90% of the total atmospheric ozone 

and it is useful as it prevents the harmful solar ultra violet radiation from reaching the 

earth’s surface. In contrast, ozone is also a greenhouse gas and high levels of ozone in the 

boundary layer lead to the deleterious effects on living beings [e.g. Desqueyroux et al., 

2002] as well as significant reduction in the growth of crops and vegetations [e.g. 

Mauzerall and Wang, 2001; Oksanen and Holopainen, 2001]. It plays a key role in 

tropospheric chemistry as it is the main source for OH radical, which is an oxidizing 

agent and which controls the fluxes of many trace gases like CH4, CO, HCFCs etc. from 

troposphere to the stratosphere [Thompson et al., 1989]. These issues are of additional 

concern in the rapidly industrializing countries in the tropics and subtropics, which are
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also the regions (particularly Asia) of very limited measurements. Increasing 

anthropogenic sources [Akimoto, 2003; Naja and Akimoto, 2004] together with the 

natural factors like higher solar radiation and large amount o f water vapor (about 80% of 

the global budget) are making this region photochemically most active and important to 

study tropospheric processes.

Interestingly, ozone in the troposphere show very large variabilities with very high 

mixing ratio of up to 500 ppbv over the tropical Atlantic Ocean between 10 and 12 km 

height [e.g. Suhre et al., 1997] and levels near zero over the equatorial Pacific Ocean 

between 10 km and tropopause [Kley et al., 1996]. Such large spatial and temporal 

variations in ozone lead to uncertainty its contribution in radiative forcing and better 

quantification of its budget.

1.1. Ozone chemistry in the stratosphere
As early as 1930, Chapman had proposed the theory o f ozone formation and destruction. 

Ozone formation begins via photolysis of O2 at wavelength shorter than 240 nm. 

Resulting atomic oxygen recombines with O2  and lead to the ozone formation. Ozone 

loss occurs by its photolysis and via reaction with atomic oxygen. The entire set of 

reactions is called ‘Chapman Cycle' or the 'Chapman Reactions'.

0 2 + hv ( X  < 240 nm) = 0  + 0  

O + O 2 + M = O 3 + M

0 3  + hv ( X <  1180 nm) = O 2 +  O 

O 3 +  O  = 2 0 2

By the mid 1960s it became clear that ozone loss reaction proposed by Chapman are not 

sufficient to balance its production [Bates and Nicolet, 1950; Benson and Axworthy, 

1965]. Hampson [1965] proposed ozone destruction involving OH and HO2  that was also 

incorporated in to an atmospheric chemical model [Hunt, 1966].
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OH + 0 3 = H02 + 0 2 

H 02 + 0 3 = 0H  + 202

Crutzen [1970] proposed catalytic ozone loss by NO and N 02. This role of nitrogen 

compound has led to realization of the importance of microbiological processes and uses 

of nitrogen fertilizers and has greatly stimulated interest in bringing biologist and 

atmospheric scientist together.

NO + 0 3 = NO2 + O2 

NO2 + O = NO + O2

Later, Molina and Rowland [1974] proposed additional theory for catalytic ozone loss via 

halogen

Cl + 0 3 = CIO + 0 2

o + cio=ci + o2
0 +  03 =  202

1.2. Tropospheric ozone
Tropospheric ozone concentrations have increased since the pre-industrial era largely due 

to increase in anthropogenic emissions of the ozone precursors, such as nitrogen oxides 

(NOx), carbon monoxide (CO), methane (CH4) and non-methane hydrocarbons 

(NMHCs). In future, tropospheric ozone is expected to increase further due to enhanced 

ozone precursor emissions [e.g, Prather et al., 2003].

Concentration of tropospheric ozone can be affected by various processes as shown in 

Figure 1.1. The sources of tropospheric ozone are the downward flux from the 

stratosphere and photochemical production. Downward flux of ozone from the 

stratosphere was considered to be the main source of tropospheric ozone until few years 

back. However now photochemical production of ozone has been identified to be at least
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as important as downward transport [Logan, 1985; Crutzen, 1995; Lelieveld and 

Dentener, 2000].

Solar Stratosphere
Radiation Troposphere

v J i Exchange J

\ ✓
/ " A

Tropospheric
f ------------------------------------------------------ X

Photo
Chemistry * Ozone < — Transport

V__ J L J

/  N
/ \

Deposition Emissions

v________ __J \ J

Figure 1.1. Factors affecting budget of tropospheric ozone.

The tropospheric concentrations of ozone are highly variable and the contribution of 

transport from the stratosphere is poorly known. Measurements of ozone in the upper 

troposphere and lower stratosphere are very important to understand this exchange 

between the troposphere and stratosphere. This is one of the main themes of many 

international programmes e.g ‘International Solar-Terrestrial Energy Programme 

(STEP)’, ‘Stratospheric Processes And their Role in Climate (SPARC)’ project of the 

World Climate Research Programme (WCRP), SHADOZ (Southern Hemisphere 

Additional Ozonesonde). Estimates of future changes in tropospheric ozone suggest that
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the impact o f man-made emissions will be largest in the tropics particularly in the South 

and Southeast Asia [Brasseur et al., 1998; Lelieveld and Dentener, 2000], which are the 

least studied parts o f the world.

1.2.1. Photochemical sources and sinks of tropospheric ozone

The earlier view assumed that stratospheric ozone is transferred into the troposphere by 

atmospheric dynamics and destroyed at the surface with no intervening chemistry [Junge, 

1962; Fabian, 1973]. Later Chameides and Walker [1973], and Crutzen [1974] proposed 

the processes o f photochemical sources and sinks of ozone in the troposphere. The basics 

of the photochemical production mechanism were originally identified by Haagen-Smit 

[1952] as being responsible for the rise o f air pollution in Los Angeles in the 1950s. 

However, still there are substantial differences in different model estimates and 

observations for accounting the relative importance of these processes controlling ozone 

levels [e.g. WMO, 1995],

The required atomic oxygen for ozone production is basically supplied by the 

photodissociation of NO2.

N 0 2 + hv (X < 410 nm) = NO + O (3P )

Which is followed by the key NO to NO2 conversion reaction via hydroperoxy (H02) or 

organic peroxy (CH3O2, C2H5O2, or R02) radicals.

r o 2 + n o = n o 2 + r o

R is H or an organic radical like CH3, C2H5, etc.

RO2 is the product o f the photoxidation o f nonmethane hydrocarbons (NMHCs). A 

simplified form of the photoxidation cycle of NMHCs can be given as:

NMHCs + OH + 0 2 = R 0 2 + H20  

R 0 2 + NO + 0 2 = N 0 2 + H 0 2 + CARB

h o 2 + n o = n o 2+ o h
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2(N 0 2 + hv = N 0 + 0)

2 (O + 0 2 + M = O3 + M)

Net: NMHCs + 402 = 20 3 + CARB + HzO 

where, CARB is carbonyl compound

In this photochemical process, NOx (N02 + NO) acts as a catalyst and it continues until it 

is permanently removed by physical processes (e.g deposition) or transformed to other 

nitrogen compound. Similar O3 production cycles take place via CO and CH4, but their

0 3 yield is much lower than that for NMHCs. On an average the photochemical 

production of O3 by each CO, CH4, and NMHCs are 1, 3.5, and 10-14 O3 molecules, 

respectively [Logan et al., 1981; Singh et al., 1980].

Ozone loss in the troposphere takes place by its photolysis to O('D) followed by the 

reaction of O(’D) with H20.

0 3 + hv = 0 2+ 0 ( 1D)

0 ( ‘D) + H20  = 20H

In case of highly polluted region, ozone loss can take place via NO titration reaction as 

0 3 + N 0 = N 02 + 0 2

Additionally, ozone is also consumed by reaction with H 02 and OH in remote region of 

the troposphere:

H 02 + 0 3 = OH + 20 2

o h  + o 3 = h o 2+ o 2

The above two reactions will lead to ultimate ozone loss only in case NO levels are very 

low and the reaction rate N 02 formation is small. Here, it should be remembered that 

N 02 formation is leads to ozone production. Ozone loss also takes place by reaction with 

organic materials at the Earth’s surface (dry deposition).
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1.2.2. Dry deposition at earth’s surface

Dry deposition refers to the flux into surfaces in the absence of precipitation (but the 

surface can be wet), whereas wet deposition applies to deposition into fogs, clouds, rain, 

or snow where the gas is incorporated in the bulk solution. The amount of the species 

deposited per unit area per second (dry deposition flux) can be calculated by

=Vd [Ci]

where, Vd is deposition velocity of a species i and Ci is its concentration.

The deposition velocity largely depends on the type of surface (tree, grass, asphalt, etc), 

atmospheric conditions (temperature, pressure, wind), and the reference height at which 

the concentration of species is measured [Chameides, 1987]. The deposition on 

vegetation also depends upon whether the leaf stomata are open or close [e.g. Wesely, 

1989]. This also leads to show diurnal and seasonal variations in ozone loss via dry 

deposition process. There is large variability in ozone loss by surface deposition (500- 

1500 Tg yr'1) in different model estimates [ Derwent, 1994].

1.2.3. Transport of O3 from stratosphere

As described earlier, the downward transport of ozone rich stratospheric air is another 

source of tropospheric ozone. It occurs mainly outside the tropics and at extratropical 

latitude (Figure 1.2), often in connection with tropopause folding events near the jet 

streams [Danielsen, 1968].

Generally, strong stratification suppresses efficient exchange of this ozone-rich air with 

the underlying troposphere. An upward transport of tropospheric trace constituents occurs 

mainly through equatorial deep convective systems.

Therefore, stratosphere troposphere exchange may occur, if layers of constant (potential) 

temperature cross the tropopause or if there are disturbances and convective transport 

occurs in the mid-latitudes. In any case the vertical exchange of the troposphere takes 

hours to days, while the mixing of the stratosphere takes months to years (Figure 1.3).
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Figure 1.2. Schematic of stratosphere troposphere exchange processes.

In the tropics, maximum outflow from deep convection occurs near -12-14 km, while the 

cold point tropopause occurs near 17 km. The intervening region has characteristics 

intermediate between the troposphere and stratosphere, and is termed the Tropical 

Tropopause Layer (TTL). Extra tropical stratosphere-troposphere exchange occurs in 

tropopause folds and intrusions linked with synoptic weather systems; these events 

transport stratospheric ozone into the troposphere.

Estimates of the amount of O3 transported from the stratosphere to the troposphere on an 

annual basis rely on measurements of conserved tracers or on general circulation models. 

However, these estimates are quite uncertain. In the Northern Hemisphere (NH) O3 fluxes 

seem to maximize in spring, being as much as five times the value in the fall. The NH 

stratosphere -to-troposphere O 3  flux has been estimated to fall in the range of 3 to 8xl010 

molecules cm'V1 [Crutzen, 1995], The Southern Hemispheric (SH) flux may be about 

half as large. An estimate for the total O 3  production in the stratosphere is about 5xl013 

molecules cm 'V , only 0.1% of all O 3  produce in the stratosphere transport down to the 

troposphere [Crutzen, 1995],
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Figure 1.3. Large scale latitudinal circulation patterns in tropics and extra tropics 

with transport time scales (blue color).

1.2.4. UTLS (Upper Troposphere Lower Stratosphere region)

The UTLS is a highly coupled region where dynamics, chemistry, cloud microphysics 

and radiation are fundamentally interconnected. Ozone and water vapor, important 

greenhouse gases in the UTLS, are controlled by stratosphere-troposphere exchange, 

chemical processes including multi phase chemistry, and cloud micro physics, which in 

turn are influenced by the temperature and aerosol distributions.

1.2.5. Budget of tropospheric ozone

Ozone abundance in the troposphere typically varies from less than 10 ppbv over remote 

tropical oceans up to about 100 ppbv in the upper troposphere, and often exceeds 100 

ppbv in the downwind of polluted metropolitan regions [e.g. Suhre et al., 1997]. Different 

global models of tropospheric chemistry have been used to estimate the importance of 

different sources and sinks in the tropospheric O3 budget and their estimates are given in 

Table 1.1. It can be noticed that chemical production and loss process largely control the 

abundance of tropospheric ozone.
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Table 1.1. Budget of tropospheric ozone. [Adapted from Intergovernmental Panel on 

Climate Change ,1995]

Atmospheric processes Tg 0 3 yr"1

Sources 3400-5700

Chemical Production 3000-4600

HCh + NO 70%

CH3O2 + NO 2 0 %

RO2 + NO 1 0 %

Transport from stratosphere 400-1100

Sinks 3400-5700

Chemical loss 3000-4200

0(1D) + H20 40%

H 02 + O3 40%

Others 1 0 %

Dry deposition 500-1500

Considering the large spatial variability in surface ozone observations, the importance of 

ozone soundings and satellites based sensor were realized in estimated ozone burden 

from observations. The total column of O3 from satellites and ozone sounding have been 

used to infer the tropospheric O 3  column after removing the much larger stratospheric 

column [Fishman and Brackett, 1997; Hudson and Thompson, 1998]. The current burden 

of tropospheric O 3  is about 370 Tg, which is equivalent to a globally averaged column 

density of 34 DU (Dobson unit) or a mean abundance of about 50 ppbv.
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1.3. Impact of ozone on the biological system
Ozone effects increase with increasing duration of the exposure period although the 

exposure-response relationships are rarely linear [Fig 1.3]. Exposure cannot be 

characterized as the product of concentration and time since the effect of ozone on crop 

yield depends on the cumulative impact of high concentrations during the growing 

season. Plant sensitivity is not constant, but varies according to stage of development. 

Time of increased plant sensitivity is species-specific, but generally occurs at or near the 

maximum leaf expansion.

Elevated concentrations of ozone at ground-level are known to cause adverse effects on 

the human health, ecosystems and materials. Due to its deleterious effects, photochemical 

air pollution is given a high priority in scientific investigations and environmental 

policies. High ozone concentrations are not confined to the urban environments but is 

also spreading to the relatively cleaner areas in remote locations. Most of these pollution 

spreads are observed in the downwind side of the urban/industrial areas [Aneja et al., 

1999; Chand et al., 2001, Desqueyroux et al., 2002 Mauzerall and et al 2000 and Lai et 

al., 2000]. In addition, decline in growth rate in forest vegetation was observed on 

extreme ozone exposure sites such as mountain tops [Vogelmann, 1982].

Figure 1.4. Effect of seasonal O3 concentrations on agricultural crop yields [Chameides 

etal., 1999].
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1.4. Role of dynamics
Figure 1.5 shows schematic of influences of dynamical process on tropospheric ozone 

budget. Net ozone production in the upper troposphere balances net ozone loss in the 

lower troposphere. Mass exchange between the lower and upper troposphere is 

represented by the Walker circulation. Deep convective motions over South America, 

southern Africa and Oceania (rising branches of the walker circulation) inject NOx from 

combustion, soil and lightening to the upper troposphere and driving ozone production. 

Eventually the air subsides over the oceans and net ozone loss takes place in the lower 

troposphere due to low NOx concentration and high humidity closing the ozone cycle 

[Jacob et al., 1996]. This is only about the contribution of ozone photochemistry but how 

much is the contribution from the STE is not known. [Jacob et al., 1996].

Figure 1.5. Schematic of dynamical fate of tropospheric ozone. (Adopted from Jacob et 

al., 1996).

This is very pronounced in the equatorial region where the low level trade winds from 

both the hemispheres converge in the Inter Tropical Convergence Zone (ITCZ). The 

rising motion in deep convection must be compensated by subsidence in the atmosphere 

if an overall mass balance is to be maintained. Over certain regions of the tropics, 

especially the Indonesian Achipelago, deep convective transport can be so vigorous that 

it even can penetrate into the stratosphere which provides an important mechanism to 

inject tropospheric trace gases into the stratosphere [Newell and Gould-Stewart, 1981].
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1.4.1. Transport

The process whereby air motions carry physical or chemical properties from one region 

of the atmosphere to another are collectively referred to as transport. Through transport 

processes human activities have global consequences, changing the chemical balance in 

remote regions of the atmosphere. Atmospheric gases can be transported through the 

atmosphere by several processes, such as convection, advection, and frontal circulation.

1.4.2. Advection (Long Range Transport)

Advection or horizontal wind can results in the transport of emissions over great 

distances even from one continent to other. Several studies have documented the outflow 

of anthropogenic pollution from USA, Europe, Africa and Asia [e..g. Talbot et al., 1997; 

Bey et al., 2001; Naja et al., 2003; Naja and Akimoto, 2004]. Intercontinental or Long- 

range transport of ozone and its precursors are very critical in changing of chemical 

composition and air-quality standards over a receptor region and these assessments are 

becoming a challenging task in Asia, particularly in south Asia due to insufficient 

measurements [e.g. Bey et al., 2001; Naja and Akimoto, 2004].

Among the continental transport, soil dust has been the principal species studied in long 

range transport from Asia over the North Pacific Ocean in last two decades [Duce et 

al.,1980; Tsunogai and Kondo, 1982]. Recently, the transport of chemically and 

radiatively active trace species produced due to increasing population and economic 

growth has acquired increasing importance in Asia. Many international campaigns have 

been conducted to study the long range transport of trace species (GAMETAG, RTTS, 

SAGA, PEM, SAFARI, NARE, APARE, INDOEX, BOBEX) in different regions and 

environments of the globe [Johnson et al., 1990; Smit et al., 1990; Thompson et al., 1993; 

Singh et al., 1996; Rhoads et al., 1997; Lai et al., 1998]. Among these, the campaigns 

over the Indian regions were the INDian Ocean Experiment (INDOEX) and Bay of 

Bengal Experiment (BOBEX).
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1.4.3. Convection

Rapid vertical mixing resulting from heating at the surface that causes air to rise to higher 

altitudes and for air to subside downward is called atmospheric convection. It is 

particularly important for the upward motion of air in the tropical regions. Convection 

vertically redistributes trace gases, and can result in gases with surface sources and/or 

short lifetimes to be transported to the upper troposphere (UT) [Brasseur et al., 1999]. 

Once in the UT, gases can be transported over thousands of kilometers. Time taken for 

mixing of the atmospheric air within the hemispheres, between hemispheres and in 

vertical direction is shown in Figure 1.2. West to east (zonal) mixing of the air around the 

globe takes about 2 weeks, inter-hemispheric exchange takes about 1.5 years [Chand et 

al., 2001] and mixing within a hemisphere takes about 1-2 months. Vertical transport 

time of trace species in tropics is lowest. It takes few days to months for complete 

vertical mixing in the tropical troposphere. However, the vertical mixing is very fast at 

rrCZ (Inter Tropical Convection Zone) and it takes only few hours to transport the trace 

species from upper troposphere to lower stratosphere under strong convective activity.

1.5. Indian scenario
So far the Indian subcontinent is a data void region for the study of atmospheric trace 

gases. Only few measurements of ozone and its related gases are available in this region. 

Measurements of surface ozone were initiated in mid 1950s during pre- International 

Geophysical Year (IGY) using an Ehmert instrument but regular measurements of 

surface ozone were started by Indian Meteorological Department (IMD) during 1960-70s 

at Trivandrum, Kodaikanal, Pune, Nagpur, Delhi and Srinagar During 1990s, 

measurements of ozone were started by groups at Jawaharlal Nehru University (JNU) in 

New Delhi and Indian Institute of Tropical Meteorology (ITTM) in Pune [Varshney and 

Agarawal, 1992; Khemani et al., 1995], First systematic measurements of ozone together 

with other trace gases in the Indian subcontinent were started at Physical Research 

Laboratory (PRL), Ahmedabad in 1992 [Subbaraya and Lai, 1998; Naja and Lai, 1996; 

Lai et al., 2000] that was followed by observations at other Indian sites [Naja and Lai
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2001, Nair et al., 2002; Naja et al., 2003].

There have been different field campaigns to study transport o f pollutants over the marine 

regions surrounding India such as INDOEX, BOBEX, BOBPS etc. [Lai et al., 1998 

Lelieveld et al., 2001; Chand et al., 2003 ; Lai et al., 2007; Sahu et al., 2006 ; Lai et al., 

2007]. There are some measurements o f ozone as a part of MOZAIC (Measurement of 

OZone by Airbus in-service airCraft) over India. However, they are highly irregular in 

frequency and limited to height below 300mb [Kunhikrishnan et al., 2006]. Ozone 

sounding program of Indian Meteorological Department (IMD) in three Indian cities is 

being continued, however there have been concern about the data quality. This is the first 

systematic time series distribution of ozone in the lower atmosphere made over 

Ahmedabad (urban region), Indo-Gangetic Plain (IGP) and over marine regions (Bay of 

Bengal and the Arabian Sea).

1.6. Objectives and brief outline of the thesis

The scientific objectives of the thesis are:

i. To determine the spatial and temporal distribution of ozone over land as well as marine 

regions.

ii. To estimate the stratosphere-troposphere exchange flux of ozone concentrations and its 

effect on tropospheric ozone budget.

iii. To analyze extreme events in ozone distribution in the troposphere.

iv. To validate these measurements with model results to understand different chemical 

and dynamical processes.

The thesis comprises of six chapters including this introductory Chapter 1.

Chapter 2 discusses experimental techniques applied to the measurement o f the vertical 

distribution of O3 and meteorological parameters and analyses of surface air samples for 

measurements of various trace gases (CH4, and CO).
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Chapter 3 deals with the measurements made at Ahmedabad (urban centre). Discussion 

includes a detailed study o f seasonal variations in tropospheric ozone and meteorological 

parameters for the 2003-2007 period.

Chapter 4 is focused mainly to discuss the distribution of ozone and other trace gases 

over a site in the Indo-Gangetic Plain (IGP) during a winter month and the effect of both 

horizontal and vertical transport to study the transport o f various trace gases (O3, CO, and 

CH4) from highly populated urban and industrialized areas of IGP to this oceanic region 

and study their impact.

Chapter 5 presents results obtained from a ship cruise experiment conducted over the 

Bay of Bengal (BOB) and Arabian Sea (AS) during March to May 2006. Case studies of 

some selected measurements (O3, RH and temperature) are also made to investigate the 

underlying atmospheric processes in observed distributions. In addition to vertical 

distribution of ozone, surface measurements o f CO and CH4 have also been discussed 

supplementing ozone results. Supporting PV, wind field and back trajectory data also 

support discussions in all the chapters.

Chapter 6 presents the summary of important results obtained in this work. It also 

describes the basis provided by this work for future study.
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CHAPTER - 2

Measurement techniques and instrumentation

Measurement techniques of ozone have evolved significantly during last century. 

Historically, observations of surface ozone were made in 19th century by chemical test 

paper. Chemiluminescence and electrochemical methods were developed in last 

century [e.g. Regener, 1960; Komhyr, 1969] and finally UV absorption technique was 

found to be well suited for surface ozone observations [Fonrobert, 1916]. In addition 

to surface ozone observations, a method was developed for observations of total 

ozone by Gordon Dobson in the 1930s [Dobson, 1931]. Later, this method was also 

deployed for deriving vertical ozone distribution and was called Umkehr method 

[Hahn et al., 1995]. Two decades later, in the 1950s, extensive observations of 

surface, total and vertical distribution (using rockets and balloons) of ozone were 

initiated globally during the IGY (International Geophysical Year) period. In addition 

to the ground based, rocket-borne and balloon-borne measurements, observations of 

total columnar ozone from space-borne platforms were initiated in the 1970’s. Now, 

light detection and ranging (Lidar) is also used for observations of vertical ozone 

distribution [Hahn et al., 1995].

Each of above mentioned methods have different advantages and disadvantages 

depending on the place of observation, required resolution, and accuracy. 

Additionally, single ozone profiling instrument or technique is not capable of 

measurements at all altitudes, with adequate global and temporal coverage. Total 

Ozone Mapping Spectrometer (TOMS) was the first space-borne sensor that provided 

the total columnar ozone observations from 1978 onwards. Other satellite sensors, 

like SAGE (Stratospheric Aerosol and Gas Experiment), SBUV (Solar Back Scattered 

Ultraviolet) (only daytime observation), provided observations from 1979, that too 

only of the stratosphere [Cebula et al., 1998]. Later on, other satellite sensors like 

HALOE (Halogen Occultation Experiment) [Russell et al., 1993], MLS (Microwave
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Limb Sounder), ILAS (Improved Limb Atmospheric Spectrometer) [Yamamori et al., 

2006], OMI (Ozone Monitoring Instrument) [Veefkind et al., 2006] were also 

launched. All these sensors were capable of total tropospheric columnar ozone 

observations or observations up to only the lower stratosphere with very poor vertical 

resolution (about 5 km) with the exception of occultation instruments (SAGE and 

HALOE), which could provide a resolution a little better than just 2 km. About one 

decade earlier, with a specific interest on tropospheric ozone observations, satellite- 

sensors like TES (Tropospheric Emission Spectrometer) [Zhang et al., 2006], and 

GOME (Global Ozone Monitoring Experiment) [Liu et al., 2006] were launched. 

Recently, it was realized that the existing space-borne sensors have poor height 

coverage, vertical resolution, and extensive calibration as needed for long-term 

observations. Additionally validations are still major issues for satellite-based 

observations [e.g. .Liu et al., 2006; Yamamori et al., 2007; Jiang et al., 2007; Terao 

and Logan, 2007; Nassar et al., 2008].

Considering the importance of tropospheric ozone observations with height coverage 

down to the lower troposphere, higher vertical resolution, better accuracy, and 

sustainability of similar types of instruments for long-term observations, it is 

understood that balloon-borne sensors are most suited for observations of vertical 

ozone distributions in troposphere. Interestingly, differences in long-term trends were 

reported between ozonesonde and satellite based observations [World Meteorological 

Organization, 1994] and their inter-comparisons. Further, ozone sounding provides 

longest records (about 50 years) of ozone distribution from surface to 30-35 km 

compared to any other method.

In this chapter, details of balloon borne sensors for observations of vertical 

distributions of ozone and weather parameters (temperature, relative humidity, winds 

and pressure) are presented. Brief descriptions of the electronic interface for different 

sensors are also outlined. The operational aspects like pre and post flight operation 

and evaluation of the instrumental performance are also described in the next sections.
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2.1. Ozone observations using balloon-borne ozonesonde
The two main chemical techniques employed for the measurement of vertical ozone 

distribution are chemiluminescence and electrochemical method. In 

chemiluminescence method, luminescent reaction of ozone with an organic dye, 

Rhodamine-B (Rh-B), gives a chemiluminescence the light intensity is proportional to 

the ozone concentration [Regener, I960]. Its main advantage is fast response and 

high sensitivity. However, the major drawbacks of this method are higher minimum 

detection limit, and poor sensitivity of the sensor. The sensitivity varies due to ageing 

and variations in operating conditions like temperature and humidity [Ulanovsky et 

al., 2001]. The electrochemical method has been used globally over a network of 

sites and also at individual sites since the 1950’s [e.g. Komhyr, 1969]. The 

electrochemical method makes use of the reaction of ozone with potassium iodide 

(KI) solution yielding iodine (I2). Finally, I2 makes contact with a cathode and gets 

reduced to iodide ions by the uptake of 2 electrons per molecule of iodine. Thus, each 

ozone molecule passes through the solution giving rise to the flow of two electrons in 

the circuit.

There are two types of electrochemical cells, Brewer-Mast cell (BM) and 

Electrochemical Concentration Cell (ECC). Both methods are similar, however they 

largely differ in the types of chambers used for chemical reactions. BM sonde evolved 

from the Oxford-Kew ozonesonde developed by Brewer and Milford, [1960] and 

consists of a single cell with a silver anode and platinum cathode immersed in an 

alkaline KI solution. A polarising potential of 0.42V is applied between the electrodes 

such that no current flows unless free iodine is present. The ECC sonde was 

developed by Komhyr [1969, 1971] and it consists of two half cells, made of Teflon, 

which serve as cathode and anode chambers. Both half cells contain platinum meshes, 

which are serving as electrodes. They are immersed in KI solution of different 

concentrations. The ECC sonde does not require an external electrical potential, in 

contrast to the BM sonde. The ECC sonde obtains its driving emf from the difference 

in the concentrations of the KI solution. There are other modified versions of BM 

sonde and ECC sonde like the Indian version of BM sonde and the Japanese version 

of ECC sonde. These different BM sondes and ECC sondes are in use for long-term
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observations of vertical ozone distribution over Europe, USA, Canada, Japan, and 

India since the 1950s.

2.2. Components of a balloon flight

Apart from ozone sensor, other components those are used in a balloon flight can be 

divided in two units (i) air segment unit and (ii) ground segment unit.

(i) Air segment unit

The balloon flight package consists of the following components:

1. Ozonesonde of type ECC (U.S.A.).

2. Standard meteorological radiosonde for measuring pressure, temperature and 

relative humidity of the RS80- type (Vaisala, Finland).

3. GPS sonde for determining wind and tracking the balloon.

4. Microcomputer controlled sonde data interface board for in flight coupling and 

digital processing of all measured parameters as temperature (C), humidity (%), 

pressure (hPa) and ozone (nb).

5. Digital coded data stream of two signals modulated on the UHF transmitter (400- 

406 MHz) of the RS 80 radiosonde.

6. A 1200 gram balloon (Japan) filled with helium.

7. A small parachute to slow the descent rate after burst of the balloon.

(ii) Ground segment unit

1. UHF Antenna

2. Receiver

3. Modem for converting the two tone data stream into a hexadecimal coded data 

frame of ASCII- characters.

2.3. Ozone observations using ECC sonde

Table 2.1 gives the brief summary of models of ECC sondes and their manufacturers. 

It is to be noted that model 6A from Science Pump is being used since 1995. Different 

models of ECC sondes, other types of ozonesonde and different procedures have been 

tested in organized intercomparison campaigns. Twelve such major ozonesonde 

intercomparisons have been documented in SPARC report [SPARC, 1998]. WMO 

international ozonesonde intercomparison [Kerr et al., 1994], Mauna Loa Ozone
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intercomparison (ML03) [McPeters et al. 1996], and Julich Ozonesonde 

Intercomparion Experiment (JOSIE) [Smit et al., 1998] showed good precision in the 

ECC ozonesondes.

Table 2.1. Development of different ECC ozonesondes from 1968 to present.

Manufacturer Model Period

Science Pump 1A 1968

Science Pump 3A 1968-1981

Science Pump 4A 1978-1995

Science Pump 5A 1986-1997

Science Pump 6A 1995 to present

EN-SCI 1Z 1993-1998

EN-SCI 2Z 1997 to present

In the present work, the ECC ozonesonde from Science Pump Corporation, USA 

(Model 6A) is used. The basic design of the ECC sensor is similar to that described by 

Komhyr [1969]. It contained two bright platinum electrodes those are immersed in 

two separate cells. Both the cells are made of polytetrafluoroethylene (Teflon TFE 

resin) and contain KI solution of different concentrations (Figure 2.1).

Pump (Teflon)

Figure 2.1. Scheme of the electrochemical concentration cell (ECC) ozonesonde (left) 

and sensing cell with showing of electrodes and ion bridge (right) (adapted from
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Komhyr etal., 1971).

Both these chambers are linked together by an ion bridge that serve as an ion pathway 

and retards mixing of the cathode and anode electrolytes, thereby preserving their 

initial concentrations.

2.3.1. Operating principle

As mentioned earlier, the ECC gets its driving emf from the difference in the 

concentration of the KI solution in the cathode (0.06 Mol/1, i.e. 1% KI) and anode (8.0 

Mol/1, saturated KI) chamber. Driving emf for the cell is approximately 0.13 V at 

25°C and is defined by Nemst equation as:

E ~ -(0.0591/2) xlogK

where K = (ai)i3' x (a3)2 { /  (84)12 (a2)31

where ai, a2 are the activities of the tri-iodide (I3*) and iodide (I") respectively within 

the anode chamber; and a3, 84 are the activities of the iodide and iodine within the 

cathode chamber respectively.

Chemical reactions begin in the cell when ambient air, containing ozone is forced 

through the cathode cell having KI solution of lower concentration. I2 is formed 

following the redox reaction:

2KI + 0 3 + H20  ->• I2+ 0 2 + 2KOH

At the surface of the Pt cathode, I2 is reduced to iodide ions (I-) by uptake of 2 

electrons per molecule of iodine.

I2 + 2e —> 21

While at the anode surface, iodide ion is converted into Iodine releasing two 

electrons. Finally, the cell converts the iodine to iodide in accordance with the overall 

reaction

3r (a2) + 12 (34) -» I3- (a0 + 2T (a3)

In this manner, each ozone molecule bubbled through the solution gives rise to the 

flow of two electrons in the circuit. A pictorial view of suction pump, data processing 

card and electro chemical cell is shown in Figure 2.2.
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Figure 2.2. Suction pump, data processing card (left) and the electrochemical 

concentration cell (ECC) (right)

2.3.2. Estimation of ozone

Ozone partial pressure in nanobars (nb) is derived using the following relation 

Ozone partial pressure (P3) = 4.307x10 3( I - Ibg ) xTp x t x Ccr (nb)

Where

The constant 4.307x 10 3 is determined by the half ratio of gas constant and Faraday 

constant [Komhyr, 1969]

I = sensor current due to ozone (in pA)

Ibg = current produced by oxidants other than ozone (mainly O2) (in pA)

Tp = measured air flow temperature in K from pump base

t = pumping time for 100 ml of air in seconds

Ccf = correction due to reduced ambient pressure for pump

2.4. Meteorological Radiosonde: RS-80

The radiosonde is of the type RS-80 of Vaisala, Finland (Figure 2.3). The RS-80 is a 

small sized (55 x 147 x 90 mm) and light weighted (200g) package. It has sensors for
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pressure (P), temperature (T) and relative humidity (U) which are all capacitive 

devices.

Temperature 
I Thermocap)

Ret. Humidity 
(Humcap)

Pressure
(Barocap,

Battery

Figure 2.3. RS-80 Radiosonde of Vaisala (left) with sensing boom (right).

The pressure sensor (Barocap) is a small aneroid capsule with capacitive transducer 

plate inside. The external diameter of the capsule is 35.5 mm and the weight of the 

complete assembly is only 5 g.The sensor is mounted inside the radiosonde package. 

To correct for temperature influences, an additional temperature sensor is mounted 

inside the sensor housing of the Barocap. The resolution of the pressure sensor is 0.1 

hPa. The temperature sensor (Thermocap) is based on temperature dependent 

dielectric ceramic material. The sensor (2.5x1.5 mm) is coated with an electrically 

grounded thin film of aluminum to minimize radiation errors. The resolution of the 

sensor is 0.1K. The humidity sensor (Humicap type A) is a thin film capacitor on a 

glass substrate. A hydro active polymer whose capacitance depends on the amount of 

water vapor adsorbed is used as dielectric between two electrodes. The sensor is small 

(4x4x0.2 mm) and the polymer film is only 1 micron thick. The surface electrode is 

porous to air humidity. An aluminum cap protects the sensor from direct rain and
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radiation effects. The sensor gives relative humidity with respect to liquid water with 

a resolution of 0.2%.

The PTU (pressure, temperature, relative humidity) transducer signals are converted 

within an electronic multiplexed oscillator circuit into frequencies varying between 7 

and 10 kHz (Fig. 2.9). At normal operation the six analogue signal frequencies are 

modulated on the UHF transmitter (403MHz) of the radiosonde and transmitted to the 

ground station for further data processing.

2.5. Global Positioning System (GPS)

The GPS system uses a constellation of between 24 to 32 medium earth orbit satellites 

that broadcast microwave signal that enables GPS receiver to determine their current 

location, time and velocity. The onboard GPS uses ultra accurate atomic clock and the 

GPS receiver contains a quartz regulated clock. A pictorial view of GPS sensor is 

shown in Figure 2.4.

Figure 2.4. GPS-25-LVC (GARMIN) attach to the top of the ozonesonde unit.

The GPS receiver process signals from at least 4 satellites to determine its position. 

The GPS sensor module GPS-25-LVC from GARMIN is used with the present setup. 

It can track upto 12 satellites with an update rate of 1 - 2 sec. It is a light weight 

module with horizontal measurement precision of ± 2m and vertical measurement 

precision of ± 10 m.
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2.6. Flight operation

2.6.1 Ozonesonde, Radiosonde and GPS sensor unit

The ozone sensor is packed in a styrofoam box with an inlet tube (2mm dia) coming 

out through it. A GPS sensor is also fitted at inner top side of the styrofoam box. The 

radiosonde is attached with this box as shown in Figure 2.5.

Figure 2.5. Ozone sensor in side the styrofoam box, (middle) a packed ozonesonde 

along with attached radiosonde (left). A combined unit of ozonesonde and radiosonde 

is ready for flight is shown on the right side (right).

2.6.2. Pre-flight: Preparation and instrumental checks

a) Advance preparation 3-7 days prior to release

Performance of ECC sonde (pump, flow and sensor) was checked before 3-7 days of 

balloon flight. Pump voltage (12-13 V), pump current (<100 mA), pressure (1600 - 

1800 mb) and vacuum (180 -200 mb) were checked with a limiting value. Charging of 

sensor cathode and anode sensors with 3 ml and 1.5 ml respectively were done. 

Sensor response to low 03 (5 pA) was checked and was stored in a dark clean-air 

environment at a temperature of 20-25°C until launch. The flow chart (Fig. 2.6) 

depicts the procedure followed for conducting the balloon flight.

b) Preparations on the day of release

Pump performance was checked and conditioning of the pump only with high 0 3 for 

10-20 min. Cathode solution and anode solution in the sonde were changed.
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Measurement of sensor’s background currents (<0.5pA), sensor air flow rate were 

measured. Room temperature, pressure and relative humidity were also measured.

c) Preparations before (0-2 h) release

Ozone destruction filter is attached to pump inlet tube and the background current is 

measured for 10 minutes. Details of sonde parameters, flow rate and measured 

background current values are fed in a computer for sounding program (initialization). 

Ozone sensor was connected to interface card and overall system operation was 

checked.

Activation of radiosonde battery 20 min. prior to release was done. Surface data was 

collected for 20 minutes prior to launch. The balloon is launched after verifying 

payload operation and weather condition. These balloon flights were conducted in co­

ordination with Air Traffic Control (ATC) for the time of launch.

2.6.3. Post-launch data

Launch time, surface wind speed, wind direction, sky condition, sounding data 

storage file and other information are recorded. Generally, balloon flight is conducted 

fortnightly at about 1000 hrs from the top of the building (about 40 m). Figure 2.7 

shows a schematic of ascending payload, when balloon is inflated and a descending 

payload after the burst of balloon and parachute is operational. Generally sonde 

reaches up to 30-33 km after that balloon burst takes place and descent motion of 

sonde begins. Each sounding is made with a set of new instruments. Therefore, proper 

characterization prior to flight and consistency of the instruments with regard to their 

quality and characteristics with uniform operating procedures is carried out for every 

flight following the guidelines as described in Komhyr [1986], Science Pump 

Corporation [1996], and Vaisala [1988].
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Figure 2.6. Flow-diagram showing the sequence of operation for balloon sensor 
testing and flight
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Balloon

Parachute

I

Figure 2.7. Ascending ozone and radio sensors, when balloon is inflated with gas 

(left) Descending sensors after the burst of balloon when parachute is operation (right)

In brief, preparation of electrolyte solution for ozone sensor begins about 5 days prior. 

Functioning of the pump, sensor back ground current, sensor response current and 

flow rate are tested. Table 2.2 shows average values of these parameters measured at 

Ahmedabad.

Table 2.2. Average values of back ground current, flow rate and sensor response 

observed during the balloon flight preparations.

Back ground current (pA) 0.03 - 0.05

Flow rate ( ml sec'1) 2 7 -2 9

Sensor Response (%) 8 0 -9 0
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2.7. Ground instrument setup for sounding

Major Components of ground instrument setup e.g antenna, wide band receiver, 

Modem and data acquisition system are shown in Figure 2.8. The composite setup 

deployed for the sounding is shown in Figure 2.9.

Figure 2.8. Component of the ground instrument setup (Antenna, wide band receiver 

and Modem).

Receiver

\/
Modem

\ 7

Computer

\7

Data storage

Figure 2.9. Setup deployed for sounding together with data transmission system.

The Vaisala radiosonde (RS-80) consists of a suite of sophisticated meteorological 

sensors (PTU) signal processing electronics and a radio transmission to relay the 

measurements back to receiver at the ground. The ozonesonde data and the GPS
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sensor module data are interfaced to the radiosonde unit. The base band data are 

frequency shift keyed (FSK) before frequency modulation for transmission. At the 

ground the radio frequency signal is received though yaggi antenna, where it is pre 

amplified and fed to a wide band radio receiver. The frequency modulated carrier 

signal is demodulated at this receiver and the base band FSK signal is demodulated by 

an external modem. The data acquisition software running on a PC is interfaced to the 

modem for the proper data reception. During the balloon flight ground based receiver 

receive signal from GPS, signal of ozonesonde and radiosonde. After data processing, 

the real time values of the sounding height, temperature, RH, pressure, wind speed, 

direction and ozone is determined and stored. Moreover, vertical profiles of these 

parameters are plotted in time.

2.7.1. Post-flight data processing

After each flight, the recorded raw sounding data were processed by incorporating the 

corrections resulting from the ground check procedures described in section 2.4.2. 

The ozone partial pressure was derived from the measured ECC current (I) using 

equation 2.5. A new method of background correction was applied, which is based on 

laboratory studies made in environmental simulations chamber [Smit et al., 1998]. 

Simulations of vertical ozone soundings made in chamber under realistic atmospheric 

conditions of pressure, temperature and ozone concentrations have shown that the 

most accurate results are achieved with full subtraction of the background current at 

each pressure [Smit et al., 1994/1998].

Conventionally, it is assumed that the background current is dependent on oxygen 

pressure, with very small contribution to the overall signal in the middle/upper 

troposphere and above [Komhyr, 1986]. In contrast, laboratory studies showed that 

background current is independent of the oxygen pressure [Thornton et al., 

1982;1983; Smit 1998]. Therefore, at each pressure the measured ozone sensor 

current (I) is corrected by subtraction of the background current Ibg, which was 

determined during the pre-flight checks before exposure to ozone.

Experimental evidences have shown that total ozone normalization should not be used
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for ECC sonde tropospheric ozone profiles measurements [SPARC 1998]. Therefore, 

the ozonesonde data presented in this thesis have not been normalized to any 

spectroscopic measurement of the total ozone column density.

2.7.2. Pump efficiency

During the flight, the pump flow rate reduces at lesser air pressure mainly due to 

pump leakage dead volume in the piston of the pump, and the back pressure exerted 

on the pump by the sensing cathode solution through which gas is forced [Komhyr, 

1967]. This decrease in pump efficiency is corrected by multiplying the Pump 

Correction Factor (PCF) as a function of atmospheric pressure. The loss of efficiency 

is smaller than 1% below 20 km altitude, while it is smaller than 2-3 % up to an 

altitude of 30 km [Komhyr et al., 1986, 1995, Torres, 1981]. However, the loss 

becomes significantly larger than 3-5 percent only in the upper stratosphere, above 30 

km.

The ozone sounding carried out during both the campaigns (land as well as cruise 

campaign) did not exceed altitudes above 32 km, such that the corrections for losses 

of pump efficiency are marginally small while during regular observations over 

Ahmedabad some soundings have exceeded 30 km. In the final processing of the 

ozonesonde data, pump correction factors were included by using the curve as 

reported by Komhyr [1986] and given in Table 2.3.

Table 2.3. Pump Correction Factor (PCF) at different pressure levels.

P(hPa) 1000 200 150 100 70 50 30 20 15 10 7 5 3

P.C.F 1 1 1.01 1.01 1.01 1.02 1.03 1.04 1.05 1.07 1.08 1.13 1.24

Effective volumetric flow rate is also corrected accordingly as given by -

fV ,E C C =  ®V,ECC,GROUND* %ump

where ® v ,ecc ,g r o u n d  -  Volumetric flow rate of pump as determined during ground 

checks

r)pump = Efficiency of pump which is pressure dependent
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2.7.3. Performance of ECC ozonesonde

The volumetric flow rate of the gas sampling pump was determined with a burette 

tube by measuring the displacement time needed for a soap bubble to pass through a 

well defined volume of the burette. The performance of the ECC ozone sensor is 

checked for response time and conversion efficiency by comparison with an ozone 

reference, background current at ozone free air.

Uptake rate of ozone in the cathode chamber is determined by the equation:

P 0 3  , ECC - C e c C -Io 3ECC 

where

P03.ECC = Partial pressure of ozone [mb]

I03  ecc = Electrical current due to sampled ozone [pA]

C ecc = Conversion efficiency of the ECC sensor

= 0.04307 tjecc TEcc/ ^ v.ecc (as determined by [Komhyr, 1969] 

t|ecc = Efficiency of pump 

Tecc = Temperature of the air sampling pump 

d> vjbcc = Volumetric flow rate of air sampling pump [mis'1]

The overall electrical current, measured by the ECC sonde is a superposition of the 

ozone current Io3,ecc, and the background current Ib,ecc- Therefore, ozone current is 

determined as given below:

Io3,ECC = Im,ECC - Ib,ECC 

where

Imjecc = Overall current measured by ECC sensor

Io3,ecc = Electrical Current measured by ECC sensor due to ozone

Ib,ecc = Electrical Current measured by ECC sensor due to background.

The background Current (Ib,ecc) varies for individual ozone sensors and it is 

determined just prior to launch of sounding.
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2.7.4. Performance of RS-80 Radiosonde

Prior to launch, the RS-80 radiosonde was also checked in the laboratory following 

the guidelines of the manufacturer [Vaisala, 1985]. The PTU signals of the radiosonde 

were checked at ambient pressure and temperature measured by a reference barometer 

(accuracy = ±0.2 hPa) and a thermometer (accuracy = ±0.2C) at ground respectively. 

The measured signals of the RS-80 radiosonde are processed according to the 

standard procedure described by the manufacturer [Vaisala, 1988] with one exception 

for the thermal behavior of the Humicap-A humidity sensor at low temperatures. 

Relative humidity measurements made with the Humicap-A sensor are known to be 

unreliable at temperatures below 250K. The reliability of the calibration curve 

provided by the manufacturer (Vaisala) for every Humicap-A sensor is limited 

because it is only based on calibrations made between 20°C and 0°C [Vaisala].

2.7.5. Precision and Accuracy of ECC and RS -80 Sondes

Different studies addressing the performance of different sensors of the ECC and RS- 

80 sondes have been conducted in the field. Sonde validation experiments were 

conducted under controlled laboratory conditions at the environmental simulation 

facility established at Forchungszentrum Julich (FZJ) (Germany). A temperature and 

pressure controlled vacuum chamber enabled to investigate the performance of 

different types of airborne ozone, humidity, temperature and pressure sensors under 

realistic atmospheric conditions with proper reference instrument [Smit et. al, 1998]. 

A summary of these investigations about the performance of the ECC ozonesonde and 

RS-80 radiosonde in terms of precision and accuracy of the different sensors are 

presented in Table 2.4.
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Table 2.4. Precision and accuracy of ozonesonde in different height ranges [Komhyr 

et al., 1989]

Measurement Errors (775-200) mbar 

(2.3-12.4 km)

(200-100) mbar 

(12.4-16.7 km)

(100-10) mbar 

(16.7-31.8 km)

Precision (%) ±4 to ±12 ±12 to ±3 ±3

Background current (pA) -1 to 5 +5 to ±2 ±2

Solution evaporation ±0 ±0 to +1 ±1 to+2

Sensor response time 

(sec)

±0 ±0 to -4 -4 to±0

Pump temperature (C) ±0 ±0 to±l ±1 to ±0

Accuracy (%) -1±5 to (+5±12) ±5±12 to -1±4 -1±4 to ±1±4
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CHAPTER -  3

Seasonal variation in the vertical distribution of 

ozone and effect of meteorology over Ahmedabad

Tropical region plays a key role in controlling the chemistry and climate of the tropical 

troposphere. Higher levels of solar flux coupled with higher amount of water vapour 

make it a chemical laboratory, where significant photochemical activities continue to 

occur almost throughout the year. This is also the region of strong convective activity 

which transports efficiently emitted gases into the free troposphere all over the globe. 

Atmospheric ozone is mainly produced in the tropical atmosphere. It then gets 

transported over the higher latitudes in both the hemispheres. Measurements of ozone 

have been made in the tropical region but mostly confined to total ozone or vertical 

distribution in the stratosphere using ground based, balloon, rocket and satellite 

techniques [Subbaraya et al., 1994; Mandal et al., 1999; Fishman et al., 2003; Saraf and 

Beig, 2004]. Since ozone also plays a significant role in the greenhouse effect in the 

troposphere and thereby in climate change, its measurements in the troposphere are very 

important. However, measurements of tropospheric ozone in the tropical region are very 

limited. A network of stations for balloon soundings was established as a part of 

Southern Hemisphere Additional Ozonesondes (SHADOZ) in the southern tropical 

region [Thomson et al., 2003], however, there is no such network in the northern tropical 

region. The India Meteorological Department (IMD) makes balloon sounding 

measurements from three sites in India regularly but these results are not published in 

detail especially for the tropospheric region [Peshin et al., 2001]. In view of this lack of 

measurements, a project was initiated to study the distribution of tropospheric ozone over 

Ahmedabad as a part of a major Geosphere Biosphere Program of Indian Space Research
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Organization (ISRO). The Asian region, comprising of China, India and other East- 

Asian countries is a rapidly developing region with increasing levels of pollution caused 

by industries, vehicles, and other anthropogenic activities [Akimoto, 2003]. Thus, this 

study is motivated by the need to understand the effect of rising levels of anthropogenic 

activities on an increase in O3 concentrations in the troposphere [Crutzen, 1979, 1988; 

Logan et al., 1981] and its potential impact on the chemistry and climate of this region 

[IPCC, 2001],

3.1. Description of the site
The observational site, Physical Research Laboratory (PRL), is situated on the western 

edge of the Abmedabad (23.03N, 72.54 E, 49 m asl) city. Ahmedabad is a fast growing 

urban city in India having numerous industries and a thermal power station. The 

population of Ahmedabad is in excess of 5 million and currently the total number of 

vehicles is over 5.5 million. There is also a rapid increase in the number of vehicles 

(about 10% per year) in the city which includes buses, cars, two-wheelers (motorbikes, 

scooters) and three-wheelers (Indian auto-rickshaws) all of which contribute significantly 

to the emission of various kinds of pollutants.

3.2. Experimental details
Balloon soundings carrying ozone and radio sondes have been made fortnightly from 

Ahmedabad from May, 2003 to September, 2007. The details of these sondes and 

sensors were discussed in Chapter 2. The first ozone sounding was made on 7 May 2003 

on a trial basis. A total of about 85 balloon flights were made from this site. These 

soundings were made in the morning between 0930 hrs and 1000 hrs (0400 -  0430 hrs 

GMT). Most of these balloons reached a ceiling height of about 32 km. However, there 

were breaks in the field campaigns during 2004 and 2006 due to technical difficulties. 

Total number of ozone soundings during each month is shown in Figure 3.1. The number 

of soundings was at a minimum (5-6) during the winter months and at a maximum (9-11) 

during the monsoon months.
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Figure 3.1. Monthly distribution of total number of soundings performed over 

Ahmedabad from 2003 to 2007.

3.3. Meteorology over Ahmedabad
3.3.1. Wind fields over India

The observed seasonal changes in wind flow over the sub-continental region of India and 

SE Asia are associated with the onset and withdrawal of monsoon. A monsoon seasonal 

change is characterized by a variety of physical mechanisms, which produce strong 

seasonal winds, a wet summer and a dry winter. Surface heating during summer favors 

enhanced convection over land, which is fueled by moist inflow at low levels. NCEP 

(National Center for Environmental Prediction) wind data were utilized to derive the 

wind streamline flow over India and surrounding marine regions.

There are four main seasons viz winter (December, January, and February - DJF), pre- 

monsoon (March, April, and May - MAM), monsoon (June, July, August, and September 

- JJAS) and post monsoon (October and November - ON) over this site. Figures 3.2a, 

3.2b, 3.2c, and 3.2d show the general mean wind streamline plots during DJF, MAM, 

JJAS, and ON months respectively at four different pressure levels of 925 mb (1km), 

700mb (-3 km), 400 mb (~7.5 km), and 250 mb (~11km).
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During the winter season (DJF) wind flow at 950 mb and 700 mb is from north-west over 

Ahmedabad, but in the middle and upper troposphere, the winds are stronger and are 

from the west. The pattern changes during pre-monsoon months. The direction of wind 

at 925mb is now from west over Ahmedabad. Also the winds at 400 and 250mb are 

slower than during winter months. The winds during monsoon months are south­

westerly over the entire Indian region at lower heights (925 and 700 mb). Apart from 

speed, wind direction can also play a role in determining the concentration of ozone 

present over a location as it helps bring in either ozone or its precursors from different 

neighboring regions to the measurement site due to ozone’s longer life time in free 

troposphere. The seasonal wind patterns for the year 2003 can be considered 

representative for all the four years.

Figure 3.2a. Mean wind fields at four different pressure levels during winter (DJF) for the year 2003 

over the Indian sub-continent. Color bars represent the magnitude of wind speed (m/s). Data adapted 

from NCEP.
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Fig. 3.2b. Mean wind fields at four different pressure levels during the pre-monsoon 

(MAM) season for the year 2003 over the Indian sub-continent. Color bars represent the 

magnitude of wind speed (m/s). Data adapted from NCEP.
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Figure 3.2c. Mean wind fields at four different pressure levels during the rainy season 

(JJAS) for the year 2003 over the Indian sub-continent. Color bar represents the 

magnitude of wind speed (m/s). Data adapted from NCEP.
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Fig. 3.2d. Mean wind fields at four different pressure levels during the post-monsoon 

(ON) season for the year 2003 over the Indian sub-continent. Color bar represents the 

magnitude of wind speed (m/s). Data adapted from NCEP.
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Figure 3.3. Seasonal variations in three important surface meteorological parameters 

measured over Ahmedabad during the four year period from 2003 to 2007.

3.3.2. Surface meteorology

Daily average values of surface air temperature, relative humidity, and wind speed are 

shown in Figure 3.3 for Ahmedabad between 2003 and 2007 (data downloaded from 

http://www.wunderground.com). The average temperature values range from 18 °C to 

35 °C with a minimum during the winter (January) and maximum during the summer 

(May - June). There was a slight decrease in July-August due to the rainy period. 

Relative humidity (RH) was found to be less than 30% during the winter season while it 

ranged between 30 and 40 % during both pre-monsoon and post-monsoon seasons. The 

season which markedly differs from all other seasons in a year is the monsoon season, 

when average relative humidity over this site was more than 70 % and surpassed 90 % 

mark quite a few times within this season.
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The Indian summer monsoon is part of a large scale circulation pattern, which develops 

in response to the thermal gradient between the warm Asian continent in the north and 

cooler Indian Ocean in the south. A strong south-westerly flow in the lower troposphere 

brings a substantial supply of moisture into the continental region, which is released as 

precipitation. Surface wind speed over Ahmedabad was highest during the pre-monsoon 

season (~5 ms’1), whereas it was usually calm during the post-monsoon and winter 

seasons (~ 3 ms’1).

3.4. Winds observed over Ahmedabad using balloon borne GPS
3.4.1. Annual variation

Global Positioning Systems (GPS) were launched along with ozone and radiosondes on 

most of the balloon soundings from Ahmedabad. Total wind speed and wind direction as 

well as its zonal (U) and meridian (V) components were calculated from the position data 

of the GPS during the balloon flights. Monthly variation of average wind speed, U-wind 

and V- wind from surface to 10 km are shown in Figure 3.4. Total wind speed and zonal 

(U) wind reached up to 40 ms’1 during the winter months while these were low about 10 

ms'1 during summer and rainy seasons. On the contrary V-wind component remained 

high (4-8 ms’1) during the months of March, April, May as well as in October. There was 

little variation in the direction of V-wind during different months over Ahmedabad.

Figure 3.4. Average wind speed, ms’1 (left), zonal wind component, U-Wind (middle), meridional 

component, V-Wind (right) over Ahmedabad from 2003 to 2007.
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Figure 3.5. Vertical distribution of average wind components measured over Ahmedabad for 

the period 2003-2007 using a GPS (Global Positioning System) during the post-monsoon (top 

left), winter (top right), pre-monsoon (bottom left), and monsoon (bottom right) seasons.

3.4.2. Seasonal variation

Vertical profiles of wind speed, U-wind and V-wind for different seasons pre-monsoon, 

monsoon, post-monsoon, and winter are shown in Figure 3.5. Except for the monsoon 

season, wind speed and U-wind showed peak wind speeds at around 12 km height. This 

peak value was at its highest (~40 m s1) during winter and its lowest (~25 m s1) during 

the pre-monsoon period. However, during the monsoon season this peak was not 

pronounced. Comparison of vertical profiles of wind speed, U-wind, V-wind with those 

from NCEP data show excellent matching. Figure 3.6 a and b show a typical comparison 

of the wind speed based on GPS data with that from NCEP on November 12, 2003 and 

on 30 June, 2004.
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Figure 3.6b. Comparison of wind speed measured using radiosonde-GPS 

over Ahmedabad and NCEP data on 30 June, 2004.
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Figure 3.6a. Comparison of wind speed measured using radiosonde-GPS 

over Ahmedabad and NCEP data on 12 November, 2003.
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Figure 3.7a. Contour plot of monthly average temperature from 2003 to 2007 over 

Ahmedabad for 0-5 km.

Figure 3.7b. Contour plot of monthly average temperature from 2003 to 2007 over 

Ahmedabad for 5-10 km.

3.5. Vertical distributions of temperature and humidity observed over 

Ahmedabad
As mentioned earlier in Chapter 2, each balloon had a radiosonde along with an 

ozonesonde and a GPS. The average monthly temperatures observed for the height range 

of 0-10 km during 2003-2007 are shown in Fig. 3.7 a and b. Contour plot of monthly 

variation of temperature from 0 to 5 km and 5 to 10 km are shown in Figures 3.7 a and b. 

In the lower troposphere temperature was at a maximum during the rainy season.
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Figure 3.8. Seasonally averaged vertical profiles of temperature over Ahmedabad.

In the boundary layer, the minimum temperature was observed during the winter while 

the maximum was observed during the monsoon. Near tropopause, temperature was 

minimum in winter. In the stratosphere, winter was very cold compared to the monsoon 

season (Fig. 3.8).
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Figure 3.9. Seasonally averaged vertical profiles of relative humidity RH (%) over 

Ahmedabad.
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Figure 3.10. Contour plot of relative humidity RH (%) between 1-10 km at Ahmedabad 

during 2003-2007.

Relative humidity, RH (%) was measured by the radiosonde up to 10 km of altitude. RH 

(%) showed high values between May and September. It remained high even in the free 

troposphere up to 10 km of altitude during the month of July (Fig. 3.10).

3.6. Variation of tropopause height over Ahmedabad
Tropopause height was obtained from the radiosonde temperature data collected during 

each balloon flight. There are many methods for determining the tropopause. The cold 

point tropopause method was used in this study. Variation of monthly average 

tropopause height is shown in Figure 3.11. Tropopause height was at its lowest (~ 17.2 

km) during October and at its highest (18.2 km) in March. These two months also show 

minimum and maximum variability, respectively. The average tropopause height based

From Figure 3.9, it can be seen that near the surface, relative humidity was exceptionally 

high at about 70% during the rainy season while during other seasons it showed an 

average of 30%.
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on the entire data over Ahmedabad was 17.6 ±  0.4 km and the tropopause temperature 

was 78.5 ± 1.1 C.
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Figure 3.11. Variation of monthly average tropopause height over Ahmedabad from 

2003 to 2007.

Monthly average change in Tropical Tropopause Layer (TTL) is depicted in Figure 3.12. 

It is observed that tropopause weakens in the months of March, April, May, August and 

September, but Stratosphere-Troposphere-Exchange (STE) was observed only dining the 

months of March and April. STE depends on two factors, tropospheric structure and 

presence of jet streams (Figure 3.13). In August and September, jet streams are not 

present.
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Figure 3.12. Monthly average temperature in TTL region over Ahmedabad during 2003 

2007.
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r o n e

Figure 3.13. Typical vertical profile of atmospheric temperature (left). Schematic vertical 

section from equator to pole on a particular day, showing the tropopause with westerly jet 

streams, tropical convection, and transport and exchange (right). Tropospheric structure 

and jet streams adapted from Hoskins et al. [2003],

The tropopause is important on a daily basis because it puts a lid on tropospheric 

convection. The tropospheric air that eventually moves high into the stratosphere crosses 

the tropopause in the equatorial region. However, the winds are such that while the air 

crosses the tropopause it must also move a considerable horizontal distance. In the 

subtropics, there is a two-way exchange, whereas at higher latitudes, streamers and cut­

off pools of stratospheric air are produced by weather systems and later absorbed into the 

troposphere [Hoskins et al., 2003],
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Movement of the tropopause determines the extent of Stratosphere-Troposphere 

Exchange (STE) events. It was found that the stratospheric signature can be observed at 

pressures as low as 190 hPa during the northern hemisphere spring season. The major 

implication for such a pronounced vertical movement is that the downward penetrated air 

from the stratosphere is likely to deposit elevated levels of ozone in the upper 

troposphere. Though the analysis at 250 hPa revealed that the values of the stratosphere- 

troposphere index are consistent with other studies, it was also found that the stratosphere 

to troposphere penetration is more likely to occur during the winter to spring period than 

ofher seasons. Monthly variation in the structure of tropopause over Ahmedabad is 

shown in Figure 3.12. This figure indicates the weakening of tropopause in the months 

of March, April, July, August, and September but STE was observed only during the 

months of March and April. This observation may be because of the presence of a ‘jet 

stream’ during these months near the tropopause which brings ozone rich air from the 

stratosphere.

3.7. Seasonal variations in distribution of ozone
Vertical distribution of ozone was obtained up to about 32-35 km height. These data are 

grouped to study the seasonal variation in its distribution based on all the balloon flights 

made during 2003 to 2007. Figure 3.14 depicts average ozone profiles during the four 

seasons viz winter, pre monsoon, monsoon, and post monsoon. Ozone partial pressure 

decreased with height in the free troposphere and reached a minimum (around 10 nb) 

near the tropopause. There was a large variability (10 nb to 65 nb) in the boundary layer 

with a minimum in the monsoon and highs during the post-monsoon and winter seasons. 

The peak ozone concentration shows a maximum during the monsoon season (140 nb) 

and a minimum during the winter season (120 nb). After this peak, ozone decreased 

again. This is the general pattern observed at other places in the tropical region 

[Subbaraya et al., 1994; Chan et al., 2004], Ozone chemistry and its production and loss 

reactions are well known and are given in the standard books of atmospheric science 

[Brasseur and Solomon, 1985]. The peak ozone concentration during monsoon is due to
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intense solar radiation and photochemical production of ozone at stratospheric heights.
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Figure 3.14. Average seasonal profiles with one sigma spread in vertical distribution of 

ozone observed over Ahmedabad during 2003-2007.

Table 3.1. Annual average ozone (nb) from 1 to 35 km with a spread o f+1 o

W in ter (DJF) 
P re-m on so on  (M AM ) 
M onsoon  (JJA S ) 
P ost-m o n soo n  (O N)

30

Height (km) Ozone (nb)
Standard

deviation

1 41.8 9.8

2 45.2 3.6

3 36.0 2.4

4 30.4 1.0

5 28.0 0.5

6 26.5 0.8

7 24.7 0.8
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8 22.1 0.7

9 19.1 0.9

10 17.6 0.4

11 16.2 0.9

12 13.6 0.8

13 12.1 0.4

14 10.6 0.4

15 10.1 0.5

16 10.7 0.1

17 12.9 1.6

18 18.0 2.3

19 26.3 3.3

20 46.4 10.1

21 70.3 5.5

22 87.9 7.1

23 107.6 4.1

24 114.8 1.3

25 118.6 1.2

26 121.1 0.7

27 117.5 2.8

28 111.0 3.7

29 101.0 3.3

30 90.8 1.9

31 83.0 2.4

32 72.4 3.6

33 65.7 1.6

34 58.7 4.0

35 56.6 2.7
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Figure 3.15. Average seasonal profiles with one sigma spread in vertical distribution of 

ozone observed over Ahmedabad during 2003-2007.

3.8. Variation of total ozone content over Ahmedabad
The observed ozone profiles are used to compute total columnar ozone over Ahmedabad. 

However, these data are limited to a maximum height of about 35 km and a significant 

amount of ozone is present above this height. These profiles are extrapolated using the 

method described by McPeters et al. [1997]. Monthly average total columnar ozone is 

shown in Figure 3.15 based on all the balloon flights made from Ahmedabad. The 

maximum ozone (285 DU) was observed in June and minimum (240 DU) was observed 

in December (Fig 3.15). High variability was observed during February, March and 

April while low variability was observed during the months of July and October. A 

comparison of the total ozone from ozonesonde data with those from total ozone mapping 

spectrometer (TOMS) shows good correlation in all seasons except rainy season. 

Average integrated ozone was 261 DU and average integrated ozone in the troposphere 

was 39.4 DU.
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Stratospheric ozone has decreased over the last several decades, while tropospheric ozone 

has increased over the Northern Hemisphere mid-latitudes [Logan et al.} 1999]. About 

40% of the global ozone is located in the tropics between 25N and 25 S, and a strong 

decadal variation of total ozone in the tropics with maxima approximately in phase with 

the 11 year solar cycle has been documented [World Meteorological Organization, 2003].

Statistically significant negative trends in total ozone were found at all latitudes except 

possibly in the tropics, where ground-based measurements show no long term trends 

[Madronich et al., 1994]. From total column ozone data (Dobson spectrophotometer) for 

the period 1957-1994, Chakrabarty et al. [1998] have found no long-term trend over the 

Indian tropical station, Pune. However, the Dobson ozone data of the same station for the 

period 1981-1998 showed a decreasing trend [Londhe et a l, 2003]. The impact of 

changing air quality is largely felt through photochemical smog, in which trophospheric 

ozone plays a key role, through the increasing concentration of aerosol particles and the 

potential impacts of increasing UV-B radiation caused by the loss of stratospheric ozone. 

The changes in the earth’s ozone layer due to anthropogenic activities and geological 

events significantly impact our biosphere. The seasonal variation of total ozone over 

India almost resembled the typical feature for low latitude stations characterized by a 

winter minimum and a summer maximum. Moreover, seasonal variation of surface 

ozone compared with that for total ozone may not show any correlation implying the role 

of vertical transport of ozone over the concerned location. Several measurements made 

during NASA’s Global Tropospheric Experiment program over the Pacific and Atlantic 

Oceans have reported distinct pollution plumes of tropospheric ozone and its precursors 

in the middle and upper troposphere [e.g., Chameides et al., 1989; Davis et al., 1996; 

Fishman et al., 1996; Singh et al., 1996, 2000; Schultz et al., 1999].

Two ways to measure ozone in the atmosphere are measurement of total column ozone 

and measurement of the vertical distribution of ozone. Regular measurements of total 

column ozone are available from a network of surface stations, mostly in the mid-latitude 

Northern Hemisphere, with reasonable temporal coverage extending back to the 1960s.
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Figure 3.16. Seasonal variation of total ozone measured using ozonesonde, TOMS, and 

DOBSON from 2003-2007.

As discussed earlier, integrated total ozone was calculated by extrapolating the ozone 

concentration from 35 km to 60 km by a method prescribed by McPeters et al. [1997], 

Total ozone was also calculated using the measurements obtained from the Dobson

Balloon
TOMS
DOBSON

Near-global, continuous total ozone data are available from satellite measurements since 

1979. The ratio of the intensity of direct sunlight at two wavelengths in the 300-320nm 

range is a measure of the total abundance of ozone in a column through the atmosphere. 

This forms the basic operating principle for a variety of optical instruments that monitor 

atmospheric ozone. The ground-based ozone monitoring instruments Dobson and Brewer 

spectrophotometers are universally accepted for measuring column ozone but are 

expensive, heavy, and large in dimension.
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instrument over Ahmedabad from 2003-2006. Comparison of the total ozone measured 

using ozonesonde, TOMS and DOBSON is shown in Figure 3.16. It is clear from the 

figure that for the winter season all the three instruments give almost similar values 

within the limits of error. For the pre-monsoon season TOMS ozone was slightly higher 

compared to the ozonesonde and DOBSON, while during the rainy season the reverse 

was true. Lower TOMS ozone during the rainy season may be due to the presence of 

cloud during rainy season over the tropical region. During the post monsoon season also 

TOMS total ozone amount was lower than the ozonesonde and DOBSON ozone 

concentrations.

3.9. Tropospheric column ozone
Focus of this study is on the tropospheric ozone distribution. The integrated columnar 

ozone up to the tropopause was calculated for each profile. The monthly average values 

are shown in Figure 3.17 based on all the soundings. Tropospheric column ozone 

increased from January (~ 36 DU) to a maximum value in April (43 DU) and later started 

decreasing. The lowest column content was observed during the monsoon period, with a 

minimum during September (34 DU). In fact this is the end of the monsoon season. 

After September, columnar ozone started increasing again and reached a value of about 

42 DU in December. Variation of tropospheric column ozone differed much from the 

total integrated values as discussed in the previous section. The maximum in April seems 

to be related to transport from stratosphere to the upper troposphere.

Monthly average total tropospheric ozone (TTO) over Indonesia shows a double peak, 

one in the month of May and another in October. Maximum TTO was observed over 

Africa and South America during the month of October (Fig 3.18). However, over 

Ahmedabad trends similar to Indonesia were observed. An increasing trend was 

observed until April and then it started decreasing reaching a minimum in September 

(Fig. 3.17). Beyond September, again an increasing trend was observed peaking during 

the month of October (Fig. 3.17).
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Figure 3.17. Monthly average Integrated tropospheric ozone (DU) up to the 

tropopause height over Ahmedabad.
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Figure 3.18. Integrated total tropospheric ozone TTO over different regions [adapted 

from Thompson et al., 20031.

In
te

g
ra

te
d

 t
ro

p
o

s
p

h
er

ic
 o

zo
n

e 
(D

U
)

u>
 

w
 

^
 

cn
 

cn
o

 
01

 
o

 
ui

 
o

 
cn

60

A
e

ro
so

l 
In

d
ex



Table 3.2. Monthly variation of average integrated tropospheric ozone (DU) measured 

using ozonesonde with spread o f+1 o

Month Total Tropospheric 

ozone (DU)

Standard deviation

January 38.6 3.7

February 40.0 3.7

March 41.4 4.5

April 43.5 8.2

May 41.7 5.0

June 40.6 6.9

July 35.3 3.8

August 35.4 2.9

September 34.3 4.8

October 40.3 3.1

November 40.2 5.5

December 42.1 5.4

The decreasing trend after April also coincided with the change in the wind pattern from 

north-west to west and south-west directions in the troposphere. The south-west winds 

bring cleaner air from the Indian Ocean to the sampling site. The seasonal variability in 

TTO is shown in Figure 3.19. A maximum was observed during the pre-monsoon season 

and a minimum was observed during the rainy season. Winter concentrations were 

intermediate.
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Figure 3.19. Seasonal variations in total tropospheric ozone concentration (DU) over 

Ahmedabad with ± lo  standard deviation.

3.10. Comparison with TOMS derived tropospheric ozone column 

(TOC)
Using stratospheric content from SBUV or other mode of measurements and TOMS data, 

it is possible to estimate tropospheric ozone column (TOC) also referred as TTO 

[Chandra et ah, 2003], Figure 3.20 shows a comparison between balloon derived TOC 

and satellite derived TOC. It is interesting to note that the seasonal patterns of the two 

data sets match very well. However, there are minor differences. The satellite values are 

mostly within the spread of the balloon data and the difference is mostly within 5 DU. 

However, the monthly average TOC values from satellite are higher during monsoon 

months.
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Figure 3.20. Monthly tropospheric ozone (DU) using ozonesonde and TOMS over 

Ahmcdabad.

3.11. Vertical distribution of tropospheric ozone
Ozone mixing ratio (ppbv) for of the troposphere (0-15 km) and the tropopause region 

(15-18 km) are shown in Figure 3.21 (a and b). These contour plots are based on monthly 

average values from all the balloon soundings at an interval of 200m. Ozone mixing ratio 

in the lower troposphere was observed to be low from April to September up to about 3 

km height. Winter months show higher ozone values in the same height region. Flighest 

ozone was observed from April to June between 5 and 10 km height. In the upper 

troposphere highest ozone values are observed during the period between April and June. 

Figure 3.21b, shows ozone variation near the tropopause which is especially known as 

the Tropical Tropopause Layer (TTL). It is the most important region for the exchange 

of gases between the stratosphere and the troposphere, also known as STE. In this region
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the ozone mixing ratio showed a large variability where ozone varied from 40 ppb to 140 

ppb. High ozone values are observed in winter and pre-monsoon months. Vertical 

profile of tropospheric ozone for the spring season (MAM) was similar to the ozone 

profile observed at Hong Kong [Chan et ah, 2004] which lies on the same latitude as 

Ahmedabad.

(a) (b)

Figure 3.21. Monthly average distribution of ozone measured over Ahmedabad during 2003- 

2007 from surface to 15 km (a) and from 15 to 18 km (b) Observed over Ahmedabad during 

2003-2007

3.12. Vertical distributions of ozone, temperature, and relative humidity 

during different seasons
In Figure 3.22, seasonally averaged ozone (ppbv), temperature (°C) and relative humidity 

(%) with spread o f+1 sigma for different seasons are shown. Boundary layer ozone was 

maximum during the winter and minimum during monsoon. This observation could be 

due to shallow boundary layer height during winter and wash out of pollutants during 

monsoon. The summer monsoon ozone minimum in the lower troposphere is attributed
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to the onset of summer monsoon when air flow from the Asian continent is replaced by 

air from the tropical Indian Ocean. The middle tropospheric ozone is maximum during 

rainy season and minimum during post monsoon season. Near tropopause, large 

variability was observed during pre- monsoon and winter due to the intrusion of ozone 

from the stratosphere. A frequently observed feature during the pre-monsoon and winter 

seasons was high ozone mixing ratio (80-170 ppbv) in the upper troposphere (from about 

9 to 16 km). Ozone increase due to STE for the month of March was 5 DU and for April 

it was 15 DU. This phenomenon is generally observed at higher latitudes but over the 

tropical region it has been observed mainly in the months of March and April. This is the 

first experimental study to estimate the flux due to STE process over Ahmedabad.

Increase in ozone lifetime in the free troposphere increases the importance of transport 

pathways during different seasons over Ahmedabad. It was observed that the trajectories 

of transported air masses pass through the free troposphere over continental India. 

Therefore, such transports can also have impacts in the vertical distributions of various 

trace gases over this region. The main aim of this work is to study how transport 

processes affect the vertical distributions in the troposphere over the Indian subcontinent.

In the lower and mid-troposphere, high concentrations of O3 in the spring season could be 

due to the long-range transport of pollutants by northwesterly winds associated with the 

winter monsoon circulation. This circulation transports the ozone-rich polluted air 

masses from the Asian continent. Conversely, summer minima with mean concentration 

as low as 15 ppbv during July to September period was observed over Ahmedabad. This 

is related to summer monsoon circulation, advecting clean and moist air from the Indian 

Ocean.
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Figure 3.22. Seasonally averaged ozone (ppbv), temperature (°C) and relative humidity 

(%) with spread o f+1 sigma for different seasons.
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Elevated O3 values of around 100-450 ppbv were observed in the middle and upper 

troposphere (10-14 km) during the spring season over Ahmedabad. Ozone mixing ratios 

were around 40-60 ppbv in the lower and middle troposphere while in the upper 

troposphere values were around 60-80 ppbv during August, September and October 

months. Occurrences of high 0 3 tongues in the spring season follow the propagation of 

dry air with low relative humidity, suggesting that O3 is from higher heights, probably of 

stratospheric origin. The summertime low values over Ahmedabad are attributed to 

summer monsoon circulation, advecting ozone-poor air mass from the Arabian Sea and 

the Indian Ocean over the continent during these periods. The convective processes lift 

the advected ozone-poor air masses from the planetary boundaiy layer (PBL) to the upper 

heights. In general, O3 and water vapor show just opposite seasonal variations, though 

water vapor distribution is very much localized compared to 0 3. Similar annual patterns 

in 0 3 and water vapor are repeated during different years except some small-scale 

differences.

Vertical profile of tropospheric ozone for the rainy season over Ahmedabad is shaped 

like “S” with a minima at the surface and maxima at ~6-7 km with another minima at 

around 12-13 km and subsequent increase towards the tropopause. Mid tropospheric 

maxima during the rainy season in the ozone profile over Ahmedabad is similar to those 

observed in the southern tropical region as shown in Figure 3.23. The mid-tropospheric 

maxima during rainy season in the O3 profiles over Ahmedabad are result of convective 

activity. The lifetime of O3 is short in the MBL. Convection vents ozone-poor air from 

MBL to upper troposphere [Lelieveld and Crutzen, 1994], This ozone-poor air can 

develop in upper troposphere and in the MBL while the middle troposphere remains 

relatively unaffected. This resulted as increased O3 values in the middle troposphere 

[Folkins et al., 2002].

67



400

non
10’

Q stppbv)

Figure 3.23. The mean annual dependence o f ozone mixing ratio on potential 

temperature measured at different sites in the tropics. Figure adapted from Folkins et al. 

[2002],

This is due to STE . For spring season, trend o f tropospheric ozone profile is like what we 

see generally over the mid-latitudes while for rainy season, tropospheric profile is like 

typical profile over the tropical region. This “S-shape” profiles as reported by Folkins et 

al, [2002] over southern tropical region are shown in Figure 3.23.

Vertical distributions over Ahmedabad show higher background O3 values than in the 

troposphere [Folkins et al., 2002], Dynamics play major role in the seasonal distribution 

over Ahmedabad. In the lower and middle regions o f the troposphere, low O3 values with 

high water vapor concentrations in the summer monsoon season are pronounced, whereas 

in the upper regions o f the troposphere, high O3 values with very low amount o f water 

vapor in the spring season is pronounced [Newell et al., 1998]. Back trajectory analysis 

suggests that this enhancement resulted from the transport. Air masses arriving at the 

altitudes where O3 peaks in the middle troposphere appear to have passed over the 

regions o f  biomass burning which occurs at this time o f year (October and November 

months).

A
pproxim

ate H
eight (km

)

"
o

 r
o.

fh
.tn

6 8



Ahmedabad M a r c h
A n n u a l

■ ■ *
• m -K
* "  f

20 40 60 80
O z o n e  ( p p b v )

100 120 140

3.13. Stratospheric-Tropospheric Exchange over Ahmedabad
It is clear from the tropospheric ozone distribution over Ahmedabad that upper 

tropospheric ozone increases in the month of March and April. It is also seen that 

topospheric column ozone shows higher values as well as higher variability during these 

months.

10
0 20  40 60 80 100 120 140 160 180

O z o n e  ( p p b v )

Figure 3.24. Monthly average ozone profiles for the months of March (Red) (top) 

and April (Pink) (bottom). Average annual ozone (Black) profile is also shown for a 

comparison.

Consequently, these two months are chosen to compute the increase in tropospheric 

ozone as compared to the average annual values. The increase in ozone is computed by 

integrating the excess area as compared to the annual average values as shown in Fig. 

3.24.
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Figure 3.25. a) Annual average ozone vertical profile (Black) and mean vertical profile 

for the month of March (Red), b) Vertical profile of ozone for April (Pink) and annual 

average (Black) from 10 to 18 km

The increase in tropospheric ozone for the month of March and April 5.3 DU and 14.2 

DU (mixing ratios in ppbv are converted to DU) in the height range of 10 to 15 km 

computed using the Trapezoidal rule as shown in Figure 3.25a and b. This increase in 

tropospheric ozone can occur due to weakening of the tropopause. Double tropopause 

was observed for the month of March and April.
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3.14. Day-to-day variability in tropospheric ozone: A case study
Each O3 profile is a unique response to photochemical and dynamic process operating in 

the atmosphere. There can be large day-to-day variability in the vertical structure of O3 at 

any location. Sometimes the vertical structure appears very irregular exhibiting marked 

stratification, with a single or multiple peaks in the ozone distribution sometimes the 

absence of structure, exhibits uniform profile. Earlier, mean profiles averaged for a 

season or a year have been analyzed to understand the long term variation in the vertical 

distribution of ozone [Logan, 1999; Thompson et al., 2003]. Case study analyses were 

used to understand the atmospheric processes [Folkins et al, 1999; Zachariasse et al., 

2000; Klim et al., 2002]. Long term measurements provides the information about the 

back ground concentration along with the contribution to our knowledge of O3 budget, 

on the other hand, case study analysis enhances our understanding of the proceses and 

frequency of occurrence of such events. In the earlier section, average profiles of ozone 

were used to study ST exchange. This section describes some special cases.

3.14.1. Case -1: Ozone distribution on 9 March, 2005

Vertical profiles of ozone mixing ratio, temperature and relative humidity on 9 March, 

2005 over Ahmedabad are shown in Figure 3.26. In the lower troposphere (from surface 

up to 5 km) ozone is almost constant and fluctuates between 20-30 ppbv while 

corresponding humidity profile shows decreasing trend with sharp fluctuations. Ozone 

value increases to 200 ppbv at 12 km of altitude and then there is another shoot up in the 

ozone concentration at around 16 km of altitude goes up to 500 ppbv and then again at 17 

km goes up to 800 ppbv just below the tropopause. Double tropopause has also been 

observed on this day i.e. first temperature inversion at 19 km and another at 20 km. This 

indicated weakening of tropopause structure while allow this stratospheric air to come 

down to troposphere. Since 90% of the ozone lies in the stratosphere so this double 

tropopause allows stratospheric ozone to descend to troposphere. This increase in 

tropospheric ozone just below the tropopause is due to the intrusion of stratospheric 

ozone in the troposphere.

71



0
0 2 0 0 4 0 0  6 0 0

O z o n e (p p b v )
8 0 0 1 0 0 0

0 20 4 0  R H  <%) 6 0 80 1 0 0

Figure 3.26. Vertical profile of ozone (pppv), temperature and RH (%) observed on 9 

March, 2005 over Ahmedabad. Average corresponds to average ozone concentration 

during March for the entire study period.

Ozone value at the surface is around 10 ppbv and shows linear increasing trend in the 

lower troposphere (from 10 km altitude) while relative humidity varies between 40 -60% 

in lower 5 km of altitude with some small scale fluctuation. There is sharp increase in O3 

when the values of around 200 ppbv at 10 km altitude and there is a sharp temperature 

inversion at this altitude which indicate that this temperature inversion is due to sudden 

increase of tropospheric ozone. Figure 3.27 shows back trajectory plots at altitude 10 km 

over Ahmedabad for pre-monsoon season. The trajectory arriving on 9 March 05 (Green 

color) passed over high latitude region.

T e m p e ra tu re  (C )

-8 0  -6 0  -4 0  -2 0  0 20  4 0

20

A
lti

tu
de

 (
K

m
)

cn
 

o
 

cn

72



-1 5 0  -1 0 0  -5 0  0 50
L o n g itu d e

Figure 3.27. Back trajectories over Ahmedabad at 10 km during pre-monsoon months.

GFS PV 2005-3-09 6Z

Figure 3.28. Potential vorticity for 9 March, 2005 at 0600 UTC (Data obtained from 

Global Forecast System (GFS) of NCEP.
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Figure 3.29. Vertical profile of ozone (pppv), temperature and RH (%) observed on 20 

April, 2005 over Ahmedabad. Average corresponds to average ozone concentration 

during April for the entire study period.

In addition to this, potential vorticity (PV) calculated at 350K. (14 km) potential 

temperature surface indicate the intrusion of stratospheric ozone in to the troposphere 

(Fig. 3.28).

3.14.2. Case -2: Ozone distribution on 20 April, 2005

Vertical profiles of ozone mixing ratio, temperature and relative humidity on 20 April, 

2005 over Ahmedabad are shown in Figure 3.29.
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GFS PV 2005-04-20 6Z

Figure 3.30. Potential vorticity for 20 April, 2005 at 0600 UTC (Data obtained from 

Global Forecast System, GFS of NCEP).

In the lower troposphere (from surface up to 5 km) ozone is almost constant and 

fluctuates between 20-30 ppbv while corresponding humidity profde shows decreasing 

trend with sharp fluctuations. Ozone value increases to 200 ppbv at 15 km of altitude just 

below the tropopause. Weakening of the tropopause has also been observed on this day. 

This indicated weakening of tropopause structure while allow this stratospheric air to 

come down to troposphere. Since 90% of the ozone lies in the stratosphere so this double 

tropopause allows stratospheric ozone to descend to troposphere. This increase in 

tropospheric ozone just below the tropopause is due to the intrusion of stratospheric 

ozone in the troposphere as shown in the Figure 3.30.
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3.15. Summary

A total o f  about 85 balloon flights were made from Ahmedabad. Four years o f data 

obtained over Ahmedabad were classified into four major seasons viz winter (DJF), pre­

monsoon (MAM), monsoon (JJAS) and post-monsoon (ON). Boundary layer ozone was 

at a maximum during the winter and at a minimum during the monsoon. These 

observations could be due to shallow boundary layer heights during the winter and wash 

out o f pollutants during the monsoon, respectively. The monsoon ozone minimum in the 

lower troposphere is attributed to the onset o f summer monsoon when air flow from the 

Asian continent is replaced by air from the tropical Indian Ocean.

Monthly mean data were used to study the annual distributions o f  O3, water vapor and 

temperature during 2003 to 2007 over Ahmedabad. Large seasonal variability was 

observed in O3. In general, vertical distributions over Ahmedabad showed higher 

background O3 values compared to other sites in the troposphere. Dynamics played a 

major role in the seasonal distribution over Ahmedabad.

The middle troposphere ozone was highest during the rainy season and minimum during 

the post monsoon season. Near the tropopause, large variability was observed during pre­

monsoon and winter due to the intrusion o f  ozone from the stratosphere. A  frequently 

observed feature during pre-monsoon and winter seasons was high ozone mixing ratios 

(80-170 ppbv) in the upper troposphere (from about 9 to 16 km). Ozone increased due to 

STE, and for the month o f  March it was 5 DU (Dobson unit) while during April it was 15 

DU. This is the first experimental study to estimate the flux due to STE process over 

Ahmedabad. In the stratosphere highest peak ozone concentration was observed during 

the rainy season and the minimum was observed during winter. Elevated ozone 

concentrations were observed (~200 ppbv) in the upper troposphere (12-14 km) and the 

TTL region during the spring season. Influence o f stratospheric air was identified using 

potential vorticity over Ahmedabad. Occurrence o f high ozone tongue in the spring, with 

dry air o f low relative humidity and potential vorticity indicates the origin o f  

stratospheric air mass.
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A comparison o f the total ozone from ozonesonde data with those from total ozone 

mapping spectrometer (TOMS) shows good correlation during all seasons except the 

rainy season. Average total integrated ozone was 261 DU and average integrated ozone in 

the troposphere was 39.4 DU. Increased ozone lifetime in the free troposphere increases 

the importance o f transport pathways during different season over Ahmedabad. Seasonal 

patterns o f the two data sets (TOMS and ozonesonde) match very well. However, there 

were minor differences. The satellite values were mostly within the spread o f  the balloon 

data and the difference was mostly within 5 DU. However, the monthly average TTO 

values from satellite were statistically higher than the TTO measured using an 

ozonesonde during the monsoon months. TTO over Ahmedabad exhibited trends similar 

to those observed over Indonesia.

Case study o f vertical profiles over Ahmedabad revealed significant day-to-day 

variability in the vertical structure o f O 3 . These studies also revealed influences o f the 

transport o f various air masses. In some cases influence o f stratospheric origin air masses 

in the spring season, especially over Ahmedabad were identified using back trajectory 

analyses.

Vertical profile o f tropospheric ozone for the rainy season is shaped like “S” with minima 

at the surface, maxima at ~6-7 km, and another minimum at around 12-13 km with a 

subsequent increase towards the tropopause. Mid tropospheric maxima during the rainy 

season in the ozone profile over Ahmedabad was similar to those observed in the 

southern tropical region. Case study o f  vertical distribution o f ozone over Ahmedabad 

revealed day-to-day variability in the vertical structure o f ozone. It also revealed the 

effect o f transport (e.g., STE, advection, convection).
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CHAPTER -  4

Distributions of ozone and other trace gases over 

the Indo-Gangetic Plain during a winter montho  o

In December 2004, a land campaign with a multi-institutional scientific effort was carried 

out in the Indo-Gangetic Plain (IGP) in North India to understand the distribution and 

dynamics o f the atmospheric pollutants during a winter month. The main goal o f the 

research work presented in this chapter was to understand the ozone chemistry and to 

study the effect o f fog/ haze on tropospheric ozone and other pollutants. Simultaneous 

measurements o f  surface O3, CO, NOx and CH4 along with vertical distribution o f  ozone 

and other meteorological parameters were made during December 2004 at Kanpur 

(26.03N, 80.04E), an urban site in the IGP. Such extensive simultaneous measurements 

have not been made over this region. During the winter season mainly in December and 

January, the whole part o f the northern India experiences western disturbances moving 

eastward which leads to intense fog and haze in this region. In winter, the relationship 

between ozone and westerlies is found to be positive especially in locations which are 

more influenced by westerlies. It is suggested that these relationships reflect the 

importance o f vertical exchange from the free troposphere/stratosphere to the surface in 

winter months. Previous studies have identified transport o f atmospheric pollutants from 

the IGP during winter and occasionally these pollutants are transported downwards and 

result in substantial ozone concentrations at the surface.
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4.1. Significance of the study site
Asia is one of the most anthropogenically active areas in the world and provides an 

interesting study field for tropospheric ozone build up. The aged air masses associated 

with the continental outflow from the IGP carry with them anthropogenic air pollutants 

emitted from the industrial and urban neighborhoods of Kanpur under favorable 

meteorological conditions for photochemical ozone formation. Emissions of ozone 

precursors are expected to multiply in the next few years in India and the level of photo­

oxidants may increase substantially.

There have been several field campaigns to study the transport of pollutants over the 

marine regions surrounding India such as INDOEX, BOBEX, and BOBPS [Lelieveld et 

al., 2001; Chand et al., 2003; Lai et al, 2006; Sahu et al., 2006; Lai et al., 2007]. 

However, there were limited measurements by individual groups to study levels of 

aerosols and trace gases over the IGP [Singh et al., 1997; Fishman et al., 2003; Jain et 

al., 2005; Sahoo et al., 2005; Beig and Ali, 2006; and Tripathi et al., 2006]. In view of 

the importance of this region, a campaign was organized by Indian Space Research 

Organization-Geosphere Biosphere Programme (ISRO-GBP) to study levels and 

variations of pollutants (aerosols and trace gases) at eight different sites covering wide 

regions of the IGP from west to east during December 2004. The month of December 

was chosen, as it is the period when both clear days and foggy days occur. Thus, the 

changes in trace gases and aerosols could be studied during clear as well as foggy days. 

These measurements were made by a large number of groups covering all these sites.

Measurements using balloon-borne ozonesonde provide a unique data set to study the 

vertical changes in the troposphere and effects of transport. This is the first time that 

vertical distribution of ozone was made from this site over the Gangetic basin, except the 

measurements made by the Indian Meteorological Department (IMD) from Delhi 

regularly. There are some measurements of ozone as a part of MOZAIC (measurement of 

ozone by air bus in-service aircraft) at Delhi. However, they are highly irregular in 

frequency and limited to a height below 300 mb [Kunhikrishnan et al., 2006]. Results of

79



distribution of surface level CO, NOx, and CH4 and vertical profdes of ozone are 

presented in this chapter.

4.2. Site description

The balloon flight experiments were conducted at the Indian Institute of Technology (IIT) 

campus at Kanpur in North India (Fig. 4.1). This campus is located about 16 km away 

from the city centre in the upwind direction. It is an industrially polluted city with a 

population of about 2 million. Foggy conditions often prevail during the winter season in 

this region [Tripathi et ah, 2006].

Longitude I

Figure 4.1. Geographical location of Kanpur city and location of Indian Institute of 

Technology (IIT), where measurements were made during December 2004.

4.3. Experimental details
Continuous surface level measurements of O3 were made using an analyzer (Table 4.1), 

which is based on the absorption of UV radiation at 253.7 nm by O3. The absolute 

accuracy of this analyzer is 5%. Detailed description of the analyzer, including
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calibration methodology, is given by Lai et al. [1998]. A  Teflon tube was used as an inlet 

line for air sample, which was taken from the top o f  the building. Ozone data, averaged 

for every 5-min interval, were stored in a data acquisition system. A total o f  nearly 60 air 

samples were collected in glass bottles through a 2 m long stainless steel tube (1/4" OD) 

using an oil free compressor (Metal Bellow, USA). Analyses o f  CH4  and CO were 

performed by a gas chromatograph (Varian Vista 6000, USA) using a molecular sieve 

packed column o f  5 m length. Calibration mixtures supplied by NIST (Gaithersburg, 

USA) (1.0-0.01 ppmv; Sample 1223-E) and Matheson (Texas, USA) (2.1 0.01 ppmv; Lot 

04-96-07670) were used to calibrate CH4 and CO, respectively. Analyses o f CH4 and CO 

showed better than 1% and 3% o f reproducibility, respectively. A  detailed description o f  

calibration and measurement methodology for analyses o f CO and CH4 are given by Sahu 

and Lai [2006b]. Instruments and parameters measured during land-campaign at Kanpur 

by PRL group are given in Table 4.1.

Table 4.1. Instruments operated and parameters measured during land-campaign at 

Kanpur

Instruments used Company Parameters Specifications

Ozone analyzer Environment S.A, France Ozone Surface

CO analyzer Environment S.A, France CO Surface

NOx analyzer Environment S.A, France NO and NO2 Surface

Gas chromatograph Varian, USA CO and CH4 Surface

Radiation flux Solar Light, USA UVB At ground

Ozonesonde EN-SCI, USA Ozone Maximum 35 km

Radiosonde Vaisala, Finland T, RH, and P Maximum 35 km
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4.4. Meteorological conditions, back trajectory and potential vorticity 

analysis
The regional surface winds, based on the National Center for Environmental Prediction 

(NCEP) reanalysis data, were found to be mainly northwesterly (Fig. 4.2). However, the 

surface winds varied from northwesterly to southwesterly [Tripathi et al., 2006].

Figure 4.2. Synoptic monthly averaged wind at 925 hPa from NCEP showing 

northwesterly wind direction at Kanpur.

Very low wind speeds along with shallow boundary layer height during the foggy days 

were observed. Although, the winter season in the North India is dry, when the cold air 

from higher latitudes mixed with the moist air from surrounding marine regions, strong 

haze and fog conditions were observed in the Gangetic basin. The relative humidity (RH) 

soared above 75% during nighttime and in the early morning hours during these events. 

During foggy days, RH remained high (46%) throughout the day but it dipped down to 

about 40% during clear sky mid-day period. Transport of air and local meteorological 

conditions play an important role in changing the weather condition in this region. Low 

surface temperature (down to 8°C) and high humidity (up to 95%) made favorable
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Figure 4.3. Surface temperature and relative humidity observed over Kanpur during the 

land campaign (11-29 December 2004),

conditions for fog formation during 18-25 December 2004 at this site (Fig. 4.3). The 

average boundary layer height, based on temperature profiles from radiosonde data, was 

about 800 m on foggy days while it reached up to about 1.5 km on non-foggy days. The 

isentropic seven-day back air trajectories used in this study were obtained from Hybrid 

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT), version 4 [Rolph and 

Draxler, 2003]. Back trajectory analyses are used to examine potential source regions of 

the air parcel and transport pathways, although the exact origin of a specific air parcel 

cannot be determined. The European Centre for Medium-Range Weather Forecasts 

(ECMWF) data are used to estimate potential vorticity (PV). This parameter is used to 

trace the origin of the air. PV is expressed in PV units where one PV unit is 106 mV 

'Kkg'1. Air with potential vorticity of 2 PV units or more is taken to be of stratospheric 

origin [Appenzeller and Davies, 1992; Holton et al, 1995; Newell et al.,1997].
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Figure 4.4. Time series of surface ozone, CO and NOx along with UVB flux (in arb 

units) observed at Kanpur during December 2004,

4.5. Results and discussion
4.5.1. Time series analysis

Figure 4.4a depicts the variation of hourly averaged O3 mixing ratios observed during the 

entire campaign. Ozone mixing ratios showed a large range (10-60 ppbv) of variability 

during the campaign. During the first half of the campaign its average value was ~55 

ppbv and then it decreased to 20 ppbv during the foggy days.
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Figure 4.4b depicts the variations in CO mixing ratios. CO varied from 200 to 1000 

ppbv. High CO concentrations were observed on 12 December and 16 December. 

Variations in concentrations o f NOx are shown in Figure 4.4c. It varied between 5 to 50 

ppbv during the campaign. Except for some small variations, the overall trend in NOx is 

somewhat similar to those in CO mixing ratios. The mixing ratios o f NOx showed peaks 

on 12 and 16 December as for CO. Figure 4.4d shows the variations in pyro-measured 

flux. The flux ranged from 20 to 350. It depicts lows on 18,24, and 26 December when 

heavy fog events were observed.

4.5.2. Frequency distributions

Frequency distributions o f O3, NOx, and CO based on the data averaged for 5 minutes are 

shown in Figure 4.5, in bins o f  2, 1, and 25 ppbv, respectively. A total o f about 7500 

data points were obtained. Most o f the data points o f ozone lied in the range o f 5 to 25 

ppbv. Out o f the total data points, maximum numbers o f  data points in a single bin were 

in the 8 ppbv bin. Similarly most o f the data points for CO were in the range o f 25 to 400 

ppbv. The maximum number o f data points lied in the 25 ppbv bin. In case o f NOx, most 

of the data points are in the range o f 0 to 20 ppbv, however the 10 ppbv bin had the 

highest number (550) o f data points.

4.6. Diurnal variations in ozone and its precursors
Average mixing ratios o f surface O3, CO and NOx at Kanpur during clear sky days were 

34.99 ±  15.12 ppbv, 337.68 ± 169.9 ppbv, and 13.86 ±  2.5 ppbv, respectively while on 

foggy days these were 14.35 ±  8.7 ppbv, 191.87 ±  135.6 ppbv, and 7.93 ± 1.7 ppbv.

4.6.1. Foggy days

From 18 -2 6  December 2004, there was an intense fog over Kanpur as well as over the 

Indo- Gangetie Plain [Gupta et al., 2007]. Atmospheric visibility was very poor during 

the morning and evening hours. Diurnal variations o f ozone show a very different pattern 

from its normal pattern since no afternoon peak was observed during the foggy days. 

This observation suggests high suppression in ozone concentration due to heavy fog.

85



D
at

a 
p

o
in

ts
 5

-m
in

 i
n

te
rv

a
l 

D
at

a 
p

o
in

ts
 5

-m
in

 i
n

te
rv

a
l 

D
at

a 
p

o
in

ts
 5

-m
in

 i
n

te
rv

a
l

600

0 10 20 30 4 0  50 60  70  80 90  100
0 3  (p p b v )

600

N O x  (p p b v )

1 0 0 0  

800 

600 

400 

2 0 0  

0
0 200 400 600 800 1000 1200 1400 1600 1800 20 00  2200 2400

C O  (p p b v )

Figure 4.5. Frequency distribution of ozone (ppbv), carbon monoxide (ppbv) and NOx 

(ppbv) at Kanpur during December 2004.
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There were no changes in the diurnal patterns o f  CO and NOx except that there was a 

decrease in the concentrations compared to clear sky days (Fig. 4.6). These results 

indicate that in spite o f  significant levels o f  precursors, ozone does not show its diurnal 

pattern due to the absence o f photochemistry during heavy foggy condition. Pyro flux 

was reduced to 2 pWcm'2 compared to 6 pWcm'2 on a clear sky day. Measurements 

during clear sky days showed stronger diurnal variations in the trace gas distributions as 

compared to foggy days. The levels and variabilities o f trace gases were suppressed on 

foggy days due to the lack o f photochemical production.

4.6.2. Clear days

Concentrations o f  trace gases at Kanpur also show large diurnal variations like other 

urban and industrial sites. Typical diurnal distributions o f O3, CO and NOx are shown in 

Figure 4.7. The maximum amplitudes o f about 75 ppbv, 3.5 ppmv and 80 ppbv were 

observed for O3, CO, and NOx concentrations, respectively. The diurnal variation in O3 

showed a maximum in the afternoon with low values dining early morning and late night 

hours. An increasing trend was observed between early morning hours and noon, while a 

decreasing trend was observed between noon and evening. Day-to-day variations in 

ozone increasing and decreasing trends were negligible. The diurnal variations in CO and 

NOx were opposite to that o f ozone. Observed diurnal and day-to-day variabilities in the 

distributions o f anthropogenically emitted trace gases like CO and NOx could be due to 

significant differences in their local emissions considering that solar irradiance induce 

variations are minimal during clear days within a month.

Average diurnal variations o f O3, CO, NOx and UVB measured during clear sky o f  

observations are shown in Figure 4.6. The diurnal peak in ozone occurs at 1500 hrs in 

the afternoon, while the radiation peaks around 1300 hrs. Mixing ratio o f ozone was 

observed to be lowest at 0900 hrs. These is an increase in ozone mixing ratio due to 

lifting o f boundary layer height in the forenoon and due to photochemical production o f 

ozone and after 1500 hrs, loss o f ozone starts dominating due to decrease in solar 

radiation. Diurnal patterns observed in CO and NOx shows two peaks in the morning and
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evening hours. Morning peak occurs at around 0800-0900 hrs and evening peak at around 

2100 hrs. Both of these peaks coincidence with the morning and evening rush hours as 

well as decrease in boundary layer height. These variations are typical of an urban/semi - 

urban site [Sahu and Lai, 2006a].
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Figure 4.6. Diurnal variations of ozone, CO, NO & N 0X and UVB flux on (a) a foggy 

day (b) and on a clear day at Kanpur
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4.7. Vertical distribution of ozone
4.7.1. Average vertical profiles of ozone and temperature over Kanpur

Six balloon flights were conducted of which three were on clear days (December 11, 15 

and 29) while the other three were on foggy days (December 18, 22 and 25). Average 

peak ozone concentration of 140 nb was observed around 25 km (Fig. 4.7). The cold 

point tropopause temperature ranged from -70 °C to -77 °C and the tropopause height 

ranged from 16.5 to 18.9 km with an average and standard deviation of 17 ± 0.7 km as 

shown in Figure 4.8. Large variability in tropopause height was observed from flight to 

flight (Fig. 4,8). A layer of high ozone was observed in the free troposphere from 3 to 7 

km on December 18. Similarly, three sharp layers of high ozone were observed in the 

height range of 10-18 km on December 25. On the contrary, depleted ozone was 

observed in the height range of 11-14 km on December 29. These results are discussed 

in detail in the following section.

Temperature (C)

-80 -60 -40 -20 0 20 40
35 -

20 40 SO 80 
Ozone (nb)

120 140 160

Figure 4.7. Mean vertical profile of ozone (nb) and temperature up to 35 km observed 

from six balloon flights made from Kanpur during December 2004.
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Figure 4.8. Tropopause temperature and height over Kanpur during December 2004.

4.7.2. Observed features

Columnar total ozone was obtained by integrating individual profiles up to the balloon 

burst altitude which was generally around 32-35 km, and further extending it up to 60 km 

using the method described by McPeters et al. [1997]. These integrated columnar ozone 

for the balloon flight days show good correlation (r = 0.74) with the corresponding total 

ozone values obtained from total ozone mapping spectrometer (TOMS) (Fig. 4.9). The 

average TOMS total ozone for six flights was 249 ± 20DU, whereas the average balloon 

flight total ozone was 266 ±13 DU. There was a bias of about 22 DU in the satellite 

data.

The average of all the observational tropospheric ozone content was obtained by 

integrating individual observed profiles up to the tropopause height, which was calculated 

from the temperature profile measured by the radiosonde. Total columnar and 

tropospheric columnar ozone variability are shown in Figure 4.10. The average 

tropospheric column ozone was 41 ± 3  DU but it was much higher (53 DU) on 25 

December.
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Figure 4.9. Comparison between total columnar ozone computed from balloon data and 

TOMS columnar ozone.

Figure 4.10. Total columnar and tropospheric columnar ozone amounts computed from 

ozonesonde data.

Kanpur December 2004 

R =0.746
T

o
ta

l 
c

o
lu

m
a

n
r 

o
zo

n
e

 (
D

U
)

8 OoCOCMoCM

o0
0

CM
§CM

OCMCM

OCMCM

T
O

M
S

 c
o

lu
m

n
a

r 
o

zo
n

e
 (

D
U

)

91



20 •10 60 80 
Ozone (ppltt)

100 120

Figure 4.11. Vertical distribution o f ozone (ppbv) with ±  la  standard deviation along 

with six balloon profiles.

4.7.3 Case 1: Higher ozone concentration in the lower troposphere 

Higher ozone (70 ppbv) with respect to the average o f six balloon profiles on December 

18 was observed in the altitude region o f 3 -7  km (Fig. 4.11). Average ozone 

concentration o f all the six balloon flights in the height range o f 3 -7  km was 50 ppbv. 

The strong inversion at the bottom o f the layer suggests that the higher concentration was 

not due to mixing upwards from the local boundary layer (Fig. 4.12). Seven-day back 

trajectories were calculated at the altitude levels o f  3, 4, and 5 km. This trajectory 

analysis clearly indicates that the air parcel in the enhanced ozone layer over Kanpur 

passed over the region o f intensive seasonal burning in Africa and higher pollutants (e.g., 

CO, CH4) region o f the Gulf as seen from the MOPITT data (Fig. 4.13a). The humidity in 

the enhanced layer was found to be lower, which indicates that the air mass passed 

through a dry region. CO data obtained from measurements o f pollution in the 

troposphere (MOPITT) at 850 hPa shows higher concentration o f CO along the trajectory 

path for 18 December 2004 (Fig. 4.13b).
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Figure 4.12. Vertical profile of ozone, temperature and RH for December 18, 2004.

Figure 4.13. CO obtained from MOPITT (measurements of pollution in the troposphere) 

at 850 hPa shows higher concentration of CO along the trajectory path for 18 December, 

2004 (a). Seven day back trajectory analysis from HYSPLIT model at 3, 4 and 5 km for 

December 18. The upper plate shows the horizontal movement of air parcel while the 

lower plate shows the vertical movement of air parcel (b).
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During this month northern tropics experience a dry season where precipitation is rare 

and biomass burning is frequent in regions like Central Africa and Southeast Asia as 

shown in the Figure 4.13a.

The NASA earth observatory fhtttp://earthobservatorv.nasa.gov/NaturalHazards/f has 

captured this intense burning during 1-12 December 2004. Although back trajectory 

analysis is a tool to track the path of air mass, it is not possible to locate the origin and 

exact location of the source. Both the meteorological data obtained along with ozone 

profile and the air parcel trajectory information were consistent in showing that the layer 

of high ozone values could be due to transport of ozone as well as its precursors and 

subsequent photochemical production of ozone. PV data obtained from ECMWF do not 

show any evidence of its origin from the stratosphere (not shown here). Local pollutants 

measured simultaneously with the balloon launchings at this location i.e. surface ozone, 

(25 ppbv) carbon monoxide (300 ppbv) and nitrogen oxides (20 ppbv) could not get 

mixed from the local boundary layer to the free troposphere due to the strong boundary 

layer inversion. These observations further suggest that this ozone rich air can only be 

due to lateral transport.

4.7.4. Case 2: Ozone Intrusion from the stratosphere

Enhanced ozone peaks were observed between 10 and 18 km on December 25, compared 

to the average ozone profile based on all the six balloon flights. The peak in the Tropical 

Tropopause Layer (TTL) region (14-18 km) shows enhanced ozone by 35-55 ppbv 

compared to the average ozone profile values, while the peaks at lower heights of 10 and 

12 km show enhanced ozone by 20 and 35 ppbv, respectively (Fig. 4.14).
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Figure 4.14. Vertical profiles of ozone, relative humidity and temperature observed on 

25 December 2004 over Kanpur.

The temperature profile on this day showed double tropopause (Fig.4.14 ), which suggest 

that these high ozone layers below the tropopause may be due to its transport from the 

stratosphere resultant of the weakening of the tropopause.

Wind data obtained from NCEP show extremely high (60 ms'1) wind around 12 km of 

altitude on this day (Fig. 4.15). Seven-day back trajectories for the height range of 9-15 

km obtained from HYSPLIT model suggest that wind was coming from higher latitudes 

at this site (Fig. 4.16).
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Figure 4.15. Vertical profile of mean wind speeds along with the U and V components.

Figure 4.16. Seven-day back trajectory analysis from HYSPLIT model at 10, 11 and 12 

km for 25 December 2004. The upper plate shows the horizontal movement, whereas the 

lower plate shows the vertical movement of air parcels.
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There was a very dense fog event on December 25. Furthermore, due to low convective 

activity over this region, vertical transport from the polluted continental boundary layer 

was less likely, PV from the ECMWF analyzed wind and temperature fields was 

estimated at 0600 GMT on December 25 (Fig. 4.17). A jet stream was observed to be 

coming from the mid latitude in the southeast direction towards this site through the 

isentropic surface of 350 K. Noticeably, there was a sharp PV gradient along the 

subtropical jet stream around 20-30N, which is the location where active stratosphere- 

troposphere exchange can occur [Chan et al., 2004]. Cross-sectional view of PV (Fig. 

4.18) showed a tongue of air with PV of more than 2 PV units between about 300 hPa 

(9.5 km) and 100 hPa (17 km). These altitudes coincide with the ozone enhanced peak 

levels and indicate that the air at these altitudes had its origin in the stratosphere. 

Enhanced ozone layers were also observed by Chan et al. (2004) over Xining (36.4N, 

101.4E), Beijing (39.8N, 116.4E) and Hong Kong (22.3N, 114.2E) in January, 2002. 

These observations suggested that these enhancements were due to intrusion of 

stratospheric ozone from the Indo-Burmese region of Southeast Asia, where subsidizing 

downward motion were observed during winter. A study by Waugh and Polvani [2000] 

using NCAR/NCEP (National Center for Atmospheric Research/National Center for 

Environmental Prediction) reanalysis data for the period between 1980 and 1997 also 

showed that in the northern hemisphere, stratospheric intrusions occur mainly during the 

northern winter
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Figure 4.17. Latitude-longitude cross-section of potential vorticity (PV) derived from 

ECMWF for 06 UT on 25 December 2004 at 350K potential temperature.
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Figure 4.18. Longitude-pressure cross-section view of potential vorticity at 26.5N for 25 

December 2004.

The Atmospheric Infrared Sounder (AIRS) data were also able to capture this event of 

ozone transport from high latitude to low latitude on 25 December 2004 (Fig. 4.19). 

Figure 4.18 depicts the Latitude-Pressure cross sectional view of ozone variation on 80 E 

longitude on 25 December 2004. This indicates a subsidence of airmass at 100 hPa 

pressure level at 26 N to 30 N.
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Figure 4.19. Latitude-pressure cross section of ozone at 80 E longitude on 25 December, 

2004 at Kanpur based on the results from AIRS.

4.7.5. Case 3: Lower ozone concentration

Lower ozone concentrations by 35^10 ppbv compared to the average concentrations in 

the height range of 11-14 km were observed on December 29. Back trajectory analysis 

(Fig. 4.20) suggest that the air mass originated from a pristine marine region near the 

equator and had traveled across the Indian Ocean, where generally low ozone values were 

observed as reported in earlier studies [deLaat et al., 1999; Taupin et al., 1999; 

Zachariasse et al., 2000]. Since ozone lifetime is long in the free troposphere it can get 

transported far away from the source regions. The back trajectory analysis suggests that 

the low ozone air on December 29 originated from the free troposphere over the Arabian 

Sea and the Indian Ocean.
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Figure 4.20. Back trajectories at 11, 12 and 13 km for 29 Dec. 04. Upper panel shows the 

horizontal movement while the lower panel shows the vertical movement.

4.8. Comparison with MATCH-MPIC model
4.8.1. Surface ozone

The global atmospheric off line model, MATCH-MPIC (Model of Atmospheric 

Transport and Chemistry - Max Planck Institute for Chemistry version), was developed 

for studies of atmospheric photochemistry. The, MATCH-MPIC is driven by wind, 

temperature, pressure, surface heat flux, and wind stress data from the NCEP -GFS 

analysis, at T42 horizontal resolution (roughly 2.8 degrees in latitude and longitude), and 

with 42 vertical levels (from the surface to about 2 hPa). The details of this model are 

discussed elsewhere [Lawrance et al., 1999, 2003; Von Kulmann et ah, 2003], Diurnal
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cycle obtained from MATCH-MPIC modeled output agrees quite well with the 

observational data for Kanpur (Fig. 4.21). However, it is not able to reproduce low ozone 

during foggy days. This observation is due to the fact that these are short term local 

effects and the model is a global model.

vat tun
MATCH-MPIC

Figure 4.21. Comparison of surface ozone measured at Kanpur during December 2004 

and MATCH-MPIC model simulated results.

4.8.2. Vertical distribution of ozone

The vertical profiles of ozone obtained from ozonesonde were compared with the profile 

obtained from MATCH- MPIC model (Fig. 4.22). Among all the six profiles, model was 

able to reproduce major features in the ozone profiles which were observed in 

ozonesonde profiles. However, model was not able to reproduce the small features 

observed in the ozone profiles. Model did a poor job in reproducing the STE and LRT 

enhancements on 25 as well as on 18 December although there was a weak signal in both 

of them. The model did a much better job with the 29 December low ozone in the upper 

troposphere.
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Figure 4.22. Comparison of the vertical profiles of ozone measured from ozonesonde 

and MATCH-MPIC model computed for December 2004 over Kanpur.

4.9. Summary of the results
As a part of a major campaign, six balloon flights carrying ozone and radiosondes were 

conducted from Kanpur during December 2004. Measurements showed large variability 

in tropospheric ozone distributions over this subtropical site. Average total ozone from 

the six balloon flights data was 262 ± 16 DU. But the TOMS data had a bias and gave
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lower total ozone by about 22 DU. The average columnar tropospheric ozone estimated 

was 41 ± 3 DU which accounted for about 16% of the total column ozone. The average 

profile based on six balloon flights showed 60 ppbv below 2 km height and about 50 

ppbv upto about 13 km. There after there was a sharp increase in ozone. The average 

available MOZAIC profile for December1999 over Delhi showed mixing ratios of about 

60-80 ppbv within 1-2 km of altitude and about 50 ppbv in the free troposphere 

[Kunhikrishnan et al., 2006]. This average profile closely matched the profile observed 

over Kanpur. There are significant variations in ozone profiles observed on December 

18, 25 and 29. On December 18, there was a broad layer of higher ozone in the height 

range of 3 -7  km. This increase was by 40% as compared to the average profile. The PV 

analysis on this day did not show any evidence of air coming from the stratosphere, also 

the strong boundary layer temperature inversion ruled out the convection from the 

boundary layer. Hence, this increase seemed to be due to lateral transport from Africa 

and the Gulf countries as indicated by back trajectory. The results also revealed multiple 

layers of enhanced ozone on December 25 in the upper troposphere. These enhancements 

from the average profile range from 2.4 to 1.3 for height 10 to 17 km. Based on PV 

analysis, these peaks are linked to transport from the stratosphere. These observations 

confirmed that this region was susceptible to the influence of stratospheric intrusions, 

which can lead to large ozone enhancements in the upper troposphere in winter. 

However, there is a need to quantify the impact of such intrusions on ozone distribution. 

In addition to the elevated events, one event of lower ozone (60%) compared to the 

average in the height range of 10-14 km was also observed on December 29. This was a 

result of transport of pristine air from the free troposphere over the Arabian Sea and the 

Indian Ocean. These are the first observations of ozone distribution from this site in the 

Indo-Gangetic plain in India. This data set is valuable for validating models and satellite 

ozone profiles for this region. Ozone data on 25 December 2004, retrieved from AIRS 

was also able to capture the intrusion of stratospheric air to the troposphere. However, 

for better understanding of these variations in ozone and role of transport, there is a need 

to make measurements for a longer period to quantify the occurrence and exchange

104



amount of ozone in different seasons over the Indian region. This study has also indicated 

the fact that surface ozone is not affected by the elevated ozone concentrations in the 

upper troposphere but it is mainly affected by the local meteorological conditions due to 

strong temperature inversion. Isentropic back trajectory analyses were applied to sort out 

the influence of the air mass exchange in the winter month and the regional scale 

photochemical build up of ozone.

A comparison of these results was made with that of MATCH-MPIC results. The model 

is able to reproduce general features of the observed ozone profiles but it is not able to 

capture local effects.
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CHAPTER- 5

Distribution of ozone over the marine regions 

surrounding India

Study of vertical distribution of ozone is critical to the understanding of 

photochemistry and dynamical processes that are operating in the atmosphere and 

contributing to its tropospheric budget. Photochemistry of ozone is dominated by its 

precursors (NOx, CH4 and CO) over land, while over the marine region it mainly 

depends on the distribution of HOx radicals. The lifetime of ozone in the Marine 

Boundary Layer (MBL) is longer due to its lower loss as compared to over land 

regions. Ozone in the MBL has a lifetime of the order of several days [Fishman et 

al.,1991], whereas in the free troposphere it may last for several months due to the 

drier atmosphere and the absence of other removal mechanisms such as surface 

deposition [Liu et al.,1987]. Cyclone formation generally takes place only over the 

marine region which can change the vertical distribution of ozone and other species. 

Organized convection associated with these cyclones enhances vertical exchange 

between the boundary layer and the free troposphere thereby causing extended effects 

covering lower as well as upper troposphere. Deep convection constitutes a very 

efficient mechanism to redistribute trace gases from surface to the free troposphere 

followed by faster horizontal transport spreading these gases over vast areas 

[Chatfield and Crutzen, 1984]. Few investigators have reported vertical ozone 

distributions in the free troposphere over tropical oceans where low ozone values in 

the free troposphere and latitudinal decrease towards lower latitudes were observed 

[Kley et al., 1996; Weller et al., 1996; Thompson et al., 2000]. Particularly intriguing 

features were the extremely low ozone mixing ratios below 1 0  ppbv observed in the 

MBL and free troposphere as obtained from soundings made over the equatorial 

Pacific in March, .1993 [Kley et al.,1996]. Since 1998 the SHADOZ (Southern 

Hemisphere Additional Ozonesondes) network of ozone sounding stations mainly
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located in the tropics, have provided climatology of the vertical distribution of ozone 

in the tropical belt [Thompson et al., 2003]. The SHADOZ stations located in the 

Atlantic region have recorded low ozone concentrations in the entire troposphere 

during the Mareh-April period and enhanced ozone concentrations during the 

September-October period. Only in certain regions of the tropics, especially the 

Indonesian archipelago, deep convective transport can be so vigorous that it can even 

penetrate into the stratosphere [Newell and Gould-Stewart, 1981], Atmospheric 

convection in the tropics is particularly important for rapidly transporting material 

from near the surface to the upper troposphere [Thompson et al., 1996]. In situ 

observations during convective updrafts are limited due to sporadic nature of 

convection as well as the paucity of continuous measurements of ozone. The current 

focus is to determine the variations in the distribution of tropospheric ozone and 

related trace gases. A number of observational campaigns have been conducted over 

the Indian subcontinent and surrounding oceanic regions in recent times to investigate 

the role of transport in altering the distribution of trace gases. These include Indian 

Ocean Experiment (INDOEX) and some other campaigns over the Bay of Bengal 

[Leliveld et al., 2001; Stehr et al., 2002; Chand et a l, 2003; Sahu and Lai., 2006b; 

and Lai et al., 2007]

The sharp rise in temperature and increasing solar insulation during springtime over 

this region lead to rapidly increasing photochemical activity. This rise coincided with 

the annual peak in emissions of ozone precursors from biomass burning sources in 

Southeast Asia, contributing to large variability in ozone abundances over the Arabian 

Sea region. Furthermore, the flux of stratospheric air into the troposphere in the 

northern Hemisphere is greatest in spring, and much of this in flux occurs in 

tropopause folds associated with deviations of jet stream that are most common over 

northeast Asia in springtime [Austin and Midgley, 1994; Wild et al., 2003].

An Integrated Campaign for Aerosol, gases and Radiation Budget (ICARB) was 

conducted during March-May 2006 over the Bay of Bengal (BOB) and Arabian Sea 

(AS). The region and period of the ICARB campaign were very important due to 

frequent passage of low pressure systems and high photochemical activity. As a part
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of this campaign, measurements of ozone profiles along the cruise track were made. 

This is the first systematic study of the vertical distribution of ozone covering the 

entire BOB region.

Although there have been many observation for surface measurements of ozone and 

other trace gases during different seasons over these regions (e.g INDOEX, BOBEX) 

but there has been no such extensive measurement for vertical distribution of ozone 

over this region. The ICARB mission focused on understanding the chemical 

processes and the transport. This aim cannot be achieved without the knowledge of 

pollutant emissions and distributions over this region. Most of the observations of 

surface ozone concentration over the ocean are in campaign mode for a small period 

only over Atlantic Ocean [Winkler.,1988] as well as over the Pacific Ocean [Routhier 

et al., 1980; Liu et al., 1983; Piotrowicz et al,, 1991; and Singh et al., 1995]. Vertical 

distribution of ozone using ozonesonde have been made over the Atlantic Ocean by 

[Smit et al., 1991; and Weller et al., 1996] and over the Pacific Ocean by [Thompson 

and Witte, 1999]. Measurements of vertical distribution of ozone over the marine 

region surrounding Indian subcontinent for a long period are rare. There is very little 

extensive measurement over the marine region around the Indian peninsula. We are 

only aware of few reports on the vertical distribution of ozone over the AS during 

INDOEX [Rasch et al., 2001; Lelieveld et al., 2001; Stehr et al., 2002]. Extensive 

measurement of vertical distribution of ozone over the AS were made from April 18 

to May 10, 2006 to study the transport from continent to pristine marine region 

surrounding Indian Sub continent.

This chapter discusses the spatial and temporal distribution of ozone and trace species 

measured during ICARB on board a ship cruise over the BOB and the AS. Vertical 

distribution of tropospheric ozone and some special case studies are discussed. The 

stratospheric contribution to the tropospheric ozone measured over the BOB and the 

AS are estimated and inferences are drawn.
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5.1. Cruise track

The ICARB cruise expedition was conducted on the Oceanographic Research Vessel 

(ORV) Sagar Kanya from 18 March to 10 May, 2006. It started on the east coast of 

India from Chennai port (13.1N, 80.3E) on 18 March. The cruise track over the 

marine region around the Indian sub-continent is shown in Fig.5.1.

The cruise initially proceeded in the north-east/eastward direction and reached the 

farthest point on the north (20.69°N, 90.18°E) near Bangladesh on 21 March 2006 

,which was the maximum latitude covered over the BOB during the cruise and on the 

east (14.8N, 92.6E) over BOB on 26 March. After covering various parts of BOB it 

reached Kochi port (9.9N, 76.2E) on the west coast on 12 April 2006 while traversing 

through some part of the northern Indian Ocean. Thus the first leg of observations 

conducted over the BOB during March-April 2006 was for 24 day. Climate of the 

Bay of Bengal is influenced by three types of air flow, flow from Indian Subcontinent, 

flow South-East Asia, and from the Indian Ocean.

The second leg started on the west coast from Kochi on 18 April to cover the AS and 

concluded after 23 days at Goa port (15.4N, 73.8E) on 11 May. It reached its northern 

most point (21,37°N, 69.51°E) on 9 May and western point (14N, 59.4E) on 3 May

Figure 5.1. Cruise track for the Integrated Campaign for Aerosols, gases and 

Radiation Budget (ICARB).
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The track of the ship cruise was designed in such a way that maximum possible 

marine regions were covered during the period for observations. The total duration of 

the cruise including both the phases was 55 days

5.2. Experimental details

Vertical profiles of ozone, humidity and temperature were obtained using balloon 

borne ozonesondes coupled to the radiosonde. Measurement details are given in 

Chapter 2. These sondes were typically launched at nearly 1000 hrs (local time) but 

some were launched during the night time to examine the difference between the 

daytime and the night time profiles. A total of 15 ozonesondes along with radiosondes 

were launched from March 18 to April 12, 2006 from the ship covering an extensive 

area of the BOB (5-22N, 80-95E) and some parts of the Indian Ocean as a part of 

ICARB, Details of the balloon flights are given in Table 5.1. In addition to these, 60 

samples of surface air were also collected in pre-evacuated glass bottles for the 

analyses of carbon monoxide and methane during the campaign period. These 

samples were analyzed for CO and CHU using a gas chromatograph technique 

described by Sahu et al. [2006]. Samples were collected daily at 0800 hrs in the 

morning and at 2000 hrs (local time) in the evening.
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Table 5.1a. Details of balloon flights conducted during ICARB campaign over Bay of 

Bengal.

Bay of Bengal (BOB)

Date Latitude (N) Longitude (£) Time (1ST)

20 March 06 18.77 85.92 1010

22 March 06 19.00 91.52 1000

24 March 06 17 86.53 0955

26 March 06 15 92.73 1000

28 March 06 14.99 84.37 1000

30 March 06 12.39 87.92 1515

01 April 06 12.55 80.91 1000

02 April 06 12.65 80.38 1228

04 April 06 9.99 85.54 1030

06 April 06 11.99 91.83 1030

08 April 06 6.29 90.33 1310

10 April 06 5.62 83.36 1030

12 April 06 8.49 76.74 1000
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Table 5.1b. Details of balloon flights conducted during ICARB campaign over the 
Arabian Sea.

Arabian Sea (AS)

Date Latitude (N) Longitude (£) Time (1ST)

19 April 06 9 71.77 0945

21 April 06 9 62.39 1030

23 April 06 11 61 1015

25 April 06 11 70.27 1000

27 April 06 13.94 74.26 1020

28 April 06 17.59 71.5 2215

29 April 06 18 69.74 1015

01 May 06 14 64.78 1030

03 May 06 16.33 58.86 1041

04 May 06 20.85 60.6 1110

05 May 06 21.4 63.75 1045

05 May 06 20.72 63.42 1530

07 May 06 16 64.67 1030

09 May 06 21 68.08 0435

09 May 06 21.08 69.85 1400
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5.3. Meteorology

5.3.1. General wind patterns

The regional winds at 850 hPa, based on data obtained from the NCEP (National 

Center for Environmental Prediction) reanalysis were found to be arriving mainly 

from Africa and the Gulf countries during 19-30 April (Figure 5.2a) while the wind 

pattern changed from ocean to land during the month of May. While at 200 hPa 

regional winds were found to be from Africa and the Gulf countries up to 25 April 

while in the next week (26 April - 3 May) (Figure 5.2 b) it was of both land as well as 

oceanic origin. In the last week ( 4 - 9  May) it was mainly of oceanic origin (not 

shown here). The region and period of the campaign provide particularly challenging 

conditions. The meteorological conditions in springtime over the Arabian Sea are 

characterized by the frequent passage of low-pressure systems, which mix continental 

air masses with cleaner marine air.

Figure 5.2a Mean winds at different pressure levels for the period during 18 

March- 12 April 2006.
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Figure 5.2b Mean winds at different pressure levels for the period during 18 April- 

10 May 2006

5.3.2 Variation of meteorological parameters

Meteorological parameters (temperature, wind speed and relative humidity) were 

measured on board the ship at 1-hour interval during the ICARB period. The daily 

means calculated from the hourly data are plotted in Figure 5.3. The daily average 

surface air temperature over the Bay of Bengal ranged from 30 C on 17 March to a 

minimum of 27.2 C on 22 March when the ship was around 20 N. Later the 

temperature was around 29-30 C when the ship was in the Southern BOB region. 

Relative humidity was mostly in the range of 65-80 % with small variations. The 

wind speed was in the range of 2-7 ms"1 during most of the cruise period over this 

region. However, the wind direction was changing as shown in Fig 5.3. The sky
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Figure 5.3. Daily average temperature, relative humidity (RH %), wind speed, wind 

direction and cruise track (latitude and longitude) measured at the ship’s deck during 

18 March- 12 April 2006 over the Bay of Bengal.

conditions were generally clear, while on some days cloud patches were seen. Large 

convective clouds were observed on 30 March, 2006.

The daily average air temperature over the Arabian Sea during the cruise period was 

in the range of 28-30 C. It was minimum on 5 May when the ship was around 21 N, 

which was the northern most point of the cruise over this region (Figure 5.4).
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Figure 5.4. Daily average temperature, relative humidity (RH%), wind speed, wind 

direction and position of the ship (latitude and longitude) measured at the ship’s deck 

during 18 April-10 May 2006 over the Arabian Sea.

The relative humidity was higher (85-90 %) in the northern AS. The wind speed was 

mostly around 5 ms'1 except during 27-28 April, when it reached almost 12 m s1. The 

wind direction was mostly around 270° except during 21-25 April, when it changed to 

45°.
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Figure 5.5. Variations of trace gases (O3, CO and CH4) and position of the ship 

(latitude and longitude) over the Bay of Bengal from 18 March to 12 April, 2006.

5.4. Variation of trace gases during ICARB

Figure 5.5 shows the variations of O3, CO and CH4 observed during the first part of 

the cruise over Bay of Bengal. The O3 values correspond to surface level for each 

balloon flight. CO and CH4 are the average values of the two samples collected each 

day. Levels of these trace gases were higher in the beginning of the cruise from 17 

March to 25 March. This is the region along the eastern coast of India, when the ship 

moved from Chennai to the north most point. During this period, O3, CO and CH4 

values were found in the ranges of 50-60 ppbv, 175-225 ppbv and 1.8 -1.9 ppmv, 

respectively. After 27 March, levels of these trace gases were lower around 20 ppbv 

for O3, 100-130 ppbv for CO and around 1.8 ppmv for CH4. This clear difference in 

the levels is due to prevailing winds and vicinity to emission sources.
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Figure 5.6. Variations of trace gases (O3, CO and CH4) and position of the ship 

(latitude and longitude) over the Arabian Sea from 18 April to 10 May, 2006.

Similar data set is shown for the Arabian Sea in Figure 5.6. Surface O3 values for the 

first three flights, which were conducted in the southern AS, are low (30-35 ppbv). 

However, after 25 April O3 values increased to about 40 ppbv. On the contrary, levels 

of CO and CH4 were high up to 23 April but decreased later (Fig 5.6). This is 

somewhat abnormal as one expects higher levels of pollutants over northern AS as 

compared to the southern regions. Such opposite trends between O3 and CO / CH4 

have not been reported during all the four INDOEX cruises over the AS. Due to the 

existence of anti-cyclonic system, there is a descending motion of air over this region. 

Since the horizontal wind speed in this region is very low, the effect of vertical 

motion could be dominating. This may bring higher levels of ozone and lower levels 

of other gases from the free troposphere
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Figure 5.7. Variations of surface level ozone (given in red) and mineral dust (%) over 

Arabian Sea.

5.5. Possible loss of ozone due to dust

In the southern AS, in spite of the presence of higher concentration of CO, CH4 and 

other trace gases, ozone is found to be lower. Atmospheric abundance of mineral dust 

was observed in the range of 2.7 - 23.7 pgrrf3 over the AS during this campaign 

[Kumar et al., 2008], A decreasing dust concentration was found (from south to 

north) during the campaign period. Ozone and dust levels show anti-correlation (Fig. 

5.7). This could be due to the deposition of ozone on dust surface as discussed in the 

article [Dentener et al., 1996], The presence of minerals (eg. carbonate) enhance the 

alkalinity of dust and accelerate the uptake of acidic species (eg SO2/SO3) followed 

by O3 to form sulphate due to the increase in hygroscopic nature of dust. This is a new 

feature observed over this region, attesting to the fact that heterogeneous chemistry 

has a role to play in the marine atmosphere.

Several studies have shown that dust particles from Sahara can impact atmospheric 

processes during the course of their transport by providing reactive sites for 

heterogeneous chemical reactions [Jacob, 2000; Martin et al., 2003; Michel et al., 

2003; Bauer et al., 2004 and Tie et al., 2005], These reactions can deplete gas phase 

species by condensation or deposition on aerosol.
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Figure 5.8 Time series of total ozone from TOMS and balloon (left), spatial 

distributions of integrated total column and tropospheric ozone (right).

5.6. Vertical distribution ozone over the Bay of Bengal

5.6.1. Variation of Integrated total and tropospheric ozone

Columnar total ozone is obtained by integrating individual profiles up to the balloon 

burst altitude which was generally around 32-35 km, and further extending it up to 60 

km of height using the method described by McPeters et al. [1997]. These integrated 

columnar ozone for the balloon flight days show similar trends with corresponding 

total ozone values obtained from TOMS (Figure 5.8 left). The total content based on 

the balloon data varies from 225-248 DU, with highest value of 248 DU on 20 March. 

The average total ozone based on TOMS data for flight days is 264±7 DU, whereas 

the average total ozone from balloon flight data is 234 ±5 DU (Figure 5.8 left). Thus 

there seems to be a bias between the two sets with the TOMS higher by about 30 DU. 

However the variability seems to be similar.

The tropospheric ozone content is obtained by integrating individual observed 

profiles up to the tropopause height which was calculated from the temperature profile 

measured by radiosondes. The ozone content varies from 22 to 45 DU, with a 

minimum of 22 DU on 30 March in the central BOB and a maximum of about 45 DU 

near the coast in the northern BOB (Figure 5.8 right). The average tropospheric 

column ozone with standard deviation was 36.7 ± 5.7 DU. This accounted for 15.6 % 

of the total column ozone.
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Figure 5.9. Altitude profiles of ozone, temperature and relative humidity (RH) 

observed on 30 March.

Also both become equal after 6 km, which indicates the presence of deep convection 

up to 6 km. The surface ozone on this day was found to be 14.6 ppbv, which is also 

less by 57% from the average value. During a convection event ozone deficient air is 

lifted from the MBL to the upper troposphere (10-16 km). But higher ozone in middle 

troposphere (6 -10 km), requires a supply of ozone rich air after the convection has 

occurred from some high ozone regions like stratosphere or a polluted land region.

14

5.6.2. Low ozone in the troposphere on 30 March, 2006.

The average integrated tropospheric ozone was observed to be 36.7 DU over the 

entire cruise period, while at a location (12.39N, 87.92E) on 30 March, it was found 

to be only 22.4 DU, which is approximately 60 % only of the average value. Vertical 

profiles of O3 along with relative humidity and temperature as well as estimated 

potential temperature and equivalent potential temperature observed on 30 March, 

2006 are shown in Figure 5.9. Potential temperature and equivalent potential 

temperature both indicate the stability of the atmosphere.
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The advection of an air mass from the surrounding continents can be the cause of this 

sharp increase in ozone concentration. At maritime locations characterized by 

persistent deep convection, the fraction of air parcels with 0 3 mixing ratios less than 

20 ppbv have been used as a proxy for the frequency of convective outflow [Folkins 

et al., 2002, 2006; Solomon et al., 2005], The increase in convective outflow reduces 

upper tropospheric 0 3 by a proportional amount at higher altitudes. Outgoing 

Longwave Radiation (OLR) represents a measure of convective activity and it is an 

indicator of both how warm the earths surface is and the degree of transparency of the 

overhead atmosphere. When OLR is low it represents the presence of upper level 

clouds i.e cumulonimbus convection in the region [Wilicki and Green, 1989], It will 

reduce the OLR by about 50-100 Wm'2 compared to a clear sky day OLR [Harrison et 

al., 1990], Regions of a deep convective activity are indicated by OLR value 

typically below 250 Win2.

Figure 5.10. Satellite image of clouds over Bay of Bengal on 30th March 2006

The OLR over this region was observed to be about 250 Wm2 on 30 March. Presence 

of clouds from satellite images also confirm significant convective activity during this 

period (http://caos.iisc.cmet.in/weather.html) as shown in Figure 5.10.

Satellite observations of trace gases in the troposphere are more difficult to make due 

to cloud interference. Observation of convection within the MBL are limited to 

Atlantic Ocean [Smit et al., 1989 and Piotrowicz et al., 1990], Indian Ocean [Rhoads 

et al., 1997] and Pacific Ocean [Thompson et al., 1993; Oltmans and Levy, 1994;
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Figure 5.11. Back trajectory from HYPSPLIT showing the horizontal transport at 

different altitude levels from 1 to 17 km on 30 March (left) and vertical transport of 

air mass from 1 to 17 km (right).

Kley et al.,1996 and Hoell et al., 1999]. Some of the results have been discussed in 

detail by Kley et al. [1996] and by Folkins et al. [2002, 2006].

5.6.3. Back trajectory analysis

Back trajectory analysis from HYSPLIT (www.arl.noaa.gov/ready/hysplit4.html) has 

been used as a second proxy to study transport of air. The wind field analysis and 

back trajectory analysis do not reveal any evidence of transport from the land on 30th 

March except at 1 km from India and for the height of 7-9 km from Africa (Figure 

5.11 left). These results show long range transport from Africa (non-convective 

region) for the height range of 6-10 km. On the contrary, trajectories for the height 

range of 2 to 6 km and 10 to 18 km show transport from the Pacific Ocean side where 

a small cyclonic formation took place during that time. The height information from 

the back trajectories shows lateral transport for the height range from 1 to 6 km and 

downward transport in the height range of 6 to 10 km whereas from 10 to 18 km it 

shows up lift of air mass from 4-5 km of altitude range (Figure 5.11 right).The 

interaction of deep convection with long range advection seems to account for the 

possibility of confluence of dry air on deep convection.
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Figure 5.12. Surface ozone obtained from MATCH-MPIC model at location 

(12.39N, 87.92E) from 25 March to 5 April, 2006.

Some of the details of this model were discussed in Chapter 4. However, the model is 

described completely by Lawrence et al.,[ 1999] and von Kuhlmann et al., [2003], 

Surface ozone values calculated from this model also show low ozone mixing ratio at 

this location for the same time period

Convection of free tropospheric air has resulted in low O3 in most of the troposphere, 

which could have substantial impact on the local photochemistry and its budget in the 

troposphere. Since the lifetime of ozone in the free troposphere is larger, change in 

ozone in the troposphere can change the OH concentration, which can lead to change 

in tropospheric chemistry. Regular measurements of O3 and its precursors in the upper 

tropical troposphere are needed to study the frequency of convection events and their 

impact on ozone budget.

5.6.4 Comparison with a photochemical model

Figure 5.12 shows the surface ozone variation from 25 March to 5 April from 

MATCH- MPIC (Model of Atmospheric Transport and Chemistry - Max Planck 

Institute for Chemistry version) for the same location (12.39N, 87.92E) where 

convection has been captured by ozonesonde.
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Figure 5.13. Distribution of ozone at different pressure ranges in the troposphere 

observed over the Bay of Bengal.

)n this day, lowest ozone values are observed in the other two levels also. In the 

riddle level ozone varied from 25 to 65 ppbv while in the upper level it varies from 

5 to 80 ppbv.
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5.6.5. Distribution of ozone at different pressure levels

Distributions of ozone at three different pressure ranges, viz, Surf -700 hPa, 700 -400 

hPa and 400- 200h Pa are depicted in Figure 5.13. In the lower troposphere, ozone 

concentration is minimum (20 ppbv) on 30 March.
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Figure 5.14. Time series of total ozone from TOMS and balloon over the Arabian 

sea(left). Spatial distribution of integrated total column and tropospheric ozone 

(right).

The total tropospheric content over this region varies from 36 DU to about 47 DU 

with an average of 42 DU (Figure 5.14 right). High content is generally observed in 

the northern AS. The average tropospheric content is high over this region compared 

to that over the BOB. These results are discussed further in this section.

5.7. Vertical distribution of ozone over the Arabian Sea

5.7.1. Variation of Integrated total and tropospheric ozone

Column integrated ozone amount for different flights made over the Arabian Sea are 

shown in Figure 5.14 (left). The total content varies between 233 DU and 263 DU. 

The lowest value of 233 DU was obtained on 1 May at 14 N, 64.5 E, while the highest 

total content was observed on 23 April(l 1 N, 61 E) as well as on 9 May (21 N, 69 E). 

The average is about 250 DU. The total content from TOMS ranged between 280 DU 

and 290 DU with an average of 285 DU. TOMS again showed a value of total ozone 

content by about 35 DU. This is similar to what was obtained over the BOB.
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Figure 5.15. Vertical profiles of ozone in the troposphere observed over the AS in 

the 8-12 N latitude belt (format of the flight date is ozyymmdd).

Total integrated CO from MOPITT (http://mopitt.eos.ucar.edu/mopitt/) data was 

found to be high over Africa along with high fire counts along the back trajectory path 

in the height range of 5 to 11 km on 21 April 06. Back trajectories in the 5 - 9  km 

range on 23 April 06 originated from the region of high total CO as well as high fire

5.8. Latitudinal distribution of ozone

The profiles have been divided into three major groups A, B, and C on the basis of 

their locations from 8-12N, 12-16N, and 16-20N respectively. This categorization has 

been done on the basis of the change in meteorological conditions along the cruise 

track.

5.8.1 Group A: 8-12N

There are four profiles in the latitude range between 8-12 N (Figure 5.15). Surface 

level trajectories obtained from HYSPLIT show that air came mainly from the 

African and Gulf countries during this time of observation (18 - 25April, 2006). 

Higher ozone and low RH have been observed from 6 km to 11 km with an ozone 

peak at around 10 km on 19 April 06. Above 12 km, all the back trajectories 

originated from the Indian Ocean and the surrounding oceanic regions.
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Figure 5.16. Vertical profiles of ozone in the troposphere observed over the AS m 

the 12-16 N latitude belt.

Ozone profile for this day shows a continuous increase. Potential Vorticity at 200 hPa 

also shows slight subsidence over this region on 1 May. High ozone at 3-4 km of 

altitude was observed on 3 May 06. Not many fire counts were reported along the 

trajectory. Very high ozone peak was originated from 6 to 12 km on 7 May 06. At this 

height back trajectories are mainly originated from the Atlantic Ocean and passed 

over Africa and the Gulf countries, up to 12 km of altitude range. Just above 12 km

counts. However from 10 km onwards trajectories originated from the Indian Ocean 

region. Similar features were observed on 25 April 06 for the 5-9 km altitude range.

5.8.2. Group B: 12-16N

This group contains the four balloon profiles in 12N-16N latitude range (Figure 5.16). 

Higher ozone levels from 200 meters to 12 km were obtained on 27 April 06. Total 

integrated CO was high over eastern Africa, Indian region and also over the Gulf 

region. Cyclonic winds were observed on 1 May 06 in the height range of 1 to 6 km 

altitude range. However, winds in the 7 to 9 km altitude range originated over the 

oceanic region while those at 10-12 km were from South America and passed over 

African region on their way. Many fire counts were reported along the trajectory on 

this day.
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wind patterns changed and trajectories were arriving from the Pacific Ocean and the 

Bay of Bengal, Few fire counts were reported.

5.8.3. Group C: 16-20 N

This group consists of seven ozone profiles in the 16- 20N latitude range (Figure 

5.17). Back trajectories in the 1 to 11km altitude range originated from Africa and 

passed over the Gulf countries on their way to the sampling location on 28 April 06. 

High ozone from 3 km to 10 km was observed on 29 April 06. 3-7 km back 

trajectories originated from Africa and came via the Gulf countries while those in the 

8 to 12 km range originated from the same region but passed over the Arabian Sea. 

Trajectories for the heights 13,14 and 15 km also came from the African region while 

those at 16, 17 and 18 km came from the BOB region. All the back trajectories for 4 

May 06 originated again from the same region. Few fire counts were reported along 

the path of the back trajectories. Ozone profile of this day shows a continuous 

increase. Potential Vorticity (PV) at 200 hPa also shows slight subsidence over this 

region on 4 May. Back trajectories for 5 May 06 show long range transport of ozone 

from Pacific Ocean via United States, Atlantic Ocean, and Africa up to 16 km of 

altitude while above 16 km these originated from the Bay of Bengal region.

Figure 5.17. Vertical profiles of ozone in the troposphere observed over the AS in 

the 16-20 N latitude belt.
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Total CO concentration were observed to be higher in eastern part of Africa while 

high fire counts were reported over Afghanistan and some parts of the Gulf region. 

This indicates that high ozone could be because of photo chemistry and transport from 

the higher latitudes. Potential Vorticity at 200 hPa also shows subsidence over this 

region on 5 May 06.

5.9. Day/night change in ozone vertical distribution

Two pairs of day-night balloon flights were made over the Arabian Sea (27 and 28 

April) and two flights on 9 May to understand the effect of photochemistry on day 

and night profiles. Among these, one launch was made near the coast and the other 

one was made far from the coast. There was no appreciable change in ozone profiles 

in the free troposphere except within the MBL due to deposition and chemistry. In the 

first few kilometers on 28 April, ozone concentration was found to be lower than the 

day time value (Figure 5.18) when the ship was near the coast. However, on 9 May 

both the profiles seem to be similar even in the boundary layer except the slight 

change in the ozone structure in the profile (Figure 5.18) when the ship was away 

from the coast. This indicates that photochemical origin of ozone played minor roles 

in comparison with the dynamical mechanism. Similar results were obtained by Kley 

et al., [1996] and Folkins et al., [2000] over the Pacific Ocean.

Figure 5.18. Day night change in ozone profile 9 May 06 (left) and 27 April 06 

(right).
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Figure 5.19. Ozone profile observed on 5 May 06 over northern AS

5.10. Stratosphere-Troposphere Exchange over the Arabian Sea

Average integrated tropospheric ozone was observed to be 42.5 DU over the Arabian 

Sea. Higher levels of tropospheric column ozone was observed in the north Arabian 

Sea (47 DU) compared to the average value, as discussed earlier. Enhanced ozone 

peaks are observed between 12 and 15 km on IMay 06, compared to the average 

ozone profile based on all the 15 balloon flights data. The peak just below the 

tropopause shows enhanced ozone by 2.08 DU from the average ozone profile. While 

the peaks at higher heights 15 to 16.5 km show enhanced ozone by 1.47 DU. 

Similarly on 5 May enhanced ozone by 5.3 DU from the average profile was observed 

from 10 to 17 km (Figure 5.19). Seven day back trajectories for the height range of 

10-15 km obtained from HYSPL1T model suggest that wind was coming from higher 

latitudes at this site. Potential Vorticity (PV) is used to trace the origin of the air. It is 

expressed in PV units where one PV unit= 10 6 m2 s_lKkg_l. Air with potential 

vorticity of 2 PV unit or more is taken to be of stratospheric origin [Pan et al., 2004], 

It has been estimated from NCAR data at 05 GMT from lto 9 of May (Figure 5.20). 

A jet stream was observed to be coming from the mid latitude in the southeast 

direction towards this site through the isentropic surface of 350K. Noticeably, there 

was a sharp PV gradient along the subtropical jet stream around 20 30N, which is the 

location where active stratospheric-tropospheric exchange occurs.
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Cross-sectional view of PV (Figure 5.20) shows a tongue of air with PV of more than 

2 PV units indicate that the air at these altitudes has its origin in the stratosphere. Both 

PV and back trajectory analysis suggest that the observed ozone peaks were 

associated with air of stratospheric origin. Enhanced ozone layers have also been 

observed over Xining (36.4N, 101.4E), Beijing (39.8N, 116.4E) and Hong Kong 

(22.3N, 114.2E) in January 2002 [Chan et al., 2004] and over Kanpur (26N, 80E) in 

December 2004 [Gupta et ah, 2007]. They suggested that these enhancements were 

due to intrusion of stratospheric ozone from the Indo-Burmese region of SE Asia, 

where subsidizing downward motion had been observed.

4  M AY 0 6

1 May 06

3 May 06

«  «  «* *e< w  tat 'Mi m

5 MAY 06

Figure 5.20. Potential Vorticity (in PV units) estimated from the NCEP GFS model.
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A study done by Waugh and Polvani [2000] using NCAR/NCEP (National Center for 

Atmospheric Research/National Center for Environmental Prediction) reanalysis data 

for the period between 1980 and 1997 also showed that in the northern hemisphere 

stratospheric intrusions occur mainly during the northern winter.

5.9. Summary and Conclusions

Around 30 balloon flights carrying ozonesondes and radiosondes were conducted over 

the Bay of Bengal and Arabian Sea during the IC ARB campaign (18 March -  9 May 

2006) to study variability in tropospheric ozone distribution. In addition to these 

balloon flights, 60 samples of surface air were also collected which were analyzed for 

CO and CH4. Higher levels of surface ozone were observed over the Bay of Bengal as 

compared to that over the Arabian Sea. However, for CO and CH4, the reverse trend 

was observed (Table 5.2). Higher levels of surface ozone, CO and CH4 were observed 

along the east coast of India over the BOB as compared to over the open marine 

region (Figure 5.21). In general, there is not much difference in the average levels of 

these gases observed during this study and with earlier studies in these regions.

60 65 70 75 60 80 100 80 85 90

Figure 5.21 Spatial variations of surface O3, CO and CH4 over the Bay of Bengal 

(Right panel) and the Arabian Sea (left panel) from March 18 to May 10, 2006.
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Table 5.2. Comparison of the average concentrations of surface O3, CO, CH4 and 

meteorological parameters measured during different campaigns (ICARB, INDOEX, 

BOBEX) over the Bay of Bengal and the Arabian sea.

Species ICARB 

AS (5- 

22N)

(this

study)

ICARB

BOB(5-

20N)

(this study)

BOBEX

200 1

(Sahu et al., 

2005)

AS

INDOEX

1999

(Winter

Monsoon)

IO & AS 

Chand et al., 

2003

Summer 

monsoon 

(5-12N) AS 

(Stehr et al., 

2 0 0 2 )

Ozone

(ppbv)

37.3±4.0 31.2H5.1 43.114.2 17.7U3.85 35.913.0

CO

(ppbv)

87.2112.6 143.4137.5 91115 146.1118.9

CH4

(ppmv)

1.7510.02 1.8210.03 1.810.02

RH(%) 79.915.3 71.415.7 72.014.7

Wind

speed

(m/s)

6.712.4 6.812.5 5.511.9 5.6311.93

Over the southern AS, low surface ozone was observed where CO and CH4 were still 

high. This feature has been examined further using observed levels of mineral dust in 

air. There seems to be an anti-correlation between the ozone and dust levels indicating 

heterogeneous loss of ozone on mineral dust.

Vertical distribution o f ozone over the two marine regions is compared with the 

measurements made over Ahmedabad (Figure 5.21). Peak stratospheric ozone is 

lower over Ahmedabad (130 nb) as compared to either that o f BOB (140 nb) and AS 

(150 nb).
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Figure 5.21. Comparison of the observation made over the Bay of Bengal and the 

Arabian Sea during SK223A and SK.223B

However, there is no appreciable difference in ozone values within the troposphere. 

The average ozone partial pressures are highest (40-44 nb) around 2-3 km in the lower 

troposphere and minimum (5-10 nb) near the tropopause. Average values ozone 

partial pressure over the two marine regions are given in the Table 5.3.

The total integrated tropospheric columnar ozone shows extremely low values on 30 

March 06 over BOB. This is due to strong convection which occurred during that 

period in this region. The vertical profile observed on this day show lower ozone 

values due to convection in the height region of 1 km except in the height region of 1 

to 6 and 12 to 18 km. The height region on 6 to 11 km shows higher ozone values. 

Back trajectory analysis show that this plume of higher ozone is due to transport of 

ozone as well as its precursors from north Africa. Details of tropopause height, total 

columnar and total tropospheric ozone for all the balloon ascents are given in 

Table 5.4
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Table 5.3. Average ozone partial pressure at each km height observed over BOB and 

AS during the ICARB 2006

Height (km) Ozone (nb) 
Bay of Bengal

Ozone (nb) 
Arabian Sea

1 32.7±3.0 25.6±4.2
2 43.6±1.4 37.5±2.8
3 43.7±0.9 40.0±0.9
4 36.8±2.9 37.4±0.8
5 30.5±2.1 36.7±0.6
6 27.4±0.2 36.7±0.8
7 26.0±0.8 33.6±1.0
8 24,5±0.9 30.0±1.2
9 20.9±1.2 25.8±1.3
10 17.3±0.5 22.5±0.6
11 15.5±0.9 20.6±1.2
12 12.6±0.6 16.7±1.3
13 9.5±1.1 13.2±0.8
14 6.9±0.5 11.3±0.3
15 6.1 ±0.3 10.5±0.3
16 5.3±0.2 10.9±0.3
17 6.1 ±0.6 10.2±0.3
18 8,5±1.4 11,6±1.7
19 18.5±5.6 24.1±6.8
20 39.9±8.7 48.5±9.1
21 64.0±6.8 77.8±6.8
22 83.4±4.4 91.4±3.2
23 99.4±6.2 106.5±4.7
24 113.3±3.6 124.9±6.5
25 127.5±4.5 140.4±3.9
26 137.0±1.6 149.1±1.2
27 141.9±1.4 150.4±0.6
28 143.1±0.8 146.3±2.7
29 133.6±5.0 134.3±5.4
30 115.5±5.8 115.0±6.7
31 97.5±5.3 98.2±4.8
32 82.2±4.0 85.5±3.0
33 70.3±3.3 74.4±3.6
34 59.9±4.4 61.9±5.2
35 47.1 ±6.8
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Table 5.4. Observed tropopause height and estimated values of total columnar and 

total tropospheric ozone values dining the ICARB 2006 campaign over the two 

marine regions.

Date Latitude

(N)

Longitude

(E)

Tropo

pause

Height

(km)

Total

Tropo

spheric

Ozone

(DU)

Total

columnar Ozone 

(DU)

Bay of Bengal (BOB)

20 Mar 06 19.6 87.0 17.5 45.0 245.4

22 Mar 06 19.0 90.4 17.7 42.8 238

24 Mar 06 17.0 87.9 16.9 40.3 232

26 Mar 06 15.0 91.5 18.1 35.5 231

28 Mar 06 14.6 83.6 17.5 30.9 225

30 Mar 06 12.3 87.8 16.9 22.4 —

1 April 06 12.9 80.6 17.0 42.5 239

2 April 06 11.8 80.4 17.4 41.5 240

4 April 06 10.0 86.7 17.5 36.7 233.3

6 April 06 11.0 91.7 17.8 36.6 227.4

8 April 06 6.3 89.3 16.7 30.1 231.3

10April06 5.6 82.2 17.4 28.6 235.1

12

April06

8.2 77.0 17.5 30.3 238

Average 17.4±0.4 35.6±6.8 261.9±6.4

Arabian Sea (AS)

19April06 9.0 71.4 17.2 38.3 249.7

21April06 9.0 62.1 17.2 38.2 245.3

23April06 11 61.0 17.5 45.5 262.8

25April06 11 71.1 17.5 47.4 255.8

27April06 10.6 56.1 17.2 36.9 246
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28 Apri06 13.6 61.8 17.7 36 241.4

I May 06 14.0 64.5 18.1 37.2 233

3 May 06 16.6 59 17.7 43 235

4 May 06 20.8 60.7 17.5 42.6 255

5 May 06 21.1 63.3 18.0 42 255

17.5 45 257

7 May 06 15.8 61.8 18.1 46.8 253.8

9 May 06 21.3 69.4 17.7 43.6 262.1

18.9 47.7 256.3

Average 17.7±0.5 41.7±4 250.1±9.5

0 25 50 75 100 125 150

Ozone (ppbv)

Figure 5.22. Average vertical distribution of ozone over BOB and AS observed 

during the ICARB 2006
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Vertical distribution of tropospheric ozone mixing ratios show higher levels in the 

free troposphere over AS as compared to over BOB (Figure 5.22). This seems to be 

due to two factors viz: strong convective activities over BOB transporting low levels 

of ozone from the marine boundary layer into the free troposphere and intrusion of 

stratospheric air into the upper troposphere over the northern AS. The upward motion 

over the BOB could be a part of the major Walker circulation. The downward motion 

over AS has been identified using Potential Vorticity as well as back trajectory 

analysis.
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CHAPTER-6

Summary with general conclusions and outlook

Tropospheric ozone plays an important role in the chemistry and radiation budget of the 

atmosphere. It is a major source of OH radicals and was also a greenhouse gas. 

Measurements over the northern tropical region are very limited. The aim of this work is 

to study the variability in the distribution of ozone in the tropical troposphere over 

different sites representing different environments.

Fortnightly measurements of ozone profile were made at Ahmedabad, an urban location 

in the western part of India during 2003-2007 using a standard ECC ozonesonde coupled 

with a radiosonde (RS80). As a part of a major campaign over the Indo-Gangetic Plain 

(IGP) in December 2004, similar measurements were made from Kanpur, which is 

located in central IGP, using these sondes. The aim of this campaign was to study effects 

of foggy conditions on the distributions of trace gases including ozone. Another major 

campaign was conducted over the marine regions surrounding India namely, Bay of 

Bengal (BOB) and Arabian Sea (AS). A total of 30 balloon flights carrying these two 

sondes were launched from the ship, which covered both these marine region during 

March-May 2006. This study provided an opportunity to study the effects of dynamics on 

the distribution of ozone. These results are used to get the average distribution of ozone 

in the troposphere as well as to study the effects of advection, convection, and transport 

from the stratosphere on ozone distribution. Results from the three sets of measurements 

are summarized below.
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6.1. Variations in vertical distribution of ozone over Ahmedabad
Ahmedabad is a semi-arid region in western India (23.03 N, 72.54 E). While, ozone 

soundings do not give information on the day-to-day changes associated with a particular 

synoptic event they provide a quantitative measure o f variation in ozone throughout the 

troposphere. Over 80 profiles on the vertical distribution o f ozone were obtained over this 

site from June 2003 to July 2007. These data obtained over Ahmedabad are classified 

into four major seasons viz winter (DJF), pre-monsoon (MAM), monsoon (JJAS) and 

post-monsoon (ON). Boundary layer ozone was maximum during winter and minimum 

during monsoon. This observation could be due to shallow boundary layer height during 

winter and wash out o f pollutants during monsoon. The summer monsoon ozone 

minimum in the lower troposphere is attributed to the onset o f summer monsoon when 

polluted air from the Asian continent is replaced by cleaner air from the tropical Indian 

Ocean.

The middle troposphere ozone was at its highest during the rainy season and at a 

minimum during post-monsoon. Near tropopause, large variability was observed during 

pre-monsoon and winter due to intrusion o f ozone from the stratosphere. A frequently 

observed feature during pre-monsoon and winter was high ozone (80-170 ppbv) in the 

upper troposphere (from about 9 to 16 km). Integrated ozone increase due to STE for the 

month o f March was 5 DU (Dobson unit) and for April it was 15 DU. This phenomenon 

is generally observed at higher latitudes in the months o f March and April. However, this 

phenomenon was also observed at the study location. This is the first experimental study 

to estimate the contribution o f ozone due to STE process over Ahmedabad. In the 

stratosphere highest peak ozone concentration was observed during rainy season and 

minimum during winter.

Average integrated total ozone was 261 DU and average integrated tropospheric ozone 

was 39.4 DU. Higher lifetime o f ozone in the free troposphere increases the importance 

o f long range transport. In the lower and mid-troposphere, higher concentrations o f  O3 in 

the spring season could be due to long-range transport o f pollutants by northwesterly
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winds associated with the winter monsoon circulation. This circulation transports the 

ozone-rich polluted air masses from the Asian continent to this site. Conversely, low 

ozone (as low as 15 ppbv) values are observed over Ahmedabad during summer season 

(July to September). This is related to summer monsoon circulation, advecting cleaner 

and moist air from the Indian Ocean.

Elevated O3 values of around 100-450 ppbv were observed in the middle and upper 

troposphere (10-14 km) during the spring season over Ahmedabad. Occurrences of high 

O3 tongues in the spring season follow the propagation of dry air with low relative 

humidity, suggesting that O3 is transported from higher heights, probably of stratospheric 

origin.

Case study of vertical profiles over Ahmedabad reveals significant day-to-day variability 

in the vertical structure of O3 and relative humidity. These studies also revealed 

influences of convection and advection of various air masses within the troposphere.

Dynamics plays a major role in the seasonal distribution over Ahmedabad. In the lower 

and middle regions of the troposphere, low O3 values with high water vapor 

concentrations in the summer monsoon season are pronounced. While in the upper region 

of the troposphere, high O3 values with very low amount of water vapor in the spring 

season are pronounced. In the spring season, elevated O3 levels over this location reflect 

the influence of photochemical production from precursors. Back trajectory analysis 

suggests that this enhancement resulted from the transport of air masses arriving at the 

altitudes of O3 peaks in the middle troposphere passed over regions of biomass burning 

during this season.

6.2. Study of ozone distribution over the Indo-Gangetic Plain (IGP) 

during a winter month
Vertical distributions of ozone and other meteorological parameters were measured at 

Kanpur, an urban site in the Indo-Gangetic Plain (IGP) during December 2004 to study
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the processes affecting their levels. This campaign was organized to study the effect of 

fog/haze on tropospheric ozone and other pollutants. During the foggy days, wind speed 

was very low along with shallow boundary layer height. In general, the winters in the 

North Indian region are dry. Six balloon flights were conducted from this site during 

December 2004. Three were on clear days (December 11,15 and 29) while the remaining 

were on foggy days (December 18,22 and 25).

Large variability in tropospheric ozone was observed from flight to flight. Temperature 

profile suggested that the average boundary layer height was about 800 m on foggy day 

and 1.5 km on non-foggy days. The average tropopause height was observed to be 17 ± 

0.7 km. The average tropospheric column ozone was 41 ± 3 DU. It increased to 53 DU 

on December 25 due to intrusion of air mass from the stratosphere, which accounted for 

15 -  20% of the total tropospheric ozone column.

In the lower troposphere (3-7 km) ozone concentration was higher (70 ppbv) as compared 

to an average of 50 ppbv based on the six balloon profiles. Back-trajectory analysis 

suggests that the air parcels in the enhanced ozone layers over Kanpur passed over the 

region of intensive seasonal burning in Africa and higher pollutant region of the Gulf.

Enhanced ozone peaks were observed between 10 and 18 km on December 25, compared 

to the average ozone profile based on all the six balloon flights data. The peak in the 

TTL region (14-18 km) showed an enhancement of ozone by 35-55 ppbv over the 

average ozone profile. The peaks at lower heights of 12 and 10 km show enhanced ozone 

by 20 ppbv and 35 ppbv respectively from the average ozone profile. Seven day back 

trajectories for the height range of 9-15 km obtained from HYSPLIT (Hybrid Single- 

Particle Lagrangian Integrated Trajectory) model suggest that the air came from high 

latitudes at this site. Further, the Potential Vorticity (PV) values indicate that a jet stream 

came from the mid latitude in the southeast direction towards this site through the 

isentropic surface of 350K. Noticeably, there was a sharp PV gradient along the 

subtropical jet stream around 20-30 N, which is the location of active stratospheric-
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tropospheric exchange. Cross-sectional view of PV shows a tongue of air with PV of 

more than 2 PV units between about 300 hPa (9.5 km) and 100 bPa (17 km). These 

altitudes coincide with the ozone enhanced peak levels and indicate that the air at these 

altitudes has its origin in the stratosphere. Lower ozone levels by 35-40 ppbv as 

compared to the average profile in the height range of 11 to 14 (December 29) were 

observed. Back trajectory analysis suggests that the air mass originated from a pristine 

marine region near the equator and traveled across the Indian Ocean, where generally low 

ozone values were observed as reported in earlier studies. Since ozone lifetime is higher 

in the free troposphere, it can get transported far away from the source regions.

A comparison of vertical profile of ozone obtained from ozonesonde with that obtained 

from MATCH-MPIC (Model of Atmospheric Transport and Chemistry - Max Planck 

Institute for Chemistry version) model was made. Among all the six profiles, model was 

able to reproduce large variations in the ozone profiles (e,g., high ozone on 25th 

December and low ozone on 29th December).

6.3. Cruise study of ozone distributions over the marine regions
Simultaneous measurements of vertical distributions of ozone and meteorological 

parameters were made to study variations in ozone distribution and its relationship with 

meteorology over the Bay of Bengal (BOB) and Arabian Sea during a cruise from 18 

March to 9 May, 2006. This is the first systematic study of the vertical distribution of 

ozone covering both these marine regions frilly during the pre-monsoon season. The 

northern and western Arabian Sea regions are the least studied. Most of the earlier 

studies e.g. INDOEX (Indian Ocean Experiment)) focused on the eastem/southem 

Arabian Sea and attention was only on winter season (NE monsoon).

Variations in the vertical distribution of ozone and meteorological parameter show 

evidence of deep convection on 30 March over the central BOB (12.39N, 87.92E). The 

average integrated tropospheric ozone over the BOB was 36.7 ± 5.7 DU, while on 30 

March at the location 12.39N, 87.92E it was only 22.4 DU (which is approximately 60%
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of the average value) due to strong convective activity. Depleted ozone profile with 

mixing ratio of 20 ppbv up to around 6 km of altitude and 35 ppbv in the height range of 

10 to 16 km were observed. However, high ozone concentrations (50-60 ppbv) from 6 - 

10 km were observed. Outgoing Long wave Radiation (OLR) and the presence of clouds 

from satellite images indicated significant convective activity during this period, while 

seven day back-trajectories showed that superimposition of long range transport on this 

activity. The confluence of deep convection with advected dry air was a new 

observation. Computation of surface ozone estimated using MATCH -MPIC model also 

showed low ozone concentrations in this region.

The wind field analysis and back trajectory analysis did not reveal any evidence of 

transport from the land on 30 March except at 1 km height from India and for the height 

range of 7-9 km from Africa. For the height range of 7-9 km, these results show long 

range transport from Africa (non convective region), on the contrary trajectories for the 

height range of 2 to 6 km and 10 to 18 km show transport from the Pacific Ocean where a 

small cyclonic formation took place during that time. The back trajectories computation 

show lateral transport for 1 to 6 km and downward transport in the height range of 6 to 10 

km whereas from 10 to 18 km it shows uplift of air mass from 4 -5 km altitude range.

Surface ozone in north-west Arabian Sea was observed to be higher as compared to 

south-east Arabian Sea, while the reverse was true for ozone precursors line CO, and 

CtLj. These observations in combination with simultaneously observed dust levels 

suggest the loss of ozone through heterogeneous chemistry on dust particles. However, 

the anti-correlation between ozone and dust concentrations was weak.

Higher concentration of ozone in the upper troposphere was observed in the north 

Arabian Sea during first week of May. This increase was due to intrusion from the 

stratosphere and transport of air from the higher latitudes. It is known that incidence of 

stratospheric contribution is frequent and strong during spring. Average integrated
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tropospheric ozone is found to be 42.5 DU which was higher than that obtained over the 

Bay of Bengal.

0 20 40 60 80 100 120 140

Ozone (ppbv)

Figure 6.1 Average tropospheric ozone profiles over land sites (Ahmedabad and Kanpur) 

and marine regions (Bay of Bengal and Arabian Sea).

15

Comparison of the day-night profiles of ozone does not show any difference in the free 

troposphere but showed differences in the boundary layer for the profiles near the coast 

only. These results indicate that photochemistry played a minor role compared to the 

dynamics of the free troposphere.

Figure 6.1 shows average tropospheric ozone profiles observed Ahmedabad for the entire 

period of measurements ( May 2003- September 2007), over Kanpur for the campaign 

period of December 2004 and over the two marine regions, Bay of Bengal and Arabian 

Sea during 18 March -12 April 2006 and 18 April - 10 May 2006 respectively. Even 

though these are for different periods, average ozone over Arabian Sea is clearly higher 

not only compared to over the BOB but also over urban sites of Ahmedabad and Kanpur. 

Higher ozone values over the Arabian sea appears to be due to transport from the 

stratosphere/ higher latitudes during the observation period.
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6.4. Future directions and scope
The present study characterized the spatial and temporal distributions of ozone in the 

lower atmosphere and provided an unique opportunity to study the influence of 

meteorological events and long range transport. Ozone together with the meteorological 

parameters helps in the elucidation of stratosphere-troposphere exchange across the 

tropopause. Tropopause structure, temperature profile and potential vorticity are required 

to calculate the increase in tropospheric ozone flux from the stratosphere and its 

implication to its tropospheric budget.

Ozone together with available relative humidity and temperature profiles help to study 

the effects of convection events and change in photochemistry. Since lifetime of ozone 

in the free troposphere is large, once ozone gets lifted from the boundary layer into the 

troposphere, it can get transported to long distances. This can have significant 

implications on a global scale. It is also observed that in the free troposphere dynamical 

processes dominate over photochemistry in altering the distribution of ozone while in the 

boundary layer photochemistry dominates the dynamical processes. Regular 

measurements of ozone and its precursors in the tropical troposphere are needed to study 

the integrated effects of stratospheric tropospheric transport, long range transport and 

convection events.

This study also brings out the need to validate models to understand quantitative 

contribution of different chemical and dynamical processes. Due to regional nature of the 

sources/sinks, there is a significant spatial variability in tropospheric ozone, which makes 

modeling of tropospheric ozone extremely difficult. It is necessary that observations and 

modeling studies should complement each other for further improvement in our 

understanding of chemistry-transport coupling, long term changes and influence of ozone 

on the climate.

The marine regions are affected by transport of pollutants from the continental regions. It 

is also important to make regular measurements of ozone along with its precursors in the
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troposphere. Limited observations during INDOEX campaign were made using aircraft 

borne sensors. Aircraft based studies are needed over the Indian subcontinent to 

understand chemistry and transport.

Numerical models in combination with field measurements have proven to be useful tools 

in studying the complex interactions of chemical species and meteorology in the 

atmosphere. Development of photochemical air quality models, which will be helpful to 

predict spatially and temporally resolved ambient pollutant concentrations are essential.

A network of stations for long term, simultaneous measurements of ozone and its 

precursor gases will be important to account for the regional contributions in the model 

simulations. As tropical data are still scarce, measurements at Ahmedabad should 

continue for a long period.

So far the focus of ozone research was mainly on stratospheric ozone, but during the last 

decade it has changed to tropospheric ozone. While ozonesondes provide high-resolution 

vertical profiles from limited sites there is a need for satellite measurements of 

tropospheric ozone for global coverage.
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Chauhan, and M. Sharma R. R. Reddy, K. Rama Gopal, K. Narasimhulu and 

L. Siva Sankara Reddy and Shilpy Gupta, Shyam Lai. (JGR 2006).

2. Variability in the vertical distribution of ozone over a subtropical site in India during a 

winter month: Evidence of stratospheric intrusion into the troposphere.

Shilpy Gupta, S. Lai, S. Venkatramani, T. A. Rajesh and Y. B. Acharya, 

JASTP, 2007.

3. Emission characteristic of ozone related trace gases at a semi-urban site in the Indo- 

Gangetic plain using inter-correlations.

S. Lai, L. K. Sahu, S. Gupta, S. Srivastava, K. S. Modh, S. Venkataramani and T. 

A. Rajesh (accepted JAS).

4. Influence of convection on ozone distribution and related parameters observed over the 

Bay of Bengal,

Shilpy Gupta, Shyam Lai and S. Venkataramani (Under review GRL).

5. Variability in the anthropogenic pollutants and Stratosphere -  Troposphere Exchange 

of ozone over the Arabian sea during the Pre - Monsoon season (April - May, 2006).

Shilpy Gupta, Shyam Lai, Y. B. Acharya and S. Venkataramani (Submitted JGR).



Papers presented at Conferences/Symposia/ Workshops : -

“Vertical distribution of ozone over Ahmedabad” First Prof. R. Ananthakrishnan 

Memorial conference on atmospheric science, climate change and Environmental studies, 

Indian Institute of Tropical Meteorology, Pune, India, 18-19 Jan. 2005

“Vertical distribution of ozone over Ahmedabad” International summer school on upper 

troposphere and lower stratosphere (UTLS), Cargese, France, October 3-15,2005.

“Study of vertical distribution of ozone over Kanpur” in National Space Science 

Symposium (NSSS), Vishakhapatnam, India, February 11-14,2006.

“Variability in the vertical distribution of ozone at Kanpur during a fog episode in
th

December 2004: Stratosphere -Troposphere Exchange” in 7 International Symposium 

on Tropospheric Profiling (ISTP), Boulder, Colorado, U.S.A, June 11-17,2006.

“Effect of Stratosphere - Troposphere Exchange (STE) on ozone distribution observed 

over Ahmedabad”, International Symposium on Aerosol-Chemistry-Climate Interactions, 

November 20-22 2007, Physical Research Laboratory, Ahmedabad, India.

’’Effect of convection on ozone distribution observed over the Bay of Bengal” 

International Symposium on Aerosol-Chemistry-Climate Interactions, November 20-22 

2007, Physical Research Laboratory, Ahmedabad, India.

“Effect of Long range transport on tropospheric ozone over Ahmedabad”, International 

Symposium on Aerosol-Chemistry-Climate Interactions, November 20-22, 2007, 

Physical Research Laboratory, Ahmedabad, India.

“Vertical distribution of ozone in the summer monsoon over Ahmedabad: effect of 

lightening” International Symposium on Aerosol-Chemistry-Climate Interactions, 

November 20-22 2007, Physical Research Laboratory, Ahmedabad, India.



Poster Presentation entitled “Seasonal variation of atmospheric boundary layer over 

Ahmedabad” International Symposium on Aerosol-Chemistry-Climate Interactions, 

November 20-22, 2007, Physical Research Laboratory, Ahmedabad, India.

Attended school of Physics and Chemistry of Air Pollution and their effects: Field course 

and data analysis, March 10 -  March 22, 2008. held at Hyyutiala, Finland.

Recipient of honorable mention in the SOLAS student Poster Competition (Runner up 

prize) for the presentation entitled” Variability in the vertical distribution of ozone and 

anthropogenic pollutants over the Bay of Bengal and the Arabian Sea during the pre -  

monsoon season.”

Award :-
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