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Preface
Ozone and other trace gases play key roles in the air quality, atmospheric chemistry and
climate change. However, studies of trace gases budget and their contributions to
aforementioned processes are not well understood mainly due to lack of sufficient
measurements, particularly in the tropics. The existing knowledge on the distribution of trace
gases and their controlling processes is presented in the Chapter 1 of the thesis. Satellite and
model studies revealed the elevated levels of ozone and other pollutants over the IndoGangetic Plain (IGP) in the Northern India. However, due to lack of in-situ measurements,
the understanding of underlying physical, chemical and dynamical processes is rather poor. In
view of this, weekly balloon flights have been conducted to measure vertical distribution of
ozone (EN-SCI 2ZV7 ECC Ozonesonde) and meteorological parameters (iMet-1-RSB 403
MHz GPS Radiosonde) from a high altitude site Nainital (79.5oE, 29.4oN, 1958 m amsl) in
the central Himalayas since January 2011. Additionally, surface ozone is measured at
Pantnagar (79.5oE, 29.0oN, 231 m amsl) in the IGP region since 2009. Weekly air samples
are also collected at Nainital for analysis of CO and greenhouse gases CO2 and CH4 in
collaboration with NIES, Japan. Few samples are also collected at Pantnagar and analyzed for
CO and CH4 in collaboration with PRL, Ahmedabad. A chemical box model (NCAR Master
Mechanism), a regional chemistry transport model (WRF-Chem) and data from global
models (MATCH-MPIC and MOZART) are used to understand the observed variabilities.
The detailed descriptions of the observational techniques, satellite datasets and models used
in the thesis are discussed in the Chapter 2.
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The analysis of surface ozone observations at Pantnagar in the IGP region is presented in
Chapter 3. Surface ozone at Pantnagar shows daytime build-up with levels sometimes as
high as 100 ppbv. Ozone seasonal variations exhibit highest levels during spring (39.3±18.9
ppbv in May) and lower levels in summer-monsoon (16.8±8.9 ppbv in August) and winter
(10.8±12.1 ppbv in January). This ozone seasonality is in agreement with the meteorological
parameters and satellite observations of tropospheric NO2 and CO (681 hPa). A global model
(MATCH-MPIC) captures the seasonality but overestimates the ozone levels. Model
simulated daytime H2O2/HNO3 values are higher indicating NOx-limited chemistry over this
region. Box model simulations are used to corroborate this and to estimate integrated net
ozone production in a day (72.9 ppbv). Strong positive correlation (r2 = 0.96 in May) between
the daytime ozone at IGP and nearby Himalayan site suggests transport of pollution from IGP
to the cleaner Himalayas via the boundary layer evolution. Estimated 3-monthly AOT40
index, using the observed ozone data, poses threat for vegetations in the IGP region.

The seasonal variations in the vertical distribution of ozone and meteorological parameters
obtained from balloon-borne observations are presented in Chapter 4. Tropopause pressure
from radiosonde observations agrees with the satellites (AIRS and TES) and model results,
but shows dramatic variability (150-250 hPa) during winter and early spring. Lower
tropospheric (2-6 km amsl) ozone shows a prominent seasonality with spring maxima and
summer-monsoon minima, which is consistent with the surface observations. A comparison
of ozonesonde profiles with collocated satellite (TES) retrievals shows reasonable agreement.
Tropospheric column ozone (TCO) from the ozonesonde observations shows a typical
seasonality comprising of spring maxima (47.2±9.8 DU) and winter minima (30.4±10.1 DU).
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The balloon-borne observations are used to investigate the influences of dynamical processes
and biomass burning on the ozone distribution and are presented in Chapter 5. Springtime
ozone profiles are classified into high and low fire activity periods using MODIS fire counts.
Ozone levels during high fire activity periods are observed to be higher by 19.9±4.6 ppbv in
2-4 km altitude range, as compared with low fire activity period. Signature of ozone
downward transport, noticed during winter, is corroborated with observed reduction in
relative humidity (radiosonde and AIRS satellite) and enhancement in potential vorticity
(WRF). However, model simulated ozone profiles discern enhancements at lower altitudes
than observations.

The analysis of long-term CO2, CH4 and CO data obtained from the samples collected at
Nainital during September 2006-December 2011 is presented in Chapter 6. CO2 shows a
prominent seasonality over Nainital with the spring maximum (395.9±5.9 ppm in May) and
post-monsoon/autumn minimum (374.4±5.8 ppm in October). CO2 seasonal cycle at Nainital
is similar to that at Mauna Loa, however, the seasonal amplitude in CO2 is much larger at
Nainital (~21.5 ppm) as compared with Mauna Loa (~6.5 ppm). Long-term trends in CO2,
CH4 and CO have been investigated by deseasonalizing the time series and a linear regression
fit. The estimated trend in CO2 over Nainital (1.88 ppm per year) is consistent with the trends
over Mauna Loa (1.60 to 2.43 ppm per year) and global marine observations (1.64 to 2.40
ppm per year). CH4 levels discern a small positive trend of 4 ppb per year, while, CO levels
show a negative trend of 7.3 ppb per year. A summary of the thesis along with its future
scope is presented in the Chapter 7.
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Chapter 1
Introduction

The problem of climate change is likely the most important global concern for the
mankind. Most of the observed changes in global climate are shown to have link
with human-induced perturbations starting with commencement of industrial and
agricultural evolution in middle of 18th century [Forster et al., 2007]. The chemistry
of the atmosphere, involving the gases present in very low amounts (less than 0.1%)
known as the “trace gases”, is found to play vital role in bringing about these
changes. The important trace gases, for example, include carbon dioxide (CO2),
ozone (O3), nitrogen oxides (NOx), carbon monoxide (CO), sulfur dioxide (SO2),
methane (CH4), non-methane hydrocarbons (NMHCs), nitrous oxide (N2O) etc.
Notably, the roles played by these gases are disproportionate to their atmospheric
abundances. Further, most of these gases exhibit large spatial and temporal
variability in their atmospheric abundances.
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It has been demonstrated that the global average surface temperature has increased
by 0.74oC during the last century and the rate of warming has been almost double in
the past 50 years [Le Treut et al., 2007]. This “global warming” has in turn led to the
melting of the glaciers and rise in the sea level [Bindoff et al., 2007]. Most of this
warming is attributed to the observed enhancements in some of the trace gases
called as “greenhouse gases”. In addition, trace gases play a key role in the air
pollution having adverse influences on the health of living beings and vegetations.
Trace gases also play vital role in the atmospheric chemistry and control the
oxidizing capacity of the atmosphere. Thus, an adequate understanding of the
variability in the distribution of trace gases and their long-term trends is essential to
quantify their relative contributions in the climate change and to design policies to
mitigate these changes. The major anthropogenic sources of trace gases include
industrial emissions, vehicular exhaust, biomass burning and excessive use of
fertilizers. These activities have remarkably increased during last couple of centuries
and led to a significant enhancement in all the trace gases. Our knowledge of the
distribution and variability in the trace gases is mainly obtained from the
observations. Numerous attempts have been made to observe these gases [Forster et
al., 2007 and references therein] from different platforms including ground-based
[e.g. Keeling et al., 1995; Jaffe et al., 2003; Oltmans et al., 2006], satellite-based
[e.g. Thompson et al., 2001; Fishman et al., 2003; Richter et al., 2005], balloonborne [e.g. Logan, 1985; Logan, 1994; Naja et al., 2003; Tarasick et al., 2005],
ship-borne [e.g. Lelieveld et al., 2004] and aircrafts [e.g. Lelieveld et al., 2001;
Parrish et al., 2004], but our understanding of the distributions and climatic
implications of these gases is still limited. This is because in situ observations lack
sufficient spatial and temporal coverage. Space-borne sensors can provide global

Page 2 of 260

coverage but have limited ability to see through the clouds and planetary boundary
layer.

In many aspects, ozone remains the most important trace gas, which plays
contrasting roles depending upon its concentration and altitudinal placement in the
atmosphere. High in the stratosphere, ozone filters the harmful UV light from the
incoming solar radiation, while, in contrast, higher ozone levels near the earth
surface are deleterious for living beings and plants. Also, being the main precursor
of the hydroxyl radical (OH), ozone plays the central role in the atmospheric
chemistry. Moreover, tropospheric ozone is an effective greenhouse gas and
contributes significantly to the global warming. On per molecule basis, the global
warming potential of tropospheric ozone is about 1200 to 2000 times higher than
that of CO2 molecule [Schwarzkopf and Ramaswamy, 1993]. It has been shown that
the contribution of ozone in the global warming is considerably higher in the upper
troposphere [e.g. Wang et al., 1980; Lacis et al., 1990; Forster and Shine, 1997].
Moreover, the contribution of stratosphere-troposphere exchange in the budget of
tropospheric ozone is also not understood quantitatively mainly due to lack of
sufficient measurements of ozone and meteorological parameters in the UTLS
(Upper Troposphere Lower Stratosphere). Thus, to understand the role of ozone in
the climate change and its budget, the measurements of its vertical distribution are
essential.

In view of the above, the systematic measurements of ozone vertical distribution
were started during 1960s over the USA, Europe and Japan [SPARC report, 1998].
Page 3 of 260

However, these are still very limited over the Asia (home to ~60% of the world’s
population), where anthropogenic emissions are rapidly increasing [Akimoto, 2003,
Zhang et al., 2009]. The observations are particularly sparse over the South Asia,
including the Indian region, where the increasing emissions are anticipated to
intensify the atmospheric chemistry, due to naturally available intense tropical solar
insolation and higher water vapor content. Moreover, stronger convection can lift
the pollution from this region to higher altitudes from where stronger winds can
transport it to other parts of the world [Lawrence et al., 2003b; Park et al., 2007].
Further, the diversity of emission sources in South Asia lead to physical and
chemical processes which are much different from those in North America and
Europe. For example, observations made during Indian Ocean Experiment
(INDOEX) revealed that ozone levels in South Asian outflow are much lower from
those observed in North American and European outflows, despite of very high
pollution loadings [Lelieveld et al., 2001]. The very limited knowledge on the
vertical distribution of ozone over India have relied upon the observations made by
Indian Meteorological Department (IMD) using Indian ozonesonde [Shreedharan,
1968] and recent observations over western India [Srivastava et al., 2012].
Additionally, campaign-mode observations were made at Kanpur in the IGP and
marine regions surrounding India [Gupta et al., 2007; Srivastava et al., 2011]. Over
the northern Indian region, the ozone distribution has been investigated using the
MOZAIC (Measurements of Ozone and water vapour by Airbus In-Service Aircraft)
observations [Sahu et al., 2009].

The following sections provide a brief overview of tropospheric ozone and the
present status of our understanding of the different processes controlling ozone.
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1.1.

Importance of Tropospheric Ozone

1.1.1. Role in Global warming
The role of various trace constituents in the climate change is generally evaluated in
terms of their “radiative forcing”. Radiative forcing is a measure of the perturbation
in the energy balance of earth-atmosphere system due to change in the concentration
of a greenhouse gas/agent/specie. Quantitatively, it is the rate of energy change per
unit area of the globe at the top of the atmosphere (Wm-2). Positive values of
radiative forcing are associated with the warming of the Earth system, while,
negative values represent the cooling. The radiative forcing of different trace
constituents as compared with the pre-industrial era (about 1750) are shown in the
Figure 1.1. Among all the greenhouse agents, the highest contribution to the
observed warming is seen due to increase in CO2.

Ozone absorbs the terrestrial radiation at 9.6 µm wavelength, which lies within the
so-called “atmospheric window” and makes it an effective greenhouse gas [Fishman
et al., 1979; Wang et al., 1986]. Atmospheric warming, induced per molecule of
ozone is estimated to be 1200-2000, 217 and 22 times more effective, in comparison
with CO2, N2O and CH4 respectively [Ramanathan et al., 1985; Schwarzkopf and
Ramaswamy, 1993; Marenco et al., 1994]. The radiative forcing of tropospheric
ozone is generally estimated using the model simulations [e.g. Gauss et al., 2006] as
the available observations are sparse and insufficient to make such estimations. The
increase in the levels of tropospheric ozone since the preindustrial era [Volz and
Kley, 1988; Marenco, 1994; Hauglustaine and Brasseur, 2001; Lamarque et al.,
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2005; Gauss et al., 2006] has led to a radiative forcing of 0.35±0.15 Wm-2 making
ozone the third most important greenhouse gas after CO2 and CH4 [Forster et al.,
2007].

Figure 1.1: A summary of the global mean radiative forcing by major climate
forcing agents estimated for year 2005 relative to the start of industrial era (adapted
from Forster et al., 2007).Tropospheric ozone is the third most important
greenhouse gas after CO2 and CH4.
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1.1.2. Effects on Human Health and Vegetations
Tropospheric ozone is an important secondary pollutant of concern due to its
deleterious influences on the health of human beings [Desqueyroux et al., 2002].
Exposure to higher ozone levels (e.g. ~70-80 ppbv for 8-hour) can lead to serious
health issues including chest pain, increased susceptibility to respiratory diseases,
risk

of

asthma,

headache,

eye

irritation,

and

even

premature

death

(http://www.epa.gov/apti/ozonehealth/population.html#content).

In addition, ozone uptake by plants can significantly damage the cells inside plant
leaves affecting their growth. Ozone exposures can reduce the rate of photosynthesis
and plants could require more resources to detoxify and repair leaves [Ashmore,
2005]. These adverse effects of ozone result in reduction of crop yield and acute
injury on plants [Krupa and Nosal, 1989; Mauzerall and Wang, 2001; Avnery et al.,
2011]. The critical levels of ozone, capable of damaging plants significantly, are
generally expressed using “Accumulated Ozone Exposure above a threshold of 40
ppbv” (AOT40 index) [Fuhrer l., 1997; Mills et al., 2007]. Crop yields bear a
negative linear relationship with the AOT40 indices. The critical levels of AOT40
values over 3-months for wheat and tomato are derived as 3 ppmv*hr and 6
ppmv*hr respectively [Mills et al., 2007]. The estimated economic losses associated
with the ozone induced damages in agriculture were estimated to be about 5 billion
US dollars in East Asia [Wang and Mauzerall, 2004], Europe [Holland et al., 2006]
and the USA [Adams et al., 1998]. The reductions in the agricultural crop yields due
to higher ozone levels have been studied for different crops by U.S.A.
Environmental Protection Agency (EPA). Figure 1.2 shows the response of
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agricultural crop yields of soybean, wheat, corn and rice with the increase in average
ozone [Adams et al., 1989; Chameides et al., 1999].

Figure 1.2: Response of agricultural crop yields of soybean, wheat, corn and rice
with the increase in average ozone [compiled from Adams et al., 1989; Chameides
et al., 1999].

Clearly, Soybean, Wheat and Corn are observed to be more sensitive towards the
increase in ozone pollution. For average ozone of more than 75 ppbv, the crop yield
of Soybean is reduced to about 62%. Similarly, for Corn and Wheat, ozone levels
above 90 ppbv reduce the crop yields to about 70%. A recent global model study
[Avnery et al., 2011] have shown that loss in global crop production could be 79-121
million metric tons per year, which translates to an economic loss of about 11-18
billion USD during 2000. The studies of the impact of enhanced ozone levels on the
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agricultural activities are few over the Indian region [Ghude et al., 2008a; Van
Dingenen et al., 2009]. Considering the estimated losses in global crop productions,
it is highly essential to make measurements of surface ozone over a network of sites
and plan proper ozone control strategies over the Indian region.

1.1.3. Oxidation Capacity of the Atmosphere
Hydroxyl radical (OH), the photochemical derivative of ozone, is the major oxidant
for most of the trace gases such as CO, hydrocarbons, sulfur and nitrogen
compounds. Therefore, OH radical is often termed as the “detergent” of the
atmosphere. In absence of the oxidation, these trace gases would have accumulated
to substantially higher levels than their current levels in the atmosphere [Thompson,
1992; Brasseur et al., 1999]. The photolysis of ozone followed by reaction with
water vapor [Levy, 1971] leads to the production of OH radical as follows:
O3 + hν → O2 + O (1D)
O (1D) + H2O → 2 OH

(for λ < 320 nm)

[R1.1]
[R1.2]

Here, it should be noted that only a fraction of the O (1D) atoms produced in the
reaction (R1.1) react with water vapor (R1.2). The remaining significant fraction of
O (1D) undergoes quenching to the ground state O (3P) through collisions with a
third body (N2 or O2) [Pitts and Pitts, 2000]. Reportedly, OH radicals oxidize about
3.7 Gt of trace gases including Methane (CH4), Carbon Monoxide (CO), many
Hydrofluorocarbons (HCFs) and Hydrochlorofluorocarbons (HCFCs) every year
[Ehhalt, 1999]. Being the main precursor of OH radical, ozone is suggested to
control the oxidizing capacity of the atmosphere. Due to very short lifetimes (few
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seconds), the direct measurements of OH radicals are very difficult and OH values
are often derived using the global measurements of the trace gases (e.g. Methyl
Chloroform), for which emissions are known and the primary sink is their reaction
with OH. However, the uncertainties in the emissions and lack of sufficient
measurements of trace gases could reduce the accuracy of these estimations
[O’Doherty et al., 2004].

1.2.

Sources and Sinks of Tropospheric Ozone

The key processes controlling the levels of trace gases are emissions, physical and
chemical transformations, transport and deposition. The gases, which are directly
injected into the atmosphere from a source, are classified as “primary trace gases”,
while the gases produced as a result of chemical reactions among primary gases are
classified as “secondary trace gases”. CO, NO and SO2 are few examples of primary
pollutants, while, ozone is a secondary pollutant.

A simplified layout of the processes controlling tropospheric ozone is shown in the
Figure 1.3. According to the classical view during 1960s-1970s, tropospheric ozone
was mainly transported from the stratosphere and destroyed at the surface [Regener,
1949]. Later, the significant contribution of photochemical ozone production was
proposed by Crutzen [1973] and Chameides and Walker [1973]. It was suggested in
these studies that the oxidation of CO and CH4, in presence of NOx and sunlight
could lead to significant amount of ozone production even outside the polluted
areas. Moreover, the ozone loss due to the chemical processes has been very
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important [e.g. Brasseur et al., 1999]. Thus, the key sources of tropospheric ozone
are in situ photochemical production supplemented with the downward transport
from the stratosphere and loss processes include the chemical losses and deposition.

Figure 1.3: A simplified layout of different processes controlling the tropospheric
ozone.

1.2.1. Photochemical Production and Loss
The chemical formation of ozone in the atmosphere takes place through the reaction
of oxygen molecule (O2) with the oxygen atom (O), in presence of third molecule.
O+ O2 + M → O3 + M

[R1.3]
Page 11 of 260

In the stratosphere, the ultraviolet radiation of wavelengths shorter than 240 nm
dissociates the O2 molecules to produce the atomic oxygen, which then combines
with O2 to form O3. However, the UV light (λ<240 nm) is not available in the
troposphere and therefore O2 molecules cannot be photo-dissociated in the
troposphere. In the troposphere, atomic oxygen is formed by the photo-dissociation
of NO2 (λ>420 nm). In the early 1950s, Haagen-Smit proposed that photochemical
smog containing ozone could be formed by the photochemistry involving
hydrocarbons and NOx. In the free troposphere and relatively remote marine
boundary layers, the levels of NMHCs could be very less and ozone production
could be a result of oxidation of CO and CH4 instead of NMHCs [Brasseur et al.,
1999]. CO, NMHCs and NOx are generally referred to as the precursors of ozone.

First the emitted CO and hydrocarbons react with OH radical and produce peroxy
radicals HO2/RO2. These peroxy radicals convert NO into NO2 which ultimately
undergoes photolysis and produces the atomic oxygen which combines with oxygen
molecule and ozone is formed (R1.3). Apart from ozone producing reaction of
peroxy radicals with NO, peroxy radicals can also react with ozone and might lead
to ozone loss. Therefore, the reactions rates of both the reactions determine the
dominance of ozone production or loss. For net photochemical ozone production,
the NO level should be higher than a critical value and this critical value depends
upon the ambient ozone level itself. Since, there are hundreds of different
hydrocarbons emitted into the atmosphere; the resulting chemistry of ozone
production is very complex [e.g. Brasseur et al., 1999]. The relative importance of
various hydrocarbons in producing peroxy radicals depends upon their abundances
and their reactivity with OH. Generally, the reactivity increases with an increase of
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number of C-H bonds available. Unsaturated hydrocarbons are also highly reactive
as OH adds to the C=C double bonds rapidly.

The main chemical loss process in the NOx-rich urban environments is the titration
of ozone as follows:
NO + O3 → NO2 + O2

[R1.4]

NO2 + O3 → NO3 + O2

[R1.5]

While, in the NOx-poor environments, the photolysis of ozone molecules at
wavelengths shorter than 320 nm and its reaction with OH and HO2 are the major
sinks for ozone on the global scale. More details of the tropospheric chemistry can
be seen elsewhere [e.g. Brasseur et al., 1999; Pitts and Pitts, 2000; Seinfeld and
Pandis, 2006].

1.2.2. Natural Source: Stratosphere-Troposphere Exchange (STE)
The troposphere and stratosphere are characterized by different dynamical and
chemical properties with strong gradients of ozone and potential vorticity at the
tropopause [e.g. Holton et al., 1995]. Stratosphere-Troposphere Exchange (STE)
processes have important implications for the atmospheric chemistry and dynamics.
For example, the transport of ozone depleting substances from the troposphere to the
stratosphere plays a key role in the stratospheric ozone destruction chemistry. STE
have direct influences on the vertical distribution of ozone, generally resulting in an
enhancement in the upper tropospheric ozone and reduction in the lower
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stratosphere. It is suggested that the STE event has a significant input into the
tropospheric ozone budget. The STE process is shown to be the major contributor in
the observed springtime maxima at a number of sites around the globe [e.g.
Oltmans, 1981; Levy et al., 1985; Logan, 1985]. For the northern hemisphere, the
estimated ozone flux from the stratosphere to troposphere is reported to be 3-8 x
1010 molecules cm-2s-1 [Crutzen, 1995], while, the flux in the southern hemisphere
may be about half as large.

Generally, the intrusions of ozone rich stratospheric air enhances the ozone levels in
the middle-upper troposphere, however, in some cases, it can deeply penetrate up to
the lower troposphere as well, influencing the vertical distribution of ozone in the
troposphere [e.g. Levy et al., 1985; Holton and Lelieveld, 1996; Marcy et al., 2004].
To identify and quantify the role of this process, the measurements of vertical
distribution of ozone and meteorological parameters are essential. The contribution
of STE can be significant even at the surface at both low and high altitude
monitoring sites as reported in several studies [e.g. Ludwig et al., 1977; Haagenson
et al., 1981; Stohl et al., 2000; Cooper et al., 2005; Akriditis et al., 2010].

The thermal structures of the troposphere, sometimes discern stable layers with
temperature inversions, which are often termed as the multiple tropopause or
tropopause folds. These tropopause folding events are suggested to be one of the
major mechanisms and conducible structures, responsible for the transport of ozone
rich air from the lower stratosphere to the troposphere [e.g. Reed, 1955; Shapiro,
1980; Lamarque and Hess, 1994; Lefohn et al., 2011]. The conditions conducive for
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STE events are also associated with the upper tropospheric and lower stratospheric
jet streams and the intrusions can be of synoptic scales [Reed, 1955; Danielson,
1968]. Moreover, the frequency of the occurrences of tropopause folds have been
found to be maximum over the subtropical regions and is associated with the
prevailing subtropical upper level jets [Schmidt et al., 2005; Randel et al., 2007].

Chen et al. [2011] have shown that the frequency of multiple tropopause events over
the Tibetan plateau is as high as 80% sometimes during the winter. Over the
Southern Himalayas, stratospheric intrusions are found to play key roles in the
tropospheric ozone variations throughout the year except the summer-monsoon
[Cristofanelli et al., 2010]. These studies suggest that tropopause characteristics
show significant variability and the associated dynamics is playing very important
role in the tropospheric ozone variations over these regions. For an improved
understanding of the STE processes, the study of the variability in the Upper
Troposphere and Lower stratosphere (UTLS) structure is essential [Stohl et al.,
2003], however, at present the observational datasets of vertical profiles of ozone
and temperature are severely lacking over the Indian region. This inhibits the
quantification of the multiple tropopause events and associated influences on the
ozone distribution over this region.

1.2.3. Surface Deposition
Ozone is little water-soluble and its deposition from the atmosphere to the earth
surface is essentially a dry deposition. This depositional loss of ozone is an
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important process in the budget of tropospheric ozone. The dry deposition flux (F)
can be defined as the product of ozone concentration (C) and the deposition velocity
(vd) [Seinfeld and Pandis, 2006] as follows:
F = - vd C
The deposition velocity depends on the level of atmospheric turbulence, the
properties of the depositing species and on the nature of the surface. The typical
value of ozone deposition velocity on the continental surfaces is about 0.4 cm s-1 or
more, while, it is less than 0.1 cm s-1 on the marine or snow surface [Seinfeld and
Pandis, 2006]. The ozone deposition velocity over a grass field showed a distinct
diurnal variation with highest values (0.2 to 0.5 cm s-1) during the daytime and
lowest values (~0.1 cm s-1) during the nighttimes [Pio et al., 2000]. Similar diurnal
patterns with median values of 0.32 cm s-1 during the daytime and 0.04 cm s-1 during
the nighttime were reported from a tropical forest area in the northern Thailand
[Matsuda et al., 2005]. More information of the physical, chemical, dynamical and
deposition processes influencing the ozone distribution are discussed in the
Modeling section of Chapter 2.

1.2.4. Budget of Tropospheric Ozone
The magnitudes of the sources and sinks of ozone are not well quantified due to the
availability of limited observations and large spatial and temporal variations in
ozone. The chemical lifetime of tropospheric ozone varies typically from days to
weeks similar to the dynamical timescales of transport and mixing. The lifetimes of
ozone precursors span even on a wider range and thus global 3-D models coupling
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the chemistry and transport are required to understand the budget of tropospheric
ozone [e.g. Stevenson et al., 2006; Wu et al., 2007; Wild et al., 2007].

The contributions of photochemical ozone production and stratospheric inputs are
estimated to be 5060±570 and 520±200 Tg per year [Stevenson et al., 2006].
However, it has been found that there are large differences between global ozone
budgets from different models [Wu et al., 2007; Denman et al., IPCC, 2007]. The
contributions of photochemical production and losses, stratospheric input and loss
due to dry deposition in 21 global chemistry models are shown in the Figure 1.4.

Figure 1.4: The global photochemical production and loss of ozone simulated by the
present day 21 global chemistry transport models for the year 2000. For description
of the models, please see Stevenson et al. [2006].
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It is suggested that the global ozone budget is governed mainly by the
photochemical production and losses, while, the stratospheric input and depositional
losses have less contributions. The differences among different models could arise
mainly due to the uncertainties in the emissions of ozone precursors, erroneous
parameterization of various meteorological processes including photolysis,
convection, and stratosphere-troposphere exchange etc. [Stevenson et al., 2006; Wu
et al., 2007].

1.3.

Long-Range Transport

Apart from the local and regional emissions, it is now widely recognized that longrange transport also plays an important role in the observed variations of air
pollutants. It is well known that the hemispheric transport of pollutants could
exacerbate the regional air quality problems and result in the exceedance of the air
quality criteria [e.g. HTAP, 2010 and references therein]. The long-range transport
of pollutants mainly depends upon three factors. First, the amount of the pollutant
produced or emitted at the source, second is the meteorological conditions leading to
the transport and finally the physical and chemical en-route transformations. It has
been shown that baseline surface ozone levels have experienced widespread increase
in the past few decades and the inflowing ozone levels in the west coasts of North
America and Europe were observed to be as high as 75 to 94% of the WHO
standards [Parrish et al., 2009; HTAP, 2010]. The influence of baseline ozone is
considerably higher even in the free troposphere/higher altitudes (3 to 8 km) and is
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estimated to be as high as 85% of the U.S. air quality standards during the spring
[Cooper et al., 2010].

The magnitude of the influences of long-range transport is generally determined by
the global distribution of the emissions and the major meteorological transport
pathways. An analysis of the global distribution of tropospheric NO2 indicates that
NOx emissions increased very rapidly over China during 1996 to 2005 (up to 29%
per year) and other parts in Asia, while, in contrast the emissions over the USA and
Europe decreased significantly [e.g. Richter et al., 2005; Van der A et al., 2008;
HTAP, 2010]. In recent bottom-up emission inventories, South and East Asian NOx
emissions were shown to be increased by 44% with an increase of 55% in China
[Zhang et al., 2009]. NOx emissions were decreased by about 30% over the Europe
and by 37% over the USA [Royal Society, 2008; U.S. EPA, 2010]. As the polluted
air masses uplift to the middle-upper tropospheric altitudes, a significant fraction of
NOx is converted into peroxyacetile nitrate (PAN) and relatively less amount is
available for ozone production [Li et al., 2004; Miyazaki et al., 2005]. Additionally,
the relatively clear cold and drier conditions lead to considerably different chemistry
in the middle-upper troposphere. During the descends, the air masses get warmer
and allow for thermal decomposition of PAN into NOx which can resume ozone
production [Hudman et al., 2004; Zhang et al., 2008].

In the mid-latitudes, generally wind speeds increase with the altitude, therefore, the
pollutants which are uplifted into the middle-upper troposphere can be transported
rapidly, particularly in the regions near the influences of jet streams. Thus, the
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processes, which can uplift the pollution, are considered to be the most conducive
for the long-range transport. Wintertime westerly winds are very strong over the
north Indian region and it is suggested that the pollution emitted from this region can
be transported over the greater distances and on very faster timescales (few days).
The transport in the mid-latitudes is generally dominated by the westerly winds
bringing the pollution from East Asia to North America across the North Pacific
ocean, from North America to Europe via North Atlantic ocean and from Europe to
Arctic and central Asia. There are numerous studies on the impacts of Asian
emissions on the global environment [e.g. Liu et al., 2003; Cooper et al., 2004], over
the North America [Jacob et al., 1999a; Fiore et al., 2002; Zhang et al., 2008] and
over the Europe [Stohl et al., 2007; Fiedler et al., 2009].

The long-range transport from Asia to USA was shown to offset the benefits of 25%
reductions in domestic emissions of ozone precursors over the western USA [Jacob
et al., 1999; Jaffe et al., 1999]. Similarly, the North American anthropogenic
pollution was found to be contributing substantially (about 11%) to the annual
tropospheric ozone over the Europe [Auray and Bey, 2005]. However, the studies on
the import of foreign pollution to the Asia has been limited [e.g. Lin et al., 2010 and
reference therein]. Few studies indicated that the impact of European export on
Asian surface ozone is about 0.5 to 5 ppbv over different receptor areas [e.g. Wild et
al., 2004; Fiore et al., 2009]. Further details on the pathways and timescales of longrange transport of air pollution can be seen elsewhere [e.g. Stohl et al., 2002; Lin et
al., 2010]
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1.4.

Long-term Trends in Trace Gases

1.4.1. Ozone
The assessment of long-term changes in the tropospheric ozone levels has been
difficult mainly due to the scarcity of observations over representative sites [Forster
et al., 2007]. However, available ground based and balloon-borne ozone
measurements have been utilized to investigate the trends in ozone over the different
regions such as USA [e.g. Logan, 1985; Logan, 1994; Fiore et al., 1998; Jaffe et al.,
2003; Parrish et al., 2004; Oltmans et al., 2006; Cooper et al., 2010], Canada [e.g.
Tarasick et al., 2005], Europe [e.g. Logan, 1994; Naja et al., 2003; Lelieveld et al.,
2004; Simmonds et al., 2004; Oltmans et al., 2006], Japan [e.g. Naja and Akimoto,
2004; Tanimoto et al., 2009] and New Zealand [Bodeker, 1998] etc. Estimated longterm trends in ozone were found to vary in both sign and magnitude along with the
possible causes for these changes [Oltmans et al., 2006]. A compilation of the
available long-term datasets made recently (Figure 1.5) shows that the baseline
tropospheric ozone levels have undergone significant increase over the North
America, Europe and Asia in the last few decades [Parrish et al., 2012].

Statistical analysis of long-term rural ozone observations shows either insignificant
trends or a decreasing tendency over several U. S. surface sites [e.g. Oltmans et al.,
2006; Cooper et al., 2012]. While, over the west coast of the North America, ozone
levels are observed to be increasing during last 20 years [Parrish et al., 2009;
Cooper et al., 2010]. A positive trend of 1.4% per year was observed in the surface
ozone levels at Lassen N. P. site in USA during 1988 to 2003 [Jaffe et al., 2003] in
agreement with the aircraft observations [Parrish et al., 2004]. Springtime ozone
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levels over western North America have increased at a rate of 0.41±0.27 ppbv yr-1
during 1995 to 2011 [Cooper et al., 2012]. It was found that the rate of ozone
increase was highest, when the measurements are heavily influenced by direct
transport from Asia [Cooper et al., 2010]. Ozone levels over a marine site in the
west coast of Ireland discern an increasing trend until late 1990s with no increase
thereafter [Derwent et al., 2007]. Unlike the European west coast Mace head, the
ozone levels over the western North America do not show any indication of
stabilization and are increasing continuously [Parrish et al., 2009; Cooper et al.,
2010].

Over Europe, ozone levels increased from the 1950s to early 1990s [Staehelin et al.,
1994; Logan, 1994; Logan et al., 1999] and since then ozone trends have levelled
off or slightly decreasing. Ozone levels show a decrease since 1998 in the
ozonesonde, MOZAIC and alpine site observations [Logan et al., 2012]. The
observed decreasing trend of -1.6 ± 0.2 ppbv/year in the photo-chemically aged
boundary layer air is consistent with the reduction in NOx emissions over the Europe
[Naja et al., 2003]. Ozonesonde observations over Canada show negative trends in
tropospheric ozone during 1980 to 1990, while, the trend becomes positive during
1991 to 2001 [Tarasick et al., 2005].
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Figure 1.5: Long term trends in seasonally averaged ozone levels at high altitude
sites (~1.9 km) Lassen N. P. in Western North America and Mt. Happo in Japan
(adapted from Parrish et al., 2012).
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Observations are much sparse over the Asia as compared with those over the North
America and Europe. The trajectory-assisted analysis of ozonesonde observations
shows that regionally polluted ozone levels have increased by 11 to 20% during
1970s to 1990s over Japan, which is attributed to the increase in the NOx emissions
over China in the 1990s [Naja and Akimoto, 2004]. Decadal ozone trends were
observed to be insignificant at remote surface sites in Japan; however, the trend was
significantly higher (1.25 ± 0.53 ppbv/year) over the mountain site Mt. Happo
[Tanimoto et al., 2009]. The observed increase was shown to be mainly due to the
increase in the anthropogenic emissions over the Asia using a chemistry transport
model. Moreover, model and observations show disagreements after 2003 and it was
suggested that either the actual growth of the emissions and/or the export of Asian
pollution is underestimated. Tropospheric ozone column over Beijing, China
obtained from ozonesonde observations also show a positive trend over the last
decade [Wang et al., 2012].

Long-term ozone observations are very limited over the Indian region, however, a
comparison of ozone levels during 1990s with those made during 1950s suggests a
linear increase at 1.45% per year over Ahmedabad [Naja and Lal, 1996]. Saraf and
Beig [2004] analyzed the ozonesonde observations carried out by the Indian
Meteorological Department (IMD) statistically. In this analysis, it was found that
ozone levels over Trivandrum did not show any statistically significant trend,
however, a significant increasing trend was observed over Pune. Notably, in contrast
to the southern India, significant increase in the ozone levels has been reported over
the major urban centre Delhi in the northern India throughout the troposphere [Saraf
and Beig, 2004].
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1.4.2. CO2 and CH4
Long-lived greenhouse gases such as CO2, CH4 and N2O have also increased
significantly since pre-industrial era. The major sources of CO2 include fossil fuel
combustion in the transportation and industrial emissions. Deforestation also
releases CO2 and reduces its uptake by vegetations. CH4 emissions are generally
associated with the agricultural activities, biomass burning, distribution of natural
gas and landfills. Wetlands are a natural source of methane. Living vegetations
could also have a 10 to 30 % contribution in the global CH4 budget as discovered by
Keppler et al. [2006]. N2O is also emitted by human activities such as use of
fertilizers and fossil fuel burning. Natural processes in oceans and soils could also
emit N2O. Sulphur Hexafluoride (SF6) is generally used as an electrical insulator in
the power distribution equipments. It is also released as an inter tracer to study the
transport processes in the atmosphere and oceans.

Figure 1.6 shows the long-term changes in CO2, CH4 and N2O over the last 2000
years [Forster et al., 2007]. The levels of greenhouse gases before 1950s are
estimated by analyzing the air bubbles trapped in the polar ice cores and are used to
extend the records up to AD 0 [MacFarling Meure et al., 2006]. These
measurements have confirmed that the CO2 levels have increased globally by about
100 ppmv over the last 250 years [Forster et al., 2007]. The average growth rate in
CO2 during 1960 to 2005 is estimated to be 1.4 ppmv per year. The growth rates are
accelerated and CO2 levels increased by about 19 ppmv during 1995 to 2005.
Recently, it has been reported that CO2 levels exceeded 400 ppmv for a single day
for

the

first

time

over

Mauna

Loa

Observatory,

Hawaii
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(http://climate.nasa.gov/news/916). The observed enhancements in the CO2 levels
are attributed mainly to the increasing emissions from fossil fuel combustion. Gas
flaring, industrial sources (e.g. cement production); deforestation and biomass
burning are the other contributors to this enhancement [e.g. Houghton, 2003;
Andreae and Merlet, 2001; van der Werf, 2004]. Here it should be noted that this
increase in CO2 levels imposes the largest radiative forcing of any forcing agent on
the climate. CO2 measurements over Mauna Loa in the Northern Hemisphere (NH)
and at Baring Head, New Zealand in the Southern Hemisphere (SH) form the
longest continuous CO2 data records [e.g. Keeling et al., 1995; Manning et al., 1997;
Keeling and Whorf, 2005]. Remote sites were preferred for these measurements to
avoid shot-term variations due to local anthropogenic influences. Considering very
long lifetimes of these gases, measurements over these remote locations are
representative of large-scale variations/levels. However, to estimate the sources and
sinks of CO2, better spatial and temporal coverage of the measurements is required.

Methane is ranked second in terms of the radiative forcing by long-lived greenhouse
gases (LLGHGs) after CO2 [Ramaswamy et al., 2001]. The average global CH4
levels are estimated to be 1,774.62 ± 1.22 ppbv during 2005 [Forster et al., 2007].
Global observations revealed that atmospheric abundances of CH4 have increased by
about 30% in the last 25 years; however, the growth rate has decreased significantly
in the late 1990s, unlike that in CO2 [Blake and Rowland, 1988; Dlugokencky et al.,
1998; Simpson et al., 2002; Cunnold et al., 2002; Dlugokencky et al., 2003; Lowe et
al., 2004]. Currently, the observed reductions in the CH4 growth rate and therefore
the future changes in its levels are not well understood however are suggested to be
linked with the imbalance between its sources and sinks. Insignificant trend in the
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OH radical, which is the primary sink for CH4, suggests that CH4 emissions are not
increasing and are more-or-less stabilized [e.g. Hansen et al., 2000; Dlugokencky et
al., 1998; Francey et al., 1999].

Figure 1.6: Long-term trends in the atmospheric concentrations of long-lived
greenhouse gases over the last 2000 years. This figure is obtained from Forster et
al., IPCC, [2007].

N2O is ranked fourth among the long-lived greenhouse gases (LLGHGs) in terms of
the radiative forcing after CO2, CH4 and CFC-12. N2O levels are observed to
increase significantly from its pre-industrial levels of ~270 ± 7 ppbv to 319 ± 0.12
ppbv in 2005 [Forster et al., 2007]. N2O levels are increasing almost linearly for the
past few decades with the growth rate of ~0.26% per year. The main driver for the
observed enhancements in the N2O levels since pre-industrial era are suggested to be
the increase in microbial production in fertilized agricultural activities. Considering
the decreasing trend in CFC-12, it is suggested that N2O can take over the third
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place in terms of LLGHGs radiative forcing, if it keeps on increasing with the
current trend. Sulphur Hexafluoride (SF6) levels were about 4.2 pptv during 1998,
which increased by about 20% during 2005 [Forster et al., 2007]. A linear increase
has been observed in its levels during the last decade and it is suggested that its
emissions are not varying much. However, due to very long lifetimes (~1000 years
or more), its emissions generally are accumulated in the atmosphere.

1.5.

Present Scenario over the Indian region

The detailed measurements of ozone and other trace gases are very limited in the
south Asia, where human population and the anthropogenic emissions of several key
trace species have been increasing rapidly for the past few decades unlike the USA
and Europe [e.g. Akimoto, 2003; Richter et al., 2005; Ohara et al., 2007]. South
Asia is also home to five megacities (Delhi, Dhaka, Mumbai, Karachi, and Kolkata)
and the Indo-Gangetic Plain (IGP) region, which is one of the most populated
regions of the world. The pollutants emanating from South Asia are shown to have
important implications not only for the people residing in this region but also for
other parts of world. For example, convection associated with monsoonal circulation
transport South Asian pollutants to the Mediterranean Sea [e.g. Lawrence et al.,
2003b; Park et al., 2007]. Further, the chemical characteristics of South Asian
emissions are different from those in other parts of the world because of their
disproportionately large contribution from bio-fuel and biomass burning [e.g.
Lawrence and Lelieveld, 2010].
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Over the Indian region, observations of surface ozone were initiated in mid 1950s
during pre-International Geophysical Year (IGY) followed by regular observations
by India Meteorological Department (IMD) in 1960s using either electro-chemical
or chemiluminescence methods. Realizing the importance of surface based
observations of ozone and its precursors, extensive observations at a network of sites
were initiated under the ISRO-GBP program in early 1990s. Under this program,
observations were made covering the sites of different chemical environments
including urban (Ahmedabad) [Lal et al., 2000], rural (Gadanki) [Naja and Lal,
2002], coastal (Trivandrum) [Nair et al., 2002] and high altitude mountain (Mt.
Abu) [Naja et al., 2003].

Figure 1.7: Climatological distribution of tropospheric ozone [Fishman et al.,
2003] over the India and Southeast Asia along with the distribution of population
density.
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In addition, campaign based observations over the marine regions surrounding India
were also made [e.g. Lal et al., 1998; Naja et al., 2004; Lal et al., 2007; Srivastava
et al., 2011]. Notably most of the studies were confined to the western and southern
regions [e.g. Lal et al., 2000; Naja and Lal, 2002; Beig et al., 2007; Reddy et al.,
2008]. However, observations have been sparse in the Northern India [Varshney and
Aggarawal, 1992; Jain et al., 2005], where only two sites have observations with a
complete ozone seasonal cycle. One site is a highly urbanized megacity (Delhi)
[Ghude et al., 2008a] and other one is a high altitude pristine site in the central
Himalayan region (Nainital) [Kumar et al., 2010]. Space-borne observations
revealed that the pollution loadings, in the form of total tropospheric ozone (Figure
1.7), tropospheric column NO2 and aerosol optical depth, are considerably elevated
over the IGP region [Fishman et al., 2003; Jethva et al., 2005; Ghude et al., 2008b].
Lack of in situ measurements of ozone and precursors over the northern Indian
region inhibits the confirmation of the findings from satellite data. The underlying
processes causing such spatial heterogeneity in the distribution of these gases over
Indian region remain poorly understood. Apart from surface ozone observations, its
vertical distribution is very useful. Historically vertical ozone distribution is
measured by IMD at Delhi, Pune and Trivandrum. Apart from above these three
sites, ozone vertical distribution was also measured at Ahmedabad during 20032007 [Gupta et al., 2007; Srivastava et al., 2010].

The measurements of surface ozone were initiated at a high altitude site Nainital
located in the central Himalayas and it was found that seasonal variations and ozone
levels over this region are different from the other parts of India [Kumar et al.,
2010]. Influences of open crop residue burning, downward transport from higher
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altitudes and long-range transport from Africa and Europe were also observed over
Nainital [Kumar et al., 2011]. The influences of downward transport from
stratosphere over the Himalayan region have also been documented using surface
ozone observations over the Nepal Climate Observatory – Pyramid [Cristofanelli et
al., 2010]. However, there are no observations of vertical distribution of ozone over
the central Himalayas so far. The in-situ measurements of ozone vertical distribution
with a complete seasonal cycle are still very limited over this region and their
information has relied mostly on MOZAIC (Measurements of Ozone and water
vapour by Airbus In-Service Aircraft) observations [Sahu et al., 2009] and balloonborne observations by Indian Meteorological Department (IMD) [Saraf and Beig,
2004; Ganguly and Tzanis, 2011]. The limited observations have indicated
significant increase in the tropospheric ozone levels over the Indian region [Naja
and Lal, 1996; Saraf and Beig, 2004]. The long-term measurements of various longlived greenhouse gases such as CO2, N2O and SF6 are nearly non-existing over the
Indian region so far.

1.6.

Objectives and Outline of the Thesis

This thesis is aimed at investigating the variability in the spatial and temporal
distribution of ozone and other trace gases in the lower atmosphere over the northern
Indian region, primarily by conducting in situ ground-based and balloon-borne
measurements. Northern India remains one of the least studied regions in South Asia
despite of the fact that satellite-based observations [e.g. Fishman et al., 2003, Ghude
et al., 2008b] and model results [e.g. Kumar et al., 2012b] show much higher
pollution loadings over this region as compared with the rest of the South Asia.
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However, the lack of in situ measurements inhibited the validation of satellite
observations and model results and the understanding of the underlying processes
causing such spatial heterogeneity in the distribution of trace species. The
observations made in this thesis would be invaluable for the verification of results
obtained from satellite data and models.
Thesis objective can be divided broadly into following three parts.
 To investigate the vertical distribution of ozone over this region by
conducting balloon-borne measurements from a high altitude site Nainital in
the central Himalayas.
 To study the variability in surface ozone over the northern India using
ground-based measurements at Pantnagar in the Indo-Gangetic Plain (IGP)
region.
 To assess the variability and long-term trends in CO2, CH4 and CO at
Nainital.

The one of the objective of this thesis is to investigate the various processes
influencing the vertical distribution of ozone over the northern Indian region using
balloon-borne measurements. Ozonesonde and radiosonde were launched from a
high altitude site Nainital (29.37oN, 79.45oE, 1958 m amsl). The observed variations
in the distribution of ozone and various meteorological parameters are analyzed for
week to week and seasonal variations. Variations in the air temperature have been
used to estimate the tropopause pressure and a comparison with the satellite and
model results has been made. Ozonesonde profiles have been compared with the
collocated satellite retrievals and biases in satellite retrievals over this region are
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investigated. Ozonesonde profiles are further used to calculate the tropospheric
columns and are compared with the satellite data. The role of variability in
tropopause pressure in estimated tropospheric ozone columns have also been
investigated. The variations in stratospheric tracers such as relative humidity and
potential vorticity along with the simulations of chemical fields are used to study the
stratospheric intrusion of ozone. Satellite derived fire counts data are used to classify
the ozonesonde profiles in to high and low fire activity periods during the spring and
the influences of northern Indian biomass burning on the ozone distribution are
studied.
Continuous ground based measurements at a semi-urban site Pantnagar (79.5oE,
29.0oN, 231 m amsl) are used to study the physical, chemical and dynamical
processes controlling the surface ozone variations in the Indo-Gangetic Plain (IGP)
region. Analysis of the surface ozone observations at Pantnagar has been made using
various meteorological parameters such as solar radiation, rainfall, mixing depth and
simulations of back-air trajectories to understand the diurnal and seasonal
variabilities in ozone. Satellite based observations are used to study the seasonal
variations in ozone and precursors over the IGP. The observations at Pantnagar are
compared with the available observations at other sites in India particularly with a
nearby high altitude site Nainital in the central Himalayas to understand the
transport of pollution from the IGP region to the Himalayas. The results from a
global chemistry transport model (MATCH-MPIC) have been used to investigate the
spatial and temporal variations in ozone over this region. This model has been
further used to study the ozone production regime such as NOx or hydrocarbon
limited. Moreover, the observations at Pantnagar are used to drive a chemical box
model (NCAR-MM) for a semi-urban environment in this region. The diurnal
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variations in ozone are investigated and the sensitivity runs are made to understand
the changes in the ozone levels due to those in the precursors and to estimate the
ozone production and loss rates. The observations at Pantnagar along with another
urban site Dehradun (78.1oE, 30.3oN, 640 m amsl) in the IGP are analyzed for the
possible impacts of ozone pollution on the growth of vegetations by estimating the
Accumulated Ozone above a Threshold of 40 ppbv (AOT40) index.

The measurements of greenhouse gases are made by collecting weekly air samples
at Nainital and analyzing them using a Gas Chromatograph and IR based instrument
to measure the concentrations greenhouse gases including CO2 and CH4. The
analysis of long-term time series of these gases is made to study the seasonal
variations and long-term trends in these gases over Nainital. A comparison of the
observed seasonal variations and trends at Nainital with observations at other sites is
also made.

This thesis contains seven chapters including the present Chapter 1 which provides
a brief background about the role of ozone and other trace gases in the atmosphere
and the basic research work carried out. The detailed description of the instruments
and measurement techniques, models and satellite data used in this study is provided
in Chapter 2. The results of surface ozone measurements at Pantnagar site in the
Indo-Gangetic Plain region are discussed in the Chapter 3. The analysis of balloonborne measurements from Nainital is presented in the Chapter 4 and Chapter 5. In
the Chapter 4, the seasonal variations in ozone and meteorological parameters have
been discussed. Chapter 5 includes the influences of various dynamical processes
Page 34 of 260

and biomass burning on the ozone distribution. The analysis of long term
observations of CO2, CH4 and CO has been discussed in the Chapter 6 with
emphasis on the seasonal variations and long-term trends. Finally in the Chapter 7,
a brief summary and conclusions of the thesis are discussed with the future scope of
this work.
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Chapter 2
Methodology

In order to study the spatial and temporal variabilities in ozone and other trace gases,
sensitive and accurate measurement techniques are essential. There have been
significant improvements in various measurement techniques of trace gases in past
few decades [e.g. Heard, 2006]. Among the chemical method, chemiluminescence
and UV absorption method for surface ozone, UV absorption is the most popular
method, while, the Gas Chromatography remains the preferred method for many
hydrocarbons. Recently, CRDS based instruments are the most popular for trace gas
measurements. These instruments are seen to have least interferences form other
gases; however, these instruments are very costly. Balloon soundings using
electrochemical sensors and LIDAR are the only techniques that can provide ozone
profiles with good vertical resolution and accuracy throughout the troposphere and
the lower stratosphere. Unlike LIDAR and many satellite observing systems,
ozonesondes are not affected by clouds and are capable of resolving strong ozone
gradients in the upper troposphere and lower stratosphere (UT/LS) [e.g. Thompson
et al., 2011].
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The different meeasurement techniques employed
e
inn the presentt thesis are discussed
d
in thhe following sections:

2.1.

Surfacee Ozone

Surfface ozone measuremen
m
nts have beeen made ussing the onlline ozone analyzers
a
(Teleedyne M4000E and Therrmo Model--49i) operatiing on the pprinciple of UV light
abso
orption by ozzone molecu
ules at abouut 254 nm. These
T
analyzzers have a response
timee of about 20 seconds and
a a minim
mum detectio
on limit of aabout one pppbv. The
ambient air is drrawn inside the analyzeer through a Teflon tubee from the roooftop of
the second
s
floorr with a flow
w of about 1 L per minn. The absolute accuraccy of this
systeem is reporteed to be abou
ut 5% [Kleinnman et al., 1994]. Averrage ozone values
v
are
storeed over 15 min
m intervals and used foor further anaalysis.

Figu
ure 2.1: A siimplified bloock diagram
m showing th
he operatingg principle of surface
ozonne measurem
ments using the
t UV absorrption technique.
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Figure 2.1 shows a simplified block diagram of the ozone analyzer demonstrating its
working principle. Air sample, after passing through a teflon filter, is divided into
two air streams with one of them flowing directly through the absorption cell while
other flows via an ozone scrubber (MnO2). The two gas streams represent air with
ozone and without ozone. These air streams are passed through an absorption cell
for 5 to 10 seconds alternatively using a 3-way solenoid valve. In the absorption cell,
these air samples are exposed to UV light (254 nm) to produce a reference (I0) and
measurement (I) signal. The measurement and reference signals represent the
attenuation of UV light in the presence and absence of ozone in the air. I0 and I are
compared with each other using the Beer-Lambert’s Law to estimate ozone
concentration as follows:
I = I0 e-σLC

[2.1]

Where σ is the molecular absorption coefficient of ozone at 254 nm (308 cm-1), L is
the effective length of the absorption cell, and C is the ozone concentration.

Some trace species can contribute to the detected attenuation by either absorption
(gases) or scattering (aerosols), however any such contribution will be removed in
this method due to the differential nature of equation 2.1. Other possible sources of
error include the variations in the temperature and pressure of absorption cells, drifts
in the UV lamp intensity and drift in the sensitivity of the detector. Both of the
instruments are equipped with the temperature and pressure sensors for the possible
corrections. The UV lamp used in these instruments is a low-pressure cold-cathode
mercury vapour lamp with main emission line at 254 nm. The detector unit is a
photodiode having built-in filters centered at around 254 nm. The accuracy of both
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the analyzers is examined periodically by performing zero and span checks (Figure
2.2).

Figure 2.2: An example of responses of the ozone instrument during the zero and
span tests carried out on 6 March 2011 at Nainital.

A zero air generator (Thermo model 1160) is employed to perform the zero tests. A
typical example of a zero test is shown in the Figure 2.2. Span check is the test of
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the instrument response when its inlet is connected to a known concentration of
ozone (here 101.1 ppbv) produced by an in built ozone generator. The instruments,
from Thermo and Teledyne both, responded well to the span tests with their average
response in the range of 100.5 to 101.6 ppbv.

Figure 2.3: A strong positive correlation is observed between the simultaneous
ozone observations from Thermo and Teledyne.

In addition to the zero and span tests, ozone observations from Thermo, USA and
Teledyne, USA instruments have been inter-compared (Figure 2.3) by running them
side by side using a common inlet system. The ozone observations from both the
analyzers are seen to be in strong positive correlation (r2 = 0.99) with each other.
Further details of ozone observations by such instruments have been reported in Lal
et al. [2000], Naja and Lal [2002], Kumar et al. [2010], and Ojha et al. [2012].
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2.2.

Balloon
n-borne Measureme
M
ents

Meaasurements of
o ozone veertical distriibution alon
ng with diffferent meteo
orological
parameters inclu
uding air teemperature, pressure, annd relative humidity haave been
made by launchiing balloonss carrying ann “Ozoneson
nde” coupledd with a conv
ventional
meteeorological “Radiosondde” (meteorological sennsors with G
GPS and traansmitter)
(Figu
ure 2.4).

Figu
ure 2.4: Ballloon with ozzonesonde aand radioson
nde during tthe ascent at
a ARIES,
Nainnital.
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Ozonesondes have a long developmental history and these were introduced in the
atmospheric science research during 1960s [e.g. Komhyr, 1969]. Ozonesondes have
been the most popular/successful technique for providing ozone profiles from
surface up to stratosphere depending upon the burst altitude of the balloons
(generally ~30 to 35 km). Several inter-comparisons have been made among various
ozonesondes over the last 4 decade [Attmannspacher and Dutch, 1970; Barnes et al.,
1985; Kerr et al., 1994; Komhyr et al., 1995; Boyd et al., 1998; Smit et al., 2007;
Deshler et al., 2008] and ozonesonde is now a proven technique. Three different
types of ozonesondes have been employed at different stations around the globe,
which are Electrochemical Concentration Cell (ECC), Brewer Mast (BM) and
Japanese KC sonde. Out of these three, the ECC ozonesondes are most widely used
and is being used in the present study which is described in the subsequent sections.
The details of other types of ozonesondes can be seen elsewhere [e.g. Brewer and
Malford, 1960; Kobayashi and Toyama, 1966; Claude et al., 1987; Fujimoto et al.,
2004].

As the balloon ascends in the atmosphere, the information of ozone and
meteorological parameters is transmitted to the receiving system at ground. Entire
air segment consists of a balloon (1200 gm rubber), a parachute, a reel-pulley and
instrument payload. The instrument payload includes an Ozonesonde (ECC sensor,
Teflon

pump,

electronic

interface

card)

and

meteorological

radiosonde

(meteorological sensors and GPS). The ground segment includes an antenna, radio
receiver, modem and a computer for receiving the data. Figure 2.5 shows the
photographs of ozonesonde, radiosonde, antenna and receiver and Figure 2.6 shows
an overview of the balloon sounding setup.
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Figu
ure 2.5: Ozoonesonde, ra
adiosonde, antenna and receiver couupled with th
he laptop
via MODEM
M
as used duringg the observaations.

Befoore starting the regulaar observatioon, 7 test flights werre conductedd during
Septtember-Octoober 2010 annd regular obbservations were
w started during Janu
uary 2011
withh a frequencyy of 3 to 4 flights
fl
in eacch month. Generally, ballloon flight is
i carried
out on
o every Wednesday.
W
Figure
F
2.6 sshows an ovverview of tthe completee balloon
sounnding experim
ments. A poortable tripodd-mounted Yagi
Y
antenna with a buiilt-in preamplifier coupleed with a 403
3 MHz receiver has beeen used for ddata acquisition. Data
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proccessing softw
ware supplied
d by the mannufacturer iss used to connnect compuuter to the
receiiver via a 1200-baud
1
r
rate
modem.. Balloons are
a filled wiith Helium gas with
abouut 90 Kg/cm
m2. In this stu
udy, all the ssensors flow
wn were new
w and used on
nly once.
The ascent rate of balloonss was aboutt 5 meter peer second annd generallyy balloon
burst altitude is 30-32
3
km.

ure 2.6: Layyout of the balloon sounding experim
ments showiing the meassurement,
Figu
dataa transmissioon and receivving system.

Duraation of com
mplete flightt, comprisinng of ascendd and desceend, is 2 to 3 hours.
Desccend profiless have also been collectted, howeverr, are not ussed in the annalysis as
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faster descend could lead to considerable time lag between measurement and its data
recording. Efforts were made to keep balloon launches in all the days at a fixed time
of the day i.e. within a time window of 2 hours around 1200 hour IST except few
cases (Figure 2.7). The variability in the launch time was mainly due to constraints
of flight permissions from the Air Traffic/Navigation Controllers of this region
(Bareilly). Subsequent sections provide more details of the ozonesonde and
radiosonde instruments used in the work.

Figure 2.7: Time series of balloon launch times at ARIES, Nainital. In general,
launch time was kept around 12 hour IST however; the changes in launch times are
mainly due to unavailability of permissions from Air Traffic Controller, Bareilly.

2.2.1. Radiosonde
This work used radiosondes manufactured by InterMet (iMet-1-RSB 403 MHz
GPS), USA. Intermet radiosonde uses a glass bead thermistor for temperature
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measurements whose smaller size allows for the faster response. It is coated with the
aluminum which minimizes the effects of solar and infrared heating. For the
measurements of relative humidity, this radiosonde utilizes a variable capacitor
having a polymer dielectric insulator. The permittivity of the insulator varies with
the change in the relative humidity. The pressure is measured by a compensated
peizo-resistive silicon pressure sensor. This radiosonde has a 12-channel GPS
receiver and a 403 MHz data transmitter. The transmitter is a crystal-controlled
oscillator that controls the opted channel frequency. It has a linearly polarized dipole
antenna, which transmits FM modulated signal containing digital data for
meteorological parameters (PTU) and GPS. In addition to the meteorological
measurements made by the sensors of radiosonde it also transmits the GPS data and
the ozone measurements if it is coupled with an ozonesonde.

The accuracies of pressure, temperature and humidity measurements are reported to
be ±1.8 hPa (surface to 400 hPa), ±0.5 hPa (400 to 4 hPa), ±0.3 oC and ± 5%
respectively. An in-built GPS is used to track the position of balloon and to calculate
wind speed and wind direction. A detailed evaluation of the performance of Intermet
radiosonde and its comparison with Vaisala radiosonde (RS92) has been made
recently [Hurst et al., 2011].

2.2.2. Ozonesonde
Electrochemical concentration cell (ECC) ozonesondes (EN-SCI 2ZV7 ECC)
[Komhyr et al., 1969; Komhyr et al., 1995] have been used to measure the vertical
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distribution of ozone. ECC ozonesondes contains two half cells made of Teflon
which serve as cathode and anode. Both of these cells contain platinum mesh acting
as the electrodes which are immersed in the KI solutions of different concentrations.

ECC ozonesondes do not require any external electrical potential but get their
driving electromotive force (0.13 V) from the differences in the concentrations of
Potassium Iodide solutions in cathode and anode chambers. The electrolytes contain
Potassium Bromide (KBr) and a buffer whose concentrations are same in each cell.
The current generated by the oxidation of Potassium Iodide (KI) by ozone molecules
is measured to derive the ozone concentration. This method is preferred for balloon
flights due to its faster response time (1-2 seconds) and lightweight. A compact
battery operated pump is used to draw air into the cell.

When ozone enters the sensor, it reacts with KI to form I2 in the cathode
2KI + O3 + H2O  2KOH + I2 + O2

[2.2]

The cell converts I2 into Iodide ions by flow of two electrons according to
I2 + 2e-  2I-

[2.3]

In this way, for each ozone molecule entered the sensor, a flow of two electrons
takes place in the external circuit of the cell. Measurement of this cell current (im)
along with the flow rate of air into the sensor, ozone partial pressure is calculated as
follows:
PO3 = 4.307 x 10-3 (im - ib) Tpt

[2.4]
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Where, ib is the sensor background current (µA), Tp is the pump temperature (K) and
t is time (seconds) taken by sonde pump to force 100 ml of air through the sensor.
Ozone mixing ratios are derived as follows:
O3 (ppbv) = 1000 PO3/P = 4.307 (im-ib) Tpt/P

[2.5]

2.2.3. Preparation of the Ozonesonde For Flight
2.2.3.1.

Advance Preparation

Advance preparation of the ozonesonde includes the testing of the overall
performance of the instrument and charging of the sensor with the sensing solutions.
This preparation is done 3 to 7 days prior to the flight day to attain the low
background current. This is done in the following steps:
(a) The power leads of ozonesonde are first connected to the 12 VDC output from
the ozonizer test unit and sonde is run with ozone free air for about 15 minutes.
Sonde should generally draw less than 90 mA of current and develop at least 20
inches Hg pressure and 18 inch Hg vacuum. If it takes larger current or develops
less pressure/vacuum then few ml of acetone are put into the pump inlet.
(b) After achieving the proper pump performance, sonde air intake tube is connected
to high ozone source in the tests unit and is conditioned with high ozone (few
ppmv) for about 30 minutes followed by flushing it by ozone free air for about 5
minutes.
(c) Cathode sensor is charged first by 3 ml of the solution by a teflon tipped syringe
specially reserved for cathode. Then after 2 minutes, anode is charge by 1.5 ml
solution. Now, sonde is run for ozone free air for about 10 minutes. Sonde is
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then given a moderate input of ozone which produces about 5 µA sensors
current. To check the sensitivity of the sensor, suddenly the ozone free air is
passed and that should show the current less than 1.5 µA which indicates the
satisfactory performance of the sensor.
(d) Additional 2.5 ml of solution is filled in cathode cell and ECC sensor leads are
short by a shorting plug or ordinary copper wire and sensor is kept in dark clean
environment.

2.2.3.2.

Preparation on the day of Balloon Launch

(a) Cathode and anode solutions are removed completely and chambers are refilled
by fresh solutions 3 ml cathode and 1.5 ml anode.
(b) Ozone free air is passed for 10 minutes and sensor background current is
recorded at the end of 10 minute. It should be less than 0.05 µA. sensor is then
provided ozone rich air as to produce about 5 µA current for 10 minutes and
after 10 minutes ozone free air is given and sensor currents for 1, 3, 5 and 10
minutes are recorded. The response of the sensor is satisfactory if
R = 100 x (it = 0 – it=1)/it = 0

≥ 80%

[2.6]

(c) Ozonesonde is connected with the radiosonde and is checked for about 10
minutes for the performance of the whole instrument package. Fresh batteries are
connected to the ozonesonde (16V) and radiosonde (6V). Pump flow rate and
background current along with the serial numbers of ozonesonde and radiosonde
are input to the software. The instrument package (ozonesonde and radiosonde)
is tied with the balloon along with a parachute and a reel-pulley, as shown in the
Figure 2.4 and launched.
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Although there are different manufacturers for ozonesonde, however, laboratory and
field inter-comparison experiments show that these are more-or-less in agreement
with each other [Smit et al., 2007; Deshler at al., 2008]. The differences in ozone
measurements are 5% or less below 20 km [Smit et al., 2007]. The accuracy of this
sensor is reported to be about ± (5 to 10) % upto 30 km altitude [Smit et al., 2007].
More details regarding Ozonesonde instruments can be seen elsewhere (e.g.
http://www.ndsc.ncep.noaa.gov/organize/protocols/appendix5/

and

references

therein).

2.3.

Air Sampling for CO2, CO and CH4

Weekly air samples were collected at Nainital for the analysis of long-lived
greenhouse gases and CO. Air samples were collected every Wednesday at 1400
hours at a cold trap (-30 oC) by a cooing unit using Glycol (Figure 2.8). Cooler air
occupies less volume and thus sufficient air sample can be filled in the glass bottles.
Moreover, water vapor gets condensed into the cold trap and is not sampled in the
bottles. These sample bottles are then packed and sent to National Institute for
Environmental Studies (NIES), Japan for analysis using a Gas Chromatograph and
NDIR (Non Dispersive Infrared) analyzer.

The details on the analysis and calibrations have been reported in several studies
[e.g. Nakazawa et al., 1997; Tohjima et al., 2002; Tohjima et al., 2005; Tohjima et
al., 2010 and references therein].
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Figure 2.8: Picture showing the pump, cooling unit and glass bottle connected to it,
as used for collecting air samples at -30 oC.

2.4.

Satellite Data

Along with the different in situ measurements, available datasets from the following
satellite based sensors have also been used in the present study:

2.4.1. Tropospheric Emission Spectrometer (TES)
Tropospheric Emission Spectrometer (TES) is a satellite instrument onboard
NASA’s Aura satellite, part of the NASA’s Earth Observing System (EOS)
(http://tes.jpl.nasa.gov/mission/). TES is a Fourier Transfer infrared Spectrometer
(FTIR) which measures the infrared radiance emitted from earth’s surface and by
atmospheric gases and aerosols. TES has the spectral coverage from 650 to 2250 cm1

which is used to retrieve the vertically resolved profiles of ozone, CO, CH4 and
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water vapor. The spatial resolution of TES data is 0.5 x 0.5 km nadir. In global
survey mode, TES conducts observations approximately every two days. In the
present study, TES Level 2 data of ozone vertical profiles, tropospheric column
ozone

and

tropopause

pressure

datasets

obtained

from

ftp://l4ftl01.larc.nasa.gov/TES/TL2O3N.005/ have been used for the analysis of
ozonesonde observations over Nainital. Moreover, the Level 3 datasets of
tropospheric column ozone and CO at 681 hPa data from TES have been
investigated over a semi-urban site in the Indo-Gangetic Plain. TES CO retrievals
are used at 681 hPa because TES has higher sensitivity at this level [Rinsland et al.,
2006].

2.4.2. Moderate Resolution Imaging Spectroradiometer (MODIS)
This study utilizes the spatial and temporal variability in fire count data available
from Moderate Resolution Imaging Spectroradiometer (MODIS) aboard Aqua and
Terra satellites (http://modis-land.gsfc.nasa.gov/fire.html). The fire detection
algorithm uses the variations in the brightness temperatures obtained from the
MODIS measurements of 4 and 11 µm radiances. The fire detection strategy is
based upon the absolute detection in the cases when fire strength is sufficiently high
and on the detection relative to the background thermal emissions of the surrounding
pixels [e.g. Justice et al., 2002]. In this way the variations in the surface temperature
and sunlight reflections are accounted for. Spatial resolution of MODIS is 1 km and
it covers the global fire activity twice a day. MODIS provides the data for location
of the fire, detection confidence, and fire radiative power. The fire data has also
been available from another satellite based sensor Advanced Along Track Scanning
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Radiometer (AATSR). However, this sensor operated only during the nighttime
which could lead to an underestimation of the total fire activity [Arino and Rosaz,
1999].

2.4.3. Ozone Monitoring Instrument (OMI)
Ozone Monitoring Instrument (OMI) is a nadir-viewing imaging spectrometer
onboard NASA’s Aura satellite. OMI measures various key air pollutants including
NO2,

SO2,

and

aerosols

with

global

daily

coverage

(http://aura.gsfc.nasa.gov/instruments/omi.html). OMI is a successor of TOMS with
added capabilities to measure many more atmospheric constituents. OMI
measurements of ozone profiles in the UV wavelengths complement the
observations being made by TES in IR and MLS in microwave. OMI retrieved
tropospheric column NO2 (OMNO2e.003) version-3 and Level-3 daily data at 0.25ox
0.25o resolution have been used to study the temporal variations in NO2 in the
northern India.

2.4.4. Tropical Rainfall Measuring Mission (TRMM)
The Tropical Rainfall Measuring Mission (TRMM) is a collaborative mission
between NASA, USA and JAXA, Japan (http://pmm.nasa.gov/TRMM). The main
objectives of TRMM include the measurements of rainfall and energy of tropics and
subtropics (http://trmm.gsfc.nasa.gov/). The main rainfall instruments are TRMM
Microwave Imager (TMI), Precipitation Radar (PR), and Visible and IR Radio
System (VIRS) [Kummerow et al., 1998]. This study uses monthly rainfall data
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TRMM 3B43 V6 at 0.25ox 0.25o spatial resolution to examine seasonal variations in
rainfall over the northern India.

2.4.5. Atmospheric Infrared Sounder (AIRS)
Atmospheric Infrared Sounder (AIRS) instrument is onboard NASA’s Aqua satellite
and is also a part of its Earth Observing System. Aqua satellite covers the globe
from pole to pole twice a day (http://airs.jpl.nasa.gov/mission/description/). The
term “sounder” indicates that the temperature and water vapor are measured as a
function of the altitude. AIRS also measures various trace components and clouds.
AIRS measures the infrared brightness from the earth’s surface and atmosphere. The
instrument contains grating spectrometer which disperses the infrared energy across
array of detectors (http://airs.jpl.nasa.gov/instrument/how_AIRS_works/). In the
present study, the Level-3 data of tropopause pressure has been obtained from AIRS
at 1ox1o resolution.

More details regarding the measurements and validations of TES [Beer et al., 2001;
Rinsland et al., 2006; Worden et al., 2007; Nassar et al., 2008], MODIS [Kaufman
et al., 1998; Justice et al., 2002], OMI [Bucsela et al., 2006], TRMM [Kummerow et
al., 1998; Adler et al., 2000; Giglio et al., 2003] and AIRS [Divakarla et al., 2006]
can be seen elsewhere.

2.5.

Modeling the Atmospheric Processes

The atmospheric models simulate the physical, chemical and dynamical processes
and play vital roles in the interpretation of the field observations and in the
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understanding of the key variables and processes [Jacobson, 2005]. A deviation of
model simulations from the observations generally indicates insufficient
understanding or omission of the processes. Moreover, models are also used to get
the information on the future state of the atmosphere such as possible impacts of the
changes in the anthropogenic emissions. Depending upon the spatial dimensions and
complexity models are classified as zero or box model and one, two, and three
dimension models. These models provide invaluable information on the spatial and
temporal distribution of trace gases. The use of these models is essential over south
Asian region where the in situ measurements are very sparse. Meteorological models
have been used for simulating the weather and climate while air pollution is
generally simulated using the photochemical models. Photochemical models are
now being combined with the meteorology to simulate them as a whole to
understand the role of emissions, chemistry and transport of pollution.

The zero dimensional (box) models do not incorporate any coupling between the
chemistry and transport and are generally used to study the complex chemistry at a
fixed location or to follow an air parcel along its trajectory [e.g. Madronich, 2006].
In the one-dimensional model, the atmosphere is treated as a single vertical column
and variations with latitude and longitudes are not considered. These are generally
used to understand the vertical distribution of the trace species [e.g. Kasting and
Singh, 1986]. The two dimensional models, which consider the variability in latitude
and altitude, are used to simulated chemistry and dynamics in the stratosphere and
mesosphere which are more homogeneous as compared with troposphere [e.g.
Brasseur et al., 1999]. The most realistic representation of the atmosphere is made
using the three dimensional models having variations in longitude, latitude as well
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as altitude [e.g. Grell et al., 2005], however, these models need much more
computational resources. The three dimensional models are generally classified into
two types: global models and regional models. Global models have generally coarser
spatial resolution i.e. 100 km or more while the resolution in regional models can be
as fine as few hundred meters.

The physical, chemical and dynamical processes occurring in the atmosphere are
coupled with each other and can be described using the continuity, momentum and
energy equations. The time dependent processes are generally represented by
ordinary differential equations while the space and time dependent processes are
represented by partial differential equations.

2.5.1. Physical Processes
The incoming solar radiation and outgoing terrestrial radiations are affected by the
gases and particles present in the atmosphere mainly via absorption and scattering
processes. Ozone, carbon dioxide and water vapor are among the main constituents
which contribute to the absorption of the terrestrial radiation in the lower
atmosphere. These molecules reemit the radiation at different wavelengths.
Scattering occurs when the particles or large gas molecules interact with the incident
electromagnetic radiation and redirect it from its original path.

These processes are governed by physical laws including Beer-Lambert’s law,
Stefan-Boltzmann law, Wien’s displacement law and Kirchoff’s law. The BeerPage 57 of 260

Lambert’s law describes the logarithmic attenuation of the incident radiation in the
atmosphere. Stefan-Boltzmann law states that the amount of the emitted radiation is
directly proportional to the fourth power of the absolute temperature of the emitter.
Wien’s displacement law describes that the wavelength corresponding to the
maximum emission is inversely proportional to the absolute temperature of the
emitter. Further, Kirchoff’s law adds that a good absorber of the radiation is also a
good emitter of those wavelengths.

2.5.2. Chemical Processes
In the chemical processes, the reactant gases collide with each other and transform
chemically into the products. A typical bi-molecular and tri-molecular reaction and
their reaction rates can be represented as follows:
Bi-molecular: R1 + R2 → P1+ P2 with reaction rate d[P1]/dt = k1[R1] [R2]
Tri-molecular: R1+ R2+ R3 → products with reaction rate d[prod]/dt = k2[R1] [R2]
[R3]
Here, the Ri and Pi are representing the reactants and products respectively and
square brackets denote their concentrations, ki represent the reaction rate
coefficients.

In the photochemical processes, any species after absorbing a UV or visible photon
can jump into an electronically excited state and can undergo one of the following
four processes:

Page 58 of 260

(a) excited species reemit the photon and return to a lower electronic state
(fluorescence or phosphorescence)
(b) Collision with another molecule resulting in the transfer of energy (quenching)
(c) Chemical reaction during its collision
(d) Uni-molecular change such as its photo-dissociation
The probability of any of these processes is called as the quantum yield and thus the
sum of the quantum yields for all the processes is unity.
For example, the photolysis of molecular oxygen which takes place as follows:
O2 + hν (λ ≤ 400 nm) → O (1D) + O (3P)

[2.7]

The rate of loss of O2 can be written as d[O2]/dt = -J[O2]
Where, J is the rate constant for the O2 photolysis and can be determined by the
number of photons (solar flux q), the ability of the molecule to absorb these photons
(absorption cross section σa) and the probability of the photo-dissociation. The
product of these terms is integrated for all nonzero terms over all wavelengths as
follows:
J = ∫λ σa (λ) ψ (λ) q(λ) dλ

[2.8]

The quantum yields and absorption cross sections are the fundamental properties of
molecules which are generally estimated during laboratory experiments.

2.5.3. Dynamical Processes
The conservation of mass in an infinitesimally small volume of the fluid is
expressed by the continuity equation. This equation is used to simulate the evolution
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of an air parcel over time by taking the sources, sinks and transport into the account.
For a chemical species i with mass density ρi, this equation [Jacobson, 2005] can be
written as:

Where v = (u, v, w) is the wind velocity vector,

(ρiv) is the flux divergence i.e.

the flux out of the volume minus flux in and represents the transport term. Si is the
net local source term. The net source term include the contributions from the
emissions, chemical processes and deposition. These processes will be discussed
further in context of various models in the sections 2.6.2, 2.6.3 and 2.6.4. The
continuity equation, along with the initial and boundary conditions, is used to
investigate the spatial and temporal variability in the atmospheric species.

In the present study, different models have been used for simulations of air mass
trajectories (HYSPLIT model), chemical evolution of air parcels (NCAR Master
Mechanism Box model) and spatial and temporal variations in ozone and precursors
(WRF-Chem and MATCH-MPIC) as discussed in the following subsections:
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2.6.

Models Used in the Study

2.6.1. Back-Air Trajectories (HYSPLIT)
Back-air trajectory simulations are an important tool to trace the sources of air
pollution and to understand the role of local and regional influences, long-range
transport etc. in the variabilities of ozone and other trace species. In the present
study, Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model
(http://www.arl.noaa.gov/HYSPLIT_info.php) has been used for simulating the back
air trajectories of the air masses over the northern Indian region. This model has
been developed by the collaborative work primarily among NOAA and Australia’s
Bureau of Meteorology and other institutions. HYSPLIT model can be driven by
existing standard meteorological forecast fields obtained from regional or global
models. Generally, the meteorological datasets such as NCEP/NCAR reanalysis
available at the spatial resolution of 2.5o x 2.5o at every 6 hours are used to run the
HYSPLIT model. While in the present study, GDAS (Global Data Assimilation
System) meteorological fields available at higher resolution (1o x 1o) available at
every three hours have been used.

These datasets include the gridded data of zonal, meridional and vertical wind
components, temperature and other meteorological parameters at different pressure
levels. The gridded data of topography and surface pressure are also provided as an
input to the models. HYSPLIT model has also been configured to provide the
variations in the meteorological parameters such as temperature, pressure, relative
humidity, solar radiation and rainfall along the trajectories. More details of the backair trajectory simulations using HYSPLIT model and obtaining meteorological
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parameters along the trajectory can be seen elsewhere [Draxler and Rolph, 2012;
Draxler et al., 2012].

2.6.2. Chemical Box Model (NCAR-MM)
The concentration of any chemical species X can be controlled by emissions,
chemistry, transport and deposition as shown in the layout of an atmospheric box
(Figure 2.9). The production and loss rates of X have contributions from the
emission (E), chemical production (P), chemical loss (L) and deposition. In the box
model, the spatial distribution of the species is not incorporated and the box is
assumed to be well mixed.

The lifetime t of X in the box can be written in the terms of its mass (m in kg) and
its removal rate (Fout + L + D in kgs-1) as follows:
t = m/(Fout + L + D)
The mass balance equation for the abundance of X can be written as follows:
dm/dt = ∑sources - ∑sinks
dm/dt = Fin + E + P –Fout-L-D
This equation can be solved for deriving the time evolution of the abundance i.e.
m(t) if all the terms on the right side are known. More details of box model can be
seen elsewhere [e.g. Jacob, 1999b].
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Figu
ure 2.9: A Laayout showin
ng various processes
p
inffluencing thee concentratiion of a
speccies X in an atmospheric
a
box.

In th
he present study, the NCAR Maaster Mechaanism (NCA
AR-MM) boox model
deveeloped at Naational Centter for Atmoospheric Ressearch, Bouulder, USA, has been
employed for sim
mulating thee diurnal variiations in suurface ozone and for inveestigating
the sensitivity of
o ozone vaariations to changes in NOx and N
NMHCs. Th
his model
conssists of highlly detailed gas phase cheemistry with
h about 2000 species partticipating
in about
a
5000 reactions annd can sim
mulate the tiime evolution of an air
a parcel
initiaalized with known
k
conccentrations aassuming noo further diluution, emissions, and
transsport (http:///cprm.acd.uccar.edu/Moddels/MasterM
Mech/index.sshtml).

In thhis study, thee model is innitialized witth O3, H2O, NO, NO2, C
CO, OH, HO
O2, CH2O,
CH4, i-butane, n-butane, Isoprene, Xyylene, and Toluene whhile N2, O2, M and
phottons are hard-wired in the
t model. Photolysis
P
rate
r
coefficients i.e. j-values are
estim
mated using the Troposp
pheric Ultravviolet Visiblee (TUV) raddiative transffer model
[Mad
dronich and
d Flocke, 19999] with 4--stream disccrete ordinattes radiativee transfer
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solver [Stamnes et al., 1988]. Further details of the NCAR-MM model can be seen
elsewhere [Madronich, 2006].

2.6.3. Regional Chemistry Transport Model (WRF-Chem)
The WRF model is a fully compressible and non-hydrostatic model. This study uses
the version 3.3.1 of the model. WRF-Chem model developed jointly by NOAA and
some other research institutes (http:/ruc.fsl.noaa.gov.wrf/WG11). Its vertical
coordinate is a terrain-following hydrostatic pressure coordinate. The WRF-Chem
model differs from most of the present day air quality models (e.g. SMAQ, CMAQ)
in the sense that air quality and meteorological components are fully consistent with
each other and thus it is termed as an “online” model [Grell et al., 2005]. The other
air quality models are called as “offline” as they treat the chemistry system
independently of the meteorological model. However, the independent treatment of
chemistry and meteorology in the offline models may lead to loss of important
information about the processes occurring on time scales much smaller than output
time of the meteorological model (e.g. wind speed and direction, rainfall and cloud
formation). In contrast to the “offline” models, the chemistry and meteorology
components of WRF-Chem use same transport scheme, same horizontal and vertical
grids, same time steps and same physics schemes for the subgrid-scale transport.
Additionally, WRF-Chem model may also include the feedbacks between the
meteorology and chemistry. The major components of the WRF-Chem model are
the (1) WRF Preprocessing System, (2) real data initialization and (3) the WRF
solver (ARW or NMM) including the chemistry. These components are described in
detail in the following subsections.
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2.6.3.1.

The WRF Pre-processing System (WPS)

The WRF Preprocessing System (WPS) is a set of three programs whose collective
role is to prepare the input data for the real data initialization program by defining
the simulation domain and interpolating the static terrestrial fields and the
meteorological data to the model domain. The three programs are known as geogrid,
ungrib and metgrid respectively. The geogrid defines the model domain and
interpolates static geographical data to the grids; ungrib extracts meteorological data
from the GRIB-formatted files; and metgrid program combines the outputs of the
geogrid and ungrib programs and horizontally interpolates the meteorological data to
the simulation domain. The work of vertically interpolating meteorological fields to
WRF eta levels is performed within the real program. The WPS programs read the
parameters from a common “namelist.wps” file. This namelist file has separate
namelist records for each programs and a shared section containing the parameters
to be used by more than one WPS program. The information about WRF model
solver (ARW or NMM), the start and end time of the simulations for each domain,
total number of domains to be used in the simulation, time resolution of input
meteorological data and the input/output formats is declared under the shared
section of namelist.wps. The parameters required for defining the simulation
domains such as the number of grid points in the west-east and north-south
direction, spatial resolution, map projection, reference latitude and longitude for the
domain and the location of static terrestrial data are defined under the geogrid
section. In this study, the simulation domain is defined on the Mercator projection
with center at 25o N, 80o E. The domain covers nearly the entire South Asian region
at 45 km spatial resolution with 90 grid points in both west-east and north-south
directions. The terrain height, land-use/vegetation, soil properties and albedo are
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interpolated from 10 min (approximately 19 km) U. S. Geological Survey to the
model domain.

After defining the simulation domain, the next step is to extract the meteorological
fields using the ungrib program. The ungrib program reads GRIB files and writes the
data in a simple format, called the intermediate format. The GRIB files generally
represent the output of other regional/global models. In this study, NCEP Final
Analysis (FNL) data from Global Forecasting System (GFS) available at spatial
resolution

of

1o

and

temporal

resolution

of

6

hours

(http://dss.ucar.edu/datasets/ds083.2/data/) has been used for initializing the
meteorological fields in the model. The final step of the WPS system is to combine
the output of geogrid and ungrib programs by using the metgrid program. The
metgrid program horizontally interpolates the meteorological fields extracted by the
ungrib program onto the simulation domain defined by the geogrid program. The
interpolated metgrid output can then be used by the real data initialization program.

2.6.3.2.

Types of Emissions Used

Anthropogenic emissions of CO, NOx, SO2, NMVOCs, PM10, PM2.5, BC and OC are
obtained from INTEX-B emission inventory [Zhang et al., 2009] and RETRO
database as discussed in detail recently [Kumar et al., 2012a; Kumar et al., 2012b].
Biomass burning emissions are provided from NCAR Fire Inventory (FINNv1)
[Wiedinmyer et al., 2011]. Biogenic emissions are online calculated suing MEGAN
model [Guenther et al., 2006]. Regional atmospheric Chemical Mechanism
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(RACM) is the gas phase chemistry used which includes 237 reactions among 77
species [Stockwell et al., 1997]. The initial and boundary conditions for chemical
fields are updated every 6 hours from MOZART [Emmons et al., 2010]. Model time
step is set to 180 s and output at every one hour is obtained.

2.6.3.3.

Model Physics

The different physics options used in the model configuration are the microphysics,
cumulus parameterization, planetary boundary layer, land-surface model and
radiation. The WRF-Chem model encompasses a variety of single and double
moment schemes to explicitly resolve water vapor, clouds and precipitation
processes. The single moment schemes predict only the number concentrations
while double moment schemes predict not only the number concentration but also
the mixing ratios of cloud, ice, snow, graupel and hail. The prediction of both
number concentrations and mixing ratios allows for a more robust treatment of the
particle size distributions, which are very important for calculating the
microphysical process rates. Therefore, the double moment microphysical
parameterization described by Thompson et al., [2004] has been used for the present
study. The Kain-Fritsch cumulus parameterization scheme that utilizes a simple
cloud model with moist updrafts and downdrafts including the effects of entrainment
and relatively simple microphysics [Kain, 2004] has been used in the present study.
The radiation scheme provide atmospheric heating due to the radiative flux
divergence and surface downward long-wave and shortwave radiation for the ground
heat budget. Long-wave radiation includes infrared or thermal radiation absorbed
and emitted by gases and surfaces. Shortwave radiation includes the visible and
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surrounding wavelengths that make up the spectrum. Hence, the only source is the
Sun, but the process includes absorption, reflection and scattering in the atmosphere
and at the surface. In the present model configuration, the rapid radiative transfer
model (RRTM) [Mlawer et al., 1997] is used to simulate long-wave radiation. The
shortwave radiation processes are simulated using the Goddard shortwave scheme
[Chou and Suarez, 1994].

The Noah land-surface model, developed jointly by NCAR and NCEP, has been
used in the model set-up for this study. The Planetary boundary layer (PBL) scheme
determine the flux profiles within the well-mixed boundary layer and the stable layer
and thus provide atmospheric tendencies of temperature, moisture (including clouds)
and horizontal momentum in the entire atmospheric column. Here, the MellorYamada-Janjic (MYJ) scheme is used for the parameterization of the turbulence in
the PBL and free atmosphere [Janjic, 2002]. The setup and detailed evaluation of
WRF-Chem model over South Asia has been provided recently [Kumar et al.,
2012a; Kumar et al., 2012b].

2.6.4. Global Chemistry Transport Model (MATCH-MPIC)
Spatial and temporal variations in ozone and related species are also obtained from
the offline global chemistry transport model MATCH-MPIC (Model of Atmospheric
Transport and CHemistry – Max Planck Institute for Chemistry version 3.0).
MATCH-MPIC was developed at the National Center for Atmospheric Research
and

the

Max

Planck

Institute

for

Chemistry
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(http://cwf.mpic.de/~cwf/match/match_overview.html). The version from Lawrence
et al. [2003a] developed for chemical weather forecasts is used here, with a few
updates, most importantly at a higher resolution (T106 vs. T42), and with updated
emissions. The simulations here are driven by NCEP/NCAR reanalysis meteorology
data at T106 horizontal resolution (~0.9ox0.9o) with 42 vertical levels (from the
surface to ~2 hPa) available every 3 hours. A time step of 10 minutes is used in the
simulations.

The meteorology component of MATCH uses the NCEP data to simulate advective
transport [Rasch and Lawrence, 1998], and also to diagnose convection [Zhang and
McFarlane, 1995; Hack et al., 1994], vertical diffusion [Holtslag and Boville,
1993], cloud fractions [Slingo, 1987], and cloud microphysics [Rasch and
Kristjansson, 1998]. Surface emissions of CO, NOx, and non-methane hydrocarbons
for industrial sources are taken from EDGAR inventory [Olivier et al., 1999].
Biomass burning emissions are based on climatological emissions from GFEDv2
[Van der Werf et al., 2006]. Soil NOx emissions are taken from Yienger and levy
[1995]. Lightning NOx emissions are calculated online based on convective mass
flux, with the global lightning NOx emissions scaled to 2 Tg(N)/yr. Aircraft
emissions are taken from Schmitt and Brunner [1997]. Photolysis rates are computed
using online actinic flux calculations at eight representative wavelengths, and the
modeled cloud fractions and ozone profiles. Based on the technique of Landgraf and
Crutzen [1998], including consideration of modeled cloud and O3 profiles. Dry
deposition is from Ganzeveld and Lelieveld [1995], and heterogeneous loss of N2O5
on aerosols is based on Dentener and Crutzen [1993]. Cloud scavenging by
precipitation and gravitational settling processes in non-precipitating clouds are
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computed based on the modeled precipitation production rates in each grid cell, as
described in Lawrence and Crutzen [1998] and Crutzen and Lawrence [2000].

Over the Asian region, this model is shown to reproduce the NOx variability well
including the enhanced abundances of NO2 over China and northeast India, in
addition to the higher levels during the biomass burning periods, however, the
absolute levels were somewhat underestimated [Kunhikrishnan et al., 2004]. Further
details of MATCH-MPIC description as well as evaluation can be found elsewhere
[Rasch et al., 1997; Lawrence et al., 1999; Von Kuhlmann, 2001; Von Kuhlmann et
al., 2003; Lawrence et al., 2003a].

2.6.5. Global Chemistry Transport Model (MOZART)
The Model for Ozone and Related chemical Tracers (MOZART) is an offline global
chemistry transport model developed collaboratively by National Center for
Atmospheric Research (NCAR) and the Max Planck Institute for Meteorology and
NOAA/GFDL (http://www.acd.ucar.edu/gctm/). In the present study the results from
version 4 of the MOZART model has been obtained from the model website
(http://www.acd.ucar.edu/wrf-chem/mozart.shtml).

In

this

setup,

the

input

meteorological fields are used from NASA GMAO GEOS-5 model. The
anthropogenic

emission

data

is

taken

from

the

ARCTAS

inventory

(http://www.cgrer.uiowa.edu/arctas/emission.html) and fire emissions are taken
from FINN-v1 [Wiedinmyer et al., 2011]. The spatial resolution of the model output
is 1.9x2.5 degree with 56 pressure levels. More detailed description of this model
and evaluation can be seen in Emmons et al. [2010].
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Chapter 3
Surface Ozone Variations at
Pantnagar

in

the

Indo-

Gangetic Plain

The Indo-Gangetic Plain (IGP) region is one of the most densely populated regions
in the world, however, ground based measurements of air pollutants are very limited
here. IGP region stretches from the Indus river system in Pakistan to the delta of
Ganges River in Bangladesh in the west-east direction. The high altitude Himalayan
range is its northern border while plateau of Deccan is located in its south. IGP
region in the northern India encompasses a variety of emission sources such as coalbased thermal power plants, industries, vehicular emissions, bio-fuel burning,
mining and crop-residue burning. Analysis of INTEX-B emission inventory data
shows that the emissions of CO, NOx and NMVOCs are significantly higher over the
IGP region than those over the rest of India [Zhang et al., 2009]. Pollutants emitted
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from this region get trapped in the complex hilly terrain leading to the elevated
levels of trace gases and aerosols. This spatial heterogeneity in the distribution of
trace species have been reported using satellite based observations of tropospheric
ozone, CO, NO2 and aerosol properties [Fishman et al., 2003; Di Girolamo et al.,
2004; Jethva et al., 2005; Gautam et al., 2009; Kar et al., 2010; Giles et al., 2011].
The outflow of the pollutants from the IGP region further influences the pristine
oceanic regions surrounding India [Lelieveld et al., 2001; Lal et al., 2007; Srivastava
et al., 2011].

Despite such importance, the observations of trace gases are highly sparse in the IGP
region in the northern India while previous studies were mostly confined to the
western and southern parts of India [e.g. Lal et al., 2000; Naja and Lal, 2002; Beig
et al., 2007; Reddy et al., 2008]. However, surface ozone observations with a
complete seasonal cycle have been made only at two sites, in the northern India. One
site is a highly urbanized megacity (Delhi) [Ghude et al., 2008a] and the other one is
a high altitude clean site in the central Himalayas (Nainital) [Kumar et al., 2010]. In
light of these conditions, continuous surface ozone observations have been initiated
at a semi-urban site Pantnagar in the IGP region since March 2009.

3.1.

Observation Site

Surface ozone measurements are made at the College of Basic Sciences and
Humanities (CBSH) in the G. B. Pant University of Agriculture and Technology
(GBPUAT), Pantnagar (29.0oN, 79.5oE, 231m amsl) during March 2009 to June
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2011. The geographical location of this site overlaid on the topographical and
population density (CIESIN) maps is shown in the Figure 3.1.

Figure 3.1: (a) Topographical map of India with zoomed map of the northern India,
(b) population density around the observation site, and (c) annual average CO
emissions (INTEX-B) over India are shown. A belt of higher CO emissions, from the
northern India to the eastern side, is the IGP region. Observation site, Pantnagar
(PNT) is marked with a black filled triangle, other sites used for comparison namely
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Delhi (DEL), Ahmedabad (AHM), Gadanki (GAD), Trivandrum (TVM) and Nainital
(NTL) are marked with white filled circles.

Here it is evident that the topography in this region is very complex as high altitude
Himalayan Mountains are in the north while low altitude plains are located in the
south and west of this site. Mountains of 1500 to 2000 m altitude are about 50 km
away, while, the mountains of 4000 to 5000 m altitude are about 130 km away from
the site. The population density around the site is about 250 to 1000 persons per km2
while it is significantly less (25 to 250 persons per km2) in the northern region. The
university campus encompasses a large area with a perimeter of about 30 km, which
is used primarily for the agricultural research. There are no major anthropogenic
emissions except the local vehicular movement inside the university campus. Some
small-scale industries are located in the nearby towns such as Rudrapur and
Haldwani (12-25 km away). The nearest megacity Delhi is about 225 km away in
the southwest of Pantnagar. Annual average anthropogenic emissions of CO
(INTEX-B) are shown in the Figure 3.1(c), in which the higher emission belt from
north to east largely represents the IGP region. The measurements of surface ozone
have been made using online ozone analyzers (Teledyne M400 E and Thermo 49i)
based on the UV light absorption technique. The ambient air inside the analyzer is
drawn through a teflon tube from the rooftop of the second floor. In addition, air
samples have been collected from Pantnagar and Haldwani in pre-evacuated glass
bottles for the analysis of CO and CH4 using Gas chromatography.

These

measurement techniques are discussed in Chapter 2 (section 2.1) and more details
can be seen elsewhere [Lal et al., 2000; Naja and Lal, 2002; Lal et al., 2007; Kumar
et al., 2010].
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3.1.1. General Meteorology
Three day back air trajectories are simulated at Pantnagar at an altitude of 1000 m
above ground level (AGL) for January, April, July and October representing winter,
spring, summer-monsoon and autumn seasons (Figure 3.2.) using the HYSPLIT
model. The trajectories are color coded according to the atmospheric pressure to
depict the altitude ranges attained by the air masses before reaching to the site.
Wind patterns are generally northerly-north westerly during winter while air masses
circulate over the continental Indian region including polluted IGP during spring and
autumn. Cleaner marine air masses arrive to the site during the summer-monsoon.
Such seasonal changes in the synoptic winds are generally seen every year over this
region [Asnani, 2005; Kumar et al., 2010]. Moreover the analysis of the back air
trajectories indicate that air masses are mostly within the boundary layer during
spring when the average mixing depth is higher (~2500 m).

In situ measurements of meteorological parameters are not available at the site
during the study period and therefore GDAS data available every 6 hours at a spatial
resolution of 1o x 1o have been used to obtain the solar radiation, temperature and
mixing depth using HYSPLIT model [Draxler and Rolph, 2012]. Rainfall data has
been taken from TRMM satellite as discussed in chapter 2. HYSPLIT simulated
solar radiation is observed to be in good agreement with another meteorological
dataset NCEP (r2 = 0.98). The mixing depth is estimated using the Turbulent Kinetic
Energy (TKE) profile method in which mixing depth is assigned to the height at
which TKE either decreases by a factor of two or to value less than 0.21. More
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details of this model and meteorological datasets are available elsewhere [e.g.
Draxler et al., 2012].

Figure 3.2: Three days backward(1000 AGL) trajectories at Pantnagar for all days
in January, April, July and October 2010 are shown. The trajectories are color
coded, according to the atmospheric pressure along the trajectories, to portray the
altitude range attained by the air masses before arriving at the observation site.

The seasonal variations in the solar radiation, temperature and rainfall over
Pantnagar are shown in the Figure 3.3. Noontime solar radiation is lower during
winter generally associated with the prevailing foggy conditions. Solar radiation
undergoes a systematic increase from January to June and is most intense during
Page 76 of 260

spring. A dramatic reduction in the solar radiation is observed during July to
September coinciding with the maximum rainfall associated with the arrival of
monsoon. During autumn solar radiation shows a recovery with a secondary
maximum. The seasonal variation in temperature is more-or-less similar to that in
the solar radiation and it shows maximum during spring (~26oC) and minimum
during winter (~12oC).

Figure 3.3: Seasonal variations in monthly total rainfall from TRMM (2009-2010),
solar radiation (Wm-2) and temperature from GDAS data (2009-2011) over
Pantnagar.
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3.2.

Diurnal Variations in Ozone

Monthly average ozone diurnal variations from January to December during March
2009-June 2011 period at Pantnagar are shown in Figure 3.4. These diurnal
variations are characterized by higher values during daytime and lower values
during nighttime. Daytime build up is observed throughout the year, except some
cloudy/rainy days during July to September. Such diurnal variations are common at
urban and rural sites and are attributed mainly to the daytime in situ photochemical
production of ozone from its precursors including NOx, CO, and VOCs [e.g.
Kleinman et al., 1994; Naja and Lal, 2002].

However, the dependence of ozone production on the concentrations of its
precursors is complex and non-linear [e.g. Lin et al., 1988], and will be discussed
later in detail using a chemical box model (see section 3.6). Lower ozone levels
during the nighttime are largely associated with the titration of ozone by NO and
deposition of ozone. During March to June, ozone mixing ratios attain the lowest
value during early morning (just after sunrise). This could be due to ozone losses
through reactions with NO and NO2, which maybe produced by photo dissociation
of NO3 and N2O5 accumulated overnight. Such minimum in the ozone levels just
after sunrise has also been reported from another urban site in India [Lal et al.,
2000]. In addition to photochemistry, the evolution of the boundary layer during
daytime, has also been suggested to contribute to the ozone variations through
mixing of near surface air having lower ozone levels with the ozone rich air aloft
[Zhang and Rao, 1999; Rao et al., 2003].
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Figure 3.4: Monthly average diurnal variation in ozone at Pantnagar from January
to December during March 2009 to June 2011 period. Sunrise times in these months
are also shown as dotted lines and total numbers of days for which observations are
available in each month are mentioned in the upper right corner in each month plot.
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3.2.1. Rate of change in ozone
The morning and evening time rates of change of ozone can be used as an indicator
of the chemical environment (i.e. urban or rural) prevailing over a site [e.g. Naja and
Lal, 2002]. Urban sites generally show symmetric diurnal patterns, i.e. rates of
change in ozone during morning and evening hours are similar, while rural sites are
characterized by lower loss rates during evening hours. Morning time rate of
increase of ozone i.e. ozone formation process strongly depends upon the available
amount of precursors, while evening time loss rate i.e. ozone titration process would
mainly depend upon the NO levels.

Generally, over the Indian region, NO levels are observed to be lower at rural sites
in comparison with those at urban sites, which lead to slower ozone titration by NO
during evening hours at a rural site [e.g. Naja and Lal, 2002]. In view of this, diurnal
variations in average ozone mixing ratios at Pantnagar are compared with those
observed at other urban (Delhi and Ahmedabad) and rural (Gadanki) sites in India
(Figure 3.5a). The diurnal variations in the rates of change in ozone (ppbv/hour) are
also calculated at these four sites (Figure 3.5b). The ozone decrease during evening
time at Pantnagar is comparable to those at Ahmedabad and Delhi, while the
decrease in ozone is slower at Gadanki.
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Figure 3.5: (a) Average diurnal variations in ozone and (b) diurnal variation in rate
of change of ozone (ppbv/hour) at Pantnagar along with those at Delhi [Ghude et
al., 2008a], Ahmedabad [Lal et al., 2000] and Gadanki [Naja and Lal, 2002].

Morning (0800-1100 hours) and evening (1700-1900 hours) time rates of change in
ozone are compared among these four sites for annual dataset (Table 3.1). For
Pantnagar site, the morning and evening time rate of change of ozone are also
estimated for different seasons. Urban sites (Delhi and Ahmedabad) show nearly
similar magnitude of morning and evening rates of change whereas the evening rate
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of change at the rural site (Gadanki) is lower than that during morning hours. In
contrast, morning and evening rates are not similar at Pantnagar; in addition, the
evening rate of change (8.5 ppbv hr-1) is higher than morning rate of change (5.6
ppbv hr-1). This suggests that the ozone loss process via NO titration could be
stronger at Pantnagar than that at Gadanki indicating that NOx emissions could be
higher over this region (IGP) when compared with those over the Southern region
(e.g. Gadanki). The difference in ozone rate of change between daytime and
nighttime is much greater during winter and autumn when compared with spring and
summer at Pantnagar (Table 3.1).

Table 3.1: Comparison of rate of change in ozone at Pantnagar with those at other
sites in India. Positive rate is for increase in ozone while negative is indication for
decrease in ozone.
Sites

Rate of change during
0800-1100 hours IST
(ppbv/hr)
+8.3
Delhi
Ahmedabad +5.9
+4.6
Gadanki
All data: +5.6 ± 2.9
Pantnagar

Rate of change during
1700-1900 hours IST
(ppbv/hr)
-7.5
-6.4
-2.6
All data: -8.5 ± 4.4

Reference
Ghude et al., 2008a
Lal et al., 2000
Naja and Lal, 2002
Present study

Winter(DJF): +4.6 ± 2.0

Winter(DJF): -10.3 ± 4.0

Spring(MAM): +8.4 ± 2.4

Spring(MAM): -10.6 ± 0.5

Summer(JJA): +3.6 ± 2.1

Summer(JJA): -3.0 ± 2.8

Autumn(SON): +5.6 ± 3.5

Autumn(SON): -10.0 ± 4.6
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3.3.

Seasonal Variation in Ozone

The seasonal variation in monthly average ozone mixing ratios at Pantnagar is
depicted in Figure 3.6 along with variations in daily (24-hour) average and daytime
(1130-1630 hours) hourly average ozone. The daily and monthly average ozone
mixing ratios at Pantnagar show a systematic increase from January to May,
decrease sharply in mid June to attain very low levels (10-30 ppbv) that endure until
September, and a slight increase during October-November. The seasonal variations
in daytime and nighttime average ozone levels (Figure 3.6) are similar to all data
monthly average except during October-December, when daytime levels show a
sharp increase and thus a secondary maximum that is not seen in all data monthly
average. Nighttime data show lower values during October-December. The monthly
statistics of surface ozone mixing ratios at Pantnagar is shown in Table 3.2. Average
ozone levels are observed to be highest (39.3 ± 18.9 ppbv) in May, while these are
lower in January (10.8 ± 12.1 ppbv) and summer-monsoon (16.8 ± 8.9 ppbv in
August). Although monthly average ozone levels remain below 40 ppbv throughout
the year but hourly average ozone levels in excess of 80 ppbv are observed
occasionally particularly during spring. Average CO values, derived from whole air
samples at Pantnagar, are moderately high (188-484 ppbv) while average CH4 values
range from 1.81 to 2.11 ppmv.
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Figure 3.6: Seasonal variations in monthly (24 hours), daily (24 hours), daytime
(1130-1630 hours) and nighttime (0100-0300 hours) average ozone at Pantnagar.
Monthly average ozone mixing ratios at a nearby high altitude site (Nainital) are
also shown.

Since in situ observations of CO and NO2 are not available with sufficient temporal
resolution at Pantnagar, data from space-borne sensors are used to examine seasonal
variations in CO and NO2. TES CO (at 681 hPa), OMI tropospheric column NO2
and TES tropospheric column ozone are obtained over a 1o x 1o grid box centered at
Pantnagar. The seasonal variations in OMI tropospheric column NO2, TES CO and
TES tropospheric column ozone are similar with highest values during spring and
lower during summer/monsoon (Figure 3.7). A secondary maximum in these space-
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borne observations of ozone, NO2 and CO during autumn is also seen similar to the
daytime average surface ozone observed at Pantnagar (Figure 3.6).

Table 3.2: Monthly average mixing depth, ozone with one sigma deviation,
maximum ozone, number of ozone data counts (15 minutes average), average CO,
average CH4 and number of samples during study period at Pantnagar.
Month

Jan

Mixing
depth
(m AGL)
597 ± 335

Ozone
(ppbv)

Maximum

Ozone
Count

CO
(ppbv)

CH4
(ppmv)

Count

10.8 + 12.1

50

2918

400.7+ 274.2

2.11 + 0.22

5

Feb

855 ± 429

18.1 + 14.7

67

4020

-

-

-

Mar

1476 ± 664

27.0 + 18.8

97

6376

484.4+ 114.8

1.94 + 0.17

5

Apr

2621 ± 749

34.5 + 20.3

95

4009

292.3+ 188.6

1.82 + 0.03

12

May

2556 ± 722

39.3 + 18.9

105

5777

399.2+ 204.4

1.82 + 0.03

12

Jun

2399 ± 849

34.8 + 18.4

103

6343

187.6+ 14.9

1.81 + 0.03

2

Jul

1256 ± 573

19.6 + 12.7

69

2819

277.1+ 100.3

1.85 + 0.05

8

Aug

884 ± 290

16.8 + 8.9

81

1693

291.2+ 124.9

1.86 + 0.11

6

Sep

627 ± 271

17.4 + 10.8

56

3581

425.4+ 148.9

2.11 + 0.18

3

Oct

614 ± 361

19.7 + 17.7

78

4760

339.8+ 106.6

2.11 + 0.08

4

Nov

616 ± 317

20.0 + 19.1

83

4449

409.9+ 199.7

2.09 + 0.19

5

Dec

610 ± 299

16.1 + 17.2

62

2453

205.1

1.81

1

Avera
ge

1358 ± 982

25.0 + 19.2

105

49198

348.5 + 176.7

1.91 + 0.16

63

The seasonal variations in ozone are generally in good agreement with the variations
in solar radiation (Figure 3.3) and satellite retrieved lower tropospheric CO and
tropospheric column NO2 (Figure 3.7). Like ozone, all these parameters show an
increasing tendency from January to May, decrease to lower levels during JunePage 85 of 260

September and increase again during October-December. These variations suggest
that the coupling of higher solar radiation with higher levels of precursor gases lead
to enhanced daytime photochemical ozone production and thus higher ozone levels
are observed during spring and autumn. Lower levels of all the species observed
during July-September are largely due to Asian monsoonal circulation, which leads
to inflow of pristine marine air masses in this region and also suppresses the
photochemical activity through widespread cloudy/rainy conditions. The arrival of
marine air masses over this region is evident from the back-air trajectory analysis
(Figure 3.2) and occurrence of highest rainfall at Pantnagar (Figure 3.3) during these
months. During January, this region is generally covered by thick fog and lowest
ozone levels observed during this month could be due to fog-induced suppression of
photochemical activity as also indicated by ozone diurnal variation for January
(Figure 3.4).

Figure 3.7: Seasonal variations in the tropospheric column ozone, tropospheric
column NO2 and CO at 681 hPa over Pantnagar.
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The increase in nighttime levels during spring months suggest for an overall increase
in the regional background ozone. This could be due to higher ozone production on
the regional scale of northern India [Kumar et al., 2010] and occurrence of
significantly higher biomass burning activity during spring [Kumar et al., 2011] in
this region. The difference between daytime and nighttime monthly average ozone
levels can be termed as photochemical build-up at this site and shows large
variability with values as low as 9-14 ppbv during August-September and as high as
32-41 ppbv during spring and autumn months.

Here it can be noted that during spring and autumn seasons, when ozone levels (and
precursors) show primary and secondary peaks respectively, air masses mostly
circulate over the continental Indian region including polluted IGP region before
reaching (within 1-2 days) at the observation site (Figure 3.2). Thus, the air masses,
being well exposed to the regional emissions of this region, could be rich in ozone
and precursors. However, the secondary ozone peak observed during autumn is not
as high as that during spring. Notably, the solar radiation is less intense during
autumn as compared to spring. In addition, biomass burning activities are highest
during spring over this region, when compared with the biomass burning during
autumn [Kumar et al., 2011].

3.3.1. Correlation between Ozone and Mixing depth
The diurnal and seasonal variations in the mixing depth over Pantnagar are shown in
Figure 3.8. As expected, mixing depth starts growing gradually after the sunrise, it
evolves rapidly during 0800-1200 hours to attain maximum values during noontime
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Figure 3.8: (a) Average diurnal variations in mixing depth at Pantnagar during
four different months (January, April, August and October) representing four
seasons. Two additional months (May and June) are also shown. (b) Seasonal
variations in the daily and monthly average mixing depth at Pantnagar. Mixing
depth is obtained from GDAS data.
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and decreases thereafter. Mixing depth is as high as about 4 km during noontime of
May while it is only about 0.9 km during January. Mixing depth is also lower during
August and October. Mixing depth remains very low (50-100 meters) during
nighttime and unlike daytime, nighttime mixing depth remains nearly similar in all
the months. The monthly average mixing depth is highest (about 2500 m) during
April and May while it is less than 1500 m during rest of months (Figure 3.8b and
Table 3.2).

The highest daytime mixing depth during spring is in agreement with the seasonal
variation in solar radiation and temperature at this site. The mixing depth during the
1630 hour is somewhat lower than the mixing depth during the 1230 hour in autumn
and winter. This is mainly due to a lower temperature and hence reduced boundary
layer mixing during the afternoon period in autumn and winter.

Higher ozone levels during spring and autumn are mainly attributed to the
photochemical ozone production, however, boundary layer mixing processes could
also contribute to the observed ozone variabilities. Boundary layer mixing can lead
to some enhancements in near surface ozone levels by mixing it with the ozone-rich
air aloft [Zhang and Rao, 1999; Rao et al., 2003]. In general, ozone seasonal
variations are in good agreement with those in the mixing depth until the end of the
monsoon period. Ozone and the mixing depth both show a systematic increase from
winter to spring. A decreasing tendency in their values begins in mid June and
remains low during monsoon period. Diurnal amplitude in ozone and mixing depth
also follow similar trend (Figure 3.4 and 3.8a). After September, ozone level
increases, particularly in daytime but the mixing depth remains almost steady.
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Therefore, despite a lower mixing depth during October, November and December,
there is a significant increase in the ozone value suggesting minimal role of
boundary layer processes in ozone enhancement during autumn.

Figure 3.9: Correlation between daytime average ozone and the mixing depth at
1230 hour IST in different seasons at Pantnagar. Filled symbols are daytime
average data and open symbols are binned average data for the respective season.
The r2 has been estimated for the binned average data points. In the binned average
data points, one sigma horizontally spread is in the bins of 500 m mixing depth and
one sigma vertical spread is in the associated ozone data.

Figure 3.9 shows the correlation between daytime average ozone and the mixing
depth over four seasons. The ozone data has been binned corresponding to bins of
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500 m mixing depth to calculate coefficient of determination (r2). The calculation of
binned average allows for smoothing the random variations in observations. The r2
value is 0.90 for annual data and it is highest (0.96) during the summer-monsoon
(June-July-August). Among June, July and August, higher ozone levels and higher
mixing depths belong to June when dry weather conditions prevail around the
observing site. Lower levels occur in July and August when both the boundary layer
mixing and photochemical ozone production are suppressed by cloudy-rainy
conditions due to arrival of south-west monsoon at the site.

Depending upon the relative ozone abundances in the near surface air and the air
present at higher altitudes, the variability in boundary layer height can influence the
surface ozone levels. Here, average ozone levels are observed to be significantly
higher at a nearby high altitude site Nainital (~ 2 km amsl) as compared with
average surface ozone at Pantnagar (Figure 3.6). Thus, the deeper boundary layer
can enhance the ozone levels at the surface by mixing near surface air with the
ozone rich air aloft. This enhancement in surface ozone, due to daytime convective
mixing, would supplement the ongoing ozone production at Pantnagar. On the other
hand, a shallower boundary layer would prevent such mixing and also lead to
trapping of the ozone in a smaller volume, which is followed by an increase in the
depositional loss of ozone. A group of data with a large spread in ozone but very
limited mixing depth range is seen in autumn and somewhat in winter too. This
comparative analysis suggests that boundary layer mixing also plays a role in the
observed ozone variabilities apart from that of photochemistry.
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3.4.

Comparison with observations at other sites in India

Seasonal variation in surface ozone observed at Pantnagar are compared with those
at other sites namely Delhi (28.35oN, 77.12oE) [Ghude et al., 2008a], Gadanki
(13.5oN, 79.2oE) [Naja and Lal, 2002], Nainital (29.37oN, 79.45oE) [Kumar et al.,
2010] and Trivandrum (8.55oN, 77oE) [David and Nair, 2011] in India (Figure
3.10). Delhi, Gadanki and Trivandrum are representative of urban, rural and coastal
environments respectively. Nainital is a high altitude (1958 m amsl) site in the
central Himalayas. Generally, sites in the Northern Indian region and having
proximity to the IGP region (Pantnagar, Nainital and Delhi) show higher ozone
levels during spring whereas sites in Southern India (Gadanki and Trivandrum)
show higher ozone levels during winter. Additionally, seasonal amplitudes are rather
higher over the sites in the Northern region, when compared with amplitudes at sites
in the Southern region. Thus, the processes controlling ozone levels over the
northern Indian region including IGP are different from those over the southern
India.

Page 92 of 260

Figure 3.10: Comparison of the observed monthly average ozone seasonal
variations at Pantnagar (PNT) with the observations at other sites Nainital (NTL),
Delhi (DEL), Gadanki (GAD) and Trivandrum (TVM) in India.

3.4.1. Ozone at Pantnagar and Nainital
The seasonal variation in monthly average ozone at Pantnagar is similar to that
observed at Nainital, a high altitude site (29.37oN, 79.45oE, 1958 m amsl) in the
central Himalayas, except during autumn when a secondary maximum discerned at
Nainital (Figure 3.6). Further, monthly average ozone levels are significantly higher
(8 to 28 ppbv) at Nainital, when compared with those at Pantnagar.

Nainital is a high altitude site and relatively longer lifetime of ozone could be a
major factor in displaying higher levels at Nainital. Unlike the all data average
ozone, daytime average ozone at Pantnagar shows a secondary maximum during
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autumn that is similar to the observation at Nainital. Since, in-situ photochemical
ozone production is little at Nainital [Kumar et al., 2010]; the similarity between the
ozone data at Pantnagar and Nainital indicates a possible role of convective mixing
in transporting ozone and precursors from the IGP to the central Himalayas.
Particularly, daytime average ozone is higher (3-10 ppbv) at Pantnagar than the
average ozone at Nainital during October-December.

Figure 3.11: Correlation between ozone mixing ratios at Nainital and Pantnagar
during afternoon hours (1130-1630 hours) and nighttime (01-03 hours) in May.
Open symbols are binned average in 5 ppbv bins and error bars represent onesigma spread in the binned data.

The boundary layer evolves fully during afternoon hours and the mixing depth at
Pantnagar is even higher than the altitude of Nainital during spring (Figure 3.8a).
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The daytime mixing depth is as high as 3890 m in May. Additionally, daytime
(1130-1630 hours) ozone levels observed at Pantnagar and Nainital are seen to have
strong positive correlation (r2= 0.96) during May, while no clear relationship is seen
during the nighttime (Figure 3.11). r2 value is estimated using 5-ppbv binned ozone
data. Horizontal and vertical error bars show 1 sigma spread in the bins of 5-ppbv.
Since Nainital and Pantnagar are separated by only about 30 km, air masses over
Pantnagar and Nainital could be well mixed during daytime and show a strong
positive correlation. During the nighttime, the shallower boundary layer at Pantnagar
decouples its atmosphere from that of Nainital and there is no clear relationship
between them. The above analysis suggests that emissions and photochemical
processes occurring in the IGP can influence the air quality of the Himalayan region,
particularly during spring mid-day, when the convective mixing is the strongest in
this region.

3.5.

Results from a Global Chemistry Transport Model

(MATCH-MPIC)
The spatial distributions of MATCH-MPIC simulated monthly mean surface ozone
over the South Asian region for January, April, July and October, representing the
winter, spring, summer-monsoon and autumn seasons respectively, are shown in
Figure 3.12. During January, ozone levels are lower (20-40 ppbv) over northern
India while levels are higher (40-50 ppbv) over central India and much higher
(above 60 ppbv) over the coastal Arabian Sea and the northern part of Bay of
Bengal.
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Figure 3.12: MATCH-MPIC simulated spatial distribution of surface ozone over the
South Asian region, during four different months January, April, July and October
representing four seasons, of the year 2010.

Such higher ozone levels over the oceans (50-60 ppbv and higher) were also noticed
during the INDOEX (Indian Ocean Experiment) observations [Lal and Lawrence,
2001] and other campaigns [Naja et al., 2004; Srivastava et al., 2011], and is mainly
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explained by en-route photochemical ozone production in the continental outflow. In
absence of NOx sources in the marine boundary layer, chemical losses of ozone are
minimal in the transported plumes, in contrast with the nearby coastal cities, where
ongoing NOx emissions would lead to significant chemical losses of ozone.
Occasionally, there could be some contribution from the downward transport of
ozone rich air from the free troposphere in producing such high levels of surface
ozone as suggested by Lal and Lawrence, 2001 and reported observationally over
Bay of Bengal by Sahu and Lal, 2006. Similar feature was also seen over the
Mediterranean Sea versus the nearby European polluted continental regions
[Lawrence et al., 2003b].

From winter to spring, ozone levels increase over most of South Asia and elevated
levels are seen over the IGP (50-60 ppbv and more) and parts of Nepal and Burma
while they decrease over the oceanic regions (20-40 ppbv).

During the

summer/monsoon, the arrival of cleaner marine air mass results in the lowest ozone
levels (20-40 ppbv) over most of the Indian region but higher ozone levels can still
be seen in northern part of South Asia and China, indicating that these regions are
not much influenced by the monsoonal circulation. During autumn, ozone levels
again show a recovery over most of the Indian region with the recovery of solar
radiation and pollution loadings, including ozone precursors. Model simulated
spatial distributions in CO and NOx were also seen to be more-or-less similar to the
ozone spatial distribution, except that the CO levels are higher in winter. Model
simulations also show elevated levels of CO and NOx over the IGP region; however,
their highest levels are observed during winter and autumn.
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Figure 3.13: Comparison of the observed ozone seasonal variation at Pantnagar
(PNT) with the results from MATCH-MPIC model. Seasonal variation in ozone, at a
nearby high altitude site Nainital, is also shown. Upper range and lower range in
grey shaded region is daytime and nighttime ozone data at Pantnagar, respectively.

The variability of modeled surface ozone around Pantnagar in the model results is
qualitatively similar to the observed variations at Pantnagar with lower values in
January (winter) and July (summer/monsoon), but higher values during April
(spring) and October (autumn) (Figure 3.13). This figure also shows the variations in
daytime and nighttime monthly average ozone at Pantnagar along with monthly
average surface ozone at Nainital. Apart from agreement in the seasonal
variabilities, the model overestimates the observed values during all the months (e.g.
by ~ 22 ppbv in May and by ~12 ppbv in August). Ozone diurnal variations from the
model results were also compared with the observations during few months to
Page 98 of 260

investigate the cause of higher ozone levels in the model results. The nighttime
model values are found to be significantly higher (e.g. by ~20 ppbv in May) than the
observed levels. Thus, it appears that higher model values during nighttime are
likely leading to the overestimation of average ozone. Higher ozone levels during
the nighttime could be due to the underestimation of model NOx emissions over this
region, leading to less titration of ozone by NO during nighttime. As mentioned
earlier (Section 3.1.1), based on the observed ozone decrease rate, NO levels are
expected to be high over the IGP region; further observations would be needed to
confirm this possibility. The model result is, however, in good agreement with
daytime ozone at Pantnagar and the average ozone at Nainital. This may be due to
the coarse spatial resolution of the model, which means it is not able to adequately
resolve the urban environment of the IGP from the nearby cleaner mountains.
Topography is very complex in this region and surface altitude increases by about
1700 m within a short span of about 10 km. Additionally, the October-November
secondary maximum is more prominent in the model than in the observations at
Pantnagar. The seasonal variations in the model (MATCH-MPIC) simulated CO
from fossil fuel and biomass burning over Pantnagar are shown in the Figure 3.14.
This analysis shows higher levels of biomass burning and fossil fuel CO during
autumn over this region.

Summarizing, though the model seems broadly representative of the ozone
observations, there are differences between the model and observations, due to
several factors, especially uncertainties in magnitude and ratios of emissions, the
relatively coarse spatial resolution (despite being high resolution for a global model)
which leads to errors in the treatment of the complex regional meteorology.
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Figure 3.14: Seasonal variations in CO from fossil fuel and biomass burning over
Pantnagar simulated from MATCH-MPIC model.

3.5.1. Variations in H2O2 and HNO3 from MATCH-MPIC
The variations in H2O2 and HNO3 can be used as indicators of the sensitivity of
ozone production to NOx and hydrocarbons [Sillman, 1995]. In the urban
environments, major sources of odd hydrogen species, i.e., the sum of OH, HO2 and
RO2 [Kleinman, 1986, Sillman et al., 1990, Sillman, 1991] are ozone photolysis
followed by reaction of O(1D) with water vapor and the photolysis of aldehydes and
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other intermediate reactive organic compounds. Major sink reactions for odd
hydrogen are the following -

HO2 + HO2 H2O2 + O2

[R3.1]

RO2 + HO2 ROOH + O2

[R3.2]

OH + NO2  HNO3

[R3.3]

In addition to the reactions from R3.1 to R3.3, formation of PAN
(Peroxyacetylnitrate) could also be a significant sink for the odd hydrogen. The
nature of ozone chemistry as NOx-sensitive or hydrocarbon-sensitive would be
determined by the relative rates of formation of peroxides (R3.1 and R3.2) and nitric
acid (R3.3) and to their contribution as sinks for odd hydrogen. Generally, noontime
values of H2O2 to HNO3 ratios less than 0.4 are found to be associated with the
hydrocarbon-sensitive ozone chemistry, while values higher than 0.4 are associated
with the NOx-sensitive chemistry [Sillman, 1995].

Seasonal variations in MATCH-MPIC simulated daytime (1130-1630 hours) daily
and monthly average values of H2O2, HNO3 and H2O2/HNO3 ratio at Pantnagar for
the year 2010 are shown in the Figure 3.15. H2O2 shows nearly similar seasonality to
that of ozone with higher values during spring (2.7 ± 0.9 ppbv in May) and autumn
(2.0 ± 0.7 ppbv in October) and lower values during winter (0.5 ± 0.3 to 0.9 ± 0.4
ppbv) and summer/monsoon (1.1 ± 0.5 ppbv in August). The variations in HNO3
values are more-or-less similar to those in ozone except in winter. HNO3 values are
higher during spring (1.4 ± 0.5 ppbv in May) and autumn (1.5 ± 0.7 ppbv in
November) and lowest during summer/monsoon (0.1 ± 0.1 ppbv in August). Most of
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the time, daytime daily average values of H2O2/HNO3 ratios are more than one
except during early winter and late autumn.

Figure 3.15: MATCH-MPIC simulated variations in daytime (1130-1630 hours)
H2O2, HNO3 and H2O2/HNO3 ratios at Pantnagar during January to December
2010.
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Generally, average H2O2/HNO3 values range from 1.1 ± 0.7 to 2.9 ± 1.5, except
during summer-monsoon, and are well above the critical limit of 0.4 [Sillman, 1995]
indicating that ozone chemistry over this region is NOx-limited. Higher ratios during
summer-monsoon (16.3 ± 13.4 to 39.5 ± 108.0) are mainly due to very low values of
HNO3 associated with long range transport of cleaner marine air masses and
possibility of enhanced wet depositional losses of HNO3 in the heavy rainfall
(Figure 3.2 and 3.3) during the summer-monsoon. The sensitivity of ozone
chemistry to NOx at Pantnagar will further be shown using sensitivity simulations
from a chemical box model in the next section.

3.6.

Photochemical Ozone Production Rate and Sensitivity to

NMHCs and NOx
Ozone levels depend non-linearly on the concentrations of its precursors including
hydrocarbons, CO and NOx [Lin et al., 1988; Chameides et al., 1992; Sillman, 1999]
and thus ozone control policies in urban and rural regions are region specific and
difficult to design. Here, we attempt to characterize the dependence of surface ozone
on NMHCs and NOx by combining the available observations, emissions over this
region and using a chemical box model. A chemical box-model is set-up to simulate
the diurnal variation of ozone at Pantnagar to lend confidence into the use of model
for the aforementioned sensitivity study.

The environmental conditions of typical spring (April) are selected for the box
model simulations at Pantnagar (Table 3.3). The overhead total column ozone is set
to the value obtained from OMI. The model is initialized with the observed
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concentrations of CO, NOx, CH4 and few light non-methane hydrocarbons (C2-C5) at
this site while other species are assumed and set to the typical values of a semiurban environment.

Table 3.3: Environmental conditions, representing spring, opted for the chemical
box model simulations.
Temperature

298 K

Relative Humidity

50%

Surface albedo

0.10

Parcel elevation

500 m

Overhead O3 column

262 DU (OMI)

Aerosol optical depth at 550 nm
(vertical, total)

0.235 (for continental aerosol)

Aerosol Angstrom coefficient

1

Aerosol single scattering albedo

0.99

Anthropogenic emissions of CO, NOx and hydrocarbons from Intercontinental
Chemical Transport Experiment–Phase B (INTEX-B) emission inventory [Zhang et
al., 2009] are used. Since INTEX-B emissions are representative of the year 2006
and analysis of historic emissions (1980-2003) from Regional Emission Inventory
for Asia (REAS) [Ohara et al., 2007] indicates an increase of about 8% per year in
NOx emissions over India, therefore NOx emissions are increased by 40% for this
study. Figure 3.16 shows chemical box model simulated diurnal ozone variation.
The modeled (base run) diurnal variation is in good agreement with the
observations. However, model values are lower during mid-night. This model run is
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shown as “base run” in Figure 3.16. The instantaneous production (P), loss (L) and
net production (P-L) rates of ozone [Duderstadt et al., 1998; Kanaya et al., 2009]
are also calculated for this base run as follows and shown in Figure 3.17.

Figure 3.16: Box model simulated diurnal variations in surface ozone. Apart from
the base run, diurnal variations in ozone for (a) different levels of NOx and constant
level of NMHCs and (b) different levels of NMHCs and constant level of NOx are
also shown.
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P (O3) = k1 [HO2] [NO] + ∑ k2i [RO2]i [NO]

[3.4]

L (O3) = k3 [O1 (D)] [H2O] + k4 [OH] [O3] + k5 [HO2] [O3]

[3.5]

P – L (O3) = P (O3) –L (O3)

[3.6]

Where k1 to k5 are the rate coefficients of the HO2 + NO, RO2 + NO, O1(D) + H2O,
OH + O3 and HO2 + O3 reactions, respectively.

The ozone production rate P(O3) starts increasing rapidly after sunrise to about 1000
hours and thereafter it decreases. Highest values of P(O3) are observed to be 14.5
ppbv h-1during 0900-1000 hours. Total ozone produced during daytime (0800 –
1600 hours) is estimated by converting these instantaneous P(O3) values to hourly
averages and then integrating from 0800 to 1600 hours. This way, the total ozone
produced in the daytime is 81.2 ppbv. The ozone loss rate L(O3) shows an increasing
tendency slightly later than P(O3) and shows a symmetric decreasing trend unlike
P(O3). The total ozone loss per day is 8.3 ppbv. The rate of net ozone production i.e.
P-L(O3) follows similar variations as that in the P(O3) with highest values of PL(O3) of 13.9 ppbv h-1 during 0900-1000 hours. Integrated net ozone production in a
day is 72.9 ppbv. Accumulated ozone calculated from the observed rate of change of
ozone (Figure 3.5b) during 0800-1600 hours is 45.4 ppbv. The difference in these
two quantities, integrated ozone from box model and observations, (~27.5ppbv) can
be attributed to the physical and dynamical processes, which are not considered in
the chemical box model simulations.
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Figure 3.17: Diurnal variations in ozone production rate P(O3), ozone loss rate
L(O3) and net ozone production rate P-L(O3) estimated from box model simulations
for the base run.

Apart from the base run, two sets of sensitivity simulations are also conducted. One
set of runs is made by keeping NMHCs constant at the values of the base run (220.8
ppbC) with varied NOx levels between 0.5 to 10 times of the base run NOx value
(2.85 ppbv). A second set of runs was made by keeping NOx value constant at its
base run value (2.85 ppbv) with varied NMHCs levels between 0.5 to 10 times of
the base run value of NMHCs. These two sets of simulations along with the base run
are shown in Figure 3.16.
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Model simulated ozone diurnal variations for varying NOx levels shows rapid
increase in the daytime ozone levels from ~37 ppbv (for 0.5*NOx base run case) to
~93.5 ppbv (2.5*NOx

base run)

(Figure 3.16a). In contrast, when NOx levels are

increased further, ozone levels start decreasing from ~88 ppbv (for 3*NOx base run) to
~26 ppbv (10*NOx base run). Apart from changes in ozone levels, daytime variations
also change from a broad pattern to a peak type of pattern, when increasing NOx
levels. In contrast to the sensitivity tests for varying NOx levels, ozone diurnal
variations and its levels do not show significant changes for varying the levels of
NMHCs (Figure 3.16b). Ozone levels show only a small increase (~5 ppbv) from
~57 ppbv (for 0.5*NMHC

base run)

to ~62.5 ppbv (for 10*NMHC

base run)

for whole

range of NMHCs. The above analysis indicates that ozone production chemistry is
NOx limited in this region, while variations in the levels of hydrocarbons play a
minor role in affecting ozone levels.

3.7.

Impact of Ozone Pollution on the vegetations in IGP:

Estimation of AOT40 index
An attempt is being made to understand the possible impacts of ozone pollution on
the vegetations in the IGP region. Surface ozone observations from Pantnagar and
another urban site in this region Dehradun (78.1oE, 30.3oN, 640 m amsl) are used to
estimate the Accumulated Ozone exposure above a Threshold of 40 ppbv (AOT40
index). AOT40 values are calculated only for the months having more than 80% of
the days of the data in that month. For more than a year data, average of different
years for the month is taken.
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Figure 3.18: Seasonal variations in monthly AOT40 over two sites Pantnagar (PNT)
and Dehradun (DDN) in the IGP.

AOT40 estimated from the hourly average daytime (during 0700-1900 hours period)
ozone data as the sum of enhancements in hourly ozone concentrations above 40
ppbv [Mills et al., 2007]. AOT 40 expressed as:

AOT40 ppbv ∗ hr

O

40

for O

40 ppbv

Where [O3]i is the hourly mean ozone mixing ratio during 0700-1900 hours and n is
the number of hours in the 3-month growing season. Monthly AOT40 values are
observed to be highest during May (4661.4 ppbv*hr), intermediate in July (578
ppbv*hr) and lowest during January (98.6 ppbv*hr) (Figure 3.18). The critical level
of three-monthly AOT40 values is suggested to be 3000 ppbv*hr, which represents a
5% reduction in yield [Mills et al., 2007]. AOT40 value of above 3000 ppbv*hr will
lead to further reduction in crop yield.
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Three-monthly AOT40 values have also been estimated by summing up three
consecutive months in moving manner (e.g. Jan-Feb-Mar, Feb-Mar-Apr etc.). In this
manner, three-monthly AOT40 values are highest during late winter and spring,
ranging from 5600.4 ppbv*hr (Feb-Mar-Apr) to 10948.5 ppbv*hr (Apr-May-Jun).
Clearly, these three-monthly AOT40 values are much higher than the critical levels
of 3000 ppbv*hr. These estimated three-monthly AOT 40 value at Pantnagar for
February-March-April (5600 ppbv*hr) is at the lower end when compared with
another model [Roy et al., 2009] simulated value in this region (5000-12500
ppbv*hr).

3.8.

Summary and Conclusions

The observations of surface ozone at a semi-urban site Pantnagar (29.0oN, 79.5oE,
231 m amsl) in the IGP during March 2009 – June 2011 are analyzed using
meteorological parameters including the boundary layer data, backward trajectories,
satellite data, simulations from a global chemistry transport model and a
photochemical box model. Ozone mixing ratios at Pantnagar discern daytime
photochemical build up. Higher rate of change of ozone during evening time (-8.5
ppbv hr-1) suggests stronger ozone loss chemistry over the IGP due to higher NOx
emissions. The ozone seasonal variation is characterized by highest levels during
spring and lower levels during summer/monsoon and winter. Monthly average
ozone levels are generally less than 40 ppbv; however, hourly average ozone levels
are in the range of 80-100 ppbv particularly during spring. Moreover, the daytime
ozone shows a secondary peak during autumn which is not observed in the all data.
The ozone photochemical buildup is estimated to be 32-41 ppbv in spring and
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autumn and 9-14 ppbv during August-September. CO levels are moderately high
(188-484 ppbv) while CH4 values range from 1.81 to 2.11 ppmv.

Observed ozone seasonality is in good agreement with the solar radiation and
satellite retrieved lower tropospheric CO and tropospheric NO2. During spring and
autumn, air masses mostly circulate over the continental Indian region, including the
IGP, before reaching to the observation site and thus could be rich in ozone and
precursors. The northern Indian biomass burning acts as an additional source of
ozone precursors during spring. In addition to photochemistry, boundary layer
dynamics is also shown to a key role in the ozone variations. The lower levels of all
the gases during July-September are mainly attributed to the arrival of southwest
monsoon bringing cleaner marine air. A correlation analysis between the surface
ozone observations at Pantnagar and those at the nearby high altitude site Nainital
indicates strong positive correlation (r2 = 0.96) in the springtime noon hours (11301630 hours). It is suggested that the emissions and photochemical processes in the
IGP region can influence the air quality of the Himalayas via boundary layer mixing
processes. A comparison of these observations sites in India shows that ozone levels
over the northern India are highest during spring, while, sites located in the southern
part of India show maximum ozone levels during winter. This comparison highlights
the diversity of emissions as well as processes controlling ozone levels over
different parts of Indian region.

A global chemistry transport model (MATCH-MPIC) reproduces the overall
springtime elevated ozone levels over the IGP, lower ozone during the
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summer/monsoon and winter, and a recovery phase during autumn. However, the
model overestimates the ozone levels over Pantnagar, particularly during the
nighttime, which could be due to underestimation of NOx emissions resulting in less
ozone titration. The model simulated H2O2 and HNO3 variations are used as an
indicator of ozone sensitivity to hydrocarbons and NOx. Average H2O2/HNO3 values
vary from 1.1±0.7 to 2.9±1.5 suggesting that ozone chemistry over this region is
NOx-limited. This is further corroborated with the simulations using a chemical box
model (NCARMM) and ozone production and loss rates at Pantnagar are estimated.
Integrated net ozone production, from the box model, in a day, is estimated to be
72.9 ppbv.
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Chapter 4
Vertical Distribution of
Ozone and Meteorological
Parameters over the central
Himalayas

The ground-based and balloon-borne observations of ozone distribution are very
limited over the Indian region particularly over the northern India including the
highly populated and polluted Indo-Gangetic plain (IGP) region. Space-borne
observations have revealed large spatial heterogeneity in the distribution of
tropospheric ozone over the Indian region with highest levels over IGP [Fishman et
al., 2003]. Earlier, measurements of vertical ozone distribution were initiated by
Indian Meteorological Department (IMD) in 1960s using Indian ozonesondes
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[Sreedharan, 1968]. There have been some concerns related with the data quality of
Indian ozonesonde measurements [e.g. Logan, 1999]; nevertheless, these
observations from IMD have been used for trend estimation [Saraf and Beig, 2004].
Since, ozone sensor from Environmental Scientific (EN-SCI) have been used
globally [Komhyr, 1969], these sensors are used for the measurements of ozone
vertical distribution over the western India [Srivastava et al., 2012]. Few
measurements of ozone vertical profiles were also carried out over the Indian Ocean
[Srivastava et al., 2011] and IGP [Gupta et al., 2007].

Except a campaign based observation [Gupta et al., 2007], balloon-borne ozone
observations are not existing in the IGP and Himalayan region. Topography is also
very complex in the Himalayas; therefore, different processes controlling the ozone
distribution are not well studied in this region. Simultaneous measurements of the
vertical profiles of ozone and meteorological parameters would be invaluable to
understand the different processes controlling the ozone distribution over this
region. Additionally, findings from the space-borne sensors needs confirmation from
ground based sensors.

In light of this, the balloon soundings have been initiated from a mountain top called
Manora Peak near Nainital (79.45oE, 29.37oN, 1958 m amsl) located in the central
Himalayas, hereafter mentioned as Nainital (Figure 4.1). This site is reasonably
away from any kind of direct influences of anthropogenic emissions and is
considered as a better regional representative site in the northern Indian region [e.g.
Kumar et al., 2010; Kumar et al., 2011]. Sharply peaking mountains are situated in
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the northern and eastern directions of the site while mountains of altitudes less than
1000 m are located in the south and west. The Nainital city is located about 2 km
away from the site toward the north. There are no major industrial activities in the
Nainital and the population is about 0.4 million. The nearby cities, Haldwani and
Rudrapur are about 20 to 40 km away from the site and have some small-scale
industries.

Figure 4.1: Location of the observation site Nainital, in the map of India, shown by
a cyan color balloon. Drift of balloons during flights are shown for different seasons
namely winter (DJF), spring (MAM), summer-monsoon (JJA) and autumn (SON).

Moreover, the Nainital site is located just north of the Indo-Gangetic Plain (IGP)
region, which is the most densely populated and polluted region in India [e.g.
Fishman et al., 2003]. Several test flights have been conducted during SeptemberOctober 2010 before starting the regular weekly observations during January 2011.
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Since then balloon soundings were made every week resulting in a collection of total
48 profiles during the year 2011. The details of soundings conducted in each month
are given in the Table 4.1.
Table 4.1: Total number of balloon soundings with serial numbers of the radiosonde
and ozonesonde launched during different months of year 2011.
Day of Observation
January: 7th, 19th,
28th
February: 2nd, 11th,
17th
March: 7th, 10th, 30th
April: 6th, 13th, 20th,
29th
May: 4th, 9th, 12th,
16th, 18th, 25th
June: 2nd, 7th, 15th,
29th
July: 6th, 22nd, 27th
August: 3rd, 11th, 18th,
24th, 31st
September: 7th, 16th,
21st, 25th
October: 5th, 12th,
19th, 25th
November: 2nd, 9th,
16th, 23rd, 30th
December: 7th, 14th,
21st, 28th

Radiosonde

Ozonesonde

Total
Profiles
3

S12542, S12553,
S12174

2Z9172, 2Z9180,
2Z9173

S12551, S12162,
S12550

2Z9188, 2Z9174,
2Z9176

3

S6671, S12549,
S9274
S12540, S12539,
S12534, S8760

2Z9141, 2Z9177,
2Z9171
2Z9186, 2Z9194,
2Z9179, 2Z9178

3

S12176, S12170,
S4093, S2533,
S4033, S3137
S6660, S4323,
S7127, S6284

2Z9182, 2Z9181,
2Z9175, 2Z9193,
2Z9185, 2Z9169
2Z9135, 2Z9187,
2Z9138, 2Z9190

6

S6582, S7211,
S3326
S6641, S12536,
S12546, S12545,
S16154
S16375, S16391,
S16371, S16167

2Z9140, 2Z9170,
2Z9191
2Z9189, 2Z9192,
2Z9139, 2Z9184
2Z9183
2Z9166, 2Z9164,
2Z9195, 2Z9142

3

S16166, S16374,
S16367, S7062

2Z10267, 2Z10265,
2Z10273, 2Z10271

4

S12535, S16366,
S14641, S16361,
S16365
S16368, S16395,
S16178, S16364

2Z10272, 2Z10278,
2Z10269, 2Z10268,
2Z10259
2Z10262, 2Z10263,
2Z10260, 2Z10257

5

Total profiles during Jan-Dec 2011

=

4

4

5
4

4

48
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Efforts were made to keep the launch time more-or-less fixed on different days;
however, launch time has to be varied (Figure 2.7) due to the unavailability of the
required permissions from the navigation controllers. However, it can be seen that
general launch time has been within a time window of two hours around 1200 hours
IST, except few cases.

Details on entire setup used for balloon flights including the ozone sensor and
radiosonde have been described in the Chapter 2. The raw data has been averaged
into the vertical bins of 100 meter. All the data points were checked for 2-sigma
filter from the mean value of that bin and the data points exceeding the mean by
more than 2-sigma were filtered. Then this filtered data has been used in the further
analysis. The results are discussed in the following sections:

4.1.

Variations in the Meteorological Parameters

The synoptic winds over this region commonly show the seasonal changes every
year [Asnani, 2005]. Air masses circulate over the continental Indian region
including the IGP during the spring and autumn before reaching to the observation
site. While, cleaner marine air masses are received during the summer-monsoon.
During winter months, mostly westerly and northwesterly winds prevail over this
region. Solar radiation is generally most intense during the spring and significantly
lower during the summer-monsoon and winter. Highest values of relative humidity
and maximum rainfall over this region are observed during the summer-monsoon.
Further details of general meteorology and the synoptic winds over this region can
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be seen elsewhere [e.g. Sagar et al., 2004; Asnani, 2005; Kumar et al., 2010]. The
maiden observations of the vertical profiles of the meteorological parameters over
the central Himalayas discern significant variations as discussed in the following
subsections:

4.1.1. Air Temperature and Relative Humidity
The vertical profiles of air temperature obtained from the radiosonde observations
for all the flights during twelve months of the year 2011 are shown in the
Figure 4.2. Average temperature near the surface (2500 m amsl) is found to be
highest during the summer-monsoon (15.0±1.0oC) and lowest during the winter
(6.3±3.2oC). Moreover, the variability (one sigma value in percentage) in near
surface temperature during summer-monsoon is much lower (6.4%) in comparison
with the other seasons (23.6 to 51.2%). The seasonal variation in the temperature in
the lower troposphere and middle troposphere is observed to be similar to that near
the surface. However, the variations are different in the upper troposphere (e.g. at
~15000 m amsl), where in contrast the maximum temperature (-63.8±2.8oC) is in
winter and minimum temperature (-67.7±2.9oC) is seen during the autumn.
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Figure 4.2: The vertical profiles of air temperature during twelve months of the year
2011 obtained from the radiosonde observations at Nainital in the central
Himalayas.
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Temperature profiles are observed to have inversions in the middle troposphere on
several occasions during winter and spring. These inversions could be associated
with the presence of the multiple tropopauses as well as the intrusions of ozone rich
air into the troposphere. These features are investigated in more detail in the section
4.2 of this chapter and section 5.1 in the Chapter 5. These kinds of temperature
inversions are not observed during most of the summer-monsoon period.

The vertical profiles of relative humidity during January-December of the year 2011
obtained from the radiosonde observations are shown in the Figure 4.3. The vertical
profiles of relative humidity show very large week-to-week and seasonal
variabilities over this region. Near surface values of relative humidity are maximum
during the summer-monsoon period (89.5±10.3%) and minimum during the winter
(27.3±31.5%). Such higher one-sigma value (31.5) in the relative humidity indicates
that week-to-week variability over this region is very high near surface during
winter. Moreover, maximum in the near-surface relative humidity during the
summer-monsoon is indicating the prevalence of the cloudy and rainy conditions
over this region. Here it can be noted that such conditions could suppress the ozone
photochemistry by reducing the solar radiation and lead to the wet removal of some
of the ozone precursors as well.
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Figure 4.3: The vertical profiles of relative humidity during twelve months of the
year 2011obtained from the radiosonde observations at Nainital in the central
Himalayas.
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4.1.2. Wind Speed and Wind Direction
The vertical profiles of wind speed during January-December of the year 2011
obtained from the radiosonde observations over the central Himalayas are shown in
the Figure 4.4. Wind speed shows a prominent vertical profile with strongest winds
in the middle troposphere in all the seasons except during the summer-monsoon.
Wind data could not be collected during the 19th January flight due to a technical
problem in the communication. Near surface wind speeds are observed to be the
strongest during the spring (6.8±2.7 m/s) and the weakest during the winter (4.0±1.7
m/s). While, in contrast with the variations in wind speeds near the surface, the
variability is different in the higher altitudes. In the lower to upper tropospheric
altitudes, the wind speeds are strongest during the winter and weakest during the
summer-monsoon.

Moreover, the peak wind speeds in the seasonally averaged profiles were strongest
(68.2±14.8 m/s at 11.5 km) during winter and moderately higher during the spring
(36.3±15.3 m/s at 11.9 km) and autumn (36.0±19.5 m/s at 12.1 km). During the
summer-monsoon, the wind speed does not show a clear maximum in the profile and
winds were observed to be moderately stronger in the middle-upper troposphere
(~14 m/s) and strongest in the stratosphere (18.1±5.2 m/s at 30.4 km amsl).
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Figure 4.4: The vertical profiles of wind speed during twelve months of the year
2011obtained from the radiosonde observations at Nainital in the central
Himalayas.
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The presence of very strong winds (40 to 80 m/s) in the middle-upper tropospheric
altitudes over this region, observed more frequently during the winter and
occasionally during spring and autumn too, is suggested to be associated with the
prevailing subtropical jets. These stronger winds in the middle troposphere could
bring pollution from the upwind regions to above the central Himalayas. While, the
emissions uplifted from this region could be transported to the downwind regions on
the faster timescales. Moreover, this also indicates the presence of intense dynamical
processes in the middle-upper tropospheric altitudes particularly during winter,
which is consistent with the suggested possibility of the wintertime multiple
tropopauses/tropopause fold processes over this region.

The seasonal variations in the wind direction at different altitudes over the central
Himalayas are shown (Figure 4.5) in the form of percentage occurrences in the four
quadrants 0-90, 90-180, 180-270 and 270-360 degrees. The dominance of
northwesterly winds is clearly visible (50-89% in the 2-4 km) during winter and
spring in the lower troposphere. While, in contrast, the maximum contribution
during summer-monsoon is from the southeasterly winds (28-68%) in the 2 to 4 km
range. Southwesterly winds also contribute significantly during summer-monsoon in
4 to 6 km (13-39%). The variations in the wind directions are observed to be
different in the higher altitudes (e.g. 8 to 12 km), where, during January-February,
the occurrences of southwesterly winds are very less (7-15%) as compared with the
lower altitudes.
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Figure 4.5: The seasonal variations in the wind direction at different altitudes, as
the percentage occurrences in four quadrants (0-90, 90-180, 180-270 and 270-360
degrees).
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4.2.

Estimation of Tropopause Pressure

The observed temperature profiles have been used to investigate the variability in
tropopause pressure. The tropopause definition is defined using the lapse rate criteria
of WMO, which states it as the lowest altitude at which the lapse rate decreases to
2oC/km or less and the average lapse rate between this altitude and all higher
altitudes within 2 km does not exceed 2oC/km [WMO, 1957]. The calculations of
lapse rates from radiosonde data have been made using the following method
described in Reichler et al. [2003]:

Here, T is the temperature, p is pressure, z is the height and k = R/cp where R is the
gas constant for the dry air and cp is the specific heat capacity of air at constant
pressure. Using the hydrostatic approximation, the above equation transforms as:

Using this lapse rate profiles and the WMO criteria, tropopause pressure defined as
Lapse Rate Tropopause (LRT) has been calculated for the days of balloon flight. In
addition, the tropopause pressure data has also been obtained from two satellitebased instruments (AIRS and TES). Tropopause pressure has also been estimated
using the meteorology from WRF model output. The seasonal variations in the
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tropopause pressure from the radiosonde, satellites and model results are shown in
the Figure 4.6a.

Figure 4.6: (a) The seasonal variation in lapse rate tropopause (LRT) over Nainital
estimated from radiosonde measurements for year 2011. Lapse rate tropopause
(LRT) data obtained from satellite (AIRS) and model results (WRF) are also shown
for the comparison. (b)Correlations between LRT from radiosonde and satellite and
(c) radiosonde and model are shown.
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Clearly, the tropopause pressure from all the datasets show significant variability
over this region. Tropopause pressure does not show a clear seasonal cycle over this
region and all the three datasets show similar tropopause pressure values from April
to October. While, it discerns a dramatic variability during winter and somewhat in
early spring too. The seasonally and annual average tropopause pressure from
radiosonde, satellites and WRF model are tabulated in the Table 4.2.

Table 4.2: Tropopause pressure (hPa) in four seasons from the radiosonde
observations, AIRS and TES satellites and WRF model.
Radiosonde
166.6 ± 66.9

AIRS
132.6 ± 50.2

Winter
(DJF)
90.7 ± 7.1
104.1 ± 22.3
Spring
(MAM)
102.9 ± 6.2
100.2 ± 3.3
Summer
(JJA)
112.3 ± 17.6
107.3 ± 5.9
Autumn
(SON)
115.6 ± 41.1
109.7 ± 27.3
Annual
Average
* indicates only one data point.

TES
116.2 ± 51.3

WRF
136.9 ± 62.4

128.1 ± 55.8

96.6 ± 22.1

96.9 ± 6.5

96.0 ± 4.8

139.1*

106.9 ± 11.6

116.8 ± 46.4

107.9 ± 34.4

The annual average tropopause pressure from the radiosonde (115.6 ± 41.1 hPa) is
seen to be in reasonable agreement with the AIRS and TES satellites (109.7 ± 27.3
and 116.8 ± 46.4 hPa respectively) and model results (107.9 ± 34.4 hPa). As
indicated by the standard deviations in different seasons, the variability in
radiosonde tropopause is found to be highest during winter (σ = 66.9 hPa) as
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compared with the other seasons. The differences between the radiosonde data
(166.6 ± 66.9 hPa) with satellites (116.2 ± 51.3 and 132.6 ± 50.2 hPa) and model
(136.9 ± 62.4 hPa) are also significantly higher during the winter. The correlation
analysis of the radiosonde data with satellite (AIRS) and model (WRF) results have
been shown in the Figures 4.6b and 4.6c respectively. It is found that the radiosonde
data bears better correlation with the model results (r2 = 0.63) as compared with its
correlation with the satellite data (r2 = 0.36).

Large variability in the tropopause pressure during winter and early-spring could be
associated with the occurrences of tropopause folds or multiple-tropopause as also
reported over the Tibetan Plateau during winter [Chen et al., 2011]. It has been
shown that tropopause dynamics could in turn lead to the stratosphere-troposphere
exchange of the air-masses which would influence the tropospheric ozone
distribution. Moreover, the differences in the tropopause calculations from
observations, satellite data and models could lead to the differences in the
tropospheric column of pollutants. These implications of tropopause variability will
be discussed in more detail in the section 4.4.

4.3.

Vertical Distribution of Ozone

The vertical profiles of ozone obtained from the ozonesonde observations over the
central Himalayas during twelve months of the year 2011 are shown in the Figure
4.7.
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Figure 4.7: The vertical profiles of ozone during twelve months of the year
2011obtained from the ozonesonde observations at Nainital in the central
Himalayas.
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The observations reveal large week-to-week and seasonal variabilities in the vertical
distribution of ozone over this region. Variability (1 σ in percentage) in the near
surface (2500 m amsl) ozone is highest during the summer-monsoon (43.4%),
moderate during the spring and autumn (21.6 and 17.8%) and lowest during the
winter (9.6%).

This seasonality in the ozone variations is consistent in the lower troposphere (5000
m amsl). While, in the middle troposphere (10 km amsl), the ozone variability is
maximum during the winter (46.9%) and minimum during the autumn (27.1%) in
contrast with the lower troposphere. This is again different in the in the upper
troposphere (15 km amsl), where, the ozone variability is maximum during the
spring (43.1%) and minimum during the summer-monsoon (21.9%). The difference
in the variabilities in the lower, middle and upper troposphere suggests that the
processes influencing ozone variations are different in different altitude regions. The
observed maximum ozone variability in the lower troposphere during the summermonsoon is attributed to the dramatic variability in the meteorological conditions
consisting of cloudy-rainy conditions. Wind direction also changes drastically
mainly from northwesterly to southeasterly. Lower tropospheric ozone also shows
moderately high variability during spring and autumn and it is suggested to be
associated with the local photochemical and dynamical processes. As mentioned
earlier that solar radiations is maximum during spring followed by autumn over this
region. While, minimum variability during winter indicates minimal role of local
photochemical and dynamical processes in the lower atmosphere. The observed
maximum ozone variability in the middle troposphere during the winter coincides
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with the strongest winds at this altitude and presence of multiple tropopauses. This
indicates that middle-tropospheric ozone during winter is mainly controlled by
dynamical processes. In the upper troposphere, highest variations during spring
again indicate the role of dynamics including stratosphere-troposphere-exchange.
Minimum variations in the summertime upper troposphere suggest that the
influences of monsoonal circulations are minimal in the UT.

Apart from the above, few notable features include the observations of stratospheric
intrusions and secondary ozone maxima in the ozone profiles. On 17th February,
significantly higher ozone levels can be clearly seen from the lower stratosphere up
to about 6-7 km amsl (Figure 4.7). This event seems to be a deep stratospheric
intrusion. Additionally, on many occasions, secondary ozone peaks are observed in
the middle troposphere more frequently during spring. These events will be
discussed in more detail in the chapter 5. All the observations have been averaged
for four seasons up to an altitude of 18 km to show the tropospheric variabilities
more clearly (Figure 4.8).
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Figure 4.8: The seasonal variations in the seasonally averaged vertical profiles of
temperature, relative humidity, wind speed and ozone over Nainital during the year
2011.

Temperature and relative humidity profiles show maximum values during the
summer-monsoon (JJA). Presence of a subtropical jet is clearly seen with highest
wind sped during winter in the middle-troposphere. Average ozone mixing ratios in
the lower troposphere are highest (70 to 80 ppbv) during spring. To investigate the
ozone seasonal variability in different altitudes, ozone data are divided into layers of
2 km starting from surface up to 14 km as shown in the Figure 4.9.
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Figure 4.9: The seasonal variations in the layers of 2-2 km thickness (a) 2 to 4 and
4 to 6 km (b) 6 to 8 and 8 to 10 km (c) 10 to 12 and 12 to 14 km over Nainital during
2011. Monthly mean values are shown by white lines on the boxes while median
values are shown by black lines.
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Lower troposphere (2 to 6 km) shows a very prominent seasonal cycle with highest
levels (more than 100 ppbv in May) during spring and lowest levels during the
summer-monsoon. Ozone levels are also lower during winter and there is a
secondary peak during autumn. This variability in the 2 to 6 km is observed to be
consistent with the variability in meteorological parameters and surface ozone
observations over this region [Kumar et al., 2010; Ojha et al., 2012]. Ozone
seasonality is less pronounced in the higher altitudes (6 to 10 km and 10 to 14 km)
as compared with the lower troposphere. However, in the higher altitudes also the
ozone levels show a tendency of higher levels during spring and lower levels during
the summer-monsoon.

It has been shown that photochemical production of ozone from the local and
regional emissions of precursors in favorable meteorological conditions is the main
driver of springtime ozone maxima over this region [Ojha et al., 2012]. The northern
Indian biomass burning is suggested to provide an additional supply of ozone
precursors during the spring [Kumar et al., 2011]. The quantitative contribution of
biomass burning in the ozone enhancements will be discussed more in the Chapter 5.
Lower ozone levels during summer-monsoon are mainly associated with the arrival
of cleaner marine air masses over this region. Along with the arrival of the ozone
and precursors depleted air masses, prevailing cloudy and rainy conditions further
suppress the ozone photochemistry. The influence of regional emissions and
photochemistry decreases with the altitude and observed seasonality is not that much
pronounced at higher altitudes. While, dynamical processes including advection and
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intrusions from stratosphere play the key roles in controlling the ozone variabilities
in middle-upper troposphere.

4.4.

Comparison With the Satellite Data

The satellite retrievals constitute an important dataset to study the distributions and
long-term changes in tropospheric ozone at regional and global scales but validation
of these retrievals is essential to lend confidence in their use for such scientific
studies. Tropospheric Emission Spectrometer (TES) provides the global distribution
of tropospheric ozone every other day and TES ozone retrievals have been validated
over the USA [Worden et al., 2007; Nassar et al., 2008]. However, such a validation
exercise has not been conducted for the Indian region using ECC sonde. In view of
this, present ozonesonde observations at Nainital provide a very good opportunity
for a comparison with TES satellite retrieved ozone profiles over the northern Indian
region. This comparison becomes more important due to complex topography over
the central Himalayan region, where altitude varies from less than 0.5 km to 5-6 km
within 3-4o latitude-longitude region. In this direction, TES ozone retrievals are
compared with spatially and temporally co-located in situ ozonesonde profiles for
the first time to identify errors and biases in satellite retrievals as explained in the
following sections.
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4.4.1. Collocation Criteria and Application of TES operator
All the satellite retrievals falling within ±48 hours of ozonesonde observations and
within a 5o x 5o box centered at Nainital are considered as collocated.

Figure 4.10: A comparison of the original ozonesonde profile, sonde data smoothed
using the TES a priori, TES a priori, TES retrieval and TES operated sonde profile
for one day observation on 7th January 2011.

Page 137 of 260

For comparing TES and ozonesonde datasets [e.g. Worden et al., 2007; Nassar et
al., 2008], it is essential to take into account the vertical resolution and sensitivity of
TES. This is done by applying the TES-averaging kernel and a-priori profile to the
ozonesonde profile. The resulting vertical profile is referred to as Sonde profile with
TES operator (Sonde with TESop) and it represents the profile which TES would
have estimated for the given atmospheric state in absence of other errors. The
vertical grid of ozonesonde data and TES retrievals is also different as ozonesonde
profiles generally do not go above 10 hPa and TES profiles are available from
surface to 0.046 hPa. The unmeasured part of stratosphere in ozonesonde profiles is
approximated by appending the ozonesonde profile with TES a priori above 10hPa.
Further, the ozonesonde data has been interpolated and extrapolated to a fine levels
pressure grid of 800 pressure levels from surface to 0.046 hPa to homogenize the
original irregular and variable ozonesonde data with the TES. Thus obtained
ozonesonde profile is then applied by the TES averaging kernel. Figure 4.10 shows
the original ozonesonde profile, sonde data smoothed using the TES a priori, TES a
priori, TES retrieval and TES operated sonde profile for one observation (7th January
2011). The validation methodology, adopted here, has been discussed in detail by
Worden et al. [2007].

4.4.2. Comparison of the Vertical Profiles
The seasonally averaged ozone profiles from the ozonesonde observations,
collocated TES satellite retrievals and ozonesonde with TES operator are shown for
the four seasons in the Figure 4.11. In general, the three datasets show similar
vertical distribution and agree with each other within the 1-sigma spread. The
ozonesonde profiles operated by the TES operator are observed to be in better
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agreement with the TES data. In the lower troposphere, the differences between TES
and sonde data with TESop are mostly less than 10 ppbv except in the summermonsoon. The differences are higher in the middle tropospheric and upper
tropospheric altitudes (~15 and 20 ppbv).

Figure 4.11: Comparison of seasonally averaged collocated observations from
ozonesonde and TES satellite during winter, spring, summer-monsoon and autumn.

Here it can be noted that the secondary ozone peak features observed in the
ozonesonde profiles between 300 hPa and 200 hPa pressure levels during winter and
spring are not seen in the satellite retrievals. Similarly, the ozone depleted layer
which can be seen during the autumn at about 300 hPa pressure in the ozonesonde
profile, is not seen in the satellite retrieved ozone profile. This suggests that the
satellite is generally able to detect the variations in the ozone distribution but has
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limitations particularly in capturing small features/events of high or low ozone in the
ozone distribution that is likely due to limited sensitivity.

To quantify the

differences between satellite retrievals and ozonesonde data, the vertical profiles of
the percentage bias has been calculated.

Figure 4.12 shows the vertical profiles of the percentage biases during the four
seasons over this region. It is observed that there is significant variability in the
vertical profile of percentage bias during different seasons.
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Figure 4.12: The vertical profiles of the percentage bias in the TES retrievals
during different seasons. Autumn season includes only one day profile and denoted
by *.
TES overestimates the ozone levels near the surface (~749 hPa) in all the seasons,
except in spring, by 3 to 31.2%. The maximum bias in the near surface ozone is
observed to be 31.2% during the summer-monsoon. The summer-monsoon season is
characterized by thick cloud cover around Nainital and highest bias during this
season might be due to limited ability of TES through the clouds. TES overestimates
the ozone levels in the lower and middle troposphere (up to 400 hPa) by 5 to 22.5%
during winter and autumn. While, during the summer-monsoon, ozone levels are
underestimated by about 8% above 600 hPa in contrast with the near surface ozone.
In contrast with other seasons, the TES ozone is in very good agreement with the
ozonesonde data during spring and the bias is only 2-3% up to 400 hPa. However,
near the tropopause, the bias is very high (more than 30%) during spring.

4.4.3. Tropospheric Column Ozone (TCO)
In this section, we compare the observed tropospheric column ozone (TCO) with
available TES retrievals of TCO. The observed TCO is estimated by integrating the
observed ozone profiles from surface to the tropopause pressure estimated from the
radiosonde temperature profiles as discussed in the section 4.2. The tropopause
pressure retrievals from TES are also used to identify the uncertainty in the
calculation of TCO due to differences in TES retrieved and radiosonde observed
tropopause pressure. The number of spatially and temporally co-located satellite and
observed profiles was too small (N = 12) for such a comparison and thus we have
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relaxed our co-location criterion. For this comparison, we select all the TES
retrievals falling within 2 hours of sonde launch time and in a 5ox5o box around
Nainital, and do not smooth sonde data with TES operator. Since there are small
differences in the original ozonesonde profiles and those smoothed with TES
operator (as shown in the previous section), this relaxation is anticipated to have
relatively small influence on the conclusion from this comparison.

The seasonal variations in daily and monthly average TCO values from the sonde
and TES are shown in Figure 4.13. The observed seasonality in TCO is detected
well by the TES satellite, in general, however some differences are observed
particularly during the winter and autumn. Satellite retrievals are not available
during the complete summer-monsoon (JJA) period, however, the drastic decreases
during June-July are observed in the TES data. TCO data from the ozonesonde
observations show a typical seasonality comprising of spring maxima (47.2±9.8 DU)
and winter minima (30.4±10.1 DU).
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Figure 4.13: The seasonal variation in the daily and monthly values of TCO from
the sonde and TES all observations are shown.

This seasonality in the ozonesonde-TCO is consistent with the surface ozone
observations over this region [Kumar et al., 2010; Ojha et al., 2012]. However, the
secondary ozone peak in autumn [Kumar et al., 2010] is not very prominent in the
TCO data. Further, the summer-monsoon TCO values are moderately higher (37.1 ±
9.5 DU) as compared with the autumn (33.8 ± 4.2 DU). The annual average TCO
value from ozonesonde observations is estimated to be 37.5 ± 10.5 DU and average
TCO from TES data is 41.3 ± 11.2 DU.
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4.4.4. Correlation Analysis
The ability of TES to detect TCO variabilities is further examined by performing a
correlation analysis using the spatially and temporally collocated observations
(Figure 4.14). Here, the TCO from sonde is calculated using the ozonesonde profiles
operated by the TES operator as discussed in the section 4.1.1 and is denoted by
Sonde-TCO-TESop.

Considering the observed differences between the TES tropopause and sonde
tropopause pressure (section 4.2), an attempt is further made to investigate the
influence the variations in tropopause on the TCO values. For this, the tropopause
pressure from the TES data has been applied on the TES operated sonde TCO values
and is denoted by Sonde-TCO-TESop-TES-Trop. The correlations of TES TCO
with Sonde-TCO-TESop and Sonde-TCO-TESop-TES-Trop are shown in the Figure
4.14. A linear regression fit has been made to estimate the coefficient of the
determination (r2) between the satellite and sonde datasets.
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Figure 4.14: The correlations of TES TCO with Sonde-TCO-TESop and SondeTCO-TESop-TES-Trop are shown. A linear regression fit has been made to estimate
the coefficient of the determination (r2) between the satellite and sonde datasets. The
95% confidence interval for the fit is also shown.

Here, it can be seen that collocated satellite data and sonde observations bear a
general agreement with each other (r2 = 0.4). However, this correlation improves
drastically (r2 = 0.9), when the same tropopause is used for the two datasets. This is
mainly associated with the integration of smaller or larger columns of the
atmosphere in the different datasets. It is concluded that uncertainties in the location
of the tropopause can cause significant uncertainty in the tropospheric columns of
the pollution. Moreover such influences could be more important for ozone as there
are large gradients in the ozone concentration across the tropopause. This study
highlights that since this region discerns large variability in the tropopause, the
satellite based observations can have uncertainties in providing the tropospheric
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columns of pollution. Here it can be noted that the tropopause dynamics is one of the
processes which can cause such differences, however, the inherent biases in the
satellite retrievals could also have the contribution in the observed differences.

4.5.

Summary and Conclusions

Balloon-borne observations of ozone and meteorological parameters, during January
to December 2011 from Nainital in the central Himalayas, are analyzed. Tropopause
pressure calculated from the radiosonde data shows similar variations to those from
satellite data and WRF model. Dramatic variations in the tropopause pressure during
winter and spring are suggested to be associated with the tropopause folds or
multiple-tropopause events. Tropopause pressure from radiosonde is in better
agreement with the model (r2 = 0.63) as compared with the satellite data (r2 = 0.36).
Very strong winds (40 to 80 m/s) observed in the middle-upper troposphere are
suggested to be associated with the subtropical jets. The lower tropospheric relative
humidity shows large variations in the distribution with maximum values during
summer-monsoon and minimum during winter.

Ozone levels in the lower troposphere shows prominent seasonality with highest
levels (~100 ppbv in May) during spring and lowest levels during summer-monsoon.
Ozone levels also show a secondary peak during autumn. This seasonality is
consistent with the surface-based ozone observations over this region. However, the
ozone seasonality is less pronounced in the middle-upper troposphere and it is
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suggested that the controlling processes are different in different layers of the
troposphere.

Ozonesonde profiles are compared with the co-located satellite (TES) retrievals and
generally two datasets bear reasonable agreement with each other. The differences
between ozonesonde data and satellite retrievals are generally lesser (10 ppbv) in
lower troposphere as compared with middle-upper troposphere (15-20 ppbv). It is
found that TES overestimates the lower tropospheric ozone in all the seasons except
during spring. TES underestimates the ozone levels by about 8% above 600 hPa
during summer-monsoon, while, during winter and autumn it overestimates the
ozone levels in the lower-middle troposphere by 5 to 22.5%. The biases are
observed to be highest during summer-monsoon which could be due to limited
ability of TES through the clouds.

Tropospheric column ozone (TCO) estimated from the ozonesonde observations
show a spring maxima (47.2±9.8 DU) and winter minima (30.4±10.1 DU), which is
detected reasonably well by the TES satellite. However TCO values show
significant variations during winter and autumn similar to those in the tropopause
pressure values. To investigate this, when the TES tropopause pressure is used with
the ozonesonde profiles to estimate the TCO values the correlations is improved
drastically (r2 = 0.9). This suggests that satellite-based observations of the
tropospheric columns of pollution can have limitations associated with the
variability in tropopause pressure.
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Chapter 5
Influences of Dynamical
Processes
Burning

and

Biomass

on

Ozone

Distribution

The dynamical processes such as stratospheric intrusions [e.g. Levy et al., 1985;
Holton and Lelieveld, 1996; Cristofanelli et al., 2003; Marcy et al., 2004] and
advection [e.g. HTAP, 2010 and references therein; Cooper et al., 2010] are shown
to play key roles in influencing the vertical distribution of ozone. As described in the
previous chapter, elevated ozone layers were observed in the middle-upper
tropospheric altitudes on many occasions. A possible event of stratospheric intrusion
was also noticed during winter. Thus, it is suggested that various dynamical
processes strongly influence the ozone vertical distribution over this region and
therefore should be investigated in detail. In addition, the analysis of surface
observations and satellite data [Kumar et al., 2011] have shown that the biomass
burning activities over the northern Indian region are maximum in spring, which
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could influence the levels of ozone-precursors and amplify the regional ozone
production. However, the possible contribution of biomass burning activities in
influencing ozone vertical distribution has not been studied so far.
In this chapter, the role of dynamical processes and the role of biomass burning in
influencing the ozone distribution over this region are studied using the ozonesonde
and radiosonde observations, model simulations of meteorological and chemical
fields, satellite data of tracers and fire counts.

5.1.

Stratosphere-Troposphere Exchange (STE)

The uncertainty in the tropospheric ozone budget is largely associated with the
limited knowledge of contributions from the Stratosphere-Troposphere Exchange
(STE). To identify these events and their input to the tropospheric ozone,
measurements of ozone and meteorological parameters are essential in the UpperTroposphere and the Lower-Stratosphere (UTLS). These studies on STE are very
sparse over the Indian region [Mandal et al., 1998; Ganguly and Tzanis, 2011] and
its role is not well understood. Tropopause folding events and influences of STEs
over this region are more frequent during winter and early spring [Cristofanelli et
al., 2010; Chen et al., 2011]. One of such event observed during February 2011 has
been discussed in the section 5.1.2.

In order to detect the STE events, the temporal variations in the specific
stratospheric tracers are analyzed. Potential vorticity (PV) has been used as a tracer
of stratospheric air masses in the troposphere [e.g. Cristofanelli et al., 2006] and can
be calculated as follows:
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PΘ = -g ∂Θ/∂p (ξΘ + f)
Where PΘ is potential vorticity, g is the acceleration due to gravity, Θ is the potential
temperature, p is the atmospheric pressure, ξΘ is the component of the curl of wind
vector normal to an isentropic surface and f is the Coriolis parameter. Due to highly
stable stratification, i.e. strong positive vertical gradient in the potential temperature,
caused by ozone layer PV is very high in the stratosphere as compared with
troposphere [Beekmann et al., 1994]. Cristofanelli et al. [2006] suggested that air
masses characterized by PV value of greater than 1.6 pvu, where 1 pvu = 10-6 m2 K
kg-1s-1, are associated with stratospheric air. In the atmosphere above 350 hPa, PV
values increase rapidly with the altitude and reaches typically above 1.0 pvu near the
tropopause [Danielsen, 1968]. Along with the high levels of ozone and PV values,
stratospheric air masses are generally characterized by lower water vapor and lower
concentrations of one of the anthropogenic tracers such as CO. The identification of
STE events have mostly relied upon the observations of cleaner and drier air masses
[e.g. Stohl et al., 2000; Trickl et al., 2010].

5.1.1. Seasonal Variations in PV over Nainital
The meteorological fields from a regional chemistry transport model (WRF-Chem)
have been used to estimate the PV values at different pressure levels over the
Nainital for all the days of ozonesonde flights during January-December 2011
(Figure 5.1). The seasonal average values of PV at 200, 300 and 400 hPa are also
given in the Table 5.1.

Page 151 of 260

Table 5.1: The seasonal average values of PV at different pressure levels over
Nainital using the data of flight days obtained from WRF-Chem simulated
meteorology.
DJF

MAM

JJA

SON

Annual

400 hPa

0.4±0.4

0.5±0.3

0.5±0.3

0.4±0.2

0.5±0.3

300 hPa

0.9±0.9

1.1±0.8

0.5±0.4

0.5±0.3

0.8±0.7

200 hPa

2.3±1.6

1.8±0.9

0.5±0.6

0.9±1.0

1.3±1.2

The seasonal variations in PV at 400 hPa are less pronounced and the average PV
values range from 0.4 to 0.5 in all the seasons (Table 5.1). In-contrast, PV variations
at 300 and 200 hPa pressure levels show the highest values during spring and winter,
respectively. Here, it can be noted that near the tropopause, the highest PV values
are observed during winter (2.3±1.6 pvu) indicating the more intrusion directly from
the stratosphere. The minimum PV values at 200 hPa are noticed during the
summer-monsoon (0.5±0.6). In general, the PV values show large variability during
winter and spring and somewhat in autumn, particularly above the 300 hPa. This
suggests that the influences of stratospheric intrusions are more likely during winter
and spring with least probably during the summer-monsoon.
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Figure 5.1: Seasonal variations in potential vorticity at three pressure levels over
Nainital, on the flight days, obtained using the WRF-Chem simulated meteorology.

The winter time higher PV values and variabilities over Nainital are in agreement
with the more intense observations of tropopause folding events over this region
(Tibetan Plateau) [Chen et al., 2011]. Moreover, minimum influences of STE during
summer-monsoon and higher influences in other seasons are also consistent with the
previous studies over the Nepal Climate Observatory (5079 m amsl) in the
Himalayas [Cristofanelli et al., 2010]. The maximum values of PV at all the three
pressure levels are observed to be on 17th February and indicate strong STE
influence on this day which is analyzed further in the next section.

Page 153 of 260

5.1.2. STE Event on 17th February 2011
An event of significantly elevated ozone levels in the middle to upper troposphere is
observed on 17th February as compared with the average ozone vertical distribution
during the winter. Figure 5.2 shows the ozone distribution on the event day along
with all the profiles of the winter season and the seasonal average ozone profile.
Clearly, during the event day, ozone levels in the middle troposphere (e.g. 140-150
ppbv at ~10 km) and upper troposphere (e.g. 350-360 ppbv at ~16 km) are very high
as compared with the wintertime average ozone profile (70-75 ppbv at 10 km and
~200 ppbv at 16 km) over Nainital.

Thus, the ozone levels during the event are about 1.7 to 2 times higher in the middleupper troposphere as compared with the average distribution. In contrast, ozone
levels in the lower troposphere do not show any significant enhancement during the
event days and are observed to be mostly within the variability of the average
wintertime ozone distribution.
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Figure 5.2: Ozone vertical distribution during the high ozone event on 17th
February 2011 along with all the ozone profiles and seasonally averaged profile in
winter.

5.1.2.1. Change in the Potential Vorticity
Considering the absence of any significant ozone enhancement in the lower
troposphere, it is very unlikely that the ozone rich air could have been uplifted from
the boundary layer to the middle-upper troposphere. Therefore, it is possible that
these enhancements in ozone could be mainly associated with the intrusion of the air
from the higher altitude. This argument is supported by the fact that ozone
enhancements are associated with the significant increase in the PV values, which
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are observed to be highest on this day among all the observations (Figure 5.1). To
see the horizontal extent of this intrusion, a contour map of WRF-Chem potential
vorticity at 300 hPa during the event on 17th February is compared with the
observations during the previous flight on 11th February (Figure 5.3).

Figure 5.3: Contour maps of potential vorticity at 300 hPa pressure level over the
South Asian region on 11th February and 17th February 2011 obtained from WRFChem meteorology simulation. The location of the balloon launching site Nainital
(NTL) is shown as a triangle.

PV value is less than 1.6 pvu around Nainital on 11th February are, while, it shows
very high PV values (2.5 pvu and more) on the 17th February. Such a large
enhancement in the PV values is noticed to be extended over a larger region around
the site covering most of the Indo-Gangetic Plain region, the Himalayan Mountains
and over the some parts of Nepal.
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5.1.2.2. Change in the Relative Humidity
The temporal changes in the relative humidity are another key tracer to identify the
stratospheric intrusion events. It is shown that the air masses originated from the
stratosphere are much drier than those originated from the troposphere and thus their
mixing in the troposphere should lead to significant reduction in the relative
humidity values [e.g. Bithell et al., 1999]. To diagnose this possibility, the relative
humidity (RH) profiles obtained from the radiosonde observations are analyzed.
Figure 5.4 shows the RH profiles on 17th February, two nearest observations on 2nd
and 11th February along with the seasonally averaged RH profile with 1-sigma
variations for winter.

The relative humidity on17th February decreases sharply above ~7 km amsl and
remains very low in the higher altitudes. RH values in the 8 to 12 km altitude range
were 50 to 57% on 11th February which show drastic decrease on 17th February and
are observed to be ~10% or less. Additionally the RH values in this altitude range
are seen to be lower as compared with the seasonal average values (10-23 %).

In addition, the satellite data from AIRS is used to investigate the changes in the
distribution of relative humidity during the event and before the event periods over
the northern Indian subcontinent. The Figure 5.5 shows the RH distribution during
10 to 12 February and on 17 February 2011 at 400, 300 and 200 hPa.
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Figure 5.4: Relative humidity profiles during the event day (17th February) and two
closest observations on 11th and 2nd February. Seasonally Averaged RH profile
during winter (DJF) is also shown for the comparison.

The distribution of relative humidity shows clear reductions over the northern Indian
region at all the pressure levels. At 400 hPa, the RH values are 50% to 70% during
10-12 February which is reduced to about 20% to 30% on 17 February. At 300 and
200 hPa pressure levels, clear patches of significantly reduced RH values i.e. 0-10%
and 0-5% respectively are visible surrounding the Nainital site. This is consistent
with the radiosonde observations and confirms the presence of drier air over the
north India during the high ozone period.
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5.1.2.3. Back Air Trajectory
To investigate the role of advection, 5-days back air trajectories have been simulated
over Nainital using the HYSPLIT model at altitudes of 6, 9, 15, 16, 18 and 20 km
above ground level (AGL) (Figure 5.6). Figure 5.6a and 5.6b are for 11 February
2011 while Figure 5.6c and 5.6d are showing the trajectories for 17 February 2011.
The HYSPLIT model has been driven by GDAS meteorological data and has been
used to estimate the along-trajectory values of relative humidity also.

It is seen that back air trajectories at 9 km AGL and higher altitudes do not show any
clear change in the transport pattern between 11 February and 17 February. While,
the back air trajectory at 6 km AGL (~8 k m amsl) are from different sources on
these days and air masses are originated from higher latitudes during the event day.
Earlier, near 8 km amsl, an ozone enhancement was noticed on 17 February and it is
suggested that it was due to transport of ozone rich air from the higher latitude
regions.

In contrast to the 6 km AGL, the advection patterns are found to be more-or-less
similar between 11 and 17 February. Thus, the differences in the upper-troposphere
are not likely associated with the advection and as suggested could be the influences
of downward transport from higher altitude region. Further, the observed reductions
in relative humidity from radiosonde and satellite data are again seen in the
HYSPLIT model output. At 6 km AGL, the relative humidity values at the site are
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observed to be nearly similar on 11 and 17 February (about 30%). While, in
contrast, at 9 km RH values reduced from 70-90% on 11 February to 20% on 17
February.

Figure 5.6: 5-day back air trajectories have been simulated over Nainital using the
HYSPLIT model at different altitudes 6, 9, 15, 16, 18 and 20 km above ground level
(AGL). Figures a and b are for 11 February 2011 while c and d are showing the
trajectories for 17 February 2011.
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Absence of a significant changes in the transport patterns indicate minimal role of
the advection processes in the observed ozone enhancements in the upper
troposphere, except near 6 km AGL. In contrast, the observed reductions in the
relative humidity and the enhancement in the potential vorticity suggest the major
role of stratospheric intrusion in the ozone enhancement. The observed reductions in
RH indicate the presence of drier air and it is concluded that air masses could have
been transported from the higher altitudes, which are poor in water vapor but rich in
ozone.

5.1.2.4. Model Simulations
In addition to analyzing the temporal variations in meteorological tracers (potential
vorticity and relative humidity) of STE, a global model (MOZART) and a regional
chemistry-transport model (WRF-Chem) simulated chemical fields are studied.
Figure 5.7 shows the vertical distribution of ozone from ozonesonde observations,
WRF-Chem and MOZART for 11 February and 17 February.

Model simulated ozone distributions from both the models (WRF-Chem and
MOZART) discern elevated ozone layers on 17 February as compared with 11
February. However, there are two main differences in the observation and model
simulated ozone distributions. First is the model estimated ozone enhancement is
less as compared with the observations and secondly the maximum enhancement is
at a lower altitude i.e. higher pressure level. The observations show the maximum
enhancement in ozone near 300 hPa pressure level from about 52.9 ppbv on 11
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February to 148.7 ppbv on 17 February with the enhancement of about 181.1%. The
ozone enhancement is slightly lower in the higher pressure levels e.g. ozone
enhancement at 400 hPa is about 114.7%.

The WRF-Chem model shows the

maximum enhancement of 58.1% near 430 hPa while at 300 hPa the model
simulated ozone show very small change (7%). The MOZART simulated ozone
enhancement at 430 hPa is about 82.2%, however its peak enhancement is 91.4% at
400 hPa. In contrast to the observations, ozone enhancement is not seen at 300 hPa.

Figure 5.7: A comparison of ozone profiles on 11 and 17 February 2011 obtained
from ozonesonde observations, WRF-Chem model and MOZART model simulations.
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Models do show significant enhancements in the ozone levels but at lower altitudes
(400 to 430 hPa) region as compared with the observations (300 hPa). Moreover, the
maximum ozone enhancement in the model simulations is lesser as compared with
the enhancement in the observations. A comparison between the two models
indicates that MOZART is capturing the peak slightly better in terms of the peak
altitude and the magnitude of the enhancements. Therefore, MOZART simulated
chemical fields are further investigated. Since, the MOZART shows the maximum
ozone enhancements at 400 hPa therefore the distributions of the chemical fields at
400 hPa are plotted as contour maps over the South Asian region (Figure 5.8).

Ozone mixing ratios are observed to be varying from 60 ppbv to maximum about
100 ppbv around the site on 11 February. During 17 February a patch of
significantly high ozone (100-120 ppbv and higher) appears over this region. Clearly
this intrusion of high ozone is observed to be over a large spatial area of about
10ox10o around the site. This event was indicated to be associated with the
stratospheric influence by the temporal variations in the meteorological tracers in the
previous subsections. Here, we further analyze a chemical tracer CO to investigate
this event (Figure 5.8). It is suggested that the air masses of stratospheric origin
should be generally depleted in the species having mainly an anthropogenic source
(such as CO).

CO levels were varying in the range of 80 to 100 ppbv at 400 hPa pressure levels
over most of the Indian region during 11 February while a patch of CO depleted air
(60 to 80 ppbv) is visible from south west to the north east of the Nainital site. The
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Figure 5.9 shows the contour maps of MOZART simulated ozone and CO as the
functions of pressure and latitude at the fixed longitude of the Nainital site during 11
and 17 February 2011. This figure clearly shows that the ozone rich air masses are
descending up to about 400 hPa, however, this influence is more on the lower
latitudes during 11 February. While, on 17 February the ozone rich air is observed to
be descending just above the 30oN at the latitude of the measurement site.

The ozone rich air mass (120 ppbv and more) is seen to be influencing the 400 hPa
to 200 hPa pressure range over this region. Moreover, the distribution of CO shows
the intrusion of relatively CO-poor (60-80 ppbv) air masses coinciding with the
patch of high ozone as compared with the 80-100 ppbv levels on 11 February. The
air masses from the stratosphere, which are ozone rich but poor in CO, have been
transported into the middle-upper tropospheric altitudes and resulted into the
observed ozone enhancement on 17 February.

Meteorological as well as the chemical fields confirm the intrusion of the
stratospheric air masses into the troposphere which resulted in large enhancement in
the middle-upper tropospheric ozone levels. It is suggested that such events could
perturb the contribution of STE processes into the budget of tropospheric ozone
particularly during the winter months over this region. More detailed measurements
of ozone distribution and meteorological parameters and model simulations are
highly desirable to improve our understanding of STE process in the tropospheric
ozone budget quantitatively.
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Figure 5.9: The contour maps of MOZART simulated ozone and CO as the functions
of pressure and latitude at the fixed longitude of the Nainital on 11th and 17th
February, 2011.
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5.2. Secondary Ozone Peaks
The elevated ozone layers are generally observed in the troposphere and sometimes
in the lower stratosphere and are defined as secondary ozone peaks (SOPs). These
SOPs have been observed in different parts of the world and were attributed to the
complex dynamical and chemical processes which are still poorly understood [e.g.
Lemoine, 2004; Hwang et al., 2007; Trickl et al., 2011]. Hwang et al. [2007]
attributed the occurrences of SOPs to be associated with the stratospheretroposphere exchange. Trickl et al. [2011] found elevated ozone layers in the middle
and upper troposphere over the central Europe and attributed them to the transport
from the stratosphere along the subtropical jet streams.

The ozonesonde observations over Nainital also show the presence of SOPs over
this region. SOPs are observed over this region in all the seasons and a comparison
of the profiles on the days of SOPs with the seasonally average ozone distribution
are shown in the Figure 5.10. Ozone profiles are observed to have layered structures
of elevated ozone levels (~140 to 250 ppbv) in the middle troposphere (~8 to 12
km). The frequency of such events is higher (3 events) during spring as compared
with the other seasons (1 event in each season). In contrast to the middle
troposphere, ozone levels in the lower troposphere are within the seasonal
variabilities (1-sigma), except on 7th June. Moreover, these SOPs events do not show
feature of higher ozone levels at the higher altitudes than the altitude of SOPs, like
the event of 17th February, 2011 (section 5.1.2) and hence lacks the signature of the
direct downward transport from the stratosphere.
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Figure 5.10: The presence of secondary ozone peak in the middle troposphere
during different flights. Seasonally average ozone profiles are also shown for the
comparison.

Thus, the other possibility for such SOPs events is the advection of ozone rich air in
form of long range transport. It can be noted that during winter, spring and
somewhat in autumn, the wind speeds are very strong in the middle troposphere and
occasionally influenced by the subtropical jets. These strong winds could bring
ozone rich air masses from distant sources within a short time. Sometimes the
observed enhancements are very high such as on 10th March, when the ozone levels
are about 250 ppbv and could have influence of stratosphere-troposphere exchange
also.
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Here, we report the occurrences of secondary ozone peaks for the first time over this
northern Indian region. However, the one year data is not sufficient (only 6
occurrences) for calculating the frequencies and detailed comparison with other
parts of the world. Nevertheless, these observations will be filling a gap over the
south Asian region and will be invaluable for the adequate understanding of the
underlying meteorological, chemical and dynamical processes and making better
model evolutions.

5.3. Influences of Biomass Burning
Biomass burning activities play key roles in the tropospheric ozone chemistry
through the emissions of various ozone precursors. The biomass burning activities
over the northern Indian region could thus influence the distribution of ozone.
Biomass burning activities are shown to enhance the levels of ozone and precursors
over this region significantly using the ground based and space borne measurements
[Kumar et al., 2011]. In this section, an attempt is made to understand the role of
the biomass burning activities in the tropospheric ozone vertical distribution over the
northern Indian region combining the ozonesonde observations with satellite
retrieved fire counts data.

5.3.1. Seasonal Variation in Biomass Burning
The fire counts data from MODIS satellite has been used to investigate the seasonal
variations in the biomass burning activity over the northern Indian region (60 to
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95oE and 20 to 38oN). Figure 5.11 shows the seasonal variations in the daily total
and monthly total fire counts over the northern Indian region during 2011.

Figure 5.11: Seasonal variations in the daily total and monthly total fire counts
obtained from MODIS satellite over the northern Indian region during 2011.

Biomass burning activities are observed to show a major peak during spring and a
secondary enhancement during the autumn season. Monthly total fire counts are
highest during May (5723 counts) over this region. Fire activity during autumn is
also moderately high (1337 counts during October). The maximum daily total fire
counts were observed to be as high as 1248 counts on 14 May 2011. The observed
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seasonal variations in daily and monthly total fire counts over the northern Indian
region during 2011 are found to be similar as reported for previous years [Kumar et
al., 2010]. Most of the biomass burning activities over the northern Indian region are
associated with the crop residual burning in the agricultural areas supplemented with
some contributions from forest fires [Kumar et al., 2010]. In order to investigate the
influence of biomass burning activities on the ozone distribution, more frequent
balloon flights were conducted during intense fire period (May) and just prior to it
(late April).

5.3.2. Classification of High and Low Fire Activity Periods
The time series of daily total fire counts during spring over the northern Indian
region obtained from the MODIS sensors onboard Aqua and Terra are shown in the
Figure 5.12. This time series is used to classify the Low Fire Activity Period (LFAP)
as 30th March to 29th April and High Fire Activity Period (HFAP) as 4th May to 25th
May. Ozonesonde flights during these periods are classified accordingly and in this
way, a total of 5 profiles are averaged to represent the low fire activity period while
a total of 6 profiles are averaged to represent the high fire activity period.

A comparison is made between the average ozone vertical distributions during
HFAP and LFAP (Figure 5.13). Ozone levels show a clear enhancement during the
HFAP as compared with the ozone levels during the LFAP, mainly from the nearsurface to about 4 km amsl. Above an altitude of about 4.5 km amsl ozone levels are
observed to be nearly similar during HFAP and LFAP. This suggests that the
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influences of biomass burning activities are observed up to about 4.5 km. It is shown
that the mixing depth during May generally varies up to 3 to 4 km amsl and the
associated mixing might be inducing

the distribution of the near surface fire

emissions in the lower troposphere.

Figure 5.12: The time series of daily total fire counts during spring over the
northern Indian region obtained from the MODIS sensors onboard Aqua and Terra.

The maximum enhancement in the ozone levels is observed at about 2.9 km amsl
with HFAP ozone levels of 96.0 ± 8.1 ppbv as compared with the LFAP ozone
levels of 70 ± 13.7 ppbv. The mean enhancement in 2 to 4 km altitude range is
estimated to be 19.9 ± 4.6 ppbv, which is found to be statistically significant (paired
t-test). The 95% confidence interval for the observed ozone enhancement in this
altitude range is estimated to be from 17.7 to 22.1 ppbv. This analysis suggests that
the northern Indian biomass burning during spring leads to the significantly
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enhancement in the lower tropospheric ozone and influences the vertical distribution
of ozone.

Figure 5.13: Average vertical distribution of ozone over Nainital obtained from
ozonesonde observations during low fire activity period (LFAP) and high fire
activity period (HFAP).
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5.4.

Summary and Conclusions

The ozonesonde observations are analyzed using the meteorological parameters,
model simulations and satellite data to investigate the role of dynamical processes
and biomass burning in influencing the ozone distribution. The variations in
potential vorticity (PV) indicate that the stratospheric intrusions influence ozone
distribution during winter, spring and autumn, while, these are not observed during
the summer-monsoon. PV values are highest on 17th February along with the
elevated ozone levels in middle-upper troposphere, however any such ozone
enhancement is not seen in the lower troposphere. On this event, the relative
humidity, from the radiosonde, satellite as well as GDAS datasets shows large
reduction, which is again indicating that ozone rich air could have been transported
from the higher altitudes.

Model simulated ozone enhancement is seen at a lower altitude as compared with
the observations and moreover the models underestimated the ozone enhancement.
MOZART model results are in slightly better agreement with the observations in
terms of the altitude and the magnitude of the enhancements. Analysis of MOZART
shows a patch of significantly high ozone (100-120 ppbv and higher) and reduced
CO at 400 hPa surrounding the measurement site. This analysis confirms the
stratospheric intrusion into the troposphere leading to large enhancement in the
middle-upper tropospheric ozone levels. Simulations from these two models (WRFChem and MOZART) discern some limitations in reproducing this event and further
improvements are needed in the models. Ozone profiles over Nainital are observed
to show secondary ozone peaks (SOPs) in the middle troposphere (~8 to 12 km)
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more frequently during spring. SOPs are attributed to the advection of ozone rich air
masses via strong winds in middle-troposphere; however, occasionally stratospheretroposphere exchange could also have some contribution to these events, which
needs further analysis.

More balloon soundings were conducted during spring 2011, to investigate the role
of northern Indian biomass burning in influencing ozone distribution over this
region. Ozone profiles are classified into Low Fire Activity Period (LFAP) and High
Fire Activity Period (HFAP) using MODIS fire count data. The ozone levels during
the HFAP show significant enhancement as compared with the ozone levels in
LFAP. The 95% confidence interval for the observed ozone enhancement in the 2-4
km altitude range is estimated to be 17.7-22.1 ppbv. This analysis shows that the
northern Indian biomass burning contributes significantly in the spring time higher
ozone over this region.
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Chapter 6
Variations in CO2, CH4 and
CO

over

the

central

Himalayas

Most of the observed global warming has been attributed to the enhancements in the
Long-Lived Greenhouse Gases (LLGHG) since the pre-industrial era. The important
Long-lived greenhouse gases are Carbon dioxide (CO2), Methane (CH4), Nitrous
Oxide (N2O) and Sulfur Hexafluoride (SF6). CO2 and CH4 are ranked first and
second respectively in terms of the radiative forcings imposed by LLGHGs on the
climate [Forster et al., 2007]. Globally CO2 levels have been observed to be
increasing [e.g. Keeling et al., 1976; Thoning et al., 1989; Keeling et al., 1995] from
316 ppm in 1960 to 393 ppm in 2012, at an average rate of about 1.22 ppm per year
at Mauna Loa, Hawaii (http://scrippsco2.ucsd.edu/home/index.php). CH4 levels have
also increased significantly however growth rate has decreased since late 1990s in
contrast with that for CO2 [Dlugokencky et al., 2009]. Due to very long lifetimes of
these gases, the observations over remote locations are suggested to be the
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representative of large-scale variations. However, the monitoring over a network of
sites is needed for the estimation of sources and sinks of these gases. CO is not a
direct greenhouse gas, however, as a precursor of an effective greenhouse gas ozone,
it also contributes to the climate change indirectly upon conversion to CO2 through
reaction with OH. Moreover, CO has been employed as a tracer of anthropogenic
influences in the variabilities of CO2 and CH4 using the correlation analysis.

In order to investigate the contributions of the greenhouse gases in climate change,
their long-term systematic measurements are required. Considering this, monitoring
of various greenhouse gases are being made globally under different networks, such
as surface measurements [Keeling et al., 1976; Dlugokencky et al., 2009; Prinn et
al., 2000], tall tower network

[Andrews et al.,

2013], aircraft measurements

[Machida et al., 2008], and network of CO2 flux towers [e.g. Saigusa et al., 2005].

However, the measurement sites of the greenhouse gases for sources and sinks
estimation are generally located in the developed countries and do not provide
necessary data coverage worldwide for estimating GHGs fluxes using inverse
modelling [e.g., Bousquet et al. 2000; Gurney et al., 2002; Enting, 2002, Patra et al.
2006]. In addition to the surface CO2 measurements, campaign based aircraft
observations are increasing and satellite observations are being made as an aid to
constrain flux estimations and to better understand the transport of greenhouse gases
[e.g. Patra et al., 2011; Umezawa et al., 2012].
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Column CO2 data using space-borne sensors would complement the in-situ
measurements by wider spatial and temporal coverage. However, understanding the
differences between surface, profiles, and column observations of atmospheric CO2
and its variability at all temporal (e.g. seasonal and synoptic) and spatial scales is
necessary for combined data usage. Another major challenge in space-borne CO2
observations is the stringent requirement of measurement precision [e.g., Rayner
and O’Brien, 2001; Patra et al., 2003]. Space-borne observations need to have 1%
precision for the similar flux uncertainty reduction by inverse models as the in-situ
measurements.

Realizing the limitations in global coverage of surface observations, specific satellite
missions (e.g. OCO and GOSAT) are in progress for measurements of GHGs from
space-borne platforms. These sensors are based on observations of light emitted
from the atmosphere and the earth surface in near infrared and thus measurements
are possible only in clear-sky conditions [Crisp et al., 2004]. Sampling only in clearsky conditions would introduce biases as CO2 uptake is stronger under clear-sky
condition in most ecosystems and thus lower column CO2 values than adjacent days.
Apart from plant physiology driven differences, cloudy conditions are generally
associated with low-pressure systems accompanied by enhanced upward transport of
air across the planetary boundary layer (PBL), while clear-sky conditions are
associated with high-pressure systems. The former would produce lower column
CO2 while the latter biased towards higher values under identical ecosystem activity.
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Unlike global observations, long-term systematic datasets of greenhouse gases are
very limited over the Indian region. Longest and only CO2 observationsation from
Cape Rama, Goa was reported recently in open literature [Bhattacharya et al.,
2009], while the knowledge on the variabilities and trends in other greenhouse gases
are nearly non-existing over the Indian region. The Cape Rama site observe GHGs
flux signals during the northeast monsoon season, when the winds are from the
continental India to the Arabian Sea, and during the southwest monsoon season this
site samples air that is representative of the southern hemisphere [Bhattacharya et
al., 2009]. Another observation site in northern India is at Hanle (78.96 oE, 32.77 oN,
4517 m amsl), where, detailed analysis with publication is not available. For better
understanding of the regional GHG cycling within India, weekly air samples have
been collected from a high altitude site Nainital (79.45 oE, 29.37 oN, 1958 m amsl)
located in the central Himalayas since September 2006. These samples have been
analyzed for some of the greenhouse gases in collaboration with the National
Institute for Environmantal Studies (NIES), Japan as discussed in the Chapter 2. The
long-term measurements of CO2, CH4 and CO are investigted here from September
2006 to December 2011.

6.1.

Seasonal Variations

6.1.1. Seasonal Variation in CO2
The seasonal variation in CO2 levels at Nainital averaged over the period from
September 2006 to December 2011 are shown in the Figure 6.1 in the form of a box
plot. The average CO2 levels show a prominent seasonal cycle over Nainital with the
maximum levels during spring (395.9±5.9 ppm in May) and minimum levels during
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the post-monsoon/autumn (374.4±5.8 ppm in October). The monthly average values
of CO2 during twelve months along with the maximum and minimum values and
counts are given in the Table 6.1.

Figure 6.1: The seasonal variation in CO2 levels at Nainital during September
2006-December 2011 are shown as a box plot. Average monthly values are shown
by a thick blue line. All observations are also shown in open red circles to show the
week to week variations.

The average CO2 value during the measurement period is estimated to be 384.3±9.0
ppm with maximum value of 408.6 ppm and minimum value of 363.5 ppm at
Nainital. The seasonal amplitude i.e. the difference between maximum and
minimum monthly average CO2 levels is calculated to be 21.5 ppm. The variability
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in the CO2 levels over Nainital, as seen from the standard deviation values, is
highest during the autumn (5.8 to 7.2 ppm) and lowest during the winter (3.6 to 5.2
ppm).

Table 6.1: The monthly average values of CO2 (ppm) during twelve months as well
as in the annual dataset along with the maximum and minimum values and counts.

Month

Avearge CO2 (ppm)

Maximum

Minimum

Counts

Jan

385.5±4.8

394.6

376.5

19

Feb

386.2±3.6

393.5

379.5

20

Mar

388.1±4.9

401.8

379.6

22

Apr

394.9±4.3

406.4

386.4

22

May

395.9±5.9

408.6

382.1

21

Jun

392.2±4.4

399.7

383.5

22

Jul

383.5±6.7

401.0

370.6

20

Aug

378.0±6.7

391.2

366.6

21

Sep

374.9±7.2

388.7

363.5

20

Oct

374.4±5.8

387.1

366.1

24

Nov

377.4± 6.2

393.9

368.8

25

Dec

382.5±5.2

393.4

369.3

23

Annual

384.3±9.0

408.6

363.5
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The terrestrial ecosystem, during their growth, act as a major sink of atmospheric
CO2 by absorbing it from the air for conducting photosynthesis. When plants die and
undergo decomposition they return CO2 back to the atmosphere and act as a source
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of CO2. This phenomenon creates the observed seasonal cycle in the time series of
CO2. Over the northern Indian region, crop growing season (Kharif) starting from
arrival of summer-monsoon (June) leads to a reduction in the CO2 levels until
October when it reaches its minimum. Due the crop harvesting during NovemberDecember (Kharif) CO2 again rises. CO2 levels peak during April-May coinciding
with the major crop-harvesting season (Rabi) over the northern India. Further,
maximum biomass burning activities, associated mainly with the burning of crop
residues, over the northern India is also suggested to contribute to the observed
springtime maxima in CO2.

6.1.1.1. Comparison with the Mauna Loa and Global Marine Observations
Figure 6.2 shows the comparison of seasonal variation in CO2 levels over Nainital
with the Mauna Loa and average global marine observations (from NOAA) during
the study period [Conway et al., 1994]. Seasonal cycle phase at Nainital is found to
be similar to that over the Mauna Loa (MLO) as CO2 levels over MLO are also
highest during May (390.5±3.2 ppm) and lowest during October (384.0±3.7 ppm).
However, the seasonal amplitude at Nainital is much larger (21.5 ppm) as compared
with the Mauna Loa (~6.5 ppm). The average global marine CO2 levels are observed
to be highest during April (388.0±3.0 ppm) and lowest during Ausgust (384.0±3.0
ppm), which is somewhat different than at Nainital and MLO. Further, the sesaonal
amplitude of marine CO2 levels is even smaller (4.0 ppm). This suggest the cycling
of CO2 is strong over the northern India in annual scale.
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Figure 6.2: The comparison of seasonal variation in CO2 levels over Nainital with
the Mauna Loa and global marine observations (obtained from NOAA;
http://www.esrl.noaa.gov/gmd/ccgg/trends/) during the study period.

6.1.2. Seasonal Variation in CH4
The seasonal variation in CH4 levels at Nainital during September 2006-December
2011 are shown in the Figure 6.3 in the form of a box plot. The average CH4 levels
show a clear seasonal cycle over Nainital with peak during autumn (2.0±0.08 ppm in
September). The average CH4 levels are lowest during June, however, during most
of the spring and winter months, average CH4 does not show much variability (1.911.92 ppm). The monthly average values of CH4 during twelve months along with the
maximum and minimum values and counts are given in the Table 6.2. The average
CH4 values over Nainital during the measurement period obtained from all the data
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points has been estimated to be 1.93±0.07 ppm with maximum value of 2.15 ppm
and minimum value of 1.82 ppm. These average CH4 levels are somewhat higher
than the global averaged CH4 value of 1.813±.002 ppm in 2011 [WMO, 2012]. The
seasonal amplitude in the monthly average CH4 levels is estimated to be 0.11 ppm
over Nainital. The variability in the CH4 levels over Nainital, as seen from the
standard deviation values, is highest during the autumn (0.06 to 0.08 ppm) and
lowest during June (0.04 ppm).

Figure 6.3: The seasonal variation in CH4 levels at Nainital during September
2006-December 2011 are shown as a box plot. Average monthly values are shown
by a thick blue line. All observations are also shown in open red circles to show the
week to week variations.
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Table 6.2: The monthly average values of CH4 (ppm) during twelve months as well
as in the annual dataset along with the maximum and minimum values and counts.
Month

Avearge CH4 (ppm)

Maximum

Minimum

Counts

Jan

1.92±0.06

2.08

1.85

19

Feb

1.91±0.06

2.04

1.82

20

Mar

1.92±0.07

2.08

1.83

22

Apr

1.91±0.06

2.03

1.83

22

May

1.92±0.05

2.06

1.82

21

Jun

1.89±0.04

1.99

1.83

22

Jul

1.91±0.07

2.06

1.83

21

Aug

1.96±0.07

2.12

1.85

21

Sep

2.00±0.08

2.15

1.88

20

Oct

1.95±0.06

2.06

1.88

25

Nov

1.95±0.06

2.09

1.86

25

Dec

1.91±0.06

2.02

1.83

23

Annual

1.93±0.07

2.15

1.82
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Regional enhancments in the methane emissions over the Indo-Gangetic Plain
[Frankenberg et al., 2005] in the northern Indian region have been suggested to be
associated mainly with the rice cultivation and to somewhat lesser extent with the
domestic cattle [Goroshi et al., 2011]. The observed seasonal maxima of CH4 during
September (Kharif season) over Nainital is in agreement with the previous study
based on satellite data and is attributed to the rice cultivation [Goroshi et al., 2011].
However, the concentrations of CH4 during summer season are also dominated by
loss due to the reaction with OH [Patra et al., 2009]. Thus, CH4 seasonal cycle over
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Nainital, India should not be linked to emissions alone, and further analysis using 3dimensional chemistry-transport modelling is required for illucidating sesonal
variations of CH4 at this location.

6.1.3. Seasonal Variation in CO
The seasonal variation in CO levels at Nainital during September 2006-December
2011 are shown in the Figure 6.4 in the form of a box plot. The average CO levels
show two peaks in the seasonal cycle over Nainital with the more prominent peak
during the spring (291.2±137.3 ppb in April), secondary peak during the autumn
(269.4±89.1 ppb during November) and minimum levels during the summermonsoon (142.4±26.8 ppb in August).

Figure 6.4: The seasonal variation in CO levels at Nainital during September 2006December 2011 are shown as a box plot. Average monthly values are shown by a
thick blue line. All observations are also shown in open red circles to show the week
to week variations.
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Table 6.3: The monthly average values of CO (ppb) during twelve months as well as
in the annual dataset along with the maximum and minimum values and counts.
Month

Avearge CO (ppb)

Maximum

Minimum

Counts

Jan

255.9±98.9

521.2

146.5

19

Feb

221.3±65.3

371.4

119.8

20

Mar

250.2±88.0

395.3

128.6

22

Apr

291.2±137.3

644.0

135.1

22

May

262.6±66.7

419.7

143.7

21

Jun

197.1±54.2

335.5

120.9

22

Jul

145.6±25.4

203.8

103.0

21

Aug

142.4±26.8

205.6

95.8

21

Sep

170.2±40.8

237.8

105.2

20

Oct

206.0±56.0

316.4

111.3

25

Nov

269.4±89.1

464.9

129.0

25

Dec

231.4±80.9

359.8

121.8

23

Annual

221.1±87.7

644.0

95.8
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The monthly average values of CO during twelve months along with the maximum
and minimum values and counts are given in the Table 6.3. The average CO values
over Nainital during the measurement period obtained from all the data points has
been estimated to be 221.1±87.7 ppb with maximum value of 644.0 ppb and
minimum value of 95.8 ppb. The seasonal amplitude in the monthly average CO
levels is estimated to be 148.8 ppb over Nainital. The variability in the CO levels
over Nainital, as seen from the standard deviation values, is highest during the
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spring (66.7 to 137.3 ppb) and lowest during the summer-monsoon (25.4 to 54.2
ppb).

This seasonal cycle of CO over Nainital is osberved to be similar to those in surface
ozone over this region [Kumar et al., 2010; Ojha et al., 2012]. It is suggested that
the CO seasonality is mainly controlled by the influences of regional pollution
supplemented with a significant contribution from the biomass burning activities.

6.2.

Long-Term Trends

The long-term measurements of CO2, CH4 and CO are being used here to investigate
possible trends in these gases over this region, for the first time. Figure 6.5 shows
the time series of CO2, CH4 and CO from all the observations along with the
monthly average values with 1-sigma from September 2006 to December 2011 over
Nainital. These time series show a trend modulated with a seasonal cycle more
clearly in the case of CO2 while there is more variability in the cases of CH4 and
CO. In order to estimate the long-term trends in these gases, data has to be first
deseasonalized i.e. the seasonal cycle is to be removed from the time series.

The data has been deseasoanlized [e.g. Logan, 1985] by subtracting the monthly
mean data of entire period Ý(month), from the monthly means of a specific year
Y(month, year) as follows:
Z(month, year) = Y(month, year) - Ý(month)

[6.1]
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Here, Z(month, year) denote the deseasonalized time series. The deseasoanlized
time series of CO2, CH4 and CO over Nainital along with a linear regression fit for
the 2006-2011 period are shown in the Figure 6.6.

Figure 6.5: The time series of CO2, CH4 and CO along with the monthly average
values with 1-sigma from September 2006 to December 2011 over Nainital.
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Figure 6.6: The deseasoanlized time series of CO2, CH4 and CO over Nainital along
with a linear regression fit for the 2006-2011 period.

The CO2 data shows a clear positive trend over Nainital during 2006-2011 period.
The trend using the linear regression fit is estimated to be about 1.88 ppm per year.
This trend in the CO2 levels over Nainital is found to be in good agreement with the
observed trends during the study period over the Mauna Loa (1.60 to 2.43 ppm per
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year) as well as over the average global marine observations (1.64 to 2.40 ppm per
year) [http://www.esrl.noaa.gov/gmd/ccgg/trends/].

The current CO2 levels, i.e., the annual average CO2 during 2011 at Nainital is
estimated to be 389.6±6.3 ppm, which is found to be similar to the Mauna Loa and
average global marine CO2 levels (390.5 to 391.6 ppm). The observed enhancements
in the CO2 levels are mainly attributed to the increrased emissions from fossil fuel
combustion, gas flaring and cement production, since the preindustrial era [Forster
et al., 2007]. Biomass burning and deforestations are the other sources which
contribute to

the increasing trends in CO2 levels [Andreae and Merlet, 2001;

Houghton, 2003; Van der Werf, 2004; Forster et al., 2007].

In contrast to CO2, which shows a clear positive trend in the levels over Nainital,
CH4 and CO levels do not show a clear trend (Figure 6.6). CH4 levels show a very
small positive trend of 4 ppb per year, while, CO levels show a slight negative trend
of 7.3 ppb per year. It has been reported that CH4 levels have substantially increased
since the pre-industrial era, however, its growth rate has reduced to nearly zero
during last 25 years [Dlugokencky et al., 1998; Simpson et al., 2002; Forster et al.,
2007]. However, since 2007, atmospheric CH4 has been increasing again [WMO,
2012]. Thus, the observed trend in CH4 over Nainital is found to be in reasonable
agreement with the reported global trends.
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The previous years (prior to the year 2007) slowdown in the global growth rates of
CH4 are not well understood [e.g. Prather et al., 2001; Forster et al., 2007].
However, a wide range of hypotheses have been put forward to explain this
slowdown of CH4 growth rate, which incldues reduction [Hansen et al., 2000] or
stabilisation of CH4 emissions [Francey et al., 1999]. In a recent sudy, Kai et al.
[2011] attributed the CH4 trends to the decreased microbial sources in the northern
hemisphere.

CO levels over Nainital show a slight decreasing values (7.3 ppb per year) during
the study period which is consistent with the global trends. However, the observed
negative trend is slightly higher (~3.3% per year) as compared with the global
observations. The trends in CO over the northern hemisphere have been observed to
change from an increase of 1% during 1980s to a decrease of 1 to 1.5% during
1990s and 2000s [e.g. Khalil and Rasmussen, 1988; Khalil and Rasmussen, 1994;
Novelli et al., 2003; Angelbratt et al., 2011].

6.3.

Inter-Species Correlation Analysis

In this section, the inter-species correlations among CO, CO2 and CH4 over Nainital
have been analyzed for different seasons to investigate the relationships among their
variabilities and to identify their possible common sources and transport.
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6.3.1. CO-CH4 Correlations
A scatter plot analysis has been performed between CH4 and CO as shown in the
Figure 6.7. Individual data ponits of CH4 are binned into 50 ppb bins of CO to
smooth the random variations and the coefficient of determination is estimated using
a linear regression fit in the binned average data. CH4 shows strong positive
correlations with CO in all the seasons over Nainital with r2 values varying from
0.56 to 0.93.This indicates that CH4 and CO over Nainital are generally controlled
by common processes during all the seasons.

Further, the CH4 and CO ratios can be used to identify the source types by
comparing them with the emission ratios from different sources such as fossil fuel,
biofuel or biomass burning [Xiao et al., 2004]. The global and East asian (inclduing
India) CH4/CO emission estimated [Xiao et al., 2004] during the Transport and
Chemical Evolution over the Pacific (TRACE-P) are given in the Table 6.4.
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Figure 6.7: Scatter plots showing the correlations between CH4 and CO over
Nainital during four seasons. All the data points are shown by open green circles.
Coefficient of determination (r2) have been estimated using the binned data (red
filled squres).

Page 195 of 260

Table 6.4: Estimates of Global and East Asian CH4/CO emission during TRACE-P
period as obtained from Xiao et al. [2004].
Global CH4/CO

East Asian CH4/CO

Fossil Fuel

0.46

0.30

Biofuel

0.10

0.10

Biomass Burning

0.11

0.12

The observational CH4/CO value over Nainital are represented by the slope values
of the scatter plot between CH4 and CO. The estimated CH4/CO value vary from
0.31 (during spring) to 0.55 (during winter) over Nainital. A comparison of these
estimates with the emission ratios from different sources (Table 6.4) indicate that
CH4 and CO variations are more influenced by the fossil fuel combustion over this
region.

6.3.2. CO-CO2 Correlations
CO2 shares the common sources with some of the other trace gases particularly with
CO and the emission ratio CO2 and CO strongly varies with different combustion
types and efficiencies versus the terrestrial biosphere. Thus, the correlation analysis
between CO2 and CO can be a useful tracer of different source types [e.g. Andreae
and Merlet, 2001; Suntharalingam et al., 2004; Wang et al., 2010]. The emission
estimates of CO2 and CO along with the emission ratio CO2/CO for different source
types over Indian region as obtained from Suntharalingam et al. [2004] are given in
the Table 6.5. In order to investigate the sources of CO2 over Nainital, a correlation
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analysis has been performed between CO2 and CO for different seasons as shown in
the Figure 6.8.

Figure 6.8: Scatter plots showing the correlations between CO2 and CO over
Nainital during four seasons. All the data points are shown by open green circles.
Coefficient of determination (r2) have been estimated using the binned data (red
filled squres).
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The CO2 data has been first binned into 50 ppb bins of CO and the coefficient of
determination (r2) and slope values have been estimated using the correlation plot of
binned average data. The variations in CO2 and CO are observed to positively
correlated during the spring and summer-monsoon. The relationship is obseved to be
negative during the winter, while, CO2 and CO do not show any significant
correlation during the autumn (r2 = 0.12). In contrast with the winter and autumn,
common sources and processes are suggested to control the variations of CO2 and
CO during spring and summer-monsoon as indicated by the observed strong positive
relationships between the two species.

Table 6.5: Estimates of CO2 and CO emissions and CO2/CO emission over India for
TRACE-P period obtained from Suntharalingam et al. [2004].
CO2 Emissions

CO Emissions

CO2/CO

(Gg C/d)

(Gg C/d)

Emission ratio

Fossil Fuel

484

20

24

Biofuel

496

34

15

Biomass Burning

552

46

12

Biosphere

1080

11

98

In order to further understand the controlling processes, the estinmated slope values
from the observed CO and CO2 are compared with the emission ratios for the
different sources as given in the Table 6.5. The slope values are 28.3 ppm/ppm
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during the spring while it is much higher (67.5 ppm/ppm) during the summermonsoon. Thus the springtime variabilities are mainly attributed to the emissions
related to fossil fuel while the monsoontime variations would be more controlled by
the biosphere.

6.4.

Summary and Conclusions

Weekly air samples collected at Nainital in the central Himalayas have been
analyzed for CO2, CH4 and CO during September 2006-December 2011. CO2 levels
show a prominent seasonal cycle over Nainital with a spring maximum (395.9±5.9
ppm in May) and a post-monsoon/autumn minimum (374.4±5.8 ppm in October)
which is attributed to the growth and decomposition of the vegetations with some
influences of biomass burning activities over this region. The observed CO2 seasonal
cycle at Nainital is similar to the variations at Mauna Loa (MLO), however, the
seasonal amplitude is much larger at Nainital (~21.5 ppm) than that at the Mauna
Loa (~6.5 ppm). CH4 levels over Nainital show a peak during autumn (2.0±0.08
ppm in September) while these are lowest in June. The seasonal maxima of CH4
during September is attributed to the rice cultivation and is in agreement with
satellite based studies. CO levels over Nainital show a seasonal cycle similar to that
in surface ozone over this region and is associated with the regional pollution
supplemented with biomass burning.

The long-term time series of CO2, CH4 and CO over Nainital are deseasonalized and
fitted with a linear regression to estimate the trends. CO2 shows an increasing trend
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of about 1.88 ppm per year over Nainital which is similar to Mauna Loa and global
marine observations. The positive trends in CO2 is mainly due to the increrased
fossil fuel combustion, gas flaring, cement production, biomass burning and
deforestation. CH4 shows a small positive trend (about 4 ppb/ year), while, CO
shows a negative trend (about 7.3 ppb/year). The reduction in CH4 growth is
suggested to be due to reduction or stabilisation of its emissions and decreased
microbial sources in the northern hemisphere.

The observed positive correlations between CO and CH4 over Nainital indicate that
these gases are generally controlled by common processes. Estimated CH4/CO
values over Nainital are compared with the emission ratios from different sources
which shows that CH4 and CO levels are more influenced by fossil fuel combustion.
CO2 bears a positive correlation with CO suggesting the role of common processes
controlling the variations in these gases particularly during spring and summermonsoon. CO2/CO values are estimated to be 28.3 ppm/ppm during spring and 67.5
ppm/ppm during the summer-monsoon. Comparative analysis of CO2/CO values
suggest that springtime variations are mainly governed by fossil fuel emissions,
while, biosphere influences these gases during summer-monsoon.
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Chapter 7
Summary and Future Scope
The present thesis work has been aimed to understand the spatial and temporal
variations on the distribution of trace gases over the northern Indian region with
main emphasis on ozone. Space borne studies have shown that the pollution loading
is considerably higher over this region, however, the understanding of the
underlying processes has been very limited until now. In this thesis, an attempt has
been made to fill this gap by conducting the ground-based and balloon-borne
observations in this region. Apart from the observations, data from space-borne
sensors and model simulations are also employed for extensive studies over this
region. The detailed analysis of the observations made has been presented in the
Chapters 3, 4, 5 and 6. Here, a summary of the main conclusions is given in the
following subsections:

7.1. Variations in Surface Ozone at Pantnagar in the Indo-Gangetic

Plain (IGP) region
The Indo-Gangetic Plain (IGP) region, in the northern India, is one of the most
densely populated regions in the world, which encompasses a variety of emissions
including those from thermal power plants, industries, automobiles, bio-fuel
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burning, mining, crop-residue burning etc. Moreover due to the complex
topography, the emissions from this region get trapped and lead to the elevated
levels of trace gases and aerosols. The spatial heterogeneity in the distribution of
pollutants have been reported using satellite observations [Fishman et al., 2003; Di
Girolamo et al., 2004]. However, the ground based measurements of air pollutants
are very limited over this region. Observations of surface ozone with a complete
seasonal cycle are only available at a highly urbanized megacity (Delhi) [Ghude et
al., 2008a] and a pristine mountain site Nainital in the central Himalayas [Kumar et
al., 2010]. In view of this, observations of surface ozone were made at a semi-urban
site Pantnagar (29.0oN, 79.5oE, 231m amsl) in the IGP during March 2009–June
2011 and these data were analyzed using meteorological parameters, the boundary
layer evolution, backward trajectories, space-borne observations, results from a
global chemistry transport model and a photochemical box model.

Ozone diurnal variations are characterized by daytime photochemical build up. The
rate of change of ozone during morning (+5.6 ppbv hr-1) and evening time (-8.5
ppbv hr-1) are dissimilar and a higher ozone loss rate in the evening suggests that
ozone loss processes could be stronger over the IGP due to high NOx emissions. The
seasonal variations in daily and monthly average ozone at Pantnagar show a
systematic increase from January to May, decrease sharply to lower levels during
June-September then a slight increase during October-November. Notably, daytime
average ozone shows prominent secondary maxima during October-November
which is not seen in the all data. Ozone levels are observed to be highest during the
spring months (39.3±18.9 ppbv in May) and lower during the summer/monsoon
(16.8±8.9 in August) and winter (10.8±12.1 ppbv in January). Similarly, the
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seasonal ozone photochemical buildup is 32-41 ppbv in spring and autumn and 9-14
ppbv during August-September. Monthly average values are mostly below 40 ppbv;
however, occasionally hourly average ozone levels are in the range of 80-100 ppbv,
particularly during spring. CO levels are observed to be moderately high (188-484
ppbv) while CH4 values range from 1.81 to 2.11 ppmv.

Observed ozone seasonality is in good agreement with the solar radiation and
satellite derived lower tropospheric CO and tropospheric column NO2. Lower levels
of all the gases during July-September are mainly attributed to the arrival of
southwest monsoon bringing cleaner marine air to this region. During spring and
autumn, air masses mostly circulate over the continental Indian region, including the
IGP, before reaching to the observation site and thus could be rich in ozone and
precursors. However, the spring peak is higher than the autumn peak that could be
due to the presence of additional ozone precursors from biomass burning and intense
solar radiation during spring when compared with those during autumn. In addition
to the photochemistry, the boundary layer dynamics could also play a role in the
observed ozone variabilities. It is shown that the lower mixing depth during autumn
could led to have a minimal role of the boundary layer processes in ozone
enhancement during autumn, unlike in spring when the boundary layer height is also
higher.

A comparison of ozone observations at Pantnagar, with a nearby high altitude site
Nainital, located in the central Himalayas, were also made. Ozone mixing ratios at
Pantnagar and Nainital show strong positive correlation (r2 = 0.96) in the daytime
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(1130-1630 hours), during spring when mixing depth over Pantnagar is also higher.
While the nighttime (0100-0300 hours) ozone mixing ratios do not show a clear
relationship. This indicates that emissions and photochemical processes in the IGP
region can influence the air quality over the cleaner Himalayan region via the
boundary layer mixing processes, mainly during daytime. Comparison of the ozone
seasonal variation at Pantnagar with other sites in India shows that sites in the
northern Indian region, having proximity to the IGP region, have maximum ozone
levels during spring, while sites located in the southern part of India show maximum
ozone levels during winter. This comparison highlights the diversity of emissions as
well as processes controlling ozone levels over different parts of Indian region.

A global chemistry transport model (MATCH-MPIC) has been used to simulate the
spatial and temporal variabilities in ozone and related species over this region. The
model reproduces the overall springtime elevated ozone levels over the IGP, lower
ozone during the summer/monsoon and winter, and a recovery phase during autumn.
However, the model overestimates the ozone levels during all the months, which is
attributed to the higher ozone levels in the model during the nighttime. This could be
due to a possible underestimation of NOx emissions resulting in less ozone titration.
In addition, model ozone shows a more pronounced secondary maximum during
autumn. CO-tracer based analysis suggests that this overestimation in the model
could be associated with the biomass burning. The MATCH-MPIC output is further
used to assess the variabilities in H2O2 and HNO3 as an indicator of ozone sensitivity
to hydrocarbons and NOx. Average values of H2O2/HNO3 ratios range from 1.1±0.7
to 2.9±1.5, which suggests that ozone chemistry over this region is NOx-limited.
Further, simulations from a chemical box model are used to estimate ozone
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production and loss rates at Pantnagar and to study the ozone sensitivity with
changes in NOx and NMHCs. Integrated net ozone production, from model, in a day,
is estimated to be 72.9 ppbv.

7.2. Vertical Distribution of Ozone and Meteorological Parameters

over the Central Himalayas
The systematic balloon-borne ozone observations are non-existing in the central
Himalayan region and there are few observations over the Indo-Gangetic plain, at an
urban site Kanpur, [Gupta et al., 2007]. In view of this, balloon-borne measurements
have been initiated from a mountain top called Manora Peak near Nainital (79.45oE,
29.37oN, 1958 m amsl) in the central Himalayas. Weekly balloon-borne
observations of ozone and meteorological parameters have been carried out during
Jan-Dec 2011 and total 48 profiles are collected and data are analyzed. Average
temperature near the surface (2500 m amsl) is highest during the summer-monsoon
(15.0±1.0oC) and lowest during the winter (6.3±3.2oC), however, the variability
during summer-monsoon is much lower (6.4%) as compared with other seasons
(23.6 to 51.2%). Relative humidity discerns large variabilities in the distribution
with maximum near-surface values during summer-monsoon (89.5±10.3%) and
minimum during winter (27.3±31.5%).

Wind speed shows a prominent vertical profile with maximum speeds in middletroposphere in all the seasons except during the summer-monsoon. Near surface
wind speeds are observed to be the strongest during the spring (6.8±2.7 m/s) and the
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weakest during the winter (4.0±1.7 m/s). The very strong winds (40 to 80 m/s)
observed in the middle-upper tropospheric altitudes over this region and are
suggested to be associated with the prevailing subtropical jets. The seasonal
variations in the wind direction at different altitudes over the central Himalayas
shows the dominance of northwesterly winds (50-89%) during winter and spring in
the lower troposphere, while, lesser contribution is from the southwesterly (2-34%)
and southeasterly (0-30%) regime. On the contrary, southeasterly winds contribute
maximum in the 2-4 km (28-68%) and 4-6 km (13-39%) during the summermonsoon period.

The seasonal variations in the tropopause pressure calculated from the radiosonde
measurements are compared with tropopause data from satellite observations and
WRF simulations over this region. All the three datasets show similar tropopause
pressure values from April to October, while, it shows dramatic variations during
winter and early spring. Radiosonde data shows better correlation with the model
results (r2 = 0.63) in comparison with the satellite data (r2 = 0.36). Observed
variability in the tropopause during winter and spring is suggested to be associated
with the tropopause folds or multiple-tropopause events, which is a dominant
atmospheric phenomenon at the junction of tropics and mid-latitude.

Ozone distribution shows large variabilities over this region. Variability (1 σ in
percentage) in the near surface (2500 m amsl) ozone is highest during the summermonsoon (43.4%), moderate during the spring and autumn (21.6 and 17.8%) and
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lowest during the winter (9.6%). In contrast, the ozone variability is maximum
during the spring (43.1%) and minimum during the summer-monsoon (21.9%) in the
upper troposphere (15 km amsl). These differences suggest that the processes
controlling ozone variations are different in different layers of the troposphere.
Ozone levels in the lower troposphere (2 to 6 km) show a prominent seasonal cycle
with highest levels (~100 ppbv in May) during spring and lowest levels during the
summer-monsoon. A secondary peak is observed during autumn and the ozone
levels are also lower during winter. This seasonality in the lower troposphere is in
agreement with the ground based ozone observations over this region. The
seasonality in ozone is less pronounced in the higher altitudes (6-10 km & 10-14
km).

Further, ozonesonde profiles are compared with the spatially and temporally colocated satellite (TES) retrieved ozone data for the first time to identify errors and
biases in satellite retrievals. The seasonally averaged ozone profiles from the
ozonesonde observations agree with the collocated TES retrievals and are generally
observed to be within the 1-sigma spread. The differences between ozonesonde data
and satellite retrievals with TES operator are less (< 10 ppbv) in lower troposphere
as compared with the middle-upper troposphere (15 and 20 ppbv). The percentage
biases in the satellite retrievals show significantly variability and satellite
overestimates the ozone levels near the surface (~749 hPa) in all the seasons except
during spring by 3 to 31.2%. TES underestimates the ozone levels by about 8%
above 600 hPa during summer-monsoon, while, during winter and autumn it
overestimates the ozone levels in the lower and middle troposphere (up to 400 hPa)
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by 5 to 22.5%. The biases are highest during summer-monsoon which is attributed
to limited ability of TES through the clouds. Notably, the satellite retrieved ozone
profiles do not show the observed features of secondary peaks which indicates that it
has limitations in capturing small features in the ozone distribution.

Ozonesondes profiles are used to estimate the tropospheric column ozone (TCO)
and are compared with TES TCO data. TCO data from the ozonesonde observations
show a typical seasonality comprising of spring maxima (47.2±9.8 DU) and winter
minima (30.4±10.1 DU). The observed seasonality in TCO is detected well by the
TES satellite, however some differences are observed particularly during the winter
and autumn. Satellite data shows a general agreement with sonde observations (r2 =
0.4), while, the correlation is improved drastically (r2 = 0.9) when the same
tropopause levels is used for the two datasets. It is concluded that the satellite based
observations can have uncertainties in providing the tropospheric columns of
pollution due to the variability in tropopause pressure.

7.3. Influences of Dynamical Processes and Biomass Burning on

Ozone Distribution
The role of various dynamical processes and biomass burning in influencing the
ozone distribution over this region are investigated using the ozonesonde and
radiosonde observations, model simulations of meteorological and chemical fields,
satellite data of tracers and fire counts. The potential vorticity (PV) values at
different pressure levels over Nainital for all the observation days during January-
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December 2011 are estimated using a regional model (WRF-Chem) simulated
meteorological fields. The variations in PV values particularly above the 300 hPa
indicate that the influences of stratospheric intrusions are more likely during winter
and spring while these are not seen during the summer-monsoon. This result is
consistent with the previous studies over the Nepal Climate Observatory (5079 m
amsl) in the Himalayas [Cristofanelli et al., 2010].

PV values are observed to be highest on 17th February along with the observation of
significantly elevated (about 1.7 to 2 times higher) ozone levels in the middle-upper
troposphere. Since, ozone levels in the lower troposphere do not show any
significant change on this day, thus this event is investigated for the possibility of a
stratospheric intrusion. This possibility is supported by a significant increase in
potential vorticity (PV) (2.5 pvu and more) values during the event. Further, the
relative humidity also decreases sharply above ~7 km amsl and remains very low in
the higher altitudes during the event. The reduction in the humidity has also been
confirmed using the satellite data (AIRS). HYSPLIT simulated back air trajectories
do not show any appreciable change in the transport pattern indicating minimal role
of the advection. Presence of drier air suggests that the air masses could have been
transported from the higher altitudes, which are poor in water vapor but rich in
ozone.

An analysis of data from two chemistry transport model (WRF-Chem and
MOZART) results shows that the global as well as regional chemistry transport
models had some limitations in reproducing the STE event over this region. It is
found that model estimated ozone enhancement is less as compared with the
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observations and the maximum enhancement is at a lower altitude. It is seen that
MOZART results are in better agreement with the observations in terms of the peak
altitude and the magnitude of the enhancements. Further analysis of MOZART
output at 400 hPa pressure level displays a patch of significantly high ozone (100120 ppbv and higher) over an area of about 10ox10o around the site. Moreover,
model simulated CO at 400 hPa also shows large reduction around the site during
the event. Thus, meteorological and chemical fields confirm the intrusion of the
stratospheric ozone into the troposphere leading to large enhancement in the middleupper tropospheric ozone levels. Such events can perturb the budget of tropospheric
ozone particularly during the winter months over this region.

Several ozone profiles over Nainital also show the presence of secondary ozone
peaks (SOPs). Ozone profiles discern the layers of elevated ozone levels (~140 to
250 ppbv) in the middle troposphere (~8 to 12 km). The SOPs are observed more
frequently during spring (3 events). During the occasions of SOPs, ozone levels in
the lower troposphere are within the 1-sigma variabilities suggesting that the
regional pollution is unlikely the governing process. Moreover, the ozone levels
above these layers also do not show any clear signature of the stratospheric
influence. Considering the presence of strong winds in these altitude ranges, ozone
rich air masses can be transported from distant sources. However, occasionally
stratosphere-troposphere exchange could also have some contribution to these layers
which needs further investigation.
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It has been shown that biomass burning activities in the northern Indian region are
maximum during the spring months and thus can influence the distribution of ozone
by supplementing the emissions of ozone precursors. In this direction, more number
of balloon soundings (2-3 soundings in a week) has been conducted during spring to
investigate the possible influence of the biomass burning activities on the ozone
vertical distribution over Nainital. Ozone profiles during these periods are classified
into Low Fire Activity Period (LFAP) (30th March to 29th April) and High Fire
Activity Period (HFAP) (4th May to 25th May) using MODIS fire count data. The
ozone levels during the HFAP show significant enhancement in comparison with the
ozone levels during the LFAP. The maximum enhancement is noticed at about 3 km
amsl with HFAP ozone levels of 96.0 ± 8.1 ppbv as compared with LFAP ozone
levels of 70±13.7 ppbv. The 95% confidence interval for the observed ozone
enhancement in the 2 to 4 km altitude range is 18-22 ppbv. This analysis shows that
the northern Indian biomass burning plays a key role in the observed spring time
ozone maxima in the lower troposphere over this region.

7.4. Variations in CO2, CH4 and CO over the central Himalayas
Most of the observed global warming has been attributed to the enhancements in the
Long-Lived Greenhouse Gases (LLGHG) such as Carbon dioxide (CO2), Methane
(CH4), Nitrous Oxide (N2O) and Sulfur Hexafluoride (SF6). CO2 and CH4 are
ranked first and second respectively in terms of the radiative forcings imposed by
LLGHGs on the climate. Due to very long lifetimes of these gases, the observations
over remote locations are suggested to be the representative of large-scale variations.
CO is not itself a greenhouse gas, however, being the precursor of ozone it also
Page 211 of 260

contributes to the global warming indirectly. CO has also been used as a tracer of
anthropogenic influences in the variations of CO2 and CH4. Despite of the vital roles
of LLGHGs in the climate change, their long-term systematic measurements are
very limited over the Indian region. In this direction, weekly air samples collected
from a high altitude site Nainital (79.45 oE, 29.37 oN, 1958 m amsl) in the central
Himalayas have been analyzed in collaboration with NIES, Japan since September
2006. The long-term data of CO2, CH4 and CO during September 2006-December
2011 has been analyzed for the seasonal variations and long-term trends.

CO2 shows a prominent seasonality over Nainital with the spring maximum
(395.9±5.9 ppm in May) and post-monsoon/autumn minimum (374.4±5.8 ppm in
October). The observed seasonality is governed by the growth and decomposition of
the vegetations. Over the northern Indian region, CO2 levels peak during April-May
coinciding with the major crop-harvesting season (Rabi) over the northern India.
Further, maximum biomass burning activities associated with the crop residue
burning also contribute to the observed springtime maxima. CO2 seasonal cycle at
Nainital is similar to that at Mauna Loa (MLO), however, the seasonal amplitude in
CO2 is much larger at Nainital (~21.5 ppm) as compared with the Mauna Loa (~6.5
ppm).

The average CH4 levels show a clear seasonal cycle over Nainital with peak during
autumn (2.0±0.08 ppm in September). The average CH4 levels are lowest during
June; however, CH4 does not show much variability (1.91-1.92 ppm) during winter
and spring. The observed seasonal maxima of CH4 during September (Kharif
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season) over Nainital is attributed to the rice cultivation and is consistent with
satellite based study [Goroshi et al., 2011]. CO levels discern prominent peak during
the spring (291.2±137.3 ppb in April), secondary peak during the autumn
(269.4±89.1 ppb during November) and minimum levels during the summermonsoon (142.4±26.8 ppb in August). The observed seasonality in CO over Nainital
is similar to that in surface ozone over this region and attributed to the influences of
regional pollution supplemented with the biomass burning.

In order to investigate the long-term trends in CO2, CH4 and CO over Nainital
during 2006-2011 period, the data has been deseasonalized and fitted with a linear
regression. CO2 levels show a clear increasing trend of about 1.88 ppm per year over
Nainital which is consistent with the trends over Mauna Loa (1.60 to 2.43 ppm per
year) and global marine observations (1.64 to 2.40 ppm per year). The positive
trends in CO2 is attributed to the increrased fossil fuel combustion, gas flaring,
cement production, biomass burning and deforestation.

CH4 levels discern a small positive trend of 4 ppb per year, while, CO levels show
negative trend of 7.3 ppb per year. CH4 levels have increased since the pre-industrial
era considerably, however, its growth rate has reduced to nearly zero in last about 25
years [Dlugokencky et al., 1998; Simpson et al., 2002; Forster et al., 2007].
However, since 2007, atmospheric CH4 has been increasing again [WMO, 2012].
The reduction in CH4 growth is attributed to the reduction [Hansen et al., 2000] or
stabilisation of CH4 emissions [Francey et al., 1999], and decreased microbial
sources in the northern hemisphere [Kai et al., 2011]. The observed negative trend in
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CO is slightly higher (~3.3% per yaer) as compared with the global observations
which vary from an increase of 1% during 1980s to a decrease of 1 to 1.5% during
1990s and 2000s.

CH4 shows strong positive correlations with CO in all the seasons over Nainital with
r2 values varying from 0.56 to 0.93. This indicates that CH4 and CO over Nainital
are generally controlled by common processes in all the seasons. A comparison of
the estimated CH4/CO ratios over Nainital varying from 0.31 (during spring) to 0.55
(during winter) with the emission ratios from different sources indicate that CH4 and
CO variations are more influenced by fossil fuel combustion. Observed positive
correlations between CO2 and CO suggest that common processes control the
variations during spring and summer-monsoon. The estimated CO2/CO values are
28.3 ppm/ppm during the spring and much higher (67.5 ppm/ppm) during the
summer-monsoon which indicate that the springtime variations are mainly
influenced by the fossil fuel emissions while the monsoontime variations are more
influenced by the biosphere.

7.5. Future Scope

During the present thesis work, balloon-borne observations of ozone distribution
along with meteorological parameters were started over the central Himalayas.
Moreover, surface ozone measurements were also initiated at a semi-urban site in
the Indo-Gangetic Plain region and sample based measurements of greenhouse gases
have also been started in the central Himalayan region. The analysis of these
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observations suggests that complex chemical and dynamical processes influence the
distribution of ozone and other trace gases and more detailed investigation would be
highly desirable.

 During this thesis work, systematic weekly balloon-borne observations have
been initiated in the northern Indian region which resulted into about 4 profiles
in each month. These observations should be continued in future so that data of
more years can be used to understand different processes and inter-annual
variations. This will also help in better quantitative estimates of contributions
from the regional pollution and long-range transport. Moreover, for the
validation of satellite observations, more number of collocated profiles will
improve the statistics and lead to better estimations of errors and biases. These
measurements will also be used to identify the stratosphere-troposphere
exchange events and their quantitative contribution to the tropospheric ozone
budget over this region. Additionally, these observations will be the invaluable
datasets to evaluate the performances of various global and regional chemistry
transport models. Finally, the long-term trends of the vertical ozone profiles will
be invaluable in the assessment of its contribution to the climate change and
atmospheric warming/cooling.

 Surface ozone measurements have been started in the IGP region however, only
ozone measurements are insufficient to fully understand the ozone chemistry in
this region. There is a need to measure all the precursors such as CO, NOx and
hydrocarbons to better characterize the ozone photochemical processes.
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Observations of radicals and other nitrogen compounds such as HNO3, HNO2,
N2O5, PAN etc. would be highly desirable. It would be better to have these
observations simultaneously at IGP and the central Himalayas. Our
understanding of the tropospheric chemistry over this region can be significantly
improved by additional observations of hydrocarbons, hydroxyl and peroxy
radicals. Better information of NOx and VOCs limited regimes will help in air
quality control. The continuous surface observations of ozone in the IGP region
would be further used to estimate their impacts on the living beings and
vegetations.

 In this thesis, it has been concluded that chemistry transport models have
limitations in simulating the observed variations in ozone over this region. It is
further inferred that these limitations are mainly associated with the emission
data and complex topography of this region. Hence taking this into an account,
higher resolution modeling is needed and at least 10 km x10 km resolution
should be planned. This would enable to better simulate the processes such as
the boundary layer variations and upslope-downslope mountain valley flows etc.
The emission datasets could be improved by assimilating the satellite based
observations and chemistry transport models will be used for the evaluation.
High resolution modeling using improved emissions will improve the
performance of the models and these models would be used to quantify the role
of different processes. In particular, the models would be used to improve our
understanding of the tropospheric ozone budget over this region. With the
improved emissions and evaluated model, contributions from different local and
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regional emission sources (anthropogenic, biomass burning, biogenic) and
photochemistry could be estimated using various tracers in the model.
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