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Abstract

High concentrations of surface-level Ozone (O3) are a risk to all vegetation including
agricultural crops. Agricultural impacts of Ozone include yield reduction, e�ected
quality of crops, increased susceptibility to disease and senescence. Ozone is the most
damaging air pollutant to vegetation as compared to aerosols, particulate matter and
trace gases. The season of high ozone concentration coincides with the growing sea-
son of crops. Ozone enters the cell during evapotranspiration and interferes with the
ongoing processes inside the plant resulting in lower crop yields. E�ects of crop expo-
sure to ozone also appear in the soil as Ozone tends to suppress the phenomenon of
nitrogen �xation. To reduce the negative vegetation impacts, it is of great importance
to measure air pollution at a high spatial and temporal resolutions. In this thesis,
Ozone trends were studied by using yearlong simulations of Community Multi-scale
Air Quality Model coupled with Weather Research Forcast Model (CMAQ-WRF 3D
model) and observational data from EPD Punjab for rural and urban areas. Bias
correction method was applied to the modeled values for Nestle Farms. In order
to comprehend the relative yield losses (RYL), for both the model-predicted and
model-predicted adjusted values, concentration-response equations are used for dif-
ferent crops important to the agronomy of Pakistan. Both, mean and cumulative,
metrics were used to analyze the total ozone-induced relative yield. We concluded
that the RYL calculated for South Asia nearly matched with the ones calculated for
Pakistan only using the CR equations.
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Chapter 1

INTRODUCTION

Air Pollution is de�ned as the presence of substances in the atmosphere at high con-

centration levels to e�ect life forms and materials. The substances may be in the form

of a gas, solid or liquid particles either directly emitted or formed in the atmosphere

by physical processes or chemical reactions. Some common air pollutants relevant

to research includeO3, NO, NO2,SO2,CO, PM2:5 and PM10 . The atmosphere is

composed of various trace gases and particulate matter and there is a dire need to

measure the amount of these species present in the atmosphere. Aerosols in the rural

areas are mainly of natural origins with a moderate in
uence from anthropogenic

sources [19].We will only be looking at the measurement techniques that are com-

mercially used to monitor Ozone and particulate matter. The most generic form for

measuring Ozone is that ambient air is continuously drawn into the monitor, pre-

treated and measured either directly or via chemical reaction [21]. Continuous and

periodic measurement of Ozone can be done by using the principle of UV photometer

and ozonesonde respectively.

In case of a UV Photometer, the ambient air is drawn in through an analyzer by

a vacuum pump. Upon entering the analyzer, the sample is split into two 
ow paths.

A scrubber is incorporated in one path that selectively removes Ozone from the air

where as the air in the other path remains unchanged.These paths are connected via

a solenoid valve which decides, based on a �xed interval, which air sample passes

through the quartz tube. At the end of this quartz cell, a mercury vapor lamp is
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placed that produces a monochromatic beam of ultraviolet light at 254 nm. This

wavelength is highly absorbable by Ozone. At the end of the instrument a vacuum

diode measures the intensity of transmitted light. Where as, an ozonesonde is a

basically a balloon-borne radiosonde. It is best for measuring the vertical pro�les

of Ozone. The radiative cooling of the ground during the night and its heating by

solar radiation during the day cause diurnal changes in the stability of the lower

atmosphere [19].

In accordance to The Clean Air Act, the Environment Protection Agency (EPA),

US was advised to set certain National Ambient Air Quality Standards (NAAQS) for

pollutants considered harmful to public health and the environment. The Clean Air

Act identi�es two types of national ambient air quality standards [2]. Primary stan-

dards provide public health protection which also includes the protection of human

beings of all ages from pulmonary and cardio vascular diseases. Secondary standards

provide public welfare protection, including protection against decreased visibility

and damage to animals, crops, vegetation, and buildings [2]. National Ambient Air

Quality Standards are set by the EPA for a total of six pollutants, that account for

air pollution, in terms of their concentrations. Units of measure for the standards

are parts per million (ppm) by volume, parts per billion (ppb) by volume, and micro

grams per cubic meter of air (g=m3) [2].

Atmosphere is considered to be polluted when concentration of gas and aerosol

species reaches a certain value as recorded by instruments. The concentrations be-

yond which air is considered to be harmful for human health and averaging time

are listed on the table 1-1. Air pollution has been e�ect human lives the most haz-

ardous ways. Pollutants like Ozone and Particulate matter (PM2:5) have been causing

various pulmonary and lung diseases to humans of all age groups living in urban en-

vironments. The air we breathe in, has multiple pollutant particles and trace gases

involved that results in cardiovascular diseases, heart diseases and in some severe

cases stroke deaths. Air pollution was responsible for 6.4 million deaths worldwide

in the year 2015, out of which 2.8 million occurred from household air pollution and

the remaining 4.2 million from ambient air pollution.
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Figure 1-1: National Ambient Air Quality Standards (NAAQS) Table - US EPA[2]

It is estimated that by the year 2060, in the absence of aggressive emission controls,

ambient air pollution is increased by such a factor that it can cause between 6 million

and 9 million deaths per year. In addition to it, ambient air pollution appears to be an

important although not yet quanti�ed risk factor for neuro-developmental disorders

in children and neuro-degenerative diseases in adults.

Plants require water, sunlight and nutrients in order to grow properly. Ozone can

cause substantial damage to most of the plants and vegetation crops in terms of low

quality of the crop, increased inheritance to disease and reduction in plant growth.

All these things directly impact the yield of any speci�c crop that then contribute to

the overall loss in theoretical yield. Ozone enters the leaves through stomata when

they inhale air and there it reacts with multiple compounds to yield reactive the
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odd-oxygen species that enable the oxidation of plant tissue and as a result the gene

expression is altered. This causes an impairment in the process of photosynthesis and

long with the degradation chlorophyll [8].

Figure 1-2: CMAQ-WRF 3d Model

Models are an e�cient way to study the atmospheric process that govern the

transport and transformation of trace gases and particles. Measurements are one

way of gathering this information, but a more complete picture in space and time is

often needed. Air quality models can provide this information for the past, present

or future depending on how they are used[2]. Weather Research Forecast (WRF) is

3-d atmospheric dynamics modeling system that solves the equations of mass, energy

and momentum. It not only serves as a tool for weather and climate researchers, but

is also used for weather forecasting. Where as, Community Multiscale Air Quality

(CMAQ) model is a 3-d chemical transport model that solves the atmospheric di�u-

sion equation and is widely used to understand processes that govern the transport

and transformation of atmospheric gases and particles and how it impacts society

(public health, agriculture, climate change). By coupling these two models an At-

mospheric Dynamics and Chemistry Transport Modeling (ADCTM) System is given

shape as shown in �gure (1-2). Such Decision Support Systems are used to under-
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stand sources, transport and transformation of pollution and its interaction with the

physical atmosphere.

The agricultural sector of Pakistan has always played in a vital role in the economy

of the country as it contributes approximately 18.9-25.1% of the Gross Domestic

Product (GDP) of the country. In addition to this, the agricultural sector cover up

around 42.3% of the labor force of the country. The agricultural sector also accounts

for food availability of both urban and rural population, as agriculture is the main

source of income that mainly impacts the nutritional value by keeping in mind both

food consumption and absorption. Agriculture also contributes towards for greater

revenues of import and export of foreign exchange and contributes towards the growth

of the economical sector.

Ozone has the ability to e�ect the entire plants photosynthesis process by directly

targeting the photosynthetic components such as the chlorophyll content of a plant

and Rubisco.[18] Ozone is also responsible for the reduction in leaf area index as it

promotes increased senescence. The change in a plants stomatal conductance and

altering the carbon allocated to each leaf ground level Ozone impacts the overall

metabolism of the plant [18], also causing yellowing of the leaves most of the time.

The impacts of high Ozone concentrations on the productivity of vegetation has dire

consequences worldwide. Even though the mitigation e�ects of Ozone has resulted in

lower peak concentrations of Ozone, both in rural and urban areas around the globe

[14].
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Chapter 2

CHEMISTRY OF OZONE

PRODUCTION AND

TRANSFORMATION

2.1 Introduction

Ozone, being one of the most crucial elements of the stratosphere, was explored in

the nineteenth century. When the early quantitative measurements of the columns

of ozone were performed in Europe during the beginning of the twentieth century,

ozones signi�cance as an atmospheric gas become quite evident. In order to measure

the column of the ozone, Dobson, a British scientist, invented a spectro-photometer.

The equipment is still used extensively. It is due to this that the standard unit

for ozone measurement is Dobsun unit (DU) [19]. In 1930, another British scientist,

Sydney Chapman proposed that in the stratosphere, the ozone is continuously formed

by a sequence which has originated in the upper stratosphere during the photolysis of

O2. The photo-chemical mechanism of the making of the ozone endures Chapmans

name. The stratospheric ozone was not truly understood until the 1970s, in which

Paul Crutzen clari�ed the functionality of the nitrogen oxide in the chemistry of the

stratospheric ozone[19].This was keenly tracked by Harold Johnstons analysis of the
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stratospheric ozones likely depletion. Prevailing shortly, F. Sherwood Rowland and

Mario Molina, foretold the e�ect of chlorine released by industries on stratospheric

ozone.

2.2 Stratospheric Ozone

The atmosphere of the planet earth is depicted by a variety of di�erent height pres-

sures and temperatures. The foundation of di�erentiating the atmospheric layers is

the distinction of the mean temperature pro�le, which are �ve in total. Stratosphere

extends from the tropo-pause to the strato-pause where the increase in altitude rises

the temperature, directing to a slow vertical mixing layer. [19].

About 90% of the atmosphere's ozone is found in the stratosphere, what is com-

monly known as the ozone layer. At the peak of the ozone layer theO3 mixing ratio is

about 12ppm. Stratospheric ozone is produced naturally as a result of the photolytic

decomposition ofO2. The two oxygen atoms that result each react with anotherO2

molecule to produce two molecules ofO3. Therefore, the overall process converts

three molecules ofO2 to two O3 molecules. TheO3 molecules produced themselves

react with other stratospheric molecules, both natural and anthropogenic; the balance

achieved betweenO3 extinguished and created induces to a stable state abundance

of O3.

The creation of Ozone takes place in the stratosphere over an altitude of 30km,

where the Ultra Violet (UV) solar radiation of wavelengths fewer than 242nm slowly

dissociate molecular oxygen as follows:

O2+hv
1

�����! O + O

In the existence of a third molecule M (N2 or O2), the atoms of oxygen react with

O2 in order to produceO3

O2 + O + M
2

�����! O3 + M
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The reaction 2 is the only reaction that is responsible for the production of ozone

in the atmosphere [19]. Sometimes, the molecule ofO3 created in that reaction

powerfully absorb the emission itself in the wavelength span of 240-320nm. Thus, the

photolytic lifetime of an O3 molecule is on the order of 10 minutes at these altitudes.

To summarize, at high altitudes the concentration of ozone decreases primarily as

a result of a drop in the concentration ofO2, the photolysis of which initiates the

formation of ozone.

The fact that stratospheric ozone concentrations are maximum in areas far re-

moved from those whereO3 is being produced suggests that the lifetime ofO3 in the

stratosphere is longer than the time needed for the transport to occur.

2.3 Troposopheric Ozone

The lowermost layering of the atmosphere is the troposphere which spreads from the

surface of the Earth up to the tropo-pause, experiencing rapid vertical mixing. Rela-

tively di�erent from the stratosphere, the troposphere serves as a chemical tank. The

transportation of the species into the stratosphere from the troposphere is extremely

slower as compared to the blending inside the troposphere. Light of adequately en-

ergetic wavelengths di�uses inside the troposphere in order to support the important

photo-chemical reactions even after the removal of the energetic wavelengths in the

stratosphere. The high water vapor content is quite a crucial factor in the chemistry

of the troposphere. Tropospheres chemistry includes the reactions which creates and

demolishes Ozone; the development and the deletion of Ozone, pretty similar to that

of the stratosphere.

For the 1,000,000,000 molecules, around 35 of the total are typicallyO3 in the

troposphere. The Ground levelO3 blending ratios span between 20 to 60 ppb, in the

troposphere. Quantities are expected to increase up to 100 ppb in the broad districts

and also the urban areas. The levels of the Ozone surpassing 200 ppb is counted as

a serious air pollution event. With the advent of Los Angeles photo-chemical smog

which appeared during the late 1940s and the early 1950s along with the detection
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ofO3 as its foremost primary element, an e�ort raised to study this new category of air

pollution. The hydroxyl (OH) radicals react rapidly with the hydrocarbons this was

known fact, but if the OH radicals performed any important part in the tropospheres

chemistry was unknown.

Ozone in the troposphere is generated as a result of chemistry involving two ma-

jor classes of precursors: volatile organic compounds (V OCs) and oxides of Nitrogen

(NOx). But when it comes to the troposphere, ground-level Ozone is categorized

as both, a health hazardous pollutant to all living things and an environment savior

greenhouse gas that supports the cause of climate change along with global warm-

ing.The oxidization of the shorter-lived volatile organic compounds which happen

to be radiated from biogenic and the anthropogenic sources steer the development

of ozone in the regional and the urban atmosphere. The chemical reaction between

the organic molecules and the OH radicals helps originates the method of the Ozone

development. The ongoing reaction order is catalyzed byNOx, in a network of in-

tricate free-radical reactions. The maximum of theNOx direct radiations is in the

form of NO to the atmosphere. In reaction 1a, ground state (O) and excited singlet

(O(D 1)) oxygen atoms are involved as both are equally important for troposphere

and stratosphere.

TroposphericO3 is said to be vastly phytotoxic. Suitable exposure toO3 can end

up in chronic (variation in the yield, quality, growth and productivity) as well as in

acute (symptomatic) e�ects. At low altitudes, the concentration of ozone decreases

because of a decrease in the 
ux of photons at the UV wavelengths at whichO2

photo-dissociates

O3 + hv
1a

�����! O2 + O

Also, the ground state O atom combines rapidly withO2 to re-form O3

1b
�����! O2 + O(D 1)

10



The reaction 1a followed by 2 has no net chemical e�ect.

O2 + O + M
2

�����! O3 + M

2.4 Relationship with Atmospheric Physics

One of the physics applications is the atmospheric physics which includes the study of

the atmosphere. It involves modeling of the atmosphere of the planet Earth as well as

other planets atmospheres by means of radiation budget, 
uid 
ow equations, energy

transmission methods and chemical models in the atmosphere. It involves the pattern

and the development of the equipment for learning the atmosphere along with the

understanding of the information they o�er with the inclusion of the remote sensing

instruments. It also has very close relation with climatology as well as meteorology.

With a speed of 300,000 km/s, the electromagnetic radiations come from the sun,

which then constitutes of the wavelengths that di�er from the X-rays and gamma rays

(which are very short) to microwaves (which are quite long). The visible spectrum

constitutes wavelengths between the span of 400 and 700nm. The emissions of the

wavelengths fewer than about 400 nm is ultraviolet (UV) and it credits for 7% of

the whole of the solar emissions. We are only concerned with the emissions in the

region of the ultraviolet wavelength of the electromagnetic spectrum for ozone. Other

than the X-rays and gamma rays which get vastly absorbed by the atmosphere, the

UV radiations are categorized into three spectras; UVa , UVb, and UVc. With the

wavelengths ranging between 320 to 400 nm, the UVa appears right after the visible

light but it is not absorbed by the ozone. The UVb emissions, which happen to span

between the wavelengths from 280 to 320 nm is quite energetic and is widely absorbed

by ozone. Being the extremely harmful yet energetic, the UVc, which spans between

200 to 280 nm is fully absorbed by the ozone and keeps the normal diatomic oxygen

levels high in the atmosphere.
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The presence of the Ozone is both in the stratosphere as well as the troposphere.

The O3 Troposphere is primarily created by the photo-chemical reactions which com-

promises of the originators produced by the natural methods and to an extremely

highly degree by the activities of man. There is proof for a rising trend in the concen-

trations of the O3 tropospheric. There are proofs to propose that the damages in the

O3 stratospheric are because of the increase in theO3 degenerating pollutants which

are produced by the activities of the human beings as well as the natural processes.
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Chapter 3

DATA ANALYSIS AND 3-D

MODELING

3.1 Introduction

The rapidly increasing environmental morti�cation at both global and national level

has given rise to serious concerns. Environment Protection Department (EPD), Pun-

jab launched an agency in authority of the protection, improvement and preservation

of the environment throughout the province of Punjab known as the Environment

Protection Agency (EPA). EPA has one mobile monitor and two stationary air qual-

ity monitors spread out through Lahore, at Jail Road and Walton Road, both being

highly urbanized areas. These air quality monitors installed by Punjab government

have now been operational since a year and measures the concentrations Ozone (O3),

PM2:5, PM10, Sulphur dioxide and Oxides of Nitrogen. Environment Protection

Agency does not only sustains qualitative standards for the discharge of sewage and

wastes but also takes in account the air emissions in terms of a speci�c area and a

speci�c source.

13



3.2 Why Diurnal Pro�les?

In general terms, a diurnal cycle represents a recursive pattern that occurs every

twenty four hours as the Earth completes one full rotation around its own axis. As

long as environmental chemistry is concerned, a diurnal cycle is the most basic form

to represent climatic patterns, let it be meteorological variables or air quality compo-

nents. Diurnal pro�les of any air quality specie represent their averaged concentra-

tions at each hour of the day, more precisely a temporal (hourly) distribution of that

specie.

3.3 Strong Correlation:Temperature and Ozone

It is obvious from the 2018 monthly plots of ozone displayed in �gures (3-1) till (3-

12) that ozone concentrations are relatively higher during the day time as compared

to prior the sunrise and post sunset hours. This fact justi�es the there is a strong

correlation between ozone and temperature. Ozone production speeds up at higher

temperature levels as production of the natural constituents of ozone escalate. Weaker

winds coincide with higher levels of temperature which in turn causes the atmosphere

to become stationary. As a result, the air keeps on cooking and ozone concentration

levels keep on increasing. Temperature has been categorized as a key component

whenever high ozone episodes occur, there is still a whole new chapter on how these

high temperatures will impact the brutality that surface level ozone has to o�er.

3.4 EPD Data Analysis

Yearlong data for 2018 was available for the EPD Jail Road monitor, a ground based

remote-sensing, which included data of concentrations for air quality species, both

gases and aerosols, such asO3, PM2:5,PM10 and So2. We evaluate the performance

of the air quality monitor in capturing the temporal distribution of ozone in an urban

environment in �gure (3-1) till (3-12).

The diurnal averages for each month were calculated for the year 2018 along with
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