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ABSTRACT 
 

This study presents measurements of Nitrogen Dioxide (NO2) column densities obtained by 

using Multi-axis Differential Optical Absorption Spectroscopy (MAX-DOAS) during different 

meteorological conditions such as haze, cloudy and clear sky. DOAS technique is a remote 

sensing method to retrieve concentration of various trace gases including novel Nitrogen 

Dioxide (NO2). It is a criteria pollutant and is of paramount importance due to its role in 

atmospheric chemistry. It dissociates into other products in the presence of sunlight and is key 

component of various chemical reactions like ozone formation in troposphere. In this study 

comparison of different NO2 dSCDs retrieval settings was made to find best NO2 DOAS fit 

settings. Besides this, effect of hazy, clear and cloudy day on NO2 concentration was explored. 

Furthermore, settings with different O4 cross-sections were also compared to find the impact 

on best fit settings during cloudy condition. Comparison between results of different settings 

for NO2 retrieval, reported in literature, and settings used for this study showed good 

correlation with R2 > 0.97 (R > 0.98). NO2 mean dSCD obtained during clear, cloudy and hazy 

conditions were 3.56E+16, 4.15E+16 and 4.01E+16, respectively. The results indicated that 

NO2 concentration obtained on clear day was less than that of hazy and cloudy days due to 

larger photo-dissociation noted during clear condition. However, mean dSCDs in cloudy and 

hazy days were slightly higher as less or diffused sunlight was available in these conditions. 

This study further emphasized on validation of max DOAS observations with OMI satellite 

observations. 
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Chapter 1 
 

1. INTRODUCTION 

1.1.  Background  

Air Pollution is one of the most alarming environmental issues and is at the forefront of the 

critical challenges being faced by our societies. It is responsible for harmful effects on Human 

health as well as on ecosystem. Moreover, air pollution is also thought to be contributing to 

larger scale phenomenon like greenhouse effect and ozone layer depletion (Habeebullah, 

Munir, Morsy, & Mohammed, 2010). 

Nitrogen Dioxide (NO2), a criteria pollutant, formed as the consequence of fossil fuel 

consumption, includes sources like combustion processes, transportation and activities carried 

out in industries (Demirel, Özden, Döğeroğlu, & Gaga, 2014). Nitrogen oxides (NOx) is 

considered responsible for deteriorating environmental health in a number of ways. For 

example, NOx plays active role in destruction of Ozone layer, NOx as a whole is key ingredient 

of photochemical smog etc. (Salonen, Salthammer, & Morawska, 2019).  

NO2 concentration and impacts are increasing day by day which can be attributed to a number 

of factors like exponential growth of population during last few decades, more reliance on 

fossil fuel consumption, inefficient energy consumption etc. Besides, there are some other 

natural sources of NO2 like lightening and fire events that contributes to its emission (Frins et 

al., 2014). 

NOx is important as it plays a key role as a primary pollutant as well as secondary pollutant. 

High temperature achieved during fossil fuel combustion results in the formation of NO and 

consequently NO2 in atmosphere, makes it a primary pollutant. However, NOx reaction with 

ozone is viewed as its role as secondary pollutant (Beard & Freas, 1994). 
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1.2.  MAX-DOAS  

MAX-DOAS (Multi-Axis Differential Optical Absorption Spectroscopy) is a new technique 

which is developed in last few decade. It is a ground-based remote sensing technique which 

measures scattered light from different slant or elevation angles to obtain the differential slant 

column densities (dSCD) of trace gases, present in the atmosphere. Its high sensitivity in 

atmosphere (specifically lower) makes this technique more reliable than other techniques used 

to retrieve profiles of atmospheric gases and aerosols. (Hönninger, Friedeburg, Platt, & 

Physics, 2004; Pikelnaya, Hurlock, Trick, & Stutz, 2007; Platt & Stutz, 2008; Theys et al., 

2007; Wagner et al., 2004; Wittrock et al., 2004). 

This technique has been used widely in different regions of world to acquire column 

information of Nitrogen Dioxide (NO2) and various other pollutants (K. Chan et al., 2015; 

Clémer et al., 2010; Hendrick et al., 2014; Irie et al., 2008; X. Li et al., 2013; Ma et al., 2013; 

Vlemmix, Piters, Stammes, Wang, & Levelt, 2010; Wagner et al., 2011; Wittrock et al., 2004)  

 

Figure 1.1 MAX-DOAS used in this study 
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1.3.  Pakistan National Environmental Air Quality Standards  

According to Pakistan National Environmental Quality Standards (Pak-NEQS) standards for 

certain pollutants are given for the ambient air: 

Table 1.1.1 - NEQs for Ambient Air Quality 

 

Adopted from Ministry of Environment S.R.O. 1062(I)/2010. 

1.4.  Study Area  

Islamabad, the capital of Pakistan is selected as site for this study. It is located at Latitude 

33.349 N; Longitude 72.324 E, with elevation from sea level of about 450 meters (1827 ft.). 

Islamabad is mountainous region located in Pothohar Plateau. Its sub-tropical humid climate 

has two distinct seasons: Winter (October-March) and Summer (April-September)(Parekh et 

al., 2001). The instrument was mounted at the rooftop of Institute of Environmental Sciences 
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and Engineering (IESE), NUST. The lowest elevation angle used in this study was 2° as no 

high structure was present in the view field of telescope.  

1.5.  The Present Study  

The primary objective of this study was to explore the behavior of atmospheric NO2 during 

special weather conditions i.e. hazy, clear and cloudy days. Furthermore, it presents 

comparison of different NO2 retrieval settings reported in literature. Very few studies have 

been conducted on effect of special weather conditions on NO2 column densities. This study is 

significant as it also investigates the impact of different O4 cross-sections on NO2 retrieval 

settings. This study becomes significant because despite a lot of work has been done on 

retrieval of NO2 column densities, very les work has been done on effect of different 

meteorological conditions on NO2 concentration.  
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Chapter 2 

2. LITERATURE REVIEW 

2.1.  Composition of Atmosphere  

Our earth is enveloped by a number of gases, commonly known as air. It is divided in to four 

layers on the basis of the characteristics of each layer as: 

2.1.1. Troposphere: 

It is lowest layer of the atmosphere and its importance originates from the weather system that 

exists in this layer. It is also important as most the mass of atmosphere exists in this layer. The 

thickness of troposphere varies and is dependent on temperature and location. Its thickness 

ranges from 7 to 8 km at poles to 16 to 18km as equator. This variation is attributed to the 

rotation of earth as it tends to shift air masses towards equator. Besides temperature in always 

high at equator, as compared to poles, due to unequal distribution of insolation. With the 

increase in height, temperature decreases in this layer(Holton et al., 1995). 

2.1.2. Stratosphere 

The layer above troposphere, which extends up to 50km, is known as stratosphere. It is 

separated from troposphere by tropopause. It is second major layer of atmosphere. It is 

composed of 15% mass of the atmosphere and no weather exists here. It is layer where Ozone 

layer can be found which enhances the importance of this layer. Ozone layer blocks the harmful 

UV radiations that can cause serious problems like cancer and skin diseases. In other words, 

life would have been impossible to exist on this planet. In it, temperature increases with 

altitude. It is due to the heat which is produced as the result of ozone formation (Brasseur & 

Solomon, 2006; Holton et al., 1995). 
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2.1.3. Mesosphere 

It is layer which is present above stratosphere and below thermosphere and is separated by 

these two by stratopause and mesopause, respectively. This layers height is up to 80 km. This 

layer is also important as it protects earth from all the meteors and asteroids that enter the 

atmosphere by burning them (due to friction)(Roble, Experiment, & Theory, 1995). The 

temperature decreases with increasing altitude in this layer.  

2.1.4. Thermosphere 

Thermosphere is layer which is immediately above the mesosphere and extends from 85km to 

600km. It is layer where our telecommunication satellites work and is responsible for 

telecommunication on earth. Here, temperature increases with altitude because this layer is 

largely influenced by solar activity. In it, UV radiations results into creations of ions by 

photoionization of molecules(Lübken, 1999). 

Adopted from Atmospheric Chemistry and Physics by John F. Seinfield 

Figure 2.1 - Atmospheric Chemistry of NO2 in Troposphere and Stratosphere 
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2.2.  Air Pollution 

Air pollution is mainly excess of anything in air which alters the natural processes and affects 

the environment adversely. Natural and anthropogenic activities result in the release of various 

pollutants in environment that not only disturb the natural cycles but also cause adverse effects 

on human health. Gaseous pollutants such as NO2 (Beelen et al., 2013), Ozone (Akimoto, 2003; 

Brook et al., 2002; Finlayson-Pitts & Pitts, 1997), Particulate Matter (PM10 and PM2.5) 

(Dockery & Pope, 1994; Pope III et al., 2002; Pope III, Dockery, & association, 2006; Seaton, 

Godden, MacNee, & Donaldson, 1995), differ in composition, chemical activities and 

reactions, spatial and temporal distributions, and break down time. Exposure of such pollutants 

result in serious health effects. It ranges from causing cancer(Pope III et al., 2002) to respiratory 

disorders. Recent year studies have linked the air pollution with increased mortality(Bang, 

Nguyen, Vu, Hien, & Assessment, 2018; Dockery et al., 1993) and reduced life 

expectancy(Pope III, Ezzati, & Dockery, 2009). Persistent Organic Pollutants (POPs) and 

heavy are another categories of air pollutants that are considered as toxic due their longer 

disintegration time in environment. Their persistence is root cause of their toxicity. POPs when 

enter in food chain, they start cumulating in organisms. This accumulation may cross the toxic 

level and cause toxicity in organism. This process is called bioaccumulation (Schecter, 

Birnbaum, Ryan, & Constable, 2006).  

2.3.  A major criteria Pollutant: NO2 (Nitrogen Dioxide)  

Criteria pollutants are a set of pollutants that were first highlighted by United States 

Environment Protection Agency for the need of regulation because of their hazardous effects 

on human and environment in the form of acid rain, smog and other health related issues. 

Today, these are used to identify the quality of air. Nitrogen Dioxide (NO2) is a pungent smell 

irritating gas. Its characteristic brown color is due to its ability to absorb light. It can be seen 

occasionally, as a brown haze, over major cities. It is a major criteria pollutant that has not been 
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in control since the beginning. It is so because of diversity in its sources i.e. automobile 

emissions, power-stations, factories and industries, etc. With rapid growth in population, 

during last few years, an upsurge of automobiles has been observed, which is considered as 

major air pollution contributor worldwide (Han & Naeher, 2006). Pakistan National 

Environmental Quality Standard, 2010 has suggested 80 μg/m3 of NO2 as a limit for prevention 

of sensory irritation in population, for 24 hours. NO2 exists in both, troposphere and 

stratosphere. It is an important trace gas which plays significant role in the chemistry of 

atmospheric in both spheres. In stratosphere, it plays key part in Ozone destruction cycle and 

transformation of Halogen Oxides (O-X) into much less reactive species. However, in 

troposphere, it is one of the significant precursors of ozone formation, Smog and acid rain. 

Besides, its contribution to radiative forcing also affects the chemistry of atmosphere.  

2.4.  Sources of NO2  

Nitrogen dioxide is mostly produces due the human activities. Its higher concentrations can be 

found in northern hemisphere, specifically mostly populated areas or in other words in urban 

centers. It is mainly due to fossil fuel burning, which provide conditions that favors the 

production of NOx in environment. According to recent studies, there is high uncertainty in 

emission sources of NO2 due to its shorter lifetime in atmosphere ranging from one to few 

hours. However transport sector is considered as major emission source of NO2 in atmosphere. 

Whereas air traffic in stratosphere results in its production in stratosphere (Badr & Probert, 

1993). Natural sources includes biomass burning and agricultural practices. Moreover, 

emissions from the soil and microbial activities also contributes to NOx production by various 

processes like putrefaction affects the net NOx budget. Even thunderstorms result in the 

production of NOx in environment(Ibrahim, 2009).  

Methane produced from soil when reacts with OH, it produces peroxy radicals (eq. 1 and 2). 

These radicals can oxidize nitric oxide into NO2 (eq. 3) 
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CH4 + OH ~ CH3 + H2O         Eq. 1 

CH3 + O2 + CH3O2                Eq. 2 

CH3O2 + NO + NO2 + CH3O              Eq. 3 

2.5.  Measurement Techniques for NO2  

Since 19th Century, innovations have improved the instrumentation and methods being used to 

monitor ambient air quality. Today we have instrument with approximately 99% precision and 

accuracy. Several techniques are there that are being used to measure NO2 concentrations. The 

applied techniques being used are as follows: 

2.5.1. Chemiluminescence Methods  

The Chemiluminescence technique for Nitrogen oxides measurement has been improved since 

its inception in 1970-80s (Drummond, Volz, & Ehhalt, 1985; Fontijn, Sabadell, & Ronco, 

1970; Grosjean, Harrison, & technology, 1985; Pollack, Lerner, & Ryerson, 2010; Robinson, 

Bollinger, & Birks, 1999). Gaseous Nitric oxide reactions with ozone in excess is used, which 

is added in sample (air). Light of a specific wavelength is emitted from excited NO2 production. 

The intensity of emission is measured either solid state detector or by photomultiplier tubes 

(PMT), and it is directly proportional to the NO concentration in the sample used. Nitrogen 

Dioxide measurement requires its regulated reduction to Nitric oxide either by photolytic 

conversion or by thermal decomposition, where NO2 is derived by differential method. 

2.5.2. Colorimetric Methods  

In this method, colored species are produced when NO2 is allowed to react with organic dye 

solutions. According to Beer Lambert’s Law, optical absorbance of a chemical specie is 

directly proportional to the amount of that specie absorbed in solution or in other words, 

concentration of that species which is then measured by spectrophotometer. It is a sensitive 
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method as it is measured by spectrophotometer and dyes are needed to be analyzed immediately 

after the reaction as color complex forms in this process are quite instable. One major limitation 

of this method is unavailability of facilities in field and in remote areas. A number of analyzers 

have been designed on this principle (Chen et al., 2016; Riess & Standards, 1998) for NO2 

monitoring by the USEPA, Occupational Safety & Health Administration (OSHA) and 

National Institute for Occupational Safety and Health (NIOSH). 

2.5.3. Electrochemical Sensor 

Electrochemical sensors are cost effective and portable sensors that are being used to measure 

the ambient air quality. High sensitivity, cheaper price and longer sample retention time makes 

these sensors better among all other samplers. Its working principle is based on electrochemical 

reduction of nitrogen dioxide between electrodes, dipped in an electrolyte. NO2 in sample 

diffuses into reaction chamber of cell where it is reduced at electrode. A potential difference is 

created due the produced electrons, which produces current directly proportional to the NO2 

concentration in sample. NO2 concentration can me noted directly from the sensors. These 

samples are being used in order to find the NO2 exposure in occupational assessments. 

2.5.4. Passive Samplers  

Since several years, passive sampling method is being use for monitoring air pollutants such 

as NO2. In this technique, Plastic bags and membranes are deployed and employed at the site. 

By the process of diffusion, NO2 is diffused in precise amount in the passive sampler which is 

the calculated through its partitioning co-efficient relative to the sampler. 

2.5.5. Satellite Remote Sensing  

Satellite observation have been considered and acknowledged widely as an important tool for 

the quantitative evaluation of distribution of atmospheric gases and composition (Beirle, Platt, 

Wenig, Wagner, & Physics, 2003; Burrows, Platt, & Borrell, 2011; Fioletov et al., 2013; Lee 
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et al., 2011; Lin, McElroy, & Physics, 2011; Martin, 2008; Richter, Burrows, Nüß, Granier, & 

Niemeier, 2005; Van Der A et al., 2008). In past few years, a lot of work has been done to 

study the emissions, sources, variation characteristics in different regions of the world, with 

satellite data e.g., for SO2 (Boynard et al., 2014; Fioletov et al., 2013; C. Li et al., 2010), 

aerosols and NO2 (Hilboll, Richter, Burrows, & Physics, 2013; Richter et al., 2005; Van Der 

A et al., 2006; S. Wang et al., 2012). 

2.5.6. Spectroscopic Method (DOAS)  

Differential Optical Absorption Spectroscopy (DOAS) is a reliable, sensitive and common 

technique to monitor atmospheric composition. It was first used by Plat and his coworkers in 

1979. Its measurement of atmospheric trace gases is done by light source. In past, it has been 

applied to calculate the concentrations of many trace gases including, Hypobromite (BrO) by 

Sanders et al., 1988 in stratosphere and by Hausmann and Platt, 1994 in troposphere, Nitrous 

acid (HONO) by Perner and Platt in1979 where by Platt in 1980, Formaldehyde (CHOCHO) 

by Volkamer et al. in 2005 and Nitrate (NO3) by platt et al. in 1980. Besides, there are a number 

of other trace gases that absorb Ultra-Violet and Visible region that can be measured through 

this technique (PlattU, 2008), such as O3, NO2, SO2, HCHO, OClO, H2O and NH3. It can 

measure several trace gases concurrently, which not only saves time but also allows analysis 

of different components of observed air masses. Generally, DOAS is performed using artificial 

light source, known as active DOAS technique and can be performed passively with natural 

light sources i.e. extraterrestrial light sources. Figure 2.2 shows simplified setup of DOAS. In 

it (a) shows respective spectrum with absorption Structure of NO2 (b) the light was convolved 

by the spectrograph and (c) shows the mapping by the detector. 
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2.6. NO2 Chemistry in atmosphere  

In troposphere, high temperature around 3000oC, which can be achieved in total combustion 

engine and during lightening events, oxygen molecules breaks down into two oxygen atoms 

which are highly reactive in nature. These atoms reacts with nitrogen molecule and to produce 

NO. NO and NO2 are referred to as NOx due to their Intercomparison in atmosphere in the 

presence of Ozone (tropospheric). NO2 rapidly breaks down into NO by UV radiations (λ < 

420 nm) NO can be produced by reaction of hydroxyl ions with methane which is released 

from soil. This nitrogen dioxide can also settle down on the surface in the form of HNO3 or 

acid rain(Guenther et al., 2000). 

Microbial activity in soil produces N2O which is comparatively stable. This N2O when diffuse 

into stratosphere, it became unstable due to presence of shorter wavelength radiation (λ =185- 

230 nm), and breaks down into N2 and O atom. This oxygen atom then again reacts with N2 to 

form NO which converts into NO2 in the presence of O3.  

Adopted from Jochen & Platt (1996) 

Figure 2.2 - The components of Simplified DOAS setup 
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During daytime, the interconversion of NO and NO2 results into a Null cycle in which net 

production of the reaction is zero. Nitric oxide reacts with ozone molecule to produce nitrogen 

dioxide and oxygen molecule (eq.4)(Kreher et al., 2019).  

NO + O3 → NO2 + O2      Eq. 4 

Produced nitrogen dioxide breaks down in the presence of UV (λ < 420 nm) into nitric oxide 

and an oxygen atom (eq.5).  

NO2 + UV (λ < 420 nm) → NO + O (3P)    Eq. 5 

This oxygen atom reacts with oxygen molecule to form ozone again (eq. 6).  

O (3P) + O2 → O3      Eq. 6 

However this cycle break down in the absence of UV radiations where nitrogen dioxide reacts 

with oxygen atom instead and produces oxygen molecule along with nitric oxide, and breaks 

null cycle (eq. 7). 

NO2 + O (3P) → O2 + NO     Eq. 7 

2.7.  Impacts of Nitrogen Dioxide  

Nitrogen Oxides affects the life, both aquatic and terrestrial. When Nitric oxide gets mix with 

ozone, it initiates the catalytic conversion of nitrogen dioxide into nitric oxide. This cycle 

continues naturally and maintains a balance. Due to anthropogenic activities, this cycle gets 

disturb. Due to the vehicular emissions and burning of fossil fuel in large quantities, habitat is 

adversely affected. Conditions turn worse when NO2 is converted into nitric acid and settle 

down in the form of acid rain(Seangkiatiyuth, Surapipith, Tantrakarnapa, & Lothongkum, 

2011). However, when NO2 accumulate in urban areas, in certain meteorological conditions, 

pollution episodes are likely to happen like that of smog which not only affects lungs, eyes and 

skin of exposed humans but also affect the economic activities of the affected area. 
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NO and NO2 are toxic in nature. These gases are mainly inhaled by humans from sources like 

industrial work and traffic. When NO2 enters in the body, it starts accumulation and it turns 

into Nitric acid which affects the iron present in our blood thus denaturing the functionality of 

hemoglobin in our body. Due to low solubility of NO2 in water, it can travel or reach deep into 

our lungs and can damage lungs. Short term exposure can cause irritation in breathing but ling 

term exposure can result loss of functioning of lungs tissue in extreme cases(Pandey, Kumar, 

& Devotta, 2005).  

2.8.  Recent Studies on NO2 Pollution Monitoring  

In recent years, optical methods are being used mainly to obtain NO2 measurements in 

atmosphere. It is so because of several advantages of this method; for instance, high sensitivity, 

speedy measurements, measurement of more than one trace gas at a time and data retrieval at 

high resolution. (Lohberger, Hönninger, & Platt, 2004). MAX-DOAS, a type of Differential 

Optical Absorption Spectroscopy instrument, (Hönninger et al., 2004; Platt & Stutz, 2008; 

Vlemmix et al., 2015), has been used for retrieval of vertical densities of various trace gases 

(NO2, O3, CHOCHO, SO2, BRO, IO ,HCHO and HONO) ) (K. L. Chan et al., 2019; Coburn, 

Dix, Sinreich, & Volkamer, 2011; Hendrick et al., 2014; Khan, Khokhar, Shoaib, & Nawaz, 

2018; Khokhar, Naveed, Butt, & Abbas, 2016; Kreher et al., 2019; Leser, Hönninger, & Platt, 

2003; Y. Wang et al., 2017). This instrument has been reported to be used by applying to 

different platforms like ground-based, vehicle based, ship based and satellite based, for 

monitoring purpose (Dix, Koenig, & Volkamer, 2016; Halla et al., 2011; Lin et al., 2014; Peters 

et al., 2012; Shabbir, Khokhar, Shaiganfar, & Wagner, 2016; Shaiganfar et al., 2015). 

To date, a lot of work has been done by using MAX-DOAS. Temporal pattern of tropospheric 

NO2 VCDs was obtained from ground-based DOAS at Shangdianzi region of China and 

compared ground-based NO2 VCDs measurements with OMI data (Cheng et al., 2019).  
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In another study, MAX-DOAS has been used for observation of tropospheric SO2, NO2 and 

HCHO in Hefei, Nanjing, and Shanghai (Yangtze River Delta area)(Tian et al., 2018). Even 

long term studies of over 5 years has been conducted by using Max-DOAS (K. Chan, Wiegner, 

Wenig, & Pöhler, 2018). Tropospheric By using MAX-DOAS, NO2 measurements were 

obtained during the Shanghai World Expo 2010 (K. Chan et al., 2015).  

Premuda and his coworkers exploited the NO2 VCDs by using MAX-DOAS to conclude the 

degradation of coastal wooded zone from nearby city in Italy, attributed to atmospheric 

circulation and Coriolis Effect(Premuda et al., 2013). Takashime et al. observed the rapid air 

mass transport in Japan from the Eastern coast of the China using DOAS measurements and 

backward trajectory model. They have also highlighted that marine boundary layer affects the 

photodisintegration time of NO2 in troposphere and allows the NO2 to transport more than 

700km towards site of the study. They further emphasized on the cross-boundary pollutant 

sources through this study(Takashima, Irie, Kanaya, & Akimoto, 2011). 

Shaiganfar et al., 2011, monitored NO2 concentration in New Dehli, India by using Car-based 

MAXDOAS in 2011. They have correlated the nitrogen dioxide concentrations with traffic 

load and other sources. Moreover, the observations were also validated using satellite data. 

2.9.  NO2 Pollution Monitoring in Pakistan 

In Pakistan, transportation, power and industrial sectors accounts for more than 70% of the 

NO2 pollution. During the time period of 1995-2005, 33% increase in motor vehicles annually 

has been reported. This increase has affected the ambient air quality badly as the result of 

which, major cities like that of Lahore are experiencing episodes of Smog in winter.  

Criteria pollutants has been monitored in three major cities by Pakistan Environmental 

Protection Agency and Japan International Cooperation Agency (JICA) in 2000. Various trace 

gases like Nitrogen oxides (NOx), Sulphur Dioxide (SO2) and Ozone (O3), were monitored in 
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this study. High level NOx concentrations were attributed to traffic congestion. However, 

Lahore was found to be most polluted among all.  

Car-based MAX-DOAS has been used by Ali et al, to monitor ambient air quality along 

different cross sections of National highway 5 in Pakistan. They have measured various criteria 

pollutants including CO, SO2, NOx, PM and Noise levels, by using different techniques. It was 

observed that NO2 concentration increased while moving towards Lahore from Gujranwala, 

along NH5. NO2 levels in Lahore were found to be highest (Ali, Athar, & Assessment, 2008). 

NO2 pollution level in different areas of twin cities i.e. Rawalpindi and Islamabad were 

investigated by Zafar et al., 2012. Study was conducted in two parts on the basis of season. 

First phase was carried out in winter whereas second one in spring. Industrial activities and 

traffic congestion were correlated with NO2 pollution level in this study (Zafar, Ahmad, Syed, 

& Ali, 2012).  

Jahangir and his coworker’s study focused mainly on monitoring NO2 pollution level near 

hospitals in twin cities. They found higher NO2 concentration near hospitals situated on the 

roads, mainly due to traffic congestion (Jahangir, Ahmad, Aziz, Shah, & Science, 2013). 

Besides, ongoing research on ambient air quality at National University of Science and 

Technology (NUST) have taken many initiative into account to monitor air quality using Mini 

MAX-DOAS. With mobile monitoring, NO2 VCDs have been retrieved in twin cities. Point 

source monitoring for Glyoxal (CHOCHO), Ozone (O3), Sulphur Dioxide (SO2) and 

formaldehyde (HCHO) have also been done. Database of NO2 VCDs from satellite 

observations using SCIAMACHY, OMI and GOME-2 data has also been established to 

investigate the temporal and spatial trends of NO2 pollution in Pakistan. Trends showed that 

NO2 concentration varies throughout the year, with highest concentration in winter and lowest 

in summer. 
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Chapter 3 

3. INSTRUMENTION AND METHODOLOGY 

3.1.  Mini Max-DOAS Instrument: 

In order to quantify the tropospheric trace gases, the MAX-DOAS uses different elevation 

angles, from 0 to 90°, to capture the scattered sunlight (Bobrowski, Hönninger, Galle, & Platt, 

2003). MAX-DOAS can measure a number of trace gases, at a time, in visible and Ultra-Violet 

Spectral ranges and resultant less residual allows its use in even less polluted environment. It 

is a light weighted instrument with dimensions of 13cm×19cm×14cm. MAX-DOAS 

instrument used in this study contains a 40mm lens mounted at the front, coupled with 

spectrograph by fiber optics and electronic circuit. Czerny-Turner spectrometer (USB 2000+, 

Ocean Optics In.), having spectral resolution of 0.7nm, records the scattered light of absorption 

spectra between 320-460nm, whereas stepper motor, installed in it, is used to move the entire 

instrument to achieve desired elevation angle. Scattered light enters the instrument via lens 

which is tightly sealed to avoid any condensation of water vapors and prevent dust particles to 

damage the interior optics. 

Working Principle: 

Lambert-Beer law is working principle of the DOAS technique, which states that 

transmittance of light i.e. electromagnetic radiation, is directly proportional to the 

concentration of a substance present in the optical path.  

I(λ)=Io (λ) e – αLC      Eq. 8 

Here, “Io” means incident intensity whereas “I” is referred to as measured intensities. This 

technique depends upon the difference in wavelengths in observed and reference spectrum. 

Various trace gases can be obtained simultaneously within selected fitting interval. It takes 

specific cross sections into consideration and by using spectra of desired gases, differential 



Chapter 3  Instrumentation and Methodology 

 18   

 

slant column densities (dSCDs) can be retrieved. DOAS technique is used especially for the 

retrieval of those trace gases which have short lifetime in atmosphere like that of NO2. 

3.2.  Software used for Research Work: 

The estimation and plotting of Nitrogen Dioxide VCD required use of various software as 

presented in Table 3.1: 

Table 3.1 - Software used in this study 

Sr. No. Software Purpose 

1 Differential Optical Absorption 

Spectroscopy Intelligent System (DOASIS) 

Operating Software for Max-DOAS 

and measurement of back scatter 

intensities 

2 Windows Differential Optical 

Absorption Spectroscopy (WinDOAS) 

For Convolution and Calibration 

3 QDOAS Analysis of UV-visible Spectra to 

retrieve dSCDs 

4 Microsoft Excel (v 2013) Mathematical Calculations for 

tropospheric VCD extraction and 

Graphical representations 

 

5 ArcGIS (v 10.3.1) Interpolation of satellite (OMI) data 

 

 

 

3.2.1. Differential Optical Absorption Spectroscopy Intelligent System (DOASIS) 

DOASIS is used to run the MAX-DOAS instrument for the acquisition of the spectra. It also 

performs other important functions like controlling the stepper motor, Setting Peltier 

temperature, adjusting integration time of each spectrum etc. A java script is used to run the 

DOASIS which includes all the commands for its functioning. It can also be used for the 

calculation of the ring spectrum, which is required for the analysis in QDOAS. Dark current 

and Offset can be measured from this software manually. 

Dark current is small current that is monitored for photosensitive devices like spectrometer. 

For its measurement, large Tini (Exposure/integration time) and less number of scans are 

selected. Offset is the measurements recorded in “No photons” condition, in other words, it is 



Chapter 3  Instrumentation and Methodology 

 19   

 

measured in dark conditions. However, a smaller integration time and high scans are used for 

measuring offset spectra as shown in Table 3.2. 

Table 3.2 - Values usually used for Dark Current and Offset measurement 

 Integration/Exposure 

time(milliseconds) 

Scan numbers 

Dark Current 

 

3 10000 

Offset 

 

10000-20000 1 

 

3.2.2. Windows Differential Optical Absorption Spectroscopy (WinDOAS) 

Wavelength Calibration: 

For wavelength calibration, WinDOAS (Windows Differential optical absorption 

spectroscopy) was used. Spectrum taken at noon was used for the calibration purpose (usually 

taken at 90o of noon time/with least SZA). In calibration, the fit was applied between a 

measured and a convoluted spectrum. Meanwhile, wavelength of the solar spectrum was 

attributed to the individual detector’s pixels (2048). The calibration fit is also known as 

“Kurucz-fit” because a solar spectrum measured by Kurucz is usually used as input which is 

further convoluted as per the spatial resolution of the mini MAX-DOAS used in the monitoring. 

The wavelength range was divided into several sub-windows (subwindows= 6) for analyzing 

the fits in each sub-window. For adjustment of spectrum shift between convoluted and 

measured spectra, “shift and squeeze” was also applied. Slit Function Parameter (SFP) 

specifies that the interpolation of the results of the individual sub-window were carried out 

using polynomial degree. Repeated twice the calibration process, reduces the residual. All 

measure spectra are evaluated in this study using the calibration file against a reference 

spectrum. 
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Figure 3.1 - Calibration window of WinDOAS 

Wavelength Convolution: 

This process was performed by using “Convolution tool” of WinDOAS software. It is a 

mathematical process which is important for wavelength processing operations. 

NO2 Analysis: 

This is performed in QDOAS software. Selected NO2 analysis window was 409 nm to 445 nm. 

The wavelength range was chosen because of lowest possible residual errors and DOAS fit 

result. For analysis, calibrated spectrum was used as reference spectrum. Different cross-

sections: NO2 at 298K (Vandaele et al., 1996), NO2a at 220K (Vandaele et al., 1996), O3 at 

223K (Serdyuchenko, Gorshelev, Weber, Chehade, & Burrows, 2014), O4 at 293K (Thalman 

& Volkamer, 2013), H2O (Rothman & Transfer, 2010) and Ring were used. Polynomial of 4th 

degree was used for NO2 analysis. Some fields/parameters in the “Output Tab” were selected 

which is required in the results i.e., Solar zenith Angle (SZA), RMS (root mean square/residue), 

Elevation viewing angle and integration time etc. Then finally, the output file path was given 
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where the files wanted to be stored. The analysis was performed on all measured spectra and 

NO2 dSCDs and results were obtained in ASCII file. 

 
Figure 3.2 - NO2 Analysis window in QDOAS, showing fitting interval used for Nitrogen 

Dioxide 

 

 
Figure 3.3 - ASCII files obtained by QDOAS; green column representing RMS, blue columns 

showing dSCDs, brown columns illustrate slant column errors 

Figure 3.4 shows example of DOAS fit for NO2. Red lines represents the reference spectrum 

and black line shows the measured spectrum after subtracting all other absorbers. It was 
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measured on 23 May 2018 at 12:36 UTC. SZA was 73° and elevation angle was 5°. Mean 

dSCD value for this fit was 3.55×1016 molecules cm2. 

 

 

3.2.3. Air Mass Factor and NO2 VCD Extraction Calculation using MS Excel 

Microsoft Excel was used in this study to calculate NO2 VCDs by using geometric air mass 

factor application. AMF is ratio of actual path distance of solar radiations and vertical path. 

AMF calculations are used to convert the SCDs (Slant column densities) into VCDs (Vertical 

Figure 3.4- Nitrogen Dioxide DOAS fit measured on 23 May 2018 at 12:36 PST. 

-0.01

-0.005

0

0.005

0.01

400 410 420 430 440 450

O
p

ti
ca

l D
e

n
si

ty

Wavelength

a) NO2

-0.0015

-0.001

-0.0005

0

0.0005

0.001

400 410 420 430 440 450

O
p

ti
ca

l D
e

n
si

ty

Wavelength

b) O3

-0.004

-0.003

-0.002

-0.001

0

0.001

0.002

0.003

400 410 420 430 440 450

O
p

ti
ca

l D
e

n
si

ty

Wavelngth

d) Ring

-3.00E-03

-2.00E-03

-1.00E-03

0.00E+00

1.00E-03

2.00E-03

3.00E-03

4.00E-03

400 410 420 430 440 450

O
p

ti
ca

l D
e

n
si

ty

Wavelength

c) H2O

-0.015

-0.01

-0.005

0

0.005

400 410 420 430 440 450

O
p

ti
ca

l D
e

n
si

ty

Wavelength

e) O4



Chapter 3  Instrumentation and Methodology 

 23   

 

column densities). Air mass factor (AMF) is usually calculated using radiative transfer model 

but in this study, AMF was estimated using geometric approximation method (Hönninger et 

al., 2004; Wagner, Ibrahim, Shaiganfar, & Platt, 2010; Wittrock et al., 2004). This method 

allows the retrieval of column densities of trace gases even in cloudy conditions (Wagner et 

al., 2010). 

VCD = SCD/AMF      Eq. 9 

Here differential air mass factor (dAMF) is used because the slant column densities obtained 

were differential SCDs (Liu et al., 2016): 

VCDtrop = dSCDα /dAMFα           Eq. 10 

dAMF is difference in AMF obtained at a certain angle and AMF obtained at 90o: 

dAMFα = AMFα−AMF90°       Eq. 11 

So, eq (10) will be: 

VCDtrop = dSCDα /AMFα−AMF90°        Eq. 12 

Using geometric approximation, AMF can be found as: 

AMF = 1/sinα      Eq. 13 

Then Eq. (12) will be: 

VCDtrop = dSCDα / 1/sin (α – 1)        Eq. 14 

3.2.4. Validation of MAX-DOAS Observations by Satellite Data 

For the validation and comparison of MAX-DOAS observations, Ozone Monitoring 

Instrument (OMI) observations were used for validation purpose. OMNO2d v003 product from 

TEMIS website was used (http://www.temis.nl/airpollution/no2.html). Data was downloaded 

in grid format (ESRI) and then Notepad++ was used to remove the values of -999 from the 

data. Then it was opened in ENVI software where it was converted into ERDAS Imagine 

Tagged image file format as shown in Figure 3.5. The tiffs were then opened and processed in 
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ArcGIS for value extraction at the specific location where the MAX-DOAS was mounted, 

furthermore both values of MAX-DOAS and Satellite were compared to validate the results of 

ground base monitoring of MAX-DOAS. For daily satellite data, OMNO2d v003 product from 

GIOVANNI website was downloaded in NetCDF format which was directly opened in ArcGIS 

by using “NetCDF to raster” tool. 

 
Figure 3.5 - Satellite data processing in ENVI 
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Chapter 4 

4. RESULTS AND DISCUSSION:    

4.1. Sensitive Study for optimum NO2 settings: 

NO2 settings were implored in order to find the best settings with minimum root mean error of 

the residual. For this purpose, different polynomial orders and fitting interval were analyzed 

and results were compared with each other. In order to find optimum polynomial for best NO2 

retrieval settings, a range of polynomial orders from 3 to 7 were used on the same day whereas 

optimum polynomial degree is decided on the basis of root mean square of residual of NO2 

(RMS), slant column error and spectrum shift. Figure 4.1 shows RMS, shift (spectrum) and 

dSCD error (slant column error) plot against different polynomial order. It was found that RMS 

increased from 9.97e-04 to 1.02e-03, with decrease in polynomial order from 7 to one. 

However, Spectrum shift showed similar trend with lowest shift of 9.14e-04 and highest shift 

of 9.29e-04. Contrarily, NO2 slant error showed inverse trend with RMS and spectrum shift. 

Lowest value was recorded at polynomial order 3 which is 6.94e+14. This value increased 

when higher polynomial orders were used in the settings showing directly proportional trend 

with polynomial order. Using high polynomial order can result in lower Shift in spectrum and 

lower RMS whereas higher slant column error.  

 

Figure 4.1 - Effect of Polynomial order on dSCD error, RMS and Shift Spectrum 
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Therefore, polynomial order 4 is optimum for NO2 measurements as it shows minimum slant 

column error with least root mean square of residual and shift (spectrum). Then fourth degree 

polynomial was used in the settings of this study and comparison was carried out with other 

settings. 

In order to find optimum fitting interval for NO2, range of 330 to 445 was selected as it is range 

of spectrum measured by the instrument used in this study. At first, the upper boundary was 

kept constant at 445nm and lower boundary was increased from 330nm with the difference of 

10nm up to 420nm. Then Lower boundary was kept constant at 330 nm and upper boundary 

was reduced with difference of 10nm up to 395 and results were recorded as shown in Table 

4.1. 

Table 4.1 - Results of NO2 setting with different fitting intervals 

Fitting Interval (nm) Mean RMS Mean dSCD Mean dSCD 

error Lower 

Boundary 

Upper 

Boundary 

330 445 2.08E-03 6.32E+16 1.12E+15 

340 445 1.93E-03 6.36E+16 1.04E+15 

350 445 1.81E-03 6.40E+16 1.00E+15 

360 445 1.72E-03 6.50E+16 9.79E+14 

370 445 1.58E-03 6.48E+16 9.10E+14 

380 445 1.39E-03 6.62E+16 8.27E+14 

390 445 1.37E-03 6.58E+16 8.34E+14 

400 445 1.03E-03 6.62E+16 6.95E+14 

410 445 1.01E-03 6.55E+16 6.31E+14 

420 445 1.01E-03 6.60E+16 8.20E+14 

330 435 2.08E-03 6.10E+16 1.43E+15 

330 425 2.03E-03 5.94E+16 1.67E+15 

330 415 2.03E-03 5.90E+16 1.86E+15 

330 405 2.03E-03 5.71E+16 2.35E+15 

330 395 1.94E-03 5.39E+16 2.57E+15 

330 385 1.66E-03 5.38E+16 2.35E+15 

330 375 1.52E-03 5.81E+16 2.60E+15 

330 365 1.48E-03 5.78E+16 2.94E+15 

330 355 1.40E-03 5.75E+16 3.83E+15 

 

It was observed that when upper boundary was kept constant at 445nm and lower boundary 

was increased. Values of Mean RMS decreased whereas mean dSCD were improved up to 

410nm lower boundary. However, when lower boundary is kept constant, mean RMS 
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decreased with decrease in upper boundary but the values of mean dSCDs were also decreased, 

indicating that upper limit of 445nm is suitable for fitting interval. So, fitting interval from 410-

445nnm was selected because of lowest mean RMS value and higher mean dSCD values as 

shown in Figure 4.2.  

 

Figure 4.2 - Mean RMS values obtained at different fitting intervals 

Further sensitive analysis was carried out, to further find the best fitting interval, by using lower 

boundary of fitting interval from 405nm to 415nm. It was observed that Figure 4.3 shows that 

409-445nm fitting interval gives lowest RMS, so it was used in study to find NO2 VCDs. 
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4.2. Intercomparison of different settings 

Nitrogen Dioxide (NO2) has been in limelight of DOAS measurements due to its importance 

in atmospheric chemistry. The thing that makes this study unique is that it presents most of the 

settings that have been used in literature for NO2 DOAS analysis along with their comparison 

to draw the best settings. Different of literature was consulted and settings reported in literature 

were recorded as shown in Table 4.2. Different settings were applied and spectral 

measurements of 1st November, 2017 were used in this comparative study.  

Table 4.2 - List of the settings used for the retrieval of NO2 dSCDs on 01/11/2017. 

Sr

# 
Study 

Wavelengt

h (nm) 
Absorber fitted 

Maximu

m dSCD 

(Molecul

es/cm2) 

Average 

dSCD 

(Molecul

es/cm2) 

RMS 
Spectrum 

shift 

dSCD Error 

(Molecules/cm2) 

 

1 
Tian et al. 

(2018) 

338–360 

nm 

NO2 (298 K) , NO2 

(220 K), O3 (223 K), 

O4 (293 K), BrO (223 

k), SO2 (294 K), 

HCHO (293 K), Ring 

1.96E+1

7 
6.42E+16 

5.82E-04 

 - 

6.13E-03 

-5.26E-03 

 - 

1.31E-03 

4.14E+15 

2 
Jin et al. 

(2016) 

405–430 

nm 

NO2 (294 K), O4 (296 

K), Ring 

2.09E+1

7 
6.48E+16 

4.30E-04 

- 

9.03E-03 

-3.68E-04 

 - 

8.91E-03 

8.78E+14 

3 
Chong et al. 

(2016) 

400–418 

nm 

NO2 (294 K), O3 (221 

K),  O4 (298 K), Ring 

2.09E+1

7 
6.49E+16 

3.73E-04 

 - 

3.17E-03 

-1.15E-03 

 - 

5.19E-03 

2.09E+15 

4 
Friedeburg 

et al. (2005) 

420 and 

450 nm 
NO2, Ring 

2.14E+1

7 
6.53E+16 

4.53E-04 

 - 

4.09E-03 

-2.91E-04 

- 

3.62E-03 

9.48E+14 

5 
Chan et al. 

(2015) 

350.2 nm–

386.6 nm 

NO2, O4, O3, HCHO, 

Ring 

1.86E+1

7 
5.31E+16 

5.81E-04 

 - 

5.42E-03 

-2.10E-03 

- 

1.32E-03 

2.49E+15 

6 
Lee et al. 

(2009) 

364–383 

nm 

NO2, O4,O3 (243 and 

293 K), Ring 

1.93E+1

7 
5.27E+16 

5.10E-04 

 - 

5.25E-03 

-2.05E-03 

 - 

1.65E-03 

2.68E+15 

7 This Study 
409–

445nm 

NO2 (298 K), NO2 

(220 K), O3 (223 K), 

O4 (293 K), H2O, 

Ring 

2.17E+1

7 
6.61E+16 

4.53E-04 

 - 

8.05E-03 

-1.75E-04 

 - 

5.79E-03 

6.96E+14 

 

This table indicates the results of settings use in this study along with settings found in this 

literature. Then dSCDs, RMS and slant column error obtained at 10o was separated and plotted 

to observe the difference in results. 

It was found that dSCDs of NO2 obtained at elevation angle 10o on 1 November, 2017 by using 

settings of this study were highest as compared to dSCDs obtained by using other settings 
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(Figure 4.4). Lowest values were recorded with settings of Lee et al however other values are 

slightly close to the values of settings of this study. 

 
Figure 4.4 - Comparison of NO2 dSCDs measured by using different settings reported in 

literature and this study. 

RMS for dSCDs obtained by using the settings of this study was lower than that of Tian et al, 

Lee et al and Chan et al. While Friedelberg values were closer to the values obtained in this 

study and values of Jin et al. and Chong et al. were the lowest (Figure 4.5).  

  
Figure 4.5 - Comparison of NO2 RMS measured by using different settings reported in 

literature and this study 

Slant column error obtained at 10o from the results obtained from all settings were separated 

and then plotted to find the difference. It was found that slant column error obtained from the 

settings found through sensitive study was lowest. Whereas slant column error obtained by tian 

et al., settings was highest (Figure 4.6). 
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Figure 4.6 - Comparison of NO2 slant column error measured by using different settings 

reported in literature and this study. 

4.3. Correlation plots 

For cross validation of settings used in this study, correlation was determined for this study’s 

dSCDs against different settings mentioned in Table 1. DSCDs retrieved from different settings 

found in literature with settings used in this study were used to draw correlation plots which is 

shown in Figure 4.7. Highest correlation (Pearson value r = 0.999) is found with the settings of 

Jin et al. that includes strong NO2 absorption band around 405–430 nm (see Table 1). However, 

other studies also show strong correlation with Pearson values (r) 0.987, 0.993, 0.998, 0.996, 

and 0.991 of Lee et al., Chan et al., Friedberg et al., Chong et al. and Tian et al. respectively. 

These results shows that the settings found through sensitive study for NO2 are in line with the 

settings used in the literature.  
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4.4. Intercomparison of different O4 (Oxozone) cross-sections 

Further analysis was carried out during cloudy conditions to find the impact of different 

Oxygen dimer (O4) cross-sections on the retrieval of NO2. For this purpose, four different O4 
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Figure 4.7 - Comparison of NO2 slant column error measured by using different settings reported in literature and 

this study. 
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cross-sections used were Burkholder et al., Hermans et al. 296K, Thalman 203K and Thalman 

293K in settings of this study. DOAS fit of O3 and O4 were chosen as a criteria for finding the 

impact. Figure 4.8 shows the comparison of O3 spectrum obtained by different O4 and it can 

be seen that Brukholder O4 Cross-section improved the fitting of measured spectrum. However, 

Figure 4.9 also depicts the improvement in fitting of measured and reference spectrum for O4. 

Mean RMS values obtained with different cross-sections were 2.2042x10-3, 2.2045x10-3, 

2.2093x10-3 and 2.2092x10-3 for Brukholder, Hermans, Thalman 203K and Thalman 293K, 

respectively. It also shows slight decrease in root mean square error which is also one of the 

indicators of the quality of DOAS fit settings. Therefore, it can be observed that of these cross-

sections, using Brukholder et al. O4 cross-section improves the DOAS fit results when used for 

the retrieval of NO2 dSCDs. 
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Figure 4.8 - A comparison of O3 DOAS fit spectrum for different O4 cross-sections where black 

lines depicts measured spectrum and red line shows reference spectrum. 
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4.5. Effect of different meteorological conditions on RMS, dSCD Error and 

spectrum shift. 
The settings for analysis of this study are used to explore the behavior of DOAS NO2 fit during 

the effect of haze, clear and cloudy conditions. According to Surface Meteorological 

Observation Specification (CMA, 2003), Haze occurs when relative humidity is >80% and 

visibility is <10 km. Based on meteorological conditions, 22 April, 26 April and 23 May 2018 

were chosen for this analysis as hazy, cloudy and clear days, respectively (Hong et al., 2016; 

Liu et al., 2016). Table 4.3 Displays average values of DOAS fit parameters during these days. 

It shows that dSCD of NO2 obtained during cloudy day is higher as compared to clear and hazy 

day. Meanwhile, clear day dSCD is lowest among the three.  

Table 4.3 - Effect of haze, clear and cloudy days on different parameters 

Date Condition 
Humidity 

(%) 

Mean Air 

Temperature 

(Fo) 

Mean 

visibility 

(miles) 

Mean 

RMS 

(x10-3) 

Mean dSCD 

(molecule/cm2) 

Mean 

DSCD 

error 

Mean 

Spectrum 

Shift 

22-04-18 Hazy 46% 74°F 3 1.09 4.01E+16 7.40E+14 1.18E-03 

26-04-18 Cloudy 33% 84°F 10 1.23 4.15E+16 8.33E+14 1.35E-03 

23-05-18 Clear 31% 88°F 23 2.21 3.56E+16 1.47E+15 -1.98E-03 
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Figure 4.9 - A comparison of O4 DOAS fit spectrum for different O4 cross-sections where 

black lines depicts measured spectrum and red line shows reference spectrum 
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Figure 4.10 shows that there is no significant change in RMS and Shift of Hazy and Cloudy 

day. However, RMS and shift spectrum values obtained were lower in clear day than that of 

hazy and cloudy day.  

 

Figure 4.10 - Effect of Hazy, Cloudy and Clear days on RMS, Shift and dSCDs 

In the presence of radiation, NO2 readily breaks down into NO in atmosphere. Results of NO2 

slant column densities obtained on clear condition showed the same. It can be explained as 

during clear day, photo-dissociation of NO2 takes place in the presence of light where as in 

cloudy days less radiation is available that results in accumulation of NO2 in atmosphere. In 

hazy scenario, solar light is available but it is in diffused form due to fine particle that makes 

condition hazy (Zhang et al., 2015). Spectrum shift and RMS followed the same trend as that 

of the dSCDs trend during different meteorological conditions. 

4.6. Comparison of observations with OMI data:  

Data from Ozone Monitoring Instrument (OMI) was taken for 22 April, 26 April and 23 May, 

2018 in order to validate the MAX-DOAS measurements. OMI is aboard AURA satellite and 

its daily overpass time is 13:40 local time. Resolution of OMI data is 13x24km2 and its 
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observations are always average value. OMI measurements for 22 April, 26 April and 23 May 

were compared with the VCDs of respective days as shown in Figure 4.11. It can be observed 

that OMI observations are low as compared to the measurements obtained by ground based 

MAX-DOAS. This underestimation is mainly attributed to the shielding effect of aerosols, 

clouds and coarse resolution of the OMI ground-pixel(Ma et al., 2013). Comparison of Monthly 

variation was also showed the underestimation as shown in Figure 4.12.  
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Figure 4.11 - Comparison of MAX-DOAS measurements with OMI data. 
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Through Figure 4.12, the annual trend of NO2 is apparent as low concentration in summer 

(May-August) whereas high concentration during winter season (December-March). 

Moreover, satellite observations shows the same trend as that of ground observations. 

Correlation of ground based and Satellite data shows low Pearson value i.e. 0.733 Figure 4.13 

- a. It can be attributed to the difference in observation timings of both. In order to improve the 

Pearson value (r), average of ground based data from 12pm to 2pm was used to carry out the 

correlation and results improved the Pearson value as shown in Figure 4.13 - b. Result were 

made significant, with r = 0.843 (Figure 4.13 - c), by taking the average of 1pm to 2pm of 

ground based data as satellite passing time site of the study is around 1:40pm. However, spatial 

resolution of satellite observation can also be a contributing factor for underestimation as OMI 

satellite’s spatial resolution is 13x24 km2 which shows the concentration over a larger area as 

compared to the ground based point observations. 

 

Figure 4.12 - Comparison of MAX-DOAS and Satellite monthly observations. 
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Figure 4.13 - Correlation plots between Satellite data and ground based observations. 
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Figure 4.14 - Frequency Histogram of percentage difference between MAX-DOAS and 

Satellite observations. 

A frequency histogram was also produced between MAX-DOAS and Satellite data to find the 

frequency of percentage difference between both observations. The histogram exhibits a 

percentage difference distribution peaking at around 75% with almost 90% of the data lying 

between 45% and 95% of the difference (Figure 4.14) 
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Chapter 5 
 

5. CONCLUSION AND RECOMMENDATIONS: 

5.1. Conclusion 

Very few studies have been conducted on hazy, clear and cloudy days. NO2 is important trace 

gas due to its active role in atmospheric chemistry. It plays important role in catalytic formation 

of ozone in troposphere as well as it is one of the precursors of photochemical smog. In this 

study comparison of different polynomial degree was carried out and order 4 was chosen for 

this study on the basis of least RMS and dSCD error. Different NO2 retrieval settings found in 

literature were then compared with settings used in this study for 01 November 2017. 

Correlation plots showed good agreement among the measurements with least R2 =0.97 (0.98). 

Another analysis was carried out during different meteorological conditions i.e. hazy, cloudy 

and clear days to explore the behavior of NO2 DOAS fit during. NO2 in atmosphere dissociates 

in the presence of sunlight which is major reason for its shorter lifetime in atmosphere. Results 

from this showed lower concentration of NO2 during clear day. Whereas during cloudy and 

hazy conditions concentrations are slightly higher as lesser and diffused light is available in 

such conditions. Furthermore, different O4 cross-sections were used to investigate the impact 

on DOAS fit. Cross section of Burkholder et al., (1994) showed lowest RMS in measurements 

and improved the DOAS fits of O3 and O4. For validation of the observations, ground based 

observations were compared with OMI satellite data which showed satellite observations 

underestimate NO2 columns largely. Further comparison from 2014 to 2018 data also showed 

the same trend with 22% of the observations having difference of 75%. 
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5.2. Recommendations  

Some recommendations based on the outcome from this study are made includes as following: 

1. The outcomes of this study helped to identify the behavior of nitrogen dioxide during 

special weather conditions, therefore, such studies can be carried out to find the behavior 

of other air pollutants in such conditions. It will contribute in better understanding of the 

problem. 

 

2. Study can be replicated to find optimum settings of different trace gases such as SO2, 

O3. 

 

3. This study’s outcome shows the increased NO2 concentration during hazy and cloudy 

condition as compared to that of clear days. It is due to aggregation of NO2 in 

atmosphere when light is absent or in other words, photo dissociation of NO2 stops. It 

is also attributed to increased fossil fuel consumption in transportation as it is major 

source of NO2 in Pakistan. NO2 can be checked and kept low by reducing our 

dependency on fossil fuels. It can be done by focusing on green technology, like 

installation of catalytic converters in vehicles, and relying on renewable energy 

resources. 

 

4. Public transport system should be developed in rural and urban areas to reduce traffic 

congestion and load. Vehicular emission can also be improved by proper maintenance 

of vehicles. Proper vehicular maintenance check should be carried out on regular basis. 

 

5. Ambient air quality should be monitored on continuous basis through a proper 

management plan and baseline data should be developed of at least major cities. It 

should be shared publically which will help in educating the locals about emission 

levels and pollution sources.  

 

6. Effective media/awareness campaigns should be carried out to teach public and other 

stakeholders for better understanding of ambient air pollution issues. Different groups 

and school children can be targeted during these campaigns and causes, impacts and 

remedies should be discussed to impart sense of responsibility among them. 
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