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Abstract 
 

Nitrogen dioxide (NO2) and Ozone (O3) are criterion air pollutant and of utmost importance due 

to their role in atmospheric chemistry and tropospheric air pollution. Exposure to a higher level 

of O3 and NO2 has been reported to cause various health issues in humans. Ground-level 

measurements of tropospheric NO2 and O3 are valuable for studying atmospheric chemistry, 

atmospheric pollution, climate change and for satellite validation. In this study, ground level 

NO2 and O3 concentrations were retrieved. This study also presents the validation of vertical 

mixing ratios (VMRs) of Multi-Axis Differential Optical Absorption Spectroscopy (Mini MAX-

DOAS) vertical column densities (VCDs) with measurements of conventional analyzers for NO2 

and O3. The VCDs were converted to vertical mixing ratios (VMRs) in parts per billion by 

volume (ppbv) for validation purposes. The satellite (TROPOMI and OMI) validation was also 

performed by comparing the ground-based measurements with TROPOMI and OMI VMRs. 

Daily Mini MAX-DOAS NO2 VMRs at an altitude of 650 m (an average BLH) and 300 m were 

validated with values obtained through an in situ conventional analyzer. The daily NO2 

measurements were higher during the winter season while values were lower during the summer 

season. The retrieved O3 concentrations has shown highest values during the warmer months, 

corresponding to the observed columns of ozone. The comparison of NO2 have shown a similar 

trend for VMRs of both altitudes with conventional analyzer but values at an altitude of 300 m 

have shown a greater agreement as less errors were detected i.e., Root Mean Square Error 

(RMSE), Mean Average Error (MAE) and Mean Bias (MB). The linear regression for values of 

both instruments has shown a strong positive correlation for NO2 with r = 0.73. Similar validation 

was performed for O3 measurements but found that Mini MAX-DOAS was not able to 

differentiate between tropospheric and stratospheric O3 concentrations due to its sensitivity 

constraints for ground-level O3. The fraction of O3 in the stratosphere is usually higher than that 

in the troposphere. Therefore, the retrieval of ground-level O3 from Mini MAX-DOAS 
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observations is still a challenge due to interference of the stratospheric O3 absorption. 

Furthermore, the ground-based NO2 measurements were compared with satellite observations 

(TROPOMI and OMI VMRs). The regression analysis showed a strong positive correlation with 

r = 0.72 for conventional analyzer values vs TROPOMI VMRs and r = 0.86 for MAX-DOAS 

VMRs vs TROPOMI VMRs. Furthermore, the Pearson correlation (r) of in situ measurements 

vs OMI VMRs, MAX-DOAS VMRs vs OMI VMRs and TROPOMI VMRs vs OMI VMRs was 0.54, 

0.70 and 0.71 respectively.  
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Chapter 1 

INTRODUCTION 
 

1.1. Background 
 

Air pollution as defined by the US EPA refers to the presence of contaminating substances in 

the atmosphere that interfere with human health and welfare and produce a variety of harmful 

environmental effects. The annual worldwide consequences of air pollution range from reduced 

life expectancy (of millions), damage to crops which can feed millions and increased climatic 

disturbances which can costs millions $. As a result of these negative consequences of air 

pollution i.e., climate change, increased mortality and morbidity, its position as one of this era’s 

greatest challenges has become clear. However, because the majority of its impacts are 

distributed unevenly and often poorly understood, finding adequate solutions for this problem 

has proven to be difficult (Manisalidis et al., 2020) 

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 the ecosystem. Moreover, air pollution is also thought to be contributing 

to larger-scale phenomena like the greenhouse effect and ozone layer depletion (Habeebullah, 

Munir, Morsy, & Mohammed, 2010). 

1.2. Nitrogen Dioxide (NO2) 

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) are 

considered responsible for deteriorating environmental health in many ways. For example, 

NOx plays an active role in the destruction of the Ozone layer, NOx is a key ingredient of 

photochemical smog, etc. (Salonen, Salthammer, & Morawska, 2019). NO2 concentration and 

impacts are increasing day by day which can be attributed to several factors like exponential 
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growth of population during the last few decades, more reliance on fossil fuel consumption, 

inefficient energy consumption, etc. Besides, there are some other natural sources of NO2 like 

lightning and fire events that contribute to its emission (Frins et al., 2014). NOx is important as 

it plays a key role as a primary pollutant as well as a secondary pollutant. The high temperature 

achieved during fossil fuel combustion results in the formation of NO and consequently NO2 

in the atmosphere makes it a primary pollutant. However, NOx reaction with ozone is viewed 

as its role as a secondary pollutant (Beard & Freas, 1994). 

1.3. Ozone (O3) 

Ozone is one of the most important atmospheric trace gases in the stratosphere and the 

troposphere, affecting the earth-atmosphere radiative balance and hence the climate. 90% of 

the earth’s ozone is concentrated in the ozone layer situated in the stratosphere, shielding the 

surface from the sun’s harmful UV radiations. The remaining 10%, termed tropospheric ozone, 

is one of the criteria pollutants that reside in the troposphere and has adverse impacts on human 

health and vegetation. Generated mainly from anthropogenic sources, it is the 3rd largest 

contributor to the total tropospheric radiative forcing, with a radiative forcing of 0.40 

±0.20Wm−2, (Stocker et al., 2013). Ozone is also central to tropospheric chemistry due to its 

role in the initiation of photochemical oxidation processes via direct reaction, photolysis and 

the subsequent reactions of the photoproducts to form the hydroxyl radical (Monks, 2005). 

High ozone concentrations (estimated 220 ppb) were first recorded during the Los Angeles 

(photochemical) smog incident of 1952, characterized by low visibility, crop damage, eye 

irritation, objectionable odor and deterioration of rubber, (Haagen-Smit, 1952). Tropospheric 

ozone is termed by many as the most damaging air pollutant to vegetation, with impacts 

including visible leaf injury, in species composition and reduction in forest growth, (Ashmore, 

2005). Research shows that O3 pollution poses a growing threat to global food security even 

when reductions in future ozone precursor emissions are achieved, (Avnery et al., 2011).                                                                                                                                                                                                                                                                                                            
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Tropospheric ozone also contributes significantly to the deterioration of built infrastructure 

exposed to the outside air, including steel, stone, concrete, brick and wood, (Kumar and Imam, 

2013). Based on its impacts, ozone was declared one of the “Criteria Pollutants” by the 1970 

Clean Air Act alongside gases such as sulfur dioxide, the cause of sulfurous smog.  

Being the fourth major contributor towards global warming after water vapor, CO2 and CH4, 

(Parry et al., 2007), the increase in tropospheric ozone requires immediate attention. While 

ozone level reductions are being achieved in most developed nations, increasing trends are 

being observed over most locations in Asia, including the Indian region, where the impacts of 

ozone are largely unknown, (David and Nair, 2013). Chronic obstructive pulmonary disease 

(COPD) caused due to ozone exposure causes roughly 22,000 premature deaths in 25 

European Union countries, (WHO, 2012), and about 12,000 deaths in India, annually, (Ghude 

et al., 2016). Ozone-related deaths are estimated to make up about 5–20 % of all air pollution-

related deaths at present, roughly 470,000 premature respiratory deaths globally and annually, 

(Silva et al., 2013).  Ground-level ozone concentrations at all the major and minor urban 

centers must be monitored, and the impacts of various factors such as temperature and wind 

on its concentration and trends must be studied. 

1.4. Instruments 

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

which is developed in the last few decades. It is a ground-based remote sensing technique that 

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

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

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). 
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The Chemiluminescence technique and non-dispersive ultraviolet absorption method for 

Nitrogen oxides and Ozone measurements have been improved since its inception. 

(Drummond, Volz, & Ehhalt, 1985; Fontijn, Sabadell, & Ronco, 1970; Grosjean, Harrison, & 

technology, 1985; Pollack, Lerner, & Ryerson, 2010; Robinson, Bollinger, & Birks, 1999). 

The Chemiluminescence technique uses gaseous Nitric oxide reactions with ozone in excess 

is used, which is added to the sample (air). The ultraviolet absorption method is based on 

ozone's characteristic of absorbing ultraviolet rays of a specific wavelength 

 

1.5. Study Area 

 

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

33.349 N; Longitude 72.324 E, with an elevation from sea level of about 540 meters (1770 

ft.). Islamabad is a 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 the Institute of 

Environmental Sciences 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 the telescope. 

1.6. The Present Study 

The study was formulated to achieve the following objectives: 

1. To retrieve ground-level NO2 and O3 by MAX-DOAS and its validation with conventional 

methods.  

2. To compare ground-level NO2 and O3 with satellite observations.  



 

7 
 

Chapter 2 
 

LITERATURE REVIEW 

 
2.1. Composition of Atmosphere 

 
Our earth is enveloped by many gases, commonly known as air. It is divided into four layers 

based on the characteristics of each layer as: 

2.1.1. Troposphere: 
 

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

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

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

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

attributed to the rotation of the earth as it tends to shift air masses towards the equator. Besides 

temperature is always high at the 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 the troposphere, which extends up to 50 km, is known as the stratosphere. It is 

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

atmosphere. It is composed of 15% mass of the atmosphere and no weather exists here. It is a 

layer where the Ozone layer can be found which enhances the importance of this layer. The 

ozone layer blocks the harmful UV radiation 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 a layer that is present above the stratosphere and below the thermosphere and is separated 

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

This layer is also important as it protects the 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 
 

The thermosphere is a layer that is immediately above the mesosphere and extends from 85km 

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

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

largely influenced by solar activity. In it, UV radiation results in the creations of ions by 

photoionization of molecules (Lübken, 1999). 

 

2.2. Air Pollution 

 

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

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

various pollutants in the 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 downtime. Exposure to such 

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

respiratory disorders. In recent years studies have linked air pollution with increased mortality 

(Bang, Nguyen, Vu, Hien, & Assessment, 2018; Dockery et al., 1993) and reduced life 
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expectancy (Pope III, Ezzati, & Dockery, 2009). Persistent Organic Pollutants (POPs) are 

another category of air pollutants that are considered toxic due to their longer disintegration 

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

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

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

Ryan, & Constable, 2006). 

Air pollution continues to pose a serious environmental problem in South Asia, with 30 of the 

40 most polluted cities and 4 of the 5 most polluted countries located in this region (IQAir, 

2019). In terms of particulate exposure, Pakistan has emerged as the second most polluted 

country in the world in 2019 and has suffered estimated losses of 3.8-9.2 billion dollars and 

32000-76000 premature deaths as a result of air pollution in 2018 (Farrow et al., 2020; IQAir, 

2019).  

2.3. NO2 (Nitrogen Dioxide): A major criteria air pollutant 

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

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

on humans and the 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 

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 the rapid population growth, 

during the last few years, an upsurge in automobiles has been observed, which is considered a 

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

atmospheric in both spheres. In the stratosphere, it plays a key part in the Ozone destruction 

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

in the 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 the atmosphere. 

2.3.1. Sources of NO2 

 

Nitrogen dioxide is mostly produced due to human activities. Its higher concentrations can be 

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

urban centers. It is mainly due to fossil fuel burning, which provides conditions that favor the 

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

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

few hours. However, the transport sector is considered a major emission source of NO2 in the 

atmosphere. Whereas air traffic in the stratosphere results in its production in the stratosphere 

(Badr & Probert, 1993). Natural sources include biomass burning and agricultural practices. 

Moreover, emissions from the soil and microbial activities also contribute to NOx production 

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

in the production of NOx in the environment (Ibrahim, 2009). 

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

These radicals can oxidize nitric oxide into NO2 (eq. 3) 

CH4  + OH ~ CH3 + H2O Eq. 1 

 

CH3  + O2 + CH3O2 Eq. 2 

 

  CH3O2  + NO + NO2 + CH3O Eq. 3 
 

 

2.3.2. NO2 Chemistry in the atmosphere 
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In the troposphere, high temperature around 3000oC, which can be achieved in the total 

combustion engine and during lightning events, oxygen molecules break down into two oxygen 

atoms which are highly reactive in nature. These atoms react with nitrogen molecules and 

produce NO and NO2, referred to as NOx due to their Intercomparison in the atmosphere in the 

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

420 nm). NO can be produced by the 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 the 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. The tropospheric NOx cycle in the atmosphere is shown in Fig. 1. 

 

Figure 1:The tropospheric NOx cycle in the atmosphere 

During the daytime, the interconversion of NO and NO2 results in a Null cycle in which net 

production of the reaction is zero. Nitric oxide reacts with an ozone molecule to produce 
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nitrogen dioxide and oxygen molecules (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 an oxygen molecule to form ozone again (eq. 6). 

 
O (3P) + O2 → O3 Eq. 6 

 

However, this cycle breaks 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 

 

2.3.3. Impacts of NO2 

 

Nitrogen Oxides affect life, both aquatic and terrestrial. When Nitric oxide gets to 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 

disturbed. Due to the vehicular emissions and burning of fossil fuels in large quantities, habitat 

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

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

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

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

and skin if exposed to humans but also affects 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 the body, it starts accumulation and turns into 

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

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

into our lungs and can damage our lungs. Short-term exposure can irritate breathing but ling 

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

& Devotta, 2005). 

2.4. Ground-level Ozone (O3): A major criteria air pollutant  

Ozone is one of the most important atmospheric trace gases in the stratosphere and the 

troposphere, affecting the earth-atmosphere radiative balance and hence the climate. 90% of 

the earth’s ozone is concentrated in the ozone layer situated in the stratosphere, shielding the 

surface from the sun’s harmful UV radiations. The remaining 10%, termed tropospheric ozone, 

is one of the criteria pollutants that reside in the troposphere and has adverse impacts on human 

health and vegetation. Generated mainly from anthropogenic sources, it is the 3rd largest 

contributor to the total tropospheric radiative forcing, with a radiative forcing of 0.40 

±0.20Wm−2 (Stocker et al., 2013). Figure 2 depicts the production of ground-level ozone 

through the reactions between precursor pollutants in the presence of sunlight. 

 

Figure 2:Formation of ground-level ozone 



 

14 
 

Ozone has a very short global mean lifetime in the troposphere (∼3 weeks) compared to other 

long-lived species, with sources and sinks that vary greatly across temporal and spatial scales, 

(Lelieveld et al., 2009). Due to its shorter lifetime and varied sources, it is also not mixed well, 

resulting in large spatial and temporal variations over seasonal, annual and decadal timescales. 

These varied trends are further reinforced by its strong dependence on sunlight and precursor 

emissions, which have both natural and anthropogenic sources that can vary greatly across time 

and space, (Cooper et al., 2014). Understanding tropospheric ozone chemistry is essential as it 

is a powerful greenhouse gas and a precursor for the highly reactive hydroxyl radical, which 

determines the chemical composition of the troposphere, (Finnan et al., 1997). 

2.4.1. Sources of ground-level O3 

Photo-oxidation of CH4, CO, Non-methane hydrocarbons (NMHCs) and volatile organic 

compounds (VOCs) in the presence of a sufficient amount of NOx in the air and sunlight result 

in the production of ozone. NOx is the limiting factor in the production of tropospheric ozone, 

controlling its production and destruction, (Lin et al., 1988). The major portion of precursor 

emissions are generated from anthropogenic sources such as vehicular emissions and industrial 

emissions, (Cooper et al., 2014), however natural emissions of precursor compounds also play 

a significant role in regulating ozone concentrations, especially in rural areas where 

anthropogenic sources are largely absent. Some natural sources of ozone precursors include 

soil NOx emissions, lightning NOx emissions, biogenic VOC (BVOC) emissions, wildfire 

emissions and wetland methane emissions, (Lu et al., 2019b). 

Microbial activity in soil accounts for 10-15% of all global NOx emissions, (Hudman et al., 

2012). It is dependent on the availability of inorganic nitrogen, type of vegetation and climatic 

conditions such as temperature and moisture, (Vinken et al., 2014). A study of European forests 

found soil temperature and moisture to be responsible for 74% of the observed variations in 

soil NOx emissions, (Schindlbacher et al., 2004). Soil NOx emissions increase exponentially 
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with soil temperature until 30°C, above which water becomes the limiting factor. High soil 

moisture reduces oxygen in the soil, increasing de-nitrification and reducing NOx production, 

(Yan et al., 2005).  

Daily NO2 observations made by OMI satellite during the summer monsoon season in three 

remote rural locations in India recorded rapid and intense bursts of NOx emissions, caused by 

sudden shifts from dry to wet conditions, (Ghude et al., 2010). Bursts of NOx emissions were 

also observed over a 2 million hectare agricultural region in Montana through SCIAMACHY 

observations in the USA, following fertilizer application and subsequent precipitation, 

(Bertram et al., 2005). 

The energy produced by lightning flashes dissociates and converts atmospheric N2 molecules 

into NOx, accounting for an estimated 2 to 8 Tg N/yr, (Murray et al., 2012). Lightning NOx 

emissions make a significant contribution (10ppbv) to the upper tropospheric ozone, (Hudman 

et al., 2007) where ozone production is most efficient, and ozone has a longer lifetime, 

(Banerjee et al., 2014). Model projections over 169 Chinese cities in 2016 and 2017 (the 2 years 

with highest surface ozone) were made using the GEOS-Chem chemical transport model to 

discover contributions of anthropogenic, background and individual natural sources to surface 

ozone. Large contributions from natural sources (80% in March-April and 72% in May-

August) were discovered, among them, lightning NOx emissions and ozone transport from the 

stratosphere both lead to ozone enhancements of over 20 ppbv in western China during March-

April. Biogenic volatile organic compound (BVOC) emissions were discovered to enhance 

MDA8 ozone by more than 15 ppbv in eastern China during July-August, (Lu et al., 2019a).  

Biogenic VOCs are important ozone precursors, generated during photosynthesis and vary 

greatly across plant species. Field and laboratory observations show an exponential rise in 

biogenic isoprene and monoterpene emissions with rising temperature, (Guenther et al., 2006), 

determining temperature as the limiting factor. The exponential rise of BVOC emissions with 
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temperature also drives the positive ozone-temperature correlation found over urban areas 

where NOx levels are high, (Lu et al., 2019a). Wildfires release large amounts of ozone 

precursor gases (CO, NOx and VOCs) and produce roughly 3.5% of the total ozone produced 

annually, (Jaffe and Wigder, 2012). Combustion efficiency plays a significant role in 

determining the secondary emissions from a wildfire event. Flaming combustions resulting 

from high temperatures support high combustion efficiency, causing stronger oxidation of fuel 

nitrogen compounds, leading to higher NOx emissions and ultimately higher ozone production. 

Whereas smoldering combustions resulting from cooler conditions release higher levels of 

reduced nitrogen compounds such as NH3 which are not favorable for ozone production, (Jaffe 

and Wigder, 2012). Smoldering wildfires however cause ozone enhancement downwind as the 

low temperatures convert NOx to PAN which can travel significant distances away from the 

burning sites, (Alvarado et al., 2010)  

2.4.2. Chemistry of O3 

Chemistry of Ozone depends upon various factors: 

2.4.2.1. Clouds: 

Clouds strongly impact the photochemical processes in the lower half of the troposphere. Water 

vapor saturation in the air prevents penetration of reaction-initiating sunlight. Aqueous-phase 

processes reduce the gas-phase concentration of precursor chemicals and produce ozone-

depleting compounds, (Jonson and Isaksen, 1993). Formaldehyde (CH2O) is a major 

intermediate gas in the oxidation of various hydrocarbons (e.g., ethene, isoprene, and methane) 

released by forests, biomass burning, traffic and industrial processes. CH2O breaks down at an 

accelerated rate in the aqueous phase, creating oxidation products that react with ozone, acting 

as a significant sink. Furthermore, cloud processing of nitrates depletes NO2, the limiting factor 

for the production of tropospheric ozone, (Lelieveld and Crutzen, 1991). 

2.4.2.2. Seasons: 
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The onset of summer monsoon causes a decline in tropospheric ozone over southeast Asia from 

May to August, observed through satellite and ground observations, (Safieddine et al., 2015). 

Cleaner marine air input and stronger air uplift during the wet monsoon, (Sahu et al., 2014) and 

the cloudy, cool and wet weather conditions cause a drop in ozone chemical production, (Ojha 

et al., 2012). Quantification of constituent processes across the Indian lower troposphere from 

May to August showed a 4.2 Tg decrease in chemical ozone production and uplifting of 3.3 Tg 

ozone (due to strong convection); leading to significant decreases in the Indian lower 

tropospheric ozone during the monsoon months, (Lu et al., 2018). The uplifted ozone is 

transported by the easterly jet in the upper troposphere to the rest of the globe, impacting global 

tropospheric ozone distribution, (Lelieveld et al., 2018). Differences in the strength of the 

monsoon system can cause variations of as much as 3.4 ppbv, (Lu et al., 2018). A similar 

negative correlation between ozone levels and monsoon strengths has been found at Pacific 

Ocean sites near the Asian continent, (Hou et al., 2015). The outflow of ozone to the East China 

Sea during stronger East Asian summer monsoons has been shown to increase surface ozone 

concentrations over central and western China, (Yang et al., 2014).  

2.4.2.3. Temperature: 

A 3°K rise in temperature increases biogenic isoprene emissions by 6-31%, in turn increasing 

surface ozone by more than 2 ppbv in northern mid-latitudes, (Doherty et al., 2013). The 

enhanced isoprene levels also lead to the production of more peroxyacetyl nitrate, PAN (a NOx 

reservoir compound), which can travel long distances and produce ozone downwind, (Fiore et 

al., 2012). Models project a significant rise in BVOC emissions as the result of global warming, 

resulting in higher tropospheric ozone concentrations, (Unger et al., 2006). Rising temperatures 

and dry weather conditions due to global warming have been conclusively linked with an 

increase in intensity and frequency of wildfires in the western US since 1970, (Westerling et 

al., 2006). Large wildfire events occur more frequently with a rise in temperature and solar 
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radiation, and with decreasing humidity and wind speed, with four times as many large wildfire 

events as small wildfire events at temperatures above 30°C, (Lu et al., 2016). 

2.4.2.4. Meteorology: 

Meteorology impacts tropospheric ozone production by regulating the efficiency of deposition 

of various precursor and intermediate substances such as PAN (Peroxyacetyl Nitrate), HOx 

(water vapor) and dry deposition of tropospheric ozone, (Lu et al., 2019b). PAN is generated 

through the oxidation of acetaldehyde in the hydrocarbon-rich environment using NOx as a 

catalyst, (Brasseur and Jacob, 2017). The formation process of PAN serves as a sink for both 

NOx and peroxy radicals, reducing ozone production in and around the region. It acts as a NOx 

reservoir compound, traveling across the colder higher troposphere, transporting NOx from 

highly polluted regions and fire spots to remote regions where it reacts with other precursors 

in the presence of sunlight to produce ozone, (Alvarado et al., 2010) (Fischer et al., 2014). 

Rising global temperatures are projected to cause rapid PAN decomposition, increasing ozone 

production in polluted regions and reducing it in remote regions as transport of PAN (through 

colder higher troposphere) will no longer be dominant, (Doherty et al., 2013) 

Atmospheric water vapor content is essential to ozone photochemistry especially in remote 

areas where NOx levels are low and ozone removal by HOx is effective, generating significant 

negative correlations between ozone column densities and relative humidity, (Lu et al., 2016). 

In polluted regions where NOx levels are relatively high, water vapor has competing effects on 

ozone production. Hydroxyl radical (OH) oxidizes CO and hydrocarbons and activates ozone 

production, while simultaneously terminating ozone formation by converting NO2 to nitric acid 

(HNO3), (Banerjee et al., 2016). Globally, the increasing temperature would lead to more 

evaporation and evapotranspiration, increasing the water vapor content of the air and leading 

to a decline in tropospheric ozone burden, (Von Schneidemesser et al., 2015). 

2.4.2.5. Deposition: 
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Dry deposition on vegetation acts as a sink for 20% of total annual tropospheric ozone, (Fowler 

et al., 2008). Dry deposition occurs mostly through stomatal uptake on leaf surfaces and is 

dependent on climatic factors such as light, temperature, soil moisture and humidity, (Hardacre 

et al., 2015). Adverse weather conditions such as drought and high air or soil temperatures 

suppress stomatal uptake to protect against desiccation, increasing ozone levels in semi-arid 

regions as well as high latitude regions on hot dry days, (Anav et al., 2018). The remaining 

portion of dry deposition is attributed to non-stomatal ozone deposition i.e. the thermal 

decomposition of ozone with external surfaces including soil and canopy; and is also dependent 

on temperature and solar radiation, (Monks et al., 2015). Projections of future surface ozone 

over Europe using chemistry transport models (CTMs) have predicted increased ozone dry 

deposition during winter due to reduced snow cover, whereas in summer, changes in soil 

moisture, temperature and air stability will suppress ozone dry deposition, leading to a 6 ppbv 

rise in ozone over Europe. The relatively weaker process of dry deposition accounts for more 

than 60% of the total ozone enhancements, making it a key player in climate-induced future 

ozone changes, (Andersson and Engardt, 2010). 

Due to lifetimes reaching several weeks up to months, ozone and its precursor's compounds 

travel across large distances from polluted regions to pristine areas where little to no 

anthropogenic emissions are present, (Young et al., 2013).  

2.4.3. Impacts of ground-level O3 

Ozone is a very strong oxidizing agent, contributing enormously to the oxidative capacity of 

the atmosphere (Monks, 2005). Ozone plays a major role in atmospheric chemistry by 

dominating the formation of hydroxyl radical, which in turn impacts the lifetimes of various 

trace gases such as methane and hydro-chlorofluorocarbons (HCFC) (Finlayson-Pitts and Pitts, 

1993). The biological effect of ozone is attributed to its stability to cause oxidation of 

biomolecules, directly as well as through various free radical reactions (Mustafa, 1990). It is 
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the major constituent of photochemical smog and causes various health impacts in plants and 

humans, resulting in its status as one of the criteria air pollutants. 

The oxidative potential of ozone initiates various reactions in the human body, including lipid 

peroxidation and loss of functional groups of enzymes, alteration of membrane permeability, 

and cell injury or death. The most pervasive impacts are in the form of various lung injuries. 

Injury to ciliated cells in the airways and the type 1 epithelial cells in the alveolar region have 

been attributed to acute exposure to O3. The most evident proof of damage is seen as a loss of 

cells and accumulation of inflammatory cells at the junction of terminal bronchioles and 

alveolar ducts. The human body rebounds from short-term exposure through the initiation of a 

recovery phase, where cell damage and loss of enzyme activity during exposure is followed by 

increased metabolic activities, coinciding with a proliferation of metabolically active cells. 

Chronic exposure to ozone on the other hand can exacerbate lung diseases and increase the 

chances of lung tumors in susceptible populations. Besides the impacts on the lungs, ozone 

exposure also causes extra-pulmonary effects involving the blood, spleen, central nervous 

system, and other organs. O3 may also act in synergy with other air pollutants in photochemical 

smog such as NO2 to produce enhanced effects. The major pathway of resistance against ozone 

poisoning is an increase in uptake of dietary antioxidants such as vitamin E, vitamin C, and 

selenium (Mustafa, 1990). 

Tropospheric O3 is highly phytotoxic, causing both acute (symptomatic) and chronic (changes 

in growth, yield or productivity and quality) impacts, the latter being an increasingly prevalent 

problem in both crops and forests (Krupa and Manning, 1988). Tropospheric ozone reduces 

vegetative productivity (Ainsworth et al., 2012). As the precursors of ozone, NO2 and VOCs 

are also generated from natural sources such as lightning and specialized vegetation. The 

problem of ozone is not limited to cities or polluted places. Ozone has been recognized as the 

most important rural air pollutant, affecting human health as well as the vegetation of all kinds 
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(Ashmore, 2005).  

The concentration of O3 in the air and stomatal conductance determine the rate of O3 uptake. 

When stomata are open, O3 can gain access to the interior of leaves, where it reacts with lipid 

and protein components of cell walls and plasma membranes, leading to the formation of 

aldehydes, peroxides and assorted reactive oxygen species. These products can then activate 

various transduction pathways for defense responses: stomatal closure, production of 

antioxidants such as ascorbate, phenolics and isoprenoids; and programmed cell death 

(Lindroth, 2010).  

2.5. Measurement Techniques 

 

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

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

and accuracy. Several techniques are there that are being used to measure trace gas 

concentrations in ambient air. 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 to the 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 a 

differential method. 
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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 species is 

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

concentration of that species which is then measured by spectrophotometer. It is a sensitive 

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 unstable. One major limitation 

of this method is the unavailability of facilities in the field and remote areas. Many 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 

ambient air quality. High sensitivity, cheaper price and longer sample retention time make these 

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

reduction of gasses between electrodes, dipped in an electrolyte.  

2.5.4. Passive Samplers 

For several years, the passive sampling method is being used for monitoring air pollutants. In 

this technique, Plastic bags and membranes are deployed and employed at the site. By the 

process of diffusion, gas is diffused in a precise amount in the passive sampler which is 

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

2.5.5. Satellite Remote Sensing 
 

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

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

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

& Niemeier, 2005; Van Der A et al., 2008). In the 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 the 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 the stratosphere and by Hausmann and Platt, 1994 in the 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, many 

other trace gases 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 an artificial light 

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

light sources i.e., extraterrestrial light sources.  
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Chapter 3 

INSTRUMENTATION AND METHODOLOGY 

3.1. Mini Max-DOAS Instrument: 

 
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 many trace gases, at a time, in a visible and Ultra-Violet Spectral range 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 a 

spectral resolution of 0.7 nm records the scattered light of absorption spectra between 320-460 

nm. The stepper motor, installed in it, is used to move the entire instrument to achieve desired 

elevation angle. Scattered light enters the instrument via a lens that is tightly sealed to avoid 

any condensation of water vapors and prevent dust particles to damage the interior optics. The 

instrument is shown in Fig. 3. 

 

Figure 3:Mini MAX-DOAS instrument 
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3.1.1. Working Principle: 
 

Lambert-Beer law is the 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. It is presented in Eq. (8) 

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 is observed and the reference spectrum. 

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

considers specific cross sections and by using spectra of desired gases, differential slant 

column densities (dSCDs) can be retrieved. DOAS technique is used for the retrieval of trace 

gases in the atmosphere. 

Differential Optical Absorption Spectroscopy Intelligent System (DOASIS) is used to run the Mini 

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 JavaScript 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. 

A dark current is a small current that is monitored for photosensitive devices like spectrometer. 

For its measurement, large Tini (Exposure/integration time) and fewer scans are selected. 

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

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

measuring offset spectra as shown in Table 1. 
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Table 1:Values usually used for Dark Current and Offset measurement 

Parameter Integration/Exposure 

time(milliseconds) 

Scan numbers 

Dark Current        10000       01 

Offset           100             1000 

 

3.2. Windows Differential Optical Absorption Spectroscopy (WinDOAS): 
 

3.2.1. Wavelength Calibration: 
 

For wavelength calibration, WinDOAS (Windows Differential optical absorption 

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

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

and a convoluted spectrum. Meanwhile, the 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 (sub windows= 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 was 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. 

 

3.2.2. Wavelength Convolution: 
 

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

mathematical process that is important for wavelength processing operations. 

3.3. NO2 analysis: 
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This is performed in QDOAS software. The selected NO2 analysis window was 409 nm to 445 

nm. The wavelength range was chosen because of the lowest possible residual errors and DOAS 

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

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

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

& Volkamer, 2013), H2O (Rothman & Transfer, 2010) and Ring were used. A 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 where the files wanted to be stored the analysis was performed on all measured 

spectra and NO2 dSCDs and results were obtained in an ASCII file. NO2 Analysis window in 

QDOAS, showing fitting interval used for Nitrogen dioxide is presented in Fig. 4 

   

Figure 4:NO2 Analysis window in QDOAS, showing fitting interval used for Nitrogen Dioxide 

3.4. O3 Analysis: 

The cross-sections of different trace gases used in the convolution process with their convolution 

specifications and analysis windows for O3 analysis are listed in Table 2. “Standard convolution” 

(Convolve Std) tool is used to convolute the cross-sections with the highest resolution. Slit function type 
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Gaussian (FWHM = 0.7 nm) and standard calibration are used. The “I0 correction” (Convolve I0) tool is 

used to evaluate the optical depth in convolution (Schreier et al., 2015). Analysis window in QDOAS 

showing fitting interval used for Ozone is presented in Fig. 5. 

Table 2:Cross-sections of different trace gases with their convolution specifications 

 

Parameter O3 settings for DOAS fit 

         Fitting window 320-341nm 

TO3 TO3_223K_SDY 

TO3A TO3A_293K_SDY 

PO3B PO3B_SDY_Pukite1 

PO3D PO3D_SDY_Pukite2 

O4 O4_Hermans 

HCHO HCHO_297K_Meller 

NO2 NO2_298K_VanDaele 

BrO BrO_223K_Fleischmann 

Polynomial Order 4th polynomial order: Calibration based on Fraunhofer lines of 

Kurucz solar spectrum (Kurucz, 1984) 

Ring Ring (4th polynomial order was used for spectral fitting, calculated 

based on Kurucz solar atlas) 

Intensity Offset No 

 

 

 

Figure 5:O3 Analysis window in QDOAS, showing fitting interval used for Ozone 

3.5. Air Mass Factor and VCD Calculation using MS Excel: 
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Microsoft Excel was used in this study to calculate VCDs by using geometric air mass factor 

application. AMF is a 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 column 

densities). Air mass factor (AMF) is usually calculated using the radiative transfer model but in this 

study, AMF was estimated using the 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 a 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 

 

3.6. Conventional Analyzer’s 

3.6.1. NOx analyzer: 
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APNA-370 was used in this study for in situ NO2 measurements. It uses the chemiluminescence 

technique as its working principle. This instrument continuously monitored the concentrations of 

NO2 in the atmosphere. When ozone is added to the sample gas having nitrogen oxide, a part of 

nitrogen monoxide in the sample is oxidized to nitrogen dioxide and some of the generated NO2 

is excited (NO2*), which emits light in the de-excitation state. This light emission phenomena is 

called chemiluminescence. 

NO ＋ O3 → NO2* ＋ O2           Eq.15 

NO2* ＋ NO2 ＋ hv          Eq.16 

This reaction is very fast and involves only NO, affected little by the various other coexistent 

gases. When the NO amount is low, the light intensity is in proportion to its concentration. The 

method using this reaction to monitor NO concentration is called chemiluminescence method. 

In APNA-370, the sampled gas is divided into two flow streams: one is used for NOx (NO ＋ 

NO2) measurement by reducing NO2 to NO with a NOx converter; the second is used for NO n 

measurement directly. These sample gases are switched to the NOx, NO, and reference gas lines 

each 0.5 s with valves (solenoid), and are sent to the reaction chamber in turn. While, the open 

air is separately sucked by the air filter that is dried by a self-reproducing type silica gel dryer, 

and used to generate ozone in an ozonizer. Then, the produced ozone is sent to the reaction 

chamber. In the reaction chamber, the sample and ozone react, and the light emission observed 

in the reaction is detected by the photodiode. This instrument measures NO, NO2, NOx 

concentrations from the outputs obtained by the photodiode, which are proportional to the NOx 

and NO values, and outputs the results as continuous signals. The instrument is shown in Fig. 6. 
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Figure 6:NOx analyzer 

3.6.2. Ozone (O3) analyzer: 

The APOA-370 is an ambient ozone (O3) monitor. This instrument uses the non-dispersive 

ultraviolet absorption (NDUV) method as its operating principle. This monitor continuously 

monitored the values of O3 in the atmosphere for the study period. The ultraviolet absorption 

method is based on ozone's characteristic of absorbing ultraviolet rays of a specific wavelength. 

In this method, the sample gas which has passed through the filter is divided into two flow paths. 

The sample gas in one path is introduced to the deozonizer, where its ozone is eliminated, and 

then sent to the cell as “reference gas.” The sample gas in the second path is sent to the cell 

directly, as “sample gas,” by switching a solenoid valve. The measurement cell is exposed to 

direct radiation by a low-pressure mercury lamp which produces ultraviolet rays with a central 

wavelength of 253.7 nm, and a detector, which involving a photodiode and electric system to 

obtain electric signals, measures ultraviolet absorption by ozone. The “sample gas” and the 

“reference gas” are sent to the cell alternately, switched by 1 Hz with the solenoid valve. The 

difference in ozone content between the reference gas and the sample gas can be obtained from 

the difference in the measured ultraviolet absorption. The instrument is shown in Fig. 7. 
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Figure 7:O3 analyzer 

3.7. Calculation of Vertical Mixing Ratios: 

Vertical mixing ratios were calculated from VCDs of NO2 and O3. VCDs obtained in molec/cm2
 

were converted to  molec/cm3  at a specific altitude by using Eq. (17).   

VCDh = VCD/100 x h           Eq. 17 

Where VCDh are VCDs at a specific altitude and  h is the height/altitude in atmosphere. Then air 

density (ρair) was calculated through Eq. (18)  

ρair = (Ph/Ma) x n           Eq. 18 

Where Ph is atmospheric pressure at specific height, M is molecular weight of air and n is number of 

moles. Then air density was converted to molec/cm3 by using Eq. (19) 

ρair1 = ρair /106           Eq. 19 

The specific gas to air ratio/VMR was found using Eq. (20) 

VMR = VCDh / ρair1          Eq. 20 

Finally, the VMRs in ppbv for a particular gas was calculated by Eq. (21) 

VMRs = VMR x 109           Eq. 21 

The overall calculation is shown in Fig. 8. 
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Figure 8:Calculation of vertical mixing ratios 

3.8. Comparison of ground-level measurements with satellite observations: 
 

Tropospheric monitoring instrument (TROPOMI) and Ozone monitoring instrument (OMI) 

observations were used for the validation of satellite observations and comparison with ground-

level measurements. Google Earth Engine was used to extract values of TROPOMI while 

GIOVANNI was used to get OMI measurements at the study site (33.6479° N, 72.9896° E). 

The ground-based MAX-DOAS and Conventional analyzers were mounted at the same 

coordinates. Both ground-level values and Satellite observations were compared for validation 

purposes.  

3.9. Error Analysis: 

Error analysis between the measurements of various instruments was performed by finding the 

root mean square error (RMSE) and the mean absolute error (MAE) given by Eqs. (22) and (23), 

respectively. 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑ (𝑋(𝐴)𝑖 − 𝑋(𝑀 𝑜𝑟 𝑆)𝑖)

2𝑛
𝑖=1        (22) 

𝑀𝐴𝐸 =  
1

𝑛
∑ |𝑋(𝐴)𝑖 − 𝑋(𝑀 𝑜𝑟 𝑆)𝑖|

𝑛
𝑖=1               (23) 

where n is the number of observations and XA is for analyzer values and XM or S shows MAX-
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DOAS or satellite values in either case for which the analysis is being performed. Besides 

computing differences in averages, overestimation or underestimation of values by instruments 

can be quantified by calculating the mean bias (MB), which is given by Eq. (24): 

𝑀𝐵 =  
1

𝑛
∑ (𝑋(𝐴)𝑖 − 𝑋(𝑀 𝑜𝑟 𝑆)𝑖)

𝑛
𝑖=1        (24) 

where again n is the number of observations and XA is for analyzer values and XM or S shows 

MAX-DOAS or satellite values in either case for which the analysis is being performed 

3.10. Software used for Research Work: 

 
The estimation and plotting of trace gasses required the use of various software as 

presented in Table 3: 

Table 3:The software’s used in this study 

Sr. No. Software Purpose 

1 
Differential Optical Absorption 

Spectroscopy Intelligent System (DOASIS) 

Operating Software for Max-DOAS 

and measurement of backscatter 

intensities 

2 
Windows Differential Optical Absorption 

Spectroscopy (WinDOAS) 
For Convolution and Calibration 

3 QDOAS 
Analysis of UV-visible Spectra to 

retrieve dSCDs 

4 Google Earth Engine For retrieval of TROPOMI data 

5 GIOVANNI For retrieval of OMI data 

6 Python For retrieval of Boundary layer height 

7 Microsoft Excel (v 2019) 
Mathematical Calculations for 

tropospheric VCD extraction and 

Graphical representations 
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Chapter 4 

RESULTS AND DISCUSSION 

4.1. Retrieval of ground-level NO2 and O3 by various methods: 

MAX-DOAS, OMI and TROPOMI ground level NO2 measurements from September 2015 to 

September 2019 are shown in Fig. 9. It shows that most of the daily NO2 measurements are 

higher during the winter season while values are lower during the summer season. This is mainly 

because of the meteorological conditions as during winter there is restricted movement and 

convection of atmospheric pollutants while there is no such atmospheric condition exists during 

summer and more convection and free movements of atmospheric pollutants occur. Relative 

change of the measurements for this time series shows overall decreasing trend with 26.67, 40 

and 12 % for MAX-DOAS, TROPOMI and OMI respectively.   

 

Figure 9:MAX-DOAS, OMI and TROPOMI ground level NO2 measurements from September 

2015 to September 2019 

Figure 10 shows the hourly Diurnal of MAX-DOAS NO2 measurements (6am-6pm) for the study 
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period. The concentrations shown an increasing trend during early hours of the day with a 

subsequent decrease in later part of the day. The 24-hourly Diurnal cycle of in situ NO2 

measurements is presented in Fig. 11. It shows higher concentrations during night hours with a 

decreasing trend from early to later part of the day. The minimum value is observed around 3 

PM While maximum around 10 pm 

 

Figure 10:Hourly Diurnal of MAX-DOAS NO2 measurements for the study period 

 

Figure 11:Hourly Diurnal of in situ NO2 measurements for the study period 

Figure 12 shows the MAX-DOAS Tropospheric O3 measurements from March 2015-March 

2019. It shows that highest values were observed during the warmer months, corresponding to 
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the observed columns of ozone. Figure 13 shows the hourly Diurnal of in situ O3 measurements 

(6am-6pm). The 24-hourly Diurnal of in situ O3 measurements for the study period is shown in 

Fig. 14. The values were lower during night and early part of the day with an increasing trend as 

the day progresses and then again it shows decreasing trend towards the end of the day. Figure 

15 depicts the 24-hourly trend of NO2 and O3 in comparison. Both have shown opposite trend as 

NO2 is a precursor of Ozone formation in the presence of VOCs and sunlight. Therefore, during 

hours of strong sunlight a dip in NO2 values while a rise in O3 concentrations is observed. The 

Pearson correlation also showed a strong opposite relation with r = -0.88. 

 

Figure 12:MAX-DOAS O3 Tropospheric measurements from March 2015-March 2019 

 

Figure 13:Hourly Diurnal of MAX-DOAS O3 measurements for the study period 

Relative change (2015 – 2019) = 9.52% decrease 
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Figure 14:Hourly Diurnal of in situ O3 measurements for the study period 

 

Figure 15:Comparison of Hourly Diurnal of in situ NO2 and O3 measurements for the study period 

The vertical mixing ratios (ppbv) were obtained from the retrieved ground-level NO2 by MAX-

DOAS for the study period. The NO2 measurements for the same period were also measured by 

the conventional analyzer. The values obtained from both instruments were compared for 

validation purposes. 

4.2. Validation of ground-based and satellite instruments  

The vertical mixing ratios (ppbv) were obtained from the retrieved ground-level NO2 by MAX-

DOAS for the study period. The NO2 measurements for the same period were also measured by 

r = -0.88 
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the conventional analyzer. The values obtained from both instruments were compared for 

validation purposes. 

4.2.1. Comparison of daily in situ measurements and MAX-DOAS vertical 

mixing ratios (VMRs) 

The comparison of daily in situ measurements and MAX-DOAS vertical mixing ratios (VMRs) is 

presented in Fig. 16 and 17. Figure 16 shows a comparison between a daily average of MAX-DOAS NO2 

VMRs at 650 m an altitude (an average BLH) and in situ NO2 measurements. The NO2 concentrations 

have shown a similar trend for both MAX-DOAS and conventional analyzer. The NO2 VMRs at an 

average BLH have shown higher values than the conventional analyzer. Further, to check the effective 

mixing height of NO2, the comparison of a daily average of MAX-DOAS NO2 VMRs at 300 m altitude 

and in situ NO2 measurements is shown in Fig. 17. It also depicts a similar trend of NO2 for both 

instruments but the values are synchronized with each other. Zhang et al. (2016) observed an altitude 

of 300 m as a reliable height in the boundary layer for well mixing of NO2 and found decreasing 

trend from 300 m to the average BLH. Furthermore, NO2 is a short-lived pollutant having a 

closely aligned distribution with combustion sources i.e., fossil fuels (Crawford et al., 2016). 

 

Figure 16:Comparison of a daily average of MAX-DOAS NO2 VMRs at 650 m (average BLH) 

and in situ NO2 measurements 
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Figure 17:Comparison of a daily average of MAX-DOAS NO2 VMRs at 300 m and in situ NO2 

measurements 

4.2.2. Error analysis 

Root mean square error (RMSE), Mean average error (MAE) and Mean Bias (MB) were 

calculated as part of the error analysis for checking the synchronization of NO2 mixing ratios at 

an average BLH and 300 m altitude with the conventional analyzer. RMSE, MAE and MB 

between in situ measurements and MAX-DOAS VMRs at average BLH and 300 m altitude are 

presented in Fig. 18. It shows that RMSE between in situ measurements and MAX-DOAS VMRs 

at an altitude of 300 m is 4.36 ppb while it is 7.79 ppb for VMRs of an average BLH. Figure 18 

also shows MAE between in situ measurements and MAX-DOAS VMRs at an altitude of 300 

m which is 3.47 ppb while it is 6.93 ppb for VMRs of an average BLH. MB is also presented in 

Fig. 18 between in situ measurements and MAX-DOAS VMRs at an altitude of 300 m which is 

-0.72 ppb while it is 6.92 ppb for VMRs of an average BLH. Here, the negative sign indicates 

that NO2 VMRs were underestimated by MAX-DOAS at an altitude of 300 m. All the error 

analysis supports that the NO2 values of in situ measurements and MAX-DOAS VMRs at an 

altitude of 300 m from the study site are more synchronized with each other than VMRs of MAX-
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DOAS at an average BLH for this season. It is pertinent to note that an altitude of 300 m at the 

study site for this season is an effective mixing height of NO2.  

 

Figure 18:RMSE, MAE and MB between MAX-DOAS VMRs and in situ measurements 

4.2.3. Regression analysis: 

Furthermore, the linear regression analysis was performed to check the correlation between the 

two instruments. A linear correlation plot was drawn between in situ measurements and MAX-

DOAS VMRs as shown in Fig. 19. The data from both instruments have shown a good positive 

correlation with R2 = 0.53 (r = 0.73) which depicts a good agreement between MAX-DOAS and 

conventional analyzer for NO2 measurements. 

 

Figure 19:MAX-DOAS NO2 VMRs vs in situ NO2 measurements 
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4.2.4. Retrieval of ground-level O3 by MAX-DOAS and its validation with 

Conventional analyzer 

The validation of ground-level O3 VMRs by MAX-DOAS with O3 measurements of Conventional 

analyzer was investigated. Figure 20 shows comparison of MAX-DOAS O3 VMRs at 650 m (average 

BLH) and in situ O3 measurements. It was found that Mini MAX-DOAS was not been able to 

differentiate between tropospheric and stratospheric O3 concentrations due to its sensitivity 

constraints for ground-level O3. It is mainly because of the concentration of O3 in the stratosphere is 

normally about 1 order of magnitude higher than that in the troposphere. Therefore, the retrieval of 

ground-level O3 from MAX-DOAS observations is still a challenge due to interference of the 

stratospheric O3 absorption (Hendrick et al., 2011). 

 
 

Figure 20:Comparison of MAX-DOAS O3 VMRs at 650 m (average BLH) and in situ O3 

measurements 

 

4.2.5. Comparison of ground-level measurements with satellite observations 
 

Ground-based NO2 values were compared with TROPOMI (having a resolution of 7 x 3.5 km) and OMI 

(having a resolution of 13 x 24 km) measurements for validation of satellite observations. The ground-

based measurements were averaged for one hour time period from 1300-1400 hours local time (UTC 
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0800-0900 hours) as the satellite (TROPOMI and OMI) overpass time in the study area is around 1330 

hours local time (UTC 0830 hours). Figure 21 shows the comparison of MAX-DOAS, TROPOMI and 

OMI NO2 VMRs at an altitude of 650 m (an average BLH) and in situ NO2 measurements. The NO2 

concentrations have shown a similar trend for both ground-based measurements and satellite observations 

but quantitatively they have shown less agreement. Further, the Comparison of MAX-DOAS, TROPOMI 

and OMI NO2 VMRs at an altitude of 300 m and in situ measurements is shown in Fig. 22. It depicts a 

similar trend of NO2 measurements but quantitatively a better agreement is observed among various 

instruments for this altitude. Zhang et al. (2016) observed an altitude of 300 m as a reliable height 

in the boundary layer for well mixing of NO2 and found decreasing trend from 300 m to the 

average BLH. Furthermore, NO2 is a short-lived pollutant having a closely aligned distribution 

with combustion sources i.e., fossil fuels (Crawford et al., 2016).  

 

Figure 21:Comparison of MAX-DOAS, TROPOMI and OMI NO2 VMRs at 650 m (average 

BLH) and in situ measurements 
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Figure 22:Comparison of MAX-DOAS, TROPOMI and OMI NO2 VMRs at 300 m and in situ 

measurements 

Figure 23 represents the Instruments sensitivity and various atmospheric divisions. In 

Troposphere, the average BLH for the study period is 650 m while the effective NO2 mixing height 

is 300 m. The in-situ measurements are representatives up to 5m while MAX-DOAS visibility 

range is up to 5-7 km in Troposphere.  It is important to note that the satellite measurements are 

columnar observations and they are sensitive to variations in boundary layer height and challenged 

in their sensitivity to changes in ground-based measurements. Vertical profiles of NO2 and O3 by 

Zhang et al. 2016 are presented in Fig. 24.  NO2 profiles are mainly within the BLH which shows 

that it is a short-lived pollutant having a closely aligned distribution with its sources i.e., fossil 

fuels. While O3 profiles shown relatively more vertical distribution. 

 

Figure 23:Instruments sensitivity in various atmospheric divisions 
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Figure 24:Vertical profiles of NO2 and O3 (adopted from Zhang et al. 2016)  

4.2.6. Error analysis 

Error analysis was performed to check the better agreement among ground-based measurements and 

satellite observations for different altitudes i.e., at 300 m and 650 m (an average BLH). The in situ 

measurements and TROPOMI VMRs were identified for this analysis as being an independent NO2 

measurement technique, these two have shown a better and improved agreement identified by linear 

regression analysis i.e., r = 0.72. Root mean square error (RMSE), Mean average error (MAE) and Mean 

Bias (MB) were calculated as part of the error analysis. RMSE, MAE and MB between ground-based in 

situ measurements and satellite VMRs at 300 m altitude and average BLH are presented in Fig. 25. It shows 

that RMSE between ground measurements and satellite VMRs at 300 is 2.97 ppb while it is 5.74 ppb for 

VMRs for an average BLH. Figure 25 also shows MAE between ground measurements and satellite VMRs 

at an altitude of 300 m that is 2.45 ppb while it is 4.98 ppb for VMRs for an average BLH. Mean bias (MB) 

is also presented in Fig. 25 between ground measurements and satellite VMRs at an altitude of 300 m that 

is 0.60 ppb while it is 4.98 ppb for VMRs for an average BLH. Again, analysis supports that the NO2 values 

of ground measurements and satellite VMRs at an altitude of 300 m from the study site are more 

synchronized than satellite VMRs at an average BLH for this season.  
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Figure 25:Comparison of RMSE, MAE and MB between in situ measurements and Satellite 

VMRs 

4.2.7.  Regression analysis 

Furthermore, the linear regression analysis was performed to check the correlation between values of 

conventional analyzer and satellite VMRs. The same was performed for VMRs of ground-based MAX-

DOAS and satellite VMRs. A linear correlation plot has been shown in Fig. 26 between the conventional 

analyzer and satellite VMRs. The data from both instruments have shown a good positive correlation with 

R2 = 0.52 (r = 0.72) which depicts a good agreement between the two instruments. The linear correlation 

plot presented in Fig. 27 shows a correlation between MAX-DOAS and satellite VMRs. The data from 

these instruments have also shown a good positive correlation with R2 = 0.74 (r = 0.86) which depicts a 

good agreement between MAX-DOAS and satellite VMRs. It is pertinent to note that these two have shown 

an improved correlation mainly because ground-based MAX-DOAS and satellite (TROPOMI) are using 

the same technique i.e., DOASIS for the retrieval of NO2 values. Furthermore, the linear regression of in 

situ measurements vs OMI VMRs, MAX-DOAS VMRs vs OMI VMRs and TROPOMI VMRs vs OMI 

VMRs is presented in Fig. 28, 29 and 30 respectively. The in situ measurements and OMI VMRs have 

shown a moderate correlation with R2 = 0.30 (r = 0.54). It is mainly because of the coarse resolution and a 

larger pixel size of OMI i.e., 13 x 24 km. It could be also partially because two instruments are using 

independent NO2 measurement techniques. Mini MAX-DOAS VMRs and OMI VMRs have shown a strong 

positive correlation with R2 = 0.50 (r = 0.70). Furthermore, the TROPOMI VMRs and OMI VMRs have 
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also shown a strong positive correlation with R2 = 0.51 (r = 0.71).  

 
 

Figure 26:In situ measurements vs TROPOMI VMRs 

 

 

Figure 27:MAX-DOAS vs TROPOMI VMRs 

 

Figure 28:In situ vs OMI VMRs 
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Figure 29:MAX-DOAS VMRs vs OMI VMRs 

 

 

Figure 30:TROPOMI VMRs vs OMI VMRs 

4.2.8. Validation outcomes 

The validation outcomes showed that NO2 is a good candidate for validation while O3 is not a 

good candidate for validation. In order to have appropriate validation, one should keep in mind 

following aspects: 

1. The sensitivity of each instrument 

2. Vertical profile of target specie 

3. Role of BLH and other meteorological conditions 
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Chapter 5 

CONCLUSION and RECOMMENDATIONS 

5.1.  Conclusion 

In this study, ground level NO2 and O3 concentrations were retrieved and the validation for 

VMRs of Multi-Axis Differential Optical Absorption Spectroscopy (Mini MAX-DOAS) vertical 

column densities (VCDs) with measurements of conventional analyzers and comparison of 

ground-based and satellite observations for NO2 and O3 is presented. The daily NO2 

measurements were higher during the winter season while values were lower during the summer 

season. The retrieved O3 concentrations has shown highest values during the warmer months, 

corresponding to the observed columns of ozone. The comparison of NO2 has shown a similar 

trend for VMRs of both altitudes i.e., 300 m and 650 m (average BLH) with conventional 

analyzer but values at 300 m altitude have shown greater agreement as less errors detected for 

these VMRs. The RMSE, MAE was 4.36 ppb and 3.47 ppb respectively for an altitude of 300 m 

while they were 7.79 ppb and 6.93 ppb for an average BLH. The MB for an altitude of 300 m 

was -0.72 ppb and 6.92 ppb for an average BLH. Here, the negative sign indicates that NO2 

VMRs were underestimated slightly by Mini MAX-DOAS at an altitude of 300 m. All the error 

analysis supported that the NO2 values of in situ measurements and MAX-DOAS VMRs at an 

altitude of 300 m from the study site are more synchronized with each other than VMRs of MAX-

DOAS at an average BLH for this season. It is pertinent to note that an altitude of 300 m at the 

study site for this season is an effective mixing height of NO2 because of its shorter lifetime in 

the atmosphere. The relative difference of measured values by instruments for the study period 

have shown a decreasing trend. Furthermore, the linear regression analysis for values of both 

instruments has shown a strong positive correlation for NO2 with r = 0.73. 

Similar validation was performed for O3 measurements but investigated that Mini MAX-DOAS 
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was not been able to differentiate between tropospheric and stratospheric O3 concentrations due 

to its sensitivity constraints for ground-level O3. It has shown very high O3 VMRs as these are 

not possible in troposphere. The fraction of O3 in the stratosphere is usually higher than that in 

the troposphere. Therefore, the retrieval of ground-level O3 from Mini MAX-DOAS 

observations is still a challenge due to interference of the stratospheric O3 absorption. 

Furthermore, the ground-based NO2 measurements were compared with satellite observations 

(TROPOMI and OMI VMRs) for both altitudes i.e., at 300 m and an average BHL. Here, the 

ground measurements and satellite observations have shown a similar trend for both altitudes. 

The error analysis again presented that VMRs of TROPOMI at an altitude of 300 m were more 

synchronized with ground-based measurements. Through linear regression analysis, it was 

identified that the ground measurements and TROPOMI observations have shown a strong 

positive correlation with r = 0.72 and r = 0.86 for conventional analyzer vs TROPOMI and Mini 

MAX-DOAS vs TROPOMI respectively. Furthermore, the Pearson correlation (r) of in situ 

measurements vs OMI VMRs, MAX-DOAS VMRs vs OMI VMRs and TROPOMI VMRs vs OMI 

VMRs was 0.54, 0.70 and 0.71 respectively.  

5.2. Recommendations  

1. More robust and long-term study needs to be conducted to understand the nature of 

effective vertical mixing height of NO2 for all seasons in other geophysical locations. 

2. More studies to be conducted for exploring the cost-effective options in terms of low-

cost sensors to monitor ground-level Ozone. 

3. All pollutants strategy to be investigated for understanding the interdependence of 

various air pollutants in local conditions. 

4. An air monitoring network needs to be set-up across Pakistan at the earliest to explore 

the nature and behavior of various pollutants across the country. 
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