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ABSTRACT 

 

The present study investigates the particle number concentrations and size distributions 

in the ultrafine and fine-sized regimes over a polluted megacity, New Delhi (28.75° N, 

77.12° E), India. The field experiments were conducted from November 2019 to June 

2021 including the strict social and travel restrictions (lockdown) imposed by the 

Government of India aiming to control the spread of Coronavirus Disease 19 (COVID-

19) pandemic. The different phases of the COVID-19 lockdown witnessed restrictions of 

varying magnitudes with the significant cessation of anthropogenic sources, viz., 

industrial, road, railways, and air traffic emissions. The impact of varying urban 

emissions on particle number size distributions and new particle formation events were 

examined during these restrictions. The mean total number concentrations were in the 

range of ~ (2 to 3.5) x 104 cm-3 and depicted a gradual increase (~26%) with progressive 

unlock of the anthropogenic activities. At the same time, accumulation particle 

concentrations were doubled.  However, ultrafine particles (UFP) (diameter < 100 nm) 

dominated (50-88%) the total number concentrations during most of the days and several 

new particle formation (NPF) events resulted in elevated (2 - 5 fold) UFP concentrations. 

Subsequently, the particles grew to larger sizes with rates ~3.31- 8.37 nm hr-1. The NPF 

events occurred during the daytime, and during the events, a clear enhancement in the 

concentrations of [H2SO4] proxy (2 to 3.5 x 107 molecules cm-3; 2-3 orders higher than 

the non-event values), suggesting the role of strong gas-phase photochemistry. Also, 

some of the NPF events were associated with increased odd oxygen concentrations [Ox 

= O3+NO2], indicating the regional nature of the precursors and participation of VOC 

precursors in nucleation/growth. Interestingly, different classes of NPF events were seen 

during the strictest lockdown period, whereas more frequent and well-defined NPF 

events were witnessed when anthropogenic activities were opened up with conditional 

relaxations. These events demonstrated the competition between source strengths of 

precursor vapors from anthropogenic activities and primary particles acting as 

condensation sink restricting NPF. This study highlighted that urban pollution mitigation 
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policies must consider ultrafine particles emanating from the secondary aerosol 

formation process from traffic emissions. 

Since the air pollution and noise generated from fireworks are related to air quality and 

human health, the regulatory bodies had implemented the eco-friendly "Green Crackers" 

in megacity Delhi, India, to celebrate Diwali 2019 with the permission of a specific time 

slot (8:00 PM to 10:00 PM). The present study was conducted on a residential, 

educational institute campus to evaluate the particle number size distribution (PNSD) of 

green cracker emissions. During the Diwali event period, the high peak of particle 

number concentration (PNC) reached 1.7 x 105 # cm-3 with a geometric mean diameter 

(GMD) of ~44 nm. The average PNC increment on Diwali day was 138 % and 97 % 

compared to pre (26th October 2019) and post (28th October 2019) Diwali period, 

respectively, including 468 %, 142 %, 65 %, 75 % on pre-Diwali and 485 %, 110 %, 32 

%, 26 % on post-Diwali 2019 period in terms of Nucleation mode (10 nm < Dp < 20 nm), 

Small Aitken mode (20 nm < Dp < 50 nm), Large Aitken mode (50 nm <  Dp < 100 nm), 

and Accumulation mode (100 nm < Dp < 1000 nm), respectively. Unlike traditional 

firework emissions, green crackers had a high UFP/Ntotal ratio of 0.72, including 

Nucleation mode-0.35, Aitken mode-0.30, and Accumulation mode 0.35, distinguishing 

it from other pre-and post-Diwali particle number size distribution-dN/dlogDp curves. 

These observations indicate that green crackers emit more particles with smaller 

diameters than traditional crackers. Recommendations for using green crackers for 

Diwali celebrations may be an option if lower size-diameter particle emission could be 

controlled by changing the material composition of the green cracker. More research 

studies need to be conducted to assess atmospheric emissions of green crackers and their 

health impacts to evaluate whether they are better or worse than traditional crackers. 

Research studies have proved that smaller-sized particulate matter is more dangerous to 

human health when its particle number concentration is high. In the urban transport 

microenvironment, vehicular emission is a significant source of smaller size particulate 

matter. The Odd-Even scheme was implemented in Delhi in 2019 on vehicle movement 

to curb air pollution during the winter season. This study selected three locations, namely 

Najafgarh, Pitampura, and Panchkuian road, to evaluate the Odd-Even scheme 2019. 

This study revealed a reduction of 24 to 26 % in PM1 particle number concentration along 
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with their particle number size distribution as QuasiUFP (24 to 25.4%), sub-fine (26 to 

42.7%) and fine (16.5 to 24.1%) in particle number concentrations. This study also covers 

the coarse particle size, with the lowest reduction (7 to 10%) at all the selected locations. 

Car & taxi, on which Odd-Even scheme was effective, has shown a reduction of 12.6 to 

26.4%.  
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CHAPTER-1 

1 INTRODUCTION 

1.1 Background 

The term "particulate matter" in concern of air pollution and its quality is not a foreign 

word to most residents of megacities. Because significant unidirectional urbanisation, 

industrialization, and transportation in developing nation’s megacity like Delhi, India 

have direct or indirect (short-term or long-term) health consequences on the populace 

(Chauhan et al., 2022; Goyal et al., 2020; Hakkim et al., 2022; Markandeya et al., 2021; 

Mishra et al., 2019). Particulate matter is primarily composed of liquid droplets (aerosol) 

and solid particles of varying sizes. Atmospheric particulate matter comes in various 

sizes, ranging from a few nanometers for molecular clusters to several tens of 

micrometres for windblown dust. Because of its irregular shape, diameter is frequently 

used for the size measurement of particulate matter (PM), referred to as 'Derived 

Diameter.'  According to Dey et al. (2012), there are several distinct measures of particles 

size but generally two derived diameters are most used; aerodynamic and electrical 

mobility diameter. PMs became an immediate problem in the 1950s and early 1960s, 

raising concerns about PM in ambient air quality. Since the 1960s, there has been a rapid 

advancement in science, technology, and multidisciplinary engineering applications to 

reduce environmental pollution. PM in air pollution is becoming more visible to health 

workers, policymakers, legislators, and environmentalists due to its physicochemical 

properties and continuous improvement in measurement techniques, health risk 

assessment, and monitoring system (Franco et al., 2019). With the advancement of 

measuring technology, PM has a different size of characterization; PM10 ≤ 

10µm (thoracic fraction), PM2.5  ≤  2.5µm (respirable fraction), PM1 ≤ 1µm (alveolar 

fraction), ultrafine particulate matter (UFP) ≤ 100nm, and nanoparticles  ≤  30nm. Most 

of researchers measure PM10, PM2.5, and PM1 by mass concentration, but UFP and Nano 

particles are measured by particle number count (PNC) due to their negligible mass 

contribution. The Environmental Protection Agency (EPA) regularly determines the 

classification of PM and its standard by the National Ambient Air Quality Standard 
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(NAAQS). Although the EPA or any other agency has yet to adopt a standard for UFP, 

research communities are working trying to comprehend its origins, formation, and 

health impacts. 

However, the air quality of Delhi over the last few years has reached a more critical level 

in the winter period and puts pressure on the policy of the concerned agencies 

(Balakrishnan et al., 2019; Dholakia et al., 2013; Gurjar et al., 2016; Mukerjee and 

Shukla, 2016). New Delhi, along with the National Capital Region (NCR), had an 

approximate population of  22.2 million in 2011 with a decennial increase of 7.96 %  

(Ministry of Home Affairs, 2011) and a projected vehicle population of 25.6 x 106 

numbers with an annual rise of 5.83 % based on business as usual (BAU) estimates 

(Kumar et al., 2011), the second-largest urban area in the world. However, in addition to 

the unique geographical and landlock conditions in Delhi, the situation of winter and low 

dispersion worsens the ambient air quality (Chaudhari et al., 2016; Guttikunda et al., 

2019; Kumar et al., 2017) and public health conditions (Health Effects Institute, 2019; 

Singh et al., 2019). For the reasons set out above, in November 2016, Kanawade et al. 

(2020) described as a Severe Air Pollution Episode (SAPE), the Air Quality Index  (AQI) 

reached an abysmal level (Sati and Mohan, 2014) (Source -National Air Quality Index; 

https://app.cpcbccr.com/AQI_India/). Many experts have also named Delhi the “Gas 

Chamber” (Shukla and  Anisha., 2016). The mean concentration of PM2.5 in New Delhi 

before, during and after the SAPE were 142 µg/m3, 563 µg/m3 and 240 µg/m3 

respectively. The Government, central public sector enterprises and state-level public 

enterprises (CPSU and SLPE), and other concerned organizations have taken a variety of 

measures to reduce air pollution, such as a ban on old vehicles (Goyal and Gandhi, 2016; 

Kumar et al., 2017), potential construction activities, biomass burning, diesel generator, 

and Parali burning in and around Delhi (Srivastava and Jain, 2008). As vehicle emissions 

are one of the major sources of ambient air pollution in Delhi (Nagpure et al., 2013), the 

Government of Delhi introduced an odd-even scheme in which an odd and even number 

of vehicles are allowed on an alternative day basis. Many experts have documented the 

positive effects of this study and have suggested that it is not a permanent solution 

(Chandra et al., 2018; Kumar et al., 2017; Mishra et al., 2019; Mohan et al., 2017). A 

judiciary prohibition was also implemented on firecrackers for buying, selling and its 

bursting timing in and around the Delhi region in 2017 (TOI, 2016)  Since; as mentioned 

https://app.cpcbccr.com/AQI_India/


1-3 

 

earlier, Diwali also comes in early winter from October to November. The burning of 

stubble in Haryana and Punjab is a significant precursor to the arrival of  Delhi's airborne 

pollution in November (Jain et al., 2014). However, the magnitude of their contribution 

to Delhi air quality is still being monitored. 

Regarding emission rates of PNC, whistling sparkles (during Diwali) show the highest 

PM emission rates (3.24 x 1010 particles per gram of burnt sparkler than 1.68 x 1010 

particles per gram of sparkler burnt for low smoke sparklers) and also get quickly 

deposited in the respiratory system (Betha and Balasubramanian, 2013).  To date, only a 

few studies have been conducted on particles of lower size (ultrafine and quasi-ultrafine 

particles), particle mass, and PNC (Apte et al., 2011; Arub et al., 2020; Gani et al., 2020, 

2018; Saraswat et al., 2013a; Singh et al., 2019; Yadav et al., 2021, 2019a). For Delhi, 

Kumar et al. (2011) estimate the total PNC for vehicular emissions from 2010 to 2030 

based on business as usual (BAU) and best estimate scenario (BES) as 1.37 x 1025 for 

2010, which are expected to increase by four times in 2030-BAU but decrease by 18 

times in 2030-BES due to fuel replacement for sustainability. Saraswat et al. (2013) 

calculated the PNC (10 nm to 1000 nm) 4 x 103 #/cm3 with a geometric mean particle 

diameter of 43 nm in Delhi using a spatiotemporal land-use regression model for urban 

background PNC. However, PNC increased ~ 7 fold (280 x 103 #/cm3) in the road 

microenvironment of Delhi (Apte et al., 2011). Apte et al. (2011) reported results from 

~180 h of real-time ultrafine particle number concentration measurements inside a 

common vehicle, the auto-rickshaw, in New Delhi, India. Long-term PNC monitoring in 

Delhi and mass conversion with chemical characterization are covered in detail by Gani 

et al. (2019), Hagan et al. (2019), Arub et al. (2020b) and Bhandari et al. (2020). A study 

found a higher PNC (10 nm to 350 nm) concentration in 2018 than in 2017 during autumn 

(mid-September to November) in Delhi (Patel et al., 2021). More information on the 

formation, growth rate, and classification of ultrafine (few nanometres to several 

nanometres size range) particles in Delhi can be found in the study conducted by Gani et 

al. (2020), Kanawade et al. (2020) and Yadav et al. (2021). But still, there are few studies 

on the road microenvironment. Diwali celebration is also a significant source of short-

term air pollution in Delhi, so there is a need to investigate the field of PNC of lower size 

particles, which have a higher potential for health effects (Schraufnagel, 2020). Quasi 

ultrafine Particle (qUFP) is 0.25µm > Dp < 0.50 µm  range (Saffari et al., 2013). During 
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such events as Diwali (firecracker celebration), PNC has increased (Drewnick et al., 

2006; Wehner et al., 2000).  Betha and Balasubramanian (2013) found that fireworks 

emit 60 to 85 % ultrafine size range (below 100 nm) particles  (Betha and 

Balasubramanian, 2013). During the spring festival season in China, the total PNC was 

found 42% and 57% with Aitken and accumulation mode, respectively, during firework 

emission (Yang et al., 2014). The average PNC of 2.5 x 104 cm-3 was reported during 

Spring festival fireworks. Wehner et al. (2000) detailed the PNC increase in the 

accumulation range (less than 10 µm) in the events of firework (Wehner et al., 2000). 

   Therefore, keeping this in mind, the monitoring and assessment of ultra-fine particulate 

matter in the road microenvironment and studies such as Diwali air pollution and Odd-

Even scheme-II were carried out in this research study. 

1.2 Objective of studies 

This thesis entitled “Quantification, Formation and Growth Rate of Ultrafine Particles in 

Selected Microenvironment in Mega City, Delhi” has the following research objective. 

• Quantification of UFPs classification based on selected microenvironment of 

Megacity Delhi. 

• Investigating the fate and transformation of UFPs from roadway. 

• Correlation of UFPs with NOx, and SOx under variable, meteorological 

condition. 

 

1.3 Thesis organization   

The thesis has been divided into five chapters. Each chapter has discussed different 

defined aspects of research objectives. 

Chapter 1 is the thesis's introduction part, in which the air pollution and its specific 

episodes and causes are discussed, with some specific episodes such as Diwali air 

pollution and Odd-even scheme II. The introduction to the following section discusses 

the status of ultrafine particulate matter research in India, particularly in Delhi; this 
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establishes the writing platform for the subsequent literature review and results in thesis 

writing discussion.  

Chapter 2 provides a comprehensive review of the available literature on the UFP in 

polluted urban areas. The review of literature is divided into subheadings such as UFP 

definition, size range, mode classification; UFPs in urban road microenvironment; UFP 

measurement and instrumentation at URMe; and UFP health impact. This chapter 

discusses the classification of UFPs in various modes based on particle size diameter, as 

well as the formation of new particles in the road microenvironment. It also discusses the 

effects of NPF and their roles under various conditions. The importance of instruments 

and their detection limits in determining particle number concentration cannot be 

overstated. As a result, this chapter also discusses the details of other available 

instruments for monitoring the road microenvironment. The health impact of UFP 

exposure in the road microenvironment has been addressed in the final section of this 

chapter, along with the expected route of penetration into the human body.  

Chapter 3 represents the research methodology, that includes the location of the 

monitoring site and statistics on monitored data management. A new particle formation 

decision flow chart, as well as the equations and particle number size distribution model, 

have been presented.  

Chapter 4 provides detailed results discussion of analysed data and figure with their 

interpretation. The first section covers the number concentration and new particle 

formation events near the road microenvironment in megacity Delhi, further subdivided 

into the temporal variation of particle number concentration and particle number size 

distribution which classify the NPF events (Figure 2 a and b).  The subheading 

characteristic of nucleation events includes the discussion of the Growth Rate of particles 

(GR) and Condensation Sink (CS). The succeeding section covers the association 

between the particle concentrations, precursors, meteorological variables, and trace 

species (SOx, NOx) with the diurnal variation of particle number concentration in a 

different mode (Nucleation mode, Aitken mode, and Accumulation mode).  The second 

section covers the investigation of the UFP and qUFP in detail at selected location during 
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a specific duration (pollution episodes- Diwali and Odd-Even scheme-II) in megacity 

Delhi. 

Chapter 5 describes the detailed conclusions of the experimental investigations, and 

statistical analysis regarding PNC of UFP in the road microenvironment of Delhi, India. 

It also describes the effects of various parameters on the performance of the UFP’s NPF. 

The fraction of ultrafine particles gradually decreased from ~0.70 ± 0.09 to 0.58 ± 0.16 

during this period (Lockdown 2021), with the doubling of the accumulation mode 

particle concentrations (Naccu). This highlighted the effect of intensified anthropogenic 

activities on particle number concentrations. 
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CHAPTER-2 

2 LITERATURE REVIEW 

2.1 Introduction 

In the recent year, there has been a growing consensus amongst health experts and 

researchers that, Particulate matters (PMs) are the principal pollutants and have a 

significant impact on human health (killing almost 9 million people per year worldwide 

(Loxham et al., 2020) and nearly 2.7% of global illness can be linked to respirable PM 

(Hetland et al., 2000; Junaid et al., 2018). The growing population, industrialization, and 

urbanization encourage people to live and work with and around the microenvironment 

of the road. Therefore PMs exposure study is essential because urban transport is an 

integral source of PMs (such as ultrafine particulate matter; UFP)(Ababio-Donkor et al., 

2020; Agustian et al., 2020; CPCB, 2014; Health Effects Institute, 2019; IQAir, 2019; 

Iqbal et al., 2022; Kumar et al., 2010). The outdoor environment impacts indoor air 

quality, which increases the risk of small size PMs exposure, especially in developing 

countries like India (Beig et al., 2010) & China (Mazaheri et al., 2019). India has seven 

cities in the list of 10 most polluted cities globally (based on PM2.5), as per the report 

published in 2019 (IQAir, 2019). Air pollution has become a persistent problem in Asian 

urban cities like Delhi. And Beijing having serious implications (directly as well as 

indirectly) on the health issues like arrhythmia, hypertension, reduced lung function, etc., 

(Delfino et al., 2005; Frampton et al., 2013; Schraufnagel, 2020). Small size particles 

have more penetration efficiency in human body but there’s still, no universal standard 

for  monitoring and regulation of  fine or ultrafine particulate matter (Brugge and Fuller, 

2021). 

2.2 UFPs definition, size range and mode classification 

PMs can be defined as a complex mixture of aerosols with extremely small particles 

suspended in air having complex chemical characteristics and showing a wide range of 

sizes from a few nanometres (molecular clusters) to several tens of micrometers 

(windblown dust) ( Yadav et al., 2019b). It is mainly classified on the basis of the size of 
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their diameter (aerodynamic diameter, stroke’s diameter, electrical mobility diameter 

(Kumar et al., 2010)) instead of chemical composition (due to the highly heterogeneous 

nature of their chemical composition). Recently, there has been unanimity of opinion 

amongst researchers all across the globe that the particulate matters in nano sizes (Dp < 

1000 nm) and ultrafine range (Dp < 100nm) are having a significant vulnerable effect on 

the human health regarding carcinogenicity and cardiovascular diseases (Yadav et al., 

2019b) as various studies have shown that particles in nano and ultrafine range can easily 

penetrate the respiratory system and transfer to the extra-pulmonary organs such as the 

central nervous system (Oberdörster, 2000; Oberdörster et al., 2005, 2004; Riesenfeld et 

al., 2000; Schraufnagel, 2020). Ultrafine particles (UFP; Dp < 100 nm) are ubiquitous in 

the urban environment (Kumar et al., 2014), contributing upto 70-80% of total particles 

number in the road microenvironment (Hussein et al., 2005) and  owing to their adverse 

effects on human health (Araujo et al., 2008; Atkinson et al., 2010). UFPs are a sub-

fraction of the currently regulated PM2.5 (Although they have a negligible contribution to 

the total mass of PM2.5, they contribute to up to 90% of the total PNC of PM2.5 (Air 

Quality Expert Group, 2018; Hussein et al., 2005). Just like PM2.5, UFPs also consist of 

a mixture of inorganic and organic solids and aerosol particles of various sizes, shapes, 

and compositions. In general respect, a UFP would have a diameter ~ 600 times smaller 

than a human hair (Ahmed, 2017). Although, their boundary conditions are not very well 

defined at the moment as there is no accord in the scientific community regarding the 

size range for UFP (Baldauf et al., 2016). Different studies have used different parameters 

for UFP size, for example, Sportisse (2007)  defined as particles having size in between 

10 - 510 nm, Chang et al., (2009) as size 10 -200 nm,   Layale, (2014)  as size  < 300 nm, 

while Campagnolo et al., (2019) and Kumar et al., (2010a) as size < 100 nm. As 

negligible mass contribution of UFPs, it is  measured based on ‘Particle Number Count; 

(PNC)’, It shows most of the UFPs almost 80 - 90 % fall below 100 nm (Kumar et al., 

2010; Solomon, 2012). As per Air Quality Expert Group, (2018), UFP refer to PM that 

has at least one dimension less than 100 nm and this could be the reason why most of the 

researchers defined UFP as particles having an aerodynamic diameter of < 100 nm or 

0.1μm and particles in the size range of 100 - 250 nm are as quasi-Ultra Fine particles 

(qUFP) (Saffari et al., 2013; Segalin et al., 2020). Thus they are classed by various 

researchers depending on their size mode (Yadav et al., 2019a). The modal classification 
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approach is predominantly used in aerosol research but has also been adopted in another 

research to classify anthropogenic UFP. The Particle Number Size Distribution (PNSD) 

of urban atmospheric UFP varies significantly depending on location, local weather 

conditions, and particle sources. The size distribution is typically composed of distinct 

particle modes formed by particles with similar formation and transformation processes 

or sources. Using this modal approach for UFPs aids in understanding their formation 

and interaction because particles of different modes (size) have distinct characteristics, 

formation mechanisms, sources, and interactions with other particles (Kumar et al., 

2010). The UFP is classified into three modes, namely nucleation mode, Aitken mode, 

and accumulation mode. Nucleation mode includes particles with a size range of < 30 

nm (Air Quality Expert Group, 2018); some studies have used different ranges for 

nucleation mode depending on the purpose of their studies and equipment use. Lingard, 

(2006) defined nucleation mode as particle size 3-20 nm (Lingard et al., 2006), while 

Charron et al. (2008) defined it as a particle having a size range 18-33 nm. Generally,  

natural NPF studies use a smaller size cut-off range (3 nm > dm < 30 nm) of nucleation 

mode to get more insight into its influencing components (Kanawade et al., 2020b). It is 

found that the nucleation mode particles dominate the PNC in the early stages of UFP 

formation; hence, their number concentration remains high near the source (Carpentieri 

et al., 2011; Kumar et al., 2021, 2018; Lingard et al., 2006). Also, as per (Kulmala et al., 

2012; Yadav et al., 2019a), nucleation mode particles are further divided into small 

nucleation mode (<10 nm) and large nucleation mode (< 20 or 30 nm) (Joshi et. al., 2018). 

Aitken mode does not have a very defined boundary layer. It consists of a particle size 

having between nucleation mode and accumulation mode. Almost its higher size cut-off 

is 100 nm. Some studies have defined Aitken mode as a particle having a size of 20 nm-

90 nm or as a particle having size 33 nm - 90 nm or 30 nm - 100 nm, (Air Quality Expert 

Group, 2018; Charron et al., 2008; Lingard et al., 2006). It acts as a transition mode 

between nucleation and accumulation mode. Due to this uncertainty, Aitken mode 

particles are generally not considered alone and termed with the accumulation mode as 

Aitken - accumulation mode particles. These particles are formed through nucleation and 

well as accumulation (Kumar et al., 2010). Traffic emission significantly affects the PNC 

of Aitken mode than particle growth in New Particle Formation (NPF) in URMe. UFP is 

a combination of nucleation mode and Aitken mode. Accumulation mode includes 
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particles having a size range of 90 -1000 nm (Kulmala et al., 2004; Lingard et al., 2006). 

Some studies have also defined accumulation particles as particle size 90-120 mm 

(Charron et al., 2008). Accumulation mode particles are formed when the nucleation 

mode particles and Aitken mode start accumulating over larger particles (mainly soot). 

As a result, accumulation mode is also referring as soot mode particles. Accumulation 

mode particles are also released directly into the air as the by-product of fuel burning in 

the internal combustion engine (Kumar et al., 2010). In a broader sense, we can say that 

nucleation and Aitken mode differ in concern of Urban pollution oriented to new particle 

formation (i.e., for nucleation mode, lower cut diameter varies from 5 to 10 nm (Pirjola 

et al., 2015) and upper cut diameter 25 to 30 nm (Lingard et al., 2006) for urban 

pollution). The largest mode, the coarse particle mode, contains typically relatively large 

mechanically generated particles (with a diameter typically larger than 1 µm). The 

accumulation mode of particle size distribution (100 nm > diameter > 1 µm) is linked 

especially with aged, long-range transported aerosol and soot particle emissions. 

Since measuring “true” UFP often requires expensive instrumentation, many studies use 

total particle number concentration (PNC, e.g., as measured with a condensation particle 

counter) as an alternative metric. There is no established reference method for measuring 

PNC and there can be substantial differences between instruments using different 

operating principles. For example, differences in the lower cut point can lead to higher 

UFP concentrations when measuring total particle counts with a condensation particle 

counter (CPC, lower cut point <10 nm) than with differential or scanning mobility 

particle sizers (DMPS or SMPS, cut point generally 10–20 nm) (Morawska et al., 2008). 

On road microenvironment <10 nm has 3.4 higher to >10 nm of PNC of UFP. There is 

also insufficient epidemiological data to determine whether “true” UFP, PNC, PM0.1, or 

other metrics are most connected to health. 

2.3 UFPs in urban road microenvironment 

The PNC of UFP in URMe near the roadway is a combination of ambient background 

concentration and vehicle emissions. UFP concentration near roadways depends not only 

on vehicle emission but also depends on nearby emission sources that produce distinct 

ambient background concentrations (Li et al., 2018). In urban areas, several combustion 
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sources (engines, biomass burning, power generation plants, industrial facilities) are 

directly emitting UFP into the atmosphere and, in addition, the gaseous emissions from 

the same sources can participate in atmospheric UFP formation (Giechaskiel et al., 2014; 

Kumar et al., 2018, 2015, 2014a, 2013b, 2010; Pacheco et al., 2017; Rönkkö et al., 2017). 

The number of road vehicles in Beijing (China) increased from about 1.5 million in 2000 

to over 5 million in 2014 and in Delhi (India), it is expected to increase from 4.74 million 

in 2010 to 25.6 million by 2030 (Kumar et al., 2018, 2017).  URMe’s UFP can be formed 

either via nucleation in the URMe atmosphere known as secondary UFP  or be directly 

emitted to the URMe atmosphere known as primary UFP (Charron and Harrison, 2003; 

Shi et al., 1999b). Particularly in traffic-influenced environments, the primary UFP 

concentrations can be high, reaching even concentrations higher than 105 cm–1 (Al-

Dabbous and Kumar, 2015; Kittelson et al., 2004), but its number concentration in the 

tailpipe  can be as high as 107–109 cm–1 (Kumar et al., 2012; Rönkkö and Timonen, 2019). 

Although natural NPF can reach to 103-104 cm–1  PNC with high Condensation Sink (CS) 

and Growth Rate (GR) values in the polluted urban environment (Kerminen et al., 2018; 

Kulmala et al., 2017; Nieminen et al., 2018; Yu et al., 2017; Zhang et al., 2021). UFP’s 

number concentration in URMe varies from Asia > Europe > USA as 6.65 ± 2.88 x104 

cm-3, 4.81 ± 2.61 x 104 cm-3 and 3.78 ± 2.01 x 104 cm-3 respectively with overall number 

concentration of 5.29 ± 2.74 x104 cm-3  in URMe (Kumar et al., 2018). UFP contributes 

80 to 90 % number concertation in the urban environment (Kumar et al., 2010) and 

people residing in Asian, European, and North American cities spend similar sums of 

time on travel 7-10 percent of the day. But in that case in Asian cities, it may increase 

due to urbanization and  people who live in the densely populated area near and around 

the road. Kumar et al. (2018b) elucidate that the average exposure to outdoor UFPs in 

Asian cities is about four times larger than that in European cities but impacts on human 

health are largely unknown. Congested traffic, a common phenomenon in Asia's metro 

cities, can increase PNC on roads in surrounding areas (Berghmans et al., 2009; Colvile 

et al., 2001; Goel and Kumar, 2016; Patton et al., 2016) when vehicles are constantly 

accelerating and decelerating (Goel and Kumar, 2015), because immediate mobile origin 

pollutants do not spread widely, and open modes of road transport, along with closed 

modes, are the most popular ways of Asian URMe (Arphorn et al., 2018; Kumar et al., 

2015, 2013a; Rivas et al., 2017; Zuurbier et al., 2010). There is a limited research paper 
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available on primary UFP in the Asian transport microenvironment as Apte et al., 2011; 

Both et al., 2013; Kaminsky et al., 2009; Rakowska et al., 2014; Tan et al., 2017; Tsang 

et al., 2008; Yang et al., 2015. On the other side Natural NPF (known as secondary 

formation or in-situ formation) occurring in traffic influenced polluted area are 

significantly influencing the PNC of UFP by combining with Primary UFP (Belkacem et 

al., 2020; Chu et al., 2019; Lv et al., 2020; Rönkkö and Timonen, 2019; Sharma et al., 

2012). Pre-existing particles, precursor gases and local meteorological parameter have 

significant level effect on the number concentration and particle dynamics & its 

transformation of both natural NPF and vehicular emission of UFP (Brines et al., 2015; 

Yu et al., 2017; Zhang et al., 2021).  

The key objective of this literature is to investigate the current knowledge of ultrafine 

particles present, especially in Asia, those emitted by on-road automobiles and by new 

particle formation (NPF) in the Urban Road Microenvironment (URMe). Asian URMe 

may become progressively exposed in the future, as the number of road-based vehicles 

powered by rising populations and economies grows. This article is majorly divided into 

three part; 1) UFP in URMe, 2) UFP measurement at URMe, 3) UFP and health effect. 

 Figure 2.1: Overview of sources of UFPs in URMe 
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UFP in URMe denotes additional categories of vehicular emissions and the factors that 

influence them. This does not, however, cover the vehicle type, on-board tail pipe 

emissions, or the ambience PNC of the vehicle cabin and other categories in URMe, such 

as NPF or Natural UFP, with their influencing factors. 

Based on Figure 2.1 UFP emission and its particle size distribution in urban transport 

microenvironment, URMe includes two broad categories: 1) on road UFP emission, 2) 

background UFP on the road. Tire interface with the road, Tail pipe emission, & dust 

resuspension are three major components of on-road UFP emission. Tire interface with 

the road depends on road conditions, materials, vehicle speed & tire compositions, while 

in dust resuspensions, except tire composition, include all characteristic mentioned 

above. Although more studies from both these sources have been done in Asia on the 

tailpipe emission, it is also one of the major sources. Therefore, to get insight into tail 

pipe emissions, it is subcategories into the following: 1) Wear of engine in which during 

wear and tear of running engine's component contribute UFP, 2) Engine combustion, it 

includes fuel & additive emission during combustion in the engine, 3) post-treatment of 

emission in which catalytic converter and its efficiency affect the concentration of UFP 

through tailpipe exhaust. 

 In the case of background UFP in urban road microenvironment, its sources vary from 

location to location, such as industry-specific emissions, demographic & geographic-

specific emissions. Moreover, some emissions are found everywhere, like nucleation of 

new particle formation, which occurs throughout the photochemical reaction in ambient 

air with the balance between particle GR, CS of particles and the presence of the pre-

existing particulate matter. This literature attempts to approach engine combustion and 

new particle formation clearer, highlighting the factors influencing the size distribution 

and concentration of ultra-fine particulate matter on Asian URMe.  

2.3.1 URMe UFP in natural environment 

As shown in Figure 2.1, the variation in the source of the background UFPs depends on 

anthropogenic activities, effects of geographical location and the relationship of the 

origin of incoming air masses with meteorological are also considered around the URMe 

(Bousiotis et al., 2019; Deng et al., 2020; Kanawade et al., 2020a; Zhang et al., 2021). 
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New particle formation (NPF) start from molecular clustering, which occurs globally 

natural almost everywhere and all the time in the atmosphere (Kulmala et al., 2017) 

except in some pristine forest environment (Lee et al., 2016; Neitola et al., 2011), are one 

of the significant sources among those background sources in URMe. SO2/H2SO4, NH3, 

amines, VOCs/HOMs, and NOx as gas compounds or precursors significantly affect NPF 

under relevant atmospheric conditions. Meanwhile, many of these compounds are 

pronounced during pollution episodes in URMe. NPF in polluted urban areas has been 

recognized since the 1990s (Hämeri et al., 1996), but still requires extensive study in 

different environmental conditions, especially in relation to the Asian polluted 

environment (Bousiotis et al., 2019; Chu et al., 2019; Kulmala et al., 2017; Nieminen et 

al., 2018; Vu et al., 2015). Because the contributing vapors and nucleation mechanisms 

vary with location and with atmospheric conditions even at the same location (Chu et al., 

2019) and Asian countries like India have minimal numbers of work on it. NPF (known 

as the in-situ or secondary formation of UFP), growing either by homogeneous or 

heterogeneous nucleation under more specific atmospheric conditions (Kerminen et al., 

2018; Kulmala et al., 2017, 2012), refers to the conversion of atmospheric gaseous 

precursors due to nucleation and subsequent growth process via physicochemical 

interaction, which involves the following steps: 1) chemical reactions in the gas phase to 

produce low-volatile vapor(s) of low volatility, 2) cluster formation from gaseous vapor, 

3) nucleation or barrierless nucleation, 4) activation of clusters with the second group of 

vapors to form a critical nucleated particle, and 5) subsequent condensational growth of 

nucleated particles to detectable sizes or even larger (Chu et al., 2018; Kerminen et al., 

2018; Kulmala et al., 2017; M Kulmala et al., 2004; Nieminen et al., 2018; Vu et al., 

2015). Particle formation rate (FR), growth rate (GR), condensation sink (CS), 

coagulation sink (CoagS), condensation vapor concentration (Cv), and source rate of 

condensation vapors (Q) are the important variables for establishing the theory of any 

nucleation process in any environment (as URMe) (Chu et al., 2018; Kerminen et al., 

2018; Kulmala et al., 2017; Kulmala et al., 2004; Nieminen et al., 2018; Vu et al., 2015) 

(Table 2.1). Unfortunately, despite having no specific mathematical model and unique 

definition in the context of NPF, (Dal Maso et al., 2005; Kulmala et al., 2012). NPF 

classification with identification and particle growth in clean and polluted environments 

in Asia and Europe is highly compliant (Zhang et al., 2021). The appearance of a 
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distinctly new mode of particles with a diameter of less than 20 nm and subsequent steady 

growth of the particles over several hours consecutively indicates that a characteristic 

NPF event showed a "banana" shaped aerosol growth, a distinctly new mode of particle 

number distribution (Dal Maso et al., 2005; Kulmala et al., 2012). Such events are usually 

caused by low pre-existing aerosol concentrations and high photochemical production of 

precursor vapors. However, in urban environments, NPF can still occur at high aerosol 

concentrations due to less efficient nanometer scavenging of clusters and/or the rapid 

growth of those clusters (Kulmala et al., 2017; Peng et al., 2017). 

Table 2.1: Important variable for the NPF events (Chu et al., 2018) 

 

For many years, NPF events were thought not to take place in heavily polluted urban 

areas (i.e., URMe) as the effect of increased condensation sink was considered crucial in 

suppressing the formation and growth of new particles because NPF theory was based 

on the European country clean environment (Kerminen et al., 2018; Kulmala et al., 2016, 

Parameter  Description Calculated from 

FR Formation rate of particles (cm-

3s-1) 

Temporal variation of particle size 

distribution 

GR Growth rate (nm/hr) Temporal variation of particle size 

distribution 

CS Condensation sink (#S-1) Particle Size Distribution 

CoagS Coagulation sink Particle Size Distribution 

Cv Condensation vapor 

concentration 

Growth rate of particle 

Q Source rate of condensation 

vapors 

Condensation sink and 

Condensation vapor concentration 
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2014; Manninen et al., 2010; Mönkkönen et al., 2005; Nieminen et al., 2018). Recent 

long-term analysis has shown (i.e., China and India) that this is not the case and nowadays 

an increasing number of studies reported the occurrence of NPF events in polluted urban 

areas (Deng et al., 2020; Kulmala et al., 2017; Vu et al., 2015; Z. Wang et al., 2017; Yu 

et al., 2017; Zhang et al., 2021). Moreover, the high intensity of URMe emissions in 

China & India, compared to the dominant role of biogenic precursors at cleaning sites, 

has led to a greater diversity of pollutant species involved in the nucleation of NPF and 

subsequent development (Rönkkö and Timonen, 2019). Now China and India have 

become hotspots of NPF events (Yu et al., 2017).  

For particle size distribution and its evolution in the context of NPF in most URMe of 

China and India, particle measurement did on particles larger than 10 nanometers, while 

nanoparticles 3 to 10 or larger nm have also been used in recent years. But these studies 

are found more in China than in India (Chu et al., 2019; Kanawade et al., 2020b; Z. Wang 

et al., 2017; Yu et al., 2017). There is a chance that the NPF growth rate may look like a 

vehicular emissions of sub 10 nm particles event and thus underestimate the NPF 

(Hietikko et al., 2018; Rönkkö et al., 2017; Rönkkö and Timonen, 2019). Compared to 

photochemically induced nucleation (Brines et al., 2015, 2014; Dall’Osto et al., 2012; 

Hama et al., 2017),  attributed a greater portion of nucleation mode particles to vehicular 

emissions. To avoid the overestimation of NPF in URMe, one should consider the 

particle size (Hofman et al., 2016), the ratio of number concentrations of in the 

nucleation-mode particles to those of fine particles (Jung et al., 2013; Peng et al., 2017), 

the time of duration of NPF events (Zhu et al., 2017), and the correlation of the particle 

number concentration with other gaseous pollutant concentrations and meteorology 

conditions (Wang et al., 2014). But a recent observation showed that nanoclusters aerosol 

particle originating from traffic is notable in urban air at size 1.3–3.0 nm, which may 

pose new concerns regarding the origins of aerosol nanoclusters in semi-urban roadside 

environments (Rönkkö et al., 2017). In URMe, the biggest challenge in identifying NPF 

is the interference of primary emitted particles from newly combustion sources (Chu et 

al., 2019). In the first 1-2 second of exhaust cooling and dilution, for example, the 

formation and quick growth of vehicular particles always result in a 10 - 20 nm nucleation 

mode (Banerjee and Christian, 2018; Lee et al., 2015; Vu et al., 2015). Particularly if the 

instruments do not have a low particle size detection limit (such as particles larger than 
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10 nm). In that case, particle growth is necessary to distinguish an NPF from particles 

associated with local emission sources as traffic (Chu et al., 2019). Wang et al. (2014) 

show the difference between spikes of PNC, which are generally associated with 

combustion emissions and photochemically indued NPF. 

2.3.1.1 Important factors responsible for formation of UFP 

In different environments and seasons, NPF events vary with different frequencies 

ranging from less than 10% to more than 50% observed (Chu et al., 2019), due to the 

variation of CS value, condensable vapor concentration, Temperature, RH, air masses 

load, solar radiation, and a photochemical level process, wind properties, and 

anthropogenic emissions (Shen et al., 2011; Wu et al., 2007; Yue et al., 2009). Literature 

reviews summarise the recorded NPF event frequencies in China and India based on 

season, observation site type, and area, but ignoring observations of too short time, such 

as less than one month in China, but including the shot-term observation in India due to 

a smaller number of studies. There is no significant difference between China region’s 

urban, suburban, and rural sites. The clean environment shows fewer NPF frequencies, 

and while the rural and urban site of the same region, NPF frequencies are higher in the 

urban site (Liu et al., 2014; Yue et al., 2013). Despite the similar frequencies of NPF in 

the context of the polluted area, higher FR (up to 220%), GR (up to 50%) and CS (up to 

60%) were observed at the urban site than corresponding background site (Wang et al., 

2013a; Yue et al., 2009). As a result, compared to rural areas, the higher pollution level 

in Chinese cities usually results in stronger NPF (Chu et al., 2019; Kanawade et al., 2014; 

Siingh et al., 2013). In Delhi, all monitoring is usually performed in the winter season; 

only one study, April-May analysis, was aimed at night-time new particle formation. 

Among them, the minimum occurrence of NPF events ranges from 30 % to 87 % at most, 

but most of them have a period of monitoring of less than one month. Kanawade et al. 

(2020) reported that 82% particle burst occurs, including NPF, in which Aitken mode 

contributes > 50% particle fraction in a condition of relatively high concentration of pre-

existing particles. Long-term observation of ambient air pollution, meteorological 

parameters, and nanoparticles, and their precursors, is required to identify the primary 

factor affecting NPF events and their frequencies in URMe. Such as, Cai et al. (2017) 

found that the frequency of NPF events in Beijing was fundamentally determined by the 
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Fuchs surface area (a representative coagulation scavenging parameter based on kinetic 

theory and is proportional to CS) and  Jayaratne et al. (2017) mentioned that the Fuchs' 

surface area has a strong correlation with the concentration of PM2.5 mass, and no NPF 

event observed when the daily mean concentration of PM2.5 was greater than 43 µgm-3 in 

Beijing in the winter of 2015. Despite all these facts coming to light, we cannot say that 

it is equally applicable to all NPF events because all these parameters are interconnected 

in a very complex manner. The simplification of the effect of anyone is not easy, such as 

the precursor vapors and photochemical activity, which may also play an essential role 

in driving NPF (Gong et al., 2010). In addition, occurrences of  NPF were not very 

responsive to levels of common gas pollutants, including O3, SO2, NO2 in China, in 

addition to the condensation sink (An et al., 2015; Zhu et al., 2013). However, in some 

cases, the CS or the average coagulation sinks during NPF events were not significantly 

lower compared to other times when new particles were not formed, indicating that other 

factors. Kanawade et al. (2020) mentioned that ammines influence NPF in Delhi, and 

Kanpur, India. SO2 does not appear to be a significant limiting factor for NPF. Although, 

in heavily polluted conditions, there is enough SO2 for NPF to occur. A similar 

conclusion could be drawn for sulfuric acid in a polluted urban area. Furthermore, NPF 

patterns may differ depending on whether there is a lot of SO2 or not. High concentrations 

of SO2 in polluted air masses typical of urban (heavy traffic emission) or power-plant 

plumes resulted in stronger nucleation but slower particle growth, despite similar CS with 

lower SO2 concentrations (Gao et al., 2009; Gong et al., 2010; Herrmann et al., 2014; Qi 

et al., 2015; Young et al., 2013; Yu et al., 2016; Yue et al., 2010). In context to the 

seasonal effect on the NPF event, spring has high frequencies. It may be due to low CS, 

RH, Temperature, and high solar radiation. But in the case of the Indian seasonal effect 

on NPF events in URMe, there is a lack of long observation. The lowest NPF events in 

the North China Plain in the summer could relate to high RH and stagnant and 

contaminated air masses causing high CS. Usually observed low frequencies of the NPF 

event in winter could be due to the weak solar radiation and the typically high pollution 

levels at that time of year (Qi et al., 2015; Wu et al., 2007; Zhu et al., 2013). 

Different loads of air masses from different directions can also affect NPF frequencies in 

URMe (Wu et al., 2007). The conventional concept of clean air masses with low CS 

makes that direction has had higher NPF frequencies(An et al., 2015; Peng et al., 2017; 
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Zhu et al., 2013). Still, NPF has been observed especially under the low-wind-speed 

conditions during the summertime in Beijing, when the wind changes its direction toward 

more polluted areas (Zhang et al., 2011). There is another example of it in different 

regions (Guo et al., 2012; Lv et al., 2018; Wang et al., 2013b). Qi et al. (2015) found the 

lower FR in clean air masses and higher GR in a polluted air mass plume direction in the 

duration of NPF. However, wind direction did not significantly influence the NPF 

frequency when the study occurred inside the densely populated urban area like Delhi for 

a short period on a small scale. As the above-mentioned influencing factor and their 

sources are similar and connected in URMe, getting one of the influencing factors is not 

so straightforward when other factors work like OH radicals and topography (Chu et al., 

2019). An additional challenge is the lack of long-term specific studies in URMe. 

In context to FR, which is categorized based on of particle size; “real FR” is considered 

a critical cluster that occurs down to a particle diameter of about 1.5 nm and "apparent 

FR," which is inferred indirectly only by measuring the particle formation rate at some 

larger size in most NPF studies (Kerminen and Kulmala, 2002; Lehtinen et al., 2007). 

Due to measurement limitation in India and China, FR is mostly calculated based on of 

‘Apparent FR’.  FR can range from less than 0.1 cm−3 s−1 at particle sizes larger than 

10nm to about 103 cm−3 s−1 at particle sizes below 2 nm and it can differ by 2 orders of 

magnitude due to the different environmental conditions at a certain particle size (Chu et 

al., 2019). For example, many studies reported the FR of 3nm particles ranging from less 

than 1 to several tens of cm−3 s−1 (Chu et al., 2019). 

 As mentioned earlier, FR (inversely proportional to CS) usually shows a higher value 

like NPF frequencies in a polluted urban environment than in the regional site despite 

having a high  CS value, indicating much more abundant precursors for NPF (Wang et 

al., 2013a). Recently, Yao et al., (2018) reported a long-term continuous observation for 

NPF in urban Shanghai and observed 1 to 2 orders of magnitude higher FR than typical 

values in a clean atmosphere. Up to now, there are still quite limited investigations into 

the relation between FR and organics (VOCs/HOMs), NH3 and amines in China and it is 

undoubtedly crucial for a better understanding of NPF in polluted areas(Chu et al., 2019; 

Yao et al., 2018, 2016; Zheng et al., 2015). 
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In the case of GR, it is a critical factor for NPF in URMe to distinguish between 

nucleation mode particle burst and environmental NPF. There are several methods for 

calculating GR, which may result in differences in GR estimation. Aside from that, GR 

can range from a few nanometers to several tens of magnitudes, as shown in China and 

India at 10 to > 20 nm/hr (Chu et al., 2018; Kanawade et al., 2014). More abundant 

condensing vapour in polluted cities raises GR on the urban side compared to the regional 

site. Still, there is little data on sulphuric acid and low volatile organic vapour 

concentration in India and China that could explain GR more insightfully about the 

influencing factor. With higher photochemical and biological activities, the summer 

season induces a higher concentration of condensable vapour, resulting in a higher rate 

of GR than in other seasons (Qi et al., 2015; Shen et al., 2011; Zhu et al., 2013). In 

general, sulfuric acid is thought to be the most important contributor to the growth of 

newly formed particles (< 3 nm diameter particles), but its percentage contribution 

became less and less important in the growth of larger particles (> 10 nm diameter 

particles). According to some studies, H2SO4 had a negligible effect on the growth of 

particles larger than 10 nm (Liu et al., 2014; Meng et al., 2015). According to Yu et al. 

(2016), high concentration of extremely low-volatility organic compounds is the key 

factor leading to a maximum in GR for very small particles (1.4–3 nm) in urban Nanjing. 

A model simulation study on NPF in Beijing also confirm that only a small fraction of 

organics contributes to the formation of new particles, and that these organics are 

primarily O3 initiated (Wang et al., 2013a). 

Indeed the observed urban  NPF  is a balance between the outcome of the competition of 

FR & GR (source, i.e.,  sulfuric acid and highly- oxidized organic compounds) and CS 

(sink, i.e., pre-existing particle load) (Kerminen et al., 2018; Kulmala et al., 2017; Z. 

Wang et al., 2017; Zhang et al., 2021). In the polluted urban area, CS can also range from 

0.02 to 0.07 /sec (Kulmala et al., 2005; Zhang et al., 2021), but in some cases, it reaches 

up to 0.1 /sec (Xiao et al., 2015). Existing findings support this expectation, as the 

average CS value is seen as being lower at NPF case days at most measurement sites 

relative to non-event days (Asmi et al., 2011; Birmili et al., 2003; Dal Maso et al., 2007; 

Kanawade et al., 2014; Kerminen et al., 2018; Salma and Németh, 2019; Wu et al., 2007). 

Kanawade et al. (2014) stated that Kanpur has less PNC than Pune, but, in the case of 

condensation sink, it shows vice versa because the large particle size of Kanpur (mean 
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particle mode diameter ~1.8 factor greater than Pune) resulted in higher condensation 

sink (CS). In severely polluted environments, amines and strongly oxidized organic 

compounds also play an essential role in NPF cases (Kanawade et al., 2020b). The high 

CS in urban ensures that gaseous precursors, clusters, and freshly formed particles 

experience a high scavenger loss rate. Based on pollution load, the CS value in URMe 

can be placed in the category of 'polluted type' because, according to Wang et al. (2017), 

the NPF event has been categorized into two classes based on the CS value; 'Clean type' 

(~0.014 S-1), 'Polluted type’ (~0.038 S-1).  

The ratio of particle scavenging loss rate over condensational growth rate, which is 

proportional to the ratio of CS to GR, was used as a criterion to predict the occurrence of 

NPF events (Kuang et al., 2010; McMurry et al., 2005). It turned out that NPF frequently 

occurred in megacities in China when the ratio of CS (10−4 s−1) to GR (nm h−1) was above 

200, whereas it only occurred when this same ratio was less than 50 under clean and 

moderately polluted conditions (Kulmala et al., 2017). Most of the observation data 

reported ratios of CS (10−4 s−1) to GR (nm h−1) between 200 and 500, while a few were 

less than 200 but consistently higher than 50. More importantly, many studies reported 

that NPF took place with this ratio higher than 500 at urban and suburban sites. There are 

several possible reasons for the higher threshold ratio of CS to GR in a highly polluted 

environment, including the overestimation of particle losses due to assuming a 

coagulation sticking probability of 1, the underestimation of GR in the sub-3 size range, 

and also unidentified nucleation and growth mechanisms relevant to a polluted 

atmosphere (Kulmala et al., 2017; Yu et al., 2017). (Peng et al., 2017; Wu et al., 2007; 

Yu et al., 2016) found that NPF mainly occurred when the PM2.5 concentration (CS) and 

gas pollutant concentrations, such as NO2, CO and SO2, were both low. The NPF leads 

directly to a burst of small nanoparticles and prominently increases the particle number 

concentration. While NPF usually tends to occur on clean days with low CS, particle 

number concentrations are generally much higher on NPF event days than on non-event 

days (An et al., 2015; Shen et al., 2016). An et al. (2015) observed that NPF events 

significantly affected Aitken- and nuclei-mode particle surface and volume 

concentrations, while limiting contributions to accumulation- and coarse-mode particles. 
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2.3.2 URMe’s from traffic microenvironment 

Studies have shown that when compared on or in the vicinity of roadways, the 

concentration of UFP is one order of magnitude higher than the ambient level 

(Westerdahl et al., 2005). People are exposed to UFP while using public transportation, 

but also while waiting, walking on pedestrians, and living in flats, homes, shops, and 

other public places near congested traffic roads. All these factors have put UFP under 

deep scrutiny. According to Rönkkö and Timonen, (2019), traffic generated UFP by 

combustion process or non-exhaust (such as break wear) is divided into the following 

categories of source process; 1) primary UFP formed at high temperature, 2) delayed 

primary particles formed as gaseous compounds nucleate during the cooling and dilution 

process and 3) secondary UFP formed from gaseous precursors via the atmospheric 

photochemistry. 

URMe's primary UFP with a high PNC is generally generated in hot and undiluted 

vehicular emission (Giechaskiel et al., 2014; Rönkkö et al., 2017). As per their formation 

mechanism and physicochemical characteristic can group into two particles size mode; 

1) Core particles (having particles mean diameter < 10 nm); 2) Soot particles (having 

particles diameter >10 nm with particles mean diameter 30 to 100 nm)(Alanen et al., 

2015; Harris and Maricq, 2001; Heikkilä et al., 2009b; Lähde et al., 2009; Rönkkö et al., 

2007; Rönkkö and Timonen, 2019; Sgro et al., 2012). Core particles with the tendency 

of particle growth into larger size in a tailpipe and especially during cooling and dilution 

of the exhaust, are mostly non-volatile compounds and consist of amorphous 

carbonaceous compounds and metallic ash compounds from fuel and lubricant oil 

(Alanen et al., 2015; Fushimi et al., 2011; Harris and Maricq, 2001; Heikkilä et al., 

2009b; Lähde et al., 2014, 2009; Rönkkö et al., 2007; Seong et al., 2014; Sgro et al., 

2012). Compared to the nanoparticles of this range (< 10 nm mean diameter) formed 

through semi-volatile or volatile precursors, core particles have more lifetimes in the 

atmosphere and significantly in the human body (Fushimi et al., 2011). Although core 

particles' physicochemical characteristics and their health effects did not solve 

completely if the core particle escapes from particle growth into a larger size in the 

atmosphere, is inhaled, then deposits into the upper human respiratory airways (Alanen 

et al., 2015; Rönkkö et al., 2007; Sgro et al., 2012). Soot particles, which aggregate like 
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chain or spherical, consist mainly of elemental carbon and some metallic compounds  

(Fujitani, 2013; Harris and Maricq, 2001). Fuel’s choice, injection mechanism, and other 

factors affect the soot particle number concentration. For example, the technological 

improvements that decrease soot particle concentrations increased the emissions of small 

core particles in several studies on diesel engine exhaust particles (Fujitani, 2013; Harris 

and Maricq, 2001; Karjalainen et al., 2016; Lähde et al., 2011; Nousiainen et al., 2013; 

Rönkkö et al., 2014, 2007). Primary UFP (hot and undiluted exhaust) are affected by the 

driving conditions of the vehicle and the technological parameters used in vehicles, e.g., 

the fuel injection type, fuel injection timing and pressure (Lähde et al., 2011), use of 

exhaust gas recirculation (De Filippo and Maricq, 2008), fuel properties (Fushimi et al., 

2016; Heikkilä et al., 2009b), lubricant oil properties and exhaust after- treatment such 

as diesel oxidation catalyst, selective catalytic reduction (Karjalainen et al., 2012), diesel 

particulate filter (DPF) (Lee et al., 2015), and partial DPF (Heikkilä et al., 2009a). For 

example, Higher fuel injection pressures and metallic additives of lubricant oil have been 

observed to increase the concentrations of core particles (Rönkkö and Timonen, 2019). 

Besides these UFP particles, when the initially hot exhaust is diluted and cooled in the 

atmosphere, the hot and undiluted engine exhaust contains gaseous compounds that 

appear to condense on particle surfaces or nucleate and form new particles due to sudden 

decrease in the pressure and expansion. Rönkkö and Timonen (2019) considered it as 

“Delayed particle formation,” which occurs within 1 to 3 seconds from tailpipe to road 

environment (Banerjee and Christian, 2018). This is also known as the stage - I which 

modifies the exhaust particle size distribution and increase the PNC (Banerjee and 

Christian, 2018; Pirjola et al., 2015). In this stage, sulphuric acid formed through the 

oxidation of sulphur from fuel and lubricating oil is a key component of UFP and more 

details about this stage formation mechanism can be found in the review of Banerjee and 

Christian (2018). Interestingly, oxidative exhaust after treatment device of tailpipe 

increases the UFP formation and number concentration of this stage because it oxidizes 

the engine out sulphuric dioxide to sulphuric trioxide that reacts with exhaust’s water and 

forms gaseous sulfuric acid (Arnold et al., 2012; Casati et al., 2007; Pirjola et al., 2015; 

Rönkkö et al., 2006; Vehkamaki et al., 2003). The diameter of the UFP formed in stage-

I is usually in the range of 3-30 nm. Most particles formed during the I  stage fall under 

nucleation mode (Banerjee and Christian, 2018). Fushimi et al. (2011) and Karjalainen 
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et al. (2016) elucidated that the low volatile organic compound from fuel and lubricating 

oil significantly influence of UFP formation. Although the chemical composition is 

uncertain, the UFP formed at this point is considered a liquid-like particle, more 

effectively dissolved than a solid UFP in the respiratory tract and its epithelium, and can 

evaporate or even disappear when the particles are aged in the atmosphere (Rönkkö and 

Timonen, 2019). Therefore fuel, lubricating oil sulfur, exhaust after-treatment devices, 

climatic conditions, and existing ambient particle affects its formation. Such as cold 

weather favors more particle formation in atmospheric vehicle exhaust. More detail can 

see in (Banerjee and Christian, 2018; Kumar et al., 2018; Morawska et al., 2008; Pirjola 

et al., 2015; Vehkamaki et al., 2003) and Table 2.2. 

Stage II occurs  when UFP leaves the vehicle wake and gets mixed into ambient 

atmosphere (Banerjee and Christian, 2018; Chang et al., 2009). In this stage, the UFP 

formed in stage I undergo further dilution and they began interacting with one another 

undergoing coagulation and adsorption as they grow in size. In this stage, particle 

numbers decrease slightly but their size continues to grow (Banerjee and Christian, 2018; 

Chang et al., 2009; Pirjola et al., 2015). The important chemical interaction in this stage 

involves condensable organic particles, non-volatile organics particles, and black carbon 

soot particles; those particles interact with the particles in stage I and further help in their 

size growth by providing them nuclei and acting as coagulant agents. The UFP grows up 

to a size of 300 nm. The growth rate is vastly affected by ambient environmental 

conditions like relative humidity, temperature etc. (Banerjee and Christian, 2018; Kumar 

et al., 2010). According to Al–Dabbous et al. (2017),  fresh traffic emissions (range < 10 

nm) and aged traffic emissions (range 10 to 30 nm) contribute 40 % and 27 % to the PNC 

in URMe, while industrial and regional emissions contribute 9 % respectively. A typical 

traffic emission shows a bimodal pattern in PNSD of UFP; the first peak is  5 to 12 nm 

(fresh traffic emission), and the second peak is ~60 nm (aged traffic emission (Rönkkö 

and Timonen, 2019). Rönkkö and Timonen (2019), depicted the difference in peaks 

among tailpipe exhaust particles, roadside exhaust particles and atmospherically aged 

exhaust particles. Due to variations in the structure of fleets, air quality management 

systems, route design, and driving behaviour, fuel & vehicle standard, and local 

meteorological parameter among the countries and their cities, UFP’s PND and PNSD 
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can’t be generalized because there is no universal guideline and standard for it, unlike 

other criteria pollutant.  

Table 2.2: Factor affecting UFP formation 

Parameter Change in 

parameter 

condition 

Effect on UFP formation 

Fuel Sulphur content Increase Increase the PNC and nucleation rate 

Sulphur to sulphuric 

acid conversion   

Increase Increase in PNC and nucleation rate 

Soot particle Increase Decrease in PNC, increase in particle size 

Organics, COV, non-

volatile particles 

Increase Increase in size of the particle, decrease in 

nucleation rate, a slight decrease in PNC 

Ambient Temperature Decrease Increase in PNC 

Relative humidity Increase Increase in PNC 

Wind speed Increase Decrease in overall PNC, negligible increase in 

PNC of very small particles (11-30nm) 

Precipitation Raindrop 

<0.2nm 

Raindrop 

>0.4nm 

Decrease in PNC 

Increase in PNC 

Pre-existing pollutants increases Reduction in nucleation, favourable condition 

for condensation, larger size particles will form 
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2.3.2.1 Important factors responsible for formation of UFP 

Sulphur content of fuel; sulphur when released from the fuel into the atmosphere, reacts 

with water present in the atmosphere and forms sulphuric acid. This sulphuric acid then 

undergoes a binary homogeneous nucleation process (Vehkamaki et al., 2003) and forms 

particles up to a size 5.5 nm (Pirjola et al., 2015). Hence, the more sulphur content in the 

fuel, the more nucleation rate will be (Vehkamaki et al., 2003) and more will be the 

number of UFP formed. Also, it has been found that as the sulphur content is reduced, 

the amount of UFP particles formed reduces too but it does not follow a linear variation. 

As per Banerjee and Christian (2018), for the same environmental condition as the fuel 

sulphur content is reduced from 350 ppm to 250 ppm, a very sharp decline in the PNC is 

observed, and when the fuel sulphur content is reduced to 150 ppm, the PNC of UFP (in 

the nucleation mode range) becomes almost negligible. As earlier mentioned, sulphur to 

sulphuric acid conversion efficiency affects the PNC of UFP but not all the sulphur that 

is present in the fuel gets converted into sulphuric acid. Higher the efficiency of the 

sulphur to sulphuric acid conversion will be a higher number of UFP formed. As per 

Vehkamaki et al (2003), a change  in concentration of sulphuric acid by a factor of 10 

can cause a 10 order change in the  nucleation rate.  As per a study it has been found that 

a slight increase from 1% to 4% in the conversion efficiency can cause a sharp rise in 

order of 6 in the PNC in nucleation mode while a sharp decline is seen in the number 

concentration of UFP when the sulphur to sulphuric acid conversion efficiency is 

decreased from 10% to 5% (Banerjee and Christian, 2018). Unlike sulphur and its 

sulphuric efficiency, the soot particle as carbon formed due to incomplete combustion of 

the hydrocarbons has an inverse relation with PNC of UFP. Soot particle impacts the 

formation of accumulation mode particles. These particles have a larger diameter and 

provide the nuclei for the other gases to condense on them. A higher concentration of 

soot particles results in the formation of larger size particulate, which further leads to a 

reduction of UFP numbers (Banerjee and Christian, 2018). Condensable Organic 

nucleation rate Vapours (COV), Organic Particles and non-volatile particles don’t have 

a major significantly influence on the number of UFP formed, but they affected the size 

of UFP formed. The Presence of COV and non-volatile particles influences the size of 

particles formed as these particles acts as a core and allow those very small nucleation 
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modes (< 5.5 nm) to coagulate over them and allow them to grow in diameter (Pirjola et 

al., 2015; Rönkkö and Timonen, 2019).  

Ambient temperature plays a significant role in the forming primary UFP, as 

condensation rate is highly affected by the ambient temperature i., e as temperature 

decreases rate of condensation increases, which results in formation of more UFP. 

Ambient temperature significantly determines the threshold concentration of sulphuric 

acid (i.e., the sulphuric acid concentration that produces a nucleation rate of 106/cm3 

(Vehkamaki et al., 2003). As per Banerjee and Christian (2018), the particle number 

concentration decreases from 6.0 x 105 to 2.3 x 105 as the temperature increase from 263k 

to 273k for a fuel with a sulphur content of 330 ppm and conversion efficiency of 1%  

with RH of 20%. It has been shown in various studies conducted by Banerjee and 

Christian (2018), Kulmala et al. (2004) and Vehkamaki et al. (2003) that both ambient 

temperature and RH plays a vital role in the formation of UFP. UFP gets dispersed, 

diluted, and re-suspended in the atmosphere due to the action of wind direction and speed. 

The PNC of UFP is a function of distance from the roadway. One of the critical 

difficulties in understanding variations in UFP concentration in the near roadway 

environment is that the dispersion process differs for ambient background and vehicle 

emissions. The dispersion near the roadway is dominated by turbulence from vehicle 

motion. It is a rapid process that disperses the vehicle exhaust in short periods (e.g., 

minutes), while the dispersion from ambient emission sources is mainly governed by 

atmospheric turbulence that transports emissions from stationary sources (Zhang and 

Wexler, 2002; Zhang et al., 2004). Besides the dispersion related to atmospheric and 

vehicles, researchers also found that green infrastructure (e.g., noise barriers, sound walls 

and vegetation barriers) can be considered as one potential solution for reducing UFP 

concentrations (see the section 2.3.3). Wind speed does not directly influence on the 

formation of UFP, but it plays a major role in the dispersion of UFP in URMe. Wind 

tends to carry UFP from its source to other places. As a result, high wind speed means a 

higher dilution ratio. As per the study of Abdul-Khalek et al. (1999) and Charron and 

Harrison (2003), a higher dilution ratio leads to lower nucleation rate and  PNC. Also, as 

per Charron and Harrison (2003), wind speed has a negligible effect on very small 

particles (11-30 nm) and as a result, strong wind speed shows a higher PNC for very fine 

particles (11-30 nm). Various studies have found that UFP concertation reduces to 
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minimum at wind speed > 5m/s, while for particles with a size >100 nm, their 

concentration shows a U-shape curve for speed (5-10m/s). This U-curve is due to the re-

suspension of the settled particles back into the atmosphere due to the action of the high- 

speed wind (Banerjee and Christian, 2018; Charron and Harrison, 2003; Kumar et al., 

2008). Distance from road increases the geomean diameter of UFP but decreases the PNC 

of UFP. Brugge et al. (2007) concluded from a review of cardiopulmonary health studies 

that the most critical human exposure zone near roadways extends to 30 m downwind. 

More detail can see in Table 2.3. 

Table 2.3: The relationship between particle size distribution and distance 

 

 

Table 2.4: The relationship between wind direction and particle concentration 

Wind direction 
 

PNC of UFP 

Wind from the road towards the sampling 

points 

The concentration of particles reached the 

maximum at 15 m and decreased to half of 

the maximum at 150 m. 

Distance from the downwind from the 

Road (m) 

Peak Diameter 

(nm) 

PNC (cm-3) 

17 m 10 nm >3.2 x 10 5 

20 m 10 nm ~2.4 x 105 

30 m 30 nm >1.6 x 105 

90 m 50 nm >0.6 x 105 

150 m 60 nm >0.4 x 105 
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Wind parallel to the road Under the action of parallel wind, the 

particle concentration decays to half of the 

maximum value at 50–100 m. 

Wind away from the road 
The wind direction had little effect on the 

particle concentration. 

Precipitation or rainfall plays a complex role in respect of UFP. In general rain-drops 

washes the pollutants (including PM) of the atmosphere, lowering their concentration, 

but as per studies by (Banerjee and Christian, 2018; Charron and Harrison, 2003; Easter 

and Peters, 1994), it has been found that for UFP, the effect of rain depends on the size 

of the raindrop. It has been observed that if the raindrop has a size < 0.2 mm, they reduce 

the concentration of UFP from the atmosphere, but if the size of a raindrop is > 0.4 mm 

then the concertation of UFP increases. Also, precipitation increases the RH while 

decreasing the ambient temperature resulting in increased PNC of UFP. As a result, it 

has been found that after the rain, the rate of formation of UFP increases, with the highest 

PNC being found after 1 hour of precipitation (Banerjee and Christian, 2018). The 

ambient environment plays a significant impact in UFP formation. It has been found that 

the PNC of UFP increases after the rain and during the winter season. This UFP 

concentration increase during winter is due to low temperature. Also, due to temperature 

inversion, the dispersion of pollutants become slow which further contribute to the 

increase in the PNC of UFP. Seasonal influence on the particle size growth and PNC 

from road distance still did not explore thoroughly, although winter or cold seasons have 

fewer changes in nucleation mode's PNSD and have not changed in accumulation mode's 

PNSD. The growth of ultrafine particles in the winter or summer explains by the more 

effective condensation of released semi-volatile or volatile compounds in these 

conditions. 

The spatial distribution of UFPs is highly inhomogeneous across the city. This 

inhomogeneity is primarily due to a heterogeneous urban environment (e.g., local sources 

and urban morphology) (Kumar et al., 2014) and the dynamic of UFPs (e.g., condensation 

and evaporation) (Zhang and Wexler, 2002). The near roadway concentrations vary by 

30 to 40% on most days due to variations in vehicle flow rate. In urban near roadway 

environments, diurnal variation of UFP concentrations was shown to be related to the 
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variation in vehicle flow rate. The maximum UFP concentrations occurred on weekdays 

during rush hours and were correlated with traffic patterns. The diurnal variations during 

weekdays had a concentration peak during morning and afternoon rush hour. On 

weekends, the peak concentrations occurred in the middle of the day (Hussein et al., 

2004; Hietikko et al., 2018). The strong relationship between traffic patterns and UFP 

concentrations reinforces the fact that vehicle emissions are a major source of UFPs since 

larger particles (accumulation mode particles) are poorly correlated with traffic 

conditions (vehicle flow rate and speed) (Hussein et al., 2004; Hietikko et al., 2018; 

Bello-Salau et al., 2015). In addition to differences in the traffic patterns, the weekdays 

usually had higher UFP concentrations compared to Saturday and Sunday. This can be 

explained by the fact that weekdays have a higher percentage of heavy-duty vehicles 

(HDV%) that emit significantly more UFPs than light-duty vehicles (LDVs) (Wang et 

al., 2010). UFPs concentrations were also found to be lower during nighttime than 

daytime. Zhu et al. (2006) concluded that UFP concentrations were 20% lower at night 

than at day. While Xiang et al. (2019b) found that the measurements at night can be lower 

by a factor of three. One should expect lower UFP concentrations during night-time due 

to lower vehicle flow rate fewer trucks and lower background concentrations. Seasonal 

variation in UFP concentrations is a complex issue. Studies have focused on seasonal 

variations in UFP concentration related to the effect of temperature, relative humidity 

and atmospheric mixing height. Most of the studies reported higher UFP concentrations 

in winter than in summer. In winter, the lower temperature and relative humidity can 

increase nucleation of the exhaust emitted by vehicles and resulted in higher UFP 

concentrations (Zhu et al., 2004; Wang et al., 2018). Lower mixing heights during winter 

can also increase in UFP concentrations because of less atmospheric dispersion (Saha et 

al., 2018). Pirjola et al. (2006) and Saha et al. (2018) demonstrated that the average UFP 

concentrations were 2-3 times higher in winter than in summer. However, field 

measurements conducted by Mejia et al. (2007) showed that seasonal variation in UFP 

concentrations was not significant when there were no significant meteorological 

differences between summer and winter. McMurry and Woo (2002) found that although 

average UFP concentrations tended to be higher in winter, while concentrations of 

particles with a size range between 3–10 nm increased in the summer due to 

photochemical nucleation due to stronger solar radiation. Park et al., (2008) found similar 
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photochemical nucleation events with particles size between 10-30 nm in summer, while 

traffic and residential heating led to enhanced UFP concentrations with sizes between 

50-80 nm in winter. Generally, the studies conducted in the Northern hemisphere showed 

that there are clear seasonal trends (McMurry and Woo, 2002; Zhu et al., 2004; Pirjola 

et al., 2006; Park et al., 2008; Saha et al., 2018; Wang et al., 2018), contrary to study 

conducted in the Southern Chemosphere in Brisbane, Australia (Mejia et al., 2007). This 

mainly because the studies conducted in the Northern Chemosphere were in areas with 

significant meteorological differences between the seasons (Morawska et al., 2008). 

Besides the factors mentioned above, anthropogenic activities like home heating can also 

affect seasonal variations in UFP concentrations. Rovelli et al. (2017) found that seasonal 

differences in mass concentration for particles smaller than 1.6 um can be up to 3.5 times 

higher during the heating season than in the non-heating season. However, there is a lack 

of information on the changing UFP number concentrations in house heating. 

2.3.3 Role of vegetation barriers in UFP near URMe 

Besides the ambient environment, the ambient topography (like vegetation, buildings 

etc.) also plays a significant role in the PNC of UFP near URMe (Al-Dabbous and 

Kumar, 2014; Kumar et al., 2010; Lin et al., 2016). Out of these topographical features, 

vegetative barriers are of particular interest as they have been successfully used as 

pollution abatement measures. Various studies have concluded that roadside vegetation 

acts as a barrier for the air pollutants (Baldauf, 2016) and prevents them from dispersing 

into the near URMe. The effectiveness of this vegetation to reducing the dispersion of 

UFP is still unknown and needs to be studied further before a conclusion can be reached, 

but as per a study by  Lin et al., (2016) vegetation barrio can cause a reduction in PNC 

by  37.7-63.6% in downward wind condition when wind speed is ≥ 0.5m/s, while as per 

a study conducted by  Neft et al., (2016), it was found that the thickness of vegetation 

directly impacts the abatement efficiency of it.  In a study conducted by Al-Dabbous (Al-

Dabbous and Kumar, 2014), it was also found that vegetation not only influences the 

PNC of UFP, but also have a significant impact on the Respirable Depository Dose 

(RDD), showing a reduction of  36 - 80 % depending on wind direction and speed. Many 

studies have concluded that the effect of vegetative barrier is more when they are placed 

downwind and can significantly reduce the exposure of people living in the URMe  



2-32 

 

proximity to the urban road microenvironment (Al-Dabbous and Kumar, 2014; Baldauf, 

2016; Bhardawaj et al., 2017; Brantley et al., 2014; Lin et al., 2016). 

2.3.4 URMe’s UFP Model 

In the field of aerosols and UFP, models are extensively used and one of the most 

commonly used models is Land Use Regression (LUR) model (1977 Brigs), used to 

analyse the pollution concentration at any location in the study area and to understand 

the spatial-temporal variation of pollutants. LUR combines monitoring of air pollution at 

various locations, spread over the study area and the  development of stochastic models 

using predictor variables usually obtained through GIS (Hoek et al., 2008; Karroum et 

al., 2020; Lv et al., 2020). AERMOD (1998 AERMIC), a steady-state Gaussian 

dispersion model, is capable of simultaneously simulating many sources with different 

shapes, elevations and characteristics, emitting one or more pollutants and is also capable 

accounting for the non-homogeneous vertical structure of the boundary layer (Hanna et 

al., 2001; Lv et al., 2020), and has shown promises in the field of UFP (Ahmed, 2017). 

Another Gaussian model called ADMS5 based on ADMS (1993, CERC) is used 

extensively by researchers. It is a versatile model capable of calculating the concentration 

of atmospheric pollutants generated from point sources, line sources, area or volume 

sources and is capable of handling up to 300 sources. ADMS has a similar algorithm as 

that of AERMOD and has a sub-model created specifically for road pollution diffusion 

known as ADMS-Roads (Gulia et al., 2014; Hanna et al., 2001). National Environment 

Research Institute developed another Gaussian Plume model that is used extensively in 

UFP, Denmark, called OSPM (2000). An important feature of OSPM is modelling the 

turbulence in the street, while considering the meandering effects of the winds, which 

makes it suitable for studying UFP in an urban street canyon (Berkowicz, 2000; Ketzel 

and Berkowicz, 2004). Another widely used model for aerosols particle is WRF-Chem 

(2000, NOAA/ESRL/GSD). It stands for Weather Research Forecast and Chemistry and 

is a WRF-based inline atmospheric chemistry model. It comprises of two modules, the 

weather module and the Chemistry module, used for simulating the effect of both 

meteorological and chemical parameters on a pollutant simultaneously and provides a 

more realistic result for an accurate study of aerosols. Around the same time, Pirjola 

(2000) felts the need to develop a model specifically for UFP, which resulted in the 
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development of the MONO-32 and MULTIMONO model (Pirjola and Kulmala, 2000) 

developed to study the aerosol particles. These models can investigate the role of 

different emissions in determining the concentration and composition of the particles 

while considering both emissions of gases and particles as well as gas-phase chemistry. 

The model also considers the dry deposition losses, Nucleation (binary and ternary), 

condensation as well as inter-intra molecular coagulation. MONO-32 models are also 

vastly used in combination with other models (such as CFD (Computational Fluid 

Dynamics)) to form advanced hybrid models for studying UFP (Gidhagen et al., 2004). 

While in the recent year the model that is used most is R-line model designed by US-

EPA to simulate the near road mobile source pollutant dispersion and to study the human 

exposure. It is highly suitable for exposure risk assessment as it is designed to predict 

pollutant concentration at receptors very close to road and to simulate primary, 

chemically inert pollutants with emphasis on near surface releases and near source 

dispersion. What makes this model unique in comparison to other line model is that it 

contains a wind meander algorithm that accounts for dispersion in all directions during 

light and variable winds and is extensively used today to study the human exposure to 

UFP (Ahmed, 2017; Snyder et al., 2013),  while the last model on the list is GAM, 

developed by Hastie and Tibshirani  in 1990, and was later optimized by wood (Wood, 

2008; Wood et al., 2017), it acts as a hybrid model incorporating both LUR as well as R-

line model, it allows the used to estimate time series or spatial characteristics while 

representing the non-linear relations of a response variable with explanatory variables 

without the need to pre-define model functions and has been used by many researchers 

for analysis of UFP (Gerling et al., 2021; Sartini et al., 2013), GAM models are usually 

fitted to UFP data from a single site or from mobile measurement campaigns with limited 

temporal coverage,  but recently as per a study Gerling et al. (2021), shows that GAMs 

are able to represent important processes that contribute to the particle number 

concentration from the smooth functions, i.e. emission, dilution, nucleation, deposition 

and long-range transport, while offering  flexibility and evaluation of the specific and 

synergistic contributions of different variables affecting UFP concentrations. With the 

advancement in the field of UFP, the nature of the relationship between the sources of 

UFP and parameters affecting the formation of UFP has become complex to be measured 

by current models. As a result, many scholars have now looked toward a more adaptive, 
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self-organizing models based on Artificial Neural Networks (ANN), which allows them 

to train a model for better understanding and predicting the characteristics of the 

pollutants (Lv et al., 2020).  As shown in a recent study by Ganji et al. (2020), who have 

coupled GIS with Bayesian regularized ANN (BRANN) model to develop an air 

pollution prediction model to predict near-road air quality based on measurements of 

ultrafine particles (UFPs). 

2.4 UFP’s measurement and instrumentation at URMe 

In contrast to uniformly formed manufactured or engineered nanoparticles, URMe’s 

UFP, qUFP, or Nano-particles have a wide range of shape and size distributions, 

including irregular shapes, aggregates, and agglomerates, making monitoring and 

measurement difficult (Kwon et al., 2020; Nussbaumer et al., 2008; Obaidullah et al., 

2012). However, no definitive protocol or standard has yet been established to address 

this problem, but in UFP measurements several effective instruments of specific 

principles are available (Giechaskiel, 2018a; Giechaskiel et al., 2014; Knibbs et al., 2011; 

Kumar et al., 2021, 2014a, 2010; Morawska et al., 2008). As mentioned in the above 

section, UFP concentrations vary in the context of far away from tailpipe emission on or 

around the roadside to a significant level with specific monitoring systems. However, in 

this regard, the UN-EC has launched a particle measurement programme to develop a 

universal new system or protocol for monitoring and measuring UFP/qUFP/Nano- 

particles (European commission, 2008). Aerodynamic diameter (Da), Stock’s diameter 

(Ds), or Electrical mobility (De) are more commonly (Giechaskiel, 2018b; Hinds, 1982) 

used by research society for UFP’s PNC measurement in dynamic ambient air of URMe 

than its mass concentration measurement. According to (Nussbaumer et al., 2008; 

Obaidullah et al., 2012), as the size of the particulate matter becomes smaller, technically 

its measurement becomes quite challenging and selective. This section aim is to 

comprehensively overview of UFP / qUFP / Nano-particles measurement and their 

instrumentations. The aim is not to compare and contrast instruments, especially 

commercially available instrument. As shown in  Figure 2.2, UFPs measurement can be 

done into the following way; 1- Concentration of UFP; 2- Size distribution of UFP; 3- 

Physiochemical characteristics of UFP. It includes the name of the technique used for the 

completeness of the measurement section. 
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Figure 2.2 shows the overview of utilization of available instruments in monitoring and 

physiochemical characterization of UFP at URMe. The UFP monitoring and 

measurement in URMe, includes two parts: measurement and physiochemical 

characterization. The measurement section has the most used techniques for PNC, Mass, 

and PNSD for UFP estimation, while the physiochemical section is related to structural 

properties, elemental & organic composition, Growth kinetics, magnetic properties etc. 

2.4.1 Concentration of UFP 

The concentration of UFPs (the number and mass concentration of UFPs) and surface 

area are mostly measured using gravimetric, optical, and microbalance techniques. 

(Figure 2.2 and Table 2.5). 

2.4.1.1 Gravimetric Technique 

In general, the mass of UFP/qUFP/Nano particles is measured using specific filter paper 

(by Glass fiber, PTEF, and Quartz filter paper) in a cascade impactor that is weighted 

before and after particulate matter sampling. Many of it is used in the physiochemical 

characterization of UFPs using specialized instruments such as TEM (Transmission 

Electron Microscopy), SEM (Scanning Electron Microscope), ICP-MS (Inductively 

Coupled Plasma Mass Spectrometry), and many others (Amaral et al., 2015; Giechaskiel 

et al., 2019, 2018). Unless the particles of a specific size are removed or stopped by the 

cyclone or impactor, granulometric fractions (nucleation, accumulation, and coarse 

mode) of a wide range of particulate matter are normally collected on filter paper. In 

general, quasi UFP (> 250 nm to 1000 nm) is measured with a cascade impactor equipped 

with a specially arranged multiple impactor stage for mass concentration and size 

distribution, in which a specific size cutoff is opened at each stage, allowing the sampled 

air (loaded with particulates) to enter and collect on the filter papers or the impactor plate. 

The sample air flow then entered the lower size cutoff impactor stage. The cascade stage 

or their cutoff diameter may also differ and be customary (Giechaskiel et al., 2014; 

Nussbaumer et al., 2008). The SKC Siotus Personal sampler, for example, is a cascade 

impactor with four stages (250nm, 500nm, 1000nm, and 2500nm) and a single diaphragm 

pump that maintains a 9L/m flow of sampling air (Lin et al., 2005; Rohra et al., 2018; 

Xue et al., 2019). Some other scientific cascade impactors are detailed in Kumar et al. 
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(2021). This study provides non-real-time data and cannot give statistically enough data 

in a short period of sampling days. According to (Durand et al., 2014; Fonseca et al., 

2016; Nussbaumer et al., 2008), Berner low-pressure impactor (BLPI), Dekati Low-

pressure impactor (DLPI) are commonly used because their particle size ranges are 

customary in different ranges of 10 nm to 10 µm. More information is provided in the 

following section, titled ‘impactor.' 

According to Vincent. (2007), a conventional cascade impactor is not favorable for 

measurement of > 0.4 µm at atmospheric temperature. There is another type of cascade 

impactor family to substitute the conventional cascade impactor, micro-orifice uniform 

distributed impactor (MOUDI), with a sampled flow rate of 10 to 100 L/Min, which can 

cover a broad range of particle sizes (> 30nm to < 2500nm) on Quartz plate. MOUDI 

does not use any filter paper during sampling. Particulate matter can be collected from 

the quartz plate to the respective filter paper or solution for further physiochemical 

analysis. 

In this particle bouncing issues are minimal as compared to conventional cascade 

impactors. With the integration of Quartz Crystal Microbalance, MOUDI provides a real-

time mass concentration of different sizes and their distribution (Alam et al., 2011; M. 

Chen et al., 2016; Durand et al., 2014; Fonseca et al., 2016; Giechaskiel et al., 2018; 

Kumar et al., 2021; Lin et al., 2005; Liu, 2015; Marple et al., 1991). 
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AFM :- Atomic force microscopy MALDI :- Matrix-assisted laser desorption/ionization 

BET :- Brunauer Emmett Teller MFM :- Magnetic force microscopy 

Cryo-TEM :- Cryo-electron microscopy NMR :- Nuclear magnetic resonance 

Cryo-TEM :- Cryo-electron microscopy NTA :- Nanoparticle tracking analysis 

DCS :- Differential centrifugal sedimentation PL :- Photoluminescence 

DEM :- Differential electrochemical mass PTA :- Particle tracking analysis 

DLS :- Dynamic light scattering RMM-MEMS :- Resonant mass measurement micro 

electro-mechanical system 

DSC :- Differential Scanning calorimetry SANS :- Small angle neutron scattering 

DTA :- Differential thermal analysis SAXS :- Small-angle X-ray scattering 

ED :- Electron diffraction SEM :- Scanning electron microscope 

EDX :- Energy dispersive X-ray SIMS :- Secondary ion mass spectrometry 

EELS :- Electron energy loss spectroscopy SP-ICP-MS :- Single particle Inductively coupled plasma 

mass spectrometry 

EELS-STEM :- Electron energy loss spectroscopy -

Scanning transmission electron microscopy 

SQUID :- Superconducting quantum interference device 

ELS :- Electrophoretic light scattering STEM :- Scanning transmission electron microscopy 

EPLS :- Elliptically polarized light scattering TEM :- Transmission electron         microscopy 

EPM :- Electrophoretic mobility TGA :- Thermal gravimetric analysis 

EPR :- Electron paramagnetic resonance TRPS :- Tunable resistive pulse sensing 

ESI :- Electrospray ionization TRPS :- Tunable resistive pulse sensing 

EXAFS :- Extended X-ray absorption fine structure UV-Vis :- Ultraviolet–visible spectroscopy 

FMR :- Ferromagnetic resonance UV-Vis-NIR :- Ultraviolet–visible spectroscopy near 

infrared reflectance 

FTIR :- Fourier transform infrared spectroscopy VSM :- Vibrating sample magnetometry 

HRTEM :- High-resolution Transmission electron 

microscopy 

XAS :- X-ray absorption spectroscopy 

ICP-MS :- Inductively coupled plasma mass spectrometry XMCD :- X-ray magnetic circular dichroism 

ICP-OES :- Inductively coupled plasma optical emission 

spectrometry 

XMCD :- X-ray magnetic circular dichroism 

LEIS :- Low-energy ion scattering XPS :- X-ray photoelectron spectroscopy 

Liquid NMR :- Liquid nuclear magnetic resonance XRD :- X-ray diffraction 

Liquid TEM :- Liquid transmission electron microscopy  

 

Figure 2.2: Overview of UFP instrumentation for concentration and chemical 

characterization  



2-38 

 

2.4.1.2 Optical Technique 

To measure the UFP/qUFP/Nano-particles in the ambient environment, the optical 

detection method employs the light beam scattering, absorption, and extinction principles 

(Belkacem et al., 2021; Giechaskiel et al., 2014). There are several instruments based on 

light scattering, absorption, and extinction principles, but light scattering-based 

instruments are more commonly used for real-time particulate matter measurement than 

absorption-based instruments because they are generally used for particulate matter 

measurement in the context of black carbon, whereas the use of extinction method is less 

common in the field of UFP (Amaral et al., 2015; Lonati et al., 2017). 

2.4.1.2.1 Light scattering method 

The light scattering method, according to (Giechaskiel et al., 2014), is "the light 

scattering pattern and intensity are strongly dependent on the particle size to the 

wavelength of incident light." When the sampled flow enters the light beam section, the 

photometer detector measures the scattered light by particles because light dispersion and 

scattering are particle-specific ensemble. In the optical particle counter, the aerosol is 

drowned through a light beam and light flushes, scattered by single particles, are received 

by a photodetector. The number concentration is determined from the count rate, and the 

particle’s size is estimated from the pulse height. Commercially available instruments 

have various size ranges of particles ranging from a few nanometers to several hundred 

nanometers in diameter, with different measuring angles such as 30º, 45º, > 90º 

depending on customization and detection technology (Hinds, 1982). These are some 

following instruments for the light scattering method; DataRAM4 (Belkacem et al., 

2021), WARS (Wide range aerosol spectrometer) from GRIMM Aerosol Technik model, 

Dust tracker (TSI model), PAMS (Kanomax model) (Lin et al., 2005; Liu, 2015). Proper 

maintenance and cleaning of the particle counting chamber can provide more reliable 

measurement data (Chowdhury et al., 2013; Kulkarni et al., 2011). In the light scattering 

method, optical particle counters and condensation particle counters are commonly used 

for real-time measurement of qUFp/UFP/Nano particles (Amaral et al., 2015). In general, 

the condensation particle counter (CPC), based on the light scattering method, is the most 

commonly used instrument for ultrafine particle number concentration. However, UFP 
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or Nano particles have a detection limit using the standard light scattering method due to 

their size. To accomplish this, a condensation chamber is used to grow the UFPs/Nano 

particles to photo detection level for use in the CPC detector (Amaral et al., 2015; 

Giechaskiel et al., 2014). Particle condensation occurs when the temperature of the 

sampled air drops in the chamber with the help of a condensation solution such as butanol 

or distilled water. Even though qUFPs exceed the lower size detection limit, optical 

particle counters are commonly used for mass or number concentration in real-time 

measurement of quasi-ultrafine particles (Giechaskiel et al., 2014). But CPC can be used 

on itself for total PNC of UFP (Morawska et al., 2008) and it is more effective in terms 

of particle size number distribution (PNSD) when combined with a differential mobility 

analyzer (DMA) or differential mobility spectrometer (DMS) (Kumar et al., 2010). 

2.4.1.2.2 Light absorbing method 

Because of a strong correlation between black carbon and light absorption, the main 

instruments used to measure black carbon in quasi UFP/qUFP/Nano particulate matter 

are light absorption. It is possible to do so using specific filter paper, such as a spotmeter 

for soot in engine exhaust smoke and an Aethalometer for black and elemental carbon 

(Hofman et al., 2018; Stapleton et al., 2018). The Photoacoustic Soot Sensor (PASS) and 

laser-induced Incandescence (LII) are advanced methods for measuring black carbon in 

diluted heated sampled flow in real-time (Aiken et al., 2016; Giechaskiel et al., 2014). 

These are mostly used to measure tailpipe or vehicular emissions (Giechaskiel, 2018a, 

2018b; Giechaskiel et al., 2020, 2019, 2018, 2014). 

2.4.1.3 Microbalance techniques 

Microbalances are used to determine the mass of particulate matter collected on the 

surface of an oscillating element due to a change in the resonance frequency. The quartz 

crystal microbalance is explicitly designed for measuring fine and qUFP/UFP/Nano 

particles, which are electrostatically deposited on the thin quartz crystal resonator. The 

particle's mass can be calculated based on the decrease in resonance frequency. The 

measurement is hampered by temperature and humidity variations. QCM-MOUDI 

(Quartz crystal microbalance-micro-orifice uniform depositor impactor), TSI Model 140 
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is one of the advanced instruments that use a QCM and an impactor to overcome 

temperature and humidity variations. It is a real-time precision research-grade impactor 

with QCM sensors for real-time mass detection. The impactor has 2.5 µm inlet and 6 

QCM stages with sharp efficiency curves and calibrated cut points of 960, 510, 305, 156, 

74, and 45 nm at a 10L/min inlet flow rate, eliminating unwanted solid particle bounce. 

Particles collected on QCM can then be used for physiochemical analysis (Kumar et al., 

2021; Segalin et al., 2020). 

2.4.2 Size distribution measurement method 

Size distribution is an important factor in studying the UFP/qUFP/Nano particle, which 

is represented by particle number concentration or mass concentration in different size 

channel bins and is primarily determined by particle properties such as geometric size, 

inertia, electrical mobility, and other particle properties. Size distribution is, in general, 

a combination of several measuring principles and their respective instruments. Size 

distribution usually takes place in three stages: 1) particle loading and charging or 

neutralisation; 2) particle size classification; and 3) detection. The following are some of 

the most used techniques for PNSD. 

2.4.2.1 Microscopy technique 

Microscopy is used to examine the morphology and size of a particle. In microscopy, 

particles are collected on specific filter paper with cascade impactor or MOUDI 

instruments, followed by filter preparation to improve visibility according to respective 

instruments TEM, SEM, and TCP-MS. For a wide range of information, image 

processing provides supportive and informative information on particle morphology, 

rotation radius, size distribution of primary particles, factual dimension, number of 

primary particles per aggregate, and size distribution of primary particles (Mourdikoudis 

et al., 2018). The main drawbacks are time consumption, off-site analysis or monitoring, 

and statistical inadequacy. It is suitable for solid particle analysis but not for semi-volatile 

particle analysis due to particle evaporation or loss during vacuum and electron beam 

heating (Giechaskiel et al., 2014; Vincent, 2007; Wentzel et al., 2003). 
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2.4.2.2 Impactor’s technique 

According to Hinds (1999), the cascade impactor operates based on particle inertial 

classification. The aerosol sample is routed through a series of stages, each directing the 

aerosol through an array of nozzles above a solid substrate (Vincent, 2007). Particles 

with aerodynamic diameters greater than the design cut-point are impacted, whereas 

smaller particles follow gas streamlines around the collection plate. The efficiency of 

impaction is proportional to Stoke's number. The finer the particles collected, the 

narrower the nozzle and the higher the air velocity. Because of their low inertia, the 

smallest particles passing through the final stage cannot be collected, but they are 

frequently collected onto a final filter. The traditional cascade impactor does not perform 

well with smaller particles (> 400nm aerodynamic diameter) (Kumar et al., 2021; 

Nussbaumer et al., 2008; Vincent, 2007). As a result, another type of modified cascade 

impactor family that can collect particles ranging from 30 nm to 10µm. Low-pressure 

cascade impactor (LPI), Dekati Low-pressure cascade impactor (DLPI), and Berner 

Low-Pressure Impactor are the impactors. Another cascade family that has minimised 

particle bouncing effects on impactors is the Micro-Orifice Uniform Depositor Impactor 

(MOUDI). With the addition of QCM, MOUDI has evolved into a real-time instrument 

for mass concentration and size distribution. More information can be found in the 

previous section on a microbalance. The Electrical Low-pressure Impactor (ELPI) is a 

high-tech real-time impactor in which unipolar corona charge charges the sampled 

aerosols before passing through a low-pressure cascade impactor with electrically 

isolated collection stages. It is based on three main principles: 1) corona charging; 2) 

inertial classification using a low-pressure cascade impactor; and 3) electrical detection 

of aerosol particles using a multi-channel electrometer. The Dekati electrical Low-

pressure Impactor (DELPI) has a sampling time of 1s and a particle size range of ultrafine 

to coarse (7nm to 10 um). Particulate matter collected on the impactor can be analysed 

further for physio-chemical analysis (with the help of TEM, SEM, ICP-MS etc) (M. Chen 

et al., 2016; Corsini et al., 2019; Durand et al., 2014; Fonseca et al., 2016; Giechaskiel, 

2018b; Giechaskiel et al., 2019, 2018; Kumar et al., 2021; Lin et al., 2005; Liu, 2015; 

Marple et al., 1991; Venkataraman and Rao, 2001). 
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2.4.2.3 Diffusion battery  

According to Vincent (2007), using traditional instruments particles, less than 0.1 µm 

have little detectable response to gravitational and inertial forces. However, diffusion has 

a strong influence on the measurement of these particles. The Diffusion Battery (DB) is 

used to calculate the diffusion coefficient of particles through equivalent diameter in 

volume. Despite the fact that Fierz et al. (2011) stated that recent gravimetric and optical 

methods are insensitive to measuring nanoparticles and thus unsuitable for this task. 

However, diffusion batteries, with particle measurement ranges from 1nm to 100 nm, 

separate particles based on their mobility, which is determined by particle diffusion 

coefficients. In general, DB is used with a condensation particle counter and a switch 

valve to vary the effective length of the diffusion path. This resulted in the development 

of the 'electrical diffusion battery' (EDB), in which sampled particles are charged by a 

corona charger and then placed in the diffusion battery (which can be either tube or 

screen) (Amaral et al., 2015; Giechaskiel et al., 2014). According to (Vincent, 2007) the 

EDB collection efficiency is a function of the geometric properties of the tube or screen, 

the flow rate, and particle size. 

2.4.2.4 Mobility analyser 

Previously, a mobility analyzer was known as an 'Electrical Aerosol Analyzer (EAA),' in 

which particles were passed from electrical mobility after charging with a unipolar 

corona charger, which allows only particles below certain electrical mobility to pass and 

be measured with an electrometer. Currently, the differential mobility analyzer (DMA) 

is an advancement of the EAA in which a neutralizer (Bipolar diffusion charger) is used 

to provide a well-defined ‘Fuchs charge distribution.' The particles are then routed 

through an electrostatic classifier (which allows only narrow electrical mobility range 

particles to pass) and measured using a CPC or electrometer (Giechaskiel et al., 2020, 

2019, 2014). The combination of DMA and CPC is known as a scanning mobility particle 

sizer. According to Wang and Flagan (1990), the applied voltage can be exponentially 

ramped to a scan over a particle diameter range in a few minutes. Fast scanning is 

incompatible with SMPS. It has been discovered in the literature that it can be customised 

based on research demand, such as the ‘Volatile Tandem Differential Mobility Analyzer 
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(VTDMA),' which has two nano DMA and two long DMA, as well as a heating tube and 

an ultrafine condensation particle counter for covering a wide range of aerosol particle 

size (Amaral et al., 2015; Giechaskiel et al., 2018, 2014; Maruf Hossain et al., 2012). In 

the aerosol monitoring committee, SMPS has a commercially diverse range of models. It 

is available in Short or Nano DMA (for smaller UFP/Nano particles) and Long DMA 

(for larger UFP/Nano particles), as well as CPC, which provides the size distribution with 

particle number concentration in different channels or size bins. DMA size range, size 

distribution channel or bin, and maximum concentration monitoring range differ between 

brands, such as TSI and Grimm models. The SMPS is a commonly used instrument for 

monitoring ambient UPF (Kumar et al., 2010). 

2.4.2.5 Centrifugal Measurement of Particle Mass (CPMA) 

According to the literature, CPMA has two specific electrodes (coaxial electrodes) that 

rotate at different speeds (the outer electrode rotates slightly slower than the inner 

electrode). As a result, when a charged particle passes between these electrodes, it is 

subjected to electrostatic and centrifugal forces that act in opposite directions. CPMA 

calculates the particle mass to charge ratio (which is measured by the difference between 

electrode voltage and rotation speed) (Giechaskiel et al., 2014; Johnson et al., 2013). The 

advantage of CPMA is that there is no need to collect dust for weighing while measuring 

particle mass. The Aerosol Particle Mass Analyzer (APM) works similarly to the CPMA, 

except that both electrodes rotate at the same angular velocity (Amaral et al., 2015). 

2.4.2.6 Differential Mobility Spectrometer (DMS) 

The particles are initially distributed in the DMS via unipolar charging via a corona wire 

diffusion charger. The sampled aerosol is then routed through the central rod's outer 

boundary (cylindrical electro-statistic classifier). It is made up of a series of electrically 

isolated rings that are linked to sensitive electrometers. The particle number distribution 

is measured by the deposition of charged particles on a ring electrode. DMS has lower 

particle sensitivity and size resolution than SMPS but higher sampling time resolution 

(0.1 to 1Hz), so it is more commonly used in vehicle exhaust monitoring with dilution 
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(Giechaskiel et al., 2014; Hosseini et al., 2010; Maruf Hossain et al., 2012; Nussbaumer 

et al., 2008). 

2.4.2.7 Fast Integrated Mobility Spectrometer (FIMS) 

Giechaskiel et al. (2014) and J. Wang et al. (2017) describes the FIMS composition as a 

charger, a size classifier, a condenser and a detector. (Kulkarni et al., 2011) and (Johnson 

et al., 2013; Olfert et al., 2008) state that the aerosol passes through a neutralizer thereby 

receiving a charge distribution of bipolar equilibrium. The aerosol passes through a 

mobility analyzer through which butanol saturated gas flows. Based on their electrical 

mobility, particles are separated into different paths in the field of the mobility analyzer. 

These classified particles enter the field-free condenser, where supersaturated butanol 

vapor increases their size by condensing over them. The laser beam illuminates the drops 

are illuminated by the at the exit, and a 10 Hz camera captures these images, which in 

turn provide particle concentration and particle mobility diameter (Amaral et al., 2015; 

Garg et al., 2000; Giechaskiel, 2018b; Giechaskiel et al., 2019; J. Wang et al., 2017). 

Hence, there are some other principle-based instruments like Aerodynamic particle sizer, 

particle sizer Distribution, Aerosol Mass spectrometer for measurement of 

UFP/qUFP/Nano Particles such as SMPS, FMPS, ELPI, MOUDI, and OPC for UFP 

measurement uses according to their application. 

The measurement characteristics of UFP/qUFP/nano particles are presented in Table 2.5, 

such as the detection limit, the size range and the accuracy of different techniques. Real-

time sampling has an advantage over instruments that monitor non-real-time data in 

URMe. Size range and detection limit are essential factors for comparing instruments for 

particle size measurement. Accuracy measures the precision between the actual value 

and the measured value. With 30 percent accuracy, the Scatter Photometer is the most 

precise instrument. SMPS, FMPS, ELPI and OPC are necessary for measuring the UFP, 

which are necessary to consider of the impact of particulates on health issues. SMPS 

measures small particles better than FMPS; although low precision, the downside is that 

sampling data is unavailable in real-time. These two instruments cannot distinguish 

between coarse particles and UFP agglomerates, despite the usefulness of SMPS and 

ELPI, which is a defining difference for health problems. 
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Table 2.5: PM's instrument (Amaral et al., 2015; Giechaskiel et al., 2014) 

Instrument Real 

Time 

Detection 

Limit 

Size 

Range 

(nm) 

A % Advantages Disadvantages 

Filter No 10 µg/m3 D 5 Easy to 

handle, 

dependable, 

chemical 

analysis 

Increased work  

Scattering  Yes 10 µg/m3 >50 30 No 

advantage as 

such 

PM larges are 

measured 

Spotmeter No 25 µg/m3 All 15 Measuring 

BC 

Takes more time 

to response 

PASS; LII Yes 5 µg/m3 >10 10 Measuring 

BC 

Demand 

Calibration 

Opacity Yes 0.1 % 

opacity 

>50 20 No 

advantage as 

such 

Depends on many 

elements 

TEOM  Yes - D - Goes well 

with filters 

Filter must be 

changed for 

increased 

concentration  

DLPI No - 30-

10,000 

- Size range 

is large 

Larger size 

particles are not 

suited 

SMPS No 100/cm3 5-

1000 

15 Even few 

nm sized 

particles are 

detected 

But range is 

limited, large sized 

particles are 

rejected 
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FMPS Yes 1000 

/cm3 

5.6-

560 

25 Fast, 

Changes 

made are 

indicated 

easily 

SMPS is more 

accurate 

ELPI Yes 1000 

/cm3 

7-

10,000 

25 Rugged; 

the range is 

large 

Results can be 

affected due to wide 

channel plates 

A=Accuracy,  

 

2.5 Health impact of UFP 

In terms of health effects, there is less strong evidence of UFP compared to PM2.5, owing 

to a lack of long-term studies. While UFP has great potential for harming health, its 

precise function is still unknown in many diseases (Kumar et al., 2021; Kwon et al., 2020; 

Schraufnagel, 2020). As we have already discussed in the preceding section, the road 

microenvironment is one of the hotspots for UFPs in urban areas, as its concentration 

varies from the source place as a road to a nearby area, which is normally many times 

higher than the background concentration. Asians are exposed and at greater risk than in 

the European URMe region under this circumstance. More than 1012 ultrafine particles 

are ingested by a single person daily in Western countries. UFP effects on the respiratory 

system, the central, cardiovascular, cancer, diabetes, and deliberate population, such as 

children, and old (Kumar et al., 2021; Rönkkö and Timonen, 2019; Schraufnagel, 2020). 

It is known that nanoparticles are efficiently deposited into the human respiratory system, 

but the deposition efficiencies are not uniform with respect to particle size. While the 

nanoparticles larger than ∼10 nm are deposited most efficiently into the alveolar region 

of the respiratory system, the smallest particles are deposited most efficiently to head 

airways (Yadav et al., 2019a). These areas contain potential paths for air pollution 

compounds deposited in the epithelium to be transported to the central nervous system, 

such as the olfactory bulb (EPA, 2008). Wang et al. (2019) suggested that the 
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combustion-originated nanoparticles of inhaled air can penetrate the human brain 

through the olfactory bulb and cause Alzheimer’s disease and other brain diseases. The 

air pollution from traffic has also been associated with decreased cognitive function in 

older men (Peters and Helmholtz, 2015; Shi et al., 1999b; Solomon, 2012) reported 

associations between dementia incidence and local traffic pollution. However, they could 

not rule out environmental factors such as noise generated by traffic from their results. 

Meng et al. (2013) studied the small particles < 0.5µm with size-fractionated particle 

number concentration and their health effects. They reported that it has an adverse effects 

on daily mortality in Shenyang, China and explored the exponentially decreased particle 

size and an increased surface area having adverse toxicity exponentially as particulate 

matter’s health effects (Meng et al., 2013). Due to increased / high surface area, UFPs 

can absorb the organic gases and heavy metal elements which further contribute to the 

larger particle growth through agglomeration. However, the toxicity of heavy metals and 

other pollutants as organic gases has already been explored. Lower mass, high surface 

area ratio, and high reactivity of nano-size particles show quite different physiochemical 

properties (Oberdörster et al., 2005; Singh and Nalwa, 2007). This property of UFPs 

makes its toxicity more complicated, complex and difficult compared to the conventional 

toxicity for the same (Terzano et al., 2010). There are three primary way of UFPs 

exposure (Cassee et al., 2002). Moreover, PM mainly enters our body through breathing 

(respiration process), but adsorption, metabolized distribution and excretion are the 

processes that govern the rate and fate of PM in the human body (Oberdörster et al., 

2005); 1) Respiratory Tract; 2) Dermal Exposure; and 3) Ocular Exposure (Figure 2.3 

and Figure 2.4) 

UFP enters our lungs through the nasal cavity; inhalation is the main way to get UFPs 

exposure through respiration. The inhaled airborne UFPs go deeper into the downstream 

airway of the lung. Therefore, UFPs get more advantages in the initial interaction with 

lungs including trachea, bronchia and alveolus. This interaction can go beyond the tissue 

cell with mucosa (Dawson et al., 2009; Schmid et al., 2009; Thorley et al., 2014). 

Mucosa, a layer of mucus beyond tissue cells, is the human body’s primary protective 

barrier for PM. Naturally, lungs do not have the ability to clean fine or UFPs thoroughly 

from deep in the site (Jiang et al., 2015). For the human body, there is a hypothesis that 

UFPs have the efficiency of pulmonary deposition and could reach deeper inside the 
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lungs because UFPs cannot be stopped or filtered by the nose and bronchioles. The 

human nose has a limitation for filtering UFPs. It can filter more than 80 % of 1 µm 

particles but less than 5% of 100 nm particles during the resting period of breathing 

(Anjilvel and Asgharian, 1995; Möller et al., 2008). The lungs are one of the most 

important parts of the respiratory system, having direct contact with the outer 

atmosphere. The lung has two parts- one is airways and the second is an alveolar structure 

has a larger epithelial surface area. The lung alveolar contains monolayer epithelial cells, 

which increases the possibility of UFPs to crossing the blood-gas barrier and deposit into 

the lungs. Even though UFPs have a nano-size particle, it is not capable of penetrating 

the light junction between cells. UFPs can enter only by translocation through the 

epithelial cell body. Further, due to passive diffusion, UFPs can transport (in or out) to 

the cellular cytoplasm. But in the case of larger particles (>100nm), the particles take  

entry into the cell primarily (via clathrin and also caveolin-mediated endocytosis), and 

these particles are stored or found in the endosomes or hydrosomes in the cytoplasm 

(Chen et al., 2016). After passing the blood-gas barrier UFPs could enter the circulation 

and contact ‘extra -pulmonary tissue cell’. But the larger particles >100nm may be 

degraded with minimized toxic consequences in the circulation. The UFPs >100nm 

particles may get deposited in the cell membrane or the cell. This presence or deposition 

of UFPs may generate reactive oxygen species (ROS), which increases pro-inflammatory 

mediator’s transcription via oxidative stress. Thus, UFP circulation makes it more toxic 

and inflammatory than fine particles (Pirjola et al., 2006). There is quite an effective 

deposition of certain UFPs in the respiratory system (nasopharyngeal, tracheobronchial, 

and alveolar region). The alveolar region has a high deposition efficiency of 20 nm with 

~50%, and particles ranging >100 nm to 2.5 µm have 10 to 20% deposition efficiency 

due to the high deposition of UFP; alveolar faces more toxic effects on the lung by 

penetration of alveolar epithelium and UFP’s circulation into the blood stream.  With the 

help of a Multiple Path Particle Dosimeter (MPPD), the exact dose of UFPs can estimate, 

which is deposited in the lung. MPPD is developed initially for dose estimation in the 

lower respiratory tract (Yegambaram et al., 2015). According to Möller (2008), in the 

lung periphery and airway, there is a less quantity clearance of the UFP (inhaled >100nm) 

after respiration at a point of 24 hours. 
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There is no direct link or in vivo evidence supporting the penetration of UFPs through 

the skin, but we cannot fully reject this possibility. Because human skin has a larger 

surface area and works as a direct barrier to the outer environment, some research team 

suggested that it may go through two routes; intercellular trans-epidermal cell or 

diffusion through skin pores, penetrating or entering the human body (Bennat and 

Müller-Goymann, 2000; Boyes et al., 2012).  

Ocular exposure is another way of UFP exposure in humans. It occurs in the eyes by 

floating particles or by transferring during rubbing eyes in high concentration area (high 

polluted area). UFPs could be retained in the nasal cavity by the drainage from the eye 

socket. Then, through the nose to the brain transport system, UFPs can reach into the 

brain. Further, there are more possibilities for the particle to enter the blood circulation 

and travel throughout the body. It may cross the biological barrier after entering into 

blood circulation. In this way, exposure may course ocular disease, such as discomfort 

eye syndrome (DES), by internal associations. Linking to taxi drivers disclosed this in 

potential exposure (Lee and Chang, 2000; Torricelli et al., 2011; Versura et al., 1999). 

Besides alveolar deposition, the UFPs deposition on the olfactory bulb surface is another 

principal issue for the health risk evaluation for uptake of UFPs through the respiratory 

system. This route of exposure (long-term exposure) of UFPs may produce neuro-

degradation diseases (like Alzheimer’s disease, Parkinson’s disease (Knudsen et al., 

2013; Liu et al., 2015). Toxicological studies have clearly explained the deposition in the 

nasal cavity, absorbed by olfactory bulb and translocated into brain (via blood-brain 

barrier). 
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Figure 2.3: The possible penetration routes of airborne UFPs (Source; Chen et al., 

2015) 
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Figure 2.4: The potential toxicity mechanisms of UFPs (Source; Hu et al., 2015)
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2.6 Status in Delhi 

Table 2.6: List of research paper in concern of Delhi and India 

Location  Type Period Size 

range 

(nm) 

Num. 

Con. 

(x103 

#/cm-3) 

GR 

(nm/h) 

Even

t (%) 

Reference  Remark 

New Delhi, 

India 

Inside 

urban 

area 

Dec. 2011 

to Jan. 

2013 (222 

days) 

5 nm to 

32um 

14.8 8.4 8.4

% 

Jose et al., 

2021 

This study site is dominated by the Aitken 

mode particle, which follows a bimodal diurnal 

variation pattern, with peaks during morning 

and evening traffic hours. Accumulation mode 

particles are scarce over the study location 

except during the winter and post-monsoon 

days, when it shows a bimodal secondary peak 

along with the primary Aitken mode particle. 
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New Delhi, 

India 

Inside 

urban 

area 

 

2 to 9 

Nov. 2016 

10 to 

800 

25.52 1.6 to 

30.3 

87% Kanawade 

et al., 2020 

In their study they got higher GR rate also, but 

they got higher con of accumulation mode than 

Aitken mode which are not same in our 

condition 

IITK, Kanpur, 

India 

Inside 

urban 

area 

 

30 Mar to 

15 Apr 

2013 

4.45 to 

736.5  

10.195  3.2 to 

6.7  

 

82% Kanawade 

et al., 2020 

Thus, our findings emphasize the relevance of 

amines to secondary aerosol formation in 

severely polluted urban environments. 

New Delhi, 

National 

Physical 

Laboratory 

Inside 

urban 

area 

 

Mar. 

&Apr. 

2013; and 

Apr, 2014 

4 to 

661 

- 5.64±3.

03  

- Sarangi et 

al., 2018 

Nucleation event at night-time 
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Ooty, India Topogra

phically 

300 m 

above 

the 

valley 

10 to 28 

May, 

2014 

10.9 to 

461.4  

2.845 

±1.184 

- 66% Kompalli 

et al., 2018 

The growth rate could not be determined 

because of the faster growth after the rapid 

burst of nucleated particles acting as a strong 

CS and ending the event 

Mahaba- 

leshwar, India 

Physics 

Laboratory  

Backgro

und 

1348 m 

above 

mean sea 

level 

Oct. to 

Nov. 2014 

5 to 

1000 

21.800 0.96 to 

1.9  

8% Leena et 

al., 2017 

In tropical regions, such studies are limited, 

especially in the Indian region 

Trivandrum, 

India 

Backgro

und 

(10KM 

from 

Jan. to 

Dec. 2013 

15 to 

15,000  

~5.119 

(±3.13

9) 

~7.35 ± 

2.93  

Sele

ctive 

Babu et al., 

2016 

the UFP bursts occurred during two distinct 

periods: First burst occurred soon after the 

onset and prevalence of land breeze close to 

late evening/midnight hours and the second 
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urban 

area) 

shortly after the sunrise and around the onset 

of the sea-breeze (between 06:00–09:00 h). 

New Delhi, 

India 

National 

Physical 

Laboratory 

 

Inside 

urban 

area 

 

Nov. to 

Dec. 2011 

(10 days) 

9 to 

425  

37.2(ev

ent day 

24.9(N

on-

event 

Day) 

15.4 ± 

11  

30% Sarangi et 

al., 2015 

on an event day (November 4), particle mode 

peak size is increased with time, but the 

number concentration in the mode is 

systematically decreased. 

 

Trivandrum, 

India 

Backgro

und 

(10KM 

from 

urban 

area) 

May to 

Jun. 2009 

10 to 

875 

∼15.90

0 

∼50 Sele

ctive 

Kompalli 

et al., 2014 

late evening/night hours 
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Hanle,  

India 

Backgro

und 

(∼300m 

above 

the 

surround

ing  

Aug. 2010 16 to 

1364 

∼2.700  0.1 to 

20 

Sele

ctive 

Kompalli 

et al, 2014 

Day time event 

IITK, Kanpur, 

India 

Inside 

urban 

area 

16 Apr. to 

23 May, 

2013 

4 to 

750  

- 8.7 ± 

3.2  

14% Kanawade 

et al., 2014 

Despite lower particle number concentrations 

at Kanpur, larger particle sizes resulted in 

higher condensation sink than at Pune. The 

mean particle mode diameter at Kanpur was  

larger by a factor of ~1.8 than at Pune. 

Generally, the particle growth rates were 

higher at Kanpur, whereas the formation rates 

were higher at Pune. 

IITM, Pune 

India 

Outskirt 

of Urban 

area 

16 Apr. to 

23 May, 

2012 

14 to 

750  

- (6.5 ± 

1.2  

26% Kanawade 

et al., 2014 
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IITK, Kanpur, 

India 

Inside 

urban 

area 

 

Dec.2006 

to Nov. 

2011 

14 to 

685 

31.9 ± 

29.7 

- - Kanawade 

et al., 2014 

 

IITM, Pune Outskirt 

of Urban 

area 

 

Apr. 15 to 

May 31, 

2010 

0.46 to 

50  

- 3.1 ± 

0.8 to 

11.2 ± 

3.5  

36% Siingh et 

al., 2013 

Positive and Negative ions measurement  

Mukteshwar 

or Mt. 

Norikura 

Backgro

und 

 

late Nov. 

2005 to 

late Jan. 

2010 

10 to 

800  

2.700 2.43  11.2

% 

Neitola et 

al., 2011 

The events were the most frequent in the spring 

months (March–June) when 97 event days 

were observed equating 81.5% of the events.  
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Gual Pahari 

Gurugaon, 

25Km south 

of new Delhi 

Backgro

und 

about  

Dec. 2007 

to Jan. 

2009 

4 to 

850 

22.600  - 70% Hyvärinen 

et al., 2010 

 

Habitat 

Centre 

(IHC/TERI) 

New Delhi 

inside 

urban 

area 

 

26 Oct. to 

9 Nov. 

2002 (2 

week) 

3 to 

800 

62.8± 

17.8 

11.6 to 

18.1  

53% 

 

(13

% 

class 

2  

and 

40% 

class 

3 

Mönkköne

n et al., 

2005 

In this paper, it can take reference that GMD is 

higher for NU_10_25 in Delhi. 

Unfortunately, clear results on the connection 

between different trace gases and new particle 

formation cannot be achieved from our data 

set. 
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CHAPTER-3 

3 METHODOLOGY 

3.1 Introduction 

Researchers and policymakers in Asia are becoming increasingly concerned about the 

deterioration of ambient air quality and their health impacts in massive urban areas such 

as the megacity Delhi, India. Because of their extreme variability in time and space, the 

urban population is subjected to a heterogeneous mixture of ambient air pollutants 

(Kumar et al., 2014, 2011; Mishra et al., 2019; Pandey et al., 2016; Singh et al., 2011). 

Profound implications such as climate change, poor visibility, and health issues are at 

high priority in Asian metro cities due to ambient air pollution (Kong et al., 2015; Kumar 

et al., 2016). The air quality of megacity Delhi over the last few years reached a more 

critical level in some specific periods (such as winter) and put pressure on the policy of 

the concerned agencies (Balakrishnan et al., 2019; Dholakia et al., 2013; Gurjar et al., 

2016; Mukerjee and Shukla, 2016). Delhi, along with the National Capital Region 

(NCR), has an approximate population of  22.2 million in 2011, with a decennial increase 

of 7.96 % (Ministry of home affairs, 2011), the second-largest urban area in the world. 

However, in addition to the unique geographical and landlock conditions in Delhi, the 

low dispersion in the winter seasons worsens the ambient air quality (Chaudhari et al., 

2016; Guttikunda et al., 2019; Kumar et al., 2017) and public health conditions (Health 

Effects Institute, 2019; Singh et al., 2019). For the reasons set out above, in November 

2016, Kanawade et al. (2020) described it as a Sever Air Pollution Episode (SAPE), the 

Air Quality Index  (AQI) reached an abysmal level (Sati and Mohan, 2014). At the early 

start of winter (October - November) every year, Diwali is celebrated by some people 

with great pomp and show, filling the sky with firecrackers burning neglecting associated 

pollution (Mandal et al., 2012). The Government, Semi-Government, and other 

concerned organizations have taken different measures to reduce air pollution, such as a 

ban on old vehicles (Goyal and Gandhi, 2016; Kumar et al., 2017), potential construction 

activities, biomass burning, diesel generators, Odd-Even scheme, and ban on Parali 

burning in and around Delhi (Srivastava and Jain, 2008). Although rapid urbanization 



3-60 

 

has resulted in a significant increase in the number of road vehicles in megacities such 

as Delhi over the last few decades, exposing residents to air pollution-related health risks, 

which are estimated to add 7 million unexpected losses a year ( IQA AirVisual 2018). 

The total NCR area is 34,144 km2, including Delhi city, with an area of 1483 km2 (Kumar 

et al., 2017). Delhi city is known for the highest number of personal vehicles in India, 

with a total registered fleet of 2.9 million cars/jeeps and 6.1 million two-wheeler motor 

vehicles, which alone contributed to 93% of total registered vehicles (about 9.7 million), 

as on 31  March  2016 (Chandra et al., 2018). There are 11 million registered vehicles in 

Delhi and predicted to increase to 25.6 million by 2030 (Kumar et al., 2017). Two-

wheelers comprise of nearly 56% (6.38 million) of total vehicles in Delhi in 2018 

(Halder, 2019). As per the study of IIT Kanpur (2016), the contribution of the different 

sources towards PM2.5 emissions in Delhi are road dust (38%), vehicles (20%), domestic 

sources (12%), industries (11%), concrete batching (6%), hotels/restaurants (3%), 

municipal sewage treatment (MSW) burning (3%), industries area (2%), construction 

(2%), diesel generators (2%), cremation (< 1%), and medical incinerators (< 1%) 

(Sharma and Dixit, 2015). The lower size particulate matter (ultrafine, quasi ultrafine, 

fine particles) shows more penetration and deposition than larger particulate matter in the 

human body with adverse health effects (Rönkkö and Timonen, 2019; Schraufnagel, 

2020). The lower size particulate matter assessment is currently based on the Particle 

Number Concentration (PNC) with its particle size distribution instead of its mass 

concentration because of the negligible mass contribution. Specifically, the ultrafine 

particles (UFP), which are a subset of fine particles have caught the attention of 

researchers as they may further deteriorate the ambient air and induce health risks (Joshi 

et al., 2019, 2016; Kumar et al., 2012; Kwon et al., 2020; Schraufnagel, 2020; Yadav et 

al., 2019b). Transformation of UFP generated from various sources is being studied 

under different size modes; nucleation, coagulation, and accumulation (Banerjee et al., 

2015; Dinoi et al., 2021; Segalin et al., 2020; Yadav et al., 2019b). These modes help 

explore and understand the UFP’s Particle Number Size Distribution (PNSD). The 

emission sources, precursor gases, and meteorological parameters cause variability in the 

transformation of UFP (Chu et al., 2018; Kanawade et al., 2014; Murari et al., 2014; 

Tiwari et al., 2013; Wang et al., 2014, 2017). Emissions generated from vehicles and 

industries add majorly to the UFP levels.  
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Keeping the above points in mind, the methodology of this study is divided into two 

parts: the first part monitors and analyses the quantification, formation, and growth of 

UFP in the roadside microenvironment; the second part monitors and analyses major 

pollution episodes in Delhi, such as Diwali, and air pollution prevention schemes, such 

as Odd-even, in terms of UFP quantification and classification. 

3.2 Site selection for the study 

The monitoring site is located inside the Delhi Technological University campus, Delhi 

(28.75° N, 77.12° E, 223 m above the mean sea level). The first monitoring site is 

adjacent (8 meters away) to the roadside (the Bawana road; Figure 3.1), 12 km away 

from the Bawana industrial area, and is surrounded by residential building 

constructions. The experimental location receives considerable sample air from 

automobiles (an average hourly population of nearly 1300 vehicles passing during the 

peak hours on regular days) and other anthropogenic road emissions. However, the 

traffic during the experimental period dropped drastically (traffic reduced by 94%, 

>63%, and ~ 55% during different phases of the lockdown compared to the values in 

2019 during a similar period) restrictions imposed during the lockdown. The 

experiments were carried out from April 2020 - June 2021.  

The second monitoring site (Diwali and Background monitoring) is located inside the 

campus and >500 m far away from the roadside monitoring location. The google earth 

view of the location is depicted in Figure 3.2. The instrument was placed at a height of 

around 10 feet near the Central Pollution Control Board (CPCB) monitoring station 

inside the campus. The location was so selected that it covers residential and commercial 

areas, maintaining a homogeneous environment far away from road traffic (Figure 3.2). 

This way, we can minimize the vehicle-generated particle number concentration (PNC) 

related intervention, focusing on the background PNC in ambient air.  

For Odd-even Scheme-II, the monitoring was carried out over Delhi at three different 

traffic corridors: Pitampura, Panchkuian Marg, and Najafgarh Road, respectively (Figure 

3.3). The monitoring sites were selected in such a way so that they can cover a wide range 

of areas, i.e., industrial, commercial, residential, and institutional, in Delhi city (Mishra 

et al., 2019). 
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Figure 3.1: Monitoring location of road microenvironment at Delhi Technological 

University (DTU), New Delhi, India 

 

Figure 3.2: Google earth view of Diwali and background monitoring station at DTU 

campus in New Delhi 

 

Moreover, during the monitoring and assessment of the second phase of the Odd-Even 

scheme, 2016 for PM2.5 & PM1, similar locations were taken by Mishra et al. (2019). 

These locations provided the simultaneous data of our selected parameters for the periods 

considered in this study to be traffic-rich intercity traffic corridors. For example, 

Pitampura is a part of North-West Delhi, and it is an upscale residential, commercial and 

retail centre. The area is encompassed between Outer and Inner Ring Roads, NH-1, and 

Rohtak Road. Najafgarh is part of Southwest Delhi, primarily known as rural Delhi’s 

economic and transport hub. It is situated on the outskirts of the Southwestern part of 

Delhi and borders the State of Haryana. Indira Gandhi International (IGI) Airport is the 

https://en.wikipedia.org/wiki/Commerce
https://en.wikipedia.org/wiki/Retail
https://en.wikipedia.org/wiki/Ring_Road
https://en.wikipedia.org/wiki/National_Highway_1_(India)
https://en.wikipedia.org/wiki/Rohtak
https://en.wikipedia.org/wiki/Indira_Gandhi_International_Airport
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nearest Airport to Najafgarh. Drivable roads well connect Najafgarh with significant 

destinations all over Delhi and Haryana. The Main Najafgarh Road (officially Shivaji 

Road) connects Najafgarh to New Delhi's city, while several other roads connect it to 

several villages along the Delhi-Haryana Border.  

 

Figure 3.3: Monitoring location for the Odd-even Scheme-II in Delhi, India 

 

3.3 Instrumentation 

The measurement (UFP) of the particle number size distributions (PNSD) was carried 

out using a scanning mobility particle sizer with a condensation particle counter (SMPS 

+ C) (Make: GRIMM Inc., Germany, Model: SMPS + C 5.403) in the size range of 10.2 

to 1090 nm with a time span of ~7 min of each scan. The SMPS instrument uses the 

principle of ‘differential mobility analysis’ to size segregate aerosols into 45 size bins. 

The SMPS setup consists of an electrostatic classifier with a long differential mobility 

analyzer (LDMA) and n-butanol based condensation particle counter (Model: GRIMM, 



3-64 

 

SMPS + C 5.403), which counted the size-resolved particles. The particles were brought 

to an equilibrium charge distribution using a β-radioactive source (Ni-63) before they 

entered the classifier setup, and then these particles were classified according to their 

electrical mobility (Wiedensohler, 1988; Wang and Flagan, 1990; Collins et al., 2004). 

The ambient aerosols were drawn into the temperature-controlled laboratory from 3 

meters height from the ground using conductive tubing of 0.8 cm diameter. A diffusion 

dryer was used to control higher RH conditions (Make: GRIMM Inc., Germany) with 

silica as a desiccant. The data is corrected for diffusion losses inside the sampling tubes 

and multiple charge correction using the software provided by the manufacturer.  

The monitoring (for qUFP) was conducted with the portable instrument at all the selected 

locations. The instrument was placed at a horizontal distance of 8 m from the main road 

and at the height of 1.2 m from the ground. GRIMM™, Portable Aerosol Spectrometer 

(Optical Particle Counter), was used to monitor the data at all the selected locations. This 

instrument is based on real-time monitoring. It is a compact portable device built for 

continuous airborne particles measurement and measures the particle count distribution. 

Total inlet flow (1.2 L/min) is measured in an optical cell, and all optical and pneumatic 

components are self-tested to ensure high-quality standards. In this instrument, the 

monitored data was displayed as particle concentration in the unit particle/Liter and mass 

concentration in the unit μg/m3. This instrument provides different size bins of particles 

and graphical representation with data correction.  

Supporting the above, collocated real-time measurements of near-surface trace gases 

NOx, O3, SO2, CO from trace gas analyzers and meteorological data (solar radiation, wind 

speed, wind direction, relative humidity, and air temperature) from automatic weather 

stations were used. The details of the instruments used in this experiment  Table 3.1. 

Table 3.1: Details of the instruments used in the present study 

Parameter Instrument                      Details 

Nano 

Aerosol 

Scanning Mobility Particle 

Spectrometers with 

Particle size range:10.2 nm to 1090 nm 
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number size 

distributions 

Condensation Particle   

Counters (Model 5.403, 

GRIMM Aerosol 

Technik GmbH & Co. KG, 

Germany) 

Size channels: 45 at standard 6.55 

minutes interval 

 

Particle 

Number 

count 

Portable Aerosol Spectrometer 

(Optical Particle Counter) 

(Model 1.109, GRIMM Aerosol 

Technik GmbH & Co. KG, 

Germany) 

This instrument has 31 equidistant sizes  

bins for particles ranging in size from 

 250 nm to 3200 nm. 

Nitrogen 

oxide                   
NO2/NO/NOx Monitor Model 

405 nm, 2B Technologies, In., 

USA) 

Lower detectable limit: <1ppb  

5.0 seconds interval  

Ozone Ozone monitor (Model 202, 2B 

Technologies, Inc., USA) 

Lower detectable limit:  <1.5ppb  

5.0 seconds interval 

Sulfur 

dioxide 

Ambient SO2 monitor (Model 

APSA-370, Horiba, Ltd., 

Japan) 

 

Lower detectable limit: 0.5 ppb Zero 

drift: ±1.0 ppb/24-hour Linearity: 

±1.0% of the full scale 

5.0 minutes interval 

Carbon 

Monoxide 

Ambient CO monitor 

(Model APSA-370, 

Horiba, Ltd., Japan) 

Lower detectable limit: 0.05 ppm 

Zero drift: ±0.1 ppm /24 hour 

Linearity: ±1.0% of the full scale  
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 3.0 minutes interval 

 

3.4 Data statistics and equations  

3.4.1 Data statistics 

The dataset normality was tested using a combination of the Exploratory Data Analysis 

(EDA) plot and the Shapiro-Wilk (S-W) test. The Kruskal-Wallis (K-W) test, a 

nonparametric version of the ANOVA test, was performed on air quality data. The 

Kruskal Wallis test (rank-based nonparametric test) was used to determine the statistical 

differences between days (25th, 26th, 27th, and 28th November 2019) and independent 

variable pollutant (Nucleation mode, small Aitken mode, Large Aitken mode, 

Accumulation mode) of representative location in DTU campus in Delhi. Kruskal Wallis 

test denotes with H test. 

𝑯 = [
𝟏𝟐

𝒏(𝒏+𝟏)
∑

𝑻𝒊
𝟐

𝒏𝒊

𝒄
𝒋=𝟏 ] − 𝟑(𝒏 + 𝟏)     3.1 

Where n= sum of sample size for all samples; c= number of samples; Tj=sum of rank in 

the jth sample; nj= size of the jth sample. In particular, the H test examines whether the 

null hypothesis is valid and there are no statistical mean variations in population 

variances; if not true, then an alternative hypothesis is accepted. A 0.05 significance level 

was used in both cases. Therefore, if the p-value was lower than the significance 

threshold (< 0.05), the null hypothesis was rejected, and there was a statistically 

meaningful difference between the mean results. 

 

3.4.2 Equations 

3.4.2.1 Calculation of log-normal particle size distribution 

An omnipresent primary mode (80-110 nm) in the Aitken and accumulation size regimes 

were present in all the observations. However, a distinct secondary mode, often open-
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ended, was noticeable in the nucleation regime (< 25 nm) and the primary mode. The 

mean size distributions depicted flat or increased lower-size particle abundances 

confined to nucleation size regimes during the event periods. We have derived the modal 

parameters of the mean particle number size distributions during the event and non-event 

periods by fitting the observed size distributions to the analytical log-normal size 

distribution of the following form (Kompalli et al., 2018, 2020): 

𝒅𝑵

𝒅 𝒍𝒏 𝑫𝒑
= ∑

𝑵𝒌

√𝟐𝝅 𝒍𝒏 𝝈𝒎,𝒋
𝒆𝒙𝒑 [−

(𝒍𝒏 𝑫𝒑−𝒍𝒏 𝑫𝒎,𝒑,𝒋)
𝟐

𝟐 𝒍𝒏𝟐 𝝈𝒎,𝒌
]𝒏

𝒋=𝟏                                3.2 

(Where Dp is the particle diameter, n is the total number of the modes considered, 

Dm,p,j is the mode diameter of the jth mode, m,j is the corresponding width of the mode, 

and Nj is the particle number concentration (amplitude) of the jth mode). 

3.4.2.2 Calculation of growth rate (GR) and condensation sink (CS) 

The growth rate (GR) represents the increase in particle size (nm/h) following their 

formation through nucleation. In this study, GR was calculated by the maximum 

concentration method described in (Kulmala et al., 2012). During an NPF event, due to 

a large influx of smaller particles, the mode of the PNSD shifts towards the lower size 

range. As the newly formed particles grow to larger sizes, this mode shifts towards the 

larger sizes. From the temporal evolution of the mode of the PNSD, the GR can be 

calculated. To derive the maximum particle concentration, the time series of the particle 

number concentrations in different size ranges were plotted. We estimated the GR from 

the slope of the best-fitted line on the graph of the mid-point diameter of particles versus 

the maximum concentration-time (Pierce et al., 2014; Dos Santos et al., 2015). 

             𝑮𝑹 = (𝒅𝒑𝟐 − 𝒅𝒑𝟏)/(𝒕𝟐 − 𝒕𝟏)                                                3.3 

Where dp is particle diameter in dp1 and dp2 and nm, and t is the respective time at t1 and 

t2. 
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The condensation sink (CS), defined as the rate at which condensable vapors condense 

on pre-existing particles, was calculated based on the following (Kulmala et al., 2001; 

Erupe et al., 2010; Kompalli et al., 2018, 2020). 

               𝑪𝑺 = 𝟐𝝅𝑫 ∑ 𝜷𝒊 𝒅𝒑𝒊 𝑵𝒊𝒊           3.4  

Where D is diffusion coefficient, i is the size-dependent transition correction factor, dpi 

is the particle diameter in size-bin i, and Ni is the particle number concentration in that 

size bin. Further, the value of i was given by, 

𝜷𝒎 =  
𝟏 + 𝑲𝒏

𝟏+(
𝟒

𝟑𝜶𝒎
+𝟎.𝟑𝟑𝟕)𝑲𝒏+

𝟒

𝟑𝜶𝒎
𝑲𝒏

𝟐
       3.5 

Where m is the sticking coefficient (mass accommodation coefficient, taken as unity 

here), and Kn is the dimensionless Knudsen number, which is given by Kn = 2 / dp.  

Knudsen number is the ratio of  (the effective mean free path) characterizing the gas 

concerning the transport of mass, and a length scale dp characterizing the particle.  

3.4.2.3 Estimation of sulfuric acid proxy concentrations 

The most ubiquitous and key precursor for NPF is sulfuric acid (Kulmala et al., 2004, 

2012; McMurry et al., 2005; Kulmala and Kerminen, 2008; Nieminen et al., 2009; 

Kerminen et al., 2018) due to its low vapor pressure under typical atmospheric 

conditions (e.g., <0.001 Torr at 300 K for pure H2SO4) (Kuang et al., 2008, 2010; 

Zhang et al., 2012). Gas-phase chemistry involving photo-oxidation of SO2 produces 

sulfuric acid vapors that exceed the saturation vapor concentration over an aqueous 

solution (typically during the daytime) that can trigger NPF (e.g., Lee et al., 2019).  

The ambient concentration of sulfuric acid and freshly formed particles depict a 

strong correlation. Several studies have confirmed a strong correlation between the 

number concentrations of freshly formed particles and the ambient concentrations of 

sulphuric acid. Many studies proposed methods to estimate H2SO4 proxies (e.g., 

Petäjä et al., 2009; Mikkonen et al., 2011; Dada et al., 2020; Lu et al., 2019). In the 

present study, we have calculated a proxy for H2SO4 following the methodology of 
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Mikkonen et al. (2011), with an assumption that the production and loss of sulfuric 

acid are in pseudo-steady state, as below: 

[𝑯𝟐𝑺𝑶𝟒] = 𝟖. 𝟐𝟏 𝒙 𝟏𝟎−𝟑. 𝒌. 𝑹𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏. [𝑺𝑶𝟐]𝟎.𝟔𝟐. [𝑪𝑺. 𝑹𝑯]−𝟎.𝟏𝟑    3.6  

where [H2SO4] is sulfuric acid concentration, k is the reaction coefficient (1.03495), 

radiation is solar flux (W m-2), [SO2] is the concentration of SO2 (in ppb), CS is 

condensation sink (sec-1), and RH is relative humidity (%). 

3.4.2.4 Identification of nucleation events 

We have adopted the criteria previously prescribed by Dal Maso et al. (2005) and 

explained in Kompalli et al. (2020, 2014a) to identify new particle formation events,. The 

criteria require (i) a clear appearance of a new mode in the nucleation size regime of the 

PNSD, which (ii) prevails for a few hours (> 1 hour), and (iii) subsequently grows to 

larger sizes. Well-defined nucleation events followed all the three criteria stated above, 

whereas the events that did not follow this criterion are classified as non-events. In some 

of the cases, though criteria (i) and (ii) are fulfilled, the growth of the nucleation mode, 

i.e., criteria (iii) did not meet, and such events are termed as an undefined class. Further, 

in an NPF event, if the particle formation and growth rates could be estimated without 

much ambiguity from the temporal evolution of PNSDs, it is classified as a ‘Class I’ 

event. However, due to rapid fluctuations in the concentrations, if the formation and 

growth rates could not be derived from the observations, it is a ‘Class II’ event. Among 

the Class I events, the event where the temporal evolution of the mode of the new 

particles is clearly distinguishable from the pre-existing background mode is called as 

‘Class Ia’ event. Any event in the ‘Class I’ category, in which the temporal evolution 

new particle mode is obscured by or superimposed on the pre-existing PNSDs, is 

considered ‘Class Ib’( Figure 3.4).  

Further, we have also adopted by methodology prescribed by Zimmerman et al. (2020) 

to separate NPF events (nucleation followed by growth) and particle burst events 

(continuous bursts of nucleation mode particles that persisted for multiple hours while 

maintaining a constant geometric mean diameter. Also, during the burst events, there is 
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a discernible enhancement in NOx concentrations, indicating the possible primary origin 

of the ultrafine particles.  

Apart from the above, we have included the parameter odd-oxygen ([Ox]≡[O3]+[NO2]) 

in the analysis (Wood et al., 2010) in the analysis. The concentration of Ox describes 

oxidant capacity. It can be described as the sum of a regional (the O3 background and 

NOx-independent) and a local (linearly NOx-dependent) contribution. Therefore, the 

association of oxidant Ox with NOx helps to infer the atmospheric sources of Ox in the 

study area. As highlighted by Wood et al. (2010), odd-oxygen and the oxygenated 

component of organic aerosol (OOA) (which is a surrogate for secondary organics) have 

a better correlation when both species have similar spatial and time scales (< 8 hours) of 

formation. Thus, the events from localized pollution and those driven by photochemistry 

can be discerned. 

3.4.2.5 Calculation of percentage change for Odd-even Scheme-II 

Percentage change of pollutant in odd/even day with respect to normal day is calculated 

by: 

% 𝑪𝒉𝒂𝒏𝒈𝒆 𝒐𝒇 𝑪𝒐𝒏.

=
𝑪𝒐𝒏. (𝒐𝒅𝒅 𝒐𝒓 𝒆𝒗𝒆𝒏 𝒅𝒂𝒚) − 𝑪𝒐𝒏 . (𝒏𝒐𝒓𝒎𝒂𝒍 𝒅𝒂𝒚) 

𝑪𝒐𝒏. (𝒏𝒐𝒓𝒎𝒂𝒍 𝒅𝒂𝒚)
𝑿 𝟏𝟎𝟎                        𝟑. 𝟕 

 

Where, Con. (odd or even day) = concentration of pollutant on odd/even day of the 

scheme; Con. (normal day) = concentration of pollutant on a normal day of scheme. 

Statistical tool ‘IBM-SPSS’ software has been used in all statistical analyses.  
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Figure 3.4: Flow chart of identification of nucleation event types 
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CHAPTER-4 

4 RESULT AND DISCUSSION 

4.1  Introduction 

Due to a lack of space, the majority of the population in Delhi lives near the road 

microenvironment, and motorization is increasing day by day in Delhi, resulting in 

increased regular exposure to vehicular pollution and health risk. In today's highly 

urbanized cities, increasing the number of vehicles directly increases the city's ambient 

air pollution level. In recent years, ambient air pollution has become an essential aspect 

of the urban environment. Research Society is paying exploratory attention to 

atmospheric aerosols in the area of small size particulate matter. It is one of the significant 

sources of ultrafine particulate matter (UFP-less than 100 nm diameter) on the global and 

regional scale, affecting climate change, visibility, and cloud condensation nuclei (CCN) 

and other events. In a polluted city's environment, UFP becomes essential because it lacks 

a comprehensive study. UFP directly or indirectly affects human health, i.,e deep 

penetration and deposition into lungs, cardiorespiratory system to the terminal 

bronchioles and alveoli, bloodstream, and body organs such as  brain, kidney and liver. 

However, UFP does not have an estimated and calculated health risk factor. PNC of UFP 

> 80% contributed by the road microenvironment in such cities where vehicular air 

pollution is one of the major sources of ambient air pollution. The advent of unregulated 

pollutants such as UFP has added an additional dimension to this already complex issue, 

while cities face challenges in addressing the problem of conventional air pollutants that 

are part of the current regulatory framework. Several experimental and numerical studies 

have advanced knowledge of the emission, formation, dispersion, exposure, and health 

effects of UFPs over the last decade. Most of these studies have been carried out in 

European cities, with only a few in developing Asian cities where most of the world's 

urban population resides. The present study focuses mainly on the outcome of data 

analysis of UFP in terms of classification and quantification in the road 

microenvironment. The study also covers the classification and quantification of UFP at 

certain events known as air pollution episodes in Delhi like Diwali and Odd-Even 
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Scheme - II. Data analysis (for Odd- Even Scheme -II) covers the particle size range of 

QuasiUFP (> 250 nm), as monitoring was conducted on the roadside at different locations 

in Delhi with the suitability of instrument (OPC), which covers the QuasiUFP size range. 

This research focuses on particle size (10 nm > Dp <1000 nm), which is denoted as total 

PNC ('N total'), and UFP is a subset of it. It has been classified into four modes for further 

investigation: the nucleation mode (10 nm > Dp <20 nm), the small Aitken mode (20 nm 

> Dp 50 nm), the large Aitken mode (50 nm > Dp <100 nm), and the accumulation mode 

(100 nm > Dp< 1000 nm). QuaiUFP (100 nm > Dp <500 nm) has also been discussed as 

needed.  

The monitoring was conducted from 26th November 2019 to 31st June 2021 and covers 

15 months (~75%) out of 20 total months. A background study was carried out in 

November and December of 2019, and a roadside study was carried out from April 2020 

to June 2021. The "summary plot" graph (Figure 4.1) is a method of quickly summarising 

important aspects of data and provides a critical graphical and statistical overview. The 

plots in the left panel depict time series data, with blue indicating the presence of data 

and red indicating the absence of data. The daily mean values are also displayed in pale 

yellow scales to cover the data range from 0 to the maximum daily value. As a result, 

rather than conveying quantitative information, the daily deals indicate an overall trend. 

Overall summary include parameter, i.e., N total, UFP, Geo metric mean diameter of 

particle (GMD), nucleation mode, small Aitken mode, large Aitken mode, QuasiUFP, 

and accumulation mode) overall summary statistics. The percentage of data captured for 

each year is shown in green font. The distribution of each species is depicted using a 

histogram plot in the panels on the right. The mean, mode and 95th percentile of each 

calendar year of monitored data are mentioned on each panel. In left hand side of graph 

histogram shows the N total and UFP maximum concentration ranges from ~ 1.9 x 104 

to 3.0 x 104 #/ cm3 upto >50% and 0.5 x 104 to 1.5 x 104 #/cm3 upto 40% respectively. 

While GMD maximum ranges from 30 nm to 80 nm > 60% during the monitoring period 

(Figure 4.1 and Figure 4.4). In calendar plot (Figure 4.2 and Figure 4.3) of UFP & GMD 

shows the average daily PNC through colour scaling. Summer and partially monsoon 

seasons show higher UPF concentration while GMD shows higher particle size in winter.  
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Figure 4.4 depicted that November and December 2019, as the background study shows, 

the higher GMD, which is > 60 nm diameter, and total PNC is higher than > 4.0 x 104 

#/cm3. But at the same time, it shows the minimum nucleation mode concentration, which 

is < 3.0 x 103 #/cm3, while the accumulation mode is higher in December. This study 

investigates that background location has a higher size (GMD) particle number 

concentration compared to the roadside monitoring station. Although December has a 

higher value of PNC of all modes than November but in the case of the ratio of UFP/ N 

total, which is lower (0.59 ± 0.13) than November (0.64 ± 0.11) Table 4.1). More 

information on the variation of a PNC and GMD of particles by the time of day and day 

of week can be found in the figure (Figure 4.5 and Figure 4.6). 

In the case of road microenvironment (April 2020 to June 2021), PNC of N total gradually 

increased from summer 2020 till early monsoon 2020 and sudden drop in October. 

Interestingly in winter 2020 & 2021, it retained the peak and gradually started to decrease 

in summer 2021 (Figure 4.4). On the contrary, GMD is low in summer and goes higher 

in the winter. However, it reached its highest peak >100 nm diameter in October 2020, 

while this month shows a decrement in all modes, which may be due to the monsoon 

month. Table 4.1 provides a detailed summary of each month's mean and standard 

deviation values. The PNC of the nucleation mode is greater in the summer than in the 

winter. Interestingly, the UFP/N total ratio exhibits a similar trend to the nucleation 

mode, indicating the importance of nucleation mode particles in new particle formation 

(NPF). This will be covered in the following section of this chapter. 

The variation of a PNC of all modes and GMD of particles by the time of day and day of 

week of seasons (Summer, Winter, Monsoon) can be found in the figure (Figure 4.7, 

Figure 4.8, Figure 4.9, Figure 4.10, Figure 4.11, and Figure 4.12). In summer, N total and 

UFP start increase from morning 06:00 AM to 12:00 PM and 06:00 PM to 10:00 PM 

evening, which may be due to the photochemical reaction and vehicular emission with 

trans boundary condition, respectively. But in the case of accumulation mode, it started 

to decrease from 06:00 AM to 02-03:00 PM and then began to increase till late night of 

each day. There is no significant trend difference found between weeks in summer. Near 

afternoon time (~12:00 PM) shows the lowest GMD of days, which is a typical signature 

of photochemical reaction concerning new particle formation. Ntotal and UFP show the 
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same pattern in winter as summer, only the peaks are sharp and smooth. Importantly 

morning and evening peaks are almost the same, which is not in the case of summer, its 

morning peaks are always higher than evening peaks. Accumulation mode shows the 

same as summer, but its duration shrinks. In the case of GMD, interestingly, it does not 

show a smooth pattern like summer and gets a maximum drop before 12:00 noon unlike 

summer and keeps fluctuating till 05:00 PM, which indicate the hindrance in particle 

growth size. About the monsoon seasons, the variation of a PNC of all modes and GMD 

of particles by the time of day and day of the week can be found in the (Figure 4.7,Figure 

4.8,Figure 4.9,Figure 4.10,Figure 4.11, Figure 4.12).
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Table 4.1: A data summary of different modes in different seasons 

Year Month Season   Ntotal UFP  Nucleation  Small 

Aitken 

 large 

Aitken 

 Accumul 

- ation 

 GMD 

(nm) 

 

UFP/ 

Ntotal 

 

 

2019 

 

November  

 

Winter 

 

Mean 2.79 x 104 1.83 x 104 2.45 x 103 7.19 x 103 8.70 x 103 9.58 x 103 69.22 0.64 

Std. ±1.62 x 

104 

±1.14 x 104 ±1.39 x 103 ±4.69 x 

103 

±6.85 x 

103 

±5.78 x 

103 

±31.36 ±0.11 

December Mean 4.30 x 104 2.66 x 104 2.71 x 103 9.77 x 103 1.41 x 104 1.64 x 104 78.23 0.59 

Std. ±2.98 x 

104 

±2.03 x 104 ±3.22 x 103 ±7.79 x 

103 

±1.30 x 

104 

±1.14 x 

104 

±33.51 ±0.13 
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2020 

 

April  

 

 

Summer 

 

Mean 2.38 x 104 1.78 x 104 4.59 x 103 6.38 x 103 6.81 x 103 6.00 x 103 58.14 0.72 

Std. ±1.18 x 

104 

±1.11 x 104 ±6.70 x 103 ±4.81 x 

103 

±4.10 x 

103 

±3.50 x 

103 

±21.89 ±0.14 

May Mean 3.15 x 104 2.23 x 104 4.79 x 103 7.91 x 103 9.57 x 103 9.24 x 103 65.51 0.68 

Std. ±1.87 x 

104 

±1.77 x 104 ±9.96 x 103 ±7.87 x 

103 

±5.87 x 

103 

±5.87 x 

103 

±23.21 ±0.16 

June Mean 3.84 x 104 3.28 x 104 8.69 x 103 1.39 x 104 1.03 x 104 5.52 x 103 47.17 0.83 

Std. ±2.12 x 

104 

±2.10 x 104 ±1.15 x 104 ±1.10 x 

104 

±4.48 x 

103 

±2.67 x 

103 

±15.45 ±0.09 

July  Mean 4.08 x 104 3.61 x 104 1.17 x 104 1.47 x 104 9.69 x 103 4.68 x 103 41.36 0.86 
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Monsoon 

 

Std. ±2.65 x 

104 

±2.57 x 104 ±1.43 x 104 ±1.23 x 

104 

±4.97 x 

103 

±2.55 x 

103 

±12.94 ±0.07 

October Mean 2.76 x 104 1.35 x 104 2.56 x 103 4.95 x 103 5.97 x 103 1.42 x 104 99.12 0.46 

Std. ±1.44 x 

104 

±1.12 x 104 ±4.90 x 103 ±4.69 x 

103 

±3.82 x 

103 

±6.26 x 

103 

±32.14 ±0.16 

November  

 

Winter 

 

Mean 3.62 x 104 2.02 x 104 4.54 x 103 7.37 x 103 8.27 x 103 1.60 x 104 87.27 0.52 

Std. ±2.05 x 

104 

±1.63 x 104 ±7.44 x 103 ±6.70 x 

103 

±6.24 x 

103 

±8.81 x 

103 

±35.31 ±0.18 

December Mean 4.19 x 104 2.52 x 104 4.76 x 103 8.96 x 103 1.14 x 104 1.68 x 104 80.57 0.56 

Std. ±2.71 x 

104 

±2.03 x 104 ±7.85 x 103 ±7.61 x 

103 

±1.02 x 

104 

±1.02 x 

104 

±27.17 ±0.15 
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2021 

 

January  

 

Winter 

Mean 4.29 x 104 2.70 x 104 5.09 x 103 9.71 x 103 1.22 x 104 1.59 x 104 76.92 0.59 

Std. ±2.69 x 

104 

±2.09 x 104 ±8.53 x 103 ±8.44 x 

103 

±9.73 x 

103 

±1.04 x 

104 

±27.00 ±0.16 

February Mean 3.60 x 104 2.31 x 104 5.86 x 103 8.60 x 103 8.60 x 103 1.29 x 104 74.77 0.60 

Std. ±2.18 x 

104 

±1.83 x 104 ±9.04 x 103 ±7.50 x 

103 

±6.72 x 

103 

±7.32 x 

103 

±29.81 ±0.17 

March  

 

 

 

Mean 3.51 x 104 2.64 x 104 8.90 x 103 1.04 x 104 7.13 x 103 8.68 x 103 56.51 0.71 

Std. ±2.05 x 

104 

±1.91 x 104 ±1.15 x 104 ±8.09 x 

103 

±4.77 x 

103 

±6.02 x 

103 

±26.01 ±0.16 

April Mean 3.05 x 104 2.22 x 104 7.52 x 103 8.39 x 103 6.31 x 103 8.32 x 103 60.13 0.70 
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Summer 

 
Std. ±1.61 x 

104 

±1.56 x 104 ±1.01 x 104 ±6.79 x 

103 

±3.54 x 

103 

±6.73 x 

103 

±30.52 ±0.19 

May Mean 2.26 x 104 1.68 x 104 4.78 x 103 6.69 x 103 5.32 x 103 5.83 x 103 58.05 0.70 

Std. ±1.25 x 

104 

±1.19 x 104 ±6.22 x 103 ±5.82 x 

103 

±3.30 x 

103 

±3.51 x 

103 

±22.78 ±0.15 

June Mean 2.47 x 104 1.99 x 104 6.48 x 103 8.26 x 103 5.20 x 103 4.77 x 103 50.29 0.76 

Std. ±1.59 x 

104 

±1.56 x 104 ±8.37 x 103 ±7.48 x 

103 

±3.05 x 

103 

±2.67 x 

103 

±20.05 ±0.13 
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Figure 4.1: Summary plot of monitored data 



4-82 

 

 

Figure 4.2: Calendar plot of UFP 
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Figure 4.3: Calendar Plot of GMD 
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Figure 4.4: Time series of UFP and GMD 
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Figure 4.5: Time variation of PNC during background study 
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Figure 4.6: Time variation of GMD during background study 
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Figure 4.7: Time variation of PNC during summer season at road microenvironment 
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Figure 4.8: Time variation of GMD during summer season at road microenvironment 
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Figure 4.9: Time variation of PNC during winter season at road microenvironment 
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Figure 4.10: Time variation of GMD during winter season at road microenvironment 
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Figure 4.11: Time variation of PNC during monsoon season at road microenvironment 
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Figure 4.12: Time variation of GMD during monsoon season at road microenvironment
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4.2 Number concentration and new particle formation events near 

road microenvironment in megacity Delhi. 

The information on particle number size distributions (PNSD) is essential to understand 

aerosol direct (through scattering and absorption of incoming solar radiation) and indirect 

(through modification of cloud microphysics) radiative impacts on the earth’s radiation 

balance (IPCC, 2013). Apart from the primary emissions, secondary aerosol formation 

through the gas to particle conversion mechanism also contributes significantly to the 

global aerosol burden in the atmosphere (Kulmala et al., 2004, 2012; Kulmala and 

Kerminen, 2008; Kerminen et al., 2018). While the impact of secondary aerosol 

formation mechanism on radiation balance (Giorgi and Lionello, 2008; Yu and Luo, 

2009; Yu et al., 2012; Zhang et al., 2012; Ma and Yu, 2015; Wang et al., 2017; Lee et 

al., 2019), aerosol-cloud interactions ( Kanakidou et al., 2005; Gordon et al., 2017) are  

major focus area. In recent years, the contribution coming from the fine and ultrafine 

(diameters Dp < 100 nm) to the ambient air pollution has also become a major concern  

(Kopanakis et al., 2018; Dinoi et al., 2021). New particle formation (NPF) involves the 

formation of molecular aggregates from precursor vapors, which grow to the size of a 

particle of 1 nm (Zhang et al., 2012; Kulmala et al., 2012, 2017; Hama et al., 2017; 

Kerminen et al., 2018). Once formed the nucleation mode (Dp < 25 nm) grow rapidly to 

larger Aitken (25< Dp < 100 nm) and accumulation mode (100< Dp< 1000 nm) sizes.  

Globally, NPF is one of the intensely investigated topics in aerosol science as it occurs 

in distinct environments with different frequencies and intensities following different 

pathways of formation and growth (Birmili et al., 2000; O’Dowd et al., 2002; Kulmala 

et al., 2004, 2012, 2014; Tunved et al., 2006; Suni et al., 2008; Jeong et al., 2010; Meier 

et al., 2015; Babu et al., 2016; Chandra et al., 2016; Chu et al., 2018; Pétursdóttir et al., 

2018;  Kopanakis et al., 2018; Yao et al., 2018; Bousiotis et al., 2019; Kerminen et al., 

2018; Nieminen et al., 2018; Lee et al., 2019; Kanawade et al., 2020b; Kompalli et al., 

2020; Shen et al., 2020;  Zhang et al., 2021). Though NPF over urban regions is thought 

to be difficult because of the large amounts of pre-existing particles acting as 

condensation sinks, thus deterring nucleation, several studies reported urban NPF events 

(Alam et al., 2003; Stanier et al., 2004; Wang et al., 2013, 2014; Yu et al., 2017). Urban 

NPF events are highly localized in nature and occur during conducive conditions 
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(photochemistry, local meteorological features), and these events significantly contribute 

to the fine particulate matter smaller than 2.5 μm (PM2.5), which is one of the major 

species contributing to the degradation of air quality (McMurry, 1983; Mohan and Payra, 

2009; Kumar et al., 2010). An enormous increase in ultrafine particles (UFP) 

concentrations in rapid time scales due to NPF can directly or indirectly affect human 

health (WHO, 2013; Schraufnagel, 2020) by causing cardiovascular and respiratory 

problems through deep penetration and deposition into the lungs (McCreanor et al., 2007; 

HEI Review Panel, 2013), the cardiorespiratory system (Rückerl et al., 2011), 

bloodstream (Bakand et al., 2012), body organs (Morris et al., 2003). The advent of 

unregulated pollutants such as UFP comes through direct emissions from traffic, biomass 

burning, and industrial sources (Kittelson, 1998; Alam et al., 2003; Kittelson et al., 2006; 

Morawska et al., 2008; Seigneur, 2009; Brines et al., 2015; Harrison et al., 2018) and 

from secondary formation mechanism, has added dimension to already complex urban 

air pollution issue (Kumar et al., 2012, 2018). To understand UFP concentrations and the 

various impacts of these aerosols over the urban regions, it is essential to delineate the 

contributions comes from primary and secondary sources.  However, in the natural 

atmosphere, a convolution of multiple processes makes it difficult to demarcate the 

underlying processes. 

Several experimental and numerical studies have advanced knowledge of the emission, 

formation, dispersion, exposure, and health effects of UFPs over the last decade. Most of 

these studies have been carried out in European cities (Kumar et al., 2013b), with only a 

few developing Asian cities where most of the world's urban population resides 

(Joodatnia et al., 2013). Especially the studies pertinent to NPF and its contribution to 

UFP concentrations over the urban regions in the Indian region are minimal (Siingh et 

al., 2013; Kanawade et al., 2014; Kompalli et al., 2014, 2018; Babu et al., 2016; Leena 

et al., 2017; Varghese et al., 2020). 

The present study elucidates to understand secondary aerosol formation mechanism over 

a megacity, Delhi, India, when the primary sources are nearly cut-off due to the 

lockdowns imposed to tackle the spread of Coronavirus Disease 19 (COVID-19) 

pandemic. The Government of India has imposed the first phase of lockdown from March 

24 to April 14, 2020. It was an extremely strict and complete clampdown on government 
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offices, commercial, private & industrial establishments, educational institutions, places 

of worship, and all air, water, and land transport services, barring on essential services 

such as healthcare, grocery shops, pharmacies, milk booths, banks, ATMs, petrol pumps, 

fire and emergency services. Following this, other phases of lockdown were also imposed 

in multiple phases: the second (April 15 to May 3, 2020), third (May 4 to May 17, 2020), 

and fourth (May 18 to May 31, 2020) phases. However, the vantage on restrictions has 

also been given phase-wise in terms of the mitigating human hardship and economic 

point of view (Indian Council of Medical Research, 2020; Ministry of Home Affairs, 

2020). Therefore, every next phase of lockdown has seen an increase in some industrial 

activity and traffic density. Due to this, the Air Quality Index (AQI) of metro cities also 

gradually increased in every next ‘Lockdown’ Phase (Bera et al., 2020; Sahoo et al., 

2020; Guttikunda, 2020). 

New Delhi, the capital of India, is one of the largest cities in the world, experiences 

extreme pollution events due to multiple factors (complex sources and atmospheric 

conditions) (Kanawade et al., 2020b). Unlike the several previous studies carried out in 

New Delhi (e.g., Kulmala et al., 2005; Mönkkönen et al., 2005; Hyvärinen et al., 2010; 

Sarangi et al., 2015, 2018; Kanawade et al., 2020a, 2020b) during the normal 

circumstances,  the lockdowns imposed to control the COVID-19 provided an 

opportunity to examine NPF during when near-complete cessation of the sources of 

primary aerosols (traffic emissions, industries, construction work, and reduced power 

generation) and some of the condensable vapors (e.g., volatile organic compounds; 

(Kanawade et al., 2020b)) occurred. It provided conditions akin to a natural laboratory 

examining particle concentrations, size distributions, and NPF events over such a 

megacity.  In this context, the present study uses campaign mode observations conducted 

during the pre-monsoon (April-May) period and focuses on the following objectives: to 

understand the impact of the lockdown imposed due to COVID-19 on particle number 

concentrations in different size regimes, especially on UFP; to examine the frequency 

and intensity of the NPF events during the lockdowns of the different magnitude of 

restrictions; to identify the possible NPF pathways and delineate the impact of changing 

concentrations of the pre-existing particles and condensable vapors during the lockdown. 

It may be noted that during the present study, the direct measurements of precursor 

vapors such as H2SO4, and volatile organic compounds (VOCs) were not available. 
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Hence the exact nature of the species contributing to NPF through vapor phase gas-

particle conversion could not be identified. Another limitation is that the lowest size bin 

measured in this study was 10.2 nm. Thus, there was no information on nascent new 

particles (sub-3 nm particles) or initial growth (1-10 nm). 

As mentioned earlier, the present study was carried out during different phases (with 

varying relaxation to the anthropogenic activities) of the COVID-19 lockdown periods 

imposed by the government of India. The data was collected between April 21 and May 

22, 2020. We have classified data into three different periods: Period- I (from April 21 

to May 3, 2020, as Lockdown phase-2), Period- II (from May 4 to May 17, 2020, as 

lockdown phase-3), Period- III (from May 18 to May 22, 2020, as lockdown phase-4) to 

represent the gradual changes in sources of pollution.  

4.2.1 Temporal variation of particle concentration 

A stacked bar graph of the daily mean particle number concentrations in size regimes, 

nucleation (NNuc), Aitken (NAitk), and accumulation (Naccu) along with the geometric 

mean diameter (GMD; in nm diameter) of the PNSD is shown in Figure 4.13. The arrow 

marks below the figure indicate the days with NPF events. The shaded portions indicate 

different periods of the lockdown where successive relaxations lead to enhanced 

anthropogenic activities. The days with rainfall and the total accumulated rainfall for the 

day are also indicated in the figure. There was occasional rainfall during the study period 

(total accumulated rainfall of 32 mm and 2 mm during Period-1 and Period-2, 

respectively, and no rainfall occurred during Period-3). 

The daily mean total concentrations ranged between 16014 cm-3 to 40717 cm-3, and 

ultrafine particles dominated (50-88%) the total number concentrations during most days. 

The mean total particle concentrations (Ntotal) (± standard deviation) were ~25065 ± 

13881 cm-3 and ~31681 ± 18776 cm-3 during Period-I and Period-II, respectively, which 

increased to ~31371 ± 16378 cm-3 for Period-III. Similarly, mean Naccu values doubled 

from Period-I (~ 6074 ± 3167 cm-3) to Period-III (12306 ± 6596 cm-3) through Period-II 

(8715 ± 5496 cm-3). However, UFP concentrations (both Nnuc and NAitk) did not show 

any discernible trend, though they dominated the total particle number concentrations. 
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The dominance of UFP concentrations was explicit (> 70% of Ntotal) on the NPF event 

day compared to non-event days. 

 

Figure 4.13 Stacked bar graph of daily mean number concentrations of nucleation 

(Nnuc), Aitken (NAitk), and accumulation (Naccu) particles (in cm-3). The solid line 

shows the daily mean values of the geometric mean diameter (GMD) of the size 

distribution. The shaded portions indicate different periods of the lockdown, and 

the arrow marks indicate NPF event days. The days with rainfall and the total 

accumulated rainfall for the day are also indicated in the figure. 

The contribution of Nnuc and Naccu to the Ntotal was in the range of 21-30% and 47-50%, 

respectively, during the non-event days, whereas Naccu was meagre (12-30%) on the event 

days. It is also highlighted by lower GMD values (50-60 nm) (marked in the figure) on 

the event days compared to the non-event days (65-85 nm). The mean value of GMD 

was lowest for Period-I (58.3 ± 20.2 nm) and highest for Period-III (73.4 ± 28.0 nm) due 

to shifting the existing particle sources, so that fraction of accumulation mode particles 
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(predominantly primary) was higher than the rest of the two phases. Typically, GMD 

goes down immediately after the nucleation events in the urban regions because of strong 

NPF bursts resulting in enhanced UFP concentrations (Kumar et al., 2014; Babu et al., 

2016); However, during severe pollution events such as regional haze (which span across 

few days) NPF results in an increased GMD due to rapid secondary aerosol formation 

and growth (e.g., Guo et al., 2014; Zheng et al., 2021). 

The mean values of particle concentrations, condensation sink values, meteorological 

parameters, precursors, and trace gas concentrations during the present study are given 

in Table 4.2. Here the values for the events and non-event days are shown separately. 

The values after ± describe standard deviation.  

Table 4.2: Statistical summary of the particle number concentrations, condensation 

sink (CS), meteorological parameters, and traces gases during the event and non-

event days 

P
ar

am
et

er
/ 

V
ar

ia
b

le
 

Event day Non-event 

Period I Period II Period III Period I Period II Period III 

Particle number concentrations 

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 

NTotal 

(cm-3) 

2.43 x 104 

± 1.71 x 

104 

3.50 x 104 

± 2.43 x 

104 

3.41 x 104 

± 2.38 x 

104 

2.64 x 104 

± 0.92 x 

104  

3.00 x 104 

± 1.31 x 

104 

3.06 x 104 

± 

1.33 x 104 
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Nnuc 

(cm-3) 

7.81 x 103 

± 1.23 x 

104 

1.19 x104 

± 2.18 x 

104 

9.73 x 103 

± 1.91 x 

104 

4.58 x 103 

± 4.06 x 

103 

4.07 x 103 ± 

4.46 x 103 

5.37 x 103 

±  

5.80 x 103 

NAitk 

(cm-3) 

1.15 x 104  

± 7.68 x 

103 

1.76 x 104 

± 1.07 x 

104 

1.34 x 104 

± 7.89 x 

103 

1.43 x 104 

± 6.41 x 

103 

1.48 x 104 ± 

8.25 x 103 

1.25 x 104 

±  

6.94 x 103 

Naccu 

(cmM-3)  

4.99 x 103 

± 2.45 x 

103 

5.59 x 

103± 3.82 

x 103 

1.09 x 104 

± 5.62 x 

103 

7.53 x 

103± 2.32 

x 103 

1.05 x 104 

± 5.71 x 

103 

1.27 x 104 

± 

6.80 x 103 

Nuc 

fractio

n 

 

0.40 

 

0.40 

 

0.41 

 

0.24 

 

0.21 

 

0.30 

NUFP 

/NTotal 

0.75 ± 0.13 0.80 ± 

0.12 

0.62 ± 

0.19 

0.70 ± 

0.09 

0.63 ± 0.14 0.58 ± 0.16 

CS 

(sec-1)  

0.034 ± 

0.015 

0.035 ± 

0.012 

0.07 ± 

0.018 

0.053 ± 

0.024 

0.072 ± 

0.038 

0.09 ±  

0.048 
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Meteorological parameters 

AT(°C) 29.4 ± 3.3 28.7 ± 4.0 32.2 ± 5.3 30.9 ± 3.8 30.1± 4.4 32.5 ± 5.4 

RH (%) 53.2 ± 12.2 52.4 ± 

13.9 

29.3 ± 9.0 51.2 ± 

13.5 

48.1 ± 14.4 33.2 ± 12.8 

WS 

(m/s) 

0.93 ± 0.78 0.83 ± 

0.64 

0.53 ± 

0.21 

0.68 ± 

0.40 

0.62 ± 0.32 0.59 ± 0.27 

Trace Gases 

NO 

(µg/m3) 

5.56 ± 0.58 5.58 ± 

0.74 

5.38 ± 

0.70 

5.61 ± 

0.73 

5.77 ± 2.27 6.05 ± 2.23 

NO2 

(µg/m3) 

17.17 ±  

4.43 

17.19 ± 

6.23 

21.40 ± 

7.97 

19.22 ± 

4.20 

22.17 ±  

8.64 

28.94 ± 

14.55 

NOx 

(µg/m3) 

22.73 ±  

5.02 

22.77 ± 

6.97 

26.78 ± 

8.67 

24.83 ± 

4.93 

27.94 ± 

10.91 

34.99 ± 

16.78 

O3 

(µg/m3) 

95.25 ± 

35.27 

102.51 ± 

41.15 

112.22 ± 

60.80 

96.39 ± 

47.09 

90.64 ± 

50.42 

87.05 ± 

56.61 
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Considering only the non-event days, the mean total particle number concentrations 

gradually increased from Period-I (2.64 x 104 ± 0.92 x 104 cm-3) to Period-III (3.06 x 104 

± 1.33 x 104 cm-3) through Period-II (3.00 x 10-4 ± 1.31 x 104 cm-3). In contrast, the 

fraction of ultrafine particles gradually decreased from ~0.70 ± 0.09 during Period-I to 

0.58 ± 0.16 during Period-III through ~ 0.63 ± 0.14 during Period-II.  The values of 

nucleation mode particles were nearly 1.5 to 2 times higher on the event days compared 

to the non-event days, which is also reflected in the mean fractions of the ultrafine 

particle. However, the Naccu or NAitk did not show any such sharp contrast. They almost 

doubled from Period-I to Period-III, suggesting the impact of increased anthropogenic 

activities on particle concentrations on non-event days. Zimmerman et al. (2020) have 

CO 

(µg/m3) 

327.13 ± 

198.21 

384.63 ± 

243.29 

354.73 ± 

388.53 

482.83 ± 

245.54 

614.98 ± 

366.78 

686.43 ± 

595.49 

SO2 

(µg/m3) 

12.14 ±  

3.29 

12.09 ± 

2.52 

26.71 ± 

16.94 

12.93 ± 

2.80 

14.81 ± 

5.03 

25.12 ± 

11.35 

[Ox] 

(μg/m

3) 

130.06 ±     

14.33 

136.41 ±     

19.76 

177.00 ±     

23.91 

110.38 ±    

38.82 

113.52 ±    

43.22 

117.31 ±    

49.71 

[H2SO

4] 

(molec 

cm-3) 

1.55 x 107 

±    9.44 x 

106 

1.30 x 

107±    

7.33 x 106 

4.27 x 

107±   

8.29 x 106 

4.61 x 

106±    

6.30 x 106 

5.37 x 106±    

7.60 x 106 

1.02 x 

107±    1.22 

x 107 
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also reported a similar trend in particle number concentrations associated with lockdown 

and un-lock periods during the Covid-19 pandemic shut-down in North Carolina State 

University in Raleigh, NC, between April to June 2019 and November 2019 to May 2020. 

Another interesting aspect from Table 4.3 is the enhanced concentrations of proxies 

of the precursor vapors (both odd-oxygen [Ox] and [H2SO4] proxy) during the event 

days compared to non-event days. Considering the NPF event days, the mean 

concentrations of [H2SO4] proxy (which is the most ubiquitous precursor vapor for NPF) 

increased from 1.55  ± 0.94 x 107 molecules cm-3 during Period-1 to 4.27 ± 0.83 x 107 

molecules cm-3 during Period-3, through moderate values 1.30 ± 0.73 x 107 molecules 

cm-3. Even during the non-event days, the concentrations of [H2SO4] proxy (which are 

2-4 times lower than the event day values) increased from Period-1 to Period-III. 

Similarly, the values of [Ox] (which is generally positively correlated with oxygenated 

organics) also showed an enhancement from Period-I (130.06 ± 14.33 μg m-3) to Period-

3 (177.00 ± 23.91 μg m-3) during the event days, whereas [Ox] values did not show a 

significant difference during the non-event days. 

A similar pattern is noticeable in the near surface-pollutant trace gases: NOx, CO, and 

SO2 concentrations, as evident from Figure 4.14 and Table 4.2. The phase-wise enhanced 

concentrations of NOx (by > 40%), CO (by > 42%), and SO2 (by > 95%) associated with 

the conditional relaxations from Period-I to Period-III further established the increased 

strength of primary emissions with progressive unlock relaxations. Further, the 

concentrations of trace species were higher during the non-event days compared to event 

days; e.g., the daily mean NOx concentrations were in the range of 22-27 µg m-3 on the 

event days, whereas the concentrations were ~25-35 µg m-3 (with large variability) during 

the non-event days. But in the case of O3, no significant difference from Period-I to 

Period-III was observed, but typically the mean values were higher during the event days 

compared to non-event days in all the phases of the lockdown. Recently, Srivastava et al. 

(2021) also reported similar trends in near-surface air pollutants over New Delhi during 

different phases of lockdown. 

Interestingly, though slightly higher mean temperatures and lower RH conditions 

prevailed over the non-event days compared to the event days, the overall magnitudes 

were not different, and no statistically significant association was found between these 
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variables and nucleation events. However, gradually increasing air temperatures are 

relatively favourable for enhanced dispersion of air pollutants (Kompalli et al., 2014b), 

and any such dilution of the amounts of background particles reduces condensation sink 

throughout the vertical levels (Babu et al., 2016). We have not found any significant 

variation in the incoming solar flux during the event and non-event periods. 

 

 

Figure 4.14: Temporal variation of trace gases (a) NOx, (b) Ozone, (c) CO, and (d) 

SO2 (all in µg m-3) during the present study 
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The mean Ntotal values (~2-3.5 x 104 cm-3) observed in the present study are compared to 

the values reported over several urban locations (Stanier et al., 2004;  Wehner et al., 2004; 

Hyvärinen et al., 2010; Siingh et al., 2013; Kanawade et al., 2014; Babu et al., 2016; 

Kerminen et al., 2018; Nieminen et al., 2018). Stanier et al. (2004) have reported Ntotal of 

the order of 103 to 105 cm-3 over the polluted urban areas. However, significantly higher 

numbers were reported in the urban areas of Asian countries compared to European 

countries (Hussein et al., 2004; Wehner et al., 2004; Siingh et al., 2013). The present 

values are significantly lower than the values previously reported over New Delhi 

(Mönkkönen et al., 2005; Hyvärinen et al., 2010; Sarangi et al., 2015, 2018; Kanawade 

et al., 2020a, 2020b), which highlights the effectiveness of cut-off sources in controlling 

primary pollutants. Srivastava et al. (2021) have noted that a significant improvement in 

air quality was observed across the countries due to COVID-19 induced lockdown, which 

is evident in our observations. 

4.2.2 Temporal variation of particle number size distributions 

Figure 4.15 shows the temporal variation of PNSDs during this study. The figure revealed 

several NPF events (marked with arrows) with a clear appearance of significant amounts 

(2-5 times increase from values before the event) of nucleation mode particles. Once 

formed, these particles rapidly grew into larger sizes (Aitken to accumulation modes); 

therefore, many of the events depicted a clear ‘banana’ pattern (Kulmala et al., 2012). 

As described in the previous section, different classes of NPF events were observed 

during the present study. Typical examples of different classes of NPF events are shown 

in Figure 4.16, and Table 4.3 describes the details of various types of events observed in 

the present study. The overall frequency of the NPF events is ~ 41 % (among which 50% 

were Class Ia, 16.7% were Class Ib, 33.3% were Class II events) considering the entire 

study period. The NPF frequencies are 54.5%, 38%, and 20%, respectively, during 

Period-I (21-April to 03-May), Period-II (04-May to 17-May), and Period-III (18-May 

to 31-May). This emphasized that increasing anthropogenic primary emissions lead to a 

possible enhancement in the condensation sink, decreasing nucleation frequency. 
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Figure 4.15: Temporal variation of particle number size distribution (PNSD) during 

the present study. The arrows on the bottom indicate the new particle formation 

events. The color bar indicates number concentrations, and the white portion 

indicates the data gap 
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Figure 4.16: Typical example of Event day with event classification ( Class Ia event, 

Class Ib, and Class II event) according to Typical example of Event day with event 

classification ( Class Ia event, Class Ib, and Class II event) according to Dal Maso 

et al. (2005) 
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Table 4.3: New particle formation and their event classes along with their respective 

periods 

Period Days with NPF 

event:  

Period wise 

% (days) 

NPF event:  

whole campaign  

(%) 

Event classes- no. 

of days    

Period I: 11 days 

21/April/2020 to 

03/May/2020  

 

54.5% (6 days) 20.6% Class Ia- 1 day 

Class Ib- 2 days 

Class II- 3 days s 

Undefined: 2 days* 

Period II: 13 days 

04/May/2020 to 

17/May/2020  

38.4% (5 days) 17.2% Class Ia- 5 days  

Period III: 5 days 

18/May/2020 to 

31/May/2020  

20.0% (1day)   3.4% Class II-1 day  

*Class Unit. =Undefined days (which contribute 8% Period wise and 6.8% overall 

monitoring. 

   

Earlier studies carried out over New Delhi (mostly during the colder months) reported 

different NPF frequencies (30-53%) (Mönkkönen et al., 2005; Sarangi et al., 2015; 

Kanawade et al., 2020a) compared to the present observations. These studies have 

suggested that such a high frequency of NPF events, despite the presence of a strong 
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condensation sink (because of the large amounts of pre-existing particles), would be 

possible due to the presence of substantial concentrations of condensable vapors. In such 

a case, the higher vapor source rates help to overcome the barrier posed by the CS 

(Kulmala et al., 2005; Mönkkönen et al., 2005) and result in NPF. The present NPF 

frequency (~ 41%) over New Delhi is comparable to the values reported in Asian urban 

cities like Beijing, China (40%) (Wu et al., 2007); Nanjing, China (44%) (Qi et al., 2015), 

and lower than the value (53%) reported by (Mönkkönen et al., 2005) over New Delhi. 

It may be noted that observing a consistent seasonal pattern of NPF events in an urban 

area is difficult (Vu et al., 2015), which explains this difference. Globally, Nieminen et 

al. (2018) reported that the events occur more frequently in March to May (~30% of the 

days) and least often in December to February (~10% of the days). 

In our study, though most numbers of NPF events occurred during Period-I, the events 

belonged to different classes (Class Ia -1 day; Class Ib - 2 days; Class II - 3 days; 

undefined-2 days). In contrast, only well-defined Class Ia events were observed during 

Period-II, whereas only one event that occurred during Period-III was a Class II type 

event. Such differences among the events are possible due to the interplay between 

sources, sinks, and transformation processes of condensable vapors and pre-existing 

particles (Kulmala et al., 2004; Vu et al., 2015). These processes result in not only 

different frequencies, intensities of NPF events but different classes of the events as 

reported in several studies (Alam et al., 2003; Dunn et al., 2004; Stanier et al., 2004; 

Wehner et al., 2004; Jeong et al., 2004; Reche et al., 2011; Cheung et al., 2011; Gao et 

al., 2012). Compared to clean environments, the intensity of the events can be higher in 

polluted environments (Kulmala et al., 2004; Kerminen et al., 2018) due to the abundance 

of condensable vapors.  

The particle number distributions are grouped separately for the nucleation event and 

non-event during different periods, and the mean PNSDs are shown in Figure 4.17.   
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Figure 4.17: Average particle number size distributions for different periods during 

the event and non-event days 

An omnipresent primary mode (80-110 nm) in the Aitken and accumulation size regimes 

were present in all the observations. However, a distinct secondary mode, often open-

ended, was noticeable in the nucleation regime (< 25 nm) during the NPF event periods, 

along with the primary mode. The mean size distributions depicted flat or increased 

lower-size particle abundances confined to nucleation size regimes during the event 

periods. We have derived the modal parameters of the mean particle number size 

distributions during the event and non-event periods by fitting to the observed size 

distributions to the analytical log-normal size distribution of the following form 

(Kompalli et al., 2018, 2020): 

𝐝𝐍

𝐝 𝐥𝐧 𝐃𝐩
= ∑

𝐍𝐤

√𝟐𝛑 𝐥𝐧 𝛔𝐦,𝐣
𝐞𝐱𝐩 [−

(𝐥𝐧 𝐃𝐩−𝐥𝐧 𝐃𝐦,𝐩,𝐣)
𝟐

𝟐 𝐥𝐧𝟐 𝛔𝐦,𝐤
]𝐧

𝐣=𝟏                               (2) 

(where Dp is the particle diameter, n is the total number of the modes considered, Dm,p,j 

is the mode diameter of the jth mode, m,j is the corresponding width of the mode, and Nj 

is the particle number concentration (amplitude) of the jth mode). 
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The modal parameters for the PNSDs shown in Figure 4.17 are tabulated in Table 4.4.  

Table 4.4: Modal parameters of the PNSDs during the present study 

Period Primary mode Secondary mode 

Dm,p,1 

(nm) 

m,1 

N1 

(cm-3) 

Dm,p,2 

(nm) 

m,2 N2 

(cm-3) 

Period-I 

Event 78 1.14 2.32 x 104 Open mode   

Non-

event 

82 1.18 3.25 x 104 No mode -- -- 

Period-II 

Event 69 1.16 3.25 x 104 Open mode   

Non-

event 

85 1.20 4.08 x 

104 

No mode -- -- 

Period-III 

Event 105 1.08 3.21 x 104 Open mode  -- 

Non-

event 

111 1.27 3.39 x 104 No mode --  
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The gradual increase in primary mode peak concentrations with progressively eased-up 

restrictions is clear from Figure 4.17 are tabulated in Table 4.4.  Interestingly the mode 

diameter of the primary mode also gradually shifted to larger values during both non-

event (from 82 to 111 nm) and event (78 to 105 nm) periods, suggesting a considerable 

impact of lockdown cessation and unlock emissions on PNSDs. Another important aspect 

here is that the mode ~ 80 nm can originate from both primary and secondary (growth of 

newly formed particles) pathways. Some earlier studies have highlighted the importance 

of small exhaust plumes associated with vehicular traffic in UFP formation processes at 

local or regional scales (Bukowiecki et al., 2002; Kittelson et al., 2004; Rönkkö et al., 

2006). Apart from the primary emissions, size transformation (due to condensation and 

coagulation) also results in an increased abundance of the larger-sized particles. It is 

possible that such aerosol transformation processes also contribute to the increased peak 

concentrations and larger mode diameters of the size spectra. 

4.2.3 Characteristics of the nucleation events 

All the NPF events observed in this study occurred during the daytime, unlike the night-

time events reported by Sarangi et al. (2018). It suggests the strong role played by the 

photochemical process in prompting the nucleation process. The new particle formation 

in the atmosphere is determined by various factors, which include: (i) the nature and 

extent of availability of condensation vapors in supersaturated conditions, and (ii) the 

strength of the condensation sink (CS), which inhibits the nucleation process. From Table 

4.2, it is clear that the CS values were higher during the non-event (0.07 - 0.09 sec-1) days 

compared to the event (0.03 - 0.07 sec-1) days, thus reiterating the importance of lower 

CS values to initiate nucleation (Dal Maso et al., 2005; Wang et al., 2017; Deng et al., 

2020). The higher CS in urban regions ensures that gaseous precursors, molecular 

clusters, and freshly formed particles experience a high scavenger loss rate. The CS 

values during Period- I (0.052 sec-1) < Period-II (0.072 sec-1) < Period- III (0.09 sec-1) of 

non-event days were typically greater than those seen on event days Period- I (0.034 sec-

1) < Period-II (0.035 sec-1) < Period-III (0.07 sec-1) respectively (Table 4.2). The present 

CS values are consistent with those reported over urban locations (Kanawade et al., 2014; 

Babu et al., 2016) over the Indian region and other urban areas (Guangzhou, China 0.035 

-0.46 sec-1 (Yue et al., 2013), Shanghai, China (0.03- 0.10 sec-1 ) (Xiao et al., 2015) and 
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Beijing, China (0.006- 0.06 sec-1)  (Wu et al., 2007). The details of all the events 

(duration, time of occurrences, growth rates, etc.) are provided in Table 4.5.   

Table 4.5: Time of occurrence of NPF and growth (in Indian standard time: UT+ 

05:30 hrs) and statistical summary of the events 

Event 

Date 

Nucleation period Growth period  

ST 

(hrs) 

ET  

(hrs) 

TT 

hrs 

ST 

(hrs) 

SGMD 

(nm) 

ET 

(hrs) 

EGMD 

(nm) 

TT 

(hr) 

GR 

(nm/hr) 

21-Apr 9:55  13:36  3.68 10:50  19.5 13:36  31.0 2.76 3.31 

23-Apr 14:30  15:32  1.03 14:44  15.4 15:46  46.71 1.03 - 

26-Apr 13:48  17:51  3.81 14:29  14.9 18:05  39.99 3.6 6.58 

28-Apr 08:15  09:59 1.76 08:49  22.95 14:01  67.79 5.2 7.76 

02-May 09:24  11:42  2.3 10:40  23.02 11:56  47.43 1.2 - 

03-May 11:08  11:57  0.85 11:29  19.35 14:49 45.06 3.0 6.57 

04-May 09:10  14:00  4.83 10:12  22.45 20:06  69.1 9.9 4.33 

05-May 10:33  11:56  1.38 10:40  23.14 15:50  69.95 5.16 5.82 
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07-May 06:50  09:50  3.00 7:18  15.84 12:01  44.14 4.7 6.22 

10-May 14:34  18:43  4.15 15:09  16.69 20:48  44.85 5.6 4.58 

12-May 09:54  14:19  4.21 11:10  20.48 15:56 50.34 4.8 8.37 

20-May 08:26  11.05  2.50 09:28  22.18 11:05  42.02 1.6 - 

ST = Start Time, ET = End Time, TT = Total Time, SGMD = Start GMD, EGMD = End 

GMD, GR = Growth Rate, GMD: Geometric mean diameter 

Earlier studies (Kanawade et al., 2014; Babu et al., 2016; Kompalli et al., 2018) have 

reported NPF events over urban/polluted environments. Several earlier studies have 

suggested that secondary aerosol formation in the urban environment is somewhat less 

favoured (but not uncommon) due to larger background concentrations (Bukowiecki et 

al., 2002; Hussein et al., 2004; Reche et al., 2011). Generally, the primary ultrafine 

particles emitted along with the condensable vapors from anthropogenic activities 

(vehicular and industrial effluents) act as the potential condensation sink and inhibit NPF. 

However, a greater abondance of condensable vapors (semi-volatile organics and sulfur 

compounds) enables highly intense but localized NPF occasionally, even in urban 

locations (Väkevä et al., 2000; Alam et al., 2003; Stanier et al., 2004; Mönkkönen et al., 

2005; Ahlm et al., 2012; Contini et al., 2012). Considering the present urban NPF events 

in this perspective, it is possible that the balance between enhanced emissions of gaseous 

precursors and primary particles decided the frequency, intensity, and shape of the NPF 

events. 

It may be recollected that significant amounts of condensable vapors present in the urban 

atmosphere are considered to be the reason behind urban NPF events (Kerminen et al., 

2018; Nieminen et al., 2018). Most of the NPF events reported earlier occurred during 

the daytime occurring due to photochemistry (Siingh et al., 2013; Ma and Birmili, 2015; 
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Sorribas et al., 2015; Lushnikov et al., 2017) and moderate levels of relative humidity 

(Hama et al., 2017; Lee et al., 2019), night-time events are not uncommon (Babu et al., 

2016; Sarangi et al., 2018). Kanawade et al. (2014) have reported that NPF occurred 

during lower condensation sink, lower RH, greater solar radiation, and higher 

temperature conditions over polluted cities, Kanpur and Pune in India. Meteorological 

variables (temperature, relative humidity, solar radiation, and winds), atmospheric 

processes like photochemistry, local atmospheric boundary layer (ABL) dynamics, 

turbulence, etc. play a role in controlling that control the dynamics of the NPF pathways 

(Hussein et al., 2004; Kulmala et al., 2012; Babu et al., 2016; Kerminen et al., 2018; 

Kompalli et al., 2018, 2020). The varying CS values and meteorological conditions 

(lower RH and higher air temperatures during the event days) affect different types of 

NPF events. It is reflected in the statistics of the types of events in various periods of the 

present study.  

Though the CS values during Period-I and II are nearly the same, all the events were seen 

during Period-I, whereas only Class Ia events were seen during Period-II. It highlighted 

a precise balance between the source strengths of the condensable vapors and pre-existing 

particles. Once formed, these particles can grow rapidly to larger sizes by consuming the 

same condensable vapors that initiated NPF or different vapors, which lead to different 

growth rates in different size regimes in varying environments. Understanding the growth 

rates of newly formed particles is essential for quantifying the impact of NPF on direct 

(light scattering by aerosols) and indirect (aerosol-cloud interactions). In this regard, we 

have estimated the particle growth rates for the nucleation events observed in the present 

study using Eq.3, and the values for each event are shown in Table 4.5. Interestingly, 

though NPF events are more frequent and well-defined during Period-II, lower particle 

growth rates (mean ~5.86 ± 1.44 nm h-1) were observed during this period compared to 

Period-I (~6.05 ± 1.66 nm h-1). Present GR values are comparable to the values reported 

by Kanawade et al. (2014) over the urban locations: Pune (~ 6.5 ± 1.2 nm h-1), Kanpur 

(~ 8.7 ± 3.2 nm h-1), and by Babu et al. (2016) (7.35 ± 2.93 nm h-1) over a coastal semi-

urban location, Thumba. Even higher GR values were reported by Mönkkönen et al. 

(2005) (11.6- 18.1 nm h-1) and Sarangi et al. (2016) (15- 30  nm h-1 ) over New Delhi for 

the winter period, when the concentrations of pollutants/condensable vapors were still 

higher. 
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4.2.4 Association between the particle concentrations, precursors, meteorological 

variables, and trace species 

In order to establish the association between nucleation events and precursors and 

identify the potential species that contributed to the events, we have examined the 

variation of particle concentrations, precursors, and trace species during different 

periods. Figure 4.18 depicts the variation of concentrations of (a) Nnuc and odd oxygen 

[Ox], (b)NAitk and NOx, (c) [H2SO4] proxy and GMD for Period-I, whereas Figure 4.19 

and Figure 4.20 show the same for Period-2 and Period-3 respectively. The grey shaded 

portions in the figures indicate the NPF events, while cyan shaded portions indicate 

particle burst events (dissimilar to NPF with just enhancement in nucleation particle 

concentrations). 

 

Figure 4.18: Temporal variation of (a) Nnuc and odd-oxygen [Ox] (b) NAitk and NOx, 

(c) Sulfuric acid proxy concentration [H2SO4], and geometric mean diameter during 

Period-1. The grey-shaded portions indicate NPF events 
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Figure 4.19: Temporal variation of (a) Nnuc and odd-oxygen [Ox] (b) NAitk and NOx, 

(c) Sulfuric acid proxy concentration [H2SO4], and geometric mean diameter during 

Period-2. The grey-shaded portions indicate NPF events, whereas cyan-shaded 

portions indicate particle burst events 

It is clear from Figure 4.18, Figure 4.19, andFigure 4.20 that all the nucleation events 

(where Nnuc increased by  several orders of magnitude, as high as the values ~ 6.0-8.0 x 

104 cm-3) compared to non-event periods) are associated with a clear enhancement in the 

concentrations of [H2SO4] proxy (2 to 3.5 x 107 molecules cm-3; ~ 2-3 orders higher than 

the non-event values). Such enhanced levels of gas-phase chemistry parameters, such as 

sulfuric acid proxy (Sipilä et al., 2010) provided evidence for the secondary formation of 

aerosols due to daytime photochemistry. Further, most of the events occurred during the 

daytime when [Ox] showed an increasing trend (daytime values are 4-5 times higher than 

nighttime values) (although there is no direct concurrent association between nucleation 

events and [Ox] for some cases). The concentrations of odd oxygen [Ox] are indicative 
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of the atmospheric oxidative capacity (Clapp and Jenkin, 2001), and these levels are 

strongly influenced by photochemical reactions, especially in polluted regions (Wood et 

al., 2010). As the oxygenated component of organic aerosols- 

 

Figure 4.20: Temporal variation of (a) Nnuc and odd-oxygen [Ox] (b) NAitk and NOx, 

(c) Sulfuric acid proxy concentration [H2SO4], and geometric mean diameter during 

Period-3. The grey-shaded portions indicate NPF events, whereas cyan-shaded 

portions indicate particle burst events 

 (OOA), which are mainly originated from secondary formation pathways from VOC 

precursors, show a strong association with [Ox], increased values of odd oxygen 

indirectly indicate nucleation events involving organic vapors. Therefore the current 

events may belong to the multi-component nucleation. However, [Ox] and [H2SO4] 
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proxy showed a typical diurnal variation pattern over the entire period; nucleation events 

did not occur during all the days (e.g., 29 April to 3 May in Figure 4.18). It became 

clearer from the marginal differences in the mean values of gas-phase chemistry 

parameters between the event and non-event days (Table 4.2). This suggested that 

enhancement in precursor levels is a necessary condition (but not sufficient) for NPF, but 

actual nucleation depends on several other factors. These include low scavenging rates 

of freshly formed embryos and particles (coagulation sink), lower condensation sink 

(Kuang et al., 2008, 2010), and higher insolation that drives photochemistry producing 

more OH radicals and condensable vapors (thereby creating conducive local super-

saturation conditions for precursors) (Kulmala et al., 2004).   

Further, as seen from the cyan-shaded portions in Figure 4.19 and Figure 4.20, the 

particle burst events (with enhanced  NAitk and/or Nnuc) are typically associated with a 

clear increase in NOx concentrations. Therefore, direct emissions from primary sources 

(traffic in this case) to the overall ultrafine particle abundance are also considerably 

present in this urban region. Incidentally, as the restrictions of COVID-19 lockdown were 

reduced, such events were noticed predominantly (most during Period-III (Figure 4.20) 

compared to Period-II (Figure 4.19), but none during Period-I with a strict lockdown). 

Figure 4.21, where the temporal variation of nucleation and Aitken mode particle 

concentrations color-mapped with NOx concentrations (which is a proxy for traffic 

emissions), reiterated such an impact of road traffic emissions on UFP. The GMD values 

during such particle burst events did not depict any unambiguous drop (unlike the NPF 

events where GMD immediately dropped after the nucleation and subsequently displayed 

a definite growth).  

Present [H2SO4] proxy values during the NPF events (2-3.5 x 107 molecules cm-3) are 

lower than the values reported by Yu et al. (2016) over Nanjing, an urban region in China 

(3.6-3.9 molecules cm-3), higher than those reported (1.2-2.1 x 107 molecules cm-3) over 

the USA by Yu et al. (2014) and comparable to the values (2.5-2.9 molecules cm-3) 

recently reported by  Sebastian et al., (2021) over Hyderabad, an urban location in India. 

Most of the current nucleation events during the afternoon/late noon period suggest the 

definitive role of photochemistry in producing the requisite conditions for NPF (Birmili 

et al., 2000). The present study period being hot summer with intense solar radiation 



4-119 

 

availability is conducive for NPF. During the daytime, the condensable vapors are 

chemically produced mostly due to oxidation reactions in the presence of sunlight. Such 

low volatile vapors emanating from high chemical reactivity species participate in the 

formation of the initial molecular cluster prerequisite for nucleation (Hussein et al., 

2004). The high temperature and low RH conditions prevailing during the daytime 

further aid nucleation (Birmili et al., 2003; Hamed et al., 2007; O’Halloran et al., 2009; 

Suni et al., 2009; Kanawade et al., 2014; Salma et al., 2016; Dada et al., 2017; 

Pushpawela et al., 2018). The role of wind speeds is, generally, limited to cause the 

dispersion of the pollutants and pre-existing particles, thereby reducing the condensation 

sink values (Gómez-Moreno et al., 2011; Hofman et al., 2016; Hama et al., 2017). 

However, in the present study, we have not found any clear association between the 

magnitudes of T, RH, WS, and solar radiation with the intensity of nucleation (Kerminen 

et al., 2018). It underscores the complexity of nucleation in the real atmosphere, which 

occurs due to the convolution of multiple processes. One more vital point to note here is 

that since the nucleation is a competition between the condensable vapor source strength 

and condensation sink, varying strengths of emissions result in varying amounts of 

condensable vapors and pre-existing particles. Varying magnitudes of NPF from Period-

I to Period-III highlights this aspect also.  

Varying air masses can potentially affect the NPF phenomenon to varying precursor 

concentrations and meteorological variables (such as RH and T). To investigate this, we 

have examined the association between wind speeds and direction with particle 

concentrations (Nnuc and NAitk), NOx (which is a proxy for local vehicular emissions), and 

[H2SO4] proxy concentrations (using eq. 3.6). The polar diagram of the wind speed and 

direction in Figure 4.22 shows the variations variables. The color scale (on the right-hand 

side of the figure) depicts the magnitude of concentrations.  
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Figure 4.21: Temporal variation of nucleation and Aitken mode particle 

concentrations color-mapped with concurrent NOx concentrations during the 

present study 

 

Figure 4.22: Association between wind speeds and direction with Nnuc (cm-3), NAitk 

(cm-3), NOx (ppb), and sulfuric acid [H2SO4] concentration (molecules cm-3) for 

Period-1 (a-d), Period-2 (e-h) and Period-3 (i-l). Color scale represents the 

magnitude of the quantity 
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From Figure 4.22, it is evident that higher amounts of Nnuc (>16000 cm-3) were noticed 

predominantly when the air masses originated from the east-southeast sectors (panels a, 

e, i), while the values were relatively lower (2 to 4 times less) for the other wind sectors. 

Interestingly, elevated values of [H2SO4] proxy concentrations (panels d, h, l) (≥ 2x107 

molecules cm-3, which are nearly two orders of magnitude higher) were also seen when 

the winds were from these sectors compared to other sectors. This suggested the 

precursor-rich nature of the air masses from the east-southeast sectors. However, NOx 

(which is predominantly anthropogenic in origin) was higher (>25 ppb) for the north-

northeast sector (panels c, g) but lower (< 15 ppb) for the other wind sectors during 

Period-I and Period-II, whereas no clear air mass dependence of NOx concentrations is 

perceptible during Period-3 (probably due to increased anthropogenic activities).  Also, 

this supported that the nucleation mode particles were seen due to their formation from 

secondary pathways rather than primary vehicular emissions. Another important feature 

is the contrast between air mass dependence of Nnuc and NAitk (which matched with NOx) 

during Period-II, thus suggesting a non-negligible contribution from direct traffic 

emissions (i.e., in-plume pollutants) to NAitk (this was clear even in Figure 4.19; cyan 

shaded portions). Nevertheless, such contribution from in-plume appears to be not 

significant during Period-I. 

  The enhancement in the concentrations of NOx, SO2, O3, CO, which are criteria 

pollutants for the urban environment, highlighted the increased human activities with 

more relaxation in public movement (as seen in Table 4.2, which shows the highest 

concentration of these pollutants during Period-III). This is reflected even in the 

concentrations of pre-existing particles of predominantly primary origin.   

4.2.5 Diurnal variation of particle concentrations 

The diurnal variation of the pollutants (especially short-lived species) provides insights 

into the affinity between anthropogenic activities, meteorological conditions, ABL 

dynamics, and air pollution. Therefore, we have examined the diurnal variation pattern 

of the Ntotal, Nnuc, NAitk, and Naccu to delineate the processes that affect particle 

concentrations in shorter timescales, which are shown in Figure 4.23 (for Period-I), 

Figure 4.24 (for Period-II), and Figure 4.25 (for Period-III). These figures highlighted a 

conspicuous pattern in different size regimes during the event and non-event days. 
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Figure 4.23: Diurnal variation of NTotal, Nnuc, NAitk, and Naccu during the event and 

non-event days of Period-1 

 

Figure 4.24: Same as Figure 10, but for Period-II 



4-123 

 

 

Figure 4.25: Same as Figure 10, but for Period-III 

The diurnal variation of particle concentrations during the non-event days showed a 

typical double hump pattern governed by the local ABL dynamics and source/sink 

processes of aerosols (Kompalli et al., 2014a, 2014b; Babu et al., 2016). Two distinct 

peaks of varying magnitudes, the first one occurred about an hour after sunrise (07:00 -

08:00 hrs); the second and more prominent peak occurred during the late evening (20:00-

23:00 hrs) with a trough during the daytime. The first peak occurs because thermals 

emanated after the sunrise breaking the nocturnal inversion and bringing the pollutants 

from the residual boundary layer to the surface. Following this, the daytime evolving 

convective boundary layer leads to sufficient ventilation of the pollutants; therefore, 

lower concentrations prevailed at the surface. Subsequently, as the sun sets, thermals 

cease to form, and stable atmospheric boundary layer conditions during the night-time 

confine the pollutants near the surface, resulting in a second and stronger peak. Several 

earlier studies have reported such a pattern of particle number concentrations (e.g., 

Hussein et al., 2004; Kompalli et al., 2014a;  Babu et al., 2016). Besides this atmospheric 

dynamical phenomenon, varying source strengths during the day also contribute to the 
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observed diurnal pattern. Over urban locations, the contribution coming of rush-hour 

traffic to diurnal variation of the particle number concentrations is significant (Wu et al., 

2008; Brines et al., 2015; Hama et al., 2017). An increase in traffic emissions, which are 

the main source of primary ultrafine particles, formed in the engine or the atmosphere 

after emission from the tailpipe (Shi et al., 1999; Charron and Harrison, 2003) reflected 

in Ntotal and NAitk concentrations in urban regions ( Wang et al., 2014; Kopanakis et al., 

2018). Primary particles related to traffic are emitted during the dilution and cooling of 

road vehicle exhaust (Charron and Harrison, 2003; Kittelson et al., 2006) or as 

carbonaceous soot agglomerates formed by fuel combustion (Kittelson, 1998; Shi et al., 

2000; Banerjee and Christian, 2018; Rönkkö and Timonen, 2019). 

Interestingly, the magnitude of the first and second peaks in Ntotal, NAitk, and Naccu 

concentrations during the non-event days progressively increased from Period-I to 

Period-III, underlining the increased contributions from traffic emissions with the 

progressive unlocking of the activities. For example, the dominant second peak in Ntotal 

was seen at ~37500 cm-3 during the non-event days of Period-I, whereas for Period-III, it 

was at ~50000 cm-3. Similar behaviour is observed in the case of NAitk and Naccu 

concentrations.  

Such a typical pattern of diurnal variation is disturbed by frequent new particle formation 

events. As evident from the top panels from Figure 10-12, clear peak(s) is (are) noticed 

in the Nnuc and Ntotal during the daytime (09:00-15:00 hrs) of the event periods (Brines et 

al., 2015; Hama et al., 2017; Kompalli et al., 2018). The mean diurnal pattern of Nnuc 

depicted multiple peaks during the event days of Period-I (~10:00-11:00 hrs; 14:00-15:00 

hrs and 18:00-19:00 hrs). During Period-II, the peaks occurred at 08:00 hrs and 11:00 

hrs, whereas a single peak in Nnuc occurred at 10:00 hrs noticed during Period-III. It 

suggests different timings for the NPF events are mainly driven by photochemistry and 

reduced condensation sink values with enhanced dispersion of pre-existing particles. 

Further, atmospheric dynamical processes (such as variations in ABL heights and 

ventilation of the pollutants) have a definite impact on the diurnal variability of the 

primary and secondary aerosols (Kompalli et al., 2014a, 2014b). Also, the contribution 

from urban vehicular and anthropogenic emissions to the nucleation/Aitken mode 
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particles cannot be ruled out (Morawska et al., 2008; Kumar et al., 2014; Jayaratne et al., 

2016; Hama et al., 2017; Kopanakis et al., 2018; Pushpawela et al., 2018).  

In the urban regions, sulfuric acid -which is the most ubiquitous precursor for aerosol 

nucleation, is dominantly formed through secondary processes, i.e., from the combined 

effect of emitted gaseous precursors and photochemistry. It also emanates primarily from 

the hot vehicle exhaust (albeit not being a dominant source) that is converted rapidly to 

the particle phase. Also, the contribution of volatile organic compounds from traffic 

emissions over the urban regions to the secondary aerosol formation is significant, and it 

also depends on the prevailing meteorological conditions (Alam et al., 2003; Dunn et al., 

2004; Stanier et al., 2004; Wehner et al., 2004; Jeong et al., 2004; Reche et al., 2011; 

Cheung et al., 2011; Gao et al., 2012; Kanawade et al., 2016). Primarily, photo-oxidation 

of organics (dominantly aromatic VOCs) originated from vehicular exhaust produces 

abundant precursors for secondary aerosol nucleation and subsequent growth to larger 

sizes (Ahlm et al., 2012; Zhang et al., 2012, 2015; Wang et al., 2015; Huang et al., 2016; 

Tröstl et al., 2016; Kerminen et al., 2018; Lee et al., 2019; Ling et al., 2019). These 

aspects are also reflected in the strength and timing of the observed NPF and growth 

events.  Brines et al. (2015) categorize the aerosol size distribution in the urban areas 

(Brisbane-Australia, Madrid-Spain, and Barcelona- Spain) into three classes; 1) traffic-

44 to 63% of the day time, 2) Nucleation- 14 to 19%, and 3) Background pollution and 

specific cases 7 to 22%. Our pattern is similar to the one reported by Jeong et al. (2004), 

who found nucleation events in the morning (07:00 to 09:00 hrs) due to traffic emission 

and local pollution plumes in Rochester (NY), where the nucleation occurred between 

early afternoon and late afternoon. It is evident that during such events, the nucleation 

mode concentrations, which are highly subdued otherwise, increase by several orders (2-

5) of magnitude (Wehner et al., 2004). However, prevailing background pollution levels 

play a crucial role in the particle number concentration in different size regimes, and they 

also strongly depend on the local meteorological factors (Hitchins et al., 2000; Morawska 

et al., 2008; Nicolás et al., 2009).  

It may be noted that recently Srivastava et al. (2021) reported the diurnal variation of 

different near-surface pollutants (NOx, Ozone, CO, PM2.5, and PM10) over New Delhi 

during the lockdown period. They observed an enhancement in the concentrations of each 
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pollutant with the progression of lockdown phases. We have not described the diurnal 

variation of trace gases in this manuscript because our observations/patterns are similar 

to their results. 

The present study elucidated the atmospheric conditions controlling the NPF 

phenomenon using the unique opportunity available due to the COVID-19 lockdown. 

Since we did not measure particle concentrations below 10 nm, it is not possible to 

identify the Aitken mode particles originating from the growth of vapors + particles 

(which are primary in nature) and secondary aerosols from volatile organics/sulfuric acid 

emanated from traffic emissions. This work examined the impact of the photo-oxidation 

and condensation sink associated with the urban emissions on the intensity and frequency 

of the secondary aerosol formation process. Though reduced traffic emissions have 

resulted in decreased primary particles, it enhanced secondary aerosol formation, leading 

to highly elevated UFPs. This aspect needs to be considered to assess the overall impact 

of UFP on urban pollution, human health, and evolving suitable mitigation policies. The 

elevated precursors (perhaps, VOCs) from automobiles and decreasing pre-existing 

particle concentrations during the lockdown aided the efficient nucleation over the 

megacity; however, the exact species contributing to NPF is not identified, which forms 

the scope for a future study. 

4.2.6 Summary 

This study examined the impact of the COVID-19 lockdown and subsequent progressive 

relaxations of anthropogenic activities on particle number concentrations and number 

size distributions in the ultrafine and fine size range (10.2 to 1090 nm) over a megacity, 

New Delhi.  

The mean total particle number concentrations gradually increased from Period-I (25065 

± 13881) with the strictest lockdown to Period-III (31681 ± 18776 cm-3), where 

restrictions were eased up considerably. The fraction of ultrafine particles gradually 

decreased from ~0.70 ± 0.09 to 0.58 ± 0.16 during this period, with the doubling of the 

accumulation mode particle concentrations (Naccu). This highlighted the effect of 

intensified anthropogenic activities on particle number concentrations. 
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Several new particle formation events occurred with the nucleation mode particle 

concentrations (Nnuc) increasing by 3-8 times, which led to an enhancement in Ntotal by 

2-5 times.  Compared to the non-event days, Nnuc was ~1.5-2 times higher on the event 

days. Most of the NPF events occurred during the morning/afternoon hours of the day, 

demonstrating the role of photochemistry. However, there is no clear association between 

the prevailing meteorological conditions or trace gas concentrations and nucleation 

intensity.  

The varying magnitudes of Nnuc and NUFP on the event, non-event days established the 

competition between the strengths of the precursor vapor sources and condensation sink. 

Different classes of NPF events were identified with an overall NPF frequency of ~ 41 

%. During Period-I, the NPF frequency is 20.6 %, with the occurrence of all classes of 

NPF events (Class Ia, Class Ib, and Class II), whereas NPF frequency of 17.2 % with 

only class Ia events were seen during Period- II. The lowest frequency (3.4 %) with only 

class II events during Period-III highlighted the role of urban primary emissions on UFP 

loading. Interestingly, while NPF events during Period-II are more frequent and well-

defined, lower particle growth rates (mean ~5.86 ± 1.44 nm hr-1) compared to the Period-

I (~6.05 ± 1.66 nm hr-1) have been observed during this period. 

The condensation sink (CS) values on the non-event days during Period-I (0.053 sec-1) < 

Period-II (0.072 sec-1) < Period-III (0.09 sec-1) were normally higher than those seen on 

event days of Period-I (0.034 sec-1) < Period-II (0.035 sec-1) < Period-III (0.07 sec-1) < 

Period-III (0.07 sec-1) respectively. It suggested that higher CS in the urban regions with 

a gradual increase in traffic ensures that gaseous precursors, molecular clusters, and 

newly formed particles experience a high loss rate. The frequency, intensity, and shape 

of the NPF events are determined by the competition between the CS and the strength of 

precursor vapor sources. 

During the nucleation events, a clear enhancement in the concentrations of [H2SO4] 

proxy (2 to 3.5 x 107 molecules cm-3; 2-3 orders higher than the non-event values) 

suggests the role of gas-phase photochemistry in NPF. Also, some of the NPF events 

were associated with increased odd oxygen concentrations [Ox], indicating the regional 

nature of the precursors and participation of VOC precursors in nucleation/growth. 
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However, particle burst events depicted NOx enhancement, thereby suggesting 

contributions from traffic emissions to UFP abundance.  

Almost all the NPF events occurred when the air masses originated from the east-

southeast sectors, as evident from several times higher Nnuc and [H2SO4] proxy values 

compared to the other wind sectors. This suggested the precursor-rich nature of the air 

masses from the east-southeast sectors. However, NOx, in general, was higher (>25 ppb) 

for the north-northeast sector but lower (< 15 ppb) for the other wind sectors, supporting 

the inference that the nucleation mode particles were formed from secondary pathways 

rather than primary vehicular emissions. 

The diurnal pattern of NUFP revealed a typical double hump pattern governed by the local 

atmospheric boundary layer dynamics and source/sink processes of aerosols during the 

non-event days. The magnitude of the first and second peaks in Ntotal, NAitk, and Naccu 

concentrations during non-event days gradually increased from Period-I to Period-III, 

underlining increased traffic emissions with the unlocking of activities. However, the 

mean diurnal pattern of Nnuc showed a distinct pattern during the events days with 

multiple peaks during the daytime of Period-I (~10:00-11:00 hrs; 14:00-15:00 hrs and 

18:00-19:00 hrs), Period II (~08:00 hrs and 11:00 hrs) reiterating the role of 

photochemistry. Furthermore, the contribution of the urban vehicle and anthropogenic 

emissions to the particle nucleation mode cannot be excluded. 
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4.3 UFP and qUFP at selected location during specific events 

(pollution episodes) in megacity Delhi 

Delhi's poor air quality has become well-known, particularly during the winter season 

and the Diwali festival. Keeping this in context, ultrafine particulate matter has been 

studied for Diwali 2019, as the government had banned conventional firecrackers in 

Delhi but has permitted the use of green crackers. The Delhi government implemented 

the odd-even scheme to reduce air pollution in the city, as it depends entirely on vehicle 

emission control. As a result, the Odd-Even Scheme -II (2019) has also been studied in 

the context of qUFP because vehicular emissions produce a significant amount of UFP 

in megacities. 

4.3.1 Diwali event 

Researchers and policymakers in Asia are becoming increasingly concerned about the 

deterioration of ambient air quality and their health impacts in massive urban areas such 

as the megacity Delhi, India. Because of their extreme variability in time and space, the 

urban population is subjected to a heterogeneous mixture of ambient air pollutants 

(Kumar et al., 2014, 2011; Mishra et al., 2019; Pandey et al., 2016; Singh et al., 2011). 

Profound implications such as climate change, poor visibility, and health issues are a 

high priority in Asian metro cities due to ambient air pollution (Kong et al., 2015; P. 

Kumar et al., 2016). Specifically, the ultrafine particles (UFP), which are a subset of fine 

particles have caught the attention of researchers as they may further deteriorate the 

ambient air and induce health risks (Joshi et al., 2019, 2016; Kumar et al., 2012; Kwon 

et al., 2020; Schraufnagel, 2020; Yadav et al., 2019b). Transformation of UFP generated 

from various sources is being studied under different size modes; nucleation, coagulation, 

and accumulation (Banerjee et al., 2015; Dinoi et al., 2021; Segalin et al., 2020; Yadav 

et al., 2019a). These modes help in explore and understand the UFP’s Particle Number 

Size Distribution (PNSD). The emission sources, precursor gases, and meteorological 

parameters cause variability in the transformation of UFP (Chu et al., 2018; Kanawade 

et al., 2014; Murari et al., 2014; Tiwari et al., 2013; Wang et al., 2014, 2017). Emissions 

generated from vehicles and industries add majorly to the UFP levels. Besides this, 
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fireworks during public celebrations and festivals, e.g., Diwali in India, have the potential 

to create adverse air quality impacts on health, including emissions of UFP (Parkhi et al., 

2016; Perrino et al., 2011; Rohra et al., 2018; Sati and Mohan, 2014; Srinivas et al., 2016; 

Yadav et al., 2019a). The burning of firecrackers enhances the manifold UFP 

concentration than the ambient background concentration such as in the Chinese Spring 

Festival (Zhang et al., 2010; Zhao et al., 2014), Diwali festival in India (Joshi et al., 2019, 

2016; Majumdar and Nema, 2011; Monkkonen et al., 2004; Prakash et al., 2013; Yadav 

et al., 2019a), Millennium fireworks 2000 in Leipzig, Germany (Wehner et al., 2000); 

Milan, Italy during Italian football team wing FIFA cup 2006 (Pirker et al., 2020; Vecchi 

et al., 2008);  Berlin, Germany (Dutschke et al., 2011); eastern Spanish festivals, Spain 

(Crespo et al., 2014); new year’s eve festival in two European cities- Brno, Czech 

Republic & Graz, Austria (Tanda et al., 2019). For the 2006 Lantern Festival in Beijing, 

Wang et al. (2007) studied the chemical composition of atmospheric aerosols during the 

Lantern Festival in Beijing in 2006 and found that the chemical compositions (such as 

Ba, K, Sr, SO4
2– and NO3

–) were five times higher than in other nights. Joshi et al. (2019) 

investigated  in a high-rise building of an Indian mega-city during the Diwali festival, the 

mass concentration of total suspended particulate matter on Diwali night was found to be 

364 μgm−3 with an average particle number concentration for Diwali day (4.9×104 #/cm3) 

and suggested that the best possible tracer group representing the fireworks could be Al, 

Ba, K, Sr, Cu. Yadav et al. (2019a) examined the fine particles (PM2.5) for selected water- 

soluble inorganic components (WSIC), and discovered the manifold increment (K+, 

527%; Mg2+, 175%; NO3
-, 57%; Cl-, 291%) in firework-specific ionic mass from pre-

Diwali (D-2) to Diwali day depicts the contribution of firework emission of WSIC to 

ambient aerosols. The  study of Vecchi et al. (2008) on chemical-physical properties of 

airborne particles (elements, ions, organic and elemental carbon and particles size 

distributions) collected during a fireworks episode in Milan (Italy) reported the elements 

typically emitted during pyrotechnic displays increased in 1 hr as follows: Sr (120 times), 

Mg (22 times), Ba (12 times), K (11 times), and Cu (6 times). To assess the impact of 

New Year's Eve fireworks on ambient air quality, chemically resolved size distributions 

of particles with diameters between 15 nm and 10 μm collected during fireworks episodes 

were compared to ones collected in normal winter weeks (Tanda et al., 2019). In 

conclusion, seven elements (Mg, Al, K, Cu, Sr, Ba and Bi) could be identified as strongly 
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influenced by New Year's Eve fireworks activities, both by optical inspection of the size- 

resolved element distribution patterns and via calculation of enrichment factors utilizing 

the newly identified fireworks specific maximum. Therefore, higher PNC of UFP due to 

firecracker bursting may have a significant level of health impact than other urban air 

pollution.  

The air quality of megacity Delhi over the last few years has reached a more critical level 

during the Diwali period and puts pressure on the policy of the concerned agencies 

(Balakrishnan et al., 2019; Dholakia et al., 2013; Gurjar et al., 2016; Mukerjee and 

Shukla, 2016). Because Delhi, along with the National Capital Region (NCR), had an 

approximate population of  22.2 million in 2011, with a decennial increase of 7.96 % 

observed (Ministry of home affairs, 2011), the second-largest urban area in the world. A 

Judiciary prohibition was also implemented on firecrackers for buying, selling, and its 

bursting timing in and around the Delhi region in 2017 (TOI, 2016). The judicial ban on 

bursting crackers’ timing also includes green and regular crackers (TOI, 2020). Eco-

friendly crackers (green crackers) have been formulated by Indian scientists at the 

Council of Scientific and Industrial Research (CSIR) laboratories to minimize noise and 

air pollution emissions. As recorded by the CSIR, it reduces the PM10 & PM2.5 through 

30-35% emissions and sulphur and nitrogen oxides by 35-40% and has a sound level of 

less than 120 dB (decibel unit) (Srishti, 2016; TV Venkateswaran, 2019). The relevant 

reduction of these gases may be very important in reducing of secondary UFP formation 

because secondary aerosol consists of particles that are generated in the atmosphere 

through chemical processes when precursor gases oxidise and then condense into the 

particle phase. When these condensable species enter the particle phase, they can either 

condense onto existing particles or nucleate to form new particles (Yadav et al., 2021). 

However, this decrease in secondary UFP formation may compensate for the massive 

primary UFP emission caused by fireworks celebrations (Pirker et al., 2020). Relatively 

fewer studies investigated the evolution of number characteristics at the time of fireworks 

(Crespo et al., 2014; Dutschke et al., 2011; Izhar et al., 2018; Joshi et al., 2019, 2016; 

Pirker et al., 2020; Prakash et al., 2013; Zhang et al., 2010; Zhao et al., 2014). In recent 

work, particles emitted during the Diwali festival were found to be having multi-legged 

structures (Mishra et al., 2016). Some studies also quantified the modifications in 

background aerosol characteristics due to fireworks during celebratory activities 
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(Monkkonen et al. 2005; Zhang et al., 2010). The complexity of picking up characteristic 

number features of fireworks-induced aerosol emissions (during the Diwali festival) has 

been discussed in Joshi et al. (2016). In concern of Delhi’s Diwali pollution there is not 

a such study based on particle number concentration and its PNSD. 

Particulate emissions occurring at festivals lead to the deteriorated quality of ambient air 

(P. Kumar et al., 2016; Sarkar et al., 2010). Diwali event emissions are generally local 

and short-term (one or two-day celebration) but instigate the respiratory and health illness 

for a longer duration with the increased finer aerosols, e.g., UFP (Joshi et al., 2016; Singh 

et al., 2019). Scientists have been working on different aspects of firework-generated 

emissions, considering the significant impacts caused by them (Hirai et al., 2000; P. 

Kumar et al., 2016; Singh et al., 2010). PNSD of  UFP from nucleation to accumulation 

mode passing through the Aitken modes and its size characterization during Diwali is 

discussed concerning traditional firecrackers bursting (Yadav et al., 2019a). Other 

Diwali-related research works highlight the behaviour of PM10, PM2.5, PM1, and various 

gaseous pollutants (Attri et al., 2001; Parkhi et al., 2016; Ravindra et al., 2003; Sati and 

Mohan, 2014), but very little work is on the UFP. Dutschke et al. (2011) and Zhao et al. 

(2014) showed the PNSD of small nucleation mode to large Aitken and accumulation 

mode of the size range shifting. On the other hand, (Yadav et al., 2019a) concluded the 

inefficiency of connection between the temporal variation of PNC and the emission of 

fireworks, considering the more variability in it. Limited analysis has been done for PNC, 

PNSD, and relationship with meteorological factors, particularly (especially in concern 

of crackers) in urban cities like Delhi. UFP generation during the Diwali period as of 

intense firecracker burning follows quite distinctive patterns and composition compared 

to standard urban aerosols in the background, which needs analysis (M. Kumar et al., 

2016). PNC related research may help to determine the Air Quality Index (AQI) in 

particle number count  (Joshi et al., 2016). As far as India is concerned, recent studies 

conducted during Diwali, Joshi et al. (2019, 2016) and Yadav et al. (2019a) stated an 

apparent increase in UFP’s PNC but lacked the effect of meteorological factors on PNC 

pattern and unclear source apportionment considering other (vehicular and industrial) 

emissions. This study was conducted to explain the following: PNSD of UFP and fine 

particles during pre, post, and Diwali day with diurnal variations of green crackers 
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bursting in Delhi; PNC of different size mode along with their geometric mean diameter 

(GMD) and influencing factor. 

The instrument was placed at a height of around 10 feet near the Centre for Pollution 

Control Board (CPCB) monitoring station inside the campus (DTU). The location was 

so selected that it covers residential and commercial areas, maintaining a homogeneous 

environment far away from road traffic (Figure 3.2). This way, we can minimize the 

vehicle-generated particle number concentration (PNC) related intervention, and hence 

focusing on the fireworks emitted PNC in ambient air. Pre- and post-monitoring for 

Delhi's Diwali episode lasted for eight days for a minimum of 14 hours/day from 23rd to 

30th October 2019. The data of days has been selected on the following statistical steps; 

1) which have more than 80% continuous data (especially at peak time according to 

celebration timing), and 2) which have a significant difference between pre-and post-

Diwali. The primary event day, i.e., the Diwali festival, was on 27th October 2019, while 

the bursting of firecrackers was mainly witnessed from 6:00 PM-10:00 PM on 26th - 28th 

October 2019. According to Joshi et al. (2016, 2019) and Yadav et al. (2019a) the day 

has been divided into different time slots (pre, post, and Diwali day) to get insights into 

fire bursting impacts during pre-Diwali and post-Diwali in comparison to the Diwali day. 

The particle number size distribution (PNSD) and particle number concentration (PNC) 

were measured using a scanning mobility particle sizer with a condensation particle 

counter (SMPS + C) (Make: GRIMM Inc., Germany) in size range of 10.2 to 1090 nm 

for 7 minutes per scan and sample flow rate (ratio of sheath to aerosol flow rate=10) of 

0.3 Lmin-1. To size segregate aerosols into 45 size bins, the SMPS instrument employs 

the principle of 'differential mobility analysis.' To minimized the loss of particles, all the 

protocols were followed during the monitoring (Burkart et al., 2010; Joshi et al., 2012). 

The different size distributions, namely nucleation mode (10 nm < Dp < 20 nm), small-

Aitken mode (20 nm < Dp < 50 nm), large- Aitken mode (50 nm < Dp < 100 nm), and 

accumulation mode (100 nm < Dp < 1000 nm) were observed during the experiment. 

PM10, PM2.5, SOx, NOx, CO, O3, wind speed and relative humidity (RH) were also 

recorded for all the monitoring days using the data available from Central Pollution 

Control Board (CPCB) monitoring station at the DTU campus only. 
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The dataset normality was tested using a combination of the Exploratory Data Analysis 

(EDA) plot and the Shapiro-Wilk (S-W) test. The Kruskal-Wallis (K-W) test, a 

nonparametric version of the ANOVA test, was performed on air quality data. The 

Kruskal Wallis test (rank-based nonparametric test) was used to determine the statistical 

differences between days (25th, 26th, 27th, and 28th October 2019) and independent 

variable pollutant (Nucleation mode, small Aitken mode, Large Aitken mode, 

Accumulation mode) of representative location in DTU campus in Delhi. Kruskal Wallis 

test denotes with H test (Annexure - I). In particular, the H test examines whether the 

null hypothesis is valid i.e., there are no statistical mean variations in population 

variances; if not true, then an alternative hypothesis is accepted. A 0.05 significance level 

was used in both cases. Therefore, if the p-value was lower than the significance 

threshold (< 0.05), the null hypothesis was rejected, and there was a statistically 

meaningful difference between the mean results (Annexure - I). 

4.3.1.1 Temporal variation of particle number concentration 

The temporal variation of total aerosol concentration of particle number and their 

geometric mean diameter (GMD) during the study period are depicted in Figure 4.26. On 

the celebration day (27th October 2019), a sudden rise in total PNC was observed from 

6:00 PM-10:00 PM with an average of 1.29 × 105 # cm-3 (Table 4.6). In Figure 4.26, peak 

‘A’ denotes the highest peak at ~7.30 PM with PNC of ~1.7 × 105 # cm-3 and GMD of 

~39 nm, which reached the maximum at late night from 7:00 PM- 9:00 PM (with another 

peak after peak ‘A’), which validates the maximum burning of firecrackers in this period. 

Even though this is shortly before the Government set the time (8:00 PM to 10:00 PM) 

for the green crackers to burst, it shows that people had already begun celebrating the 

event after being restricted (Jain, 2019). In contrast to previous studies (Joshi et al., 2016; 

Yadav et al., 2019a), it shows another peak as adjacent to peak 'A' at 9:50 pm with a PNC 

of 1.67 x105 # cm-3 and GMD of ~44 nm. This could explain the progressive impact of 

government rulings to end the celebration on time, causing the public to finish their green 

cracker. While Joshi et al. (2016) and Yadav et al. (2019a) studies describe the traditional 

firecracker bursting without any legal constraints, in which a single peak on Diwali day 

has PNC of ~1.2 x 105 for Mumbai (at ~ 10:10 PM) and ~4.5 x 104 for Varanasi (at ~7:50 

PM). If we compare peak-related GMDs on Diwali evening time, it is 89 nm for Varanasi, 
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~51nm for Mumbai and 39 nm for Delhi. Whereas the PNC for Delhi (~1.7 × 105 # cm-

3) is greater than PNC in Mumbai (~1.2 × 105 # cm-3) and Varanasi (4.5 × 104 # cm-3). 

Here, it is to be noted that the above PNC and GMD for Mumbai and Varanasi correspond 

to traditional firecrackers, whereas the PNC and GMD in the case of Delhi pertain to the 

green crackers. Thus, it appears that the green crackers emit more particles in a lower 

size diameter in comparison to the traditional crackers. However, the timing of the event, 

the effect of meteorological conditions and geography vary between these locations. 

Nonetheless, the comparison of their Diwali emission is significant because the massive 

emission of firecrackers within a few hours on Diwali day degrades the air quality to a 

high level. As shown in Figure 4.26, while analyzing pre- and post- Diwali days, similar 

peaks were obtained with a peak PNC of ~1.0×105 and ~7.0 ×104 # cm-3 on 26th and 28th 

October 2019 during the evening event period (6:00 PM to 10:00 PM). This shows 

comparatively lesser burning of firecrackers these days, keeping the background 

concentration the same. The peaks for pre-and post-Diwali days were denoted by peaks 

‘B’ and ‘C.’ Like other studies (Joshi et al., 2016; Yadav et al., 2019a); typically, pre and 

post-Diwali peaks have the similar trend of PNC. One day before Diwali, on October 26, 

2019, is known as "Choti Diwali," and two days before, on October 25, 2019, is known 

as "Dhanteras." Dhanteras is well-known for its evening marketing, which causes 

massive traffic jams in major cities such as Delhi. 
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Table 4.6  Averaged (4 hr) PNC, GMD, and Ratio of different modes 
 

Nucleation mode 

(10-20 nm) 

Small Aitken mode~ 

(20- 50 nm) 

Large Aitken mode 

(50-100nm) 

Accumulation mode 

(100-1000) 

Ntotal 

 

Diameter UFP/Ntotal 

Time 

Divisions  

Days PNC 

(#/cm3) 

GMD(nm

) 

PNC 

(#/cm3) 

GMD(nm) PNC 

(#/cm3) 

GMD(nm) PNC 

(#/cm3) 

GMD(nm) PNC 

(#/cm3) 

GMD (nm) Ratio 

 

 

9:30 AM 

to 1:30 

PM 

25-

Oct 

7.89 x 

103 

14.6 1.03 x 

104 

32.2 5.14 x 

103 

71.2 7.27 x 

103 

198.0 3.06 x 104 48.9 0.76 

26-

Oct 

5.47 x 

103 

14.6 7.79 x 

103 

33.5 5.48 x 

103 

70.9 8.12 x 

103 

200.0 2.69 x 104 56.4 0.70 

27-

Oct 

1.60 x 

104 

13.7 9.36 x 

103 

32.0 6.37 x 

103 

72.3 1.41 x 

104 

232.0 4.59 x 104 51.4 0.69 

28-

Oct 

4.17 x 

103 
14.4 4.09 x 

103 
34.3 4.39 x 

103 
73.2 1.41 x 

104 
220.0 2.67 x 104 102.0 0.47 

                    

   

 25-

Oct 

1.73 x 

103 

15.2 5.42 x 

103 

34.0 4.07 x 

103 

72.7 7.18 x 

103 

192.0 1.84 x 104 72.9 0.61 
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2:00 PM 

to 06:00 

PM 

26-

Oct 

1.04 x 

103 

14.8 2.20 x 

103 

35.0 3.05 x 

103 

74.2 7.27 x 

103 

204.0 1.36 x 104 104.0 0.46 

27-

Oct 

7.08 x 

103 
13.5 4.56 x 

103 
32.2 4.29 x 

103 
73.2 7.05 x 

103 
228.0 2.30 x 104 50.1 0.69 

28-

Oct 

1.88 x 

103 

14.9 4.72 x 

103 

33.9 5.51 x 

103 

73.5 9.72 x 

103 

221.0 2.18 x 

104 

113.0 0.55 

                    

   

 

 

6:00 PM 

to 10:00 

PM 

25-

Oct 

6.89 x 

103 

15.5 1.32 x 

104 

36.2 1.75 x 

104 

72.1 1.97 x 

104 

174.0 5.73 x 104 74.1 0.66 

26-

Oct 

5.48 x 

103 

14.0 7.03 x 

103 

35.5 1.04 x 

104 

73.4 1.72 x 

104 

192.0 4.01 x 104 80.8 0.57 

27-

Oct 

4.51 x 

104 

13.6 2.74 x 

104 

32.1 2.06 x 

104 

72.2 3.61 x 

104 

224.0 1.29E+05 44.4 0.72 

28-

Oct 

5.59 x 

103 

14.5 1.08 x 

104 

35.9 1.37 x 

104 

73.1 2.14 x 

104 

225.0 5.15E+04 122.0 0.58 
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However, traffic jams occur on Choti Diwali, but to a lesser extent than on Dhanteras. It 

is a transition period between Diwali and Dhanteras, as firecracker celebrations take 

place in the evening, but much less than on Diwali. Figure 4.27,Figure 4.28,Figure 4.30. 

explains the PM10 and PM2.5, particle number size distribution detail. Choti Diwali and 

Dhanteras have higher NOX and CO concentrations due to traffic flow differences but 

lower PM concentrations due to less firecracker bursting than Diwali. More details about 

the diurnal pattern and affecting factors can be found in the next section. The 

meteorological factors/parameters did not significantly change between the pre and post-

Diwali periods (Figure 4.27). However, it has been observed that the pre-Diwali peak ‘B’ 

has a higher PNC than the post-Diwali peak ‘C.’ This could be attributed to the people’s 

excitement and preference to burst more crackers during pre-Diwali and Diwali period 

in comparison to post-Diwali period and also to the significant impact of the Government 

Ruling on Diwali crackers bursting related behaviour of people to mitigate the effects of 

air pollution.  

The occurrence of other peaks (‘D’ at ~9:30 PM, ‘E’ at ~9:30 AM) on 25th and 27th 

October 2019 indicates the background concentration of particle number in ambient air, 

possibly from other sources like vehicular emission, commercial emission sources, and 

may be due to the influence of meteorological conditions (Zhao et al., 2017). During the 

morning hours of day’s peaks were seen, which may contribute by boundary conditions, 

anthropogenic activities, and vehicular emissions (Joshi et al., 2016; Kangasniemi et al., 

2019; Rönkkö et al., 2017; Rönkkö and Timonen, 2019; Wang et al., 2014; Yadav et al., 

2019a). We have not discussed these peaks as they are not concerned with the scope of 

the study.  

In Figure 4.26, the relationship is established between the PNC of UFP and its GMD, 

which describes that the number concentration maxima coincide with the GMD (nm) 

minima. The smaller, the finer aerosols' diameter, the larger their particle number 

concentrations. Similar trends for temporal variation of number concentration were 

shown by (Joshi et al., 2016; Yadav et al., 2019a). According to the pre-and post-Diwali 

day’s GMD, peaks ‘B’ and ‘C’ clearly show that it lies in small- Aitken mode with ~35nm 

and ~25nm GMD respectively of well-established ultrafine particles range.  
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Figure 4.26: The Temporal variation of aerosol PNC and its GMD during the study 

('A,' 'B,' 'C,' 'D,' and 'E' show the peak of PNC)      

Like other combustion processes, firework emissions are typically associated with 

particles in the accumulation mode. Yang et al. (2014) has reported Aitken and 

accumulation mode to account for 57% and 42% of the total PNC in China. In Beijing 

(China), a total PNC of 7.7 x 104 # cm-3 was reported during Spring festival fireworks, 

and the average particle diameter was observed to be 150 nm (Jing et al., 2014). Similarly, 

in Jinan (China), an average PNC of 2.5 x 104 cm-3 was reported during firework use, 

along with increased particles in the accumulation mode during the activity (Yang et al., 

2014). In Germany, Wehner et al. (2000) also reported a dramatic increase in PNC in the 

accumulation range (> 100 nm) during a fireworks event. In a US-based study, Liu et al. 

(1997) have reported particle size variation between 0.3 and 1.9 µm. Whereas, in an 

experimental chamber, Betha & Balasubramanian (2013) have observed that between 60 

to 85% of the particles from fireworks were in the ultrafine size range (i.e., particles with 

aerodynamic diameter <100 nm). The Nucleation and Aitken mode ratio calculated by 

us are given in Table 4.6 and discussed hereinafter Figure 4.31. 
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Meteorological factors such as wind speed and relative humidity are similar from 25th to 

28th October 2019, including Diwali, with slight differences in wind speed and relative 

humidity. On Diwali Day, wind speed ranges from 0.2 to 0.3 m/s, which is lower than on 

other days from 1:00 PM to 5:00 PM but increases to 0.7 to 0.8 m/s after 6:30 PM and 

remains constant until late at night. During this time, RH is also lower. Lower RH and 

wind speed in urban areas are significant contributors to increased PNC in primary 

ultrafine emission (Chu et al., 2019; Dinoi et al., 2021; Rönkkö and Timonen, 2019; 

Tiwari et al., 2013; Wang et al., 2014).  Polar plots show that the PNC of UFP is higher 

in the Southwest, where the residential area is located. On Diwali, residential areas are 

generally illuminated with electrical lights, candles, and oil feed lamps (Deepak) and the 

lighting of the firecracker bursting, resulting in a hotspot of air pollution during the event 

period (Figure 4.32, Figure 4.34,Figure 4.33, Figure 4.35, and Figure 4.36). 

4.3.1.2 Temporal variation of PMs and precursor gases and meteorological 

parameters 

Figure 4.27 shows the diurnal pattern of PMs (PM10, PM2.5), gaseous (NOx, SOx, O3, 

CO) and meteorological parameters (RH, Wind Speed) at the nearest monitoring station 

(DTU-CPCB) less than 10 m from 12th October to 11th November 2019 including Diwali 

celebration period. Monitoring duration has divided into pre-Diwali (12th  to 24th October 

2019), Diwali period (D-2; 25th October 2019-known as ‘Dhanteras’, D-1; 26th October 

2019-known as ‘Choti Diwali’, Diwali; 27th October 2019, D+1; 28th October 2019, D+2; 

29th October 2019), and post Diwali (30th October to 11th November 2019) for more 

insightfull investigation. On Diwali day on firecrackers celebration time (typically after 

6 PM till late night), PMs concentration is much higher than on other day of monitoring 

at this time  (e. g., ~1.4 times higher than on ‘D-1’) and after Diwali, PM2.5/PM10 ratio 

also incresed. The average PM2.5 / PM10 ratio was found to be 0.81 during firecracker 

celebration time at Diwali day and at ‘D+1’ and ‘D+2’, which is a remarkably higher 

value. Such higher values are expected to be due to the high concentration of PM2.5 and 

fine particles in the atmosphere of the Delhi region attributed mainly to the combustion 

(e.g., cracker bursting and lighting candle and oil- ‘Deepak’) during Diwali and one or 

two day after Diwali also. As mentioned in the section of the manuscript, the low-level 
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inversion layer is one of the important causes responsible for the higher concentration of 

PM2.5 during winter (Fan et al., 2021; Tiwari et al., 2008). The PM2.5/PM10 ratio could be 

used identify their sources (Chan and Yao, 2008; Zhao et al., 2019). A higher ratio means 

the overwhelming contribution from PM2.5, which is generally ascribed to primary 

pollution by anthropogenic activities and secondary particulate formation such as NO3
 - 

, SO4 
2− , NH4 

+ , and organics, while a lower ratio is mainly contributed to fugitive dust 

or sand dust from long-distance transport (Chan and Yao, 2008). Since conventional 

Diwali celebration commences 1-2 days earlier of the festival day and continues for 1-2 

days post-Diwali event, increased concentration of these pollutants is observed starting 

from pre-Diwali days and reaches its maximum on the event day (Diwali day) and 

continues to be high even a few days later of this event. But in the case of this Diwali 

(Green cracker) shows an interesting result: the gases (NOx, CO, O3) have higher 

concentration before Diwali on ‘D-2’ and ‘D-1’.   

In concern of gases, NOx, interestingly, unlike on previous Diwali (conventional Diwali) 

(Ganguly et al., 2019; Mukherjee et al., 2018; Nigam et al., 2016; Pandey et al., 2016; 

Singh et al., 2010), it shows lower concentration than ‘D-2’, ‘D-1’ on Diwali day which 

may be due to huge traffic rush on evening time at ‘D-2’ and ‘D-1’ and the green crackers 

brusting on Diwali day, it may reduce 30 to 35 % NOx and SOx concencentration as per 

CSIR-NEERI claim. Therefore, SOx concentration does not show a major fluctuation in 

the concentration due to this festival. CO and O3 show similar behaviour of mechanisms 

like typical Diwali period (Pratap et al., 2021). However, the concentrations of NOx, CO, 

O3 after Diwali, start decreasing. Figure 4.27 depicts a variation of Ozone (O3) and 

Carbon monoxide (CO) during the Diwali event. Surface ozone is considered a vital 

secondary pollutant and its production is dependent on the intensity of solar radiation 

triggered by the presence of precursor gases like NOx, CO, and hydrocarbons. Ozone 

production is primarily controlled by the intensity of solar radiation during the daytime, 

when it is chemically removed by nitrogen monoxide (NO) and humid water vapor (Attri 

et al., 2001; Tiwari et al., 2014, 2015). During night-time on D-2, D-1, and Diwali nights, 

due to the traffic (massive on D-2, D-1) and burning of firecrackers on Diwali, a large 

amount of NO2 is released into the atmosphere, which reacts with atmospheric oxygen to 

form nitric oxide (NO). 
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 Therefore, NOx has a direct impression on O3 formation. Wind speed and RH did not 

change  at a significant level during the monitoring period. Regarding PNC of nucleation 

mode, small-Aitken mode, large Aitken mode, and accumulation mode’s concentration 

Figure 4.27: Diurnal pattern of PMs (PM10, PM2.5), PM2.5/PM10 ratio, gaseous (NOx, 

SOx, O3, CO) and meteorological parameter (RH, Wind Speed) during 12th October 

to 11th November 2019 
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are higher through-out Diwali day but suddenly increase manifold at the time of 

firecracker celebration (Figure 4.28). Sporadic firecracker bursting on Diwali day before 

6:00 PM (Ghei and Sane, 2018; Pratap et al., 2021) may be reasons for higher PNC 

(especially UFP) than on other days. As it can be observed, unfavourable dispersion 

conditions and stagnation of pollutants result in higher PNC levels in the morning time 

on Diwali. UFP/Ntotal ratio (ratio of UFP (10 nm to 100 nm diameter particle) and total 

PNC (10 nm to 1000 nm diameter particles)) ranges from 0.6 to 0.8 on Diwali day, which 

is higher than pre and post-Diwali day. UFP/ Ntotal reached a maximum ~0.8 at 6:00 to 

8:00 PM, which is typical timing of firecrackers celebration, and this duration GMD was 

minimum of 38.0 to 42.0 nm, although whole day GMD ranges from38.0 to 58.0 nm 

which was lower than other day also. Interestingly nucleation mode shows the highest 

peak of PNC at 6 to 8:00 PM but did not indicate the new particle formation criteria 

(NPF) and particle growth formation (GR). It can be observed in Figure 4.29 that the 

particle burst with the absence of banana shape criteria of  NPF and GR (Kerminen and 

Kulmala, 2002; Kulmala et al., 2017, 2012; Yadav et al., 2021). A similar result reported 

by Pirker et al. (2020) nanoparticle exposure due to fireworks during a football match 

inside stadium, shows the majority of the detected nanoparticles (UFPs) have a diameter 

between 20 to 200 nm with normalized concentration values reaching 1.4 x 105 #/cm3 at 

firework celebration time (Zhang et al., 2010; Zhao et al., 2014). Firecracker bursting 

events are usually associated with an increase in the nanoparticle concentration, which is 

accompanied by a decrease in the mean particle size as most of the celebrations that are 

presented in the literature take place in big cities where the air is usually polluted with 

accumulation mode  particles due to traffic, industry, and other sources (Joshi et al., 2019, 

2016; Pirker et al., 2020; Yadav et al., 2019a). 

4.3.1.3 Temporal variation of particle number size distribution 

To better understand the size distribution of submicron aerosol particles during 

fireworks, the daily mean particle number size distributions (dN/dlogDp) representing 

the particle number concentrations in each channel for the overall size range are plotted 

in Figure 4.38. Except for Diwali day, which has a flat curve from 30 nm to 190 nm 

GMD, others have peaks of 75 nm, 100 nm, and 110 nm GMD for the 25th, 26th, and 28th 
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of October 2019, respectively. The submicron particle size distribution exhibits a single 

peak, effectively covering a size range of 60–110 nm GMD. This indicates the dominance 

of large Aitken and accumulation mode particles. Aerosol concentrations were high for 

almost all size ranges on an eventful day, followed by pre-and post-Diwali days. Except 

for a moderate increase in small and large Aitken mode particles, the average particle 

number concentration could not identify any clear shift in the particle size distribution 

during extreme fireworks. However, when compared to non-  

  

Figure 4.28: Diurnal pattern of different particle modes ((nucleation mode, small 

Aitken mode, large Aitken mode and accumulation mode) and N total PNC, ratio 

of UFP/Ntotal PNC, and GMD during 25th  to 28th October 2019 
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Figure 4.30: 3D surface plot of particle number size distribution during 25th  to 28th 

October 2019 

 

Figure 4.29: Contour plot of Particle number size distribution during 25th  to 28th 

October 2019 
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Figure 4.32: Polar Plot for Ntotal PNC (10 nm to 1000 nm) 

Figure 4.31: Temporal variation of UFP and Accumulation mode's PNC 
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Figure 4.34: Polar Plot for Nucleation mode’s PNC (10 nm to 20 nm) 

 

Figure 4.33: Polar Plot for Small Aitken mode’s PNC (20 nm to 50 nm) 
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Figure 4.36: Polar Plot for Accumulation mode’ PNC (100 nm to 1000 nm) 

 

 Figure 4.35: Polar Plot for Large Aitken mode’s PNC (50 nm to 100 nm) 
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Figure 4.38: Average of aerosol particulates distribution of size during the 

experiment days 

Figure 4.37: Progression of aerosol particulates in a resolved time manner during 

pre- Diwali days with peak 'B' reference. 
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-episodic days, nucleation mode particles accounted for the highest increase on Diwali 

day (% increase: pre-Diwali-25th October 313 %; post Diwali-28th October, 486 %), 

implying the formation of new particles during fireworks, which gradually coagulate and 

become part of background aerosols (Dal Maso et al., 2005; Zhao et al., 2017). As it can 

be observed, unfavourable dispersion conditions prevailed over India during the Diwali 

festival. The diurnal variation (Figure 4.28, Figure 4.40, Figure 4.41, Figure 4.42) of 

particle concentrations during Diwali day showed a typical double hump pattern 

governed by the local ABL dynamics and source/sink processes of aerosols (Kompalli et 

al., 2014a, 2014b; Babu et al., 2016). Two distinct peaks of varying magnitudes, the first 

one was occurred about an hour after sunrise (09:00 -10:00 hrs); the second and more 

prominent peak occurred during the late evening (18:00-23:00 hrs) with a trough during 

the daytime. The first peak occurs because thermals emanated after the sunrise breaking 

the nocturnal inversion and bringing the pollutants from the residual boundary layer to 

the surface. Following this, the daytime evolving convective boundary layer leads to 

sufficient ventilation of the pollutants; therefore, lower concentrations prevail at the 

surface. Subsequently, as the sun sets thermals cease to form, along with massive 

firecracker bursting and stable atmospheric boundary layer conditions during the 

Figure 4.39: Progression of aerosol particulates in a resolved time manner during 

post- Diwali days with peak 'C' reference 



4-151 

 

nighttime confine the pollutants near the surface, resulting in a second and stronger peak. 

Such a pattern of particle number concentrations has been reported in several earlier 

studies. Apart from this atmospheric dynamical phenomenon, varying source strengths 

(Sporadic firecracker bursting on Diwali day) during the day also contribute to the 

observed diurnal pattern (typically higer PNC throughtout the day on Diwali than on 

other day). Over urban locations, the contribution coming from traffic to diurnal variation 

of the particle number concentrations is significant (Wu et al., 2008; Brines et al., 2015; 

Hama et al., 2017). 

For further analysis, we took the different distribution of size modes (in the span of 4 hrs 

each day) to gain more information on the particle size-shifting and other modes during 

the monitoring period in Diwali, as mentioned in Table 4.6. The 4 hrs span was chosen 

to differentiate the particle transformation from nucleation to accumulation mode in the 

morning (9:30 AM-1:30 PM), afternoon (2:00 PM-6:00 PM), and the night (6:00 PM-

10:00 PM) during monitoring days (Kumar et al., 2016; Yadav et al., 2019a). The 

averages of 4 hrs (9:30 AM-1:30 PM, 2:00 PM-6:00 PM, and 6:00 PM-10:00 PM) for all 

the days are depicted in Figure 4.40, Figure 4.41, Figure 4.42. This time frame was 

chosen because of the ideal variation in atmospheric characteristics due to specific 

phenomena such as fireworks and meteorology (Joshi et al. 2016 and Yadav et al. 2019a). 

As expected, a shorter time frame in number concentration could resolve the periodic 

evaluation of particles under both firework-dominated and normal conditions. When the 

evening time (6:00 PM-10:00 PM) is compared for different particle number 

concentration modes on Diwali day, the PNC for nucleation mode is highest (4.5 x 104 # 

cm3) (Table 4.6).  

Consequently, except for small Aitken, large Aitken and accumulation mode showed the 

same flat curve resulting from green crackers bursting at night of Diwali day (Figure 

4.42). Interestingly, the morning time frame also offers the same trend as night event 

time with less PNC. It appears that due to transboundary conditions, photochemically 

induced particle formation and the shift in the accumulation mode are due to the 

coagulation of freshly formed particles. Simultaneously, these particles disperse in the 

atmosphere. Finally, a fraction of particles from these sources survive in the atmosphere 

due to the combined action of coagulation and dispersion that forms a part of the 
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background aerosols (Anand and Mayya, 2011). A different trend was followed on pre 

and post-Diwali days in the different modes Figure 4.41and Figure 4.42, showing an 

increment of particles in size 45-50 nm range. Figure 4.42 shows a clear maximum 

increment in the nucleation mode and small-Aitken mode particles and a spike in 

accumulation mode particles on Diwali day (27th October 2019). Further analysis on 

Diwali day showed the increase in particle concentration from evening to midnight (6:00 

PM-10:00 PM), which is nucleation (312%), and small Aitken (42%) mode particles 

against the pre-Diwali day (25th October 2019). On the Diwali day, overall averaged 

percentage contribution of nucleation, Aitken, and accumulation mode are 35%, 37%, 

and 28%, respectively, which is different from the traditional firecrackers; at Banaras 

03.30%, 42.20%, & 54.41%, and Mumbai 14.78%, 45.5% & 41.75%, respectively.  

In Table 4.6, a similar relationship is observed between small Aitken, Large Aitken mode 

particles, and the accumulation range particles. The growth of small and large Aitken 

particle formation matches the accumulation mode particle growth. From 6:00 PM-10:00 

PM, there is a positive shift in the accumulation mode particles with a GMD of 223.7 nm 

for Diwali day (Table 4.6). To study this relationship more clearly, we have drawn a 

temporal variation graph in Figure 4.31 between ultrafine and accumulation mode 

particles.  

The evolution of Ultrafine particles (dia <100nm) with the accumulation mode of 

particles (>100nm) is shown in Figure 4.31. Both particle ranges showed rising patterns 

during the extensive burning of firecrackers from 6:00 PM-10:00 PM, and both got 

parallel after some time. Both types of variations can be seen on pre-and post-Diwali 

days. The formation of large amounts of ultrafine particles leads to forming accumulation 

mode particles. They are dispersed into the atmosphere by getting sunk and coagulated 

in the background aerosol concentration, which is already present (Anand and Mayya, 

2011). UFP/Ntotal ratio is higher than 0.7, while traditional fireworks have < 0.6, such as 

Varanasi – 0.45 and Mumbai – 0.58. 

Also, it was done so that no hike in particle distribution was missed. In Figure 4.43, there 

is peak ‘A’ (3.41×105 # cm-3 at 7:21 PM) with GMD >20nm and peak ‘D’ (9.07×104/ 

cm3 at 10:02 PM) with GMD ~111nm on the night of 27th and 25th October 2019 

respectively to compare the firework emission and non-firework emission scenarios. 
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Figure 4.40: Average particle number size distribution during 9:30 AM to 1:30 PM 

 

Figure 4.41: Average particle number size distribution during 2:00 PM to 6:00 PM 
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Figure 4.42: Average particle number size distribution during 6:00 PM to 10:00 PM 

 

Peak’s ‘A’ and ‘D’ are not similar in particle number concentration, but they are highest on 

their respective days. In Figure 4.43, a significant rise in the ultrafine particles' concentration 

(< 45nm) included nucleation, small and large- Aitken range particles from 6:00 PM-10:00 

PM. Continuous formation of new particles in the UFP range indicated large firecrackers 

burning at night. The transition of particle formations from t = -360 min (background 

concentration) to reaching peak ‘A’ and reaching the background concentrations within 90 

min of the peak attained has been shown. If we see the peak ‘D’ in Figure 4.44 (25th October 

2019), it is observed that particle concentration evolution follows a different path than in 

Figure 4.43. Similar trends have also been shown in (Joshi et al., 2016). There was a clear 

transition from nucleation towards small and large Aitken modes. It contained all particle 

size distribution ranges from nucleation to accumulation range particles. The presence of 

spikes in the particles of accumulation range ~110 nm is noticed in Figure 4.44. Similarly, 

in other Figure 4.37, and Figure 4.39, there was a rise in the transition of particle number 
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concentration on pre-Diwali (26th October 2019) and post-Diwali day (28th October 2019). 

However, it was not the same as Diwali day, having low strength in particles' evolution. 

There was an increment of ultrafine particles in peak D of Figure 4.44. Still, after 60 mins, 

all the particle size range added up and showed a proper formation of accumulation particles. 

Peak C in Figure 4.39, it showed a similar rising particle number concentration pattern but 

without any other significant modes. Thus, from the above study, we can say that the bursting 

of firecrackers during festivals such as the Chinese New Year and Diwali can lead to the 

release of a significant amount of ultrafine and fine particles concentration, and 

accumulation range particle concentration also. These events can increase the background 

aerosol concentration, leading to short-term air quality deterioration, ultimately harming 

human health by deposition in the respiratory system's alveolar region (Manigrasso and 

Avino, 2012). It can be inferred from the present study that extreme burning of green 

firecrackers can increase the finer aerosol concentration on post-Diwali days. However, if 

emissions from various other sources in megacities like Delhi are to be considered, the 

complexity of different atmospheric processes requires a more prolonged study duration.  

 

Figure 4.43: Progression of aerosol particulates in a resolved time manner during 

Diwali with peak 'A' reference 
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Figure 4.44: Progression of aerosol particulates in a resolved time manner during pre- 

Diwali days with peak 'D' reference 

 

4.3.1.4 Summary 

Following are the inferences drawn from the present study conducted on the Delhi 

Technological University campus to assess the impact of 'Green crackers’ used for fireworks 

during the Diwali festival in 2019 to understand the formation of ultrafine particles (UFP's) 

and Particle Number Size Distribution (PNSD) in a better way:  

Particle number concentration (PNC) reached a high of 1.29 x 105 # cm-3 with a geometric 

mean diameter (GMD) of ~44 nm during the Diwali celebration, with two peaks of 1.7 x 105 

# cm-3 with a GMD of ~39 nm and 1.2 x 105 # cm-3 with a GMD of ~44 nm, respectively. 

During this event, the wind speed remained constant until late at night with a calm condition. 

The Southwest wind direction had the highest PNC of particles where the residential area is 

located. 
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Both peaks showed higher PNC than other pre-and post-Diwali peaks with 145.9 % and 97.9 

% increase in PNC on Diwali day compared to pre-Diwali (26th October 2019) and post-

Diwali (28th October 2019), respectively. This validates the effect of judicial regulation on 

fireworks celebrations to mitigate the impact of air pollution. 

Interestingly, peak’s GMD on Diwali evening time in case of Varanasi (GMD; 89 nm) and 

Mumbai (GMD; ~51nm) associated with traditional crackers are more than the Delhi (GMD; 

39 nm) with green crackers, but PNC in case of Delhi (~1.7 × 105 # cm-3) is more than the 

Mumbai (~1.2 × 105 # cm-3) and Varanasi (4.5 × 104 # cm-3). This indicates that green 

crackers emit more particles in a lower size diameter when compared to traditional crackers.  

On Diwali day, there was an increase in PNSD, especially in nucleation 468% and 485% 

and small Aitken mode 147% and 110%, against the pre-Diwali day (26th October 2019) and 

post-Diwali (28th October 2019), respectively. Diwali day showed an increase in particle 

concentration from evening to midnight (6:00 PM-10:00 PM), which is nucleation (312%), 

and small Aitken (42%) mode particles against the pre-Diwali day (25th October 2019). 

Except for Diwali day, which has a flat curve from 30 nm to 190 nm GMD, others have 

peaks of 75 nm, 100 nm, and 110 nm GMD for the 25th, 26th, and 28th of October 2019, 

respectively. The submicron particle size distribution exhibits a single peak effectively 

covering a size range of 60–110 nm GMD and indicates the dominance of large Aitken and 

accumulation mode particles. On Diwali day, however, the overall averaged percentage 

contribution of nucleation, Aitken, and accumulation mode are 35%, 37%, and 28%, 

respectively, which is different from the traditional firecrackers as in Banaras 03.30%, 

42.20%, & 54.41%, and Mumbai 14.78%, 45.5% & 41.75%, respectively.  

 In the present case of green crackers, UFP/Ntotal ratio is higher than 0.7, while traditional 

fireworks have < 0.6, such as Varanasi (0.45) and Mumbai (0.58). Thus, Green cracker’s 

emissions have a high ratio of UFP than traditional fireworks. 

 With Delhi’s densely populated dynamics and other anthropogenic activities causing 

pollution, the locally produced Diwali emissions are felt to a larger extent as it affects the 
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respiratory system. This study may help assess the adverse health effects due to higher 

particle number concentration (PNC) caused by burning green firecrackers in megacities like 

Delhi and thus evaluate the relative impacts of traditional firecrackers and green firecrackers. 

Until the particle number concentration (PNC) of ultrafine particles (UFPs) is reduced 

significantly, green crackers' health benefits remain questionable because the bursting of 

green crackers may result in exposure to and inhalation of the higher number of UFPs in 

comparison to traditional crackers. 
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4.3.2 Odd -Even events 

In addition to Delhi, other cities worldwide have also implemented a driving prohibition 

scheme similar to Odd-Even in various forms to reduce urban air pollution. For the first time, 

the Odd-Even formula was implemented in Beijing in 2008, just before the summer 

Olympics. Initially, the Government called it temporary, but later, it became a permanent 

rule for the city when it was found effective. Some other places in the world like Paris, 

Bogota, and Mexico are plying road-rationing rules. China (Beijing) implemented air 

pollution reduction measurement when China’s annual average concentration was 20% 

higher than the China National Ambient Air Quality Standards (CNAAQS) and 6% greater 

than WHO Air Quality Guidelines (WHO, 2005). 

In contrast, the trial hit method policy for air pollution mitigation was adopted in India when 

pollution levels crossed several times (more than 50 times) with  National Ambient Air 

Quality Standards (NAAQS)  (Cai & Xie, 2010). Although this scheme cannot be considered 

a complete solution to combat air pollution, it can be implemented from time to time to 

reduce the pollution levels and associated impacts during excess peak time if it is shooting 

far beyond the normal levels. It may cause a shift in people's attitudes and raise awareness 

about environmental issues (Airy and Chandiramani, 2016). 

The first phase of the Odd-Even scheme in India was implemented in 2016. The first phase 

of the Odd-Even driving scheme trial was enforced from 1 to 15 January 2016 in winter, and 

the second edition from 15 to 30 April 2016 in summer. Kumar et al. (2017) reported PM2.5 

was relatively low during the Odd-Even hours (11:00-20:00 hrs.) and high during non-Odd-

Even hours (20:00-08:00 hrs.) when compared with the corresponding hours of the previous 

year of 2015. Mishra et al. (2019) found an average reduction in the ratios of PM1 and PM2.5  

at selected monitoring locations, namely Pitampura-Madhuban Chowk (0.01), Panchkuian 

Road (0.1), and Najafgarh Road (0.11) during scheme days.  Likewise, Sharma et al. (2016) 

reported a percentage reduction in the number of cars, i.e., 21% and 17%, in the first and 

second phases of the Odd-Even scheme, whereas the percentage increase in speeds, i.e., 18% 

and 13%, was observed during the first and second phase of scheme respectively. During 
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this study, they found that the average concentrations of PM10 were 1.8 - 4 times higher than 

permissible limits at five locations in the entire Delhi, whereas PM2.5 levels were recorded 

1.4 - 4.3 times greater than the prescribed standard during second phase of Odd-Even 

scheme. 

The Delhi Government launched the third phase of the Odd-Even scheme from 4 to 15 

November 2019 (12 days) to combat the national capital's hazardous air quality.  During the 

Odd-Even days, the total number of buses on the road was 6681, including 3781- Delhi 

Transport Corporation (DTC), 2000 Cluster, and 900 Private buses. The number of private 

buses in the first (1-15 January 2016) and second (15-30 April 2016) phases of the Odd-

Even scheme were 1400 and 500, respectively. In 2019 after implementing the third Odd-

Even scheme in the capital, the Delhi passengers increased by 0.7 million. The female 

passenger's percentage increased by 40%. In DTC and cluster buses, the female passengers 

were found to be more because Delhi Government implemented free bus rides for female 

passengers on the occasion of Bhai-Duj (Hindu festival) on 29 October 2019, before the 

Odd-Even scheme. The ridership in Delhi Metro increased by 65-69%, and the metro trips 

also increased by 11% during the third Odd-Even scheme.  The third phase of the Odd-Even 

scheme was scheduled from 8:00 am to 8:00 pm and to enforce the scheme very strictly, the 

Delhi Government has also kept a penalty of Rs. 4000/- in case of any violation of the 

scheme. However, this fine was Rs. 2000/- during the first and second phases of the Odd-

Even scheme. During the implementation of the first and second phases of the scheme, 

exemptions were given to women drivers, commercial vehicles, two-wheelers, e-vehicles, 

and private CNG vehicles. However, in the third phase of this scheme implemented in 2019, 

private CNG vehicles were allowed to ply on the road due to the possibility of misuse of the 

exemption stickers given to vehicle owners. 

The study has covered Odd-Even monitoring with PMs and its PNSD with particle number 

concentration in this phase. No literature has been found that has performed to date on the 

criteria listed above about the Odd-Even scheme expect some normal conditions (Apte et al., 

2011; Saraswat et al., 2013b). This study aims to evaluate and analyze the impact of the third 

time implemented Odd-Even scheme on urban air quality in New Delhi. Currently, there are 
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no air quality standards in any part of the world to limit public exposure to atmospheric 

particles on a number basis since current regulations are based on mass concentrations of 

PM10 and PM2.5 (Kumar et al., 2011). The objective of this study was; 1) To assess the PNC 

reduction for PM1 due to the implementation of the Odd-Even scheme; the Odd-Even 

scheme's influence combined with other affecting factors on the PNC of PNSD's QuasiUFP, 

Sub-fine, Fine, and Coarse mode size range with a vehicle number change. 

This Odd-Even study includes the monitoring at three different locations (Pitampura, 

Najafgarh, and Panchkuian) in Delhi, India, to find out the impact of the third Odd-Even 

scheme, as against normal day (normal day would be any day pre or post-Odd-Even scheme 

day when there was no restriction). Hundred percent monitoring for three days (odd day, 

even day and normal day) was covered at the Pitampura location. Still, the monitoring was 

interrupted at Najafgarh and Panchkuian locations due to drizzling in the evening time. Due 

to this, only 60.8% and 56.5% monitoring was covered at Najafgarh and Panchkuian 

locations, respectively. An overall 72.4% monitoring was covered during the Odd-Even 

scheme at all three locations across Delhi. A similar monitoring schedule and location 

selection were adopted by Mishra et al. (2019). But this study is based on the particle number 

concentration (PNC) of the different particle size distributions (PNSD) except for their mass 

concentration. In this study, despite the PNC of PM1, it includes the study of different particle 

size modes such as; QuasiUFP (qUFP)- 250nm > qUFP < 500nm; Subfine- 500nm > Subfine 

< 1000nm of diameter. Additionally, it also includes higher size range than PM1; fine 

particles- 1,000nm> Fine particles <25000nm; and Coarse particles- 25,000> Coarse 

<10,000nm of diameter. For getting more insight into lower size range particles, qUFP have 

further divided into qUFP-lower size range 250 nm > qUFP(L)<280nm, qUFP-higher size 

range 280 nm > qUFP(H) < 500nm. 

A monitoring schedule at all three locations was prepared to cover the Odd-Even scheme's 

entire timing, i.e., from 8:00 am to 8:00 pm (12 hrs), as a guideline provided by the 

Government of Delhi. The monitoring includes one day before and two days during the Odd-

Even of Phase III scheme and spanned between 1 -15 November 2019 (Table 4.7). 
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Table 4.7: Schedule of PM monitoring at selected traffic corridors 

Schedule of PMs and their PNSD with PNC monitoring in Delhi city. 

 

Monitoring Station/Traffic  

Corridor 

PM monitoring schedule 

– Pre-Odd-Even scheme 

(Before 4 November 

2019) 

PM monitoring schedule – 

During Odd-Even 

(4 -9 November 2019) 

1. Pitampura–Madhuban 

Chowk 

1 November 2019 6 - 9 November 2019 

2. Panchkuian Road 2 November 2019 4 -5 November 2019 

3. Najafgarh Road 2 November 2019 4 - 5 November 2019 

 

The dataset normality was tested using a combination of the Exploratory Data Analysis 

(EDA) plot and the Shapiro-Wilk (S-W) test. The Kruskal-Wallis (KW) test was performed 

on air quality data, a nonparametric version of the ANOVA test. The Kruskal Wallis test 

(rank-based nonparametric test) is used to determine if there are statistical differences 

between days (odd day, even day, and normal day) and independent variable pollutant 

(QuasiUFP, Subfine, Fine, Coarse, PM0.5, PM1, PM2.5, PM10) of representative location in 

Delhi. Kruskal Wallis test denotes with H test (eq. 1 and result table can be found in 

Annexure-II). Percentage change of Odd-Even has followed the eq. 3.7.  

4.3.2.1 Temporal variation of particle number concentration 

With a significance value of 0.05, the Kruskal Wallis test was performed on the parameters 

under consideration for the three locations. Parameters with a < 0.05 value rejecting the KW 

Test hypothesis have a statistically significant difference, but > 0.05 value has the opposite 

effect. In Annexure- II to IV, normal days with odd and even days have significant difference 
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for all parameters at all locations; however, the mean difference is not statistically significant 

between odd and even days for most parameters at all locations. Reduction in the PNC and 

vehicular count at all locations supports the Odd-Even scheme third phase (Figure 4.45, 

Figure 4.46 and Annexure- V to VII) 

2(a)                                                                         2(b) 

 

2(c)                                                                         2(d) 
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2(e)                                                                         2(f)  

Figure 4.45:  Box plot showing variation in different PNC size range and PM1 like 2(a) 

qUFP (L), 2(b) qUFP (H),  2(c) Fine, 2(d) Subfine, 2(e) Coarse, and 2(f) PM1 during 

odd, even and normal day at Najafgarh, Pitampura, and Panchkuian respectively 

3(a)                                                                        3(b) 
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4(a)                                                                        4 (b) 

Figure 4.46: Box plot showing variation in meterological parameters like 4(a) RH(%),  

and 4(b) Wind Speed (m/s) during Odd, Even and Normal day at Najafgarh, 

Pitampura, and Panchkuian 

In previous years, during the first and second Odd-Even schemes, there has been found a 

minimal study on lower-sized particles such as PM1. During this third phase of the study, the 

Odd-Even scheme's impact on particle number concentration of lower-sized (PM1 and 

<PM1) particles has been analyzed at all the selected locations. The impact analysis of the 

scheme was seen on different size bin particles i.e., QuasiUFP (0.25 µm>Dp<0.50 µm), 

subfine (0.50 µm>Dp<1.0 µm), fine (1.00 µm>Dp< 2.5 µm), Coarse (2.5 µm> Dp< 10.00 

µm). Total Vehicle Count (TVC) and Car/Taxis (C&T) counting at the roadside monitoring 

location have also been done to establish the relationship between traffic volume and particle 

number concentration.  

4.3.2.2 PM1 during Odd-Even scheme -II 

According to the PM1 series (Figure 4.47), the morning peak followed the decreasing trend 

from 1:00 pm to 2:00 pm than the afternoon period. However, the morning peak was 

observed to be higher than the afternoon peak during the Odd-Even scheme. PNC started 

decreasing from morning hour to afternoon during normal days. Again, PNC increases till 
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evening traffic peak hours (Figure 4.47) except Pitampura location, which showed a gradual 

decrement in the PNC after 2:30 pm. This decreasing trend of PNC at Pitampura may be due 

to drizzling effect, which started slowly from 2:30 pm to late evening. Total vehicle count 

includes the car/taxi, auto, two-wheeler, three-wheeler (Goods), bus, LCV (LCV), and heavy 

commercial vehicle (HCV). For a normal day, the total vehicle count (TVC) ranges from 

3500 to 4500 vehicles per 30 minutes for Najafgarh and Panchkuian Road, but the Pitampura 

location ranges from 2000 -2500 vehicles per 30 minutes. In this sequence, the overall 

reduction on Odd-Even day for TVC at Panchkuian Road, Pitampura, and Najafgarh was 

18.4%, 18.5% and   25.8%, respectively (Table 4.8). 

 

Table 4.8: Percentage reduction during Odd-Even day 

Location Day 
Quasi

UFP 

Sub

fine 
Fine 

Coar

se 
PM 1 

TV

C 

Car 

& 

Taxi 

Najafgarh 

Odd day reduction (%) 32.5 53.2 29.8 9.2 32.7 26.7 27.4 

Even day reduction (%) 15.9 32.2 18.3 10.1 16.5 24.9 24.8 

Overall reduction during 

study period (%) 
24.2 42.7 24.1 9.7 24.6 25.8 26.1 

Pitampura 

Odd day reduction (%) 23.1 40.4 27.2 27.4 24 24.4 16.3 

Even day reduction (%) 27.6 43.8 5.7 -13.3 28.4 12.7 8.5 

Overall reduction during 

study period (%) 
25.4 42.1 16.5 7.1 26.2 18.5 12.4 

Panchkuian 

Odd Day reduction (%) 32.36 28.8 25.9 9.2 33.5 21.9 19.1 

Even day reduction (%) 15.59 23.2 18.6 11.5 16.2 14.8 13.2 
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Overall reduction during 

study period (%) 
24 26 22.3 10.4 24.8 18.4 16.1 

 

Najafgarh corridor was observed with maximum PM1 concentration peak during the even 

day, for the same minimum peak was observed on the odd-day at Panchkuian monitoring 

station. Compared to the even days, PNC reduction for all three locations reached the same 

level. Still, TVC reduction doesn’t follow the same trend (Figure 4.47), which supports the 

hypothesis that other factors like wind speed (WS), and relative humidity (RH) also play an 

essential role in PNC reduction at the roadside. PNC of vehicular emission depends on 

various factors such as wind speed and direction, temperature, RH, and pre-existing particle 

concentration (Kulshrestha et al., 2009; Pérez et al., 2010). 

As shown in Annexure - V to VII before the Odd-Even scheme days, maximum and 

minimum particle numbers of PM1 were observed 4.2x106 #/L at Najafgarh road and 1.6x106 

#/L at Pitampura location. In contrast, during the Odd-Even period, maximum and minimum 

particle number concentrations of PM1 were recorded 4.63x106 and 9.35x105 #/L at 

Najafgarh road (Even day), but in the case of the Odd day, the maximum was at Pitampura 

(4.18x106 #/L), whereas the minimum was at Panchkuian (6.5x106 #/L). The maximum total 

reduction of PM1 number concentration reported at the Pitampura corridor of 26.2%, and a 

minimum reduction of PM1 number concentration reported at Najafgarh of 24.6% during 

scheme days. Whereas during the second driving scheme, (Mishra et al., 2019) found a 

maximum reduction of PM1 as 7.78% and a minimum of 2.69%, same at Pitampura location, 

respectively (in concern of particle mass concentration). Five different size bins have been 

classified to get more insightful observations for the particle number concentration at all 

three locations, which provide the overall effect of wind speed and relative humidity during 

the Odd-Even scheme. 
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Figure 4.47: Time series of PM1 and Total Vehicles Count 

Note: - NJF- Najafgarh road, PITM- Pitampura road, PANC- Panchkuian Road, TVC- 

Total Vehicles Count *after location number are the date of monitoring in November  

 

4.3.2.3 PNC at Najafgarh Road (NJF) during Odd-Even scheme-II 

PNC, according to the KW, H test, follows a similar pattern in that there is a considerable 

mean difference in the concentrations between Odd/Even days compared to the normal day. 

However, for PNC, no such clear pattern could be seen (Annexure-III). Besides wind speed, 

a significant mean difference in the concentration has been found for different parameters 

such as RH, SR, TVC, etc. The results show that qUFP reduced steeply in the morning up to 

1:00 pm during the odd day, but the reduction rate is comparatively low during the afternoon 

(Figure 4.47, Figure 4.48 and Figure 4.49). The percentage change compared to a normal 

day increased up to 1:00 pm (average increase of 26%). Afterward, the percentage change 

shows stagnation on an odd-day scheme. On an even day, qUFP’s percentage change 

variation is not found so significant up to 2:00 pm; however, the variations were high after 

2:00 pm. The percentage change was quite similar on both the odd and even day of the Odd-
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Even scheme. On the odd day of the scheme, the particle size bin from sub-fine shows that 

the variations in percentage change are the same throughout the day, but on even day, 

variations in percentage change of sub-fine particles are observed high until noon (12:00 

pm) and increased again after 2:00 pm.  

The particle number concentration of fine particle size on the even-day of the scheme has 

been reduced; however, diurnal change in percentage is low throughout the day. On odd-day 

of the scheme, a reduction in percentage change in fine particle size observed with time from 

40% to 19% (Table 4.8). Coarse particle size analysis on an odd day shows a reduction in 

pollutants until 1:00 pm; afterward, the concentration increased steeply. The same pattern 

was followed on an even day also. This expected change may be due to wind speed reduction. 

Diurnal Meteorological data regarding time analysis unveiled that pollutant change is also 

affected by changes in a meteorological parameters such as wind speed and relative humidity 

(Rönkkö and Timonen, 2019). The increment in percentage change in the number 

concentration of particulate matter is expected due to high wind speed. The percentage 

change in wind speed is high on an odd day, increasing from morning 8:00 am to 1:00 pm, 

promoting the high dispersion of pollutants. Wind speed is reduced after 1:00 pm and shows 

less dispersion in pollutants. A similar pattern for wind speed is also followed on an even 

day. The wind speed trend concerning coarse particles shows that reducing the change in 

particulate matter percentage affected significantly due to the reduction in dispersion and 

accumulation of these particles in the surrounding. Diurnal variation in percentage change 

in relative humidity was found to be increased. The percentage change trend in particulate 

matter is explained by wind speed and total vehicle count but is less affected by relative 

humidity. Our study on the Odd-Even scheme at Najafgarh showed that particle number 

concentrations were comparatively high on normal days than on Odd-Even days. It may be 

because of lower traffic emissions on particle number concentration.  

Variation in the particulate matter was also affected by total vehicle count percentage 

change, which was continuously reducing compared to normal days from 8:00 am to 1:00 

pm on an odd day. The same pattern for total vehicle change was also followed on an even 
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day, showing that particulate matter variation depends on variation in total vehicle count. 

The present study on vehicle data showed a higher number of TVC and C&T in the morning, 

whereas less in the evening. Due to the Odd-Even scheme, the absolute reduction is 

estimated to be 25.8 % at the Najafgarh location in TVC. Similarly, an absolute reduction in 

C&T was much higher, 26%, due to the Odd-Even scheme. Higher particle number 

concentrations were observed for PM1 followed by qUFP> subfine> fine. Najafgarh corridor 

observed a maximum reduction of 1µm by 42.7 % and a minimum reduction of coarse mode 

by 9.7 % in the ambient air across the corridor during the days of implementation of the 

scheme, which is the positive impact of the measure adopted toward the abatement of urban 

air pollution in the megacity of Delhi.  

 

4.3.2.4 PNC at Pitampura Road during Odd-Even scheme-II 

Similarly, Pitampura, follows a similar pattern there is a considerable mean difference in the 

concentrations between odd/even days compared to the normal day. However, for PNC, 

quasi and sub-fine follow the pattern of a significant difference on an odd/even day compared 

to a normal day. There isn’t much difference in mean concentration on even and normal day; 

other than this, there is a difference observed, particularly between even and odd day 

concentrations. 

The percentage change of qUFP at Pitampura station was slightly increased in the morning 

from 8:00 am–12:00 pm on an odd day. This change was not significant during 12:00–4:00 

pm. During the time slot of 12:00–4:00 pm, in the beginning, the percentage change found 

increasing then shows the stagnation in percentage change. On an even day, in the 4:00–8:00 

pm time slot, the percentage change reduced steeply, increasing particle concentration 

(Figure 4.47 and Figure 4.49). On an odd day, the percentage change of sub-fine particle size 

was observed with a high number concentration reduction in the morning (8:00 am–12:00 

pm). However, variation in percentage change was not significant throughout the day. A 

similar trend was also seen on the even day of the scheme.  
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However, even day shows a reduction in percentage change in the morning time slot of 8:00 

am-12:00 pm; then percentage change started slightly increasing. The percentage change 

was comparatively less during the time slot of 12:00 pm–4:00 pm. However, on an even day, 

the fluctuation in percentage change was observed throughout the day. The reduction in 

percentage change was significant during the time slot of 4:00 pm–8:00 pm. Percentage 

change in number concentration of coarse particles on an odd day shows that variations were 

not so high in the morning slot 8:00 am-12:00 pm, but in the evening from 4:00 pm-8:00 pm 

time slot, a slight reduction was observed. In the morning, from 8:00 am–12:00 pm, a high 

particle number concentration was recorded on the even day of the scheme. 

Diurnal particle number concentrations showed a slight decrease in considered pollutants 

compared to a normal day, which seems to be associated with a decreased number of total 

vehicles on the road, especially cars and taxis, during the Odd-Even driving scheme days. 

This study on vehicle data has represented more TVC and C&T in the morning hours, less 

in the afternoon and evening on an odd day. Whereas on even day, higher numbers of 

vehicles were found to be in the afternoon and less in the morning and evening. Total 

vehicles were observed more on an even day than the odd day at Pitampura during scheme 

days. 

Roadside particle number concentrations do not only depend on traffic density but also on 

meteorological parameters. High concentrations of PNC on a normal day at all the locations 

are expected due to higher traffic density, low wind speed, and relative humidity. Diurnal 

metrological data for time analysis (Figure 4.46) revealed that change in pollutants was also 

affected by changes in a meteorological parameter such as wind speed and relative humidity. 

The Pitampura corridor monitoring station was observed with a maximum and minimum 

wind speed peak at 7:15 pm and 11:45 am, respectively. Similar peaks were followed at 2:15 

pm and minimum at 11:45 am–12:15 pm on an even day at the Pitampura monitoring station. 

Wind speed plays an important role in the percentage change of particulate matter due to the 

reduction in these particles' dispersion and accumulation in the surrounding.  
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During the Odd-Even scheme, the number of particles that contributed the maximum was 

PM1 followed by qUFP> subfine> fine. PM1 shows a 26.2% PNC reduction overall, 

including 24.0% on an odd day and 28.4% on an even day. Simultaneously, TVC indicates 

an overall decrease of 18.5%, including 24.4 % on an odd day and 18.5% on an even day. 

However, C&T was reduced by 12.4%. The maximum reduction in the number 

concentration of particles was 42.2% in the sub-fine, followed by 25.4% in qUFP, 16.5% in 

fine, and 7.1% in coarse size mode. 

4.3.2.5 PNC at Panchkuian Road during Odd-Even scheme-II 

For Panchkuian, nearly PNC exhibit a significant difference in mean concentration 

(odd/even day compared to normal day and even between odd and even day), except for 

PM0.5, for which there is no significant difference between odd and even day concentrations. 

For PNC particles qUFP and Fine, there is a significant difference in mean concentrations 

for odd/even days compared to a normal day. 

At Panchkuian road (Figure 4.47 and Figure 4.50) during the Odd-Even scheme study, 

percentage change on an odd day of the scheme for all size particle, the number 

concentrations showed a gradual decrease from 8:00 am till noon. Then percentage change 

for all sizes varies with changes after 12:00 noon significantly less in magnitude. However, 

a percentage change in number concentration was observed for all size particulate matter 

throughout the day, which shows that the PNC was less on scheme day than on the pre-

scheme day. On an even day, the percentage change in number concentrations was almost in 

favor of the scheme. The percentage change for mostly all particulate size bins increased 

from morning to evening. Few size bins have shown a minor variation trend on even day 

such as coarse mode, and a sudden reduction in percentage change is observed at 12:15 pm 

for coarse particles and fine particles. Percentage change for size bin of fine was significantly 

less in the morning then increasing steeply throughout the day. 

The wind speed and RH show the significance of PNC, and wind speed increases the 

dispersion and dilution of pollutants in the atmosphere. The increment in percentage change 
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in PNC was expected due to high wind speed. Wind speed and relative humidity were 

recorded higher on Odd-Even days than a pre-Odd-Even day at the Panchkuian location. For 

example, at the Panchkuian site, wind speed (mean ± standard deviation) was found to be 

1.7 ± 0.8 on Odd-Even day and 1.3 ± 0.6 on the pre-Odd-Even day. Percentage change in 

wind speed was found to be high on the odd day which is increasing in morning slot 8:00 

am-12:00 pm that promotes the high dispersion of pollutant and wind speed is reduced in 

afternoon slot 12:00 pm-4:00 pm whereas, evening slot 4:00 pm-8:00 pm shows less 

dispersion of pollutants. The same pattern for wind speed is followed on an even day. 

Variation in pollutants is also affected by the total vehicle count on the road during the 

scheme. TVC was found to be greater at 8:15 am on an odd day of the scheme, then 

continuously reducing in the morning slot 8:00 am-12:00 pm for the odd day of the scheme. 

Simultaneously, the maximum peak of C&T was found to be at 1:45 pm on an even day. 

However, TVC was observed less on odd days of the scheme than on even day and pre-Odd-

Even day. During Odd-Even scheme days, a reduction in the total number of vehicles and 

C&T has been recorded as 18.3% and 16.1%, respectively, against the pre-driving scheme 

day. Like vehicles, at Panchkuian location recorded a significant drop in particle number 

concentrations as 24% in qUFP, 26.0% in sub-fine, 22.3% fine, and 10.4% in coarse, 

respectively. The highest contribution to particle number concentrations was observed for 

PM1 at Punchkuiam road, followed by two other selected locations (Najafgrah and 

Pitampura). 
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Figure 4.48: Percentage change of Odd day (5 November) and Even day (4 November) 

with respect to Normal day (2 November) at Najafgarh road 
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Figure 4.49: Percentage change of Odd day (9 November) with Even day (6 November) 

respective of Normal day (1 November) at Pitampura road   
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Figure 4.50: Percentage change of Odd day (5 November) with Even day (6 November) 

respective of Normal day (2 November) at Panchkuian road 
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4.3.2.6 Summary 

It unveiled from the present study that the Odd-Even scheme has a positive result to 

combating air pollutant PM1 number concentration in Delhi. The selected monitoring 

stations, namely, Najafgarh, Pitampura, and Pachukuian, revealed that PM1 number 

concentration reduced during the Odd-Even scheme by 24.6%, 26.2%, and 24.8%, 

respectively. Compared to a normal day, Najafgarh's location shows a 32.7% reduction 

of PNC on an odd day, but on an even day, it showed a reduction of mostly half of the 

odd day (16.5%). The count of TVC led to a reduction of 26.7% and 24.9% for odd and 

even day, respectively, while 27.4% and 24.8% reduction occurred in C&T for odd and 

even day respectively. The concentration of PM1 on Panchkuian road is higher on 'odd 

day' than 'even day' like Najafgarh road. At the same time, no significant difference was 

found in vehicle count reduction in TVC and C&T between odd and even day. In concern 

of PM1, the PNC at Pitampura had shown a reduction of 24% for the odd day and 28.4% 

for even day. Pitampura and Panchkuian show almost the same PM1 overall reduction 

(26.2%) at Najafgarh road. Although Pitampura's even day reduction is less (24.0%) and 

higher on an odd day (28.4%) compared to Najafgarh road 32.7% and 16.5%, 

respectively, which indicates that except for TVC and C&T reduction, other factors, 

including meteorological parameters, also have a significant effect on PNC.  
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CHAPTER-5 

5 CONCLUSION 

5.1 General  

The entire study has covered various aspects (particle number size distribution, particle 

formation, particle growth, fate of PNC in different size modes such as nucleation mode, 

Aitken mode and accumulation mode) of UFP and qUFP in a specific context. The 

present study is based on the Capital City of India, Delhi in which sites are in the road 

microenvironment. The monitoring was conducted from 26th November 2019 to 31st June 

2021 and covered 15 months (~75%) out of the total 20 months. In addition, the study 

also covers the classification and quantification of UFP at certain events known as air 

pollution episodes in Delhi like Diwali and Odd-Even Scheme - II. 

5.2 Quantification of UFPs classification based on selected 

microenvironment of Megacity Delhi. 

The N total and UFP maximum concentration ranges from ~ 1.9 x 104 to 3.0 x 104 #/ cm3 

upto >50% and 0.5 x 104 to 1.5 x 104 #/cm3 upto 40% respectively. While GMD 

maximum ranges from 30 nm to 80 nm > 60% during the monitoring period. Summer 

and partially monsoon seasons shows higher UPF concentration, while GMD shows 

higher particle size in winter. In summer N total and UFP start increasing from morning 

06:00 AM to 12:00 PM and 06:00 PM to 10:00 PM evening, which may be due to the 

photochemical reaction and vehicular emission with trans boundary condition 

respectively. But the in case of accumulation mode, it started to decrease from 06:00 AM 

to 02-03:00 PM and then started to increase till the late night of each day. There is no 

major trend difference found between weeks in summer. Near afternoon time (~12:00 

PM) shows lowest GMD of days, which is a typical signature of photochemical reaction 

concerning new particle formation. Ntotal and UFP show the same pattern in winter as 

summer; only the peaks are sharp and smooth. Importantly morning and evening peaks 

are almost the same which is not the in case of summer. their morning peaks are always 

higher than evening peaks. 



5-179 

 

This study examined the impact of the COVID-19 lockdown and subsequent progressive 

relaxations of anthropogenic activities on particle number concentrations and number 

size distributions in the ultrafine and fine size range (10.2 to 1090 nm). The mean total 

particle number concentrations gradually increased from Period-I (2.5 x 104 ± 1.3 x 10 4 

cm-3) with the strictest lockdown to Period-III (3.1 x 104 ± 1.9 x 10 4 cm-3), where 

restrictions were eased up considerably. The fraction of ultrafine particles gradually 

decreased from ~0.70 ± 0.09 to 0.58 ± 0.16 during this period, with the doubling of the 

accumulation mode particle concentrations (Naccu). This highlighted the effect of 

intensified anthropogenic activities on particle number concentrations. 

5.3 Investigating the fate and transformation of UFPs from roadway. 

Several new particle formation events occurred with the nucleation mode particle 

concentrations (Nnuc) increasing by 3-8 times, which led to an enhancement in Ntotal by 

2-5 times.  Compared to the non-event days, Nnuc was ~1.5-2 times higher on the event 

days. Most NPF events occurred during the morning/afternoon hours of the day, 

demonstrating the role of photochemistry. However, there is no clear association between 

the prevailing meteorological conditions or trace gas concentrations and nucleation 

intensity.  

The varying magnitudes of Nnuc and NUFP on the event and non-event days established 

the competition between the strengths of the precursor vapor sources and the 

condensation sink. Different classes of NPF events were identified with an overall NPF 

frequency of ~ 41 %. During Period-I, the NPF frequency is 20.6 %, with the occurrence 

of all classes of NPF events (Class Ia, Class Ib, and Class II), whereas NPF frequency of 

17.2 % with only class Ia events was seen during Period- II. The lowest frequency (3.4 

%) with only class II events during Period-III highlighted the role of urban primary 

emissions on UFP loading. Interestingly, while NPF events during Period-II are more 

frequent and well-defined, lower particle growth rates (mean ~5.86 ± 1.44 nm hr-1) 

compared to the Period-I (~6.05 ± 1.66 nm hr-1) have been observed during this period. 

The condensation sink (CS) values on the non-event days during Period-I (0.053 sec-1) < 

Period-II (0.072 sec-1) < Period-III (0.09 sec-1) were normally higher than those seen on 

event days of Period-I (0.034 sec-1) < Period-II (0.035 sec-1) < Period-III (0.07 sec-1) < 
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Period-III (0.07 sec-1) respectively. It suggested that higher CS in the urban regions with 

a gradual increase in traffic ensures that gaseous precursors, molecular clusters, and 

newly formed particles experience a high loss rate. The frequency, intensity, and shape 

of the NPF events are determined by the competition between the CS and the strength of 

precursor vapor sources. 

5.4 Correlation of UFPs with NOx, and SOx under variable, 

meteorological conditions 

During the nucleation events, a clear enhancement in the concentrations of [H2SO4] 

proxy (2 to 3.5 x 107 molecules cm-3; 2-3 orders higher than the non-event values) 

suggests the role of gas-phase photochemistry in NPF. Also, some of the NPF events 

were associated with increased odd oxygen concentrations [Ox], indicating the regional 

nature of the precursors and participation of VOC precursors in nucleation/growth. 

However, particle burst events depicted NOx enhancement, thereby suggesting 

contributions from traffic emissions to UFP abundance.  

Almost all the NPF events occurred when the air masses originated from the east-

southeast sectors, as evident from several times higher Nnuc and [H2SO4] proxy values 

compared to the other wind sectors. This suggested the precursor-rich nature of the air 

masses from the east-southeast sectors. However, NOx, in general, was higher (>25 ppb) 

for the north-northeast sector but lower (< 15 ppb) for the other wind sectors, supporting 

the inference that the nucleation mode particles were formed from secondary pathways 

rather than primary vehicular emissions. 

The diurnal pattern of NUFP revealed a typical double hump pattern governed by the local 

atmospheric boundary layer dynamics and source/sink processes of aerosols during the 

non-event days. The magnitude of the first and second peaks in Ntotal, NAitk, and Naccu 

concentrations during non-event days gradually increased from Period-I to Period-III, 

underlining increased traffic emissions with the unlocking of activities. However, the 

mean diurnal pattern of Nnuc showed a distinct pattern during the events days with 

multiple peaks during the daytime of Period-I (~10:00-11:00 hrs; 14:00-15:00 hrs and 

18:00-19:00 hrs), Period II (~08:00 hrs and 11:00 hrs) reiterating the role of 
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photochemistry. Furthermore, the contribution of the urban vehicle and anthropogenic 

emissions to the particle nucleation mode cannot be excluded. 

5.5 Quantification of UFPs/qUFP’s classification based on other events 

of Megacity Delhi 

This study covered two other events regarding quantifying UFP/ qUFP’s classification. 

5.5.1 Diwali 2019 

Since the air pollution and noise generated from fireworks are related to air quality and 

human health, the regulatory bodies had implemented the eco-friendly "Green Crackers" 

in megacity Delhi, India, to celebrate Diwali 2019 with the permission of a specific time 

slot (8:00 PM to 10:00 PM). The present study was conducted on a residential educational 

institute campus to evaluate the particle number size distribution (PNSD) of green 

cracker emissions. During the Diwali event period, the high peak of particle number 

concentration (PNC) reached 1.7 x 105 # cm-3 with a geometric mean diameter (GMD) 

of ~44 nm. The average PNC increment on Diwali day was 138 % and 97 % compared 

to pre (26th October 2019) and post (28th October 2019) Diwali period, respectively, 

including 468 %, 142 %, 65 %, 75 % on pre-Diwali and 485 %, 110 %, 32 %, 26 % on 

post-Diwali 2019 period in terms of Nucleation mode (10 nm < Dp < 20 nm), Small 

Aitken mode (20 nm < Dp < 50 nm), Large Aitken mode (50 nm <  Dp < 100 nm), and 

Accumulation mode (100 nm < Dp < 1000 nm), respectively. Unlike traditional firework 

emissions, green crackers had a high UFP/Ntotal ratio of 0.72, including Nucleation 

mode-0.35, Aitken mode-0.30, and Accumulation mode 0.35, distinguishing it from 

other pre-and post-Diwali particle number size distribution-dN/dlogDp curves. These 

observations indicate that green crackers emit more particles with smaller diameters than 

traditional crackers.  

5.5.2 Odd-Even scheme – II, 2019 

The Odd-Even scheme was implemented in Delhi in 2019 on vehicle movement to curb 

air pollution during the winter season. This study selected three locations, namely 

Najafgarh, Pitampura, and Panchkuian road, to evaluate the Odd-Even scheme 2019. 
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This study revealed a reduction of 24 to 26 % in PM1 particle number concentration along 

with their particle number size distribution as QuasiUFP (24 to 25.4%), sub-fine (26 to 

42.7%) and fine (16.5 to 24.1%) in particle number concentrations. This study also covers 

the coarse particle size, with the lowest reduction (7 to 10%) at all the selected locations. 

Car & taxi, on which Odd-Even scheme was effective, has shown 12.6 to 26.4% 

reduction.  

5.6 Importance of the study 

Around 75% of PNC produced in urban areas comes from vehicle emissions, and UFPs 

account for 90% of PNC. Road traffic is one of the primary sources of UFPs and has a 

significant impact on air concentrations close to a major highway. The emission of 

vehicle exhaust from the roadway and different climatic phenomena affect the 

concentration and formation of these particles. As a result, exposure to UFPs along busy 

roadways and other important thoroughfares is a crucial area that needs more study and 

attention. The research study has the following possible applications: 

• It will enhance knowledge of the source, formation, and growth of UFPs in the 

megacity of Delhi and other Asian cities where automobile emissions are the major 

source of pollution. As NPF events "Period II" present the optimal transition 

situation for moderate or reduced pollution, this will also aid in adoption in 

European cities where vehicular pollution is not a significant concern (vehicular 

emission). 

• It will help to investigate the effects of secondary formation on the fluctuations 

in particle number count (PNC) and the relationship between the local vehicle 

emission microenvironment and PNC. 

• The study will aid in understanding the size and number distribution of UFPs in 

Delhi and other Asian cities during various outdoor environments and seasons. The 

study will improve knowledge of the number of fine particles in a megacity as well 

as the application of EURO VI standards, which will employ the PNC as an 

emission standard. 
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• Based on the calculation of UFP exposure of residents close to roadside 

emissions, it will help policymakers make suitable strategies to reduce their 

exposure.  

5.7 Future prospects of study 

The present study aims to assess of the quantification, formation, and growth rate of UFP 

in selected microenvironments in Delhi. Based on the whole study and its results, here 

are some suggestions for future research. 

This study aims to determine the quantity, generation, and growth rate of UFP in various 

microenvironments in Delhi. Following are some recommendations for further research 

based on the entire study and its findings. Long-term monitoring of UFP at various places 

within an urban region is required to determine PNC source apportionment. People and 

policymakers must pay close attention to vehicular pollution. There is a need to 

investigate the impact of URMe's UFP on human health when combined with biomarkers 

for exposure, so that the heterogeneity of passenger exposure may be linked to the 

number of particles in public transportation microenvironments. In the future, health risk 

assessments of school-aged children and comparative health assessments of commuters' 

exposures to black carbon, precursor gases, and UFP in urban and rural transport 

microenvironments will be possible. 

5.8 Summary 

The discussion in the conclusion section focused on the significant and key findings in 

relation to the purpose of these objectives, and the future prospects of the UFP study 

based on the findings of this study. 
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7 ANNEXURE 

Annexure I 

Annexure I: KW-Hypothesis test summary 

KW-Hypothesis Test Summary 

  

Null Hypothesis Test   

Sig. 

Decision 

1 The medians of Total PNC 

[#/CM3] are the same 

across categories of Day. 

Independent-

Samples Median 

Test 

.000 Reject the null 

hypothesis. 

2 The distribution of Total 

PNC (10 nm to 1000 nm; 

#/CM3) is the same across 

categories of Day. 

Independent-

Samples Kruskal-

Wallis Test 

.000 Reject the null 

hypothesis. 

3 The medians of 

Nucleation mode (10 nm 

to 20 nm; #/CM3) are the 

same across categories of 

Day. 

Independent-

Samples Median 

Test 

.000 Reject the null 

hypothesis. 

4 The distribution of 

Nucleation mode (10 nm 

to 20 nm; #/CM3) is the 

same across categories of 

Day. 

Independent-

Samples Kruskal-

Wallis Test 

.000 Reject the null 

hypothesis. 
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5 The medians of Small 

Aitken mode (20 nm to 50 

nm; #/CM3) are the same 

across categories of Day. 

Independent-

Samples Median 

Test 

.000 Reject the null 

hypothesis. 

6 The distribution of Small 

Aitken mode (20 nm to 50 

nm; #/CM3) is the same 

across categories of Day. 

Independent-

Samples Kruskal-

Wallis Test 

.000 Reject the null 

hypothesis. 

7 The medians of Large 

Aitken Mode (50 nm to 

100 nm; #/cm3) are the 

same across categories of 

Day. 

Independent-

Samples Median 

Test 

.024 Reject the null 

hypothesis. 

8 The distribution of Large 

Aitken Mode (50 nm to 

100 nm; #/cm3) is the 

same across categories of 

Day. 

Independent-

Samples Kruskal-

Wallis Test 

.001 Reject the null 

hypothesis. 

9 The medians of 

Accumulation mode (100 

nm to 1000 nm; #/CM3) 

are the same across 

categories of Day. 

Independent-

Samples Median 

Test 

.000 Reject the null 

hypothesis. 
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10 The distribution of 

Accumulation mode (100 

nm to 1000 nm; #/CM3) is 

the same across categories 

of Day. 

Independent-

Samples Kruskal-

Wallis Test 

.000 Reject the null 

hypothesis. 

Asymptotic significances are displayed. The significance level is .05. 
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Annexure II 

 

Annexure-II: Kruskal-Wallis test for PMs and its PNSD 

Location Parameter Sig. Decision Parameter Sig. Decision 

Najafgarh 

QuasiUFP  0.000 Rejected TVC  0.000 Rejected 

Subfine  0.022 Rejected C&T  0.029 Rejected 

Fine  0.000 Rejected WS (m/s)  0.119 Retain 

Coarse  0.235 Retain  RH (%)  0.000 Rejected 

PM 0.5  0.000 Rejected SR (W/mt2)  0.038 Rejected 

PM1  0.000 Rejected 

  

PM2.5  0.000 Rejected 

PM10  0.000 Rejected 

  

Pitampura 

QuasiUFP  0.000 Rejected TVC  0.000 Rejected 

Subfine  0.000 Rejected C&T  0.000 Rejected 

Fine  0.000 Rejected WS (m/s)  0.000 Rejected 
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Coarse  0.000 Rejected RH (%)  0.000 Rejected 

PM 0.5  0.000 Rejected SR (W/mt2)  0.229 Retain 

PM1  0.000 Rejected 

  

PM2.5  0.000 Rejected 

PM10  0.000 Rejected 

  

Panchkuian 

QuasiUFP  0.000 Rejected TVC  0.000 Rejected 

Subfine  0.011 Rejected C&T  0.000 Rejected 

Fine  0.000 Rejected WS (m/s)  0.208 Retain 

Coarse  0.192 Retain  RH (%)  0.000 Rejected 

PM 0.5  0.000 Rejected SR (W/mt2)  0.070 Retain 

PM1  0.000 Rejected 

  

PM2.5  0.000 Rejected 

PM10  0.000 Rejected 
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Annexure III 

 

Annexure-III: Kruskal -Wallis Test statistics of different size bins at three 

locations 

LOCA

T-ION 

PNS

D 
N-E DAY 

N-O 

DAY 

E-O 

DAY 

 

PMs 
N-E 

DAY 

N-O 

DAY 

E-O 

DAY 

 

Sig. 

Level 
p-value 

Sig. 

Level 
p-value 

 NJF 

Quas

iUFP 

0.021 

Reject 

 

 

0.000 

Reject 

0.267 

Retain 

PM 

0.5 

 

0.019 

Reject 

 

0.000 

Reject 

0.256 

Retain 

 

Subfi

ne 

 

1.000 Retain 

 

 

0.126 

Retain 

0.026 

Reject 

PM1 

 

0.107 

Reject 

0.000 

Reject 

0.322 

Retain 

Fine 

 

0.065 Retain 

 

 

0.000 

Reject 

0.029 

Reject 

PM2.5 

 

0.108 

Reject 

0.000 

Reject 

0.261 

Retain 

Coar

se 

… … … PM10 0.108 

Reject 

0.000 

Reject 

0.261 

Retain 
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PTM 

Quas

iUFP 

 

 

0.000 

Reject 

 

 

0.001 

Reject 

1.000 

Retain 

PM 

0.5 

0.000 

Reject 

0.001 

Reject 

1.000 

Retain 

Subfi

ne 

 

 

0.000 

Reject 

 

 

0.001 

Reject 

1.000 

Retain 

PM1 0.000 

Reject 

0.001 

Reject 

1.000 

Retain 

Fine 

 

 

1.000 Retain 

 

 

0.000 

Reject 

0.009 

Reject 

PM2.5 0.000 

Reject 

0.001 

Reject 

1.000 

Retain 

Coar

se 

 

1.000 Retain 

 

 

0.000 

Reject 

0.000 

Reject 

PM10 0.000 

Reject 

0.001 

Reject 

1.000 

Retain 

PANC 

Quas

iUFP 

 

0.027 

Reject 

 

 

0.000 

Reject 

0.058 

Retain 

PM 

0.5 

0.030 

Reject 

0.000 

Reject 

0.050 

Retain 

Subfi

ne 

 

0.466 Retain 

 

 

0.009 

Reject 

0.219 

Retain 

PM1 0.031 

Reject 

0.000 

Reject 

0.041 

Reject 

Fine 

 

0
.0

0
8
 

R
eject   

0.000 

Reject 

0.187 

Retain 

PM2.5 0.031 

Reject 

0.000 

Reject 

0.041 

Reject 
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Coar

se 

… … … PM10 0.031 

Reject 

 

0.000 

Reject 

0.041 

Reject 
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Annexure IV 

 

Annexure-IV: Kruskal -Wallis Test statistics of TVC and C&T count along with 

meteorological parameters at Three locations 

LOCATION PARAMETER N- E 

DAY 

N-O 

DAY 

E-O 

DAY 

 Sig. Level p-value 

 

  

 

 

 

     NJF 

TVC 0.674 

Retain 

 

0.000 

Reject 

0.000 

Reject 

C&T 0.108 

Retain 

 

0.032 

Reject 

1.000 

Retain 

WS (m/s) 

 

 

… … … 

RH (%) 0.073 

Retain 

 

0.000 

Reject 

0.004 

Reject 

SR (W/mt2) 0.755 

Retain 

0.032 

Reject 

0.466 

Retain 
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PTM TVC 0.000 

Reject 

 

0.000 

Reject 

0.027 

Reject 

C&T 0.004 

Reject 

 

0.000 

Reject 

0.513 

Retain 

WS (m/s) 0.000 

Reject 

 

0.000 

Reject 

0.770 

Retain 

RH (%) 0.054 

Retain 

 

0.000 

Reject 

0.242 

Retain 

SR (W/mt2) 

 

 

… … … 

PANC TVC 0.000 

Reject 

 

0.000 

Reject 

0.033 

Retain 

C&T 0.004 

Reject 

 

0.000 

Reject 

0.205 

Retain 

WS (m/s) 

 

 

… … … 
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RH (%) 0.063 

Retain 

 

0.000 

Reject 

0.332 

Retain 

SR (W/mt2) 

 

 

… … … 
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Annexure V 

 

Annexure-V: Summary of different size bin along with TVC and C&T count at 

Three locations (Normal Day) 

Locati

on 

  

Para

meter 

Normal Day PNC (#/L) 
Normal Day 

PNC (#/L) 

Vehicle Count (per 

half hour) 

Quasi

UFP 

Subfi

ne 
Fine 

Coar

se 
PM 1 

Vehicula

r count 

C & T 

count 

Najafg

arh 

Mean 
3.62x

106 

8.67

x104 

1.18

x103 

2.79

x102 
3.71x106 3.93x103 

8.71x1

02 

SD 
4.16x

106 

2.21

x104 

3.22

x102 

1.08

x102 
4.30x105 2.67x102 

1.21x1

02 

Min. 
3.06x

106 

5.70

x104 

8.99

x102 

1.77

x102 
3.12x106 3.52x102 

7.54x1

02 

Max. 
4.16x

106 

1.16

x105 

1.88

x103 

5.71

x102 
4.28x106 4.37x103 

1.13x1

03 

Pitamp

ura 

Mean 
2.86x

106 

1.45

x105 

4.63

x103 

1.68

x103 
3.00x106 2.33x103 

1.06x1

03 

SD 
2.66x

106 

5.78

x104 

1.02

x103 

2.84

x102 
6.43x105 1.18x102 

1.02x1

03 
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Min. 
2.83x

106 

5.37

x104 

3.15

x103 

1.17

x103 
1.70x106 2.11x102 

1.06x1

03 

Max. 
2.80x

106 

2.24

x105 

6.08

x103 

2.13

x103 
3.86x106 2.55x103 

1.07x1

03 

Panch

kuian 

Mean 
3.12x

106 

6.17

x104 

4.60

x103 

1.49

x103 
3.28x106 3.86x103 

1.00x1

03 

SD 
3.07x

106 

1.16

x104 

6.95

x103 

2.88

x102 
3.53x105 1.61x102 

1.01x1

03 

Min. 
3.10x

106 

4.38

x104 

3.45

x103 

1.13

x103 
2.57x106 3.56x102 

1.01x1

03 

Max. 
3.09x

106 

8.11

x104 

6.03

x103 

1.99

x103 
3.70x106 4.16x103 

1.02x1

03 
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Annexure VI 

 

Annexure-VI: Summary of different size bin along with TVC and C&T count at 

Three locations (Odd Day) 

Locati

on 

Para

meter 

  

Odd Day PNC (#/L) 
Normal Day 

PNC (#/L) 

Vehicle Count (per 

half hour) 

Quasi

UFP 

Subfi

ne 
Fine 

Coar

se 
PM 1 

Vehicula

r count 

C & T 

count 

Najafg

arh 

Mean 
2.27x

106 

3.52

x104 

6.79

x102 

2.01

x102 
2.30x106 2.99x103 

6.94x1

02 

SD 
2.20x

106 

1.23

x104 

2.49

x102 

8.07

x101 
6.86x105 7.19x102 

2.04x1

02 

Min. 
2.24x

106 

1.72

x104 

3.50

x102 

6.09

x101 
1.37x106 4.10x102 

9.06x1

01 

Max. 
2.21x

106 

5.48

x104 

1.12

x103 

3.69

x102 
3.65x106 3.63x103 

9.80x1

02 

Pitamp

ura 

Mean 
2.17x

106 

8.17

x104 

3.29

x103 

1.22

x103 
2.25x106 1.76x103 

8.91x1

02 

SD 
1.91x

106 

3.02

x104 

6.12

x102 

2.39

x102 
7.49x105 2.59x102 

8.85x1

02 
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Min. 
2.09x

106 

4.76

x104 

2.32

x103 

8.81

x102 
1.50x106 1.20x103 

8.99x1

02 

Max. 
2.02x

106 

1.40

x104 

4.31

x103 

1.81

x103 
4.18x106 2.13x103 

9.10x1

02 

Panch

kuian 

Mean 
1.86x

106 

4.02

x104 

3.16

x103 

1.37

x103 
1.91x106 2.95x103 

7.90x1

02 

SD 
1.71x

106 

1.78

x104 

6.22

x102 

3.69

x102 
7.89x105 4.67x102 

7.76x1

02 

Min. 
1.81x

106 

1.31

x104 

2.05

x103 

8.29

x102 
6.41x105 1.55x103 

8.04x1

02 

Max. 
1.78x

106 

7.46

x104 

4.48

x103 

2.28

x103 
3.33x106 3.86x103 

8.09x1

02 

 

  



7-265 

 

Annexure VII 

 

Annexure-VII: Summary of different size bin along with TVC and C&T count at 

Three locations (Even Day) 

Locati

on 

  Even PNC (#/L) 
Even Day 

PNC (#/L) 

Vehicle Count (per 

half hour)  

  
Quasi

UFP 

Subfi

ne 
Fine 

Coar

se 
PM 1 

Vehicular 

count 

C & T 

count 

Najafg

arh 

Me

an 

2.77x

106 

6.23x

104 

9.28x

102 

2.31x

102 
2.83x106 3.11x103 

7.14x10

2 

SD 
2.54x

106 

4.69x

104 

2.36x

102 

6.03x

101 
1.14x106 7.50x102 

2.05x10

2 

Mi

n. 

2.70x

106 

1.03x

104 

6.88x

102 

1.35x

102 
9.35x105 8.40x102 

2.42x10

2 

Ma

x. 

2.64x

106 

1.83x

105 

1.58x

103 

3.86x

102 
4.63x106 3.81x103 

9.94x10

2 

Pitamp

ura 

Me

an 

2.05x

106 

7.91x

104 

4.40x

103 

1.93x

103 
2.13x106 2.00x103 

9.59x10

2 

SD 
1.90x

106 

3.07x

104 

1.49x

103 

6.40x

102 
5.75x105 2.41x102 

9.42x10

2 
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Mi

n. 

2.03x

106 

4.42x

104 

2.49x

103 

1.09x

103 
1.45x106 1.29x103 

9.72x10

2 

Ma

x. 

2.00x

106 

1.25x

105 

6.78x

103 

3.16x

103 
3.20x106 2.47x103 

9.78x10

2 

Panchk

uian 

Me

an 

2.43x

106 

7.84x

104 

3.67x

103 

1.35x

103 
2.54x106 3.31x103 

8.55x10

2 

SD 
2.22x

106 

7.41x

104 

9.89x

102 

4.13x

102 
9.09x105 1.45x102 

8.27x10

2 

Mi

n. 

2.37x

106 

2.37x

104 

2.19x

103 

8.59x

102 
1.17x106 2.85x103 

8.60x10

2 

Ma

x. 

2.32x

106 

2.82x

105 

6.63x

103 

2.83x

103 
4.13x106 3.57x103 

8.61x10

2 
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Annexure VIII 

Sampling location and instrumental Setup 
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