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ABSTRACT 

Urban air pollution has been an increasing concern for developing countries due to rapid 

industrialization, urbanization and energy production. In Bangladesh, particulate matter (PM) 

pollution is more severe than gaseous pollution. The overall objective of this study is to 

assess the air pollution with respect to atmospheric particles in urban areas of Khulna. In this 

study, analysis of the seasonal variation of atmospheric particles with meteorological 

parameters was conducted by using different statistical methods. Also measurement of the 

mass concentration by HANDHELD 3016 IAQ laser particle counter and analyze the size 

distribution of atmospheric particles were performed. By using HYSPLIT-4 model, it was 

also calculated the long range transport of PM.  

From the analysis of monitoring data collected from CAMS-5, Khulna from February 2013 to 

January 2014, a significant variation was found in seasonal average of PM10 and PM2.5 mass 

concentrations with maximum in winter, reaching 297 μg/m3 and 168 μg/m3, respectively 

whereas minimum in monsoon, reaching 73 μg/m3
 and 31 μg/m3, respectively. In addition, 

the average PM2.5/PM10 value was 50% and ranged between 42%–61% again proving that 

fine particles are the main issue for PM pollution in Khulna City.  

The PM concentrations were found higher in sites (measured in dry season) than in sites 

(measured in wet season). The comparison between different sizes particle fractions showed 

the significant contribution of fine particles (Dp < 2.5µm) to PM10 was 49-88%. The highest 

abundance in the range of aerodynamic diameter from 3.75 to 7.5μm was found for 

Sonadanga Bus Stand, Ship Yard Rupsa, Nagarbavan, Fulbarigate and Rupsa Bridge sites and 

from 0.4 to 1.75μm for Nirala R/A and KUET Campus sites. For the Rupsa Bridge site, the 

maximum average MMAD was found than other sites indicating coarse particles dominated 

in this site. 

Backward trajectory of transboundary air pollutants showed that the pollutants resolutely 

cross the boundary line of Bangladesh and influence of transboundary traveling of PM 

concentrations was considerable. The outcomes of this study may assist the development of 

improved particle monitoring programs and also establish an elemental modality dataset 

which can be incorporated in the exposure and health risk assessments of atmospheric 

particles. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 General 

The surrounding atmosphere of Bangladesh is rapidly polluting day by day due to the various 

man made activities, industrial emission and natural phenomena, which is strongly related to 

air pollution. Air pollution by emission of particulate matter (PM) and some harmful gases to 

the ambient atmosphere is a major concern in the recent years. Comparing to other criteria air 

pollutants, PM is hazardous for creating disease and death. The atmospheric particulate 

matter (PM) is creating a significant negative impact on both human health and surrounding 

environment especially by the fine particles like PM2.5 (Dia. of particle less than 2.5μm) than 

the coarse particles. 

1.2 Problem Statement 

Urban air pollution has been an increasing concern because of rapid urbanization, 

industrialization and energy production in developing countries.  The most common air 

pollutants in urban areas are particulate matter, CO, NOx, SOx and O3 (Masters, 2004). Based 

on activity pattern and land use in any area also have a number of other criteria pollutants 

(such as, toxic chemicals, organic compounds, asbestos, etc.) present in air in that area. The 

issue of urban air quality in particular particulate matter (PM) concentrations  receiving more 

attention  as an increasing share of the world’s population lives in urban centers (UN, 2004). 

In Bangladesh, particulate matter pollution is more severe than gaseous pollution (Begum et 

al., 2014). 

Atmospheric particles consist of minuscule particles of solid or liquid matter, with diameters 

ranging from 0.001 µm to 100 µm. These particles are diffused from natural sources (stones 

and soil erosion, drops of seawater, volcanic dusts) and artificial sources (combustion of 

fossil fuels, emissions from motor vehicles) (Rajsic et al., 2004). Particles larger than 10µm 

(PM10) called coarse particles which reducing the vision and damaging the construction 

materials are easily disposed on respiratory tract through defense mechanisms. While, fine 

particles including suspended particulates which are smaller than 10µm (PM10) can enter the 
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respiratory tract, precipitate there and cause chronic bronchitis, emphysema  and other 

diseases in human (Tantadprasert et al., 2013). 

A number of statistical methods have been used for analyzing atmospheric PM in recent 

years. Time series analysis is a useful tool for better understanding the cause, effect and 

relationship of particulate matter pollution and meteorological parameters (Hosseinibalam 

and Hejazi, 2012). Meteorological variables play a crucial role in ambient distributions of air 

pollutants. In fact, there is a strong seasonality in meteorological variables that modulate air 

quality levels (Espinosa et al., 2004 and Karar et al., 2005). Meteorological factors play an 

important role in the transport and diffusion stage of the air pollution cycle. Meteorological 

factors such as wind speed, precipitation and mixing height all play important roles in 

determining the pollutant levels for a given rate of pollutant emission (Tayanc, 2000; Singal 

and Prasad, 2005). The entering of pollutants from the ground surface, their residence in the 

atmosphere, and the formation of secondary pollutants is controlled not only by the rate of 

emission of the reactants into the air from the source, but also by wind speed, turbulence 

level, air temperature, and precipitation (Bhaskar and Mehta, 2010). Thus, understanding of 

the physical processes leading to an observed concentration of pollutants at a given point is 

important. Rainfall which is most important meteorological variable is one of the reasons for 

low particulate pollutants in the monsoon season as the pollutants are washed out by rain. 

Wet deposition by precipitation or wet removal is one of the main mechanisms for removal of 

aerosols from the atmosphere (Jaenicke, 1993). In addition, this particulate pollutant changes 

the precipitation pattern and spin down the hydrological cycle (Chung et al., 2005). In 

Bangladesh, the climate is characterized by seasonal variations in rainfall, high temperatures 

and high humidity for most of the year. According to meteorological conditions, the year can 

be divided into four seasons, pre-monsoon (March-May), monsoon (June-September), post-

monsoon (October-November) and winter (December-February) (Begum et al., 2014). 

During winter, cold winds blow from the north-west. This cold air carries continental fine air 

masses. As a result, local pollutants mix with transported material that was hanged along the 

lower levels of the Himalayas (Begum et al., 2013).  

Climate change and air pollution are linked in many ways (Begum et al., 2013). Atmospheric 

particles can affect the climate by both direct and indirect radiative forcing and serve as cloud 

condensation or ice nuclei modifying the microphysical characters of clouds (Twomey et al., 

1984). The roles of PM in global climate and the relative roles of different PM precursor 
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sources and their response to climate and land use change over the remaining decades of this 

century are prominent (Begum et al., 2013). 

Transportation and industrial activities are the main sources of PM in urban areas of 

Bangladesh. Air pollutants emission are expected higher in Dhaka than other three cities 

(Chittagong, Rajshahi and Khulna) in Bangladesh, this is due to higher population in Dhaka 

comparing to other three cities and economic activities are usually higher (Bari and Shagor, 

2016). According to population Chittagong is the second largest city in Bangladesh and 

presumably got more transport and industrial emission. So it is observed that the air quality of 

Chittagong is comparatively poor than Rajshahi and Khulna (Bari and Shagor, 2016). 

Khulna City which is very close to the Bay of Bengal is situated in southwestern region and 

3rd largest city of Bangladesh. A continuous air monitoring station named CAMS-5 was 

established by Department of Environment (DoE) in September 2010 under air quality 

monitoring program, which is situated about 3 km north of main art of Khulna at Samagic 

Bonayan Nursery, Training Centre, Baira by considering the importance of this city. Khulna 

City is selected as study area for this research because previously this type of detailed 

assessment of atmospheric particles was not conducted for this particular city. In this study 

analysis of the seasonal variation of atmospheric particles with meteorological parameters in 

Khulna City will be conducted. Also measurement of the mass concentration and analysis of 

the size distribution of atmospheric particles from this city area (seven locations) will be 

performed. This evaluation is suitable to find out the dominating particle sizes in Khulna City 

and its influence on climate change. In this study by using HYSPLIT-4 model it was also 

calculated the back trajectory modeling of long range transport of PM. This modeling is 

helpful to evaluate the quantitative level of transported atmospheric particles in Khulna City.   

1.3 Objectives and Scope of the Research Work 

This study is aimed at to assess the seasonal and temporal variations of atmospheric particles 

with meteorological parameters and modal analysis and long range transport of atmospheric 

PM in Khulna City.  The overall objective of the present study is to assess the PM pollution 

in urban areas of Khulna. Specific objective of this study include: 

A. To analyze the seasonal variation of atmospheric particles with meteorological 

parameters in Khulna City using CAMS-5 data.  
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B. To measure the mass concentration and analyze the size distribution of atmospheric 

particles in Khulna City.  

C. To investigate the long range transport of atmospheric particles in urban areas of 

Khulna using back trajectory modeling. 

 

1.4 Organization of the Thesis 

The dissertation has been presented comprising different aspects of this study in following 

seven distinct chapters. The chapters describe the overall view of the PM pollution in urban 

areas of Khulna. 

Chapter 1: This chapter gives the general overview of background information, specific 

objectives and structure of the dissertation of this study. 

Chapter 2: This chapter comprises of comprehensive literature review encompassing the air 

pollution, different types of air pollutants, air pollution by particulate matter and its effects, 

air pollution of major cities of Bangladesh, air quality standards, meteorological condition of 

Bangladesh and effect of meteorological variables on air particulates and air quality 

modeling. 

Chapter 3: This chapter describes the methodologies adopted in this study. It describes the 

seasonal variation of atmospheric particles with meteorological parameters, measurement of 

the mass concentration and analysis of the size distribution of atmospheric particles, long 

range transport of atmospheric particles by using back trajectory modeling, HYSPLIT 

dispersion model development as well as data interpretation and analysis and Air Quality 

Index Calculation. 

Chapter 4: This chapter represents the detailed analysis of the seasonal variation of 

atmospheric particles with meteorological parameters in Khulna City. This analysis includes 

daily variation in PM10 and PM2.5 concentrations, seasonal variations in PM10 and PM2.5 

concentrations, relation between PM10 and PM2.5 and the relation between concentrations of 

PM10 and PM2.5 and meteorological factors. 

Chapter 5: This chapter describes the measurement of the mass concentration and analysis 

of the size distribution of atmospheric PM in Khulna City. The modal analysis comprises PM 

mass analysis, correlation between PM10, PM2.5 and PM1 at monitoring sites, particle size 
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distribution, particle mass concentration and Exceedance Factor (EF) and Air Quality Index 

(AQI) calculation. 

Chapter 6: This chapter shows the back trajectory modeling of long range transport of PM in 

Khulna City using HYSPLIT-4 model. This chapter also describes the construction of 

windrose diagram from meteorological data and validation of HYSPLIT-4 model. 

Chapter 7: This chapter includes the summary the findings of this study and provides 

recommendations for further research. 

References: Lists of relevant article publications and thesis and other reports cited in the 

texts are included in this section. 
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CHAPTER 2  

LITERATURE REVIEW 

 

2.1 General 

Pollution may be defined as the introduction of environment contamination which has the 

probability to cause discomfort, disorder, instability, harm in ecosystem (living organisms or 

physical systems). Human activities are the main reason for this pollution, however natural 

disasters are also occurring major portion of this pollution. Making virtually impossible to 

sustain life on earth pollution has made a substantial contribution of detrimental effect on any 

living organism in an environment. In many developing countries including Bangladesh has 

been emerged a great urban contribution where different forms of pollution including severe 

atmospheric pollution rises due to uncontrolled emission. In Khulna City, the temporal and 

seasonal variation of atmospheric particles is observed in some areas.  

The purpose of this chapter is to provide comprehensive literature review encompassing the 

air pollution both in Bangladesh and global perspective, air pollutants, impacts of air 

pollution- particularly the particulate matters and modal analysis of atmospheric particles 

from urban areas in Khulna City.  

2.2 Air Pollution 

According to USEPA (2007), air pollution is the presence of contaminants or pollutant 

substances in the air that interfere with human health or welfare, or produce other harmful 

environmental effects. Any atmospheric condition where a measurable threat on human, 

animal and ecosystem of earth due to present of various concentrations (gases, liquid drops or 

solid particles) above their normal ambient levels may be defined as air pollution. According 

to World Health Organization (WHO, 2006), air pollution is contamination of the indoor or 

outdoor environment by any chemical, physical or biological agent that modifies the natural 

characteristics of the atmosphere. There are different scales of air pollution problem. Ambient 

air pollution exists at all scales, from extremely local to global (Vallero, 2008). This section 

considers five different scales of local, regional, global, urban and continental. Here, the 

Figure 2.1 presented the scales of air pollution.  
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Figure 2.1 Different scales of air pollution 

Air pollution include damages to ecosystems on which human depend for their livelihood, 

damages to the physical infrastructure and thus materials of the universe. Air pollution is not 

only local issues but also a global issue and it has several effects. Here, the Figure 2.2 

presented the sources and effect of air pollution according to National Park Service, 2010. 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Sources and effects of air pollution (National Park Service, 2018) 

2.2.1 Local Pollution 

Local air pollution problems are most usually characterized and determined by one or several 

large emitters or a large number of relatively small emitters (Vallero, 2008). It may result as 

the larger potential impact due to lower release height of sources. Local air pollution is causes 

and resulted from the local emissions of pollutants e.g., emissions from industry, vehicle etc. 

As example, in roadside high concentrations due to motor vehicles emit carbon monoxide 

there. Secondly, the maximum concentrations near the source may be created by volatile 

Scales of Air Pollution 

Regional Global Urban Continental Local 
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organic compounds evaporation from waste treatment plant which is an example of ground 

level source. In early nineteenth and twentieth centuries air pollution was considered a local 

event, and occurred in big cities near industrial areas. Even the infamous environmental 

catastrophes in the area of Liege in the 1930s, the first recorded occurrence of death by air 

pollution, or in London in the 1950s, were essentially local phenomena (Slanina, 2010). 

2.2.2 Regional Pollution 

At least three types of problems contribute to air pollution problems on the regional scale. 

The first one is the blend of urban oxidant problems at the level of regional scale (Vallero, 

2008). Airs containing both primary pollutants and secondary pollutants flow from one 

metropolitan area to the adjacent metropolitan area this is due to a number of major 

metropolitan areas are in close proximity to one another. Then the second type of problem is 

the release of approximately slow reacting primary air pollutants that undergo reactions and 

transformations during lengthy transport times (Vallero, 2008). High concentrations of 

peroxides and ozone are produced in reactions between NOx and VOCs which are very 

harmful to ecosystem and human health. Around the same period of time, the first high 

oxidant concentrations (the complex mixture of ozone, peroxides and other products of the 

reactions of organics and nitrogen oxides are called oxidants) were more and more frequently 

occurring in Europe during the stagnant meteorological conditions (Slanina, 2010). 

2.2.3 Global Pollution 

The global air pollution is very significant in worldwide now a day and its best example is the 

stratospheric ozone layer destruction by the CFC compounds emission. This issue was given 

a lot of attention mostly in the period of 1985 to 1995, as it was revealed that the destruction 

of stratospheric ozone leads to higher Ultraviolet light intensities and a higher incidence as a 

problem of skin cancer (Slanina, 2010). A new dimension in air pollution is increasing 

radioactive substances concentrations as compounds by altering the radioactive balance of 

earth.  

2.2.4 Urban Pollution 

The next scale of air pollution is urban pollution. Mainly in urban areas air pollution occurs 

in two ways. The first one is the direct release of primary pollutants from different sources. 

The second one is the secondary pollutants formation which occurred by chemical reactions 
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between primary pollutants. Individual sources are mainly occurring air pollution problems in 

local scale as well as in urban scale. For pollutants that are relatively nonreactive, such as 

carbon monoxide and particulate matter, or relatively slowly reactive, such as sulfur dioxide, 

the contributions from individual sources combine to yield high concentrations (Vallero, 

2008).  

2.2.5 Continental Pollution 

Continental pollution is another scale of air pollution. In comparatively small continental 

area, for example in case of Europe where there is the difference between continental scale 

and regional scale is very little. However in continental scale, the air pollution policies of one 

country influence the neighboring countries which are a greatest concern. Due to the 

influence Western Europe and Great Britain is considered for occurring acid rain in 

Scandinavia. For decades, Canada and the United States have cooperated in studying and 

addressing the North American acid rain problem (Vallero, 2008). 

2.3 Sources of Air Pollution 

Air pollution is actually the presence and addition of any harmful substances to the 

atmosphere, which causes the damaging of the environment, affect human health and the 

quality of life. The surrounding of the earth atmosphere is polluting day by day from the very 

beginning of mankind. There are many cause and various sources which are responsible for 

the present increasing rate of air pollution at the atmosphere. All of those pollution sources 

can be mainly classified into two different sections (Biswas et al., 2010). One of the air 

pollution sources that arise from natural causes and other is from anthropogenic causes. Here, 

the Figure 2.3 presented the sources of air pollution.  

 
Figure 2.3 Sources of air pollution  

 

 

 

 Anthropogenic sources Natural sources 

Sources of Air Pollution 
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2.3.1 Natural Sources of Air Pollution 

The result of air pollution from a source which is generated automatically in nature is called 

the natural sources of air pollution. Volcanic eruption is one of them for which a large 

amount of ash, flyable debris and smoke spread into the atmosphere. As a result there is a 

high rate of particulate matter (PM) mass concentration in the surrounding air and which 

sustain for a certain period of time. Here, Figure 2.4 presents the natural source of air 

pollution. Dust storm is another form of natural event of air pollution. It occurs in a certain 

region and suddenly spoiled the air quality in that region mainly by increasing the dust 

particle into the air. The wildfire or bushfire, sea spray are also several natural sources of air 

pollution. 

 

 

Figure 2.4 Natural sources of air pollution (tradcatknight.blogpost.com) 

2.3.2 Anthropogenic Sources of Air Pollution 

The event of air pollution from a source which is occurred due to the direct or indirect 

human’s activity is called the anthropogenic causes of air pollution. First of all, it is estimated 

that human being has started to pollute the air by discovering the use of fire. An 

anthropogenic activity mainly includes the man’s technological discover and enhancement 

which is strongly related to particulate matter (PM) pollution such as power plants, industrial 

facilities, trucks and automobiles, construction activities, straw burning, biomass burning etc. 
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Some religious, occasional and recreational activities are also responsible for air pollution. 

Here, the Figure 2.5 presented the anthropogenic sources of air pollution.  

 

 

 

Figure 2.5 Anthropogenic sources of air pollution (tradcatknight.blogpost.com) 

2.3.3 Major Sources of Air Pollution 

There are some other major sources of air pollution. The use of fossil fuel for heating and 

cooling, transportation, industrial processes and energy conservation, incineration of various 

forms of industrial, municipal and private wastes  that all contribute to the air pollution. 

Major air pollution sources may be categorized as follows shown in Table 2.1: 
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 Table 2.1 Major sources of air pollution (Seinfeld and Pandis, 1998) 

Mobile 
Sources 

Incineration Industrial 
processes 

Stationary Miscellaneous 

Motor 
vehicles, 
rails, 
ships, 
aircrafts 
etc. 

Household and 
commercial wastes, 
agricultural burning, 
industrial and 
hazardous waste 
incineration. 

Chemical, 
metallurgical, 
paper-pulp 
industries, 
petroleum 
refineries. 

Fuel 
combustion 
in power 
plant, heating 
plant, etc. 

Re-suspension from 
roads, Domestic fuel 
or wood 
burning, Forest fire, 
volcanic eruption, 
pollen grains etc. 

 

2.4 Air Pollutants 

There are several air pollutants in the atmosphere. The emission rates of increasing air 

pollutants in the cities of developing countries are higher than those of developed countries 

(Kato et al., 1991). In recent times, due to enhanced human activities that producing 

increased emissions atmospheric pollution in urban area has become a major issue in many 

developing countries all over the world. Usually the most common air pollutants in urban and 

industrial areas are particulate matter, CO, NOx, SOx and O3 (Masters, 2004). In addition, 

there could be a wide range of other pollutants such as organic compounds, toxic chemicals, 

asbestos, etc. present in air in certain areas depending on the land use pattern and zoning and 

activity in that area. Among the major air pollutants, six pollutants are identified as causing 

very harmful health effects. As they are causing the adverse impact on human health, in order 

to preventing it ambient air quality guidelines have been established and implemented for 

these pollutants. These six pollutants are Particulate Matter, CO, Pb, NO2, SO2 and O3. In a 

combination they are known as “Criteria Pollutants” (Masters, 2004).  

2.4.1 Classification of Air Pollutants 

Air pollutants can be classified into different groups from different aspects. Air pollutants 

arise from several sources. The sources and types of air pollutants are presented in the 

following Figure 2.6.  
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Figure 2.6 Sources and types of air pollutants (National Park Service, 2018) 

The classification of major air pollutants according to various forms are presented in the 

following Figure 2.7 and the classification details of air pollutants are discussed in the 

following articles. 

 

 

 

 

 
Figure 2.7 Classification of air pollutants according to various forms 

2.4.1.1 According to the Origin 

According to the origin the air pollutants can be classified as primary or secondary (Masters, 

2004). This classification is basically based on how the pollutants are usually originated in 

the atmosphere. 

A. Primary Pollutants 

The emission of primary pollutants into the atmosphere is directly occurred from 

recognizable sources. Examples include carbon monoxide (CO) and sulfur dioxide (SO2). 

Types of releases Origin 

Classification of Air Pollutants 

State of Matter Chemical Composition 
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B. Secondary Pollutants 

By physical and chemical processes, from various natural constituents and primary pollutants 

secondary pollutants are formed in atmosphere. As example, ozone is formed by nitrogen 

oxides, sunlight and hydrocarbons. 

2.4.1.2 According to the State of Matter 

Air pollutants can be found in different state of the earth such as gas, liquid and solid 

(Masters, 2004). The classification of air pollutants based on the state of matter is as follows:  

A. Gaseous 

 CO, SOx, NOx etc. (considered as inorganic pollutants)  

 Benzene, methane etc. (considered as organic pollutants)  

B. Particulates or Aerosols 

 Dust, smoke, fume, fly ash etc. (solid state of matter)  

 Mist, spray etc. (liquid state of matter)  

 Pollen, bacteria, virus etc. (natural particulates) 

2.4.1.3 According to the Chemical Composition 

Air pollutants can be of various chemical compositions (Masters, 2004). They are as follows:  

A. Organic: As example, Hydrocarbons (HC), Aldehydes and Ketones. 

B. Inorganic: As example, SOx, NOx, CO, HCl, NH3, H2S etc. 

Air pollutants are also classified according to the major groups of compounds and they are as 

follows (Seinfeld, 1985):  

 Sulfur as containing compounds  

 Nitrogen as containing compounds  

 Carbon as containing compounds  

 Halogen as containing compounds  

 Toxic Substances may include as the components of other classes 

 Radioactive compounds  
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2.4.1.4 According to the types of Releases 

Sources of air pollutants can be divided into three categories according to their release 

(Seinfeld, 1985).  

A. Point Sources: Such as smokestack  

 Continuous: As example the pollutant emits continuously as like a plume  

 Puff releases: As example the pollutants are released intermittently  

B. Line Sources: Such as the emissions from motor vehicles along a highway.  

C. Area Sources: Such as wildfires, evaporated vapors from a large spill of volatile liquid. 

2.4.2 Types of Air Pollutants 

Here, the Table 2.2 presented the major types of air pollutants.  

Table 2.2 Major types of air pollutant (Seinfeld, 1985) 

Particulates 
(SPM) 

Carbon 
oxides (CO, 
CO2) 

Nitrogen 
oxides and 
nitric acid 
(NO, NO2, 
HNO3) 

Sulfur dioxide 
and sulfuric 
acid (SO2, 
H2SO4) 

Ozone 
(O3) 

Volatile 
organic 
compound 
(VOCs) 

About 38% 
from human 
sources such 
as coal 
burning 
plants, motor 
vehicles, 
road 
construction, 
and tobacco 
smoke.  

From motor 
vehicle 
exhaust, 
burning of 
forests and 
grasslands, 
tobacco 
smoke,           
open fires or 
inefficient 
stoves for 
cooking.  

Colorless gas 
forms when 
Nitrogen and 
Oxygen react 
at high 
combustion 
temperature in 
auto engines 
and coal 
burning power 
or industrial 
plants.  

Colorless gas 
with irritating 
odor 1/3 from 
natural 
sources, 2/3 
from human 
sources such as 
combustion of 
sulfur 
containing coal 
and oil refining 
and smelting. 

Colorless, 
highly 
reactive 
gas, major 
ingredient 
of 
photoche-
mical 
smog.  

VOC’s are 
organic 
compounds 
that exist as 
gases in the 
atmosphere 
or that 
evaporate 
into the 
atmosphere 

 

2.5 Impact of Air Pollution in General 

Air pollution impacts are alarming at this present time. It may causes various respiratory and 

heart conditions as like cancer and among other problems of the human being. Death are 

common due to direct and indirect impact of air pollution. Children in such affected areas 
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exposed to air pollutants are said to commonly suffer from pneumonia and asthma problems. 

Global warming is another direct impact due to air pollution. With the increased temperatures 

worldwide there is an increase in sea levels and melting of ice from colder regions and 

icebergs, displacement and loss of habitat have already signaled an impending impact of 

disaster if actions for preservation and normalization aren’t undertaken within short period of 

time. During the burning of fossil fuels detrimental gases as NOx and SOx are unconfined at 

atmosphere. Eutrophication so called a state there elevated portion of nitrogen gases nearby 

in some pollutants that mainly grow in sea’s surface and turns itself into algae and harmfully 

affected the marine, aquatic fishes, vegetation and mammal variety. Just like human-being, 

animal species faces various overwhelming impacts of air pollution. Very often wildlife 

species moves due to toxic chemicals. When the toxic pollutants that place above the surface 

of the water body can also affect the animals of sea and cause negative impact on it. Ozone 

(O3) present in earth’s layer stratosphere and it is accountable for saving human from very 

dangerous ultraviolet ray. Day by day the O3 layer is damaging due to the presence of CFC, 

HCFC that presence at the atmosphere. As a result O3 layer may go thicken and may provide 

damaging rays back on earth may cause skin and eye troubles. Ultraviolet rays adversely 

affected the crops production. 

2.6 Particulate Matter 

It is widely accepted that particulate matter is the major pollutant of concern internationally 

and in Bangladesh. PM is a solid or may a liquid balance in a gas which in attendance at the 

air. PM generally found in air including sand, dirt, soot, smoke, and in liquid droplets. PM is 

generally produced through chemical reactions in the atmosphere and fuel burning with 

inadequate oxygen as example motor vehicles, power generation, industrial facilities, 

residential fire places, wood stoves and from agricultural burning. Some particles as 

pollutants are directly come from a variety of sources such as cars, trucks, factories, 

construction sites, tilled fields, unpaved roads, stone crushing and burning of wood and Table 

2.3 represented the Classification of particulates according to their aerodynamic diameter. 

 

 

 



 

Table 2.3 Classification of particulates according to their aerodynamic diameter

Size Range 

PM10 (thoracic fraction)

PM2.5 (respirable fraction)

PM1 

Ultrafine 

PM10- PM2.5 (coarse fraction)

Other particulates produced at the air 

Sometimes the particulates formed when gases 

sunlight and with the water vapor. Here, Figure 2.8 presented the formation process of 

particulates. 

Figure 2.8 Formation of particulates

2.6.1 Size of Particulate Matter

Sometimes the particles have very 

equivalent “Aerodynamic Diameter” (Seinfeld, 1985). Aerodynamic diameter is 

through the compares with ideal
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ification of particulates according to their aerodynamic diameter

2008) 

Diameter 

(thoracic fraction) Less or Equal than 10μm

(respirable fraction) Less or Equal than 2.5μm

Less or Equal than 1μm

Less or Equal than 0.1μm

(coarse fraction) 2.5 -10μm 

the air through chemical changes in gases at the atmosphere

particulates formed when gases produced burning of fuels react with 

water vapor. Here, Figure 2.8 presented the formation process of 

 

Formation of particulates (Master, 2004) 

2.6.1 Size of Particulate Matter 

very irregular shapes however their sizes are identified

equivalent “Aerodynamic Diameter” (Seinfeld, 1985). Aerodynamic diameter is 

ideal spheres which having the similar settling of velocity. It is 

ification of particulates according to their aerodynamic diameter (Vallero, 

Less or Equal than 10μm 

Less or Equal than 2.5μm 

Less or Equal than 1μm 

Equal than 0.1μm 

the atmosphere. 

fuels react with the 

water vapor. Here, Figure 2.8 presented the formation process of 

 

identified through 

equivalent “Aerodynamic Diameter” (Seinfeld, 1985). Aerodynamic diameter is resolute 

settling of velocity. It is 



 

defined by considering the comparison as the diameter of the perfect sphere having the same 

velocity same as the particulate has and p

2.5μm are termed as “Fine Particles” and the particles larger than 2.5μm are termed as 

“Coarse Particles” (Seinfeld, 1985).  Here, the Figure 2.9 shows the particles size distribution 

that are ideally found in the atmosphere. From the figure it is found that the anthropogenic 

particles are of smaller sizes and as a result they reached the respir

Based on the size particulates are divided into two major groups:

 PM10-Particulate Matter of size 

 PM2.5-Particulate Matter of size 

Figure 2.9 particles size distribution that are ideally found in the atmosphere

2.6.2 Sources of Particulate Matter

Any dispersed substance however

atmosphere under general situation

however they are larger than molecular dimension (about 2Å) generally defined as particulate 

matter. Once the particulate matter is

chemical composition are changed

are ultimately detached through 

particulate matters are soil and rock erosion, forest fire, sea spray, volcanoes etc. Among the 

anthropogenic sources of particulate matters are industrial processes, transportation, fugitive 

emission from industries, fugitive emission from non

construction debris etc.) are the common among others

respirable particles in the earth’s atmosphere are considered as natu
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ring the comparison as the diameter of the perfect sphere having the same 

culate has and particles with aerodynamic diameter not more than 

2.5μm are termed as “Fine Particles” and the particles larger than 2.5μm are termed as 

rse Particles” (Seinfeld, 1985).  Here, the Figure 2.9 shows the particles size distribution 

that are ideally found in the atmosphere. From the figure it is found that the anthropogenic 

particles are of smaller sizes and as a result they reached the respiratory tract easily. 

Based on the size particulates are divided into two major groups: 

Particulate Matter of size ≤ 10μm. 

Particulate Matter of size ≤ 2.5μm. 

 

distribution that are ideally found in the atmosphere (Seinfeld, 1985

2.6.2 Sources of Particulate Matter 

however excluding the pure water as a liquid or in 

situation and is microscopic or submicroscopic 

larger than molecular dimension (about 2Å) generally defined as particulate 

particulate matter is present in the atmosphere, their size, number and 

chemical composition are changed through several mechanisms and processes as long as 

through natural processes. There are some major natural sources of 

particulate matters are soil and rock erosion, forest fire, sea spray, volcanoes etc. Among the 

ticulate matters are industrial processes, transportation, fugitive 

emission from industries, fugitive emission from non-industries (as example: road dust, 

construction debris etc.) are the common among others (Masters, 2004). About 90% of all 

articles in the earth’s atmosphere are considered as natural and about 10

ring the comparison as the diameter of the perfect sphere having the same 

articles with aerodynamic diameter not more than 

2.5μm are termed as “Fine Particles” and the particles larger than 2.5μm are termed as 

rse Particles” (Seinfeld, 1985).  Here, the Figure 2.9 shows the particles size distribution 

that are ideally found in the atmosphere. From the figure it is found that the anthropogenic 

atory tract easily.  

Seinfeld, 1985) 

in solid form at 

microscopic in dimension 

larger than molecular dimension (about 2Å) generally defined as particulate 

in the atmosphere, their size, number and 

as long as they 

natural processes. There are some major natural sources of 

particulate matters are soil and rock erosion, forest fire, sea spray, volcanoes etc. Among the 

ticulate matters are industrial processes, transportation, fugitive 

industries (as example: road dust, 

. About 90% of all 

ral and about 10% are 
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considered as anthropogenic (Masters, 2004). However, most natural particles are relatively 

harmless and they are as example: soil, sea spray, biological materials etc. On the other hand, 

particles of anthropogenic origin are often termed as toxic. Sometimes the non-uniform 

distribution of anthropogenic particle sizes makes the toxic items even more dangerous. 

2.6.3 Types of Particulate Matter 

The average human eye cannot see the types of particles smaller than 40µm. It is the types of 

particles larger than 100µm and smaller than 0.01µm that are of little interest to most modern 

manufacturing processes because particles larger than 100µm are easily filtered and particles 

smaller than 0.01µm are too small to cause damage (Harrison and Yin, 2000). In addition, the 

International Organization for Standardization (ISO) does not provide classifications for 

types of particles smaller than 0.1µm (called ultrafine particles) nor particles larger than 

5.0µm are called macro particles (Harrison and Yin, 2000 ). Here, the Table: 2.4 presented 

the lists of some common types of particles and their relative sizes. 

Table 2.4 Lists of some common types of particles and their relative sizes 

 

 

 

 

 

2.6.4 Composition of Particulate Matter 

Fine particles are lesser than about 2.5μm and created through the condensation of water 

vapors, accumulation and coagulation. All of them have a chemical composition which 

reflects the condensable trace gases at atmosphere such as SO2, NH3, HNO3, VOC’s, and 

H2O. The chemical composition is water with SO2
4-, NO3-, NH 4+, Pb, Cl-, Br-, C(soot) and 

organic matter where biomass burning is prevalent, K+. Coarse Particles have a diameter that 

is usually greater than about 2.5μm are generally produced by mechanical weathering of the 

Particle Content Particle Size (µm) 

Hair 50 – 150  

Visible 50  

Flu virus 0.07  

Pollen 7 – 100  

Sneeze particles 10 – 300  

Dust 0.1 – 100  

Bacteria 1.0 – 10  
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surface materials. Their lifetimes are controlled through fallout and washout of particulate 

which are generally short. The composition of particles in this size range reflects that of the 

earth's surface such as silicate (SiO2), iron and aluminum oxides, CaCO3 and MgCO3; over 

the oceans, NaCl (Harrison and Yin, 2000 ). 

2.6.5 Effects of Particulate Matter 

In present days, the airborne particulate matter pollution has become a continuous and 

common crisis due to release of PM and many detrimental gasses at the atmosphere. The 

pollutant enters into the atmosphere that arises from various natural and anthropogenic 

causes. PM generally produced from different kinds of sources that include diesel trucks, 

power plants, industrial processes, biomass burning and dust storm etc. Now-a-days the 

ambient particulate matter (PM) being an air pollutant has become the major concern over the 

surrounding environment because of its negative impact on human health, animal and 

wildlife, environment and on global climate change. The effect of aerosol particle also can be 

described as local impact producer and it has adverse effect on human health and visibility 

reduction etc., having regional impact on forests, animal, lakes, ozone production etc. and 

global impact on climate change.  

2.6.5.1 Human Health Effect 

The particulate matter (PM) especially the coarse particle like PM10 known as dia. of particle 

less than 10μm and the fine particle like PM2.5 known as dia. of particle less than 2.5μm is 

continuously creating a negative effect on both individuals health and atmospheric 

environment. In the present time the impact of fine particle is creating a more significant 

concern than the coarse particle. The same amount of Particulate Matter mass deposited in 

the lung, toxicity tends to increase as particle size decreases because it provides increased 

surface area per unit mass on a continuous basis and several studies in the past have linked 

respirable particulate matter (PM) to the deteriorating lung and heart functioning and even 

reduced life expectancy (Koenig et. al., 2005). Various studies have done to find out the 

cause and effect relations between respiratory effects and exposures to ambient Particulate 

Matter. Here, the Figure 2.10 presented the overall health impact for PM mass concentration.  



 

Figure 2.10 Overall health impact for PM mass concentration (National park service, 2018)

A. Effect of PM10 

Some health effects of PM10 has been enlisted below, adopted from Kappos et al., 2004; 

Bakand et al., 2012; Zimmermann, 

 Very extended exposure of PM

mortality, morbidity, lung growth and respiratory system will be affected.

 Short-term exposure of PM10 

pneumonia and other respiratory diseases as well as pa

and diabetes are especially affected for it.

 PM10 pollution can cause various problems in 

irritation, inflammation etc.  

 Vulnerable persons experiencing 

PM10 leading to pneumonia of human being. 

B. Effect of PM2.5 

The mass concentration of fine particulate matter to ambient environment is a major reason 

for premature deaths (Massey et. al., 2012), functional change in huma
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Overall health impact for PM mass concentration (National park service, 2018)

has been enlisted below, adopted from Kappos et al., 2004; 

Bakand et al., 2012; Zimmermann, 2011; Preutthipan et al., 2004 and Seaton et al., 1995.

exposure of PM10 for times to times may causes cardiovascular and infant 

mortality, morbidity, lung growth and respiratory system will be affected. 

10 for a subsequence day that affects the patients with asthma, 

pneumonia and other respiratory diseases as well as patients with cardiovascular diseases 

and diabetes are especially affected for it. 

various problems in blood circulation and in lung system as like 

 

Vulnerable persons experiencing susceptibility to viral and bacterial pathogens 

of human being.  

The mass concentration of fine particulate matter to ambient environment is a major reason 

for premature deaths (Massey et. al., 2012), functional change in human cardiovascular and 

 

Overall health impact for PM mass concentration (National park service, 2018) 

has been enlisted below, adopted from Kappos et al., 2004; 

Preutthipan et al., 2004 and Seaton et al., 1995. 

may causes cardiovascular and infant 

for a subsequence day that affects the patients with asthma, 

tients with cardiovascular diseases 

lung system as like 

l and bacterial pathogens due to 

The mass concentration of fine particulate matter to ambient environment is a major reason 

n cardiovascular and 
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respiratory system (Gupta et. al., 2011) especially for sensitive personnel as example for 

elderly and diseased. Fine particles are of greater concern because they can penetrate into 

lung tissues and ultimately enter into the blood stream which can change the blood chemistry 

(Harrison and Yin, 2000; Cohen et. al., 2005; Kunzli and Tager, 2005; Sharma and Agrawal, 

2005; Huang and Tasi, 2002). It also causes wheezing, coughing, chest tightness, breathing 

difficulties, worsening of existing lung problem and causes the risk of heart attack (Cohen et. 

al., 2005). In addition of long term exposure of Particulate Matter pollution can cause cancer 

and damage to the immune, neurological, reproductive and respiratory systems. In extreme 

cases, it can even cause death of living beings (Tager, 2005).  

2.6.5.2 Wildlife Effect 

Humans, animals are experiences various health problems due to extreme amount of 

concentrations in air toxics presences. Air toxicity is generally causes to birth defects, 

reproductive failure and disease in animals. Persistent toxic air pollutants those that are break 

down slowly in the environment are of particular concern in the aquatic ecosystems and all of 

these pollutants accumulated in sediments and may be causes the bio-magnify in tissues of 

animals at the top of the food chain to concentrations many times higher than in the water or 

air (Sharma and Agrawal, 2005) 

2.6.5.3 Environmental Effect 

Particulate matter can cause various and serious problems in the living environment. Some of 

the problems are the change in the radiation balance of the earth directly by absorbing and 

scattering incoming sunlight and indirectly by acting as cloud condensation nuclei (CCN) to 

form clouds, change in cloud formation, contribution to global warming, and reduced 

visibility (Tiwari et. al., 2015).  

A. Crop and Forest Damage 

Ground-level  secondary aerosol particles  can  lead  to  reductions  in agricultural crop and 

commercial forest yields that reduced  growth  and  survivability  of  tree seedlings and 

increased plant susceptibility to disease, pests and other environmental stresses such  as  

harsh  weather (Tiwari et. al., 2015).  As described above, crop and forest damage can also 

result from acid rain and from increased Ultraviolet radiation caused by ozone depletion. 

(Huang and Tasi, 2002). 
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B. Global Climate Change 

The earth's atmosphere generally takes a slight equilibrium of physically happening gases so 

as to catch the sun's radiation warmth close to the Earth's exterior on a regular basis. The 

“greenhouse effect” remains the earth’s heat in a steady situation. Regrettably, indication is 

rising that the humans have troubled this natural equilibrium by generating vast amounts of 

some of these greenhouse gases, including carbon dioxide (CO2) and methane (CH4). As a 

result, the earth's atmosphere seems to be trapping more of the sun's heat and causing the 

earth’s average temperature to raise an occurrence known as global warming. Many scientists 

believe and prove that global warming could have significant impacts on human health, 

agriculture, water resources, forests, wildlife, and coastal areas (Gupta et. al., 2011). 

2.7 Air Pollution in Bangladesh 

Bangladesh is an ongoing rising and most compactly populated country over the world and 

also known as a third world country in the world. In comparison, its population limit crosses 

the proportion of its area and as a result there exists a huge amount of air pollution that arises 

from various sources in the country. A statistics show that the “air pollution” kills nearly 

15,000 Bangladeshis each year (Paul, 2002). This is released in the World Bank report saying 

Bangladesh could save between $200 million and $800 million per year; these amounts 

translate to about 0.7% to 3.0% of the gross national product if air pollution is reduced in just 

four major cities of Bangladesh (Zaman and Rahman, 2009). An on-line forum called South 

Asia in 2001 mentioned that 6.5 million people in four large cities of Bangladesh suffer each 

year. Another at least 8.5 million cases have been observed with minor illnesses that did not 

require severe treatment and the major disease in Bangladesh is not diarrhea as often 

perceived and the deadly heart attacks which may be more plausible problem among the 

people who spent decades living in heavily polluted areas (Huda, 1998). Here, the Table 2.5 

presented the air pollution percentage of most five industrial sectors of Bangladesh in the 

Year 2001.  

 

 

 

 



 

Table 2.5 Air pollution percentage of most five industrial sectors of Bangladesh
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2.7.1 Air Qualities of Major Cities of Bangladesh

Air pollution is one of the major manmade environmental problems that had recently gained 

importance among environmental issues in Bangladesh (Ahmed and Hossain, 2008). 
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Here, the Figure 2.11 presented the major air polluted area and percentages. 
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2.7.1 Air Qualities of Major Cities of Bangladesh 

Air pollution is one of the major manmade environmental problems that had recently gained 

importance among environmental issues in Bangladesh (Ahmed and Hossain, 2008). 
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Bangladesh has been ranked fourth among 91 countries with worst urban air quality in the 

latest air pollution monitoring report of World Health Organization (WHO, 2016). Moreover, 

three Bangladeshi cities such as Narayanganj, Dhaka and Gazipur have been put among the 

top 25 cities with poorest air qualities and conditions. The 2014 version of the Ambient Air 

Pollution (AAP) database consists mainly of urban air quality data of 1600 cities from 91 

countries. In the city-wise assessment, Narayanganj has been marked as the 17th city with 

worst air quality whereas Gazipur and Dhaka have been ranked 21st and 23rd respectively 

(Daily star, 2015). According to the report almost 90 percent of people living in the cities are 

being exposed to dangerous levels of air pollution and its effect. Outdoor air pollution killed 

3.7 million people in 2012 and the WHO says it is now the world's largest single 

environmental health risk (WHO, 2013). The report also states only 12 percent of people are 

living in cities that conform to the World Health Organization (WHO) air quality guideline 

levels (WHO, 2013). The report was more extensive compare to the similar database released 

by the WHO in 2011 (WHO, 2013).. The report was prepared on the basis of the monthly air 

quality monitoring data of 2013 of the Department of Environment (DoE), Bangladesh. The 

DoE has set up air quality monitoring stations in eight (8) cities including the cities of Dhaka, 

Narayanganj, Gazipur, Rajshahi, Chittagong, Khulna and Sylhet (WHO, 2013). Though 

Narayanganj has the highest level of gaseous pollutants, the report shows the air of the 

northern metropolis Rajshahi contains the highest level of dust particles (Daily Star, 2015). 

Among the gaseous pollutants which the DoE measures on a regular basis are carbon 

monoxide (CO), sulphur dioxide (SO2), oxides of nitrogen (NOx) and ozone (O3), methane 

and non-methane pollutants (Le and Oanh, 2010). Brick manufacturing is the fastest growing 

industrial sector in Bangladesh and among the top three sectors along with vehicle exhaust 

and suspended road dust, contributing to the air pollution and health problems mainly in 

Dhaka and Khulna Cities. The total emissions from the brick manufacturing in the Greater 

Dhaka region and Khulna region, has been estimated and found 23,300 tons of PM2.5, 15,500 

tons of SO2, 302,000 tons of CO, 6,000  tons of BC, and 1.8 million tons of CO2 emissions 

from  the clusters of brick kilns, to  produce 3.5 billion bricks per  year  (Guttikunda  et al., 

2010). Emission of individual air pollutant from brick kilns varied significantly during a 

firing batch that estimated on a seven days basis and between kilns. Average emission factors 

per 1,000 bricks were 6.35 to 12.3 kg of CO, 0.52 to 5.9 kg of SO2 and 0.64 to 1.4 kg of PM 

(Le and Oanh, 2010). 
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2.7.2 Air Quality of Khulna 

Khulna is the third biggest metropolitan city of Bangladesh and already called a medium 

industrial zone of Bangladesh. The city has low-medium congestion of traffic of uncontrolled 

and frequently smoky cars, trucks, buses, 3-wheel-2 stroke taxis, bicycle and rickshaws 

which struggle for coexistence on the roadways. High mass of population and the incidence 

of slum houses produce a multiplicity of small however frequent air pollution sources 

including biomass burning, dispose of trash and the use of kerosene for cooking purposes. 

The rapid growth of the city indicates that construction activities of all kinds of roadways, 

living spaces, commercial and office buildings and that occur throughout the city creating a 

great deal of uncontrolled dust and waste materials. Industrial development of both in terms 

of small cottage businesses, large factories and distribution centers is largely uncontrolled in 

terms of the emissions of air pollutants. The big industries around the Khulna City are 

textiles, pulp and paper, cement, jute, pharmaceuticals, shipyard and leather processing 

industries. Because of available of river, raw products and transport facilities there are many 

industry are existed in this division. Khalishpur, Noapara are the main industrial area where 

the factory emitted a huge amount of smoke called carbon dioxide (CO2). Different report 

and air monitoring stations shows the presence of atmospheric particles in the urban areas of 

Khulna City. The air environment of Khulna has been deteriorating rapidly during the last 

couple of years especially due to migration of highly polluting 2-stroke engine banned 

vehicles that arrived from Dhaka (DoE, 2005). In this city there is a major problem and lack 

of solid waste management system. It is usual matter and every time it has been seen that the 

waste have been dumped in the road side. Both human activity and natural actions causes air 

pollution in Khulna Cities. Natural events that pollute the air include the forest fires, volcanic 

eruptions, wind erosion, pollen dispersal, evaporation of organic compounds and natural 

radioactivity. Pollution from natural occurrences but those are not very often (DoE, 2005). 

 
From the above discussion it can be inferred that human being in Khulna City suffers from air 

pollution related health impact most often. The people of Khulna City have no different 

issues. In Khulna monitoring of air quality data has a relatively short history. However now-

a-days continuous air quality monitoring has been commenced through the establishment of 

Continuous Air quality Monitoring Station (CAMS) by Department of Environment (DoE). 

Before that, some uncoordinated efforts were undertaken by different authorities on 

intermittent or project basis. After the installation of CAMS at the premises of DOE it is now 
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possible to have a better idea of the trends of air pollution in Khulna City. Works on 

installation of two more CAMS in Khulna by DoE are underway.  

2.8 Air Quality Standards 

Table 2.6 enlisted the air quality standards of Bangladesh, United States Environment 

Protection Agency (USEPA) and the World Health Organization (WHO). From this it could 

be seen that Bangladesh standards are more or less same as those described in the USEPA 

and the standards for the different pollutants are set considering the different averaging 

period that causes the health effect of by different air pollutants are directly related to 

exposure time (DoE, 2005). 

Table 2.6 Air quality standards (S.R.O. No: 220-Law, DoE, 2005; WHO, 2005 and USEPA, 

2005) 

Pollutants 
Averaging 

Period 

Bangladesh 
Standards 

µg/m3 (ppm) 

WHO Guideline 
Values 

µg/m3 

USEPA 
Standards 

µg/m3 

CO 
8-hour 
1-hour 

10,000 (9) 
40,000 (35) 

10000  
30000 

10000  
40000 

Pb Annual 0.5 0.5 - 

NOx Annual 100 (0.053) 40 100 

SPM 8-hour 200 - - 

PM10 
Annual 
24-hour 

50 
100 

20 
50 

revoked 
150 

PM2.5 
Annual 
24-hour 

15 
65 

10  
25 

15 
35 

O3 
1-hour 
8-hour 

235 (0.12) 
157 (0.08) 

- 
100 

235 
157 

SO2 
Annual 
24-hour 

80 (0.03) 

365 (0.14) 

- 

20 

78 

365 
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2.9 Air Quality Data of CAMS 

Clean Air and Sustainable Environment (CASE) project of the Department of Environment 

(DoE) established eleven (11) continuous air monitoring stations (CAMS) countrywide, 

under taking real-time measurements of ambient level pollutants at 8 major cities (Namely, 

Dhaka, Narayangonj, Gazipur, Chittagong, Rajshahi, Khulna, Barisal and Sylhet) of 

Bangladesh (CASE, 2017). The generated data used for identifying the nature and severity of 

air pollution in the cities through identifying pollution trends in the country; and developing 

air models and emission inventories. The program starts operation of the sampling and 

monitoring network, and quality assurance activities to ensure the quality of the data 

collected and disseminated by the CASE project, 2017. The criteria pollutants such as carbon 

monoxide, nitrogen dioxide, ozone, sulfur dioxide, PM10 and PM2.5 and useful meteorology 

parameters (precipitation, temperature, wind speed, wind direction and relative humidity) are 

being monitored by CASE project (CASE, 2017). Monitoring is performed to demonstrate 

attainment or non-attainment of national ambient air quality standards to assess the trends of 

air pollution levels (CASE, 2017). 

2.10 Meteorological Condition of Bangladesh 

Bangladesh is characterized as flat low-lying plain land made up of alluvial soil having small 

hilly area in the northeast and southeast regions. The vast Bay of Bengal is on the south and 

the great Himalayan Range is to the north. It is situated between 20.570N to 26.630N and 

88.020E to 92.680E.      

Bangladesh has a subtropical monsoon climate characterized by wide seasonal variations in 

rainfall, moderately warm temperatures, often excessive humidity and fairly marked seasonal 

variations. Regional climatic differences in this flat country are minor. Four meteorological 

seasons are recognized as-pre-monsoon (March, April and May), monsoon (June to 

September), post-monsoon (October and November) and winter (December, January and 

February) (Khatun et al., 2016).. Generally, Pre-monsoon months are hot and humid; 

monsoon months are humid and rainy, post-monsoon months are quite hot and dry however 

the winter months are cool and dry (Khatun et al., 2016). 

Winter or Northeast Monsoon season (December–February) contains very light northerly 

winds, mild temperature. The frequent individuality of this season is dry weather and clear to 

occasionally cloudy sky with fog over the country. The mean temperature is in the range of 
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18-22oC. During this period actually when the ridge of sub-continental high pressure extends 

up to northwestern part of Bangladesh, temperature begins to fall over Bangladesh. 

Sometimes minimum temperature goes below than 10°C and cold wave situation occurs over 

western and northern part of the country mostly. Only 2% of the annual total rainfall occurs 

in this season. 

In summer or Pre-Monsoon season (March-May) the mean temperature of Bangladesh varies 

between 23-30oC. April and May are notified as the hottest months. The highest maximum 

temperature ranging from 36-40oC is attained in the northwestern and southwestern districts. 

When the maximum temperature goes above 36°C heat wave situation occurs over 

Bangladesh. Only 19% of the total annual rainfall occurs in this season. This season is also 

characterized by cyclogenesis in the Bay of Bengal.  

In Southwest Monsoon season (June-September), the surface wind changes to 

southwesterly/southerly direction over the southern and the central districts and to 

southeasterly over the northern districts of the country. Wind speed remains light to 

moderate. The onset and withdrawal of monsoon vary from year to year and place to place. 

Generally, rain with widespread cloud coverage and high humidity are the characteristics of 

this season. Due to occasional heavy to very heavy rainfall landslides occur in the hilly 

regions of southeastern part of the country. More than 71% of the total annual rainfall occurs 

in this season (Khatun et al., 2016). With the advance of the monsoon, the summer extreme 

temperatures fall appreciably throughout the country. 

Autumn or Post-Monsoon season (October-November) is the transitional season from 

summer monsoon to the winter. Rainfall decreases considerably during October and 

November and the dry period starts setting over the country. Only 8% of the annual total 

rainfall occurs in this season. Temperature falls noticeably. But the lowest minimum does not 

generally fall below than 10.0oC throughout the country (Khatun et al., 2016). Cyclonic 

disturbances form over the Bay of Bengal during this season. 

2.10.1 Meteorological Condition of Khulna 

During monsoon in Khulna, southerly wind blows from the Bay of Bengal and Northwesterly 

wind from Himalayas during winter season. Khulna's climate is usually tropical in nature. 

The summers here have moderate rainfall, while the winters have very little rainfall. The 

yearly average wind rose suggests that wind prevails flowing from south to north direction in 

most of the time in a year roundly. During November to February, maximum prevailing wind 
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flows from the north and north-west to south and southeast direction. On the other hand 

during March to April wind mostly flows from south and southwest to north and northeast, 

and during May to October it flows from south to north and southeast to northwest direction 

(Weather and Climate, 2015). 

2.11 Effect of Meteorological Variables on Air Particulates 

Meteorology plays a very important role in the distribution of aerosol particles. Several 

studies have shown that Particulate Matter (PM) mass concentrations are influenced by 

various meteorological parameters such as precipitation, temperature, wind speed and relative 

humidity (Karar et al., 2005 and Bhaskar et al., 2010). These meteorological variables also 

affect the emissions of aerosol from ground surface, their residence time in the ambient air 

and the formation of secondary pollutants. Hence there is a need to understand the physical 

processes leading to an observed concentration of PM at a given location (Hughes, 2014). 

Precipitation is one of the reasons for low aerosol particles in the non-Harmattan season as 

the particles are washed out by rain. Wet deposition by precipitation or wet removal is one of 

the major mechanisms for removal of aerosols from the atmosphere (Bhaskar et al., 2010). 

With respect to dynamic processes and chemical reactions meteorological parameters and 

quality of air are closely connected. Increased air pollutant concentrations in the urban 

environment do not typically result from sudden increases in emissions, however rather from 

meteorological conditions that impede dispersion in the atmosphere or result in increased 

pollutant generation (Gorai et al., 2015 and Cheng et al., 2007). There are many aspects of 

variations in air pollution that are still difficult to understand. One of these aspects is the 

estimation of the sensitivity of air pollutants to individual meteorological parameters. A 

combination of meteorological variables important to these conditions includes temperature, 

winds, radiation, atmospheric moisture, and mixing depth (Gorai et al., 2015). It is well 

known that concentrations of pollutant within local air sheds are affected by meteorological 

parameters (Gorai et al., 2015 and Beaver et al., 2009). The direct and indirect formation, 

deposition, transport and emissions of air pollutants are influenced by meteorological 

conditions which affects the overall ambient air pollution. Several research studies pertaining 

to weather and atmospheric pollution effects on humans have provided evidence that 

meteorological factors such as wind velocity and direction, temperature and relative humidity 

can significantly affect air quality (Elminir, 2005; Beaver et al., 2009 and Csavina et al., 

2014). The most important role of meteorology is in the dispersion, transformation and 
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removal of air pollutants from atmosphere (Ocak et al., 2008). A further study (Hien et al., 

2002) revealed that fine particles are controlled mainly by wind and temperature and 60% to 

74% day-today variation of particulate matter concentrations can be reasoned by 

meteorological parameters and that any change of the concentration of PM2.5 is well related to 

pressure, relative humidity, and wind speed. 

Different studies have shown that particulate matters are highly dependent on specific 

meteorological parameters (Dayan et al., 2005 and DeGaetano et al., 2004). It has been 

reported that wind speed, precipitation, relative humidity, temperature, time of day, 

atmospheric stability etc. are the major factors to drive the PM10 concentration (Gietl et al., 

2009). Several studies have been performed to evaluate the extent of urban pollution in the 

major cities of Bangladesh (Begum, 2016 and Begum et al., 2014). Although the relationship 

between meteorology and PM has been investigated, we still have very little information 

about the dependence of urban aerosol on atmospheric parameter in the major cities of 

Bangladesh (Islam et al., 2018). 

2.12 Measuring Atmospheric Particles Concentration and Meteorological Variables by 

using Continuous Monitoring Station 

The Clean Air and Sustainable Environment (CASE) Project of the Department of 

Environment (DoE) has been establishing a countrywide air quality monitoring (AQM) 

network. Eleven (11) continuous air monitoring stations (CAMS) have so far been 

established in 8 major cities.The network encompasses all the regions of the country- Dhaka, 

Narayanganj, Gazipur in the center, Chittagong in the south-east, Khulna and Barisal in the 

south, Rajshai in the west, and Sylhet in the north-east region of the country. Five (05) 

criteria air pollutants (PM, SO2, NOx, O3 and CO) and useful meteorology parameters are 

being monitored every minute in the CAMS (CASE, 2018). 

In this contrast a CAMS operates in Khulna to measure the criteria air pollutants. The CAMS 

is located in the Department of Social Forestry Office Campus at Baira, which is about 4 km 

northwest of the downtown and is about 10 meter away from a local road carrying moderate 

traffic. Because of the topography of the city (flat) and good natural ventilation of the CAMS 

site representative air pollution levels of the city would be measured at this site. The location 

is not affected by nearby air pollution sources. The sampler is placed on the flat roof of the 

CAMS shelter and major components of monitoring station are shown in Figure 2.12. The 
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roof height is 5.0 m above the ground and the intake nozzle of the sampler is located 1.8 m 

above the roof (CASE, 2018). 

 

Figure 2.12 Major components of continuous air monitoring stations (CAMS) (CASE, 2018) 

All of the CAMS are connected by using GPRS system witha Central Data Station (CDS) at 

the head office of DoE in Agargaon, Dhaka. The air quality and meteorology data generated 

every minute at the monitoring stations are retrieved as SQL database at the CDS using 

EnVIEW2000 software. The structure of air quality data flow under CASE, DoE is shown in 

Figure 2.13. The data is scrutinized for outliers and invalid ones; later it is checked, 

compiled, processed and analyzed statistically (CASE, 2018). 
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Figure 2.13 Air Quality Monitoring Network under CASE, DoE (CASE, 2018) 

All of the eleven CAMS under the DoE measure the criteria air pollutants using the principle 

of multiple on-line gas sensors for CO, SO2, NOx and O3 and PM (both PM2.5 and PM10) 

using beta-gauge monitors (CASE, 2018). Though the main objective of this study is the 

assessment of atmospheric particles, here the working principles of PM samplers for 

monitoring particulate matter in continuous air monitoring stations (CAMS) are described. 

According to CASE, 2018, when beta rays pass through a material sometimes they can be 

absorbed, reflected or pass in a straight line. The reduction of concentration in beta rays is 

comparative to the amount of material present. The attenuation of concentration from 

beginning to end most materials is comparatively reliable and is based on the electron density 

of the material.  

The principle behind beta attenuation particulate sampling instruments (beta gauge) is that 

energy is absorbed from beta particles as they pass through PM collected on a filter media 

(CASE, 2018). For measurement of particulate matter concentrations, this scientific principle 

is used for designing beta gauge instruments. According to this scientific principle if baseline 

beta count is established during sampling, only the particulate matter measurement is 



34 

 

possible. The difference between the baseline beta count and the beta count after sampling is 

directly proportional to the mass of PM in the sample (CASE, 2018). 

For providing mass concentration, beta gauge instrument is designed. The instrument 

measures the volume of gas extracted through the stack/duct for each sample interval and 

calculates mass concentration in the specified units (e.g., μg/m3) (CASE, 2018). 

2.13 Measuring Atmospheric Particles Concentration by using Laser Particle Counter 

In this study for measuring particulate matter, a typical laser particle counter (has six particle-

size channels starting at 0.3μm) was used that has model number HANDHELD 3016 IAQ 

(optical particle counter made by Lighthouse worldwide solutions, USA) with a touch screen 

interface and a flow of 0.1 CFM. The model number signifies the minimum particle size 

measured by the instrument. Most of instrument functions are controlled by a microprocessor. 

Count data is displayed as cumulative or differential count in Mass Concentration Mode in 

micrograms per cubic meter (μg/m3) (Operating Manual, 2007). 

2.14 Characterizing and Modal Analysis of Atmospheric Particles 

Many researchers have studied PM concentration and size distribution in urban and rural sites 

around the world (Alvarez et al., 2014). Understanding the mass and elemental distributions 

of atmospheric particles is an important parameter, as the toxicity of particles depends on 

their size and chemical composition, specifically on the concentration of metals in the 

particles (Mohiuddin et al., 2014). The size distribution of Particulate Matter (PM) is 

characterized. Normal distribution is not suitable for PM size distribution data analysis, 

although it is suitable for statistical analysis of various types of data. Although other 

distribution models have been used by many researchers, the best model for representing PM 

size distribution was determined to be the lognormal distribution (Hinds, 1999). The size 

distribution of the PM may be represented by a differential or cumulative distribution 

(Majoral et al., 2006). In characterizing and modal analysis of atmospheric particles, the 

cumulative size distribution and the log-probability figure with PM size (Dp) are plotted 

against the cumulative distribution. Using the regression lines of the log-normal distribution, 

the mass median aerodynamic diameter (MMAD) and the geometric standard deviation 

(GSD) parameters are also calculated (Onatet al., 2012). However the detailed formulation of 

modal analysis of atmospheric particles is described in Chapter 3 (Research Methods).  
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2.15 Air Quality Modeling  

The underlying relationship among meteorology, deposition, atmospheric parameters, 

emissions and other factors is described by a numerical tool called air quality modeling. Air 

quality modeling uses mathematical equations, describing the atmosphere, dispersion and 

chemical and physical processes within the plume, to calculate concentrations at various 

locations (USEPA, 1999). The purpose for conducting an air quality modeling study is to 

estimate the effect on ambient air quality of a change in one or more sources that emit a 

pollutant of concern (Environment Agency, 2014). Air pollution models are the only method 

that quantifies the deterministic relationship between emissions and 

concentrations/depositions, including the consequences of past and future scenarios and the 

determination of the effectiveness of abatement strategies (Daly et al., 2007). Finding the 

source contributions and effective design strategies to lessen critical air pollutants and overall 

air quality management system, air quality models are very effective. Moreover air quality 

models can also be used in order to find out the concentrations of future air pollutants from 

multiple sources after a latest regulatory program implementation. 

2.16 HYSPIT Modeling 

Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) is a computer based 

model is generally used to prepare trajectories of air parcel and to simulate various time 

scales and spatial from regional, local, dispersion and long-range transport of atmospheric 

pollutants. HYSPLIT model was developed jointly by National Oceanic and Atmospheric 

Administration (NOAA) Air Resources Laboratory (ARL) and Australian Bureau of 

Meteorology (Stein et al., 2015). One of the popular uses of this model is to establish high 

level air pollution of one location caused by transportation of air pollutants from other 

locations by combination of satellite images (such as, images from NASA's MODIS 

satellites) and HYSPLIT's back trajectories. It is also unusual in that it may be run from the 

NOAA website as client-server mode (HYSPLIT-WEB), allowing members of the public to 

configure model runs, to select gridded historical or forecast datasets, and retrieve model 

results with a web browser.  

2.16.1 Global Data Assimilation System (GDAS)  

The Global Data Assimilation System (GDAS) is the system used by the National Center for 

Environmental Prediction (NCEP) and Global Forecast System (GFS) model to place 
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observations into a gridded model space for the purpose of starting, or initializing, weather 

forecasts with observed data (Alam, 2016). The types of observations (such as: wind profiler 

data, radar observations, balloon data, buoy observations, surface observations, satellite 

observations, and aircraft reports) are added by GDAS to a gridded, 3-D, model space. GDAS 

data are available through NCEI's NOAA National Operational Model Archive and 

Distribution System (NOMADS) as both input observations to GDAS and gridded output 

fields from GDAS. This system consists of a complex system of data analysis (Alam, 2016). 

It has spectral statistical interpolation (SSI) routine related to a three-dimensional variation 

analysis (3DVAR) (Parrish and Derber, 1992). In addition to SSI module, there are routines 

for decoding observation data, and quality controls based on the optimal interpolation (OI) 

and hydrostatic consistency check. 

Details for the GDAS are described in Kalnay et al., 1996. For starting the GFS model, 

gridded GDAS output data can be used. 

2.16.2 HYSPLIT Back Trajectory Modeling  

Back trajectory modeling is an oversimplification of the atmosphere in that dispersion is not 

accounted for and the potential source areas contributing to a receptor are underestimated for 

any given trajectory (www.arl.noaa.gov). The Hybrid-Single Particle Lagrangian Integrated 

Trajectory (HYSPLIT) is most commonly used trajectory model. By estimating the most 

likely central path over any geographical areas to provide air to any receptor at a given time, 

back trajectory models use interpolated modeled archived 3-dimensional meteorological 

fields which were generated from short-term forecasts and observations.  From the National 

Weather Service's National Centers for Environmental Prediction Eta Data Assimilation 

System (EDAS) and NOAA’s Air Resources Laboratory (ARL) FNL archive meteorological 

data can be used to run HYSPLIT model for generating forward or backward trajectories.   

2.16.4 Other Considerations of HYSPLIT Back Trajectory Modeling 

The minimum time step in HYSPLIT Back Trajectory Modeling is 1 minute, so the model is 

invalid for the transported pollutant that takes less than 1 minute to move. Important 

determinants such as near-surface meteorological conditions, including the 10-meter winds, 

2-m temperatures, and surface fluxes are forecasted by Numerical weather prediction (NWP) 

in the horizontal and vertical spread of the material are the main inputs to the HYSPLIT 

model. To force HYSPLIT available 1-6 hours coarse temporal resolution meteorological 
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data is used. Finally, the meteorological data used by HYSPLIT is bi-linearly interpolated in 

space and linearly interpolated in time to the location and time of a pollutant release and 

during the forecast of the subsequent diffusion of materials (Alam, 2016). 

2.17 Air Quality Index 

 Air Quality Index (AQI) is an index representing daily air quality which is defined as an 

effective comparison between relevant national air quality standards and ambient air quality 

level. Our experience within a few hours or days after breathing polluted air, AQI focuses 

this health effects issue. In Bangladesh the AQI is calculated based on the prevailing 

concentrations of 5 criteria pollutants, PM (PM10 and PM2.5), NO2, CO, SO2 and O3. AQI 

gives an idea about the existence of ambient clean or polluted air with associated impacts on 

human health. The AQI is calculated from pollutant concentrations measured in any area 

which is a single number between 0 and 500. The higher the AQI, the greater is the air 

pollution level and thus indicates greater public health concern (CASE, 2018). The AQI 

standard for Bangladesh is given in Table 2.7. 

According to USEPA, 1999 AQI for a particular pollutant Ip is calculated using the following 

equation 

𝐼 = 𝐼 + 𝐶 − B𝑃 ∗ (𝐼 − 𝐼 )/(B𝑃 − B𝑃 ) 

Where, 

Ip = The Air Quality Index Value for Pollutant P 

Cp = Concentration of Pollutant P 

BPHi = The Break Point that is greater than or equal to Cp 

BPLo = The Break Point that is less than or equal to Cp 

IHi = The AQI value that is corresponding to BPHi 

ILo = The AQI value that is corresponding to BPLo 
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Table 2.7 Air Quality Index (AQI) for Bangladesh 

Air Quality Index (AQI) Category Colour 

0-50 Good Green 

51-100 Moderate Yellow Green 

101-150 Caution Yellow 

151-200 Unhealthy Orange 

201-300 Very Unhealthy Red 

301-500 Extremely Unhealthy Purple 
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CHAPTER 3  

RESEARCH METHODS 

 

3.1 General 

The evaluation of PM concentrations and modal analysis of atmospheric particles in Khulna 

City is the main goal of this study. This chapter presents the methodologies adopted for 

achieving the objectives of the study. In this chapter, the seasonal variation of atmospheric 

particles with meteorological parameters is described. Then the procedure of measurement of 

the mass concentration and analysis of the size distribution of atmospheric particles in 

Khulna City is described. Finally, the long range transport of atmospheric particles in urban 

areas of Khulna using back trajectory modeling is described. The chronological activities of 

this study are delineated in Figure 3.1. 

 

Figure 3.1 Chronological activities of this study 
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3.2 Selection of Study Area  

Khulna City which is very close to the Bay of Bengal is situated in southwestern region and 

3rd largest city of Bangladesh. A continuous air monitoring station named CAMS-5 was 

established by Department of Environment (DoE) in September 2010 under air quality 

monitoring program, which is situated about 3 km north of main art of Khulna at Samagic 

Bonayan Nursery, Training Centre, Baira by considering the importance of this city (Begum 

et.al, 2016). As a study area, Khulna City is selected due to previously this type of detailed 

assessment of atmospheric particles was not conducted for this particular city. 

Seven sites in the urban area of Khulna City were randomly selected for monitoring 

atmospheric particles concentration. Detail description of sites is given in Table 3.1 and in 

Figure 3.2 location map of study area is shown. 

Table 3.1 Detail Description of Site 

SI No. 
Site 

Latitude and 
Longitude 

Site Condition 

1 Sonadanga Bus Stand (SBS) 
22.81717542N, 
89.54240183E 

Bus stand area 

2 Ship Yard (SY) 
22.78638889N, 
89.57694444E 

Industrial area 

3 Rupsa Bridge (RB) 
22.77805556N, 
89.58250000E 

Recreational 
place 

4 Nirala R/A (NRA) 
22.80045159N, 
89.55286054E 

Residential area 

5 Nagarbavan (NGB) 
22.82805556N, 
89.56583333E 

Main city centre 

6 Fulbarigate (FBG) 
22.89777778N, 
89.51000000E 

Road site 

7 KUET Campus (KUET) 
22.89955279N, 
89.50183984E 

Educational 
Institution 
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Figure 3.2 Study Area 

3.3 Seasonal Variation of Atmospheric Particles with Meteorological Parameters 

Different types of statistical methods are used to analyze the hourly average measuring data 

for PM10, PM2.5 and meteorological parameters at continuous air monitoring station CAMS-5 

from February 2013 to January 2014 to replicate the effect of particulate matter pollution in 

Khulna City. The correlation between PM10 and PM2.5 concentrations and seasonal 

distribution of particles were also analyzed. The different steps of these analyses are 

described in this section.  

3.3.1 Collection of Data from CAMS-5 (Khulna station) 

CAMS-5 (Khulna station) is measuring meteorological parameters, a number of atmospheric 

gaseous parameters and PM. The block diagram of CAMS-5 is given in Figure 3.3. Though 

this is a continuous monitoring process, however due to poor data capture rate/malfunction of 

the analyzer/sensor, all the data are not available in each month (CASE, 2015). In this 

contrast, in case of Khulna City from February 2013 to January 2014 were found almost 

complete data set for atmospheric particles and meteorological parameters. So, as a 

representing period for this study that period was selected and data was collected. 
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Figure 3.3 Block Diagram of CAMS-5 

3.3.2 Find out the Seasonal Distribution and Correlation between PM10 and PM2.5 

Daily average, monthly average and seasonal average were find out from February 2013 to 

January 2014 for hourly average PM concentrations data collected from CAMS-5. 

Correlation between PM10 and PM2.5 was analyzed by using a linear correlation method. The 

total average concentrations of these particle sizes were calculated using the sum of their 

daily average mass concentrations divided by the sum of valid days (Li et al., 2015). Then the 

correlation between PM10 and PM2.5 concentrations and temporal and seasonal distribution of 

particles were also analyzed. 

3.3.3 Assessment of the Relationship between Atmospheric Particles and Meteorological 

Parameters 

In this study multiple linear regression analysis and Pearson correlation analysis were used to 

find out the relationships between PM and meteorological variables (Wind Speed, 

Temperature, Rainfall and RH). The Pearson correlation coefficient measures the relationship 

between any two variables, which gives an idea about PM concentrations over Khulna City 

influenced by what meteorological parameter.   
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According to Islam et al., 2018, the equation for multiple linear regression model to quantify 

the correlation between PM2.5 and PM10 with meteorological parameters is in the form of 

𝑦 = 𝛽 + 𝛽 x + ε 

In above equation, y is the concentration of PM2.5 or PM10, x is the meteorological parameters 

(Temperature, Rainfall, Relative Humidity and Solar Radiation), β is the regression 

coefficients and ε is the error term, where ε= (yi-ŷ), yi= observed y values, ȳ = mean value of 

series y and ŷ = y values given by the equation. The coefficient of determination r2 measures 

how related the PM concentration is with response to these meteorological parameters. 

𝑟 =
𝑆 − 𝑆

𝑆
 

Here, St=Total Sum of Squares = (𝑦 − �̄�) , Sr= Error Sum of Squares = (𝑦 − ŷ)  

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑟 = 1 − (1 − 𝑟 ) ∗
m − 1

m − p − 1
 

Here, m is the number of elements in a series and p is the number of independent variables. 

Besides, we have performed cross correlation analysis between PM and meteorological 

parameters. Since the PM variation and meteorological parameters both vary with time, time 

dynamic analysis of cross correlation would be the best way to represent the actual 

relationship between PM and weather parameters through a lead-lag relationship. Basic cross 

correlation formula we have used is written below:  

For k≥0, Cxy = [{x(t) − x̄} ∗ {y(t + k) − 𝑦̄}] 

For k≤0, Cxy = [{y(t) − �̄�} ∗ {x(t − k) − x̄}] 

Here, x(t) is the concentration of PM at time t, y(t+k) is the respective meteorological 

parameter at time (t+k), k is the lag between two time series x and y, T is the total number of 

elements in series x and y. In order to standardize the correlation value we have calculated the 

cross correlation coefficient which is given by: 

𝑟 (k) =
𝐶 (k)

𝑆 ∗ 𝑆
 

In equation (4), 𝑆 = 𝐶 (0) and 𝑆 = 𝐶 (0) 
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3.4 Measurement of the Mass Concentration and Modal Analysis of Atmospheric 

Particles 

From the measured concentration, characterizing into PM10, PM2.5 and PM1 and conducting 

modal analysis to find out the dominating particle sizes in Khulna City and its influence on 

climate change. The modality types vary with mass and elements and the elemental modal 

distribution is also important as particle pollution modeling.  

3.4.1 Measuring Atmospheric Particles Concentration in Seven Locations in Khulna 

City using Laser Particle Counter 

Atmospheric particles concentration in seven locations (one point in city canter, one points in 

residential area, one point in industrial area, one point in city main bus stand, one point in 

recreational area, one point in road side and one point in educational institution) in urban area 

of Khulna City were measured using HANDHELD 3016 IAQ laser particle counter keeping 

it in Mass Concentration mode. The menu map in Mass Concentration mode is shown in 

Figure 3.4. Concentration was measured using 1 minute average for at least 8 hours in a day 

and three conjunctive days in each study site (Figure 3.5 show the measuring setup in one 

sampling site). Also the particle counter is placed at 5.0 ft above the existing ground surface. 

For particle detection a laser-diode light source and collection optics are used in the 

HANDHELD 3016 IAQ laser particle counter. From laser-diode light source particles scatter 

light. The collection optics collects and focuses the light onto a photo diode that converts the 

bursts of light into electrical pulses (Operating Manual, 2007). The pulse height is a measure 

of particle size. Pulses are counted and their amplitude is measured for particle sizing. Results 

are displayed as particle counts in the specified size channel (Operating Manual, 2007). 

In HANDHELD 3016 IAQ, Particulate Matter (PM) is expressed in μg/m3. PM is calculated 

by summing the mass concentration levels for all channels smaller than the indicated channel. 

For example, the PM1.0 = (Mass Concentration of 0.3) + (Mass Concentration of 0.5). PM10.0 

= the sum of the Mass Concentration levels of the 0.3 + 0.5 + 1.0 + 2.5 + 5.0μm channels. 

Note that the Mass Concentration of the 10.0 μm channel is not included (Operating Manual, 

2007). 
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Figure 3.4 Menu Map, Mass Concentration Mode (Operating Manual, 2007)  

 

Figure 3.5 Measuring PM concentrations using HANDHELD 3016 IAQ laser particle counter 

in KUET campus 
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3.4.2 Characterizing and Modal Analysis of Particles Concentration Data 

The influence of sources and stochastic processes on atmospheric PM levels which may 

indicated by the statistical properties and frequency distribution with differences and 

similarities among PM components. The geometric standard deviation shows the spread of 

data around the geometric mean which may reflect the influence and effect of physical 

processes, for instance dry deposition, and also chemical processes, such as the equilibrium 

relationship with chemical species (Kao and Friedlander, 1995). 

The normal distribution is not suitable for the statistical analysis of particle size distribution 

data (Mohiuddin et al., 2014). Hinds (2012) showed the PM size distribution model as log-

normal distribution which can be represented by cumulative or differential distribution. Table 

3.2 shows the method for constructing cumulative size distribution. Regression lines of 

cumulative mass distribution vs. log-probability graph of PM size were used for determining 

the mass median aerodynamic diameter (MMAD) and the geometric standard deviation 

(GSD). The MMAD value is the particle size corresponding to the 50% cumulative 

distribution expressed as %50dp (Mohiuddin et al., 2014). 

The geometric standard deviation (GSD) was calculated for the particles in unimodal, 

bimodal and trimodal distributions from the log-probability plot using the following formula: 

For unimodal distribution (Hinds, 2012; O'Shaughnessy and Raabe, 2003): 

GSD(𝜎 ) =
%84.13𝑑

%50𝑑
=

%50𝑑

%15.87𝑑
 

For bimodal and trimodal distributions (Wang et al., 2002; Nag et al., 2005): 

GSD(𝜎 ) =
%84.13𝑑

%15.87𝑑
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Table 3.2 Calculation of cumulative mass distribution  

Cut-off 
diameter 

(μm) 

PM size 
range, 

dps− dpe 
(μm) 

PM mean size, 
(dps + dpe )/2 

Mass 
concentration, 

μg/m3 (Ci) 
Mass fraction, % 

(fi) 

Cumulative 
distribution 

(%) 

10 >10 10 
C1 

𝑓 = 𝐶 /𝐶  
𝑓  

5 5_10 7.5 
C2 

𝑓 = 𝐶 /𝐶  
𝑓  

2.5 2.5-5 3.75 
C3 

𝑓 = 𝐶 /𝐶  
𝑓  

1 1-2.5 1.75 
C4 

𝑓 = 𝐶 /𝐶  
𝑓  

0.5 0.5-1 0.75 
C5 𝑓 = 𝐶 /𝐶  𝑓  

0.3 0.3-0.5 0.4 
C6 𝑓 = 𝐶 /𝐶  0 

   

𝐶 = 𝐶  

   

The box and whisker plots were also constructed by showing different statistical parameters 

for the PM10, PM2.5 and PM1 concentrations for all sampling sites. This type of plot is suitable 

when the data variation is high. 

3.4.3 Calculation of Exceedance Factor (EF) of Particulate 

The ratio between daily mean concentration and 24 hours average standard for the respective 

pollutant is defined as Exceedance Factor (EF) and calculated using equation 1. Air quality of 

an area can be assessed by using Exceedance Factor (EF). Four air quality categories based 

on Exceedance Factor is given in Table 3.3.  

Table 3.3 Based on EF air quality categories    

Exceedance Factor (EF) Air Quality Categories 

Critical Pollution (C) more than 1.5 

High Pollution (H) 1.0 to 1.5 

Moderate Pollution (M) 0.5 to 1.0 

Low Pollution (L) less than 0.5 
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The air quality of different study locations with respect to size has been compared with 

Bangladesh National Ambient Air Quality Standard (BNAAQS) and has been categorized 

into one category based on Exceedance Factor (EF) and has been categorized into four 

categories based on Exceedance Factor (EF) (Begum, 2016). 

EF =
Observed Daily Mean Concentration

24ℎ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑅𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡
… … … … … … … … … (1) 

3.5 Long Range Transport of Atmospheric Particles by using Back Trajectory Modeling  

HYSPLIT archive backward trajectory modeling was used for finding out the contribution of 

transported long range pollutants from outer region to the source location. In this study, back 

trajectory models were developed as the period of dispersion model period with the trajectory 

interval of 5 days.  

3.5.1 Back Trajectory Calculation 

Models of atmospheric transport were used in back trajectory modeling where for those days 

when the concentration was high the receptor site sampling the backward air. The trajectories 

are presented as a sequence of latitude and longitude values for the endpoints of each 

segment representing each specific time interval being modeled. The vertical motion of air 

parcels is considered during this model (Begum et al., 2014). HYSPLIT-4 model abbreviated 

as NOAA Hybrid Single Particle Lagrangian Integrated Trajectory was used in calculation of 

backward trajectories of air mass. To study the long range transport of atmospheric particles 

in Khulna City archived meteorological data was used. Integration of the position with time 

of air mass is the main principle of drawing backward trajectories by using HYSPLIT-4 

model. Since air mass is transported with the help of the wind, its passive transport may be 

calculated evaluating three-dimensional means of speed vector when the particles are in the 

primary position P(t) and the first approximate position P′(t + dt ) (Saadat et al., 2013). 

3.5.2 HYSPLIT Back Trajectory Modeling 

To investigate transboundary transport of aerosols, backward trajectory analysis is well 

known. In this study, backward trajectories were calculated in continuous air monitoring 

station, CAMS-5 (latitude 22.48°N, longitude 89.53°E) from January 2013 to January, 2014 

at five days interval. Also backward trajectories were calculated in all sampling stations 

(details about sampling stations given in Table 3.1) at the sampling period. Total 83 

trajectories have been calculated. The important input parameters are as below: 
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Trajectory direction: Backward 

Vertical motion: Model vertical velocity 

Total run time (hours): 120 

Start a new trajectory every: 0 

Maximum number of trajectories: 1 

Plot resolution (dpi): 96 

Zoom factor: 70 

Vertical plot height: 500 Meters AGL 

3.5.3 Validation of HYSPLIT Meteorology Data 

The HYSPLIT particle dispersion model was widely used for dispersion modeling (Connan et 

al., 2013) which has been validated elsewhere (Wang et al., 2009). The validation of 

HYSPLIT meteorological data file was done in this study by creating windrose diagram from 

regional air quality data and another from HYSPLIT. If both windrose diagrams incorporate 

nearly same direction then it would be validated HYSPLIT meteorological data file. 

3.6 Air Quality Index Calculation 

An Air Quality Index (AQI) is defined as a numerical rating that reflects the composite 

influence on overall quality of a number of air quality parameters which will be helpful not 

only for advising the public but also for urban planning (Inhaber, 1975; Kassomenos et al., 

1999; Srivastava and Sarkar, 2006; Bishoi et al., 2009). AQI value for this study was 

calculated for atmospheric particles to check the ambient air quality for these air pollutants. 

AQI is used by government agencies to communicate to the public how polluted the air 

currently is or how polluted it can become (Alam, 2016). AQI has severe adverse health 

effects and when its value increases air pollution percentage also increases. By using 

following formula this index is calculated: 

𝐴𝑄𝐼 =
Measured Data Reading of Pollutants 

Standard Limit of Pollutants
X100 
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CHAPTER 4  

ANALYSIS OF THE SEASONAL VARIATION OF ATMOSPHERIC 

PARTICLES  

 

4.1 General 

In this chapter, different types of statistical methods are used to analyze the hourly average 

measuring data for PM10, PM2.5 and meteorological parameters at continuous air monitoring 

station CAMS-5 from February 2013 to January 2014 to replicate the effect of particulate 

matter pollution in Khulna City. The analysis results are described below. 

4.2 Daily Variation in Mass Concentrations of PM10 and PM2.5  

Variation in the daily average mass concentrations of PM10 and PM2.5 are shown in Figure 

4.1. A concave parabolic shape is formed in almost similar variation trends of these two PM 

sizes from March to April, and April to January. For both mass concentrations of PM10 and 

PM2.5, peak of the daily average was found in January, which reaching 652 μg/m3 and 361 

μg/m3 respectively. On the other hand, the lowest concentrations of both PM sizes reached at 

18 μg/m3 and 5 μg/m3 respectively in the month of August. The highest value of daily 

average mass concentration of PM10 was 36.22 times the lowest value and for PM2.5, the 

highest value 72.2 times the lowest value. In the Khulna urban area PM pollution is critical 

during the Winter because December, January and February in this three months the daily 

average mass concentrations of PM10 and PM2.5 in extensively exceeded the Ambient national 

air quality standards in Bangladesh (2005) and WHO standards defined as 150 μg/m3 and 65 

μg/m3, 50 μg/m3 and 25 μg/m3 respectively. 
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Figure 4.1 Daily average variations of PM10 and PM2.5 values and comparison with Bangladesh and WHO standard 
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4.3 Seasonal Variation of PM10 and PM2.5 Mass Concentrations 

Figure 4.2 shows the clear seasonal variation of average mass concentrations of PM10 and 

PM2.5. The seasons are divided as Pre-monsoon (March to May), Monsoon (June to 

September), Post-monsoon (October to November) and Winter (December to February). A 

concave parabola shape also formed in seasonal variation. PM10 and PM2.5 maximum 

appeared in winter, reaching 297 μg/m3 and 168 μg/m3, respectively. Minimum PM10 and 

PM2.5 values of 73 μg/m3 and 31 μg/m3, respectively, occurred during the Monsoon. 

The PM concentrations have shown higher in winter, because of lower mixing height and low 

wind speeds appeared in this season. Due to geographic factors, the concentrations of PM10 

and PM2.5 in December, January and February are higher. In addition, the monitoring station 

(CAMS-5) is situated within the urban area of Khulna as a result high levels of vehicular 

emissions accelerated wet particle deposition in lower level is one of the main causes of PM 

pollution in winter season. Northerly sand and dust storms which affects Khulna City 

occasionally could be the reason of increased scenario of PM concentrations in Post-

monsoon. PM10 mass concentrations increased significantly than fine PM concentrations 

because of the larger size of dust particles. PM concentrations were found minimum in 

Monsoon season because of extra intensive convective air currents and additional rainfall 

removed PM more effectively. In addition, rainwater aids the removal of coarse particles, 

however has less effect on fine particles (Hu et al., 2006). PM concentrations were found 

minimum in September which is a contributory factor because atmospheric relative humidity 

decreases and the hygroscopic growth of particles is in the same way reserved. Late rainfall 

in Khulna after September has an influence on increasing atmospheric relative humidity and 

hygroscopic growth of particles which lead the recovery of mass concentrations of PM10 and 

PM2.5. 
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Figure 4.2 Seasonal variations of PM10 and PM2.5 average mass concentration values 

4.4 Relation between PM10 and PM2.5  

The relation between PM10 and PM2.5 is shown in Figure 4.3. The correlation coefficient 

between them was 0.967 meaning the correlation between PM10 and PM2.5 was significant. 

The ratio of PM10 and PM2.5 is illustrated in Figure 4.4. The average PM2.5/PM10 value was 

50% and ranged between 42%–61%. It is again proved that fine particles are the main issue 

for PM pollution in Khulna City because the contributions of PM2.5 within PM10 are 

moderate. The average PM2.5/PM10 ratio was 42% in monsoon, lower than in other seasons. 

Also the comparison of percentage of PM2.5/PM10 between CAMS-3 (Darussalam) in Dhaka 

and CAMS-5 in Khulna is shown in Figure 4.4. And the trend of graphs for these two stations 

was found similar as PM2.5/PM10 ratio lower in monsoon and higher in winter.  
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Figure 4.3 Correlation between average PM2.5 and PM10 mass concentrations 

 

Figure 4.4 PM2.5/PM10 ratio and comparison with CAMS-3 (Darussalam) in Dhaka  
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Previous studies have indicated that atmospheric particle pollution is influenced by both the 

emissions of particles and meteorological factors (Yao et al., 2010). Urban PM pollution is 

mainly caused by meteorological events (for example distribution and transport by wind, 
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coefficients between average meteorological parameters and PM mass concentrations are 

shown in Table 4.1. 

Table 4.1 Correlation coefficients between average meteorological parameters and mass 

concentrations of Fines (PM2.5) and Coarse (PM10-PM2.5)  

Correlation Coefficient Fines (PM2.5) Coarse (PM10-PM2.5) 

Average Wind Speed (WS) -0.650* -0.502 

Average Air Temperature (T) -0.953** -0.781** 

Average Precipitation (P) -0.775** -0.665* 

Average RH (RH) -0.601* -0.459 

The * means significance of p < 0.05, the ** means significance of p < 0.01 
 

Figure 4.5 shows the relation between wind speed and PM concentrations. From the variation 

it can be said that, the range of wind speed in Khulna was very low (0.28–8.6 m/s) as a result 

PM concentrations in the Khulna City was high and it was changed slight with wind speed. 

From the Table 4.1, the correlation coefficients between wind speed and Fines (PM2.5) and 

Coarse (PM10-PM2.5) are -0.650 and -0.502 respectively meaning that they are negatively 

correlated. The pattern of correlation coefficients between wind speed and PM concentrations 

was Fines > Coarse and this correlation were significant with p < 0.05 as shown in Figure 

4.6.  
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Figure 4.5 Variations in monthly mass concentrations of Fines (PM2.5) and Course (PM10-

PM2.5) related to average Wind Speed 

 

Figure 4.6 Correlation between Wind Speed and (a) PM2.5 and (b) PM10 concentrations  

Figure 4.7 shows the relation between PM concentrations and temperature. Also the 
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0.953 and -0.781 respectively meaning that they are negatively correlated and this correlation 

was significant with p < 0.01 as shown in Figure 4.8. According to Lin et al., 2009, when the 

temperature is high local mass concentrations decreasing and transporting quickly as the high 

temperatures are clearly conducive to intense convection. On the other hand when the 

temperature is low, leading temperature inversion layer by radiative cooling which weakens 
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convection as a result under the inversion layer particulate matter remains suspended caused 

higher PM mass concentrations. 

 

 

Figure 4.7 Variations in monthly mass concentrations of Fines (PM2.5) and Course (PM10-

PM2.5) related to average Temperature  

 

Figure 4.8 Correlation between Temperature and (a) PM2.5 and (b) PM10 concentrations 

Figure 4.9 shows the relation between PM concentrations and relative humidity (RH) with 

higher RH in Monsoon and Post-monsoon in Khulna City. Also the correlation coefficients 

between RH and Fines (PM2.5) and Coarse (PM10-PM2.5) were -0.601 and -0.459 respectively 

meaning that they are negatively correlated. Also the correlation between RH and Fines 

(PM2.5) was significant with p < 0.05, however there was no significant correlation found 
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between RH and Coarse (PM10-PM2.5) as shown in Figure 4.10. Particulate matter pollution, 

which was caused by the growth of hygroscopicity under high RH conditions, usually in the 

stable atmospheric strata, but also sometimes when there was a gentle breeze, or within the 

thermal inversion layer (Mu et al., 2011). 

 

 

Figure 4.9 Variations in monthly mass concentrations of Fines (PM2.5) and Course (PM10-

PM2.5) related to average Relative Humidity 

 

Figure 4.10 Correlation between Relative humidity and (a) PM2.5 and (b) PM10 concentrations 

Figure 4.11 shows the relation between PM concentrations and average precipitation. Also 

the correlation coefficients between average precipitation and Fines (PM2.5) and Coarse 

60

65

70

75

80

85

90

95

100

0

50

100

150

200

250

300

350

400

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

R
el

at
iv

e 
H

um
id

it
y 

(%
)

P
M

 m
as

s 
co

n
ce

n
tr

at
io

n
 (

μ
g/

m
3 )

Month

Course Fines Relative Humidity



59 

 

(PM10-PM2.5) were -0.775 and -0.665 respectively meaning that they are negatively 

correlated. Also there were significant correlation found between average precipitation and 

Fines (PM2.5) and Coarse (PM10-PM2.5) at different level as shown in Figure 4.12. By two 

ways precipitation affects the PM mass concentrations. Firstly, adsorption and collision 

between raindrops and PM leading to the wet deposition of PM. Secondly, after rainy weather 

dust and fugitive dust previously suspended in the atmosphere is notably reduced, leading to 

a significant decrease in mass PM concentrations (Shen et al., 2009). 

 

Figure 4.11 Variations in monthly mass concentrations of Fines (PM2.5) and Course (PM10-

PM2.5) related to average Precipitation 

 

Figure 4.12 Correlation between Precipitation and (a) PM2.5 and (b) PM10 concentrations 
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4.6 Air Quality Index in Monitoring Station 

Air Quality Index (AQI) of both PM2.5 and PM10 was calculated for every month from 

February 2013 to January 2014 and as shown in Figure 4.13. Here also the seasonal 

variations influenced the Air Quality Index (AQI) level. From the figure it can be concluded 

that, in dry season (December to February) season the air quality level with respect to PM 

concentrations particularly  for fine particles was found unhealthy, very unhealthy even 

extremely unhealthy in the month January. On the other hand in wet season this level was 

found moderate and good in the months July and August in Khulna City.  

 

Figure 4.13 Air Quality Index (AQI) of both PM2.5 (left column) and PM10 (right column) 

from February 2013 to January 2014 
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CHAPTER 5  

ANALYSIS OF THE SIZE DISTRIBUTION OF ATMOSPHERIC 

PARTICLES  

 

5.1 General 

In this chapter, the evaluation process of the concentration and modal analysis of atmospheric 

particles in Khulna City are described. The modal analysis comprises mass analysis, 

relationship between PM1, PM2.5 and PM10 at seven sampling sites, particle size distribution, 

particle mass concentration and Exceedance Factor (EF) and Air Quality Index (AQI) 

calculation. 

5.2 PM Mass Analysis 

Table 5.1 shows the average PM mass concentrations monitored in the seven sampling sites 

within the Khulna City that were selected for this study. From the table it can be said that, 

PM10 mass concentrations for Fulbarigate site were maximum than other six sampling sites. 

This is because the Fulbarigate site is located beside Khulna-Jessore highway as a result 

vehicular emissions was a main reasons. In the educational institution site at KUET Campus 

the PM2.5 and PM1 mass concentrations were found greater than the other sampling sites. The 

measurement of PM fractions conducted in this study was whole year of 2018. The 

measurements were taken at Ship Yeard Rupsa, Nagarvaban and Rupsa Bridge sites in the 

months of wet season. On the other hand, the measurements were taken at Sonadanga Bus 

Stand, Nirala R/A, Fulbarigate and KUET Campus sites in the months of dry season. As a 

result, the mass concentration fractions were found higher in sites (measured in dry season) 

than in sites (measured in wet season). Also contribution from different types of sources and 

meteorological circumstances have an influence on PM emissions in these sampling sites 

were not considered in this assessment. 
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Table 5.1 Mass concentrations of PM10, PM2.5 and PM1, µg/m3 [mean (minimum-maximum)] 

 Pre-monsoon 
(March to May) 

Post-monsoon 
(October to November) 

Winter 
(December to February) 

 NGB RB SY SBS NRA KUET FBG 

PM1.0 40 (18-109) 25 (13-153) 26 (6-179) 57 (27-157) 97 (42-167) 99 (52-167) 83 (39-232) 

PM2.5 63 (27-169) 49 (28-259) 51 (11-286) 97 (46-285) 182 (77-312) 197 (103-332) 137 (59-388) 

PM10 72 (36-311) 101 (47-284) 80 (15-345) 168 (73-409) 248 (110-425) 223 (113-364) 249 (89-590) 

Table 5.2 shows the representing mass concentration for Khulna City that was calculated 

after averaging all the PM mass concentrations monitored from seven sampling sites. 

Similarly all the PM fractions were found higher. 

Table 5.2 Average mass concentrations of PM10, PM2.5 and PM1 for Khulna City, µg/m3 

 PM1.0 PM2.5 PM10 

Khulna City 61 (6-232) 111 (11-388) 163 (15-590) 

 

Figure 5.1 shows the box and whisker plots by showing different statistical parameters for the 

PM10, PM2.5 and PM1 concentrations for all sampling sites. This type of plot is suitable when 

the data variation is high. Mass concentrations of PM10, PM2.5 and PM1 were significantly 

higher for Sonadanga Bus Stand, Nirala R/A, Fulbarigate and KUET Campus sites, among 

them the Fulbarigate site was excessive higher because vehicular emissions leading to 

excessive particle loading. Due to the influence of meteorological conditions during sampling 

period the sites (measured in dry season) showed reasonably higher PM concentrations than 

the sites where measurement taken in wet season. 
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(a) 

 

(b) 

Figure 5.1 Mass concentrations of (a) PM1 and (b) PM10 (continued…) 
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(c) 

Figure 5.1 Mass concentrations of (a) PM1, (b) PM10 and (c) PM2.5 for all monitoring sites 

Variations in the daily mass concentrations of individual differential fractions (10.0 µm, 5.0 

µm, 2.5 µm, 1.0 µm, 0.5 µm and 0.3 µm) for different days in Fulbarigate site (as a 

representing site) are shown in Figure 5.2. Also Figure 5.3 shows the time series variations of 

PM1, PM2.5 and PM10 concentrations for this sampling site. Trends of these variations for all 

sampling days in this site are almost similar, presenting a concave parabolic shape from 

morning to evening. Peak daily values for all concentration variations were appeared in 

morning and evening. The lowest values were in noon. 

 



 

Figure 5.2 Variations of the daily mass concentrations of individual differential fractions (a) 

0.3 µm and (b) 
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(a) 

(b) 

Variations of the daily mass concentrations of individual differential fractions (a) 

(b) 0.5 µm in Fulbarigate site (continued…) 

 

 

 

Variations of the daily mass concentrations of individual differential fractions (a) 



 

Figure 5.2 Variations of the daily mass concentrations of individual differential fractions 

1.0 µm and (d) 2.5 µm
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(c) 

(d) 

Variations of the daily mass concentrations of individual differential fractions 

and (d) 2.5 µm in Fulbarigate site (continued…) 

 

 

 

Variations of the daily mass concentrations of individual differential fractions (c) 



 

Figure 5.2 Variations of the daily mass concentrations

0.3 µm, (b) 0.5 µm, (c) 1.0 µm,
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(e) 

(f) 

Variations of the daily mass concentrations of individual differential fraction

, (c) 1.0 µm, (d) 2.5 µm, (e) 5.0 µm and (f) 10.0 µm in Fulbarigate site

 

 

of individual differential fractions (a) 

Fulbarigate site 



 

Figure 5.3 Variations of daily mass concentrations (a) PM
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(a) 

(b) 

Variations of daily mass concentrations (a) PM1 and (b) PM2.5 in Fulbarigate site

(continued…) 

 

 

 

Fulbarigate site 



 

Figure 5.3 Variations of daily mass concentrations

5.3 Relationship among PM10, PM

Figure 5.4 shows sampling site wise comparison between

intermodal (1 < Dp < 2.5 µm), submicron (0.5 <Dp < 1 µm) and ultrafine (Dp <0.5µm)

particle fractions. The significant contribution of fine particles (Dp < 2.5µm) to total PM

was 49-88%. Also the little contribution of 

25 to 56% which was not affecting the fine particles contribution

contribution of ultrafine particles in total fine PM was 15

strong correlation (R2=0.97) between 

particles (Dp < 1µm) were the dominating contributor to 

relatively strong correlation (R2=0.82) between PM
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(c) 

Variations of daily mass concentrations (a) PM1, (b) PM2.5 and (c) PM

Fulbarigate site 

, PM2.5 and PM1 Concentrations at Sampling Sites

site wise comparison between coarse (2.5 < Dp < 10 µm), 

intermodal (1 < Dp < 2.5 µm), submicron (0.5 <Dp < 1 µm) and ultrafine (Dp <0.5µm)

The significant contribution of fine particles (Dp < 2.5µm) to total PM

contribution of intermodal particles to total PM10 was varies 

which was not affecting the fine particles contribution. Again a significant 

contribution of ultrafine particles in total fine PM was 15-33%. Figure 5.5(a)

=0.97) between PM2.5 and PM1 fractions further proving submicron 

were the dominating contributor to fine particles. Also 5.5(b) shows the 

=0.82) between PM2.5 and PM10 fractions.  

 

(c) PM10 in 

at Sampling Sites 

coarse (2.5 < Dp < 10 µm), 

intermodal (1 < Dp < 2.5 µm), submicron (0.5 <Dp < 1 µm) and ultrafine (Dp <0.5µm) 

The significant contribution of fine particles (Dp < 2.5µm) to total PM10 

was varies from 

Again a significant 

(a) shows the 

fractions further proving submicron 

Also 5.5(b) shows the 
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Figure 5.4 Ultrafine, Submicron, Intermodal and Coarse particulate matter fractions to PM10 

concentrations 
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(b) 

Figure 5.5 Relationships among (a) PM2.5 and PM1 and (b) PM2.5 and PM10 at sampling sites 

5.4 PM Size Distribution 

Figure 5.6 and Figure 5.7 show the average particle size distributions for all sampling sites. 

From the distributions it can be concluded that for the sites Sonadanga Bus Stand, Ship Yard, 

Nagarbavan, Fulbarigate and Rupsa Bridge, the highest abundance occurred in aerodynamic 

diameter ranging from 3.75 to 7.5 μm. On the other hand, for the sites Nirala R/A and KUET 

Campus the highest abundance occurred in aerodynamic diameter ranging from 0.4 to 1.75 

μm with two peaks at same height. For the sites Sonadanga Bus Stand, Ship Yard, 

Nagarbavan, Fulbarigate and Rupsa Bridge, the next abundance occurred in accumulation 

mode in aerodynamic diameter ranging from 0.4 to 1.75 μm. For the diameter ranging from 

0.4 to 10.0 μm, it was also occurred multimodal distribution. 
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Figure 5.6 Comparison of average distributions of particle sizes in seven sampling sites
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 (a)                                                                                                   (b) 

           

                                        (c) (d) 

Figure 5.7 Average distributions of particle sizes at (a) SBS, (b) SY, (c) RB and (d) NRA; highest and lowest PM concentrations showed in 

vertical line (continued…) 
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(e)                                                                                                                      (f) 

 

(g) 

Figure 5.8 Average distributions of particle sizes at (a) SBS, (b) SY, (c) RB, (d) NRA, (e) NGB, (f) FBG and (g) KUET; highest and lowest PM 

concentrations showed in vertical line 
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                                              (a)                                         (b) 

        

                                        (c) (d) 

Figure 5.8 Average cumulative PM mass distributions in (a) SBS, (b) SY, (c) RB and (d) NRA (continued…)
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(e)                                                                                                                      (f) 

 

(g) 

Figure 5.9 Average cumulative PM mass distributions in (a) SBS, (b) SY, (c) RB, (d) NRA, (e) NGB, (f) FBG and (g) KUET
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The MMAD and GSD values for all sampling sites were shown in Table 5.3. For gathering 

and busy sites, MMAD values were dominating for coarser particles. For the Rupsa Bridge 

site, the maximum average MMAD was found than other sites and it was 6.0 μm indicating 

coarse particles dominated in this site. On the other hand for the KUET Campus site, the 

minimum average MMAD was found and it was 2.0 μm indicating dominancy of fine 

particles. Moreover, for the sites Sonadanga Bus Stand and Ship Yard due to higher particle 

loading at the dp=1.75 μm and dp=7.50 μm MOUDI stages the average MMAD was found 

same as 3.0 μm. In this study GSD values were determined for bimodal distribution. For all 

the sites except Rupsa Bridge, due to additional mode occurring in submicron particle sizes 

than coarse particle mode at same considerable height, the average MMAD values were 

found lower than the average GSD. For %15.87dp, the GSD fraction was significantly lower. 

On the other hand the average values of MMAD were independent to the particle behavior at 

lower and higher division of size ranges. Figure 5.8 shows all sampling site wise the average 

cumulative PM mass distributions for coarse and fine particles. That was indicating the 

significance of monitoring and analysis individual particle size in Khulna City. Also 

contribution from different types of sources and meteorological circumstances during the 

sampling period has an influence on individual particle size distribution. 

Table 5.3 MMAD and GSD values for all sampling sites 

Location MMAD (μm) GSD (dimensionless) 
Sonadanga Bus Stand 3.0 3.54 
Ship Yard Rupsa 3.0 3.54 
Rupsa Bridge 6.0 3.52 
Nirala R/A 2.3 3.35 
Nagarbavan 2.6 4.08 
Fulbarigate 3.4 3.59 
KUET Campus 2.0 2.33 

 

5.5 Exceedance Factor (EF) of PM mass concentrations in the Sampling Sites 

From the Table 5.4, it is noticed that in all sampling sites both PM2.5 and PM10 were reported 

air quality is different level polluted. The EF values were found moderate, as the present 

study was conducted at Ship Yard Rupsa, Nagarbavan and Rupsa Bridge sites in the months 

of wet season. On the other hand, the EF values were found high and critical, as the 

measurements were taken at Sonadanga Bus Stand, Nirala R/A, Fulbarigate and KUET 

Campus sites in the months of dry season respectively. After averaging all the EF values for 
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seven sampling sites, it was found critical pollution for PM2.5 and high pollution for PM10 for 

Khulna City. 

Table 5.4 Exceedance factor (EF) of PM mass concentrations in the sampling sites 

Sampling site PM2.5  PM10  Significance Sampling Season 
Nagarbavan 1.0 0.5 Moderate Pollution (M) Pre-monsoon 

(March to May) Rupsa Bridge 0.8 0.7 Moderate Pollution (M) 
Ship Yard Rupsa 0.8 0.5 Moderate Pollution (M) 
Sonadanga Bus Stand 1.5 1.1 High Pollution (H) Post-monsoon 

(October to November) Nirala R/A 2.8 1.7 Critical Pollution (C) 
KUET Campus 3.0 1.5 Critical Pollution (C) Winter 

(December to February Fulbarigate 2.1 1.7 Critical Pollution (C) 
Average 1.7 (C) 1.1 (H)   
 

5.6 Air Quality Index in the Sampling Sites 

From the Table 5.5, it is also noticed that in all sampling sites both PM2.5 and PM10 were 

reported air quality is different level polluted. Here also the meteorological conditions 

influenced the Air Quality Index (AQI) level during the sampling period. The sites when 

measured in dry season were found unhealthy, very unhealthy even extremely unhealthy. On 

the other hand the sites when measured in wet season were found caution, moderate even 

good. After averaging all the AQI values for seven sampling sites, it was found unhealthy for 

PM2.5 and caution for PM10 for Khulna City. 

Table 5.5 Air Quality Index (AQI) of particulate matter in the sampling sites 

Location AQI for PM2.5  AQI for PM10  Sampling Season 
Nagarbavan 97(Moderate) 48(Good) Pre-monsoon 

(March to May) Rupsa Bridge 75(Moderate) 67(Moderate) 
Ship Yard Rupsa 78(Moderate) 53(Moderate) 
Sonadanga Bus Stand 149(Caution) 112(Caution) Post-monsoon 

(October to November) Nirala R/A 280(Very Unhealthy) 165(Unhealthy) 
KUET Campus 303(Extremely Unhealthy) 149(Caution) Winter 

(December to February Fulbarigate 211(Very Unhealthy) 166(Unhealthy) 
Average 170 (Unhealthy) 109 (Caution)  
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CHAPTER 6  

INVESTIGATION OF THE LONG RANGE TRANSPORT OF 

ATMOSPHERIC PARTICLES IN KHULNA CITY 

 

6.1 General 

In this chapter, backward trajectory of transboundary air pollutants were studied in CAMS-5, 

Khulna from January 2013 to January 2014 and seven sampling sites through HYSPLIT-4 

model. The calculated trajectories are described below. 

6.2 Back Ward Trajectory Analysis for CAMS-5 

To investigate transboundary transport of aerosols, backward trajectory analysis is well 

known. In this study, from February 2013 to January 2014 at five days interval total 76 

backward trajectories were calculated. These backward trajectories on the basis of wind 

direction and their travel path can be divided into two major categories. One is aerosols 

transportation over west Bengal and another path is over the Bay of Bengal. 

6.2.1 Transportation of Aerosols over West Bengal in CAMS-5 

Regarding 12 months of study period, 4 months namely November, December, February of 

2013 and January of 2014 were found to use the west Bengal path to transport aerosols from 

west Bengal to the considered location. In the perspective of seasons of Bangladesh, these 

months represent winter season.  

Figure 6.1 is representing different source of origin of the aerosol traveling through almost 

similar path over west Bengal region. The trajectory of November 15, 2013 (Figure 6.1(a)) 

shows that the origin of air mass is in Sargodha, Pakistan, after traveling Uttar Pradesh, Bihar 

(India) and Rajshahi, it reached Khulna. From Figure 6.1(b) representing the trajectory of 

December 2013, this is understandable that the origin of the atmospheric aerosol is in Jaipur 

of Uttar Pradesh of India and after travelling Jharkhand, Assam, Rangpur and Bogra it 

reached Khulna City. The trajectory of January 15, 2014 shows that it has been originated 

from Gaighat then the trajectory travelled through Jaynagar, Malda and Rajshahi it reached 

Khulna City (Figure 6.1(c)). This trajectory of 15 January 2014 supports the findings of 



 

Saadat et al., 2013; they found the same path for the trajectory of 05 January 2006. The 

trajectory of 15, February 2013 in (Figure 6.1

from Thar Desert National Park 

reaches the study region. A Google

of January, 2013 has shown in the mean o

The wind pattern of the study period 

concluded that, from North and North

surface anticyclone influenced t

study period. The trajectories associated with anticyclone are capable of transporting high 

concentration of pollutants over long distances (Kidnap, 2008). The results also validated this 

statement as than other months in these four months 

maximum. Air travelling below 3000 meters can gain pollution load from areas as it passes 

over (Comrie, 1994). Here it is also 

some coal mine plants and thermal power plants 

India. 

(a)                                                                   (b)

 Figure 6.1 Five days backward trajectories for 
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Saadat et al., 2013; they found the same path for the trajectory of 05 January 2006. The 

trajectory of 15, February 2013 in (Figure 6.1(d)) presents that the air mass is originating 

National Park of India and after traveling Agra, Kanpur and Bihar it 

Google earth view of five days backward trajectory for the month 

of January, 2013 has shown in the mean of better understanding the travel path in Figure 6.2.

The wind pattern of the study period from February, 2013 to January 2014 

from North and North-West directions aerosols arriving in CAMS

surface anticyclone influenced the atmospheric circulation all over Bangladesh during this 

. The trajectories associated with anticyclone are capable of transporting high 

concentration of pollutants over long distances (Kidnap, 2008). The results also validated this 

than other months in these four months the PM mass concentrations are 

. Air travelling below 3000 meters can gain pollution load from areas as it passes 

over (Comrie, 1994). Here it is also noted that, high concentrations of PM in CAMS

some coal mine plants and thermal power plants have been situated in the west Bengal of 

(a)                                                                   (b) 

Five days backward trajectories for (a) November and (b) December of 

2013 (continued…) 

Saadat et al., 2013; they found the same path for the trajectory of 05 January 2006. The 

nts that the air mass is originating 

of India and after traveling Agra, Kanpur and Bihar it 

earth view of five days backward trajectory for the month 

f better understanding the travel path in Figure 6.2. 

, 2013 to January 2014 it can be 

CAMS-5. Cold-

all over Bangladesh during this 

. The trajectories associated with anticyclone are capable of transporting high 

concentration of pollutants over long distances (Kidnap, 2008). The results also validated this 

concentrations are 

. Air travelling below 3000 meters can gain pollution load from areas as it passes 

CAMS-5 due to 

in the west Bengal of 

 

December of 



 

(c)                                                                  

Figure 6.1 Five days backward trajectories 

2013 and 

Figure 6.2 Google earth view of f
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                                                                  (d) 

Five days backward trajectories for (a) November, (b) December, (d) 

2013 and (c) January of 2014 

Google earth view of five days backward trajectories at arrival point for the month 

of January, 2014 

 

(d) February of 

 

ive days backward trajectories at arrival point for the month 
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6.2.2 Transportation of Aerosols over Bay of Bengal in CAMS-5 

It was observed from calculated backward trajectories that atmospheric particles transported 

to CAMS-5 over Bay of Bengal in the months March, April, May, June, July, August, 

September and October of 2013. Some trajectories stared different from land and transported 

over Bay of Bengal and some trajectories originated from Bay of Bengal. Trajectory from 15 

March 2013 in Figure 6.3(a) shows that it has been started from Chandrapur district and after 

travelling through Sompeta, Puri and Bay of Bengal it reached Khulna. Two trajectories for 

the months of April and May of 2013 in Figure 6.3(b) and 6.3(c), it is observed that both 

trajectories started from Bay of Bengal and cross Jindal airport, Banda Aceh of Indonesia 

consecutively. British Indian Ocean Territory has been found to be originated for two 

trajectories come for June and July month presented in Figure 6.3(d) and 6.3(e). Another 

trajectory for the month of October in Figure 6.3(h) seems to be originated from British 

Indian ocean and transported over Srilanka to Khulna. The trajectory for 15 August 2013 in 

Figure 6.3(f) shows it started from Chengam of south Indian Tamil Nadu and after traveling 

through Chennai and Bay of Bengal it reached the considered location. Rest one trajectory for 

15 September 2013 in Figure 6.3(g) shows it origin as Paradip and travelled through 

Sunderbans national park, the trajectory reached Khulna. In these study periods wind blew 

from south, south east and south west corner which supports the similar patterns of observed 

trajectories. For better understanding of trajectory, two Google earth views of trajectories are 

shown in Figure 6.4 and 6.5 for two months namely June and July, 2013. 

The wind pattern of the study period March, 2013 to October, 2013 suggests that from south, 

south east and south west corner the aerosols arriving in CAMS-5. During these months when 

the trajectories travel over Bay of Bengal, fewer amounts of pollutants in the atmosphere of 

Khulna City as well as in monitoring station (CAMS-5) due to the effect of monsoon wind 

carries a large amount of water droplets that mixed with particles and a quantity of portions 

precipitate to the ground.  



 

(a)                                 

(c)                                                                

 Figure 6.3 Five days backward trajectories from 
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)                                                               (b) 

                                                                (d) 

Five days backward trajectories from (a) March, (b) April, (c) May

June of 2013 (continued…) 

 

 

(c) May and (d) 



 

(e)                                                                 

(g)                                                                          (h)

Figure 6.3 Five days backward trajectories from

July, (f) August, 
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                                                                 (f) 

(g)                                                                          (h) 

Five days backward trajectories from (a) March, (b) April, (c) May, 

August, (g) September and (h) October of 2013 

 

 

May, (d) June, (e) 
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Figure 6.4 Google earth view of five days backward trajectories at arrival point for the month 

of June, 2013 

 

Figure 6.5 Google earth view of five days backward trajectories at arrival point for the month 

of July, 2013 
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6.3 Back Ward Trajectory Analysis for Sampling Sites 

In this study also backward trajectories were calculated for seven sampling sites in Khulna 

City which have been monitored in this study regarding several months of the year 2018. 

Total 7 trajectories, which have been calculated, similarly these backward trajectories on the 

basis of wind direction and their travel path can be divided into two major categories. One is 

aerosols transportation over west Bengal and another path is over the Bay of Bengal. 

6.3.1 Transportation of Aerosols over West Bengal in Sampling Sites 

Regarding 7 locations, 4 locations namely Fulbarigate, KUET campus, Nirala R/A and 

Sonadanga Bus Stand were found to use the west Bengal path to transport aerosols from west 

Bengal to the considered locations.  

Figure 3 is representing the aerosol transports over west Bengal region. Backward trajectory 

of February 1, 2018 (Figure 6.6(a)) shows that the origin of air mass is in Junagadh, Gujarat, 

after traveling through Bareilly and Malda, it reaches Khulna. From Figure 6.6(b) 

representing the trajectory of 08 December 2018, this is understandable that the origin of the 

atmospheric aerosol is in Amritsar of Uttar Pradesh and it reached Khulna City after crossing 

Uttar Pradesh and Bihar. The aerosols source point is observed in Bhilwara of Rajasthan 

(South west) for the trajectory of 16 November 2018. Starting from Rajshtan, trajectory cross 

over the West Bengal then it reached Khulna because of south and south-west wind flow 

(Figure 6.6(c)). The trajectory of 26, October 2018 in (Figure 6.6(d)) presents that the air 

mass is originating from Chandigarh and after traveling through Sitapur, Bihar and Rajshasi it 

reaches the study region. The behavior of these trajectories is same as trajectories found in 

November, December, February of 2013 and January of 2014.  

 



 

(a)                                               

(c)                                                        (d)

Figure 6.6 Five days backward trajectories at arrival point for 

campus, (c) Nirala R/A and 

6.3.2 Transportation of Aerosols 

It is observed from the backward trajectories analysis that atmospheric particles 

transportation happened to Khulna City
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(a)                                                                 (b) 

(c)                                                        (d) 

Five days backward trajectories at arrival point for (a) Fulbarigate, 

Nirala R/A and (d) Sonadanga Bus Stand 

Transportation of Aerosols over Bay of Bengal in Sampling Sites  

It is observed from the backward trajectories analysis that atmospheric particles 

Khulna City over Bay of Bengal during the monitoring

 

 

, (b) KUET 

It is observed from the backward trajectories analysis that atmospheric particles 

over Bay of Bengal during the monitoring period of 



 

locations namely Ship Yard Rupsha, 

trajectories for these locations clearly show that all three trajectories found to have Bay of 

Bengal as their origin. After travelling certain distance, trajectorie

locations. Most of the time of monitoring these sites, wind blew from south and south east 

zone. Figure 6.7(a), 6.7(b) and 

trajectories is same as trajectories found in 

                                          (a)          

                                                                        

Figure 6.7 Five days backward trajectories at arrival point 
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ard Rupsha, Nagarbavan and Rupsha Bridge. The calculated 

trajectories for these locations clearly show that all three trajectories found to have Bay of 

Bengal as their origin. After travelling certain distance, trajectories reach 

locations. Most of the time of monitoring these sites, wind blew from south and south east 

and 6.7(c) represents the trajectories. The behavior of these 

trajectories is same as trajectories found in March to October of 2013.   

                                                         (b) 

 

                                                                            (c) 

Five days backward trajectories at arrival point (a) Ship Yard, (b) Nagar

(c) Rupsha Bridge 

and Rupsha Bridge. The calculated 

trajectories for these locations clearly show that all three trajectories found to have Bay of 

 the observed 

locations. Most of the time of monitoring these sites, wind blew from south and south east 

The behavior of these 

 

Nagarbavan and 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Conclusions 

Now a day a number of statistical methods have been practiced for the assessment of 

atmospheric PM concentrations. In this study assessment of the seasonal variation of 

atmospheric particles was conducted with meteorological parameters in Khulna City. This 

study analyzed modality and distribution of atmospheric PM in seven different types of 

sampling sites in Khulna City. This study also calculated the back trajectory modeling of long 

range transport of particulate matter by using HYSPLIT-4 model. Major findings of this 

study are listed below: 

1. Mass concentrations of PM10 and PM2.5 were 75%-80% higher in winter than in 

summer in the Khulna urban areas. 

2. The concentrations of PM10 and PM2.5 in December, January and February 

significantly exceeded the daily average BD and WHO standards. And the air quality 

level with respect to PM concentrations particularly for fine particles was found 

unhealthy, very unhealthy even extremely unhealthy in these month January. 

3. The proportions of PM2.5 contained within PM10 were moderate (50% and ranged 

between 42%–61%), further proving that fine particles were the major contributor to 

PM air pollution in Khulna city. 

4. The dominant mass concentration in the particle size range between 5.0 and 10.0 μm 

for the coarse particles, while for the fine particles, the dominant size range was 0.50 

to 1.0 μm. For the KUET Campus site, the minimum average MMAD was found and 

it was 2.0 μm indicating dominancy of fine particles. 

5. This study also revealed that at all the sampling sites the significant contribution of 

fine particles (Dp < 2.5µm) was 49-88%. Similarly, mass loading varies from 25 to 

56% for the contribution of PM1. Also a significant contributions of ultrafine particles 

(Dp < 0.5µm) in total fine PM (Dp < 2.5µm) was 15-33%. 

6. The above results may support future policies directed at importance of monitoring of 

fine particles (Dp< 2.5µm) concentrations as well as ultrafine particles concentrations. 
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7. The level of particulate matter increase when there is an air mass movement over 

West Bengal region of India and drop when the trajectories spend most of their 5 days 

time over Bay of Bengal. 

This study makes a preliminary analysis of PM pollution and its relation to meteorological 

factors in Khulna City, relevant to improving local air quality. The results may support future 

policies directed at emissions control in Bangladesh. Also this study provides the 

fundamental information of particle mass and elemental distributions. The outcomes of this 

study may assist the development of improved particle monitoring programs in the vicinity of 

urban areas and also establish an elemental modality dataset which can be incorporated in the 

exposure and risk assessments of atmospheric particles. 

7.2 Recommendation for Future Studies 

The following recommendations could be suggested for further studies according to above 

given conclusions: 

1. For detailed further study of PM pollution in Khulna City, it will be required detailed 

PM concentrations monitoring along with optical and chemical properties. 

2. For detailed modal analysis, PM mass concentrations will be monitored for more PM 

sizes as possible. 

3. Meteorological parameters have obvious effect on atmospheric particle formation and 

conversion; more detailed works about the reaction of meteorological parameters on 

atmospheric particles at Khulna City are needed in future. 

4. For further study of seasonal variation of PM mass concentrations with 

meteorological parameters, determination of dominant parameter and correlation with 

time varying will be assessed. 

5. Future study of the role of transported aerosol will be needed to assess the source 

contributions in more detail. 
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