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ABSTRACT 

This study aims to identify key sources that contribute to fine particulte matter (PM2.5) mass 

concentrations in Doha city, Qatar. Specifically, to determine the increase in PM2.5 mass 

caused by dust events, by comparing abundance and composition between the dust events 

season ‘the summer season’ and non-dust event season ‘the winter season’. Knowing PM2.5 

sources in Doha will help to 1) identify the predominant (natural or anthropogenic) sources 

responsible for particulate matter (PM) exceedances of the daily and annual air quality 

standards, 2) ensure an appropriate focus on controlling major anthropogenic sources, and 3) 

evaluate the current air quality standards and potential improvements to the allowable margin 

of tolerance for PM limit and the number of allowed exceedances to take appropriate account 

of natural sources.  

Two parallel sampling campaigns at two urban sites in Doha, namely Al-Corniche (AC) and 

Qatar University (QU) were conducted during the winter of 2014/2015 and the summer of 

2015 using low volume samplers. Chemical analysis of minerals, trace metals, soluble 

inorganic ions, organic and elemental carbon was carried out on PM2.5 samples. Subsequently, 

a mass closure analysis, and a source apportionment by means of positive matrix factorisation 

(PMF-5) were performed.   

The mass closure solution found a good closure between the samples’ gravimetric mass and 

the reconstructed mass of the chemical constituents determined on those samples. However, 

mass discrepancies ranged between -5 and +12% were found between reconstructed mass and  

gravimetric measured mass as a result of using different filters substances (Teflon & Quartz) 

to collect PM2.5 samples with contradictory behaviour in retaining and releasing organic 

carbon and ammonium nitrate. Then compareing the sum of chemical constituents from both 

filters to the mass collected on the Teflon filters. 
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A PMF-5 solution was found with similar factors identified at both sites and seasons primarily 

crustal components, secondary sulfate, salt/nitrate, traffic, and a construction site. In addition 

to (Zn & As) factor which was only found at the AC site, in both seasons, and (La & Co) 

factor which was found in the summer season at both sites.  

PM2.5 mass showed a seasonal variation in which the mass changed from 34.93 and 33.12 

µg/m3 at the AC and QU sites in the winter season to 73.74 and 99.02 µg/m3 at the AC and 

QU sites in the summer season. The changes in PM2.5 mass were caused mainly by the 

increase in mineral oxide and sulfate concentration. The source apportionment solution 

showed that anthropogenic sources contribution increased from 26.7 and 21.7 µg/m3 at the 

AC and QU sites in the winter season to 41.5 and 41.7 µg/m3 at the AC and QU sites in the 

summer season. This increase caused by secondary sulfate aerosols and the indirect 

contribution of dust events to anthropogenic sources such as traffic source by increasing road 

dust. 

On the other hand, the increase in natural sources contribution from 8.12 and 11.4 µg/m3 at 

the AC and QU sites in the winter season to 32.08 and 57.25 µg/m3 at the AC and QU sites in 

the summer season was mainly due to dust events. These results highlighted the big impact 

dust events have on PM mass concentrations and the importance of including a margin of 

tolerance and a number of allowed exceedances to PM limits values to take appropriate 

account of natural sources.  
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CHAPTER 1- INTRODUCTION 

1.1 Background    

Urban air quality is a major health concern in cities worldwide. Globally, 3 million deaths 

were attributed to ambient air pollution in 2012 (WHO, 2016). Particulate matter (PM) is 

considered one of the most important pollutants found in the ambient air and regardless of 

pollution control programs, cities across the world often exceed national air quality standards.  

PM is defined as a mixture of solid particles and liquid droplets suspended in the air owing to 

its small gravitational settling rate (NARSTO, 2004). The particle's nature, chemical 

composition, size, and shape vary according to their origins, formation methods, and the 

mechanisms of removal and transportation.  

Atmospheric PM has an important environmental and health impact including radiation 

balance of the earth (IPCC, 2001), visibility degradation, long-range transport of toxic 

materials and pathogenic microorganisms, and its association with excess morbidity and 

mortality due to respiratory and cardiovascular diseases (Pope, 2009; WHO, 2006; Griffin, 

2007; Abdeen et al., 2014).  

PM has a direct effect on climate change through scattering and absorbing solar radiation 

leading to net warming and cooling of the earth, and an indirect effect through the formation 

of cloud condensation nuclei (IPCC, 2001). For example, sulfate aerosols have a cooling 

effect because they serve as cloud condensation nuclei, which increase the cloud coverage and 

cause more reflectivity of solar radiation (Celis et al., 2004; Davidson et al., 2005). However, 

the black carbon particles have a warming effect, as they reduce the albedo of snow cover 

when they settle on thereby reducing the fraction of the incident solar radiation that is 

backscattered to space (IPCC, 2001; Wallace and Hobbs, 2006).  
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In addition to its impact on the climate, PM is considered one of the key pollutants posing 

major threats to health (WHO, 2005). Growing epidemiological studies have shown adverse 

health effects at the acute and chronic exposure to PM resulting in an increase in morbidity 

and mortality of respiratory and cardiovascular diseases (Donaldson et al., 2005). Long-term 

exposure to PM can aggravate asthma and respiratory symptoms, as well as decrease lung 

growth in children, whereas acute exposure to PM can increase hospital admissions and daily 

mortality due to respiratory and cardiovascular causes shortly after exposure (Kapposa et al., 

2004). Studies of short-term exposure to PM10 have reported an increase of 0.5% in mortality 

per 10 μg/m3 increase in PM10 (WHO, 2005). These findings were tested in multi-city studies 

conducted in Europe, USA, and Asia with similar results despite the differences in pollutant 

mixes expected to be found in different locations (WHO, 2005; Harrison and Yin, 2000). 

Conversely, Shafer et al., (2010) and Valavadinis et al., (2008) found that particle toxicity 

varies based on particles’ chemical composition and that the water-soluble fraction of 

particles is more harmful because such particles produce reactive oxygen species (ROS) upon 

their reaction with macrophages and epithelial cells in lung lining leading to oxidative stress 

which been linked to respiratory infections, cardiopulmonary diseases, and cancer.   

The majority of epidemiological studies use PM10 or PM2.5 as exposure indicators due to their 

ability to enter the respiratory tract (Kappos et al., 2004; WHO, 2005; Harrison et al. 2010). 

Previous epidemiological studies have focused on PM10 size as an exposure indicator due to 

the particle’s capability to penetrate the thoracic region of the respiratory system. However, 

recent studies have investigated fine particles < 2.5 µm, since this smaller size has far greater 

efficiency in terms of penetrating the alveolar regions of the respiratory system compared to 

coarse particles fraction in the 2.5 - 10 µm range (Harrison et al., 2000). According to the 

WHO (2005), many studies, such as the American Cancer Society Study of Particulate Air 
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Pollution and Mortality (Abrahamowicz et al., 2003) and the Harvard Six-Cities Study (Laden 

et al., 2000; Krewski et al., 2003) reported a robust association between long-term exposure to 

PM2.5 and mortality. Long-term exposure to PM2.5 is associated with an increase in mortality 

from cardiovascular disease by 6-13% per 10 µg/m3 increase in PM2.5 concentrations. 

Moreover, the strongest association between mortality and particles size was found for PM2.5; 

followed by PM10 (Kapposa et al., 2004).  

Windblown dust, one of the main sources of PM in arid regions, can cause a damaging effect 

on human health. A study in Seoul, Korea, Kwon et al., (2002) found a significant correlation 

between dust storms and mortality due to respiratory and cardiovascular disease. Studies in 

the Middle East reported that counties impacted with dust storms such as Kuwait and Saudi 

Arabia have a higher occurrence of asthma compared with European countries (Al-Dawwod, 

2000; Abal et al., 2010). Dust induces inflammation and oxidative stress that persists over 

time in macrophages more pronouncedly than pollen, wood burning, and traffic particles do 

(Etyemezian, 2014). Dust can also physically scar the alveolar wall, destroy the capillary 

beds, and cause emphysema (Pye, 1987). Frequent exposure to respirable crystalline silica, 

which is a major component of the earth's crust, can cause silicosis a non-reversible, 

disabling, and occasionally deadly lung disease. Silicosis is widely reported among miners 

and quarry workers (Spellman, 2009), as well as inhabitants of desert regions (Pye, 1987). 

Dust also can serve as a carrier of pathogenic microorganisms such as Bacillus anthracis and 

influenza viruses causing outbreaks at downwind sites (Griffin, 2007).  

According to Kelly and Fussell (2015), Many studies have shown health benefits and a 

declining in mortality after the reduction of PM pollution levels. A decline of black smoke in 

Dublin after a ban on coal sales was associated with a decrease in pulmonary and 

cardiovascular deaths by 15% and 10.3% respectively (Ayres et al., 2006). In Utah Valley 
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between 1986 and 1987, the closure of a steel mill led to a 50% reduction in PM10 

concentration, which was associated with a decrease in hospital admissions for children 

(Molinelli et al., 2002). In the USA, the reduction of PM2.5 mass concentration between 1980 

and 2000 was associated with an increase in life expectancy by 2.7 years (Pope et al., 2009). 

In Switzerland, a declining in PM10 mass concentration by 5-6 µg/m3 was associated with a 

reduction in the annual rate of decline of lung function (Downs et al., 2007). According to 

Kelly and Fussell (2015), the improvement in health can appear directly following any 

reduction in PM mass concentration which highlights the importance of air quality 

management and control of PM to reduce pollution levels to protect public health.  

1.1.1 PM Chemical Composition 

PM is a complex mixture of primary and secondary particles, emitted either from natural 

sources or by human activities. Primary PM is emitted from sources directly into the 

atmosphere; it includes windblown dust, sea spray, soot from fuel combustion, fugitive dust 

from metallurgical processes, and freshly emitted organic compounds condensed on particles. 

Secondary PM, on the other hand, is formed in the atmosphere by the condensation, 

oxidation, and reactions of precursor gases such as volatile organic compounds, sulfur oxides, 

nitrogen oxides, and ammonia (Harrison, 1997).  

PM has common major chemical components including secondary sulfate, nitrate and 

ammonium particles, mineral dust, sea salt, and carbonaceous compounds (Harrison and Yin, 

2000). PM composition can be influenced by different types of sources, chemical 

transformation in the atmosphere, long-range transport and removal process (QUARD, 1996). 

The breakdown of particulate matter composition in details consists of secondary sulfate 

particles which are mainly produced by the gas to particle conversion of SO2 and are typically 

present in the fine particle fraction as ammonium sulfate. Sulfur from natural sources (e.g., 
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volcanoes, and sea spray) enters the atmosphere mostly in a reduced form, such as hydrogen 

sulfide (H2S) and dimethyl sulfate (DMS), and then is oxidised in the oxygen-rich atmosphere 

to SO2, whereas anthropogenic sulfur sources include combustion of sulfur-containing coal 

and petroleum products, biomass burning, and smelting of nonferrous ores (Harrison and Yin, 

2004).  Nitrate, on the other hand, is formed either in soil through the nitrification process, 

where ammonia in soil is oxidised by bacteria under oxygen-rich conditions to nitrite and 

nitrate, or mainly through the oxidation of nitrogen oxide in the atmosphere. Particulate 

nitrate is expected to be present in the fine particle fraction as ammonium nitrate due to the 

reaction between ammonia and nitric acid, and in the form of sodium nitrate mainly in coastal 

areas through the reaction of sea salt particles and gaseous nitric acid (Harrison and Yin, 

2004, QUARG, 1996). Nitrogen oxides, an anthropogenic precursor of nitrate, are produced 

through two formation modes. The first mode of nitrogen oxides formation is the thermal 

formation which dominates the anthropogenic sources of NOx and is mainly produced by 

traffic and power plants. Thermal NOx is formed when nitrogen (N2) and oxygen (O2) in the 

air of a combustion engine combine because of the high temperature (above 1,000 K). The 

second formation mode is fuel nitrogen oxide, which is formed through the combustion of 

nitrogen contained within fuel (Spellman, 2009). Ammonia, a basic nitrogen compound in the 

atmosphere, is accountable for ammonium formation through the neutralisation of sulfuric 

and nitric acids. Ammonia is mainly produced by the decomposition of urea excreted from 

domestic and wild animals and by the biological fixation process (Harrison and Yin, 2004). 

Mineral dust is transported to the atmosphere by wind and largely found in the coarse particle 

fraction. Arid and semiarid regions are the main natural sources of mineral particles. In the 

year 2000, the worldwide direct dust emissions into the atmosphere were around 2000 

Tg/year for all particle sizes (Wallace and Hobbs, 2006). Crustal components are also released 



 

 

6 

 

to the atmosphere through fugitive emissions from paved/unpaved roads, 

construction/demolishing activities, storage stockpiles, and by traffic-induced turbulence. Sea 

salt aerosols are one of the main contributors to atmospheric particles by mass. Salt particles 

are injected into the atmosphere through bubble bursting and wind-blown spray, and their 

production from oceans is estimated to be around  ̴ 1,000 to 5,000 Tg/year including all sizes 

of salt particles (Wallace and Hobbs, 2006).  

Carbonaceous material contributes a considerable fraction (20% - 80%) to the atmospheric 

fine PM in an urban environment (Saarikoski et al., 2008). Carbonaceous material is divided 

into two categories, elemental carbon (EC) and organic carbon (OC). EC enters the 

atmosphere as primary particles originating from pyrolysis during incomplete combustion of 

engine fuel, incineration, and biomass burning (Szidat1 et al., 2009), whereas OC includes 

primary organic carbon (POC), which originates from fuel combustion processes and primary 

biogenic emissions, as well as secondary organic carbons (SOC) which is formed through the 

atmospheric oxidation of organic species (Kroll and Seinfeld, 2008).  

The relative abundance of those major chemical components can vary between locations due 

to differences in pollutants loadings and the effects of the different geographical natures of 

locations such as arid lands versus agricultural lands (Harrison and Yin, 2000). In the UK, 

several studies showed that the typical composition of urban fine PM is as follows: 

carbonaceous material ~ 50%, sulfate, nitrate, and ammonium ~ 42%, minerals ~ 3%, and salt 

~ 5% (QUARG, 1993 and 1996). In comparison, in the Middle East, a study in 11cites 

including Nablus, east Jerusalem, west Jerusalem, Hebron, Eilat, Tel Aviv, Haifa, Amman, 

Aqaba, Raham, and Zarqa showed that the composition of urban fine PM is as follows: 

carbonaceous material ~ 45%, sulfate, nitrate, and ammonium ~29.5%, minerals ~21.5%, and 

salt ~3% (Abdeen et al., 2014). Also, the average composition of fine particulate matter from 
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six middle eastern countries namely Qatar, Kuwait, Iraq, Emirates, Djibouti, and Afghanistan 

that was calculated from (Engelbrecht et al., 2009)’s study showed that PM composition is as 

follows: carbonaceous material ~ 22.5%, sulfate, nitrate, and ammonium ~ 25%, minerals ~ 

50%, and salt ~ 2.5%. Whereas in Saudi Arabia, in Jeddah city, the composition of fine PM 

apart from nitrate and carbonaceous materials (which was not measured in the samples taken), 

showed ammonium sulfate ~ 49.4%, minerals ~ 28%, and salt ~3% (Khodeir et al., 2012). 

1.1.2 PM Size Properties 

 The PM size range covers more than five orders of magnitude; it ranges from a few 

nanometres for freshly formed particles up to several 100s of micrometres (Harrison and 

Grieken, 1998). Suspended particles are classified according to their size as total suspended 

particles (TSP), including PM10, PM2.5, and ultrafine (UF) particles. The PM10 fraction 

comprises a coarse fraction size from 2.5 to 10 μm and a fine fraction below 2.5 μm which 

includes UF particles with a diameter below 0.1 μm. PM2.5 is the mass concentration of 

particulates passing through a size-selective inlet with a 50% efficiency at an aerodynamic 

diameter of 2.5 µm (Harrison and Yin, 2000). PM2.5 has certain qualities such as their fine size 

which affect their residence times and their ability to infiltrate indoor environments, which in 

turn make them potentially more harmful to human health and welfare. Fine particles are 

important vectors for long-range transport, and more efficient light scatterers hence affecting 

the visibility. The residence time of aerosol particles is determined by their removal rate, 

which is a function of particulate size. In the nucleation mode, particles less than 0.01 µm in 

diameter (Figure 1.1) have a lifetime of hours as they transmute into the next mode by 

coagulation and condensation (QUARG, 1996). As for the coarse mode, particles with a 

diameter of more than 10 µm, are deposited by sedimentation and have a lifetime of several 

hours. On the other hand, fine particles with a diameter between ~0.2 and 2 µm have longer 
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residence times (e.g., 1-2 weeks) as a result of weak sinks but strong sources from the 

coagulation of Aitken nuclei (Wallace & Hobbs, 2006).   

  

 

 

 

 

 

 

 

 

Figure 1.1 Illustration of PM modes in a typical atmospheric particle size distribution. The 

dotted line of the accumulation mode penetrates into sizes <0.1 µm, as does the PM 10-2.5 mode 

into the accumulation mode. (Source: Cao et al., 2013) 

 

 Another issue related to particles size is the efficiency with which fine particles can infiltrate 

indoor environments. Indoor air quality is of great importance since individuals tend to spend 

more of their time indoors. According to Thatcher and Layton (1994), buildings provide little 

filtration of particulate matter. Hence, indoor air quality is influenced by outdoor pollution 

levels which make personal exposure to air pollutants occurs in both outdoor and indoor 

environments. Khillare (2004) reported that 60-70% of fine particles penetrate the indoors 

efficiently and found that the ratio of indoor to outdoor concentration for coarse particles is 

lower than that of fine particles. This result is consistent with the findings of Thatcher and 

Layton (1994), which connect the decline in coarse particles’ penetration rates to the sudden 

drop in their velocity at ventilation openings, which enables them to fall-out on windows and 

doors frames by gravitational settling. Also, Laumbach et al., (2015) reported that staying 

indoor to reduce exposures to PM is limited when windows are open as the penetration factors 
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can approach unity and due to relatively little loss particles to surface deposition. For 

example, in a study to reduce air pollution by using air conditioning, Lin et al., (2013) found 

an association between high outdoor PM levels and adverse changes in cardiovascular disease 

markers such as increased plasma CRP when windows are open but no changes with closed 

windows. Both long residence time and effective penetration to indoor environment properties 

make fine PM more profoundly harmful to the health and the environment (QUARD, 1996).    

1.2 An Overview of Qatar 

Qatar Peninsula is located on the north-eastern margin of the Arabian Peninsula (Figure 1.2). 

It stretches from Saudi Arabia and protrudes into the Arabian Gulf. It is bordered on three 

sides by Arabian Gulf sea water and connected to the south by Saudi Arabia. The land surface 

is mainly flat and rocky. Notable surface features include salt pans, which stretch along the 

coastline (Ashour, 2013), elevated limestone formations along the west coast (Figure 1.3), and 

vast aeolian sand accumulations of different types, such as thin sheets, sand shadows, and 

barchan dunes (Figure 1.4), which are found on the south-eastern part of Qatar Peninsula 

(Embabi and Ashour, 1993). 

 

 

 

 

 

 

 

Figure 1.2 State of Qatar map (Source: Ashour, 2013) 
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Qatar has a desert climate, where the average daily temperature measured in 2012 ranges from 

9° to 47°C (MDPS,2013). The summer months start from May through September and are 

characterised by intense heat (Tsiouri et al., 2015). Temperatures are moderate (~ 15 - 35 ºC) 

from October to April. Annual rainfall is irregular and varies in terms of both time and 

location; though it is usually concentrated in the winter season with an annual average of 75 

mm compared to 885 mm in the UK (Met Office, 2015). The rainfall quantity also differs by 

location within the peninsula, being heavier in the north and lighter in the south. The 

prevailing wind locally known as AL-Shamal blows 80% of the time from the north and 

north-west while about 20% of the winds blow from the opposite direction (Embabi and 

Ashour, 1993). Dust storms occasionally occur during the summer and spring, reducing 

visibility and temporarily disrupting transportation. Qatar’s location within an arid climate 

region subjects the country to a substantial amount of crustal components that are generated 

locally or regionally due to dust storms. 

 

 

 

  

Figure 1.3 Landscape around Dukhan on the west of the peninsula showing limestone rock 

formations (Source: Catnaps, 2014) 
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Figure 1.4 Landscape near Al-Wakra on the south-east of the peninsula showing dunes on 

limestone surface (Source: Catnaps, 2014) nomendatrue 

 Qatar’s economic growth has been almost exclusively based on its natural resources (e.g., oil 

and gas). Oil was discovered first in Qatar in 1940, in Dukhan Field, in the west of the 

peninsula; this discovery transformed the state's economy. However, the economy was 

boosted again in 1991 after the discovery of a large natural gas reservoir off Qatar's north-east 

coast. Large industrial areas were constructed for the oil and gas industry. The heavy 

industrial projects in Qatar are based mainly on three locations; Rass Laffan city in the 

northeast, Misaeed city in the southeast, and Dukhan in the west. Qatar's heavy industries 

include refineries, liquefied gas plants, an aluminium plant, a fertiliser plant for urea and 

ammonia, a steel plant, a cement plant, and petrochemical plants. Other small and medium 

industries are located in the old and new Doha industrial Area at the southwest boundaries of 

Doha. Those industries, although they increased job opportunities and improved individuals’ 

economic states, they are likely to impose a burden on Doha’s air quality.  

Doha is Qatar's largest city and the economic center of the country. It is located on the east 

coast of the peninsula overlooking the Arabian Gulf with a 47.7% of the nation's population 

residing in it and 27% in its surrounding suburbs (MDPS, 2013). Qatar's population has 

increased significantly from about 594,000 in 2000 to about 1,800,000 in 2013 (MDPS, 

2013).  

http://en.wikipedia.org/wiki/Natural_gas
http://en.wikipedia.org/wiki/Suburbs
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The increase in population was largely due to workers migrating from other countries to Doha 

for work opportunities after the country’s industrial and economic growth. Accordingly, to 

contain the population demands, Qatar state improved and integrated its infrastructure over 

the last decade, which may result in an increase in pollutant emissions from the constructions 

and demolishing activities. Along with the industrial and infrastructure boost, the increase in 

population caused a significant increase in traffic volume where the registered vehicles and 

motorcycles increased from 2010 to 2015 by about 41% (MDPS, 2016) .In addition to the 

increments in vehicles numbers, an increase in the demand for merchandise impacted the 

export and import trade and increased the number of aircraft by 55% between 2010 and 2015 

(MDPS, 2014 & 2015) and the number of seagoing vessels in Doha port resulting possibly in 

greater levels of emissions. 

1.3 Particulate Matter Pollution in Doha  

Generally, the Middle East region has elevated concentration of particulate matter (Abdeen et 

al., 2014; WHO, 2016). Early measurements for PM in the Middle East in 2004, showed that 

PM10 and PM2.5 annual concentration in Beirut city was 84 and 31 µg/m3 respectively 

(Kouyoumdjian and Saliba, 2006). In the same year, in Kuwait City, the annual concentration 

ranged between 66 and 93 µg/m3 for PM10 across three sites and between 31 and 38 µg/m3 for 

PM2.5 (Brown et al., 2008). In 2006, a large-scale study for PM in the Middle East region 

including 15 sampling sites, in which Qatar was one of these sites, showed that mean mass 

concentration for PM2.5 ranged between 35 and 111 µg/m3 while PM10 concentration ranged 

between 72 and 303 µg/m3. Qatar was in the middle of this range with a value of 67 µg/m3 for 

PM2.5, and 165 µg/m3 for PM10 (Engelbrecht et al., 2009).  
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The WHO (2016) reported that Doha city ranks fifth and second globally for the highest PM10 

and PM2.5 mass concentrations respectively for the measurements in 2011. However, the 

number of deaths accredits to poor air quality ranks Qatar in the middle range of all listed 

countries. In Doha, the high PM mass concentrations are generally attributed to natural 

sources such as dust storms in spring and summer, which can explain the weak correlation 

between high PM and mortality, as a result of low exposure since people tend to stay indoors 

during dust storms events. 

 In Qatar, air quality monitoring started in 2007 after the publishing of Qatar Executive 

Regulation of the Environmental Protection Law (MOE, 2005). As the ambient air quality 

standards and gas emissions limits became legally binding, large industrial plants were 

obligated to monitor their emissions according to the law’s standards and limits. Industrial 

facilities in Qatar maintain ambient air quality monitoring programmes through many fixed 

stations, providing data on gaseous pollutants to the MOE. Also, the MOE had established a 

network of fixed and mobile air quality monitoring stations in Doha to monitor ambient air 

quality. The network consists of three fixed stations and one mobile station. Figure 1.5 shows 

the fixed station locations including Qatar University (QU), Al-Corniche (AC) and Aspire 

Zone (AZ). 

 

 

 

 

 

 

Figure 1.5 The MOE air quality stations distribution in Doha (MOE, 2013) 
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The air quality stations in Doha have reported repeated exceedances for both PM10 short-term 

(24-hour standard limit value of 150 µg/m3) and long-term (1-year standard limit value of 50 

µg/m3) national standards. The number of exceedances for PM10 ranges from 50 to about 150 

exceedances per year from 2010 to 2013 for the short-term standards. As per the annual 

limits, PM10 continued to exceed the long-term standard from 2007 to 2013 (MDPS, 2013). 

These exceedances indicate that Qatar is a highly polluted city, at least by this measure in 

isolation.  Table 1.1 shows the annual average from 2007 to 2013. All annual concentrations 

exceed the 50 µg/m3 annual limit for PM10.  

Table 1.1 Annual PM10 concentrations in μg/m3 from 2007 to 2013 at Doha monitoring 

stations (MDPS, 2007 & 2013). 

 

Stations 

 

 

2007 2008 2009 2010 2011 2012 2013 

Al-Corniche (AC) 129 201 261 155 120 130 147 

Qatar University(QU) 197 340 338 269 186 219 122 

Aspire Zone (AZ) 149 181 176 _ 107 153 69 

In 2012 PM2.5 and PM1 monitors were added to all Doha air quality stations. The PM2.5 

annual readings from the stations were compared against the WHO (2005) air quality 

guidelines as Qatar's environmental protection law did not regulate PM2.5 limit values. The 

PM2.5 interim target-2 (IT-2) value of 25 μg/m3 (WHO, 2005) guideline targets, was chosen 

for the comparison, because of the similarity between annual PM10 interim target-2 (IT-2) and 

the Qatar national air quality standard for annual PM10 values of 50 μg/m3. The result showed 

that annual PM2.5 values in 2012 and 2013, in Doha, exceed the annual standards of 25 μg/m3 

(Table 1.2).    
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Table 1.2 Annual PM2.5 Concentrations in μg/m3 from 2012 to 2013 at Doha monitoring 

stations (MDPS, 2013).  

 

Because of Qatar’s desert climate, the increase of PM is thought of as a result of the frequent 

dust storms that hit Qatar. Figure 1.6 shows monthly dust events’ frequencies based on 

visibility measurements below 5,000 m from 2007 to 2013 (QCAA, 2014). Visibility patterns 

show two peaks: one in February/March corresponding to spring dust storms and the other 

one in June/July/August due to summer dust storms which indicates that dust storms have a 

large influence on the abundance of PM. 

  

 

 

 

 

Figure 1.6 Visibility below 5000m frequency from 2007 to 2013 showing high frequency during 

the spring and summer dust event seasons (Source: QCAA, 2014).   

Fine particles in the accumulation size range are likely to be removed from the lower 

atmosphere by rain in about 10 days whereas the dry deposition alone will take from 100 to 

Stations 2012 2013 

Al-Corniche (AC) 78 75 

Qatar University(QU) 119 64 

Aspire Zone (AZ) 92 37 
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1000 days (QUARD, 1996). In Qatar, due to the scarcity of precipitation, fine particles are 

likely to be suspended in the air for days after dust events. These suspended particles can 

degrade visibility, soil buildings, and obscure the blue colour of the sky which according to 

Malm (2003), can affect people’s psychological well-being, increase stress and degrade 

outdoor activity enjoyment. Figure 1.7 shows the number of days in Doha when visibility was 

below 5,000 m due to dust events (QCAA, 2014). The fact that Qatar has an arid climate 

which characterised by high ambient temperatures and dust events; means that people will 

likely spend more time indoors. Nevertheless, the ability of fine particles to infiltrate indoor 

environments results in household residents in Qatar being exposed to high levels of indoor 

fine particles during the event of dust storms and even afterward, as a result of fine particles’ 

long atmospheric residence time. Therefore, the fine particle fraction (PM2.5) was chosen for 

this study as it is a more practical indicator in Qatar to understand both anthropogenic 

particles sources and natural particles which in Qatar is likely overwhelmed with dust. 

 

 

 

 

 

 

Figure 1.7 Numbers of days per year in Doha when visibility was below 5000 m (Source: QCAA, 

2014) 
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1.4 Sources of Particulate Matter Pollution in Qatar 

In Qatar, wind-blown dust and sea salt aerosols are potentially the main primary natural 

sources. Also, a significant portion of primary and secondary PM is generated from a variety 

of human (anthropogenic) activities. These activities include transportation, construction and 

demolition activities, industrial processes, and fossil fuel combustion. Big industries in Qatar 

are localized in areas outside Doha. However, emissions from industrial areas may contribute 

to high PM levels in Doha city, through background concentrations. The main natural and 

anthropogenic sources in Doha are discussed below. 

1.4.1 Natural Particulate Matter Sources  

1.4.1.1 Sea Salt Aerosols 

 

Sea and ocean surfaces are major sources of atmospheric aerosols. Sea salt aerosol (SSA) is a 

mixture of inorganic sodium chloride (NaCl), magnesium (Mg2+), and traces of organic 

sulfate (SO4
2-); which is produced by the oxidation of dimethyl sulfate, released biologically 

by phytoplankton in the presence of solar radiation (Prijith. et al. 2014). Ocean aerosols global 

flux ranges from ~1,000 to 5,000 Tg yr-1 (Wallace and Hobbs, 2006). The main mechanism 

responsible for ejecting ocean materials into the air is through bubbles bursting from breaking 

waves. Prijith. et al., (2014) studied SSAs production rate by wind speeds and found that even 

at low wind speed aerosol production is observed, and the ocean surface wind speed has a 

linear relationship with production rate for low as well as for high wind speeds. A study of 

SSA concentration in the Arabian Sea using a coupled climate and sectional microphysical 

model in 2006 showed that sea salt levels indicated by Na+ concentrations in aerosol samples 

have a seasonal variation and that Na+ was at its highest concentration during summer (Figure 

1.8) (Fan and Toon, 2011). The monsoon season in the Arabian Sea region is characterised by 

strong winds coming from the southeast at high speeds ranging between 15 and 20 m/s during 

http://www.sciencedirect.com/science/article/pii/S1364682613003210
http://www.sciencedirect.com/science/article/pii/S1364682613003210
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the summer season. The persistent high wind speeds over the Arabian Sea are accountable for 

a large amount of SSA production in that region (Vinoj and Satheesh, 2004). Because of the 

approximate distance between the Arabian Sea and the Qatar peninsula; it is likely that the 

monsoon season may contribute to SSAs abundant in Qatar. In addition to sea spray aerosols, 

salt pans are another source of particles in Qatar which may have an impact on salt 

concentration during strong winds. According to Ashour (2013), salt pans or as they known in 

Qatar ‘Sabkhas’, are closed depressions with saline surfaces. Sabkhas cover 7% of Qatar’s 

land surface, and they are classified by their location as coastal sabkhas which are wider and 

more spread, and land sabkhas. In Qatar, there are 78 inland sabkhas, covering a total area of 

205 km2
, and located away from the shoreline. There are 42 coast sabkhas covering about 590 

km2 (Ashour, 2013). Figure 1.9 shows sabkhas’ locations in the blue coloured areas. 

Figure 1.8 Modelled global distribution of SSA surface number concentration in the winter 

(December, January, and February) and the summer (June, July, and August) of 2006 (Source: 

Fan and Toon, 2011) 
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Figure 1.9 Qatar map showing: 1) salt pans in blue and 2) sand dunes in brownish colour. 

(Source: Ashour, 2013)  
 

NaCl is quantitatively the main contributor to the marine aerosol mass; thus, it is typically 

used when estimating the natural contribution of marine aerosols to PM levels (Chow et al., 

2015). The European Commission (EC, 2011a) recommend using the sum of both Cl- and Na+ 

when calculating the contribution of marine aerosols to PM, because theoretically, Cl- 

concentration in the atmosphere can be affected by HCl emitted from anthropogenic sources 

or by loss through the reaction of NaCl with nitric and sulfuric acid. Na+ however, has only a 

limited number of non-sea salt sources, yet its concentration can be affected by local dust re-

suspension (EEA, 2012).  

1.4.1.2 Dust Storms 

Dust storm phenomena occur when strong winds lift fine particles from the land surface into 

the atmosphere and transport them downwind, affecting regions hundreds to thousands of 
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kilometers away. For example, Miller et al., (2008) reported that dust/haze episode that 

occurred in Mali was traced back via a parcel trajectory to a convective system that started 28 

hours earlier and 500 km away.   

Wind erosion of the surface is caused by the mechanical removal of loose, fine-grained 

particles in a process known as deflation.  The threshold value, which is the critical wind 

velocity above which deflation of the surface occurs, is highly variable depending on the 

location, ranging from 5 to 12.5 ms-1 (Miller et al., 2008). The tendency of the wind in 

eroding surfaces varies spatially, and it depends largely on the size and shape of soil particles, 

moisture content, and vegetation cover. Soil moisture content and vegetation tend to bind the 

surface materials reducing its ability for erosion. Therefore, frequent dust storms are mostly 

seen in arid and semi-arid climatic regions (Miller et al., 2008).  

The residence time of particles in the dust column depends on particle size (Wallas and 

Hobbs, 2006). As the size of particles increase therefore their mass, they fall out due to 

gravity. Studies have shown that particles in dust-laden winds, with origins in distant sources, 

are typically found to have volume median diameters of about 5μm, resulting in haze 

conditions, and they have greater potential impacts on climate and health (Miller et al., 2008). 

The definition of dust storm agreed on internationally is when visibility goes below 1,000 

meters (Middleton, 1986), whereas haze involves a reduction in visibility below 5,000 meters 

(QCAA, 2014).  

Qatar is located on the eastern side of the Arabian Peninsula; the peninsula has a desert 

topography which extends from Rub’ al Kahli ‘empty quarter’ in the south of the Arabian 

Peninsula to the south border of Iraq, parallel to the Arabian Gulf coast (Landsberg et al., 

1981). According to Pye (1987), dust storms occurrences in this region are the result of strong 

winds, and times when extreme drought leaves bare surfaces exposed to the wind. The dust 
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storms in desert climate regions are most usually caused by thunderstorm outflows 

(downburst), or by strong pressure gradients, which causes an increase in wind velocity over a 

wide area (WMO, 2012). Haboob and Al-Shamal are two types of dust storms that hit Qatar 

during the spring and summer.  

Haboob is an Arabic term that refers to any violent wind initiating dust storms regardless of 

its origins (Pye, 1987; Miller et al., 2008). A haboob is generated by a downdraft associated 

with convective clouds and maintained by the resulting horizontal density gradients (Pye, 

1987). When the downdraft of cold air stretches out along the ground and travels forward, it 

forms a density current that suspends and transport loose dust and sand from the surface.  Pye 

(1978) described haboob dust storms as a solid wall of dust rising to heights ranging from 0.3 

to 3 km, blocking out sunlight.  Figure 1.10 shows a haboob (dust front) event, appearing as a 

red line originating in Saudi Arabia and heading toward Qatar. The other type of wind 

responsible for blowing dust over Qatar is Al-Shamal, an Arabic word meaning north, which 

describes a strong, persistent north-westerly wind that blows during the summer over the 

Arabian Gulf (Figure 1.11). During the daytime, surface winds are so strong that they can 

cause frequent dust storms in Iraq and a dust haze that is carried across the Arabian Gulf to 

Qatar. The dynamic responsible for producing this type of wind is caused by the intense 

summer “heat” low over Pakistan and Afghanistan. A low-pressure trough to the lee of the 

Zagros Mountains is formed creating a steep pressure gradient between the trough and the 

semi-permanent high-pressure cell located over north-west Saudi Arabia (Figure 1.12) (Pye, 

1987).  
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Figure 1.10 Convective complex on the night of September 13, 2004 over the UAE domain: (a) 

Electrically active storm, (b) significant cloud top heights (18 km), (c) dust enhancement (the 

haboob appears as a red linear feature), and (d) frontal advance roughly a half an hour later 

(Source: Miller et al., 2008) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA’s Terra 

satellite captured a true-colour image of the dust storm from Iraq on July 31, 2009. (Source: 

NASA 2009). 
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Figure1.12 Map Showing Al-Shamal synoptic situation (1200 GMT, 9 June 1982) with surface 

isobars and 850 mb streamlines (broken) of the Arabian Gulf and surrounding countries. The 

dotted area represents land over 1000m (Source: Pye, 1987). The yellow star mark shows Qatar. 

 

Metals markers which been used previously to identify a crustal source are Al, Si, Fe, Ti, Mn, 

Ba, Ce and Ca2+ (Andrews et al., 2000; Shen, 2009; Aydin et al., 2011; Chow et al., 2007a) 

1.4.2 Anthropogenic Particulate Matter Sources within Doha’s Boundaries  

Main anthropogenic sources within Doha boundaries are transportation and construction 

activities. Emissions from main roads, Doha harbor, Hamad airport in addition to undergoing 

construction expansion activities related to infrastructure projects including new cities, 

stadiums, and the construction of a metro and rail system in Doha, are considered significant 

sources of primary and secondary PM. Figure 1.13 shows a map of Doha with possible 

anthropogenic sources of PM and gaseous emissions including Doha Harbour, Hamad airport, 

the Lusail construction site and several areas designated for sand piles storage.  
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Figure 1.13 Doha city map showing construction and sand stockpiles in red areas, Doha harbor, 

and Hamad international airport 

1.4.2.1 Construction Activities 

Construction and demolition activities, earth moving operations and the use of heavy 

equipment are sources of fugitive dust and engine combustion emissions that could contribute 

significantly but temporarily to PM increase in ambient air (Dorevitch et al. 2006). Fugitive 

dust and combustion sources emissions often vary substantially during the day and from day 

to day, depending on the type of operation, the level of activity, and the meteorological 

conditions (Giusti et al., 2014). As part of Qatar National Vision 2030, and through a number 

of programmes and projects, such as the Qatar 2022 FIFA World Cup and developing smart 

cities, Qatar invested heavily in infrastructure including a new smart city, the revival of old 

commercial city in the heart of Doha, nine stadiums, roads, highways, and a metro/rail 

network. Also, hotels were constructed to accommodate the anticipated increase in visitor's 

numbers expected during the World Cup 2022.   

Emissions during construction operations include the following: 1) fugitive dust emissions 

from earthwork, roadways, sand storage piles, land clearing, ground excavation, and via 

Doha harbour 

 

Lusail construction site 

Arabian Gulf  

3 km 
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trucks inducing turbulence and resuspending dust at construction sites.  2) Further emissions 

include nitrogen oxides, hydrocarbons, and diesel PM emitted by heavy-duty construction 

equipment, such as loaders, haul trucks, bulldozers, compressors, and generators which are 

powered by diesel fuel. For large development projects in Doha, areas near the projects are 

designated for sand pile storage and for ready-mix plants that are operated by diesel 

generators for the preparing and mixing of cement and concrete needed for the construction 

activity. 

Emissions from construction areas are expected to have high crustal loading and diesel 

combustion emissions in addition to elemental markers such as calcium (Ca2+) (Wang et al., 

2005), Sulfur (S) (Vecchi et al., 2009), and Strontium (Sr) (Crilley et al., 2017). Ca2+, Sr, and S 

are used to distinguish construction operations as they are components of cement’s 

composition, and both Ca2+ and Sr elements have been used to identify construction source 

profile in source apportionment studies (Dall’Osto et al., 2013). On the other hand, Wang et 

al., (2005) used the ratio of Ca2+/Al to investigate the sources of Ca2+ in urban aerosols. The 

Ca2+/Al ratio was found to show a seasonal variation compared to the Ca2+/Al ratio in the 

upper continental crust of 0.5, found by (Mason, 1966). A low value of 0.76 was observed in 

the winter season when construction activities decreased, whereas higher values of 1.27 and 

2.12 were found in the summer and autumn respectively with increasing construction 

activities. The change in the ratio is caused by an increased Ca2+ contribution from 

construction activities.  

1.4.2.2 Traffic  

Air pollutants from transport include nitrogen oxides, particles, and hydrocarbons. All have a 

damaging impact on human health since they are emitted in the vicinity of human activity 

(Colville et al., 2001). In areas near busy roads, in London, vehicles are responsible for a 
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significant proportion of primary PM and NOx increments (Charron et al., 2007). According 

to Querol et al., (2004) in European cities, traffic accounts for 40-60% of PM2.5 at kerbside 

from both exhaust and non-exhaust emissions, and that exhaust and non-exhaust sources 

contribute equally to traffic-related emissions.  

Vehicle emissions from the exhaust are composed of burned fuel and lubricating oil, while 

emissions from non-exhaust sources include the wear and tear of vehicle brakes, tyres and 

clutches and the re-suspension of road dust. Particles released from the exhaust are in the fine 

and ultrafine sizes, and they are mainly composed of OC and EC (Fernandes et al., 2002; 

Brook et al., 2007; Pant 2014). The chemical and physical properties of the emitted particles 

vary according to the engine age, driving speed, type of fuel and conditions during the 

combustion (temperature, humidity) (Lighty et al., 2000; Lloyd and Cackett, 2001; Pant, 

2014). NOx, EC, and OC are by-products of high-temperature combustion in vehicles’ 

engines and are often used as markers for road traffic exhaust emissions (Joseph et al., 2012). 

Non-exhaust emissions contribute to both coarse and fine particle sizes (Pant and Harrison, 

2013), and are emitted directly from wear and tear of tyres, brakes, clutches, road surfaces or 

indirectly through the re-suspension of road dust as a function of vehicle turbulence. Non-

exhaust particles in different regions vary in their composition based on the traffic volume 

and pattern, tyre and brake composition variability based on the manufacturer, and regional 

geology (Amato et al., 2011a; Amato et al., 2011b; Han et al., 2011). Non-exhaust metals 

markers include Cu, Sb, Ba, Sn, Fe which are markers of brake wear (Lough et al., 2005; 

Amato et al., 2011a), Zn which found in tyre materials (Thorpe and Harrison., 2008), and Mn, 

Fe, As Ca, Si, Al which are markers of the re-suspension of accumulated PM and road wear 

(Pant and Harrison, 2013). Others used the ratio of Cu to Sb in a typical brake lining material 

(4.6 ± 2.3) (Sternbeck et al., 2002), as an indicator of traffic emissions which i0s different 
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from the ratio existing in the crustal material (Cu/Sb ~ 125). The Cu/Sb ratio in fine particles 

reported for traffic sources ranges from 2.17 to 10 (Lin et al., 2015; Pey et al., 2010; Pant and 

Harrison, 2013). 

1.4.2.3 Doha Harbour  

Trade on a global scale has traditionally been dependent on maritime transport of goods, as it 

is a more feasible form of transportation per kilogram of material in terms of fuel consumed 

and fuel emissions (Grewal and Haugstetter, 2007). Marine vessels are accountable globally 

for 5-8% of SOx and 15% of NOx emissions (Corbett et al., 2007). Endresen et al., (2003) 

estimated that 70% of vessels’ emissions are emitted within 400 km of land. Hence, they 

contribute to air quality degradation in coastal areas.  

Marine vessels’ diesel engines usually use low-cost fuels which are typically high in sulfur 

and porphyrins that contain Ni, and V. Emissions from fuel oil combustion exhaust are CO2, 

CO, SO2, SO3 NOx, VOC and PM2.5 (Agrawal et al., 2008). PM emitted from the engine 

exhaust, are formed through the agglomeration of small particles of soot, sulfate, partly 

burned diesel and lubricant. The chemical composition of PM2.5 from diesel engines has 

revealed that sulfate and water bound with sulfate, OC and EC are the main components of 

PM, in addition, to trace elements such as V, Ni, Al, Zn, Pb, and P (Isakson et al., 2001; 

Viana et al., 2008). Also, the V/Ni ratio has been used to identify shipping emissions. V/Ni 

ratio ranging between 2.5 and 4.5 were found in the exhaust of different types of marine 

engines using different types of fuel and speed modes in the USA (Nigam et al., 2006), as 

well as in Spain (Pandolfi et al., 2011; Perez et al., 2016)  

In addition to shipping emissions, harbor activities, heavy-duty trucks, cargo handling 

equipment’s and harbor crafts loading, were found to contribute substantially to harbor PM 
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emissions in Europe (Alastuey et al., 2007; Viana et al., 2014). For example, in a study of the 

Los Angeles Harbor (US), total fine PM emissions were dominated by dust and vehicular 

sources, and they explained up to 54% of the mass, whereas the contribution from ships was 

lower than 5% (Minguillon et al., 2008). 

 Qatar environmental protection law (MOE, 2005) only addresses vessels’ oil spill, waste, and 

ballast water disposal, suggesting that operators follow the International Maritime 

Organization (IMO) for air emissions limits, which limit sulfur content in fuel oil to not 

exceed 3.5% m/m (by mass), starting from 2012 (IMO, 2017). However, the IMO through the 

International Convention for the Prevention of Pollution from Ships (MARPOL) introduced 

the Emission Control Areas (ECAs), which are sea areas in which firmer controls 

measurements have been established to minimize vessels emissions. In these areas, the 

allowable SOx content in fuel oil should not exceed 1.0% m/m in 2010 and 0.1 % m/m (by 

mass) starting from 2015. The Arabian Gulf is not designated as an ECA, although emissions 

produced by the high density of marine vessels (Figure 1.14) in the narrow gulf could be of 

great significance to air quality in Qatar and the neighboring countries.  

 

 

 

 

 

 

 

Figure 1.14 Vessels’ density per day in the Arabian Gulf (Sources: Marine Vessel Traffic, 2013) 
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1.4.2.4 Hamad International Airport 

Airport emissions include emissions from aircraft operations and surface access. Aircraft 

emissions are released from a) the exhaust and consists of CO2, CO, NOx, SOx, fine particles, 

organic compounds, and black carbon (Tesseraux, 2004; Agrawal et al., 2008; Kinsey et al., 

2011), and from b) non-exhaust sources and including tyres, brakes and asphalt wear and the 

re-suspension of particles due to turbulence caused by aircraft movements (Masiol and 

Harrison, 2014). According to Li et al., (2013) the metal markers for aircrafts profile consist 

of S, Zn, Br, Zr, and Mo, mostly associated with aircrafts landing. Sulfur and zinc are metal 

markers for tyre wear and are released as a result of the frictional heat when tyres touch the 

asphalt surface as aircraft lands (Hopke, 2016). As for zirconium and molybdenum, both 

elements are used in high-temperature lubricants, which are used to lubricate bearings that 

undergo major heat stress, and they are released from lubricants when power is placed on 

bearings (Hopke, 2016). The greatest share of surface access emissions is related to vehicle 

congestion caused by passengers’ daily journeys to and from airports and from operations on 

the airport site by the service equipment for flights and passengers. The later includes baggage 

and food carriers, refilling trucks, cleaning, container loader, and tugs for moving aircraft 

between gates and taxiways, in addition to passenger vehicles and buses. Hence, emissions 

from surface access source have vehicle markers such as EC, OC, Zn, Cu, Sb, Fe, and Ba. 

1.4.3 Industrial Cities in Qatar and Possible Contribution to Doha Pollution 

 

Qatar has four industrial cities namely Rass Laffan, Mesaieed, Dukhan/Umm-Bab and Doha 

Industrial Area. These cities are located outside Doha city and likely to have a minimum 

influence on Doha air quality. Figure 1.15 shows industrial areas distance, and location from 

Doha and the wind rose during the summer and winter seasons to point out which of the 

industrial cities can contribute to air quality in Doha.  
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Figure 1.15 Industrial areas locations and wind roses in the winter of 2014/2015 and the summer 

of 2015 
 
 

 

 

 

 

 

 

 

 

 

Figure 1.16 Wind direction percentage of occurrence in Doha (Sources: Weather Online, 2017)  
 

Figure 1.16 shows percentages of wind arriving from a specific direction. The prevailing wind 

in Qatar is from the northwest and north directions, with 28% and 24% respectively. When the 

wind comes from north-west direction; emissions from all industrial areas are directed away 
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from Doha. However, when the wind comes from the north; Rass Laffan (60 km away from 

Doha) may contribute to Doha particulate concentration, yet all other industrial cities are 

located downwind of Doha and do not influence the air quality in Doha under these conditions. 

South and southwest winds have the lowest percentage of occurrence. Therefore, a low 

contribution of particles is suspected from Umm Bab and Mesaieed. Doha Industrial Area 

(DIA) is located southwest Doha city border. In Doha, 5% of wind is coming from southwest 

direction, and although the percentage of occurrence is low (Figure 1.16) and the wind from 

SW sector arrive at low wind speeds (Figure 1.15), because of the short distance between the 

sampling sites and the DIA (~12 km), it is expected that the DIA will have an influence on 

Doha air quality.   

1.4.3.1 Rass Laffan Industrial City (RLC) 

Ras Laffan Industrial City (RLC) is located along the north-east coast of Qatar overlooking 

the Arabian Gulf, approximately 60 km from Doha. RLC was built to provide infrastructure 

and services to facilitate the establishment and functioning of the industrial entity to exploit 

Qatar’s gas reserves in the North Field. The port at this location is primarily designated to 

service the industries situated within RLC. It has been designed as the export facility for 

liquefied natural gas, liquid petroleum gas, condensates, petroleum products and sulfur, 

derived from the processing of gas in the North Field reservoir (QP, 2014).  

The area of RLC is home to a broad industrial complex, mainly for the oil and gas industry. 

Emissions from RLC industry and port are expected to include sulfur dioxide, nitrogen 

oxides, hydrocarbon emissions, and trace metals markers in oil and gas such as Ni, V, and Cr 

(Querol et al., 2007; Figueroa et al., 2006).  
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1.4.3.2 Mesaieed Industrial City (MIC) 

Mesaieed Industrial City (MIC) is located along the south-east of Qatar coast approximately 

35 km south Doha. MIC is considered as the core of Qatar's industry, and it hosts many 

industrial activities including refineries, lubricants, fertilisers, fuel additives, petrochemicals, 

steel, vinyl, waste management, and recycling facility, power, and MIC Port. Because of its 

location downwind to Doha for most of the prevailing wind in Qatar; it is not expected to 

have a huge impact on the air quality in Doha. 

A mix of industrial metal markers such as Ni, Cd, Zn, Mn, Cu, Cr and V (Pant and Harrison, 

2012) is used to identify industrial emissions sources including SOx and NOx from power 

generation. Emissions from the iron and steel industry include sulfur oxides, nitrogen dioxide, 

carbon monoxide, as well as soot and dust containing iron oxides. The Iron and steel industry 

can contribute to elevated episode of air pollution associated with the emission of OC, and EC 

as well as an increase in trace metal concentrations such as Fe, Al, Si, S, Mn, Cr, and Zn, at 

areas close to blast furnace and basic oxygen furnace steelmaking (Querol et al., 2007; Taiwo, 

2013). 

In petrochemical manufacturing and petroleum refining, a fluidised-bed catalytic cracking 

process is used to convert the high-molecular-weight hydrocarbon fractions of crude oils to 

more valuable low-molecular-weight products. In this process, a zeolite catalyst enriched with 

rare earth elements (La, Ce, Nd, Sm, Eu, Gd, Pr, and Lu) is used. During cracking operations, 

some of these elements may escape to the atmosphere (Kulkarni 2005). According to 

Kulkarni (2005), the rare earth elements La, Ce, Pr, and Nd in fine particles are a signature for 

petrochemical and oil operation and can be used as markers.  
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Domestic solid waste is treated in the Mesiaeed Waste Management Centre. Burning refuse 

reduces the volume of waste effectively, though heavy metals concentrated in the fly ash 

could escape into the atmosphere (Chang et al., 2000). Metals markers from refuse burning 

include Cd, Cu, Pb, and Zn (Pacyna, 1984; Chang et al.; 2000; Pant and Harrison, 2012), as 

well as Cr and Ni from slag burning (Morselli, 1993). 

The Ras Abu Fontas water and power plant is responsible for generating electricity and 

desalinating water. Emissions from this sector are related to fuel burning for power 

generation. Emissions include NO2 and SO2 along with heavy metals, such as Cd, V, and Ni 

in oil fly ash (Strauss and Mainwaring, 1984; Pant and Harrison, 2012). 

1.4.3.3 Dukhan and Umm-Bab Industrial Cities 

Both of these sites are in the western part of Qatar peninsula. They are approximately 70 km 

from Doha. Contribution from this sector to Doha air quality could be negligible due to the 

distance between these industrial cities and Doha and the low wind percentage coming from 

this sector. Emissions in Dukhan are associated with crude oil production from Dukhan 

onshore oil field such as SO2, NOx, Ni, V, and Cr (Huggins et al., 2000). In Umm-Bab, 

however, emissions are likely related to cement production and fugitive dust such as silica 

(SiO2), lime (CaCO3), gypsum (CaSO4), and dolomite CaMg(CO3)2, from quarries that supply 

the cement plants with the raw materials. Ca2+ has been used as a marker for cement dust 

emanating from the cement manufacturing process (Callén et al., 2012), however, using Ca2+ 

to identify construction sources could be problematic in Doha because Ca2+ can be enriched in 

the samples due to the presence of high limestone concentration in the crust.  
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1.4.3.4 Doha Industrial Area (DIA)  

Doha Industrial Area is located in south-west Doha. It covers an area of approximately 25 

km2, and it consists of small and medium-sized industries among them are carpentry, metal 

works, dyes, bricks, glass manufacturing, garages, and warehouses (MDPS, 2014). A complex 

of organic and inorganic compounds, heavy metals, and gaseous mixtures is likely to be 

emitted from this area to Doha. The DIA is expected to have an impact on Doha air quality 

due to the close distance, although the wind blows only 4 - 8% from the DIA direction. 

1.5 Source Apportionment and the PMF Model 

Source apportionment (SA) is an approach used to quantify the contribution of different 

pollution sources to the total particulate mass from atmospheric measurements (Belis, 2013). 

PM is considered as the most complex of air pollutants and one of the most difficult to control 

because of the multiplicity of PM sources and the factors influencing its behaviour (QUARG, 

1996). Understanding PM sources accurately and how much each of the sources contributes to 

PM concentration in ambient air is essential prior to designing and implementing air quality 

control strategies and will help policymakers to suggest appropriate control strategies to target 

major sources of primary and secondary emissions. Hence, SA is required to 1) give 

information on pollution sources’ contributions and 2) measure the effectiveness of abatement 

implementations on pollution sources.  

Several methods are used to quantify the impacts of air pollution sources on air quality, 

including emissions inventories, dispersion models, and receptor models. Emission 

inventories are detailed collations of emissions within a specific year produced from all 

source categories in a certain geographical area or industry, and they use emission factors and 

activity levels to calculate them (Belis, 2013).  Dispersion models, on the other hand, are used 
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to estimate a specific source’s impact on air quality in an area using emission rates, 

meteorology, and local topography. Receptor models are used to estimate the contribution of 

different sources to ambient PM concentrations on a specific area based on measurements and 

subsequent chemical analysis (Belis, 2013; Pant, 2014). 

Receptor models are used in air quality management to quantify the contribution of different 

sources in ambient particulate samples collected at a specified receptor site by measuring the 

concentration of chemical species in these samples (Watson et al. 2002). The relationship 

between sources and receptors in these models is based on the principle of mass conservation 

and the use of mass balance analysis. The principle assumes that the total concentration of the 

particulate constituents measured at a particular location can be thought of as the sum of 

contributions from independent source types (Hopke, 1990). Thus, the equation of mass 

balance can be written as follows: 

Xij =                                                      (1) 

where, Xij is the ith element concentration measured in the jth sample, fik is the concentration in 

µg/m3 of the ith element from source kth, and gkj is the airborne mass concentration in µg/m3 of 

material from the kth source contributing to the jth sample. 

There are two statistical chemical methods that have been successfully used to solve the mass 

balance equation. Chemical mass balance (CMB) is one method that uses information on an 

ambient sample's chemical species and source compositions in a multiple linear regression to 

obtain the mass contribution from different sources to that sample (Hopke, 1990). However, 

because local source profiles are not always available, positive matrix factorization (PMF) 

based on multivariate data analysis is used to extract information from ambient data alone 

(Hopke, 1990).  
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The multivariate method only needs general knowledge on the characteristics of source 

emissions to identify potential sources (Pant and Harrison, 2012). Multivariate data analysis 

identifies the interrelationship between chemical species in ambient samples, based on the fact 

that chemical species emitted from the same source will have the same temporal pattern, and 

they will correlate perfectly. These methods are able to group chemical species with a unique 

temporal profile characteristic of a source in chemical profiles called factors (Pant and 

Harrison, 2012).  

Functioning as a factor technique, the PMF decomposes the matrix of chemical species in a 

number of samples into factor contributions and factor profiles matrices (EPA, 2008). The 

PMF equation can be written as follows:  

Xij =                                                             (2) 

where eij is the residual matrix of the difference between the measurement Xij and the model 

Yij = fik . gkj, as a function of fik and gkj (Vecchi et al., 2008).  

The limitations of the PMF model include the requirement for a large data set (at least 50 

samples) (Pallavi and Harrison, 2012), and multicollinearity, which can occur when two or 

more sources have similar emission profiles and can affect the model estimates or when the 

wind direction affects two sources located in a collinear position (Gordon, 1988; Pant, 2014).  

Thurston and Lioy, (1987) recommended multivariate models followed by CMB to be used in 

analysis for chemical speciation data for source identification and quantification, and the PMF 

model has been used extensively for source apportionment of PM mass (Kim et al., 2003a; 

Zhou et al., 2004; Ogulei et al., 2006; Reff et al., 2007; Kasumba et al., 2009; Friend et al., 

2011a; Perrone et al., 2012; Green et al., 2013). 
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In terms of source apportionment studies in the Middle East region, the PMF model has been 

used recently in few studies for the PM10, PM2.5, and nanoparticles (Dabbous and Kumar, 

2015; Tsiouri et al., 2015; Khodeir et al., 2012). According to Tsiouri et al., (2015), crustal 

dust, oil combustion, traffic, marine aerosols, and re-suspended soil are the key contributing 

factors for PM in the Middle East. In Kuwait, using data from 2005, the PMF model found 

five major sources contributing to PM2.5 including sandstorms (54%), oil combustion from 

power plants (18%), petrochemical industries (12%), road traffic (11%), and regional 

background (5%) (Alolayan et al., 2013). In another study in Kuwait, in 2013, the PMF 

identified six sources in PM size below 1 µm. The six sources include fresh traffic emissions 

(46%), aged traffic emissions (27%), Industrial emissions (9%), regional background (9%), 

miscellaneous sources (6%), and dust (3%) (Dabbous and Kumar, 2015).  

In Jeddah in 2011, a source apportionment study found four and five sources for PM10 and 

PM2.5 size fraction respectively (Khodeir et al., 2012). The study showed that heavy oil 

combustion (66.5%), re-suspended soil (21%), industrial mix 1 (8.2%), industrial mix 2 

(1.1%), and traffic (3.2%) are the key sources in PM2.5. Whereas crustal component (66%), 

heavy oil combustion (16.7%), industrial mix (9.3%), and marine aerosol (8%) were the key 

contributor to PM10 size fraction.  

In Ahvaz city, Iran, a source apportionment study for TSP using the PMF model for data from 

2010 showed seven sources including crustal dust (56%), road dust (7%), traffic (8%), marine 

aerosols (9%), secondary aerosols (7%), metallurgical plants (4.5%), and fossil fuel 

combustion (8.5%) (Sowlat et al., 2012).  

A range of source metal markers is used in receptor modeling studies to identify sources 

(Table 1.3). 
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Table 1.3 Markers associated with PM sources 

Source Markers References 

Mineral dust Si, Al, Fe, Ca2+, Ti, Mg2+ 
Harrison et al., (1996); Chow et 

al., (2007a);  Pey et al. (2010) 

Sea salt Na+, Cl-, Mg2+ 
Harrison et al. (1996); Pey et al. 

(2010) 

Traffic Fe, Ba, Zn, EC, Cu, Sb, Pb, Sn 

Schauer et al., (1996); Grieshop et 

al., (2006); Pey et al., (2010); Lin 

et al., (2015); Pant and Harrison 

(2013) 

Ship emissions/fuel oil 

combustion 
Ni,V 

Harrison et al. (1996); Pey et al. 

(2010); Querol et al., (2007) 

Secondary inorganic aerosol -
3, NO-2

4, SO+
4NH 

Harrison et al., (1996); Belis et al., 

(2013); Pant (2014) 

Construction Al, Ca2+, Sr 
Wang et al., (2005); Dall’Osto et 

al., (2013); Vecchi et al., (2009) 

Airport emissions EC, OC, S, Zn, Br, Zr, and Mo 
Dong et al., (2011); Li et al., 

(2013); Hopke (2016) 

Municipal waste incineration Cd, Cu, Pb, Zn 
Chang et al., (2000); Pant and 

Harrison (2012) 

Iron and steel production OC, EC, Fe, Al, Si, S, Mn, Cr, Zn 
Querol et al., (2007); Taiwo 

(2013) 

Petrochemical La, Ce, Nd 

Kulkarni et al., (2003); Kulkarni 

et al., (2006); Chellam et al., 

(2005) 

 

1.6 Mass Closure  

The mass closure method attempts to reach an agreement between the gravimetric mass of 

PM samples and the sum of reconstructed major aerosol constituents in those samples (Joseph 

et al., 2012; Rees et al., 2004) with the assumption of accounting for unmeasured 

components, such as hydrogen and oxygen, associated with geological minerals, organic 

carbon, and water (Chow et al., 2015). The mass closure approach is used for data validation 
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by identifying potential measurements errors and correcting them, understanding chemical 

species’ temporal and spatial variation, and estimating sources contributions to PM (Chow et 

al., 2015).  

In order to reconstruct the major aerosol constituents, a small number of chemical 

components are measured in the samples. Then, an estimated correction factor, based on the 

ratio of the molecular weight of the elements associated with each of the assumed major 

aerosol constituents, is multiplied by the measured chemical components. For example, to 

account for oxygen mass associated with SiO2, Si is multiplied by 2.14, which is calculated 

based on the molecular weights of SiO2 and Si as follows: 

Unaccounted Oxygen = MW of SiO2 (28 + (2*16)/MW of Si (28) = 2.14 

Typically, six chemical components are used in PM mass construction including geological 

minerals (Al, Si, Fe, and Ca2+), sea salt aerosols (Cl- and Na+), inorganic ions (SO4
2-, NH4

+, 

and NO3
-), organic matter(OC), elemental carbon(EC), and trace metals (Harrison et al., 2003; 

Sillanpää et al., 2006; Joseph et al., 2012; Chow et al., 2015). Commonly used reconstructed 

mass equation include sum up the following components shown in Table 1.4: 

Table 1.4 Mass reconstruction table 

 

 

 

Usually, with a mass reconstruction solution, a mass discrepancy between the reconstructed 

mass of constituents and the gravimetric mass is found, and no perfect closure can be attained 

because in principle a gap is expected since not all possible species can be measured, and the 
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reconstructed mass depends on various assumptions of the constituents’ chemical 

compositions and the factors multiplier being used (Turpin and Lim, 2001). Mass discrepancy 

could also be caused by uncertainty in the measurements of chemical composition (Rees et 

al., 2004), the presence of unaccounted for strongly bound water (Harrison et al., 2003), an 

incorrect OC multiplier to estimate organic matter (OM), and inaccurate estimates of the 

crustal components (Rees et al., 2004). Hence, Chow et al., (2015) specify a percent mass of 

100 ± 20% as good criteria for a mass closure solution. 

Chemical composition is a strong indicator for particles sources (Yin and Harrison 2008). 

Although each of the previous components could be contributed to by many sources, they are 

often dominated by few sources (Chow et al., 2015). Consequently, the importance of the 

mass closure approach comes from the ability of a simple method to provide a general 

knowledge of the major component composition of PM in the atmosphere and the 

contributions of individual categories to particle concentrations (Harrison et al., 2003).  

1.7 Objectives  

The aim of this thesis is to identify and quantify the main sources that contribute to fine 

particulate matter (PM2.5) concentrations in ambient air in Doha, Qatar. This aim has been 

addressed through:  

- conducting a parallel sampling of PM2.5 in two locations in Doha city using Teflon and 

quartz filters, 

- analysing existing measurement and monitoring data to assess the air pollution 

climatology in Doha, 

-  identifying the chemical composition of particulate matter, following the chemical 

analysis of the samples, 

- understanding the key components that constitute the chemical composition of PM2.5 

using the mass closure model,    
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- infering the likely pollution source using the PMF receptor model, 

- and identifying those sources (areas/industries) that might most effectively be 

addressed in future air quality legislation. 

 

1.8 Thesis Structure   

The following chapters are organized as follows:   

- Chapter 2 describes the general methods and procedures used during the winter and 

summer sampling campaigns including the instrumentation and chemical analysis 

methods.   

- Chapter 3 presents a statistical analysis of meteorology and PM2.5 mass and 

composition in both campaigns to assess the impact of spatial and seasonal variation 

on PM mass and composition.  

- Chapter 4 presents mass closure results to identify the major chemical composition of 

PM2.5, and to assess the accuracy of assumptions made regarding the abundance of 

unmeasured species.  

- Chapter 5 presents results of a source apportionment using the EPA PMF-5 model to 

identify and quantify the key natural and anthropogenic sources contributing to PM2.5 

in Doha. 

- Chapter 6 describes the policy implications of the results obtained, and the need for a 

new PM metric and/or an allowable number of exceedances to account for natural 

sources of PM in Doha. 

- Chapter 7 describes the conclusions from the current study and provides 

recommendations for future work. 
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CHAPTER 2- METHODOLOGY 

2.1   Methodology Overview  

For the purpose of this study, four low volume samplers were purchased and installed inside 

two air quality stations (Al-Corniche and Qatar University) in Doha city. Sampling campaigns 

in Doha city were conducted in the winter of 2014-2015 and the summer of 2015. Inorganic 

ions, metals, organic and elemental carbon chemical analysis were all performed at the 

University of Birmingham (UOB). Excel software, OpenAir, and the PMF-5 receptor model 

were used for the data analysis. This chapter presents detailed information about the sampling 

campaigns and the laboratory analytical procedures are in the following sections. 

2.2   PM-162M Sampler  

2.2.1 Samplers 

ExxonMobil Research Qatar (EMRQ) funded the study with four automatic sequential 

ambient air particulate samplers (Model – PM-162M) associated with a PM2.5 inlet head (US 

EPA 1m3/h). The samplers were purchased from a French company (Environment S.A), and 

they meet the requirements of AFNOR × 43-021 standards, EN 12341 standards and CEN 

standard project about PM2.5 (Environment S.A., 2012).  

 

 

 

 

 

 

Figure 2.1 PM-162 M Sampler (Source: PM-162M Manual, 2011) 

 



 

 

43 

 

Ambient PM2.5 size particles were collected using a selective cyclonic inlet head with a 

constant flow rate onto 47mm diameter filters. The sampling head is a PM2.5 cyclonic inlet 

with a gooseneck adapter made of aluminium. The desired cut-off curve for airborne size 

particles close to 2.5 µm is determined by the design of the cyclonic inlet head and the flow 

rate. Once the dust-laden air enters the inlet head, it is forced to rotate taking the path of the 

cyclone geometry which causes the large particles to settle down due to a combination of 

inertia and aerodynamic drag forces, whereas the smaller particles will continue their 

movement to the filter (Dirgo and Leith, 1985). 

 

 

 

 

 

 

 

 

Figure 2.2 PM2.5 gooseneck inlet head (Source: PM-162M Manual 2011) 

 

The collection mechanism is illustrated in Figure 2.3. The sampler has an external pump that 

draws ambient air with a constant flow rate of 16.7L/min through a PM2.5 size-selective inlet. 

The particulate – laden air is then directed through a preweighed 47mm diameter filter media, 

where the particulate material deposits on the filter surface.  
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Figure 2.3 Diagram of the PM-162M sampler (Source: Environment S.A., 2011) 

The sampler is equipped with temperature, humidity, and atmospheric pressure sensors to 

regulate the sampling performance at a constant flow rate with compensation of pressure 

losses due to any changes in the atmosphere or the filter efficiency. The sampler is fitted with 

a standard orifice system and a powered valve downstream of the filter, to control the pressure 

at the sampling head level, ensuring an accurate separation of particles through the sampling 

head and to maintain a true calculation of the sampled volume at different atmospheric 

conditions.  PM-162M has an automated filter exchange mechanism device and it can hold up 

to 22 filters at a time, but the system was found to be unreliable, as the filters cassette often 

jammed inside the rotation disk causing a failure of the rotation mechanism and change to the 

filters see Figure 2.4. 

 

 

 

 

 

 

Figure 2.4 Damages to quartz filters during disc rotation 
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2.2.2   Sampler Installation  

One of the installation requirements for the PM-162M sampler is to be in an environment 

where the ambient temperature does not exceed 40 ºC in order to operate efficiently. 

Therefore samplers were installed inside air-conditioned air-quality stations, as the 

temperature in Doha city usually exceeds 40 ºC in the summer season. It also provided 

protection for the samplers from severe dust storms and allow us to benefit from the gaseous 

concentrations, meteorological data, and PM mass concentrations that are also measured at 

these stations. 

Another requirement of the source apportionment study was the need to collect samples on 

two different types of filters (Quartz and Teflon) to allow for all types of analysis that are 

needed, thus two samplers were installed back to back inside each of the air quality stations.  

Figure 2.5 shows the samplers’ position inside the station on the top rack. Figure 2.6 shows 

the samplers’ goose-neck inlets at the height of 4 m above ground level.  

 

  

 

.  

  

 

 

 

 

 

 

 

 
Figure 2.5 Two samplers back to back at the top rack in the station  
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Figure 2.6 Samplers’ goose-neck inlets at the height of 4 m above ground level 
 

  

2.3 Filters Selection 

Particulate matter sampling can be achieved by filtering air through a wide range of collecting 

media. Choosing the proper type of filters depends on the purpose which it is used for. In case 

of determining mass concentration, European legislation recommends quartz filters for PM10 

measurements while Teflon, quartz and glass fibre can be used for PM2.5 (EN 14907, 2005). 

However, if the filters are being used to identify particles’ chemical components; other 

criteria should be looked at such as blank levels, and physical and chemical stability. 

In general, quartz fibre filters can stand high temperature and therefore they are suitable for 

organic and elemental carbon analysis, which has to be carried out at high temperature. They 

also have high loading capacity and are less likely to clog hence they are used in high volume 

samplers. Teflon filters have lower blank levels and are more suitable for ions and elements 

analysis (Chow and Watson, 1998). Teflon filters are more favourable for gravimetric 

analysis since they are less likely to absorb ambient water vapour. They also have high flow 

resistances and low loading capacity. Therefore, they are often used in low volume samplers. 
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Filter performance is affected by artefact formation which depends on ambient temperature 

and relative humidity. Quartz filters show high retention of organic vapour and lower release 

of ammonium and nitrate salts causing a positive artefact (Vecchi et al., 2009) while Teflon 

filters adsorb little or no gas phase organic carbons. Another cause of artefact is PM-adsorbed 

water. The hydrophilic nature of quartz filters encourages the transfer of water molecules 

from particles to filter fibres; from which they evaporate to the atmosphere, whereas the 

hydrophobic characteristic of Teflon filters prevents water molecules transferring and they 

remain attached to particles causing a positive artefact (Perrino et al., 2013; Zdziennicka, et 

al., 2009). This artefact formation can lead to a gap in mass closure when the mass 

concentration determined on a Teflon filter is compared to the sum of the chemical 

components determined on both quartz and Teflon (Sillanapaa et al., 2006). 

Another important factor in selecting filters is the pore size. Smaller pore sizes increase the 

collection efficiency and the flow resistance, but it does not affect the size of particles 

collected on filters beyond a certain limit (NIOSH, 2014). Particles collected by filters 

includes all size of aerosol particles even those smaller than the pore size, because small 

particles ≤ 0.1 µm are captured on filters by diffusion mechanism, which occurs due to 

Brownian motion of gas molecules; in which gas molecules collide with small particles 

causing them to deflect randomly in a zig-zag motion hitting the filter’s fibres and depositing 

on them (Lindsley., 2016) 

Typically, Teflon filters are used to determine metals, inorganic ions, and gravimetric mass 

determination and quartz filter for the carbonaceous species and inorganic ions as well 

(Harrison et al., 2003; Vecchi et al., 2008; Mooibroek et al., 2011; Pant., 2014)  

Whatman membrane filters PTFE 1μm pore size with 47 mm diameter were used in this study 

for the determination of particle mass loading since they are not prone to absorption of 
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ambient water vapour hence their mass is more stable through weighing process. The same 

filters were also used for the determination of crustal minerals and trace metals due to the low 

blank levels and their resistance for XRF measurements (Chow and Watson 1998; Vecchi et 

al., 2008). Whatman quartz filters 47 mm diameter was used to determine inorganic ions and 

carbonaceous species. 

2.4   Sampling Locations 

The sampling sites were located in Doha city capital of Qatar.  Doha is an urban city in the 

middle of the east coast of Qatar peninsula. It is influenced by several PM sources, among 

which Doha port, Doha airport, traffic emissions from busy roads and highways, small and 

medium Doha industrial Area (DIA) in addition to natural sources (dust storms and sea salts). 

 

Figure 2.7 Al-Corniche (AC) and Qatar University (QU) Sampling sites. 
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2.4.1 Al-Corniche Site 

Al-Corniche monitoring (AC) station is placed in a small park near a heavily trafficked road. 

Doha Port is about 300 m from the north, whereas Hamad International Airport is 4 km away 

to the east. Also, the station is surrounded from the south by a car park, governmental 

buildings, and small hotels, and by a construction work area for a new museum about 300 m 

to the east-southern direction of the station see Figure 2.9.  

 

 

 

 

 

 

 

 

Figure 2.8 Al-Corniche Station (AC) 

 

 

 

 

 

 

 

 

Figure 2.9 The area surrounding the AC station 
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2.4.2 Qatar University Site 

Qatar University (QU) station (Figure 2.10) is located near the southern gate in QU campus, 

surrounded by a vacant unpaved area from all directions and by two main busy roads, Jelaiah 

street; 35 m from the south, Al-Jamiaa streets, 160 m away from the east and by QU inner 

street 500 m from the west (Figure 2.11). During the sampling period (November 2014 to 

February 2015) there were earthworks involving excavating material, haulage, and stockpiling 

close to the station (Figure 2.12) 

 

 

 

 

 

 

 

 

Figure 2.10 Qatar University Station (QU) 

 

 

 

 

 

 

 

 

Figure 2.11 The area surrounding the QU station 
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Figure 2.12 Earthwork activity at the QU site during the winter campaign 

2.5   Sampling Campaigns 

The study involved two sampling campaigns (winter and summer). Samples were collected 

from two locations in Doha city (Qatar University and Al-Corniche).  Parallel PM2.5 sampling 

was collected using PM-162M samplers on Teflon and quartz filters to allow for gravimetric 

determination and metals, ions and carbon analysis.  

Table 2.1 An overview of the sampling campaign in Doha 

 

 

Campaign Locations Samplers 
Sampling 

time 

Size 

Fraction 

Filters 

type 

Chemical 

analysis 

Winter 

Nov2014-

Feb 2015 

Summer 

May-Aug 

2015 

Qatar University 

Al-Corniche 

PM162 M 

24 hours 

starting from11 

AM local time 

 

PM2.5 

Quartz EC/OC - Ions 

Teflon 

Minerals  

& 

Trace Metals 
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2.5.1 Winter Sampling Campaign  

The first sampling campaign started on November 13th, 2014 and ended on February 14th, 

2015. Parallel PM2.5 samples were collected on 47-mm diameter (Quartz and Teflon) filters 

with 1µm pore size. 24 hours (11:00am to 11:00am, local time) PM2.5 samples were obtained 

using a low volume flow rate 16.7 L/min.  

A total of 76 pairs of filters was collected from Qatar University and 74 pairs from Al-

Corniche. The exposed filters were stored in a freezer at – 18 ºC, to minimize the evaporation 

of volatile compounds until the shipping date. At the end of the sampling campaign, filters 

were shipped by air to Birmingham, and it took 4 days to arrive. After samples arrival, they 

were placed in a cold room until the day of analysis. 

The ambient temperature during the sampling periods ranged from 14 to 25 ºC with a few 

showers in November and minor dust storms on the 10th, 11th, 13th, and 14th of February. The 

main issue with winter sampling campaign was the leakage of rainwater from the station 

ceiling into the samplers every time it rained causing electrical malfunction and stopping the 

sampling for days for the maintenance, which happened in late November early December.  

2.5.2 Summer Sampling Campaign  

The same procedures, instruments, and type of filters were used in the same locations for the 

second campaign. The sampling started on May 12th, 2015 and ended on August 23rd, 2015.  

65 pairs of samples were collected from Qatar university location whereas 76 pairs collected 

from Al-Corniche. After the sampling; all filters were kept in the freezer to minimize organic 

compounds loss. The samples shipping from Doha to the UK were done in two stages. The 

first two boxes contain samples from May to mid of July took 3 days to arrive in the UK, 

whereas the other shipment contains samples collected from mid of July until August took 6 
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days and the boxes arrived slightly damaged from the outside. However, the samples were 

sound.  

The weather during the second campaign was very hot and humid. The average temperature 

was around 40 ºC, and the sky was hazy most of the summer season due to dust suspension 

and lack of precipitation. Nonetheless, there were no major dust storms during the sampling 

time. The main issue with sampling this season was the high temperature and humidity. 

Because of the temperature differences outside and inside the station, which is a conditioned 

cool area, water vapour started to condense on the cold ceiling and penetrate through weak 

points of the sampling line to the samplers. To solve these issue plastic wrapping sheets were 

used to cover the sampling line tube and direct the condensed water away from the sampler. 

2.6   Analytical Procedures  

Mass measurements and chemical analysis for both campaigns were conducted at the 

University of Birmingham facilities. Soluble ions (SO4
2-, NH4

+, NO3
-, Cl-, Na+, Ca2+, PO4

3-, 

K+, Mg2+), crustal metals (Fe, Al, Si, S), trace metals (Zn, Ba, Pb, Cd, Cr, Co, Ni, V, As, Ti, 

Mn, La, Ce) and organic and elemental carbons were analysed for all samples. 

2.6.1 Filter Preparation and Conditioning  

Quartz filters were heated overnight in an oven at 450 ºC to remove carbon impurity whereas 

no cleaning procedure was done for Teflon filters. Teflon filters were conditioned in a 

controlled environment room with 35-45% RH and 20 ºC for 48 hours prior to weighing. 

After the pre-sampling weighing, all filters were stored in Petri-slides and kept in plastic bags 

until sampling. 
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2.6.2 Gravimetric Analysis    

Sampled mass was calculated as the difference between filter mass before and after sampling. 

In order to obtain the sampled mass, Teflon filters were left to equilibrate in a windowless 

room with controlled temp and humidity for 48 hours. Then they were exposed to an α 

particle source (210Po) to neutralize the static electricity on the filter before weighing them 

using a Sartorius Model MC5 microbalance (sensitivity- 1 µg). Filters were weighed three 

times before and after the sampling, and the average weights were used for the calculation.   

2.6.3 Cleaning Procedure 

New clean plastic wares were used for all the extraction procedures. No further cleaning was 

required for those used for IC extraction, but for the metal extraction, 4 ml Nalgene 

polypropylene vials and 15 ml polypropylene tubes were soaked in 2% Aristar Grade HNO3 

for 48 hours then rinsed thoroughly using 18.2 M distilled deionized water (DDW). All 

clean vials were then placed in polypropylene containers and left to dry. After the drying of 

vials, caps were placed on the tubes which were then kept in sealed containers to minimize 

contamination. 

2.6.4 Metal extraction 

In order to determine trace metal concentrations on the filter samples using Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS), metals should be in an aqueous solution. The 

metals digestion of the filters was carried out using aqua regia solution (Allen et al., 2001) in 

closed vials with an energy source provided by a hot water bath and mild ultrasonic bath. 

After completing Wavelength Dispersive X-Ray Fluorescence (WD-XRF) analysis on Teflon 

filters, they were placed inside 4ml Nalgene polypropylene vials using pre-cleaned forceps 

and then 2 ml aqua regia solution was added to the filters using a Gilson pipette.  Reverse 
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aqua regia solution was prepared using Aristar grade hydrochloric acid (HCl) and Nitric acid 

(HNO3). 3.3 ml HCl and 9.45 ml HNO3 were pipetted into a 50 ml volumetric glass then the 

final volume was completed with distilled deionized water (DDW).  

Tightly screwed vials were placed in a small polypropylene container half filled with DDW 

and placed in a water bath (Grant) operating at 100 °C for 30 minutes, followed by 30 minutes 

ultrasonic water bath (Decon) operating at 30 °C. The process was repeated once, and the 

resulting solutions were transferred to 15 ml polypropylene tubes. The total aqueous solution 

volume was then made up to 11 ml using DDW. Extracted samples were then placed in zip-

lock bags and stored in the cold room at 4 ºC until analysis.  

2.6.5 Ions Extraction  

Quartz filters were used for ion extraction. Three 1cm2 punches of each quartz filter were 

removed using a punch cutter and saved in the Petri-slides for future organic and elemental 

carbon analysis, while the rest of the quartz filters were placed in 50ml tubes. The tubes were 

filled up to 12 ml with DDW and loaded onto a mechanical shaker. The samples mixtures 

were shaken for 50 minutes, then samples were filtered using 0.45 µm Acrodisc syringe filters 

into 15ml tubes and stored in zip-lock bags in the refrigerator at 4 ºC until analysis.  

2.6.6 Organic and Carbon Analysis 

Organic (OC) and Elemental carbon (EC) concentrations were determined on quartz filters 

using a Sunset Laboratory Thermo-Optical OC-EC Aerosol Analyser, using the EUSAAR2 

(European Supersites for Atmospheric Aerosol Research) protocol (Cavalli et al., 2010). The 

instrument was checked with an external multipoint sucrose (C6H12O6) solution calibration 

with standards ranging from 4.2 µg/cm2 to 42 µg/cm2. Then the precision was checked 
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throughout the analysis by running one-point standard after every 10 samples. Blank filters 

were analyzed with every batch, and the reported samples were blank corrected.  

A 1cm2 punch was removed from the quartz filter and loaded into the analyzer. In the first, the 

sample was heated in a stepwise increasing temperature (200, 300, and 450 to 650 º C) under 

inert Helium mode. Carbon evolved from this step was oxidized to CO2 gas in the MnO2 

oven, then reduced to methane in the methanator oven for subsequent detection with flame 

ionization detector (FID).  

 After cooling the sample oven to 500 ºC for 30 seconds; the second oxidizing phase 

(Oxygen/Helium mode) started with four increasing temperature steps (500, 550, 700 and 850 

ºC). In this phase, the original elemental carbon EC in addition to pyrolytic carbon PC 

produced in the first phase was oxidized to CO2, and then they were converted to methane and 

detected by FID. At the end of each sample analysis, an internal calibration was performed 

using a known concentration of methane gas hence each sample was calibrated to a known 

quantity of carbon. One main complication during the first phase “helium mode” of the 

analysis is that a fraction of the OC undergoes charring and forms pyrolytic carbon (PC) 

which is then detected as EC in the oxidizing phase. To account for the pyrolysis, the 

transmission of the filters is continuously monitored throughout all stages of the analysis and 

used to split the total carbon into OC and EC. The split is defined as the point where the 

transmittance level returns to its initial maximum level (Cheng et al., 2011). Different carbon 

fractions resemble carbon evolves at each of temperature ramps OC1 (200 ºC), OC2 (300 ºC), 

OC3 (450 ºC), OC4 (650 ºC), EC1 (580 ºC), EC2 (500 ºC), EC3 (550 ºC) and EC4 (850 ºC). 

Organic carbon is calculated as the sum of OC1 to OC4, and PC, whereas Elemental carbon is 

calculated as the sum of EC1 to EC4 minus PC. 
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2.6.7 Inorganic ions analysis 

After the Ion extraction of quartz filter; samples were analyzed for anions using ion 

chromatography using Dionex ICS1200 and cations via Dionex DX500. 1000 mg/L anions 

and cation stock solutions were prepared using ACS reagent-grade chemicals (salt form) and 

18.2MΩ-cm deionized water. Five-point calibration standards ranging from 0.2 to 10 ppm 

were prepared from each stock. Filter blanks were analyzed with the sample batches, and the 

samples were blank corrected.  

 Aqueous samples are loaded into the autosampler using either 0.5 or 5 ml vials. Then they are 

injected into the eluent stream and transported to the separator column by a pumping system. 

Within the ion-exchange column, each ion is identified by its retention time. When the eluent 

ions exit the separator column, they neutralized in the following suppressor column, and 

sample ions are transformed to their corresponding strong acidic and basic form for 

quantitative detection (Chow and Watson, 1998).  In both campaigns methanesulfonic acid 

was used as eluent for cations analysis whereas for anions; potassium hydroxide (KOH) was 

used in the winter campaign, while sodium carbonate and sodium bicarbonate (Na2CO3 and 

NaHCO3) for the summer campaign. The difference in eluents type was caused by using two 

different instruments between seasons, as the instrument used in the first campaign failed to 

produce good results at the time of the second campaign (peaks for different species were 

overlapping). At the first campaign, pre-used and cleaned 5ml vials were used to load the 

samples into the analyzer. The vials showed high-level blanks for NO3
- (0.5 ppm) and Cl- (0.3 

ppm) which was equal to 17% and 60% of their average concentration respectively therefore 

in the second campaign they were replaced by new 0.5ml vials which showed a better result 

for the blank.  
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2.6.8 Metals Analysis 

Metals were analyzed in two stages. In the first stage; S, Al, Fe, and Si were analyzed on 

Teflon filters using a Wavelength Dispersive X-Ray Fluorescence (WD-XRF) instrument 

(Tiger Bruker S8). The XRF is not a destructive method. Therefore, the same samples’ filters 

were used to determine trace metals using ICP-MS. The XRF instrument was calibrated using 

thin film metal standards by the responsible technician prior the analysis. However, after the 

mass balance calculations, a big discrepancy was found between the gravimetric mass and the 

reconstructed mass. The reconstructed mass was ~27% higher than gravimetric mass. After 

checking thin film standards against XRF previous calibration, Si and Al elements’ results 

showed a big difference between the standards values and the calibration curve. All Si and Al 

values were then scaled to the resultant regression equation which solved the mass 

discrepancy issue. Also, two control samples from each of the sampling campaigns were 

reanalysed again to check that the instrument calibration did not degrade in-between both 

campaigns. All four samples gave the same previous results indicating that the calibration 

error was prior to the first campaign analysis, and that the instrument precision is good 

however the accuracy was not.  

Trace metals on Teflon filters were chemically extracted and the following trace metal (Cu, 

Zn, Ba, Ti, Sb, Ni, Mn, V, Co, Cr, As, La, Ce, Sn, Zn, and Pb) were determined in the 

aqueous solution using Inductively Coupled Plasma Mass Spectrometry ( Agilent 7500ce 

ICP-MS) for the first campaign and a Perkin Elmer NexION 300X ICP-MS for the second 

campaign. For ICP-MS optimization, a mixture of Sc (45), Y (89), Ge (72), In (115), Tb (159) 

and Bi (209) were used as an internal standard along with multi-point calibration standard 

ranges between 1 and 200 µg/l, which were prepared from VWR or Agilent stock solutions in 

the same acid mixture as the samples. Both instruments were operated in the helium collision 
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mode for Ti, V, Cr, Mn, Co, Ni, Cu, Zn and As (to eliminate interference from polyatomic 

species) and in standard mode for Cd, Sb, Ba, La, Ce, and Pb. 

2.7 Detection Limit  

Ten blank filters were analyzed at the end of each analytical technique to calculate the 

standard deviation (SD) and the limit of detection (MDL). MDL was calculated as (3×SD). 

Table 2.2 Limit of detection (MDL)  

Compound    MDL (µg/filter)  

Ions using pre-used and washed 5-ml vials 

Cl-     0.185  

NO3
-   0.529   

 SO4
2-  0.0198    

NH4
+ 0.087 

Na+   0.846 

K+  0.189 

Mg2+ 0.093 

Ca2+ 0.583 

PO-3 0.343 

Ions using new 0.5 ml vials 

Cl-   0.0647 

NO3
-   0.178 

SO4
2-  0.007 

NH4
+ 0.039 

Na+  0.331 

K+  0.112 

Mg2+ 0.035 

Ca2+ 0.224 

PO-3 0.239 
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Metals using XRF 

Si 0.078 

Al 0.174 

Fe 0.078 

S 0.028 

Trace metals using ICP-MS 

Ti  
0.00045 

V  0.00264 

Cr  0.01839 

Mn  0.00124 

Co  0.00003 

Ni  0.01140 

Cu  0.00039 

Zn 0.00683 

As  0.00025 

Cd  0.00009 

Sb  0.00002 

La 0.00001 

Ce 0.00004 

Ba 0.00219 

Sn 0.00220 

Organic and elemental Carbon 

OC 1.400 

EC 0.005 
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2.8  Calculations 

The concentration of the elements in ambient air is given by two equations. The first one is 

for elements obtained from ICP-MS and IC techniques  

                   Element concentration in air (µg/m3) = (𝑀 (µg/ml) × 𝑉 (ml)) /𝑣 t (m3)                         

Where: M is the concentration of elements in µg/ml  

 V is final volume of the sample extract (ml)   

vt is sampling time (h) × sampler flow rate (m3/h)  

Whereas the following equation is for elements determined by XRF and OC/EC techniques 

                    Element concentration in air µg/m3 = (𝑀 (µg/cm2) × A (cm2)) / 𝑣 t (m3)                            

Where: M is the concentration of elements in µg/cm2 

 A is total filter area in (cm2)   

vt is sampling time (h) × sampler flow rate (m3/h)  

2.9   Secondary Data  

Hourly data for both campaigns durations were obtained from Al-Corniche and Qatar 

University stations for NOx, NO, and NO2 in addition to meteorological parameters. NOx, 

NO, and NO2 were measured using automatic chemiluminescence method. A weekly zero 

point and span check for two points and quarterly multipoint calibrations were done for the 

monitoring device with certified primary calibration gas cylinders, also a data validation was 

done by removing error readings (MOE, 2013).  

The daily averages for the parameters were calculated from 11am to 11am local time using a 

data acquisition system to line-up with the readings from the sampling campaign. 

 



 

 

62 

 

2.10 Data Analysis  

Excel software was used for data analysis. The source apportionment study was performed 

using US-EPA PMF 5 Model see chapter 5 for more details. Polar and pollution rose plots 

were performed using Open Air (0.9-0) software; which is a statistical package based on R 

computer programming language. A detailed manual of Open Air tools for analyzing air -

pollution data is given in Carslaw (2013). 
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CHAPTER 3: DESCRIPTIVE DATA, SEASONAL AND SPATIAL 

VARIATION 

3.1 Overview of Meteorological Parameters during Both Campaigns 

Daily meteorological data for the QU and the AC sites were obtained from air quality stations 

owned by the Ministry of Municipality and Environment (MME, 2016). The data covers the 

study period for the winter season (November 2014 – February 2015) and the summer season 

(May 2015-August 2015). Because of Qatar’s location in the Northern Hemisphere desert, it’s 

arid desert climate is characterised by short winters and long summers that last from May to 

September. The summer season is characterised by scarcity in rainfall, high evaporation rates, 

very hot weather where the hourly temperature can easily exceed 40 ºC, and by the Al-Shamal 

prevailing wind, which is a hot, dust-laden wind that blows from a north-westerly direction 

and may cause dust storms (Abu Sukar et al., 2007). In contrast, the winter season is cool with 

occasional rainfall. Overview of meteorological data are shown in Table 3.1. 

Table 3.1 Overview of meteorological parameters for the winter season (Nov 2014-Feb 2015) and 

the summer season (May 2015-Aug 2015) at the QU and AC sites 

Meteorological 

parameters 

Summer Season 

AC QU 

Mean Min Max Mean Min Max 

Temp ºC 35.3 30.9 39.3 35.9 31.9 39.3 

RH % 44.9 15.2 78.3 35.0 13.2 61.3 

AT. Press  mb 1015.8 1008.5 1029.7 1022.78 1014.1 1035.4 

WS m/s 1.8 0.5 4.8 2.1 0.5 5.3 

Meteorological 

Parameters 

Winter Season 

AC QU 

Mean Min Max Mean Min Max 

Temp  ºC 20.8 14.3 25.6 20.4 13.8 26 

RH% 66.1 49.1 82.1 58.3 45.2 72 

AT. Press  mb 1038.2 1033.4 1042.8 1044.1 1039.2 1049.3 

WS m/s 1.3 0.1 3 1.8 0.2 4.9 
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3.1.1 Meteorological Parameters’ Spatial Variation 

 In both seasons, significant correlations were observed for meteorological parameters 

between locations r ≥ 0.94. Although meteorological patterns were similar at both sites, a 

noticeable difference in their values was observed, namely for relative humidity, atmospheric 

pressure, and wind speeds as shown in Figures 3.1 and 3.2. Higher relative humidity was 

found at the Al-Corniche site (AC) in both seasons relative to the QU site. The reason for the 

increase in relative humidity is changing water vapour content (Ahrens, 2000). The AC site is 

nearer to the sea coast; hence, the contribution of water vapour from air masses coming from 

the sea can cause such a difference. The high relative humidity occurred with a depression in 

atmospheric pressure because of the displacement of oxygen and nitrogen molecules with 

water molecules. Wind speed, on the other hand, showed higher speeds at the QU site because 

the station is located in an open area where there are no obstacles to reduce wind velocity, 

while the AC site station is surrounded from the north-west and south-west by tall buildings, 

which may affect wind velocity. 

 

Figure 3.1 Daily pattern of meteorological parameters at the AC and QU sites in summer 
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 Figure 3.2 Daily pattern of meteorological parameters at the AC and QU sites in winter  

3.1.2 Meteorological Parameters Seasonal Variation  

The seasonal variation between the summer and winter seasons was characterised by changes 

in wind direction and an increase in the frequency of dust events in the summer season. The 

winter season was characterised by few occasions of precipitation, as well as an increase in 

relative humidity and atmospheric pressure.   

 The prevailing wind during the summer season blew mostly from the north and north-west 

directions and occasionally from the north-east, while in the winter, the wind blew from the 

north-west and south-east (Figure 3.3). Average relative humidity was 44.9% at the AC site 

and 35% at the QU site in the summer season and was 66.1% at the AC site and 58.3% at the 

QU site in the winter season. In winter, an average of 21% rise in relative humidity was 

observed relative to the summer season. Relative humidity is the ratio of water vapour content 

compared to the amount of water vapour required for an air parcel to be saturated at a 

particular temperature (Ahrens, 2000). Relative humidity changes based on the extra amount 

of vapour added to the air parcel or by changes in ambient temperature. In the summer season, 

as the air temperature increase, the capacity to hold water vapour increases due to water 
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vapour pressure changes with temperature. Therefore, the air becomes less saturated 

compared to the winter. The seasonal variation of atmospheric pressure is also caused by the 

differences in ambient temperature. In the summer, with increasing temperature, the earth’s 

surface is heated, and the air above it gets warm and expands, resulting in less dense air and 

hence lower pressure. 

 

 

 

 

 

 

 

                 

 

 

 

 Figure 3.3 Windrose at the AC and QU sites during the winter and summer campaigns 

 

A dust storm is a natural phenomenon, which reflect strong dust-transporting wind 

occurrences; and times when dry conditions leave bare surfaces exposed to wind (Pye, 1987). 

Qatar atmosphere is under occasional dust storms (visibility < 1000 m) and more frequent 

dust haze events (visibility between 1000 and 5000 m), whereas rainfall is scarce (QCAA, 

2014). Dust storms usually occur in the spring starting from mid of February to April, and 

then again in the summer from June to August. During the sampling period, there were no 

Summer 

Winter 

AC 

AC 

QU 

QU 
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major dust storms, but there were many dust haze events (Table 3.1). Trace amounts of 

precipitation occurred in the winter season from November 2014 to January 2015 with the 

exception of three days, which witnessed a measurable amount of precipitation of 0.4, 4.6, 

and 8.4 mm on November 23 and 30, and January 18, respectively. There is a time gap 

between the precipitation and dust events data provided by the meteorology department in 

Table 3.2 and campaigns’ data. Campaigns data were sampled for 24h, starting from 12 PM, 

and were allocated to the following day when the sampling ended, whereas dust events and 

precipitation represent the same day of occurrence.   

Table 3.2 Days with dust events in Doha 2014/2015 obtained from Qatar Civil Aviation 

Authority, Department of Meteorology (QCAA, 2014) 

Month Date Minimum 

Visibility (m) 

(5000m or less) 

Month Date Minimum 

Visibility (m) 

(5000m or less) 

January 2015 10/01/2015 1500 July 2015 

 

08/07/2015 5000 

February 2015 

 

 

06/02/2015 5000 11/07/2015 5000 

09/02/2015 1500 12/07/2015 2000 

11/02/2015 4500 13/07/2015 4000 

12/02/2015 5000 15/07/2015 4000 

June 2015 

 

 

04/06/2015 5000 23/07/2015 3500 

05/06/2015 2000 26/07/2015 4000 

11/06/2015 5000 28/07/2015 5000 

21/06/2015 2500 August 2015 

 

01/08/2015 4000 

23/06/2015 5000 02/08/2015 3400 

27/06/2015 5000 03/08/2015 4200 

July 2015 01/07/2015 4500 04/08/2015 3500 

02/07/2015 3000 05/08/2015 4000 

04/07/2015 5000 06/08/2015 5000 

05/07/2015 4000 07/08/2015 3500 

06/07/2015 2000 08/08/2015 3200 

07/07/2015 3000    

 

3.2  Descriptive Data for Species Mean, Max, and Min Concentrations in 

Both Seasons 

Tables 3.3 and 3.4 present descriptive data of the mean, minimum, maximum and standard 

deviation (SD) for PM2.5 concentration and its chemical constituents at each site during the 

winter and summer campaigns. The data are based on 74 samples collected at Al-Corniche, 
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and 76 at Qatar University in the period between November 2014 and February 2015, as well 

as 76 samples collected at Al-Corniche and 65 at Qatar University between May and August 

2015.  

Table 3.3Descriptive data for species mean, max, and min concentrations in the winter season 

(Nov 2014 - Feb 2015) at the QU and AC sites 

Species Al-Corniche Site (AC) Winter Qatar University Site (QU) Winter 

Mean 

µg/m3 

Min 

µg/m3 

Max 

µg/m3 

SD 

µg/m3 

Mean 

µg/m3 

Min 

µg/m3 

Max 

µg/m3 

SD 

µg/m3 

PM2.5 38.55 14.70 93.95 10.89 37.46 18.17 95.20 9.55 

Al 0.46 0.10 3.62 0.24 0.58 0.09 5.28 0.63 

Al2O3 1.39 0.31 10.86 0.45 1.73 0.26 15.85 1.19 

Fe 0.49 0.14 2.69 0.18 0.63 0.12 5.14 0.58 

Fe2O3 0.57 0.21 3.85 0.26 0.90 0.18 7.34 0.83 

Si 1.99 0.41 14.90 2.10 2.48 0.38 22.23 2.60 

SiO2 4.26 0.88 31.90 4.5 5.31 0.82 47.57 5.56 

S 4.89 1.16 8.94 1.58 4.47 1.83 8.39 1.57 

SO4
2- 15.36 0.77 37.86 7.64 11.83 2.92 22.60 5.04 

NH4
+ 6.29 1.02 15.06 3.01 4.55 0.26 9.39 2.09 

Cl- 0.10 0.00 2.04 0.17 0.13 0.01 1.25 0.24 

NO3
- 2.05 0.09 7.33 1.84 2.74 0.02 7.91 1.93 

Na+ 0.65 0.01 1.57 0.39 0.77 0.02 2.38 0.45 

Ca2+ 0.44 0.01 3.38 0.55 1.29 0.01 6.67 1.07 

CaO 0.62 0.02 4.73 0.77 1.80 0.01 9.34 1.50 

K+ 0.64 0.05 5.11 1.19 0.29 0.00 2.42 0.48 

Mg2+ 0.10 0.01 0.42 0.05 0.16 0.04 0.35 0.07 

OC 5.86 2.29 16.47 2.29 4.47 2.87 11.03 1.62 

EC 4.18 1.78 10.16 1.64 3.61 0.00 8.34 1.83 

Ti 0.0089 0.0025 0.0490 0.0076 0.0105 0.0015 0.0750 0.0092 

V 0.0113 0.0032 0.0287 0.0047 0.0096 0.0044 0.0238 0.0030 

Cr 0.0153 0.0017 0.1021 0.0160 0.0169 0.0015 0.1029 0.0170 

Mn 0.0124 0.0034 0.0368 0.0067 0.0103 0.0037 0.0584 0.0065 

Co 0.0003 0.0001 0.0016 0.0003 0.0005 0.0001 0.0097 0.0012 

Ni 0.0086 0.0021 0.0447 0.0071 0.0091 0.0020 0.0445 0.0076 

Cu 0.0112 0.0020 0.0676 0.0087 0.0152 0.0016 0.0493 0.0114 

Zn 0.0557 0.0105 0.1922 0.0372 0.0389 0.0111 0.2270 0.0353 

As 0.0007 0.0001 0.0025 0.0005 0.0006 0.0001 0.0019 0.0004 

Cd 0.0002 0.0001 0.0004 0.0001 0.0002 0.0001 0.0004 0.0001 

Sb 0.0016 0.0006 0.0051 0.0008 0.0023 0.0005 0.0064 0.0015 

Sn 0.0024 0.0008 0.0066 0.0010 0.0026 0.0004 0.0067 0.0016 

Ce 0.0003 0.0001 0.0022 0.0004 0.0003 0.0001 0.0046 0.0005 

Ba 0.0140 0.0050 0.0858 0.0129 0.0182 0.0027 0.0589 0.0127 

Pb 0.0097 0.0034 0.0260 0.0042 0.0090 0.0039 0.0193 0.0039 
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Table 3.4 Descriptive data for species mean, max, and min concentrations in the summer season 

(May 2015 - August 2015) at the QU and AC sites 

 

 

 

 

Species Al-Corniche Site (AC) Summer Qatar University Site (QU) summer 

Mean 

µg/m3 

Min 

µg/m3 

Max 

µg/m3 

SD 

µg/m3 

Mean 

µg/m3 

Min 

µg/m3 

Max 

µg/m3 

SD 

µg/m3 

PM2.5 73.67 30.25 202.21 32.29 100.90 35.45 383.33 52.11 

Al 2.12 0.58 6.81 1.31 2.72 0.65 8.30 1.64 

Al2O3 4.01 1.09 12.86 2.47 5.13 1.23 15.67 3.09 

Fe 1.88 0.48 7.73 1.29 2.53 0.50 12.29 1.85 

Fe2O3 2.69 0.69 11.06 1.86 3.62 0.71 17.57 2.65 

Si 8.89 2.33 31.01 6.01 11.78 2.83 40.63 7.94 

SiO2 19.02 4.98 66.35 12.85 25.20 6.05 86.94 16.99 

S 6.58 1.79 19.08 3.56 6.85 2.59 17.10 3.64 

SO4
2- 25.42 4.82 93.79 17.44 23.32 4.53 93.54 20.78 

NH4
+ 5.50 0.68 15.35 3.27 5.27 0.49 15.19 3.82 

Cl- 0.39 0.04 2.24 0.33 0.55 0.10 4.62 0.65 

NO3
- 1.91 0.47 7.22 1.25 2.67 0.77 18.48 2.34 

Na+ 1.11 0.54 2.70 3.27 1.19 0.51 4.69 0.63 

Ca2+ 3.61 1.17 10.60 2.16 5.40 1.71 20.93 3.18 

CaO 5.05 1.64 14.84 3.03 7.56 2.40 29.30 4.45 

K+ 73.67 30.25 202.21 32.29 100.90 35.45 383.33 52.11 

Mg2+ 2.12 0.58 6.81 1.31 2.72 0.65 8.30 1.64 

OC 4.01 1.09 12.86 2.47 5.13 1.23 15.67 3.09 

EC 1.88 0.48 7.73 1.29 2.53 0.50 12.29 1.85 

Ti 0.0325 0.0090 0.1406 0.0213 0.0509 0.0135 0.2543 0.0342 

V 0.0235 0.0055 0.0551 0.0128 0.0188 0.0063 0.0447 0.0079 

Cr 0.0110 0.0026 0.0691 0.0115 0.0115 0.0032 0.0496 0.0083 

Mn 0.0309 0.0088 0.0919 0.0184 0.0443 0.0115 0.2091 0.0308 

Co 0.0016 0.0004 0.0226 0.0027 0.0018 0.0004 0.0161 0.0021 

Ni 0.0135 0.0033 0.0287 0.0059 0.0134 0.0037 0.0421 0.0069 

Cu 0.0107 0.0043 0.0374 0.0050 0.0140 0.0052 0.0395 0.0072 

Zn 0.0389 0.0116 0.1491 0.0306 0.0420 0.0159 0.2115 0.0354 

As 0.0008 0.0002 0.0024 0.0005 0.0011 0.0003 0.0721 0.0006 

Cd 0.0001 0.0000 0.0002 0.0000 0.0001 0.0000 0.0003 0.0000 

Sb 0.0015 0.0007 0.0004 0.0008 0.0023 0.0007 0.0241 0.0029 

La 0.0037 0.0055 0.1317 0.0149 0.0021 0.0006 0.0099 0.0015 

Ce 0.0013 0.0004 0.0077 0.0011 0.0019 0.0004 0.0091 0.0014 

Ba 0.0254 0.0090 0.1827 0.0229 0.0354 0.0124 0.1237 0.0199 

Pb 0.0074 0.0029 0.0187 0.0034 0.0083 0.0030 0.0311 0.0049 
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3.3  PM2.5 Spatial Variation  

Mean PM2.5 mass concentrations of 38.55 µg/m3 at the AC site and 37.46 µg/m3 at the QU site 

were similar in the winter season with a 2.8% mass difference. However, in the summer 

season, there was a 27% mass difference between PM2.5 masses of 73.67 µg/m3 at the AC site 

and 100.9 µg/m3 at the QU site. Figure 3.4 shows that PM2.5 mass concentration at both sites 

tracks each other closely, suggesting relatively similar background loading. However, in 

summer, the period from 23 to 30 June showed a higher mass concentration at the QU site. 

An increase in the crustal components at the QU site caused the changes in PM2.5 mass 

between sites in late June based on the SiO2 time series which showed a similar behaviour 

(Figure 3.5). The increase in the crustal components at the QU site at that time was probably 

caused by the effect of dust-laden wind in increasing the number of fine particles ejected from 

unpaved surroundings and sand stockpiles from a construction site located in proximity to the 

sampling site and in the same direction as the north-westerly winds (Figure 3.6). The passage 

of air loaded with dust over erodible surfaces containing fine materials can cause a higher 

number of particles leaving the surface. According to Pye, (1987), abrasion by impacting 

particles has been observed to be important in breaking-up sediments aggregates and releasing 

particles into the air-stream 

 

 

 

 

 

 

Figure 3.4 Time series of PM2.5 for both campaigns at the AC and QU sites 

QU -2.5 PM         AC    - 2.5PM 
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Figure 3.5 Time series of SiO2 for both campaigns at the AC and QU sites 

 

 

 

  

 

 

Figure 3.6 Qatar university location showing nearby construction site and sand piles  

 

Overall, similar average mass concentrations were found for individual constituents between 

the AC and QU sites within the winter and summer seasons (Tables 3.3 and 3.4). On average, 

crustal elements, such as Si, Al, Fe, Ca, and Ti showed a higher mass concentration at the QU 

site, whereas sulfate and ammonium were slightly higher at the AC site. A Pearson correlation 

analysis was performed to investigate the relationship between individual species at the QU 

and AC sites (Table 3.5). Significant correlations were observed between the species at the 

0.01 significance level except for potassium which showed a weak correlation at the 0.08 

significance level. Major contributors to PM2.5 such as crustal species, sulfate and ammonium 
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showed a strong correlation between the sites. Salt elements (Na+, Cl-, Mg2+), and trace metals 

namely As, Cd, Pb, Ce, and Co also showed a good correlation indicating that the same 

sources impact both sites. OC, EC, NO2, Zn, Ba, Sb, Cu, and Sn elements which are primary 

products of traffic tailpipe emissions, brake and tyre wear, (Gillies et al. 2001; Sternbeck et 

al., 2002; Thorpe and Harrison., 2008; Pant and Harrison., 2013), showed moderate 

correlations indicating that both sites are influenced by both local and background traffic 

emissions.  

 Table 3.5 Correlation coefficient between same species at both sites  

 

3.4  PM2.5 Seasonal variation 

Measurements of PM2.5 for the two seasons were compared to see the extent of variation 

caused by dust events to fine particles levels and the constituents’ percentage contribution. 

The average concentrations of individual species from both locations were in each seasone 

were plotted in figure 3.7 and 3.8 in descending order to observe the overall effect of 

seasonality on PM2.5, in Doha city. In winter, sulfate concentration of 13.59 µg/m3 was the 

major contributor to PM2.5 followed by ammonium 5.42 µg/m3, organic carbon 5.16 µg/m3, 

elemental carbon 3.95 µg/m3, and silicon oxide 3.63 µg/m3. This descending order indicates 

Species Coeff. of 

correlation  

Species Coeff. of 

correlation  

Species Coeff. of 

correlation  

Species Coeff. of 

correlation  

PM2.5 0.80 NO3
- 0.47 Ce 0.71 Ba 0.54 

Al 0.91 Na+ 0.81 Zn 0.54 As 0.87 

Fe 0.88 K+  0.23 Ti 0.91 Cd 0.79 

Si 0.91 Mg2+ 0.87 V 0.82 Sb 0.32 

SO4
2- 0.88 PO4

3- 0.86 Cr 0.39 Sn 0.15 

NH4
+ 0.77 OC 0.45 Mn 0.83 Ni 0.42 

Cl- 0.78 EC 0.67 Co 0.76 NO2 0.51 

Ca2+ 0.82 Cu 0.34 Pb 0.74 O3 0.81 



 

 

73 

 

that sulfate is the major contributor to PM2.5 in winter followed by traffic emissions as it is the 

main source of organic and elemental carbon whereas crustal components come last. In the 

summer season, the concentration and percentage contribution changed due to the increase in 

dust events and the big increase in sulfate concentration at the end of July and early August. 

In the summer, sulfate is still the main contributor with 24 µg/m3 followed by SiO2 with 22 

µg/m3. However, the sum of all mineral metal oxides makes the crustal components the main 

contributor in the summer season, followed by secondary sulfate and organic and elemental 

carbon. 

 

 

 

 

 

 

Figure 3.7 Pareto chart for the distribution of species total average mass concentration in 

descending order and a cumulative line of total percentage in the winter season 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Pareto chart for the distribution of species total average mass concentration in 

descending order and a cumulative line of total percentage in the summer season 
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PM2.5 concentrations ranged between 14.7 and 67 µg/m3 in the winter season with mean 

values of 36.26 and 34.77 µg/m3 for the AC and the QU sites and between 30.25 to 383.33 

µg/m3 in the summer season with mean values of 73.67 and 100.9 µg/m3 for the AC and QU 

sites, respectively. PM2.5 mass concentration increased more than twice at the AC site, and 

tripled at the QU site, from the winter to the summer.  

The seasonality effect on PM2.5 mass concentration in Doha city is different than what been 

found in European cities. PM2.5 in Doha, in the summer season showed higher mass 

concentration in contrast to a 28 European cities study in 1993/94 (Marcazzan et al., 2001), 

which showed higher PM10 concertation in the winter season. In Europe, the high PM10 values 

are caused by the frequent occurrences of thermal inversion which tend to concentrate the 

pollutants in the lower layer of the atmosphere. While in summer, higher wind speeds and 

deeper mixing layer increase pollutants dispersion and decrease PM concentration. However, 

in Qatar, the significant factor causing PM increase in the summertime is dust events, which 

in addition to their direct effect on PM increase on the day of occurrences, also contributes to 

the high dust background levels after dust storms as it takes days to a week for PM2.5 to be 

removed from the atmosphere by dry deposition. (Wallace and Hobbs 2006).  

The most significant changes in the concentration of individuals’ constituents between winter 

and summer are the metal oxides and sulfate, which showed a large mass concentration 

increase. The sum of mean metal oxides (SiO2, Al2O3, Fe2O3, CaO) concentations increased 

from 6.84 µg/m3 in wintertime “excluding dust events days” to 30.77 µg/m3 in the summer 

season at the AC site and from 9.739 to 41.51 µg/m3 at the QU site. Sulfate, on the other hand, 

increased from 15.36 µg/m3 in the winter season to 25.42 µg/m3 in summer at the AC site, and 

from 11.8 to 23.32 µg/m3 at QU site. The sulfate increase started in late July and early August 
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(Figure 3.9). During this period, the prevailing wind changed its direction from north-west 

direction to north and north-east coming from Arabian Gulf. The high sulfate was also 

associated with high relative humidity. Figure 3.10 shows the frequency of counts by wind 

direction for sulfate conditioned by relative humidity. High sulfate concentration occurrences 

were more frequent at both sites when wind originated from north-east, coming from the 

Arabian Gulf, and it was associated with maritime air masses hence it showed an increase in 

relative humidity. High sulfate is likely caused by burning sulfur containing fuel from 

seagoing vessels and flaring activities for oil and gas extraction operations in the Arabia Gulf 

Sea.  

 

 

 

 

 

 

Figure 3.9 Time series of Sulfate at the AC and QU sites in the summer season 
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Figure 3.10 Pollution rose as a function of relative humidity in the summer season at the AC and QU 

sites  

 

 

The increase in the crustal elements in the summer season came from the frequent 

occurrences of dust events. In summer, crustal mass (sum of SiO2, Al2O3, Fe2O3, CaO) 

increased by more than four folds compared to the winter season. On average, the QU site had 

a higher crustal contribution due to the contribution from the unpaved surrounding local to the 

site. Figure 3.11 shows silicon oxide peaking in late June and July, while the pollution rose 

indicates that the high metal oxides occurs when the wind is coming from the NW (figure 

3.12), which is the prevailing wind direction in Qatar due to the Al-Shamal dust storm in the 

summer season.   
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Figure 3.11 Time series of SiO2 at the AC and QU sites in the summer season 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Pollution rose of metal oxides by wind direction at the AC and QU sites in the 

summer season 

 

3.5 PM2.5 Levels and Air Quality Index 

The WHO air quality guideline (AQG) for PM2.5 daily concentration is 25 µg/m3. Besides the 

guideline value, three interim targets (IT) are defined for PM2.5 daily mean namely IT-1=75 

µg/m3, IT-2=50 µg/m3, and IT-3=27.5 µg/m3. Based on published risk coefficients from 

multicentre studies and meta-analyses (WHO 2005), PM2.5 at the interim levels is responsible 
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for 5%, 2.5% and 1.2% increases in short-term mortality over the AQGs value respectively. 

These interim targets were established to be used by countries to progressively achieve the 

WHO target of 25 µg/m3 with successor abatement measures. According to the WHO (2005), 

PM10 guideline values are based on studies that use PM2.5 as an indicator. Then, PM10 

corresponding values are calculated by applying a PM2.5/PM10 ratio of 0.5 which is a typical 

ratio for PM2.5/PM10 for urban cities in developing countries and is at the bottom of the range 

found in urban cities in developed countries (0.5–0.8)(WHO, 2005). Because Qatar’s 

environmental law only legislates PM10, a PM2.5 standard was calculated using the 0.5 ratio, 

giving a PM2.5 value of 75 µg/m3 for the corresponding value of 150 µg/m3 for Qatar guideline 

daily PM10. Hence it was used for the comparison. Figure 3.13 shows the time series of PM2.5 

concentration in the winter and the summer seasons with the daily PM2.5 guideline of 75 

µg/m3 included as a line. In the winter season, all the daily values complied with PM2.5 daily 

standard except on the last few days of sampling on 10th, 11th, 13th, and 14th of February, 

when the spring dust events started in Qatar. In the summer season however, with the rising 

number of dust events, a 68% of the QU values and 34% of the AC values in July and August 

were above the 75 µg/m3 target, which emphasises the role of natural sources in exceeding 

particulate matter guidelines.  

 

Figure 3.13 Time series of PM2.5 daily in the winter and the summer seasons; the green line 

shows interim target (IT-1= 75 µg/m3) 
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Air quality index (AQI) scores were also used to assess the seasonal changes in Doha air 

quality. The AQI is a rating scale for reporting the ambient air pollution recorded at 

monitoring sites on a particular timescale. The higher the AQI value is, the greater the level of 

air pollution and the dangers to human health. The main objectives of AQI are to advise the 

public about the exposure risk to daily pollution levels and to impose required regulatory 

actions for immediate local impact (Stieb et al., 2005; Gurjar et al., 2008).  The EPA’s (2013) 

AQI was used to calculate daily AQI in both seasons. The index involves seven categories 

from good to hazardous.  Daily PM2.5 data were scaled using the breakpoints shown in Figure 

3.14 and the number of days in each of the category is presented in Figure 3.15 for the winter 

and summer seasons.  In winter, the air quality for most of the days was in the moderate and 

unhealthy for sensitive groups categories. Few days were found in the unhealthy category. 

However, these points were associated with four dust events that occurred at the end of the 

sampling campaign. In the summer, most of the days were in the unhealthy category, which 

caused by the elevated crustal components from the frequent dust events and the increase in 

sulfate concentrations in August.  

  

 

 

 

 

 

 

Figure 3.14 PM2.5 air quality index (AQI) breaking points (Source: AQICN, 2017) 
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Figure 3.15 PM2.5 air quality category in the winter and summer at both sites  

As for trace metals levels, the European Union has developed a 1-year air quality limit value 

of 0.5 µg/m3 for Pb in 2004 and 6, 5, and 20 ng/m3 for arsenic, cadmium, and nickel in 2008 

respectively (Guerreiro et al., 2014). The four-month averages for the metals mentioned above 

in both seasons were compared to these annual limit values, and none of them exceeds the 

annual limit value in Doha. 

3.6  Ion Mass Balance and the Changes in Aerosol Acidity through the 

Seasons 

Ion mass balance calculations are commonly used to evaluate the acid–base balance of aerosol 

particles (Z. Shen et al., 2009). Ions mass concentration were converted to molar-equivalents 

by dividing their mass by (the molecular weight/ oxidation number). The cations and anions 

were calculated as follows: 

- Cation molar-equivalent (C) = NH4
+/18 + Ca2+/20 + Mg2+/12 + Na+/23 + K+/39  

- Anion molar-equivalent (A) = SO4
2-/48 + NO3

-/62 + PO4
3-/31.6 + Cl-/35.5  

Anion and cations include species that are soluble in water such as salts, acidic and alkaline 

compounds. A perfect balance means analysing all the ionic species found in the samples, but 

this is not achievable for H+, OH-, CO3
-2 and HCO3

- owing to practical analytical limitations. 
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The comparison result between anions and cations will be either acidic PM2.5 if there are more 

anions than cations, hence the cation loss may be attributed to H+ absence, or alkaline PM2.5 if 

there is a lower concentration of anions than cations owing to CO3
-2 and HCO3

- absence.  

3.6.1 Ion Mass Balance during the Winter Season 

 At the AC site, PM2.5 ion masses were in the following order SO4
2- > NH4

+ > NO3
- > Na+ > 

K+ > Ca2+ > Cl- > Mg2+ > PO4
3-. The average anion-cation ratio (A/C) was 0.84, and the 

position of regression line below the unity line (Figure 3.16) indicates that PM2.5 is alkaline. 

The fact that the samples show more cation to anion fraction indicates that the ratio difference 

is caused by the absence of CO3
-2 and OH- measurements.  

 

 

 

 

 

Figure 3.16 Relationship between cations (x-axis) and anions (y-axis) in meq/l in the winter 

season at the AC site (Unity line in red colour) 
 

The ratio of 0.84 at AC site is within the range of 0.8 for storm days, and 0.9 for normal days 

that was found in China for PM2.5 (Shen et al., 2009). The lower A/C ratio during dust storms 

according to (Zhang et al., 2002; Shen et al., 2009) is caused by the buffering action of 

mineral dust on acidic samples. 
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 At the QU site, PM2.5 ion masses were in the following order SO4
2- > NH4

+ > NO3
- > Ca2+ > 

Na+ > K+ > Mg2+ > Cl- > PO4
3-. The ions order was different at the QU site for Ca2+, as it 

showed a higher ranking than at the AC site because of the contribution of CaCO3 and CaSO4 

from the QU site surrounding areas, as both compounds are common in Qatar crust. The A/C 

ratio at the QU was 0.8, indicating that PM2.5 is more basic at the QU site than at the AC site.  

 

 

 

 

 

 

Figure 3.17 Relationship between cations (x-axis) and anions (y-axis) in meq/l in the winter 

season at the QU site respectively (Unity line in red colour) 

 
 

3.6.2 Ion Mass Balance During the Summer Season 

 

In summer, PM2.5 ion mass concentrations were in the following order SO4
2- > NH4

+ > Ca2+ > 

NO3
- > Na+ > K+ > Cl- > Mg2+ > PO4

3- at AC site and in the order SO4
2- > Ca2+ > NH4

+ > NO3
- 

> Na+ > Cl- > Mg2+ > K+ > PO4
3- at QU site. Frequent dust storm in the summer season are 

expected to increase mineral species including calcium concentrations which could change the 

order of the ions between seasons especially at the QU site due to calcium contribution from 

local surroundings.  The A/C average ratios were 0.87 at the AC site and 0.86 at the QU site.  
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Figure 3.18 Relationship between cations (x-axis) and anions (y-axis) in meq/l in the summer 

season at the AC site respectively (Unity line in red)   

 

 

 

 

 

 

Figure 3.19 Relationship between cations (x-axis) and anions (y-axis) in meq/l in the summer 

season at the QU site respectively (Unity line in red)   

 

Figures 3.18 and 3.19 show that some of the points lie on the unity line, indicating neutral 

PM2.5, whereas the other points below the unity line indicate alkaline PM2.5 samples. Similar 

behaviour was found in China for PM2.5 where some of the points lie above the unity line and 

some beneath it (Shen et al., 2009). This behaviour was attributed to different types of 

pollution episodes related to dust storm days and normal days for low (A/C) ratio, and to 

biomass burning and haze from anthropogenic sources for neutral (A/C) ratio. The ion balance 

behaviour in summer was also caused by different type of pollution episodes. Neutral PM2.5 at 
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the high end of the regression line is caused by the big increase in sulfate concentration in late 

July and August (Figure 3.7). Sulfate increase from that period are probably in sulfuric acid 

form because if the sulfate was in salt form, such as (NH4)2SO4 or CaSO4, then the points 

should be below the unity line since SO4
2-, NH4

+, and Ca2+ are all included in the comparison, 

however the carbonate is not included. Therefore, the neutral points were probably caused by 

a combination of unmeasured cation H+ and anion CO3
-2   species. PM2.5 aerosols were more 

basic in the winter season, and the regression lines at both locations were below the unity line, 

which indicates a deficiency in the anion fraction. The anion deficiency in the winter is likely 

related to the absence of carbonate analysis since CaCO3 is a component of Qatar’s crust. In 

the summer season, most of the points were on the unity line or below the line. The average 

anion fraction was still lower than cation fraction, which indicates carbonate deficiency.  

3.7  Metals Enrichment Factor (EF) 

An enrichment factor (EF) approach was used to estimate metal enrichment in airborne 

particles by comparing metals to a reference metal concentration for the upper continental 

crust (Taylor and McLennan, 1995, Mason 1966).  EF is calculated using the following 

equation:  

 

𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑋) =                                                         …………………(3)                                                                                                                                                    

 

where (X) is the concentration of species in the sample/earth’s crust concentration; and 

(Reference) is Al concentration in the sample/earth’s crust. Due to the insignificance of the 

input of Al from anthropogenic sources, it is usually used as a reference-normalising crustal 

 

Concentration  x Sample
Concentration  Reference Sample

Concentration  x Crustal
Concentration  Refrence Crustal
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element to calculate enrichment factor. Elements with EF values close to 1 are consistent with 

strong crustal component (Furuta et al., 2005) while elements with EF values equal to or 

higher than 10 are strongly suggesting a contribution of anthropogenic sources (Chester et al., 

1999). 

 

 

 

 

 

 

 Figure 3.20 EF for PM2.5 constituents at both sites and seasons.  

 

The EFs of metals in Doha have a seasonal variation, with trace metal EFs higher in the 

winter season (Figure 3.20).  According to Chester et al., (1999) when sufficient crustal 

material is present in the air, the enriched elements can display EF values of non-enriched 

elements. This phenomenon is clear in Qatar. During the summer, the frequency of dust 

storms and dust haze events increases causing an increase in crustal metal concentrations in 

the atmosphere. Thus, comparing the concentration of trace metals contributed by 

anthropogenic sources to a crustal reference element which is enriched by dust events will 

cause an underestimation of the EF. 

The elements S, V, Ni, Cr, Cu, Zn, As, Sn, Sb, and Pb have EF values above 10 in the winter 

season indicating a contribution from anthropogenic sources. The highest EFs observed were 

for S and Sb (~1000).  Enriched elements ≥ 10 were separated into three groups based on the 
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correlation between their mass concentrations. In the first group, sulfur was strongly 

correlated with NH4
+ (r=0.7, p<0.01) at the AC site and (r=0.84, p<0.01) at the QU site for the 

whole data set, indicating secondary sulfate aerosols which are likely associated with the 

combustion of fossil fuel containing sulfur. In the second group, Sb was correlated mainly 

with EC (r= 0.50, p<0.01), OC (r=0.47, p<0.01); Cu (r=0.62, p<0.01); and Sn (r= 0.40, 

p<0.01) at the AC site and with EC (r= 0.52, p<0.01), OC (r=0.43, p<0.01); Sn (r=0.72, 

p<0.01); Cu(r=0.45); Zn (r= 0.39, p<0.01) at the QU site indicating contribution from traffic 

source related to exhaust emissions, brake dust, and tyre wear (Furuta et al. 2005; Pant, 2014). 

The third group includes Ni, V, and Cr. The Ni and V elements are inorganic markers for 

gasoline engine exhaust (Song et al. 2001), whereas Cr and Ni are related to heavy fuel oil 

combustion (Huggins et al. 2000). The element Ni was moderately associated with V (r=0.46, 

p<0.01) and Cr (r=0.62, p<0.01) at the AC site and with V (r=0.36, p<0.01) and Cr (r = 0.76, 

p<0.01) at the QU site. The contribution from heavy fuel oil in Doha city is likely to be 

emitted from vessels emissions in Doha port and from onshore and offshore flaring activities.  

3.8  The Effect of Wind Speed on PM2.5 Mass Concentration 

Wind speed exerts an important control over PM concentrations (Harrison et al. 2001). Fine 

particles largely arise from high-temperature combustion sources and through the gas to 

particles conversion process, and they are mainly composed of ammonium sulfate and nitrate 

salts in addition to organic and elemental carbon (Harrison et al. 2001). On the other hand, the 

coarse fraction of PM arises from erosion, and mechanical disruption thus is essentially 

composed of street dust, dust haze/storms and fugitive dust from construction sites and 

unpaved areas. According to Harrison et al. (2001), the resultant curve from plotting fine 

particle abundance with average wind speed shows a dilution process, in which the PM2.5 

concentration decreases with the increasing wind speed. Whereas the coarse component of 
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PM shows a U-shaped relationship which indicates that it has two components, one decreases 

in abundance with wind speed, while the other one increases in abundance due to wind 

resuspension and erosion of soil. To investigate the impact of seasonality on the relationship 

between wind speed and particles abundance; the PM2.5 relation with wind speed was 

separated by season.  

3.8.1 The Effect of Wind Speed on PM2.5 Mass Concentrations in the Winter Season 

Generally, windy conditions are highly associated with dilution effects (Pateraki et al., 2012). 

Figures 3.21 and 3.22 show the variation of PM2.5 with wind speed in the winter season, 

conditioned by relative humidity and atmospheric pressure. PM2.5 concentration showed a 

significant (p < 0.01) decline with increasing wind speed at both sites after removing four dust 

storm events. 

 

 

 

 

 

 

 

Figure 3.21 Relationship between PM2.5 and wind speed at the AC site in the winter season. The 

points inside the green circle represent the dust storm events. Y and *Y equations represent 

PM2.5  points including dust events and PM2.5 excluding dust events respectively. 
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Figure 3.22 Relationship between PM2.5 and wind speed at the QU site in the winter season. The 

points inside the green circle represent the dust storm events. Y and *Y equations represent 

PM2.5  points including dust events and PM2.5 excluding dust events respectively. 

 

 In the winter season, four consecutive days of dust events which are presented in the green 

circles in figures 3.21 and 3.22, which occurred at the end of the sampling campaign; in which 

two of the dust events days occurred at low wind speeds and the other two at high wind speed.  

To investigate the origins of the dust events and why they occurred at different wind speeds, a 

back trajectory analysis was performed. The results in Figure 3.23 show that for all four days,  

the wind came from the Arabian Sea direction, and it passed over a region of sand dunes just 

before entering Qatar (Figure 3.24), which could cause the wind to drag, lift, and transport 

particles from this region to Qatar. Figure 3.23 shows that on all four days, wind arrived from 

the south-east. The decline in wind velocity for the last two dust events may have been due to 

the wind coming from a reduced height of 1,000 m to 500 m (Figure 3.23) above ground 

level, which increased the wind friction.  
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Figure 3.23 Back trajectory showing air mass route for A) 11th of Feb 2015 when wind arrived at 

high speed and B)- 14th of Feb 2015 when wind arrived at low speed.  

 

 

 

 

 

 

Figure 3.24 The Arabian Peninsula showing sand dunes area 

3.8.2 The Effect of Wind Speed on PM2.5 Mass Concentrations in the Summer Season 

In the summer season, no linear relationship between PM2.5 abundance and wind speed was 

found (statistically insignificant, p > 0.1) and the form of the relationship was complicated. 

Figure 3.25 shows a scattered distribution of PM levels with windspeed.  
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Figure 3.25 The relationship between PM2.5 mass concentration against wind speed at the AC 

and QU sites in the summer season. 
 

To investigate potential the effect of meteorology on particles abundance, a scatter plot using 

ggplot2 package has performed for both sites. The ggplot2 is a statistical package for graphics 

and visualization of statistical data which breaks up graphs into semantic components such as 

scales and layers (Wickham, 2017). Figure 3.26 shows the variation of PM2.5 mass 

concentration with wind speed conditioned by relative humidity (RH) and by atmospheric 

pressure (AP).  

 

 

 

 

 

 

 

Figure 3.26 Scatter plot for PM2.5 mass against wind speed colored by RH and sized by the level 

of AP at the AC and QU sites in the summer season. 
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Trends at both sites showed a declining effect for points with high AP (large dots). However, 

points with low AP (small dots) showed both low and high PM2.5 values with increasing wind 

velocity. In the summer season, the AP showed a declining trend from May toward August 

which seems to have an impact on the relationship between PM2.5 abundance and wind speed 

with time. Therefore, the data was divided into two periods 1) high AP from May to late June, 

and 2) low AP from late June to August. Figure 3.27 present PM2.5 abundance at low AP 

showing a significant increase with wind speed at both sites.  

 

 

 

 

 

 

 

 

Figure 3.27 Scatter plot for PM2.5 mass against wind speed at the AC and QU sites at low 

atmospheric pressure. 

In the summer season with increasing ambient temperature, the warm air which heated by 

contact with the surface in daytime ascends leading to low pressure at the surface (Met-office, 

2017). In drylands, dust haze can occur when dust particles are raised by wind from the 

ground surface (NCMS, 2011) or by transport of dust through pressure gradients. According 

to Pye (1987) in the Middle East region in the summer season, the north-westerly wind 
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namely Al-Shamal sweeps dust from prevailing high-pressure areas in Iraq and Kuwait to 

low-pressure areas across the Arabian Gulf and over Qatar.  

The effect of relative humidity appears in figure 3.27, as PM abundance shows higher 

abundance with low RH. These points represent days when wind arrived from north-west 

indicating that the air masses spent more time above terrain as they arrived from a far side of 

the coast. Thus they are low in RH, carry more dust burden from moving over arid areas, and 

they have more force in eroding crustal components through ballistic impaction. According to 

(Pye, 1987) abrasion by impacting particles is important in breaking up soil aggregates and 

releasing fine particles into the airstream. As a result, particle concentration increased with 

increasing wind speeds under low RH conditions. Conversely, at high AP, PM2.5 abundance 

systematically decreased with increasing wind velocity (Figure 3.28) apart from one dust 

storm episode on the 6th of June arriving from southeast direction (Figure 3.29). At high AP, 

dust supply arriving to Qatar by pressure gradient differences stopped therefore wind speed 

had a dispersion effect on the suspended particles.  

 

 

 

 

 

 

 

 

Figure 3.28 Scatter plot for PM2.5 mass against wind speed at the AC and QU sites during high 

AP. The value on the 6th of June was excluded from the correlation equation.  
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Figure 3.29 Back trajectory on the 6th of June 2015 

3.9 Summary 

PM2.5 levels were similar at both sites except for a short period during dust events in the 

summer season when the QU site showed a higher mass concentration as a result of dust-

laden wind action in eroding loose particles from the unpaved backgrounds and sand 

stockpiles at a construction site in proximity to the QU sampling site. The spatial similarity 

between PM2.5 levels is caused by the regional similarity of major contributors such as 

secondary sulfate in the winter season and crustal materials and secondary sulfate in the 

summer season as they showed significant correlations at both sites. Conversely, constituents 

related to traffic emissions such as OC, EC, Cu, Sb, and Zn showed moderate correlations 

between sites, suggesting that each location is affected by contrasting local traffic emissions. 

The seasonal variation appeared as a big increase in crustal materials caused by frequent dust 

events in the summer season in addition to sulfate increments from late July onwards, most 

likely caused by sulfate contributions from vessels emissions in the Arabian Gulf when the 

prevailing wind changed its direction from the north-west to the north-east. High PM2.5 levels 
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in the summer season impact air quality in Doha and the number of unhealthy days increased 

from 4 days in winter, also caused by dust events, to more than 50 days in the summer season.   

Air masses origins and meteorological parameters have an important control over PM2.5 

concentration. Low atmospheric pressure is the main factor of Al-Shamal dust events in Qatar 

in the summer season (Pye, 1987).  Air masses moving from high to low atmospheric pressure 

areas, the speed of moving, and origins are what determine the air masses’ burden of particles 

and water vapour content and their influence in suspending or dispersing atmospheric 

particles.   
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CHAPTER 4: MASS CLOSURE 

4.1 Introduction  

Chemical mass closure is a useful tool to validate and address uncertainty among gravimetric 

mass and chemical measurements (Chow et al., 2015). It also gives a comprehensive picture 

of how much each of the chemical components is contributing to particles’ mass. The mass 

closure is a simple mass balance model that attempts to reach closure between the total 

gravimetric mass, and the particulate reconstructed mass obtained from the sum of measured 

major components (Chow et al., 2015). The reconstructed mass is obtained by summing up a 

small number of individual chemical components which are measured in the samples, and 

corrected by a conversion factor based on the ratio of molecular weight of elements associated 

with each of the assumed constituents, in order to estimate the unmeasured species such as the 

oxygen and hydrogen molecules (Joseph et al., 2012, Chow et al., 2015). Major particulate 

matter components that are typically used to explain gravimetric mass include (1) minerals 

(e.g., Fe, Al, and Si); (2) inorganic ions (e.g., SO4
2-, Cl-, NO3

-, Na+, Ca2+, and NH4
+); and (3) 

organic and elemental carbon.  

4.2 Mass Reconstruction Method  

The reconstruction method used in this work was based on the study of Chow et al. (1996). In 

this method; Chow et al., (1996) summed six chemical components, including inorganic ions 

(SO4
2-, NO3

-, and NH4
+) + sea salt (Na+ and Cl-) + elemental carbon (EC) + organic carbon 

(1.4OC) + geological minerals (1.89Al, 2.14Si, 1.4 Ca2+, and 1.43Fe) + trace elements.  The 

same approach was used in this study with some modifications (Table 4.1). The modifications 

in the reconstructed mass components method used in this study and the assumptions behind 

the conversion factors are described in the following subsections.   
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Table 4.1 Reconstruction equation from Chow et al., (1996), and a modified equation used in this 

work 

 

4.2.1 Crustal Matter Estimation 

 The crustal matter is a significant component of particulate matter in Qatar because of the 

frequent dust storms and haze events in addition to traffic-induced resuspension and fugitive 

dust from construction/demolition activities.  Silicon, aluminium, and iron are usually 

selected as tracers for crustal components. In this study, all three elements were determined 

on Teflon filters using the XRF technique. Very strong correlations were found between all 

the elements for the entire duration of the two sampling campaigns (Table 4.2) 

 

 

 

 

 

NO. Method Inorganic 

Ions 

Organic 

carbons 

Elemental 

carbon 

Geological 

minerals  

Salt Trace metals 

1 Chow et 

al., 

(1996) 

SO4
2- + 

NO3
- + 

NH4
+  

1.4OC yes (1.89Al + 

1.43Fe + 

2.14Si + 

1.4Ca2+) 

Na+ + 

Cl- +  
Mg2+ 

Sum all 

species 

measured by 

XRF 

excluding all 

elements 

accounted for 

in the other 

fractions 

2 The 

modified 

approach  

SO4
2- + 

NO3
- + 

NH4
+  

1.3*OC yes (1.89Al + 

1.43Fe + 

2.14Si + 

1.4Ca2+) 

Na+ + 

Cl- +  
Mg2+ 

Not 

considered 
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 Table 4.2 Metals ratios result when the regression line forced through zero with the correlation 

coefficients and uncertainties 

 

Although the strong correlations between metals, the metals ratios in Doha showed different 

values than what has been found in other locations. The Fe/Al mass ratio average of 0.92 in 

Doha is higher than the ratios of 0.67, 0.64, and 0.66 reported for Saharan dust by Sciare et 

al., (2005); Guieu et al. (2002); Tuncel et al., (1997) respectively; and also, higher than the 

ratio of 0.68 calculated from metal concentrations in crust by Mason (1966). However, the 

ratio of 0.2 for Fe/ Si in Doha does agree with the value of 0.2 for a typical crust of Mason 

(1966). The differences between ratios are probably due to the differences in the percentage of 

metals in the crustal material in Doha. The Fe/Al ratio of ~0.92 is within the range of ratios 

found in most of the Middle Eastern countries. A recent worldwide mineralogical study 

(Engelbrecht et al., 2016) with 165 samples collected from 22 countries (Figure 4.1), four of 

which are in the Middle East namely (Iraq, Kuwait, Qatar, and United Arab Emirates), 

showed an average Fe/Al ratio of 0.76 with a strong correlation (R2 = 0.8) for 122 samples out 

of the complete set of 165 samples. The study found that the Fe/Al ratio ranged from 0.41 to 

3.78 for PM2.5. This range includes all Fe/Al ratios for PM2.5 which have been found in the 

Middle East in previous studies. Those findings include ratios between (1) 0.74 and 1.10 

winter AC site winter QU site Summer AC site Summer QU site 

[Fe]=0.86*[Al]; 

R2 =0.84 ± 0.1 

[Fe]=0.93*[Al]; 

R2 =0.89 ± 0.21 

[Fe]=0.92*[Al]; 

R2 =0.94 ± 0.29 

[Fe]=0.98*[Al]; 

R2 =0.88 ± 0.4 

[Fe]= 0.19*[Si]; 

R2
=0.85 ± 0.13 

[Fe]=0.19*[Si]; 

R2 =0.87 ± 0.2 

[Fe]=0.21*[Si]; 

R2= 0.97 ± 0.21 

[Fe]=0.22*[Si] 

R2 =0.94 ± 0.23 

[Al]=0.22*[Si];  

R2 =0.98 ± 0.08 

[Al]=0.2*[Si]; 

R2 =0.93 ± 0.092 

[Al]=0.23*[Si]; 

R2 =0.97 ± 0.18 

[Al]=0.22*[Si]; 

R2 =0.97 ± 0.53 
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found in the Middle East (Engelbrecht et al., 2009b), (2) 0.95–1.85 found during dust events 

in Beirut, Lebanon (Jaafar et al., 2014), (3) and 0.64–0.81 for suspended particle dust in Iran 

(Najafi et al., 2014. In addition, a study using 15 sampling sites in the Middle East conducted 

in 2009 found that Fe/Al ratio in PM2.5 in Qatar is about 0.9 (Engelbrecht et al., 2009), which 

is equal to what been found in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Surface soil sampling regions shown as green stars on a global map of dust sources as 

identified from Total Ozone Mapping Spectrometer (TOMS) data (source: Engelbrecht et al., 

2016)  

     

 In mass closure studies, the dust fraction contribution to PM mass is either calculated by 

summing up metals oxides (Al2O3, SiO2, Fe2O3, CaO) (Chow, 2015) or based on a single 

crustal element (Countess et al., 1980). 

 In the single crustal element, the crustal components mass fraction is approximated by 

multiplying one of the crustal elements by a factor equal to its percentage in the crust.  A 
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single crustal element approach has been used whenever there is a lack of measurements for 

one of the crustal elements or due to uncertainty in quantifying one or more of them (Chow, 

2015). The Si and Al elements have both been used previously in reconstructing dust fraction 

using single element approach. Countess et al., (1980) used 3.5Si assuming 28.5% as the 

global average of Si mass fraction of crustal matter. On the other hand, 12.5Al, 13.77Al, and 

14Al were used by Hsu et al., (2008); Ho et al., (2006) and Guieu et al., (2002) respectively.  

In this study, the crustal mass was calculated using summing up metals oxides methods as 

follow:  

Crustal mass fraction =1.89Al + 2.14Si + 1.43Fe +1.4 Ca2+, where the coefficients conversion 

factors are accounting for oxygen atoms, assuming a composition of:   Al2O3, SiO2, Fe2O3, 

and CaO. The conversion factors were calculated based on the molecular weight (MW) of 

metal oxides to metal, for example: 

 CaO = (calcium MW + oxygen MW) / calcium MW = (40 + 16)/40 = 1.4. 

However, a single element method was also explored, Al element needed different conversion 

factors, which ranged between 13.5 and 15.5, to estimate the crustal components fraction 

mass through different seasons and during dust events days and non-dust days. 

 On the other hand, 3.5Si was found to be the most suitable conversion factor to calculate dust 

fraction (defined as the sum of 1.89Al, 2.14Si, 1.43Fe, and 1.4 Ca2+) through different seasons 

and locations (Table 4.3), except for the QU site which showed a large intercept in the 

summer season. The large intercept probably caused by the changes in crustal chemical 

composition which caused by the contribution of particles from sand and cement stockpiles 

near the QU site.  
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Table 4.3 Regression result of 3.5Si against the sum of metal oxides in both seasons and sites 

Campaign Relationship between 3.5Si against sum of metal 

oxides (1.89Al, 2.14Si, 1.4Ca2+, 1.43Fe)  

R2  

AC summer 3.5Si = (1.0402 ± 0.371) x- (0.819 ± 0.01)  0.99 

QU summer 3.5Si = (1.0553 ± 0.022) x- (2.447 ± 1.06)  0.97 

AC winter 3.5Si = (1.0058 ± 0.011) x + (0.018± 0.13) 0.99  

QU winter 3.5Si = (0.9954± 0.013) x- (0.7755± 0.21)  0.98 

 

4.2.2 Trace Metals  

In previous mass closure studies, trace metals were used in the reconstruction equation by 

Solomon et al., (1989); Chow et al., (1994b); Malm et al., (1994); and Andrews et al., (2000), 

while others excluded them from the reconstruction method, such as DeBell et al., (2006), 

Hand et al. (2011), and Simon et al. (2011). Trace metals are more noticeable in coarse 

fraction and in areas close to industrial facilities, but still only accounted for a small fraction 

of PM2.5 mass in literature studies (0.5-1.6%) Chow et al. (2015). In this work, the sum of 

trace metals (Ti, Ce, La, Cd, Zn, Mn, As, Ce, Ni, V, Co, Sn, Pb) contributed between 0.25 and 

0.35% of the total PM2.5 mass, a minimal contribution, therefore in this study trace metals 

were not included.  

4.2.3 Organic and Elemental Carbon   

The carbonaceous fraction of PM2.5 consist mainly of elemental carbon (EC), organic carbon 

(OC), and a smaller amount of carbonates primarily in the form of CaCO3 (Na et al., 2003). 

EC is produced through the combustion of carbon-containing fuel sources such as road traffic, 

marine traffic, and power plants. EC is a form of graphite carbon, and therefore its mass is 

used in mass construction equations without modification (Harrison et al., 2003).  
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However, for organic carbon (OC) which is a mixture of hydrocarbons and oxygenates, a 

conversion factor (F) is needed to account for unmeasured O, H, and N associated with 

organic compounds when constructing PM mass. The factor ranges between 1.2 to 2.2 

(Turpin and Lim 2001) with near universal use of 1.4 factor to estimate organic molecular 

weight from carbon weight (Solomon et al., 1989; Chow et al., 1994b; Malm et al., 1994; 

Andrews et al., 2000).  

 The factor is chosen based on the level of oxygenation of organic compounds; meaning that 

more oxygen equals more organic molecular weight to carbon weight, thus a higher factor is 

needed in the construction method. In urban areas, where fresh primary anthropogenic organic 

particles are emitted; a factor between 1.2 and 1.4 is used (Andrews et al., 2000). In nonurban 

areas, the average organic aerosols molecular weight per carbon weight is greater than for 

organic aerosols in urban areas. Because primary organic aerosols from vegetations contain 

more oxygen, hydrogen, and nitrogen to carbon atoms, therefore a higher factor is used 

(Turpin and Lim., 2001; Sciare et al., 2005). European studies typically use a factor of 1.4 

factor (Sillsnpaa et al., 2006). Qatar as an arid climate country is not affected by biogenic 

emissions such as vegetative detritus and biomass combustion. Also, Doha is an urban city 

with a high contribution from anthropogenic sources. Therefore, a conversion factor between 

1.2 and 1.4 is likely to be more suitable. However, this could not be the case due to the warm 

sunny climate which likely can increase secondary organic aerosols formation (Monod and 

Liu, 2011). Nevertheless, a conversion factor of 1.3 was used in this study to estimate organic 

matter mass fraction in Qatar, because the reconstructed mass overestimated the measured 

mass hence a lower conversion factor is applicable to find agreement between both 

reconstructed and measured mass.  A 1.3 conversion factor for Doha samples was calculated 

to cause 7.69% less organic particles than a 1.4 factor would have given. 
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4.2.4 Sea Salt   

Doha is a coastal city hence it is expected to have a large contribution of sea salt to PM2.5. 

Dust events also contribute to a substantial amount of NaCl. In the winter season, the 

difference in Na+ and Cl- concentration during normal days (days without dust events) and 

dust events days was large in both sampling locations. The average concentrations of Na+ and 

Cl- elements at the AC site were 0.68 and 0.068 µg/m3 for normal days and 1.57 and 0.57 

µg/m3 for dust events days respectively, while at the QU site, Na+ and Cl- concentrations were 

0.77 and 0.15 µg/m3 in normal days, and 2.12 and 1.45 µg/m3 for dust events days. Six ions 

(Na+, Mg2+, Ca2+, K+, Cl-, and SO4
2-) contribute more than 99% of the mass of salt dissolved 

in seawater (Sciare et al. 2005). Sea salt sulfate [ss- SO4
2-] and sea salt calcium [ss- Ca2+] 

were calculated based on their molar ratio to Na+ in sea water, as total [Na+] times 0.252 and 

0.038 respectively (Chow et al., 2015). The calculation showed that their contribution to the 

sea salt component was insignificant, and therefore they were excluded from sea salt fraction 

equation.  

A number of different approaches have been used to calculate the sea-salt component. Some 

used the sum of Na+ and Cl- (Chow et al., 1996; Kozlowska et al., 2012), others used 

multiplier factors based on the ratio of sea-salt to Na+ or Cl-.  Ohta and Okita (1994) used 

3.27Na+, Yan et al., (2012) used 2.5 Na+, Harrison et al., (2003) used 1.65 Cl-, and Simon et 

al., (2011) used 1.8 Cl-.  

Using a multiplier to calculate the salt fraction is not suitable for this study because PM2.5 

showed Cl- depletion. The ratio of Cl-/Na+ in fresh sea salt aerosols is 1.8 (Okada, 1978), 

whereas, in Doha, the Cl- /Na+ ratio is 0.14 and 0.28 in the AC and QU sites in the winter 

season and 0.34 and 0.44 in the AC and QU sites in the summer season, which indicates Cl-  

loss. The chloride depletion can be caused by the release of hydrochloric acid gas (HCl) when 
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sea salt particles react with organic acid and nitric acid, driven by HCl high volatility (Wang 

and Laskin, 2014): 

NaCl(aq) + HA(org) (aq,g) ↔ NaA (org)(aq,s) + HCl (aq,g)                     (4.1) 

 NaCl + HNO3 → NaNO3 + HCl                                                                 (4.2)                   

 As a result, using a Na+ multiplier to calculate sea salt fraction will result in an 

overestimation for chlorine mass on filters while using Cl- multiplier will underestimate the 

Na+ element. For this reason, sea-salt mass fraction was calculated as follows:  

[Sea salt] = [Na+ ] + [Cl-] + [Mg2+].  

4.2.5 Ammonium Sulfate and Nitrate  

Ammonium sulfate and ammonium nitrate are secondary inorganic aerosols that form in the 

atmosphere through oxidation from their precursor gases (SO2, NH3, and NO3
-) and gas to 

particle conversion. Secondary aerosols are considered one of the most abundant components 

in PM2.5 (Sillanpaa et al., 2006). Doha results showed that SO4
2- was the dominant anion in 

both sites and seasons. To estimate secondary aerosol mass fractions, the contribution of 

SO4
2-, NH4

+, and NO3
- were summed up without weighting factors, which do not account for 

H+ associated with sulfuric acid when sulfate is not neutralized completely by ammonium 

(Chow et al., 2015). 

4.3  Mass Reconstruction Results  

The mass closure analysis was performed for the four sets of data collected from the two sites 

for winter 2014 and summer 2015. The sites are 12 km away from each other, and they have 

different surroundings. The AC site is located near the coastline and is influenced by 

emissions from Doha port and traffic. The area around the sampling site is covered by 
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pavement and grass, so there are no extra crustal components coming from the immediate 

vicinity of the site. On the other hand, the QU site is located in a vacant area and is subject to 

dust from the loose soil which induced by winds and traffic turbulence. The mass closure 

analysis was performed using method 2 in Table 4.1. Table 4.4 summarizes the species used 

in the reconstruction method, including the type of filters each component was collected on 

and the possible artefacts associated with each of the filters.   

Table 4.4 Species included in the mass closure, the performed analysis methods, types of filters, 

and the possible artefact with each filter type. 

PM Mass Species Analysis technique Filters Filters artefact 

Constructed 

mass 

OC, EC Thermo-Optical OC-

EC Aerosol Analyzer 

Quartz Quartz filters show high 

retention of organic vapour 

and lower release of 

ammonium nitrate causing a 

mass gap when compared 

with mass collected on other 

types of filters (Vecchi et 

al., 2009) 

Na+, Mg2+, 

Ca2+, NH4
+, 

NO3
- Cl-, and 

SO4
2- 

Ion chromatography 

Al, Si, Fe, S Dispersive X-Ray 

Fluorescence (WD-

XRF 

Teflon  

 

Teflon filters adsorb little or 

no gas phase organic 

carbons (Vecchi et al., 2008) 

and show a nitrate 

underestimation larger than 

quartz filters especially 

during summer. (Ashbaugh 

and Eldred, 2004). Which 

can underestimate PM mass 

collected on Teflon filter 

Gravimetric 

measured 

mass 

sample mass in 

µg/m3 

Sartorius Model MC5 

microbalance 

(sensitivity- 1 µg) 
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Figure 4.2 Relationship between measured mass on X-axis and reconstructed mas in Y-axis in 

winter [A]&[B] and in summer [C] and [D]  

 

The least squares regression method was used to assess the correlation between measured 

mass and reconstructed mass, assuming that the independent variable (measured gravimetric 

mass) is more precise than the dependent variable. In the reconstruction method, samples with 

missing values were excluded from the equations. Also, in the summer season, four samples 

were excluded from the reconstruction method at both sites as they largely affected the 

regression line. The four samples occurred on dust events days, and they showed about 40 % 

low reconstructed mass. According to Andrews et al., (2000) underestimation of PM mass 

could be caused by using only a few metals to estimate the dust fraction, and also not all 

metals are in the oxide form. It is unlikely that the mass underestimation in this study caused 

by an error in the measurements as these days showed the same behavior at both sites even 
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though they were analyzed in different batches, hence the underestimation is likely caused by 

unmeasured or unaccounted for species. Figure 4.2 shows the regression line between 

measured mass and constructed mass in the winter and in summer seasons. Table 4.5 shows 

the mass closure regression results: 

Table 4.5 Results of the linear regression of reconstructed mass (y) upon gravimetric mass (x) 

 

4.4 Mass Reconstruction Result Evaluation 

A good fit is characterised by three factors: a gradient close to 1, a small intercept, and a high 

R2 value (Yin and Harrison 2008). Also, Chow et al., (2015) suggested 100 ± 20% as a good 

practical criterion for mass construction over measured mass.  Overall, a good closure has 

been found at all locations (Figure 4.2 and Table 4.5) except for the QU site in the winter 

season, which showed a low gradient and high intercept. The percentage difference of the 

average mass construction over average gravimetric mass for AC and QU sites were +12% 

and +4.7% in winter and +4% and -5.33% in summer respectively. Although the constructed 

mass percentage is within Chow et al., (2015) suggested percentage, the negative discrepancy 

(reconstructed mass overestimates the measured mass) is in contrast with most mass closure 

study results that usually shows a positive discrepancy due to unmeasured species. In many 

literature studies, parallel sampling was carried out using Teflon and quartz filters, where both 

Campaign Regression R2 % of the average 

constructed mass / 

measured mass 

AC winter y = (1.0437± 0.064) x + (2.5453±2.6) 0.7906 +12 

QU winter y = (0.8287± 0.038) x + (8.0541± 1.48) 0.8699 +4.7 

AC summer y = (1.0438+0.038) x + (0.1364+ 2.75) 0.9142 +4 

QU summer y = (0.9605±0.073) x – (1.1574±6.47)  0.7607 -5.3 
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metals and ions were measured on Teflon filters while OC and EC were measured on quartz 

filters. Then the sum of all chemical constituents was compared with the gravimetric mass of 

the Teflon filters. A positive discrepancy in those studies was credited to water mass on 

Teflon filters (Harrison et al., 2003; Sillanpaa et al., 2006). The evaluation below discusses 

the discrepancy between measured mass and constructed mass based on the absence of key 

species measurements and inorganic artefacts. 

4.4.1 Carbonate Compounds   

The absence of carbonate measurements could be the cause of the weak regression line at the 

QU site. As mentioned in Chapter 2, during the winter season sampling campaign there was 

an excavation work at the QU site that produced dust particles which are likely to contain 

calcium carbonate (CaCO3) as its one of Qatar’s crustal components (Embabi and Ashour, 

1993). However, during the summer season, the QU regression equation does not seem to be 

affected by the absences of carbonate concentration measurements, probably because the 

summer samples have more calcium oxide contributed by dust events.  

To overcome the absences of carbonate measurements, a few studies have used a 1.95 

conversion factor to account for both CaO and CaCO3 assuming an equal contribution from 

both species (Terzi et al., 2010; Remoundaki et al., 2013).  

The 1.95 factor is an average of 1.4 and 2.5 factors which is the ratio of CaO, and CaCO3 

compounds molecular weight to Ca2+ elemental weight.  

Based on a previous study of PM2.5 composition in Qatar, 46% of Ca2+ was in CaCO3 form, 

whereas 54% in CaO form (Engelbrecht et al., 2009). 

 Hence the conversion factor for Qatar was calculated as follow: 
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            = (0.46* CaCO3 ratio to Ca2+ of 2.5) + (0.54 * CaO ratio to Ca2+ of 1.4)   

             = (0.46 * 1.4) + (0.54 * 2.5) = 1.91 

Therefore, the reconstructed mass in Doha was recalculated for all sites using a 1.91 

conversion and are presented in Table 4.6.   

 Table 4.6 Results of the linear regression of reconstructed mass (y) upon gravimetric mass (x) 

after carbonate correction 

 

4.4.2 Carbonaceous Aerosols Artefact 

Carbonaceous aerosols are a major contributor to PM2.5 mass (Malm et al., 1994; Turpin et 

al., 2000). In this study, carbonaceous aerosols average concentration was 8.4 and 10.1 µg/m3 

in the summer and winter seasons respectively. Two factors associated with organic matter 

can lead to overestimation of the constructed mass over the measured mass: (1) Positive 

artefact on quartz filters; (2) using the wrong conversion factor. Organic carbon was collected 

on quartz filters for the purpose of thermal evolution analysis since quartz filters can 

withstand high temperatures (1000 ºC). However, quartz filters fibers are prone to adsorption 

of organic carbon gases which can lead to overestimation of OC concentration. Subrmanian et 

al., (2004), found in a long study period throughout the year that sampling OC on a bare 

quartz filter for 24 h at 16.7 L/min caused a constant positive artefact of 0.5 µg-C/m3.  This 

value would cause on average a 6% increase in OC mass for Doha samples. Also, Vecchi et 

Campaign Regression R2 Ca 

convertor 

factor  

% 

QU winter y = (0.869±0.038) x + (7.27±1.51)     0.876 

1.91 

 

+ 6.6 

QU summer y = (0.9898±0.08) x – (2.845±7.04)   0.754 -2.3 

AC winter y = (1.0678± 0.062) x + (1.9638± 1.57)      0.802 +11.8 

AC summer y = (1.069± 0.034) x – (1.659± 2.21)      0.924 + 9.2 
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al., (2009) found that the positive artefact percentage of OC given as the ratio between the OC 

measured on a bare quartz filter and on the backup quartz filter for a Teflon filter in a parallel 

sampling setup accounted for 23 ± 9 % in the winter and 39 ± 8 % in the summer which 

corresponded to an absolute OC artefact concentration of 3.8 µg/m3 and 2.4 µg/m3 in the 

winter and summer respectively. The mass closure results in both seasons were tested using 

23% and 39% for the winter and summer respectively. The artefact effect was removed by 

multiplying the organic mass (1.3*OC) concentrations by 0.77 and 0.61 for the winter and 

summer, and the new data were used in the reconstructed mass instead of (1.3*OC) 

concentrations. Table 4.7 shows the mass closure regression equation after removing the 

organic artefact. Overall an average of 4 % and 2% were removed from the constructed mass 

in the winter and summer samples respectively.  

 Table 4.7 Results of a linear regression of reconstructed mass (y) upon gravimetric mass (x) 

after organic carbon correction 

 

As for the conversion factor, White and Robert (1977) suggested that 1.2 to 1.4 factor is a 

universal estimation for particulate organic molecular weight per carbon weight. Turpin and 

Lim, (2011) suggest that a 1.4 factor is the lowest reasonable estimation. Therefore, using the 

1.3 factor will be within the conversion factors limits for organic carbon, and it should not 

cause the mass discrepancy. Even if a lower conversion factor is used such as 1.2, it would 

Campaign Regression R2 % of the average 

constructed mass / 

measured mass 

AC winter y = (1.0153±0.0623)x + (1.8883±2.53)  0.79 + 6.4 

QU winter y = (0.8136± 0.038)x + (7.1814± 1.5) 0.87 +0.82 

AC summer y = (1.0388±0.038)x – (1.2787±2.75) 0.91 +2 

QU summer y = (0.9573±0.074)x – (2.6966±6.46)  0.75 -7.48 
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only reduce the total particulate organic matter mass by 7.7%, which equates to 0.35% and 

1.1% reduction “a minimal effect” of the average total constructed mass in the summer and in 

winter seasons respectively. 

4.4.3 Ammonium Nitrate Artefact  

The most abundant inorganic ions in Doha samples are sulfate, followed by ammonium then 

nitrate. Nitrate average concentrations are slightly lower in the summer compared to the 

winter season. In the summer season, NO3
- accounted for 1.82 and 2.43 µg/m3 at the QU and 

AC sites, while it accounted for 2.83 and 2.27 µg/m3 in the QU and AC sites in the winter 

season respectively. In a study for six urban sites in Europe, Sillanpaa et al., (2006) stated that 

NO3
- concentrations are high (7.5-18 µg/m3) in the cold weather when temperature ranged 

from -2 to 9 ºC, but moderate to low (1.1-6.8 µg/m3) at higher temperatures (15 to 29 ºC).  

Ammonium nitrate is thermally unstable, and in dynamic equilibrium with ammonia and 

nitric acid (CENR, 1999) thus it is subject to volatilization and loss from filters during and 

after sampling. Doha average temperature was 20 ºC in the winter and 35 ºC in the summer 

seasons, which explains the low ammonium nitrate levels in Doha samples. The average 

percentage of ammonium nitrate in Doha’s samples was for 3.4% of PM2.5 mass in the 

summer season and 8.7% of PM2.5 mass in the winter season.  According to Perrino et al., 

(2013), Teflon filters release more ammonium salts than quartz filters. Vecchi et al., (2009) 

also found that Teflon filters underestimate nitrate mass more than quartz filters, particularly 

in the summer season. In the Vecchi et al., (2009) study for the performance of Teflon and 

quartz filters in collecting ammonium nitrate in Italy, they found that the average nitrate 

volatilization was about 51% on Teflon filters and 22% on quartz filters in the summer which 

means that quartz filters collected 29% more ammonium nitrate than Teflon filters did. In the 

winter season, however, with a temperature between 4 and 22 ºC, ammonium nitrate loss was 
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negligible. Moreover, their data suggests a tendency toward nitrate volatilization with 

increasing temperature due to the dissociation of ammonium nitrate with increasing 

temperature and remaining constant at a given temperature below the deliquescence RH. To 

correct for the nitrate artefact in Doha samples, the difference of 29% between nitrate 

volatilization percent in Teflon and quartz from (Vecchi et al., 2009) study was used to 

calculate the extra mass ammonium nitrate on quartz filters and subtracted from the 

constructed mass. First, the nitrate element was multiplied by the conversion factor 1.29 to 

account for ammonium nitrate mass fraction then it was multiplied by 0.29 to calculate the 

extra mass of ammonium nitrate on quartz filters. Finally, the values were subtracted from the 

constructed mass. The same correction was used for both seasons due to the relatively high 

temperature in the winter season in Doha. Table 4.8 shows the regression equation after 

removing the ammonium nitrate artefact. The correction reduced the total constructed mass 

percentage by an average of 2% and 1% in the winter and summer seasons respectively.   

 
Table 4.8 Results of a linear regression of reconstructed mass (y) upon gravimetric mass (x) 

after ammonium nitrate correction 

 

 

4.4.4 Sulfate Measurements and Possible Artefact 

Two analytical approaches to measuring SO4
2- were possible. Sulfate (SO4

2-) was determined 

on quartz filters by the IC technique, and sulfur (S) was measured on Teflon filters by the 

Campaign Regression R2 % 

AC winter y = (1.0358± 0.063)x+ (2.0624±2.56) 0.794 +8.9 

QU winter y = (0.816±0.038)x + (7.461±1.48) 0.865 +1.8 

AC summer y = (1.035±0.039)x – (0.059±2.8) 0.908 +3.59 

QU summer y = (0.956±0.0724)x – (1.679±6.3) 0.76 -6.4 
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XRF technique. Sulfur (S) mass concentration was multiplied by three, for an equivalent 

mass of sulfate (SO4
2-). The correlation between SO4

2- and 3S was good. However, the SO4
2- 

concentration on quartz filters was higher than the 3S concentration on Teflon filters 

especially in the summer season (Figure 4.3). 

 

Figure 4.3 Relationship between SO4
2- on quartz filters (y-axis) and 3S on Teflon filters (x-axis) 

in µg/m3 in the winter season [A&B] for the AC and QU sites respectively, and in the summer 

season [C&D] for the AC and QU sites respectively (Red line represents unity line). 

 

The AC site showed a higher relative humidity and higher sulfate concentration compared to 

the QU site, due to the proximity to the coastline and sulfur emission sources such as the 

combustion of fuel containing sulfur in vessels from Doha port. In the winter season, sulfate 

concentration at the AC site ranged from 0.77 to 37.8 µg/m3 on quartz and from 3.48 to 26.7 
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µg/m3 on Teflon; and the mean relative humidity was 66%. At the QU site, on the other hand, 

sulfate ranged from 2.9 to 22.6 µg/m3 on quartz and from 5.5 to 25 µg/m3 on Teflon with 

mean relative humidity of 58%. Figures 4.3A and 4.3B, show the relationship between 3S and 

sulfate (SO4
2-) at the AC and QU sites. At the AC site, SO4

2- determined on Quartz filters was 

higher than 3S on Teflon filters; in contrast, SO4
2- was slightly lower than 3S at QU site. 

In the summer season, the difference between SO4
2- and 3S was greater at both locations than 

in the winter. Average sulfate mass concentration at the AC site ranged from 5.37 to 57.25 

µg/m3 and 4.8 to 93.7 µg/m3 for 3S and SO4
2-. Similarly, in the QU site, sulfate ranged from 

7.76 to 51.28 µg/m3 and from 4.5 to 93.54 µg/m3 for 3S and SO4
2- respectively, with mean 

relative humidity of 44.9% and 35% at the AC and QU sites respectively. Figures 4.3C and 

4.3D, show that the SO4
2- and 3S mass difference start to increase gradually above 10, and 20 

µg/m3 at the AC and QU sites with a stronger correlation R2=0.95 at the AC site. 

 Typically, sulfate (3S) determined by XRF, is either equal to or higher than SO4
2- determined 

by ion chromatography. This is because S can be associated with insoluble compounds that 

can’t be detected by IC such as methyl mercaptans (CH4S), Pyrite (FeS2), and S contained in 

SO2 adsorbed on particles (soot) (Chow et al., 2015).   

The reason for the discrepancy between sulfates measurements is then possibly due to (1) 

analytical error or, (2) due to the difference in filters performance in collecting sulfate. Two 

papers have discussed the performance of different types of filters on sulfate sampling; (1) the 

experimental work done by Vecchi et al., (2009) to estimate organic and inorganic artefacts 

on filters and (2) the review of IMPROVE network (The Interagency Monitoring of Protected 

Visual Environments) in the USA by Eldred (2001).   
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Vecchi et al., (2009), found no difference between measurements of sulfate on quartz and 

sulfate on Teflon filters (Figure 4.4). Notice here that sulfate in both measurements was 

detected using one analytical technique (Ion chromatography) and sulfate concentration did 

not exceed 15 µg/m3.   

 

 

 

 

 

 

Figure 4.4 Experimental comparability between sulfate determined by IC on Quartz filter (y-

axis) and Teflon filters (X-axis) (source : Vecchi et al., 2009) 

 

In the course of the Interagency Monitoring of Protected Visual Environments network 

(IMPROVE) which cover the national parks in the USA, the same phenomenon (3S lower 

than SO4
2-) appeared between 1992-1994. 3S measured on Teflon filters by the XRF 

technique was lower than the sulfate determined on nylon filters by the IC technique for 

samples collected in the summer season in Eastern sites (Figure 4.5).  

According to Eldred (2001), the mechanism of sulfate loss from Teflon filters is not clear but 

it most likely produced by a combination of high relative humidity, acidic sulfate particles, 

and high sampling face velocity.  In 1995, when the sampling face velocity at Eastern sites for 

the IMPROVE network was reduced from 170 cm/s to 110 cm/s by increasing the collection 
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area, the discrepancy between filters disappeared except for one day in three nearby sites in 

August 1995.  

 

 

 

 

 

Figure 4.5 Relationship between sulfur measured on Teflon by XRF and sulfate measured on 

nylon by IC in [A] western site and [B] eastern site (Source: Eldred, 2001)   

 

Also, high relative humidity was mentioned as a cause for the low sulfate concentration on 

Teflon filters; however according to Eldered (2001), the mechanism was not clear. A special 

study was conducted for 4h, and 12h measurements using Teflon and nylon filters at the Great 

Smoky Mountains in summer 1994, to study the possible causes of sulfate loses from Teflon 

filters (Eldered, 2001). All sampling units had a denuder except for the 12h Teflon. Sulfate 

concentrations on 4h Teflon agreed with the 4h nylon and 12h nylon determination, but the 

12h Teflon measurements sometimes gave lower sulfate concentrations.  Since relative 

humidity, sulfate acidity, and filter face velocity was the same for 4h and 12h Teflon filters, it 

was proposed that sulfate loss was happening in 12h Teflon because acidic sulfate takes 

several hours for migration, or that the carbonate denuder moderated RH at the filter for the 

4h Teflon.  

A B 
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Eldered (2001) pointed out that the discrepancy between both sulfate measurements occurred 

in the summer season (June and August) and was never observed in the winter season. Also, 

Figure 4.5 shows a higher sulfate concentration at the eastern sites compared to the western 

sites, where the phenomenon occurred. It is hypothesized that high face velocity, acidic 

sulfate, and high relative humidity cause the sulfate to either migrate away from the center of 

the filter or perhaps even be lost from the filter. In ion chromatography analysis, the whole 

filter can be prepared and used in the analysis while in the XRF and PIXE technique the area 

analyzed by the instrument is smaller than the sampled area of the filter, and the instrument 

only focuses on the center of the filter. Therefore, if there is non-uniformity of PM 

distribution on the filter surface, the IC results will not be affected, whereas the XRF will 

obtain biased results (Cabal et al., 2017).  To check if the sulfate discrepancy is an actual 

sulfate loss, or it remains on the filter but not detected by the XRF technique, Eldered (2001) 

selected samples where the difference between sulfate concentration measured on Teflon and 

on nylon filters was above 15% and determined the sulfate concentration again on Teflon 

filters using the IC after the previous analysis with the XRF. The results of (1) sulfate on 

Teflon using the IC, (2) sulfate on Teflon using the XRF and (3) sulfate on nylon using the IC 

were compared. Figure 4.6 shows sulfate correlation on different filters and analytical 

techniques. Figure 4.6A shows sulfate determined by the XRF on Teflon and by the IC 

techniques on nylon. Figure 4.6B and 4.6C determine if the sulfur loss is real or if it is still on 

the filters. In Figure 4.6B, the open squares cases, where sulfate was measured using the IC 

on Teflon and on nylon, showed better agreement indicating that the sulfate remained on 

Teflon filters but simply migrated outside the view of the PIXE, hence wasn’t detected by the 

instrument. In Figure 4.6C, the solid squares where the IC on Teflon filters agreed with the 

PIXE on Teflon indicate that the sulfate discrepancy between Teflon and nylon filters in 
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Figure 4.6A is because sulfur was removed from the Teflon filters. Finally, the diamond cases 

which showed the IC values on Teflon are halfway between the PIXE on Teflon and the IC on 

nylon indicate that some of the sulfates left the Teflon filter while some migrate outside the 

PIXE view. The Teflon filters were also scanned using a focused PIXE beam which showed 

that on some of the Teflon filters, sulfate was found on the outer portion of the filters 

(Eldered, 2001). 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Comparison of IC sulfate on nylon [SO4(N)], IC sulfate on Teflon [SO4(T)], and PIXE 

sulfur on Teflon [S3(T)].  The IC analysis on the Teflon filters was performed after the XRF and 

PIXE analyses.  Only samples with a difference between IC sulfate on nylon and PIXE sulfur on 

Teflon greater than 15% are included.  The samples are differentiated as to whether the IC on 

Teflon agrees more with the IC on nylon or the PIXE on Teflon. The open squares are 8 samples 

in which the agreement is best with IC on nylon.  For the 10 solid squares, the agreement is 

better with PIXE on Teflon.  The agreement is about equal for the 9 diamonds (Source: Eldered, 

2001). 

A B 
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 In comparison to the IMPROVE network outcomes, the sulfate discrepancy in Doha samples 

was larger with high sulfate concentration and was clearer in the summer season (Figure 4.3). 

To examine the effect of high relative humidity on SO4
2- and 3S, a scatter plot was produced 

for the relationship between the SO4
2-/3S ratio against the relative humidity (Figure 4.7). 

However, the relationship between SO4
2-/3S ratio and relative humidity was not statistically 

significant to build any conclusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Relationship between SO4
2-/3S ratio with relative humidity at the QU site in summer 

[A] & [B] and in winter [C] & [D] 

 

The gap between sulfate on quartz and sulfur from Teflon filters in Doha city is probably 

caused by a combination of factors including the collection performance of different types of 

filters, the analytical technique and the different sulfate compounds found on each site.  

AC - Summer QU - Summer 

QU - Winter AC - Winter 
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Perrino et al., (2013) explained the different behavior of Teflon and quartz filters due to their 

different response to atmospheric water. Quartz filters have a hydrophilic nature hence; they 

can absorb water molecular from particles in which they evaporated during the sampling 

period. On the other hand, the hydrophobic nature of Teflon filters prevents the transfer of 

water from particles leading to more clogging during fog events. In Doha, Teflon filters at 

both campaigns did not show a pressure drop during the sampling periods which excluded 

filter clogging that may affect filter performance. However, the explanation of sulfate 

migration from Teflon filters due to increased relative humidity can be explained by the work 

of Agranovski (1995) where the performance of hydrophilic and hydrophobic filters in 

collecting liquid particles was assessed. The results showed that when hydrophilic filters such 

as quartz filters were placed in a vertical position through the filtration of liquid particles, it 

collected the majority of the particles on their surface. As the number of liquid particles 

increases on top of quartz filter’s surface, droplets start to join forming a cluster that moves 

toward the bottom of the filters under gravitational force wetting other fibers as it does so. In 

the case of hydrophobic filters, such as Teflon filters, the captured liquid particles remain 

attached to the filter and are not absorbed due to the high droplet surface tension, then once 

the gravitational forces prevail, the cluster of droplets falls from the filter. 

If sulfuric acid exists in a liquid form due to high relative humidity or if the particles are 

coated with a liquid layer which according to Hsiao (2009) will likely behave in a similar way 

to liquid droplets, then collecting sulfuric acid dissolved in liquid droplets will differ using 

Teflon and quartz filters. The quartz filters will absorb liquid droplet into its fibers. However, 

droplets will either evaporate, pushed away from the center, or fall off the Teflon filters due to 

the force of air flow face velocity. Schematic diagram illustrates the effect of air flow on 

liquid droplets. 
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Figure 4.8 Illustration for the effect of air flow, type of filters, and liquid particles on the position 

of the particle on the filter 

 

The two main sources of sulfur in Doha are (1) crust in the form of gypsum CaSO4, and (2) 

anthropogenic sources in the form of SO2 which oxidises in the atmosphere to sulfuric acid 

and reacts with ammonia to form ammonium sulfate and ammonium bisulfate. As stated in 

chapter 2, the QU site in the winter season was exposed to earthworks and the presence of 

trucks which likely produced more CaSO4 compared to the AC site and to other seasons. 

Gypsum is in a solid form hence it will not be subjected to migration from Teflon filters. It is 

a semi-soluble compound (Chow et al. 2015), and its concentration is entirely measured by 

the XRF technique, and so but is underestimated by the IC analysis. Therefore, sulfate using 

the XRF at the QU in the winter season showed a higher concentration compared to sulfate 

determined by the IC.  

To examine the impact of sulfate migration from the center of a Teflon filter or entirely 

leaving the filter, sulfate by the XRF was used in the mass reconstruction instead of sulfate by 

the IC. To avoid uncertainties caused by using ammonium from quartz filters, sulfate (3S) and 

NO3
- were multiplied by 1.38 and 1.29 respectively for an equivalent mass of ammonium 

In Teflon filter, due to the 

high face velocity liquid 

particles or particles 

coated with liquid will roll 

away from the center due 

to the high surface tension 

between particle and 

hydrophobic filter  
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In quartz filter, high 

velocity will push particles 

down into filters 
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sulfate and ammonium nitrate assuming that all the sulfate and nitrate was in the form of 

ammonium salts, and they were used to calculate the mass closure (Table 4.5).  

The mass closure result, when compared to the reference reconstruction method (Table 4.5), 

showed some improvement for R2 values at the expense of gradient and intercept (Table 4.9). 

The R2 improvement is anticipated since the comparison between S concentration, and 

gravimetric mass was done using the same Teflon filters.   

Table 4.9 Results of the linear regression of reconstructed mass (y) upon gravimetric mass (x) 

after substituting SO4
2- with 3S 

 

The reference construction method in Figure 4.2, showed a higher ratio of constructed mass 

over measured mass for points at the high-end of the curve for the summer season (i.e., when 

reconstructed PM was greater than measured mass). In Figure 4.9 when sulfate by the IC was 

substituted with sulfate by the XRF the same high points showed a constructed mass lower 

than the measured mass. If some sulfates entirely evaporated from Teflon filters, then this 

should also affect PM2.5 gravimetric mass. Hence no discrepancy should be found due to 

sulfur loss. However, the result obtained when the XRF sulfate was substituted for the IC 

sulfate (Figure 4.9) agree with the hypothesis of some of the sulfate migrating from the Teflon 

center to the corner and some left the filter. Thus the XRF analysis underestimated sulfate 

concentration, and the resulting constructed mass was lower than the measured mass.  

Campaign Regression R2 % 

AC winter y = (0.9205+ 0.042)x + (7.85+1.74) 0.868 +9 

QU winter y = (0.8598+0.035)x + (9.9421+1.4)  0.8881 +12 

AC summer y = (0.9242+ 0.024)x + (6.6133+1.76) 0.9524 +2.15 

QU summer y = (0.8118+ 0.046)x + (12.421+4.8) 0.8495 -3.99 
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Figure 4.9 Relationship between reconstructed mass and measured mass in the summer season 

using 3S. 

 

4.4.5 Overall Corrections  

The constructed mass equation was adjusted for carbonate, ammonium nitrate and organic 

carbon. The sulfur correction was not included in the reconstructed method due to the 

uncertainty around sulfur concentration biased measurements by the XRF and the amount of 

sulfur that left the Teflon filters. Table 4.9 presents the reference regression equations and the 

results after the corrections described in this chapter. The percentage difference between the 

average constructed mass after correction, and the average measured mass was lower in the 

winter season but did not significantly change for the summer season. The R2 value also did 

not show a significant improvement. Overall only a small improvement was observed for the 

gradient and intercept when all the corrections were completed. 
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Table 4.10 Results of the linear regression of reconstructed mass (y) against gravimetric mass (x) 

after correcting for carbonate mass, ammonium nitrate and organic carbon  

 

 

4.5 Seasonal and Spatial Variation in PM2.5 Composition  

 The chemical mass closure results obtained at both sites and seasons are shown in Figure 

4.10.  In the winter, crustal components explained 15% (5.2 µg/m3) and 25% (8.3 µg/m3) of 

PM2.5 mass at the AC and QU sites, while in the summer, their contribution increased, mainly 

due to frequent dust events, to 38% (28 µg/m3) and 43% (42.6 µg/m3) at the AC and QU sites 

respectively. The QU site showed a higher percentage of crustal components in both seasons. 

The increase is attributed to a mixture of windblown dust and particles suspension due to 

vehicle-induced turbulence from the unpaved surroundings of the QU site. The percentage of 

the crustal components in Doha city is higher than that found in other European cities as 

anticipated due to the frequent dust events. For example, in Birmingham city center, the 

percentage contribution of dust in addition to calcium salts was approximately 8.4% of the 

total PM2.5 mass of 15.8 ± 3.2 µg/m3, which accounted for 1.33 ± 0.27 µg/m3 (Yin and 

Harrison, 2008). 

After and 

before 

correction 

Campaign Regression R2 % 

After correction 

for carbonate, 

ammonium 

nitrate and 

organic carbon 

artefact 

QU winter y = (0.841 ± 0.379)x + (5.82 ± 1.489) 0.8700 -0.1 

QU summer y = (0.9852 ± 0.076)x – (3.3675 ± 6.6) 0.7569 -5.5 

AC winter y = (1.0314 ± 0.06)x + (0.8239 ± 2.46) 0.8051 +4.2 

AC summer y = (1.0606 ± 0.037)x – (1.7362 ±2.68) 0.9189 +3.5 

Before correction QU winter y = (0.8287 ± 0.038)x + (8.0541 ± 1.48) 0.8699 +4.7 

QU summer y = (0.9605 ± 0.073)x – (1.1574 ± 6.47) 0.7607 -5.33 

AC winter y = (1.0437 ± 0.064)x + (2.5453 ± 2.6) 0.7906 +12 

AC summer y = (1.0438 ± 0.038)x + (0.1364 ± 2.75) 0.9142 +4 
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Ammonium sulfate explained 47% (16.4 µg/m3) and 42% (14 µg/m3) of PM2.5 mass at the AC 

site and 41% (30.2 µg/m3) and 38% (37.6 µg/m3) at the QU site in the winter and summer 

respectively. Ammonium sulfate is the dominant fraction in the winter season and the second 

dominant in the summer which is also as expected due to the high SO2 emissions from oil 

refining and gas flaring industry, which is the main industry in Qatar.  Ammonium nitrate, 

however, only accounted for 5% (1.7 µg/m3) and 3% (2.3 µg/m3) of PM2.5 mass at the AC site 

and 7% (2.3 µg/m3) and 3% (2.2 µg/m3) at the QU site in the winter and in summer 

respectively. Ammonium nitrates low abundance in Doha samples is most likely caused by 

the evaporation of ammonium nitrate from filters due to high ambient temperatures and the 

equilibrium in atmosphere (Vecchi et al., 2009).   

Organic matter and elemental carbon explained 26% (9 µg/m3) and 23% (7.6 µg/m3) of PM2.5 

mass at the AC and QU sites in the winter season, and 13% (9.6 µg/m3) and 8% (8 µg/m3) at 

the AC and QU sites respectively in the summer season. The high organic particles loading in 

the winter season according to Vecchi et al., (2008) was likely due to low temperature, which 

favoured the aerosol particles phase of organic compounds, and to the low mixing layer which 

allowed the build-up of gaseous precursors and accelerates the formation of secondary 

organic particles. Organic matter and elemental carbon concentrations in Qatar do not vary by 

much from the concentration of 5.89 µg/m3 found in PM2.5 in Birmingham city (Yin and 

Harrison, 2008), or to the levels found in Tianhu city in China which ranged between 7.2 and 

12.2 µg/m3 of PM2.5 (Lia et al., 2016).  Salt concentrations ranged between 2 and 3% (0.9 to 2 

µg/m3) in all seasons; however, the summer season showed a higher salt concentration than 

the winter probably due to contributions from dust event or the Monsoon phenomenon. 
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Figure 4.10 Comparison of the percentage composition of PM2.5 at the AC and QU sites in the 

winter and summer seasons  

 

4.6   Conclusion 

The result of the mass closure study showed a negative discrepancy (reconstructed mass 

overestimates the measured mass) in both seasons excluding the QU site in the winter season. 

The percentage discrepancy for the AC and QU sites were + 12% and + 4.7% in the winter 

season and + 4% and - 5.33% in the summer season respectively. 
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In this study, inorganic ions, EC, and OC percentage contribution to PM2.5 mass ranged from 

45% to 53% in the winter season and from 73% to 78% in the summer season. The inorganic 

ions, OC and EC species were determined on quartz filters whereas PM2.5 gravimetric mass 

measurements performed using Teflon filters. According to Vecchi et al. (2009), Teflon and 

quartz filters perform differently toward retaining organic carbon and releasing ammonium 

nitrate, which is a reason for the mass discrepancy in parallel sampling studies (Vecchi et al., 

2009). However, correcting for organic carbon and ammonium nitrate did not show a big 

improvement in the final solution.  

As for the ammonium sulfate, this study showed a large discrepancy between SO4
2- and 3S 

determined on quartz and Teflon filters respectively. 3S mass concentration determined on 

Teflon filters using XRF technique were lower than SO4
2- determined on quartz filters using 

the ion chromatography. The sulfate discrepancy was caused by a combination of filters 

performance and the analytical technique. 

Correcting for sulfate by using 3S instead of SO4
2- in the reconstructing equation did improve 

R2 however it affected both the gradient and the intercept. The improvement in R2 was 

because the gravimetric mass measurements and 3S analysis were done using the same filter. 

However, the changes in the gradient and intercept were likely caused by the uncertainty in 

the estimation of the associated ammonium mass concentration and the underestimation of 3S 

by the XRF technique which was caused by the undetectable amount of 3S that migrate to the 

corners of the filters. 

To avoid large discrepancies for future studies in Qatar, mass measurements and inorganic 

ions analyses should be performed using the same filter. Sulfate determined by IC on Teflon 

filters will provide more accurate results and will prevent the issue of biased measurements of 
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sulfate due to the migration from the filter center. Moreover, limestone (CaCO3) is one of the 

common rocks in Qatar hence carbonate measurements should be included in future work.  
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CHAPTER- 5 SOURCE APPORTIONMENT 

 

5.1 Introduction 

Receptor models use ambient species concentration measurements to identify sources and 

apportion the observed species concentrations from samples to sources by looking at the 

changes in species correlation with time and finding the optimum solution that explains all 

observed constituents. The problem is solved by decomposing the species data matrix (species 

measured in each sample) into two matrices; source profile and source contribution, for each 

of the assumed sources. This needs to be interpreted subsequently by an analyst using 

previous knowledge on source profiles, element ratios, wind direction and temporal variation 

to identify source types and locate their positions from the sampling point (Hopke, 1991).  

Positive matrix factorization (PMF) is a multivariate factor analysis tool based on a weighted 

least squares fit approach (Paatero and Tapper, 1994). In the PMF model, the user chooses the 

number of factors or “sources”, then the model identifies the species profile of each factor, 

and the amount of mass contributed by each factor to each sample using the following 

equation:
 
 

 

xij =                                                                (4) 

 

where xij matrix is the concentration of species j in samples i. P is the number of factors 

contributing to the samples, gik is the contribution of factor k to sample i, fjk is the 

concentration of species j in factor profile k, while eij , the error of PMF model, is the 

difference between xij matrix and the modeled matrices gik and fjk. 
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The goal of the model is to reproduce xij matrix by finding values for gik and fjk matrices for a 

given P. The values of gik and fjk matrices are adjusted until a minimum Q “the loss function” 

for a given P is found (Paatero et al., 2002). 

PMF solves the receptor modeling problem by minimizing the loss function Q based on the 

uncertainty of each observation (Paatero, 1997). The function is given by the following 

equation:        

                            Q = 

2

1 1 ij


= = 










n

i

m

j

ije


                        (5) 

 

where σij is an estimate of the uncertainty for the jth species in the i sample, n is the number 

of samples and m is the number of species.  In order to minimize Q, the model solves the 

problem iteratively using weighted least square method with respect to the G and F matrixes 

and with the non-negative constraint (Paatero and Tapper, 1994). To have a physically 

meaningful solution, PMF factor elements are constrained so that no sample can have 

significantly negative source contributions hence the name “positive”. In addition, PMF uses 

realistic error estimates to weight each individual point. Therefore values below the detection 

limit are not rejected and can be engaged in the model with their uncertainty values adjusted, 

so they have only a minor impact on the solution (Song, 2001; EPA, 2008). 

5.2 Estimation of Uncertainty and Data below Detection Limit 

A matrix of uncertainty file corresponding to each measurement matrix, is needed as input 

data which the model uses when minimizing Q value (Reff et al., 2007). Uncertainty files for 

the model were calculated using the following equation (EPA PMF 5 User Guide, 2014). 

          Unc = 22 )*5.0()*_( MDLionConcentratfractionError +                       (6) 
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- Error fraction was calculated from the check standards that been analysed with the 

analytical techniques:  

             Error fraction = (Actual value – Measured value)/ (Actual value)        (7)                                            

- Method detection limit (MDL) was calculated using the formula 3*standard deviation 

of 10 blanks filter concentrations.  

 

Data below MDL have been adjusted in different ways in many studies. Hung et al., (1999) 

treated values below MDL as a missing value and replaced them with the mean value. 

Pollissar et al., (1998) used (5/6)*MDL to calculate the uncertainty for values below MDL 

and in another study, Pollissar et al., (2001) replaced below detection limit data with half 

detection limit values and missing data with mean concentration. Others would eliminate the 

species if 50% of the data were below detection limits (Amato, 2016). 

5.3 Input Data 

Because PMF is a weighted least-squares method, two files are needed for a PMF model; (1) 

a concentration file and (2) an individual estimate of the uncertainty for each data value. The 

chemical species that can be included in the PMF solution are determined by the percentage 

of values below the detection limit; where the species is rejected if 50% of its values are 

below the detection limit, and the signal to noise ratio (S/N), which determines if a species 

has a significant signal or its dominated by noise (Paatero and Hopke, 2003). Two 

calculations are performed by the model to determine S/N: 1) for concentrations equal to or 

below the calculated uncertainty, the difference between signal and noise is defined as zero, 

and 2) for concentrations above the uncertainty, the difference between the concentration (xi) 

and uncertainty (si) is used as the signal. The PMF model calculates the (S/N) ratios based on 

the following equations: 
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where dij is the difference between a species concentrations xij and associated uncertainties sij, 

while n is the number of samples.  

When species’ concentrations are below their uncertainty; they will have an S/N ratio of 0, 

whereas species with concentrations more than twice their uncertainty value will have an S/N 

ratio > 1.  When the model calculates S/N ratios, the user should label species according to 

their S/N values as “bad” species for an S/N ratio below 0.5, “weak” species for an S/N value 

between 0.5 and 1, and “strong” species for an S/N ratio above 1. 

5.4 The Methodology in Selecting Number of Factors 

The total number of factors to extract is a compromise: Choosing too many factors can split a 

real source profile into two sources; whereas selecting too few factors will combine sources 

into one factor (Mooibroek et al., 2011). The number of factors that best explains the case 

under study should show realistic and reasonable source profiles and contributions. For 

example, a traffic factor should show a weakly profile as anticipated and give reasonable 

correlations with external tracers, such as NO2 (Crilley et al., 2017). The chosen number of 

factors must also be supported by quantitative indicators (Reff et al., 2007). The indicators 

that have been examined throughout the different attempts to find the optimal number of 

factors are Q/Q-theoretical, scaled residual distribution, and R2 for the measured and the 

modelled PM2.5 mass concentrations.   
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The Q value is an assessment of how well the model fits the input data. The difference 

between the modelled Q value and the theoretical Q value gives a good indication of the 

suitability of the chosen number of factors. As mentioned before the objective function of the 

model is to minimize the Q value (the residual of each sample/species). Therefore the change 

in Q value should be monitored when an additional factor is added until the difference 

between both modelled and theoretical Q values is very small. The theoretical Q value is 

equal to the total number of good data points in the input array minus the total number of 

fitted factor elements, and it can be approximated as  nm – p(n+m), where n is the number of 

species, m is the number of samples and p the number of factors fitted by the model (Belis et 

al., 2013)  

The modelled Q value is examined through the process of increasing the number of factors 

and comparing it with theoretical Q value. However, if the model reaches the appropriate 

number of factors, any additional factor well not significantly lower the Q value except by 

additional factor elements. Accordingly, the number of factors in this work was chosen after 

the difference between the Q value and Q theoretical value decreased significantly, while the 

stability and rational tests gave the optimum solution. Detailed explanation on stability tests in 

section 5.5. 

The scaled residual is the ratio of residuals to input uncertainties. If species are well modelled 

then the scaled residual should be distributed symmetrically between +3 and -3 (+3 to -3 

scales represent 3 times the residual standard deviation). Otherwise, the residual analysis can 

indicate that (1) the uncertainty is too small if the scaled residual is outside the range (2) 

uncertainties are large or that the variable is explained by one unique factor if the scaled 

residuals are close to zero, and (3) the model fit is not correct if there is a large skewness in 

the scaled residual distribution. Hence other solutions should be pursued. 
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The suitability of the selected solution can also be assessed by the correlation between 

reconstructed mass and observed mass (R2 value), which should improve when reaching the 

best solution. 

5.5  Solution Stability and Rotational Ambiguity 

A number of analyses were performed to evaluate the stability of the final solution and the 

rotational ambiguity, which is the existence of a vast number of solutions comparable in many 

ways to the solution produced by PMF and generated by a simple rotation for pairs of 

matrices with only non-negativity constraint (EPA PMF 5 User Guide, 2014). These analyses 

include bootstrap analysis, displacement analysis, and FPEAK analysis.  

Bootstrap analysis (BS) is used to evaluate the disproportionate influence of a small set of 

observations on the solution and to assess rotational ambiguity.  A bootstrap data set is 

constructed by sampling blocks of observations from the original data set in random order 

until reaching the size of the original input data. Then the newly constructed BS data set is 

processed in the PMF. The BS modelled factors are then compared to the base run factors by 

mapping the BS factors to the base factor with which the BS factor contribution has the 

highest correlation (Reff et al., 2007). When no BS factor correlates with a base factor, that 

factor is considered “unmapped”. Differences in mapping are expected with the absence of 

few critical observations, but it should not be below 80% for a particular base factor. In case 

of finding a lower mapping percentage, an additional assessment of the base model results 

should be performed with the DISP error estimation methods. 

Displacement (DISP) is an analysis method that examines the rotational ambiguity for the 

final solution by assessing source profile values without a noticeable increase in the Q-value.  

The PMF model adjusts each value in the factor profile for the chosen solution by (dQmax) 
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values of 4, 8, 15, and 25. The (dQmax) value is the maximum allowable differences between 

the Q-value in the base run and the adjusted run. Then the model generates new solutions for 

each dQmax value while achieving the Q-minimum. Assessing the drop in the Q value during 

DISP and the number of swaps for each dQmax value gives an indication of the stability of 

the chosen solution. If the drop in Q value was greater than 1% or the swaps occurred for 

dQmax 4; then it indicates that there is a significant rotational ambiguity and another solution 

should be looked for. 

 FPEAK is a parameter used to examine the effect of rotation on the final solution and to 

assess the rotation ambiguity. Typically values between -1 and +1 are selected by the user, 

then the model will force rows and columns of G and F matrices to be added or subtracted 

from each other based on the sign of FPEAK value. The suitability of solution produced by 

negative and positive rotation is assessed by the Q value, the improvement in the sources 

profile, source contribution, and subsequent bootstrap. Usually, FPEAK = 0 is the optimum 

solution with the lowest Q value, and it should be used unless other FPEAK values 

significantly improve the profiles (Paatero et al., 2005; Reff et al., 2007).  

5.6  PMF Analysis 

The PMF analysis was performed separately for the different seasons and sites. The results for 

a different number of factors and multiple values of FPEAK were systematically explored to 

determine the most reasonable solution. For each case, similar conditions were used for each 

of the four PMF analysis, including a total of 28 species including weak species, 60 to 70 

samples, and an extra 10% to 12% modelling uncertainty in summer and winter respectively 

to account for errors that are not considered as measurement errors (Mooibroek et al., 2011). 

One of the study objectives is to understand the influence of dust events in increasing PM 

concentration in Doha city. Dust events usually peak in the summer season (June to August) 
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and in the spring season (mid of February to mid-April). The summer campaign covered the 

period from mid of May to August where dust events occur hence it represents “dust event 

season”. The winter campaign covered the period from November to mid of February. The 

months of November, December, and January did not experience dust events however in 

February four days were affected by dust events at the end of the sampling campaign, hence 

for the comparison between dust season and non-dust season; the dust events days in the 

winter campaign were removed from the data for the “non-dust season”.  

In addition to the PMF analysis, the openair package in R was used to plot pollution roses to 

identify source direction (Carslaw, 2013). The polar plot using conditional probability 

function (CPF) analysis was used to calculate pollutant concentrations larger than the 90th 

percentile as a function of wind direction and wind speed. Most of the source apportionment 

studies use polar plots with CPF analysis to identify sources. However, with the Doha 

samples, the uncertainty results were very high when using polar plots due to the small 

number of samples therefore only percentile rose plots were used for identifying factors 

sources.  

The CPF percentile plots give the probability that high concentrations of a pollutant came 

from a particular wind direction using defined wind sectors, which help in identifying 

unknown new sources in a specific direction (Carslaw, 2013). The CPF percentile rose 

calculate the number of events with a concentration greater than the 90th percentile and plots 

them by wind direction as follows: 

CPF = my/ny, where my is the number of samples in the wind sector y with a concentration 

greater than the 90th percentile, and ny is the total number of samples in the same wind sector 

(Carslaw, 2013). 
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The pollution rose with wind speed function from openair was used also to show how 

pollutant concentrations depended upon wind speed, which is used here to differentiate local 

sources where pollutants come at low wind speed, from remote sources where pollutants 

arrive at high wind speed.  

5.7  PMF Results for the Summer and Winter Season 

The number of factors in the AC and QU sites were chosen after Q/Q expected decreased 

significantly while keeping the best stability. In the summer, with seven factors solution at the 

AC and six factors at the QU sites, most of the scaled residuals were between ±3.0 and 

normally distributed, as suggested by Paatero and Hopke (2003). In addition, the predicted 

concentrations of PM2.5 strongly correlated with observed values at both sites with R2 > 0.9. 

Over 90% of the factors were mapped using bootstrap, which indicates that the factor 

numbers are most likely to be appropriate. Also, the DISP analysis showed no significant drop 

in Q value and no swaps on dQmax 4, 8, and 16 levels. Multiple FPEAK values were tested, 

but they did not appear to improve the source profiles. Therefore base model results for the 

FPEAK = 0 are presented in this chapter.  

The winter PMF solution found 6 factors at the AC site and 5 at the QU site. The number of 

factors was achieved after finding the lowest Q/Q expected. The bootstrap analysis mapped 

more than 80% of each BS factors to the base factors. The DISP analysis shows no swaps for 

dQmax at 4, 8, and 16 values.  The correlation between observed and predicted PM2.5 was R2 

= 0.75 at the AC and R2 = 0.68 at the QU. The final solution found the same factors as in the 

summer with the exception of a La, Co factor because La element was not within the analysis 

list of metals in the winter season.  
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Figures 5.1 to 5.4 display factors fingerprint concentration in percent of individual species 

contributing to each factor as a stacked bar chart. Factors fingerprints plots (5.1 to 5.4) with 

the source profile graphs (5.5, 5.12, 5.16, 5.22, 5.23, 5.31, and 5.35) were used to verify 

unique factor names. The main factors found at all sites and seasons identified as traffic, 

crustal, secondary sulfate (SS, Ni&V), Lusail city (wide earthwork activity involving the use 

of non-road mobile machinery), and salt/nitrate. The (Zn & As) source was found only at the 

AC site at both seasons, whereas (La & Co) appeared in the summer season at the AC and QU 

sites. The significant change in the mass contribution was due to the influence of frequent 

dust events in increasing crustal components which affected PM2.5 mass concentration and 

altered sources percentage contribution between both seasons.  
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Figure 5.1 Factors finger print concentration in percent of individual species contributing to 

each factor at the AC site in the summer season.   

 

 

Figure 5.2 Factors finger print concentration in percent of individual species contributing to 

each factor at the QU site in the summer season.   
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Figure 5.3 Factors finger print concentration in percent of individual species contributing to 

each factor at the AC site in the winter season.   

 

 

 

Figure 5.4 Factors finger print concentration in percent of individual species contributing to 

each factor at the QU site in the winter season.   
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Tables 5.1 and 5.2 summarise the PMF solutions for the AC and QU sites in the winter and 

summer seasons. 

Table 5.1 Summary of the PMF solutions at the AC and QU sites in the summer season.  

 

 

 

 

 

 

 

 

 

 

 

Table 5.2 Summary of the PMF solutions at the AC and QU sites in the winter season.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*SS refers to secondary sulfate aerosols 

**Lusail factor named by Lusail city because the emissions at both sites pointed at Lusail city which witnesses    

earthwork activates involving the use of non-road mobile machinery. 

*** The value presented was adjusted (see 5.7.4 for more details) 

 

 

Factors NO. Results of the summer season 

The AC Site The QU Site 

Sources % µg/m3 Sources % µg/m3 

1 Traffic 13.5 9.98 Traffic 14.9 14.7 

2 Crustal 34.8 25.65 Crustal 43.1 42.66 

3 SS(Ni&V) 21.43 15.8 SS(Ni&V) 14.5 14.39 

4 Lusail 9.4 6.89 Lusail 8.7 8.65 

5 Salt/ Nitrate 8.7 6.43 Salt/Nitrate 14.7 14.59 

6 Zn&As*** 5 3.7    

7 La&Co 7 5.17 La&Co 4 4 

PM2.5 73.74  µg/m3  99.02  µg/m3  

Factors NO. Results of the winter season 

The AC Site The QU Site 

Sources % µg/m3 Sources % µg/m3 

1 Traffic 19.2 6.69 Traffic 13.4 4.43 

2 Crustal 10.6 3.7 Crustal 11.9 3.94 

3 SS(Ni&V)* 26.7 9.3 SS(Ni&V) 25.6 8.48 

4 Lusail** 21.7 7.59 Lusail 26.6 8.79 

5 Salt/ 
Nitrate 

12.7 4.42 Salt/Nitrate 22.5 7.46 

6 Zn&As 9.2 3.19    

PM2.5 34.93  µg/m3 33.12 µg/m3 
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5.7.1 Traffic Factor 

The traffic factor appears for both sites with the same profile. High NOx, OC, EC, Cu, Sb, Ba, 

and Zn characterize the factor in addition to elevated concentrations of Fe and Sn in the 

winter season (Figure 5.5). Nitrogen oxide, elemental carbon, and organic carbon are 

emissions of vehicles exhaust (Pant and Harrison, 2013). NOx is formed through the 

combustion of fuel containing nitrogen and through high-temperature regions via the 

Zeldovitch mechanism; as (N2) and oxygen (O2) molecules in the combustion air disassociate 

into their atomic states, they start a series of reactions producing thermal NOx, whereas OC 

and EC are produced during combustion of fuel in low oxygen conditions (O’Donoghue., 

2010).  

 

 

 

 

 

 

 

 

Figure 5.5 Source profile of Traffic factor in the summer and the winter seasons.  
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The factor also includes notable contributions from elements associated with brake wear 

particles, e.g., Sb, Cu, Fe, Zn, Fe and Ba (Thorpe and Harrison, 2008). The Cu/Sb ratios of 

7.85 and 8.9 at the AC and QU sites at the summer time and 8.7 at and 7.17 at the AC and QU 

sites in the winter are comparable to the range of brake wear ratios of 8.5 to 8.9 in Europe 

(Amato et al., 2009). In addition to the high Zn concentration which is a marker for tire wear 

(Pant and Harrison, 2013), Fe element was reported as the most abundant metal in brake wear 

(Adachi and Tainosho, 2004). This metal is clearly appearing in the winter, but its 

concentration cannot be distinguished from other crustal components in the summer season, 

probably due to the load of crustal components from dust events. According to Chester et al., 

(1999), when sufficient crustal material is present in the air; the enriched elements can appear 

as non-enriched elements. 

 In the summer, traffic factors at the AC and QU sites were significantly correlated (R2 = 

0.764, p< 0.01), whereas in the winter they were weakly correlated R2=0.08. In the winter 

season, the traffic factor at the AC site was plotted against the traffic factor at the QU site and 

coloured by wind direction (Figure 5.6). The regression plot showed two relationships: 1) 

days where traffic at the AC site has a higher mass contribution as the wind comes from north 

north-west versus 2) days when the QU site has a higher mass as the wind arrives from south-

east direction.  
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Figure 5.6 Scatter plot for traffic factor at the QU and AC sites, coloured by wind direction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Location map of the monitoring sites. Red arrow shows traffic emissions coming from 

the area in between the QU site and the AC site toward the AC site from north-northwest 

direction showing a higher traffic contribution at the AC site, and the blue arrow shows 

emissions coming from the area in between the AC site and the QU site toward QU site from 

southeast direction, showing a higher traffic contribution at the QU site 
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When the wind at the AC site blows from a north north-west direction, arriving from the area 

in between the QU and AC sites as shown by the red line in Figure 5.7, the traffic source 

showed a higher traffic mass concentration at the AC site as result of the accumulation of 

background emissions along the distance from the QU site to the AC site. However, when the 

wind reverses its direction, the situation reversed as well, showing a higher concentration at 

the QU site. The data were divided based on their concentration to days when the particle 

concentrations of the traffic sources were highest in the AC site, and the days at which the QU 

site had the highest concentrations (Figure 5.8 & 5.9). The majority of points showed a higher 

concentration at the AC site over the QU site. The correlation between both sites was strong 

after dividing the data showing (R2=0.62, p<0.01) for days where AC has higher traffic 

contribution and (R2=0.7, p< 0.01) for days were QU has higher traffic contribution. 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Time series of traffic factor in the winter season showing a higher concentration at 

the AC site 
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 Figure 5.9 Time series of traffic factor in the winter season showing a higher concentration 

at the QU site 

 

The CPF 90th percentile rose analysis shown in Figure 5.10 illustrates two combined roses; 

the orange coloured rose represents the summer season while the blue rose represents the 

winter season.  At the AC site, the roses pointed at the area from northwest west to southeast 

covering Al-Corniche Street, which is one of the busiest roads in Doha city. 

At the QU site, different seasons showed different directions for traffic emissions (Figure 

5.11). Jelaiah Street south and Al-Jamaa Street east of the sampling site are the busiest roads 

at the QU site. Therefore, it is expected to contribute to the traffic factor. In the winter season 

with the wind coming from every direction (Figure 3.3), Jelaiah and Al-Jamaa streets were the 

highest contributors. However, in the summer season, the prevailing wind in Qatar is from the 

north-west direction (Figure 3.3), and there is almost no contribution from south and south-

west, which explains the absence of traffic emissions from Jelaiah Street.   
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Figure 5.10 CPF 90th percentile rose at the AC site in summer (orange) and winter (blue) 

showing the direction of traffic source 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 CPF 90th percentile rose at the QU site in summer (orange) and winter (blue) 

showing the direction of traffic source   
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In the summer season, the AC traffic factor accounted for 9.98 µg/m3 (13.5 %) whereas the 

QU traffic factor accounted for 14.7 µg/m3 (14.9%). Traffic source profile at the QU site in 

the summer season, showed higher crustal components (Figure 5.5) than the AC site. As 

described in chapter (2), the QU site is a vacant unpaved area thus during the summer time 

with high temperature and scarcity of precipitation; soil becomes dry, light and easy to be 

suspended by wind and vehicles turbulence (Pye, 1987). However, at the AC site, the 

surrounding area are either paved or planted, therefore, no significant contribution is expected 

from crustal components due to vehicles turbulence. In the winter season, the traffic factor 

contributed 6.7 µg/m3 (19.2%) at the AC site and 4.43 µg/m3 (13.4%) at the QU site. The 

influence of precipitation and low temperature in wintertime preserved surface crust moisture 

and reduced the effect of crustal suspension by wind and vehicles turbulence hence with the 

absence of crustal components contribution, the AC site showed higher traffic contribution as 

anticipated.  
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5.7.2 Crustal Factor 

A factor was attributed to crustal components at the AC and QU sites based on the factor 

profile which was characterised by high fractions from typical crustal elements such as Al, Si, 

Fe, Ti, Mn, Ba, Ce and Ca2+ (Andrews et al., 2000), (Figures 5.12). 

 

  

 

 

 

 

 

 

Figure 5.12 Source profile of crustal factor in the summer and the winter seasons. 

 

Crustal factor’s elements enrichment factors were compared to the enrichment factors of the 

upper continental crust (UCC) values to ensure that the factor is related to continental crust 

and not enriched by anthropogenic sources. The EF gives the degree of enrichment of trace 

elements in atmospheric aerosols by comparing the ratio of elements concentration in aerosols 

to the same ratio in crustal or marine samples (Brimblecombe, 1986). An enrichment factor 
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below 10 indicates that elements are not enriched. Figure 5.13 showed that crustal factor 

elements are below 10 and they have a typical ratio of an average upper continental crust 

(Mason, 1966 and Taylor & McLennan, 1985).  

 

 

 

 

 

 

 

 

Figure 5.13 EF of crustal components at all sites normalized to aluminium versus EF in the 

upper continental crust (Mason., 1966, and Taylor & McLennan, 1985) 

 

 

 

 

 

 

 

 

 

 

Figure 5.14 Time series of crustal factor in the summer season at the QU and AC sites 

 

In the summer season, crustal factors at both sites were correlated (R2= 0.44, p<0.01). Both 

sites showed a similar trend apart from June and July (the months when the frequency of dust 

events increases) (Figure 5.14). The QU results showed a higher crustal concentration during 
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June and July compared to the AC site, which represents the effect of strong laden-dust wind 

in suspending and introducing crustal particles from the unpaved surrounding of the QU site 

to the crustal factor, accordingly causing a weaker correlation between sites.  

At the AC site, the crustal factor accounted for 37% of PM2.5 mass while in the QU site 

accounted for 43%. The high crustal components at the QU are contributed by the loose soil 

from the unpaved surrounding area. The percentile rose analysis for the AC and QU sites 

(Figure 5.15) shows that the contribution at both sites was from north-west which is the 

prevailing wind in Qatar and the direction of Al-Shamal dust storms, and more significantly 

the factor peaked during the Al-Shamal dust storms season in June and July. The CPF 90th 

percentile plot for the AC site (Figure 5.15c) shows a contribution from the north-east east 

direction at 70º, which occurred on the 6th of June 2015 at both locations. However, this 

occasion did not appear in the QU site (Figure 5.15d). The dust event on the 6th of June 

contributed 63 and 72 µg/m3 to the crustal factor at the AC and QU sites respectively. At the 

QU site, there were more days when the crustal concentration was above 72 µg/m3. Hence the 

6th of June dust event mass concentration was not within the 90th percentile at the QU site. 
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Figure 5.15 CPF 90th percentile rose showing the direction of the crustal factor at the AC and 

QU sites [A&B] in winter, and at the AC and QU sites [C&D] in summer respectively. 
 

 

In the winter, the correlation between crustal factors at the AC and QU was R2 = 0.61, p<0.01. 

In contrast to the summer findings, there was no big difference between the crustal factors 

contribution at QU (11.9%) and AC (10.6%) due to the low ambient temperature and 

occasional rainfall role on preserving crust moisture which kept the crust at the QU 

surrounding from suspension, in addition to the absence of laden-dust wind which had a huge 

impact on crustal material resuspension at the QU site in the summer season.  

The crustal contribution differs greatly for both season; in the summer, crustal fraction 

accounted for 42.6 and 25.65 µg/m3 at the QU and AC sites (Figures 5.42 & 5.43), while in 

the winter, it accounted for 3.9 and 3.2 µg/m3 at the QU and AC sites (Figures 5.44 & 5.45). 

AC                                                 QU           
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Several points can be understood from the spatial and seasonal variation in crustal factor mass 

contribution: 

i) The difference of 22.5 µg/m3 between the AC crustal factors’ mass contribution 

between the winter and the summer represents the dust event contribution to the 

PM2.5 increase.  

ii) The difference between the crustal factors’ values at the AC and QU sites in the winter 

season represent the extra addition of 0.6 µg/m3 contributed from the unpaved area 

around QU site. 

iii) However, the difference between the QU and AC values in the summer season, which 

accounted for 17 µg/m3, explains the effect of dust event on the re-suspension of 

loose surface crusts in the dry, warm weather. 

 

 

 

5.7.3 Sea Salt/ Nitrate Factor 

In the summer season, sea salt/ nitrate factors were characterised by notable contributions 

from typical salt elements Na, Mg2+,Cl- and nitrate (Figure 5.16). The factors at both sites 

were significantly correlated (R2 = 0.65, p<0.01). In the summer season, Na+ and Cl- 

concentrations were 0.35 and 0.24 µg/m3 at the AC site and 0.53 and 0.43 µg/m3 at the QU 

site respectively. The Cl-/Na+ ratio in the sea salt factor of 0.67 and 0.81 at the AC and QU 

sites respectively were lower than the expected ratio of fresh seawater of 1.8, indicating an 

ageing of the marine source particles and a loss of chloride. 
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Figure 5.16 Source profile of sea salt/ nitrate factor in the summer and the winter seasons. 

 

The ratios found in sea salt/nitrate factor are comparable to the ratio of 0.67 found in the coast 

of Owase city in Japan (Okada, 1978), and to the ratio of 0.77 and 0.66 found at an urban site 

and urban background site respectively in Italy (Cesare et al., 2016). According to Okada 

(1978), the low ratio is either due to the depletion of Cl- or due to the introduction of Na+ 

from crustal sources. Okada (1978) calculated the Na+ contribution from crustal sources, 

based on Ca2+ concentrations in the aerosols and the ratio of Na+/ Ca2+ in crustal rock from 

Mason (1958), to be 15% of the total Na+, which only increased Cl-/Na+ ratio from 0.67 to 

0.78, and which still does not explain the low ratio.  In this study, a Cl-/Na+ ratio of 0.67 and 

0.81 at the AC and QU sites respectively were calculated in the sea salt factor. Hence the 

effect from crustal Na+ should be negligible since Na+ from crustal components should be 

assigned to crustal factor and should not influence the Cl-/Na+ ratio at the sea salt factor. 
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Chloride depletion is caused by the reaction of sea salt with HNO3 and H2SO4 (Okada, 1978; 

Cesare et al., 2016). To investigate Cl- uptake by nitric and sulfuric acids, the Cl-/Na+ ratio 

was calculated using Cl- and Na+ daily concentrations in the original dataset and compared 

with the sum of non-sea salt sulfate and nitrate concentration. The non-sea salt sulfate 

(nssSO4
2-) was calculated based on the initial SO4

2-/Na+ ratio of 0.25 for sea salt particles as 

follow: 

                        nssSO4
2- = SO4

2- – (0.25*Na) 

 Figure 5.17 shows a declining relationship between the Cl-/Na+ ratio with increasing the sum 

of non-sea salt sulfate and nitrate, indicating chloride depletion. Also, a high value of nitrate 

and sulfate was found in the salt factor which prove the formation of nitrate and sulfate salt, 

as well as chloride ion volatilization which is caused by the reaction between sea-salt aerosols 

and anthropogenic emissions such as NO2, nitric acid and sulfuric acid (Peters and Ewing, 

1996; ChunXiang, 2010). A high nitrate percentage in the sea salt factor has also been found 

in other studies, e.g., London summer 2012 (Crilley et al., 2017), and in the coastal area in 

Korea (Choi et al., 2013), and has been attributed to anthropogenic contributions. 

 
Figure 5.17 Scatter plot for Cl-/Na+ ratio against the sum of non-sea salt sulfate and nitrate at 

both sites in summer 
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In the summer season, at the AC and QU sites, the application of the CPF analysis showed 

that apart from the 30th of July, the source contribution of sea salt/nitrate factor came from 

two main directions (Figures 5.18). Sea salt/nitrate factor came from the north-east direction 

pointing at Gulf Sea, whereas the highest concentration was from the north-west. According 

to Fan and Toon (2010) wind speed is the main factor that controls sea salt aerosols (SSA) 

fluxes, and that sea salt lifting, like desert dust lifting, depends on wind power. The prevailing 

wind during the summer campaign was from the north-west direction and is likely the cause 

of high sea salt contribution, though the closest coastline to Doha is to the east.  

 

 

 

 

 

 

 

 

 

 

Figure 5.18 CPF 90th percentile rose showing the direction of sea salt/nitrate source at the AC 

and QU sites [A&B] in winter, and at the AC and QU sites [C&D] in summer respectively 

 

As for the 30th July 2015 occasion, the air mass arrived from the south-east, the direction of 

the Arabian Sea. The air mass is likely to be affected by the summer monsoon season over the 

Arabian Sea. Therefore it is loaded with salt particles. When it passes over the Arabian 
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Peninsula land, it lifted dust and transported to Qatar, which caused an increase in salt and 

crustal factors. 

In the winter season, salt factors at both sites were characterised by a high percentage of salt 

minerals such as Na+, Mg2+, Cl-, K+, and Ca2+ in addition to NO3
-, NH4

+, OC, and EC. The 

factors were weakly correlated (R2 = 0.29, p<0.01).  Figure 5.19 shows the time series of the 

salt factor at the AC and QU sites.  The period from 18-24/12/2013 showed an increase in the 

QU salt factor, as a result of high nitrate concentrations (Figure 5.20). Removing the effect of 

those days; increase the correlation between the sea salt factors at both sites to (R2 = 0.58, 

p<0.01). 

 

 

 

 

 

 

Figure 5.19 Time series of sea salt/nitrate factor in the winter season at both sites. The circle 

shows the time when the salt factor concentration at the QU site was higher than at the AC site 
 

 

 

 

 

 

 

 

 

Figure 5.20 Time series of nitrate in the winter season at the QU and AC sites. The circle shows 

the time when nitrate levels increased at the QU site 
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 In winter time, Na+ and Cl- concentrations were 0.23 and 0.007 µg/m3 at the AC site and 0.24 

and 0.057 µg/m3 at the QU site respectively. The salt factor showed a depletion of Cl- ions by 

one order magnitude compared with the concentration of Na+ ions. The Cl-/Na+ ratio was 

much lower in winter time (0.03 and 0.23 at QU and AC sites respectively) than in the 

summer measurements. The decline of Cl-/Na+ with sulfate and nitrate behavior was not clear. 

In the winter season, the chloride concentration was very low hence no relationship was found 

between Cl-/Na+ ratio with sulfate and nitrate (Figure 5.21). 

 

  

 

 

 

 

 

Figure 5.21 Scatter plot for Cl-/Na+ ratio against the sum of non-sea salt sulfate and nitrate at 

the QU and AC sites in the winter season. 

 

The presence of nitrate, OC, and EC in the salt source profile (Figure 5.16), support the 

suggestion of anthropogenic emissions mixing with sea salt or condensation of these 

compounds on salt particles (e.g. marine combustion sources). Although the nearest coast is to 

the east, CPF 90th percentile rose (Figure 5.18), shows more frequent salt contribution from 

the north-west direction associated with strong north-westerly wind. The contribution of salt 

from NW direction gives more time for sea salt coming from the remote north-west coast to 

interact with polluted air masses from land, which could explain the depletion of chloride. 

This source is a mixture of aged salt with anthropogenic contributions.  
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5.7.4 (SS, Ni & V) and (Zn & As) Secondary Sulfate Factor 

 In the summer, there were two factors characterised by high loadings of SO4
2- and NH4

+ at 

the AC site. Both factors were assigned to secondary sulfate aerosol (SS). One of the factors 

labeled (SS, Ni & V) has a large contribution from Ni and V (Figure 5.22). The other factor 

labelled (SS, Zn & As) is characterised by a high percentage of Zn, As, Mg2+, Cr, and Ni 

(Figure 5.23). The CPF 90th percentile rose analysis showed that the (SS, Ni & V) factor 

comes from the north-east direction, while the (SS, Zn & As) factor comes from the east 

(Figures 5.24 & 5.26). The (SS, Ni & V) and (SS, Zn & As) factors were weakly and 

insignificantly correlated (R2 = 0.017) with each other. However, the source contribution 

showed that both of them started to increase from late July towards the end of the sampling 

campaign (Figure 5.29).  

 

 

 

 

 

 

 

 

Figure 5.22 Source profile of (SS, Ni&V) factor in the summer and the winter seasons. 



 

 

159 

 

 

Figure 5.23 Source profile of (SS, Zn&As) factor in the summer and (Zn&As) in the winter 

seasons at the AC site. 
 

At the QU site, on the other hand, only one secondary sulfate (SS, Ni & V) factor coming 

from the north-east direction (Figure 5.25) was identified. The factor is characterised by high 

contributions of Ni, V, As and Mg2+ (Figure 5.22). Although (SS, Ni & V) factor at the QU 

and (SS, Ni & V) at the AC sites arrived from north-east, and both contain high V and Ni 

elements, they were weakly correlated (R2= 0.25, p<0.01). However, the (SS, Ni & V) factor 

at the QU showed a stronger correlation with (SS, Zn & As) factor at the AC site (R2 = 0.55, 

p<0.01).   

In the winter season, a secondary sulfate factor (SS, Ni & V), with a notable amount of Ni and 

V was found at the QU and AC sites. The factors were significantly correlated (R2 = 0.49, p < 

0.01). The CPF 90th percentile rose analysis showed that the highest contribution is from the 

east at the AC site and from the north-east at the QU site (Figures 5.24 &5.25). Another factor 
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(Zn & As) was characterised by high Zn, As and Mn was found at AC site coming mostly 

from the east direction (Figure 5.26). In contrast to the summer season results, the (Zn & As) 

factor in the winter season shows no correlation with the (SS, Ni & V) factor at the QU site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24 CPF 90th percentile rose at the AC site in summer (orange) and in winter (blue) 

showing the direction of (SS, Ni&V) source  

 

 

 

 

 

 

 

 

 

 

Figure 5.25 CPF 90th percentile rose at the QU site in summer (orange) and in winter (blue) 

showing the direction of (SS, Ni&V) source 
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Figure 5.26 CPF 90th percentile rose at the AC site showing the direction of  (SS, Zn&As) factor 

in orange and (Zn &As) factor in blue. Red arch shows Doha port territory  

 

High loadings of SO4
2-, NH4

+, Ni, and V are established tracers for oil combustion and are 

related to shipping and harbor activity (Moreno et al., 2012), resulting in the long-range 

transport of secondary sulfate particles originating from offshore flaring activities for the 

petroleum industry, and from seagoing vessel emissions. The suspected source of the (SS, Ni 

& V) factor based on tracer markers and factor directions (Figures 5.24 and 5.25) are long-

range transport of secondary sulfate aerosols from the Arabian Gulf. 

On the other hand, the (Zn & As) factor was found only at the AC site indicating that the 

factor is likely downwind the QU site and closer to the AC site. The CPF 90th percentile rose 

and pollution rose analysis results at the AC site reveal that most of (SS, Zn & As) factor’s 

high values come from north-east to east direction (Figure 5.26) at low wind speed (0.1 to 1.2 

m/s) indicating a local source (Figures 5.27 & 5.28). 
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Figure 5.27 Pollution rose at the AC site showing the direction of  (SS, Zn&As) factor as a 

function of wind speed in the summer season. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.28 Pollution rose at the AC site showing the direction of  (Zn&As) factor as a function 

of wind speed in the winter season 

 

The (Zn & As) factor showed different mass contributions, and different correlations with       

QU-(SS, Ni & V) in both seasons. In the summer, the AC-(SS, Zn & As) factor showed a high 

percentage of sulfate contribution (63%), hence the “SS” in the factor name. This factor 

contributed 8.5 µg/m3 to PM2.5 mass and was correlated with the QU-(SS, Ni & V) factor. In 

the winter season, AC-(Zn & As) factor showed a smaller percentage of sulfate (38%). The 

factor contributed 3.2 µg/m3 to PM2.5 mass and did not correlate with the QU-(SS, Ni & V) 

factor. Table 5.3 provides a summary of the factors correlations between sites and the mass 

contribution in the winter and summer seasons. 
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Table 5.3 Summary of SS factors mass contributions and correlations between sites 

 

In order to understand the changes in the correlations behavior of the SS factors through 

seasons, as well as the seasonal differences in mass contribution, two aspects were 

investigated: 

-  Number of factors. The numbers factors were reduced at the AC site in both seasons to 

ensure that the (SS, Zn&As)/(Zn&As) factors are real factors and not a split-up of the (SS, 

Ni & V) factor.  

- Multicollinearity impact. Multicollinearity is caused by meteorological factors such as wind 

direction affecting two factors located in the same alignment from the receptor, wherein one 

factor’s emissions are frequently "smeared" into another factor’s emissions from a major 

source located in the same direction (Gordon, 1988); or due to two factors with the same 

profile signature which can result in incorrect source contribution (Pant and Harrison, 2012; 

Pant, 2014). The multicollinearity was investigated by 1) examining the correlation between 

secondary sulfate factors at AC and QU sites during different times of sampling in the 

Winter Summer 

QU site AC Site QU site AC Site 

QU-(SS, Ni&V) AC-(SS, Ni&V) AC-(Zn&As) QU-(SS, Ni&V) AC-(SS, Ni&V) AC-(SS, Zn&As) 

Correlations between factors Correlations between factors 

- The correlation between QU-(SS, Ni&V) and 

AC-(SS, Ni&V) =  (R2 = 0.49  ,   p<0.01) 

 

- The correlation between QU-(SS, Ni&V) and 

AC-(Zn&As) =  (R2 =0.0004 ,   insignificant) 

- The correlation between QU-(SS, Ni&V) and AC-

(SS, Ni&V) =  (R2 =0.25 ,   p<0.01) 

 

- The correlation between QU-(SS, Ni&V) and 

AC-(SS, Zn&As) = (R2 = 0.55, p<0.01) 

Mass contribution and percentage differences Mass contribution and percentage differences 

  QU-(SS, Ni&V) mass contribution = 8.48 µg/m3 

  AC-(SS, Ni&V) mass contribution = 9.3 µg/m3 

          

AC-(Zn&As) mass contribution = 3.19 µg/m3 

QU-(SS, Ni&V) mass contribution = 14.39 µg/m3 

AC-(SS, Ni&V) mass contribution =11.02 µg/m3 

 

 

AC-(SS, Zn&As) mass contribution = 8.5 µg/m3 

Percentage difference in contribution = 9.78% Percentage difference in contribution = -23.55% 
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summer season to check the impact of wind direction changes on factors’ correlations; and 

2) calculating the difference in factors’ mass contribution, which is likely to be caused by 

multicollinearity. 

To investigate the number of factors, the model was re-run for the AC site for the summer 

season to ensure that the solution is unique and that both secondary sulfate factors are two 

different factors and not a splitting of one factor. Factor numbers were reduced to six and five 

factors, and rerun again. The results showed that both secondary sulfate factors exist for the 

final solution where other factors disappeared, such as the sea salt/nitrate factor at 6 factors 

and the Lusail factor at 5 factors. Therefore, they are considered as two factors and not a 

splitting of a secondary sulfate factor.  

To investigate multicollinearity impact, first, the correlation between the QU-(SS, Ni & V) 

factor with the AC-(SS, Ni & V) and the AC-(SS, Zn & As) factors in the summer season was 

investigated, and it showed different correlation with time.  

- At the beginning of sampling until late July, the QU-(SS, Ni & V) factor showed more 

correlation with the AC-(SS, Ni & V) factor (R2= 0.59, p<0.01) than with the (SS, Zn 

& As) factor (R2= 0.31, p<0.01).   

- After the wind direction changed its course from north-west to north-east east 

direction in late July, sulfate concentration started to increase (Figure 5.29) and the 

correlation between the QU-(SS, Ni & V) factor with the AC-(SS, Ni & V) changed to 

(R2= 0.51, p<0.05), and with the AC- (SS, Zn & As) factor to a weak, insignificant 

correlation (R2=0.089). 

In correlation analysis, high values at X and Y axes are likely to have a big impact on the 

regression line. Therefore, when all data were used in the correlation test previously, the QU-

(SS, Ni & V) factor showed a strong correlation with the AC-(SS, Zn&As) factor, because 



 

 

165 

 

both factors showed a higher proportion of mass contribution toward the end of the sampling 

campaign (Figure 5.29). In contrast the QU-(SS, Ni & V) factor showed a weaker correlation 

with the AC-(SS, Ni&V) factor when using all data points because of the low mass 

contribution at the end of the sampling period even though they have more similar pattern 

(Figure 5.30), which indicates that changes in the correlations’ behaviour between the 

different factors were most likely caused by the incorrect contribution caused by 

multicollinearity. Accordingly, the QU-(SS, Ni & V) factor is always more similar to the AC-

(SS, Ni&V) factor than with the AC-(SS, Zn & As) factor. 

 

 

 

 

 

 

 

Figure 5.29 Time series of (SS, Zn & As) factor at the AC site and (SS, Ni & V) factor at the QU 

site in the summer season 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.30 Time series of (SS, Ni & V) factor at the AC site and (SS, Ni & V) factor at the QU 

site in the summer season 
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The factors’ mass and percentage contribution between (SS, Ni&V) and (SS, Zn&As) at the 

AC site were also investigated as well to calculate the incorrect mass contribution which is 

likely to be caused by multicollinearity. The incorrect mass contribution caused by 

multicollinearity was estimated as follow: 

- The winter season result was assumed to be more accurate than the summer season result 

due to the strong correlation found between the (SS, Ni & V) factors at both sites and the 

similarity in the mass contribution. Hence, the 9.78% difference in the winter season 

(Table 5.3) was used as a reference to calculate the incorrect mass contribution for AC-

(SS, Ni & V) in the summer season that was caused by multicollinearity.  

- The new theoretical AC-(SS, Ni&V) factor mass contribution in the summer season was 

calculated from the QU-(SS, Ni&V) factor mass contribution of 14.39 µg/m3 using the 

9.78% difference as follows: 

          AC-(SS, Ni & V) theoretical mass = ((9.78% + 100) * (14.39 µg/m3))/100 = 15.8 µg/m3 

The new theoretical AC-(SS, Ni & V) mass of 15.8 µg/m3 is 4.8 µg/m3 higher than the 

modeled mass of 11 µg/m3. Therefore, to compensate for the AC-(SS, Ni & V), the 

factor’s extra mass of 4.8 µg/m3 was subtracted from the AC-(SS, Zn & As) factor’s mass 

of 8.5 µg/m3.  

The new AC-(SS, Zn&As) factor mass = (8.5 µg/m3 - 4.8 µg/m3) = 3.7 µg/m3 

These calculations demonstrate that when the percentage difference remained the same 

(9.78%) for the (SS, Ni & V) factor mass contribution at both sites through both seasons, then 

the AC-(SS, Zn & As) factor mass contribution was also comparable through both seasons 

(3.2 µg/m3 and 3.7 µg/m3 in the winter and summer seasons, respectively).  
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The variation in the (Zn & As) source contribution between seasons affected both the (SS, Ni 

& V) and the (Zn & As) factors’ mass contribution at the AC site and their correlation with 

the (SS, Ni & V) factor at the QU site. It is most likely that during the summer season when 

the wind changes direction from the north to the north-east in late July; the (Zn & As) factor 

interacted and homogenized well with secondary sulfate air masses coming from the Arabian 

Gulf. As a result, the model could not distinguish the (Zn & As) factor from the secondary 

sulfate background.  

 It is difficult to draw a defined conclusion on the source type of (Zn & As) factor. The (Zn & 

As) factor contribution to PM2.5 mass ranged between 3.19 and 3.7 µg/m3. The main chemical 

constituents in (Zn & As) factor are Zn, As, Mn, and Cd. However, the typical PM emitted 

from marine engines includes SO4
2-, OC, EC, and heavy metals such as Ni, V, Zn, Ca2+, 

Mg2+, Na+, K+, Fe, P and As (Sippula et al., 2014), which didn’t appear strongly in the (Zn & 

As) factor. The Zn element is a metal marker for marine engines’ lubrication oil (Sippula et 

al., 2014), and also a marker for tyre wear (Pant, 2014), which could be released from the 

heavy presence of cargo trucks used in transporting goods from and to Doha harbor. On the 

other hand, the As element is mainly emitted from combustion sources (EPA, 1989, 2002), 

while Mn is used as a diesel and gasoline additive to reduce emissions and enhance the octane 

number (EBA, 2017; Roos et al., 2008). Hence, based on the source profile of the (Zn & As) 

factor and the wind direction and speed that indicates a local source (Figures 5.27 and 5.28), it 

is highly likely that the source is related to operations at the Doha Harbour. However, a factor 

with high Zn, As, Cd and Mn has been repeatedly found in Spain, in a harbor vicinity (Perez 

et al., 2016; Pey et al., 2013), and it always been attributed to industrial emissions related to 

smelters and cement kilns. Due to the similarity in the source profile, it could be that the 
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factor is caused by industrial source, and it reached Doha harbor by sea breeze at low wind 

speed.  

5.7.5 Lusail Factor 

In the summer season, a factor was identified at the AC and QU sites which accounted for a 

high proportion of K+, OC, EC, V, Ni, and Pb (Figure 5.31).  

 

 

 

 

 

 

 

 

Figure 5.31 Source profile of Lusail factor in the summer and the winter seasons. 

Factors at both sites have a similar profile, and they were correlated (R2= 0.39, p<0.01). 

Figure 5.32 shows the time series of the Lusail factor at both sites. Although both factors had 

the same trend, there were two points showing high PM concentration at the QU site and 

causing the weak correlations between sites. After removing the points on 22nd of May and 

12th of July; the correlation increased between factors to R2=0.53 (p<0.01)  
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Figure 5.32 Time series of Lusail factor in the summer season at both sites. The two circles show 

high points found at the QU site causing the weak correlation between both sites 

 

 

The CPF analysis showed that the highest source contribution of the Lusail factor came from 

north north-east at the QU site and from the north at the AC site. Both factors intersect at 

Lusail city (Figure 5.33). Therefore the name was chosen.   

The elements Ni, V, OC, EC, Pb, Zn, and Cd are associated with vehicle exhaust emissions 

(Pant, 2014). High loading from K+ can indicate tailpipe emissions of lubricant oils (Lin et al., 

2015) or wood burning (Crilley et al., 2015). The wood burning source was excluded, since 

Qatar is not an agriculture country, and there are no biomass burning activities in Doha. Also, 

municipal waste including any sort of wood is treated and burned in Um-Saeed city, in the 

south of Doha, downwind of the sampling sites. High OC, EC, Ni, and V indicates fuel 

combustion. Also, the Zn/Pb ratio range of 0.24 to 1.8 indicates gasoline and diesel emissions 

(Matawle et al., 2015). Lusail city is a newly developing city, which is undergoing huge 

earthwork activities. As a result, there are a large number of non-road mobile machinery in 

the area in addition to power generators that work on diesel fuel. Hence the factor is likely 

related to emissions from heavy-duty construction equipment, powered by diesel fuel. 

In the winter season, a factor coming from Lusail city direction appears on both sites 

characterized by OC, EC, V, Ni, Pb and moderate K+ in addition to the relatively higher 
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percentage of the crustal components than in the summer season. The correlation between 

Lusail factor at both sites was (R2=0.36, p<0.01). Figure 5.34 shows the time series of Lusail 

factor at both sites in the winter season. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.33 CPF 90th percentile roses for Lusail factor in summer (orange) and winter (blue) at 

the QU and AC sites intersecting at Lusail city . Yellow and green guide arrows to show the 

range of wind direction at both sites and their intersection at the Lusail city in the winter and 

summer seasons.   

 

 

 

 

 

 

 

Figure 5.34 Time series of Lusail factor in the winter season at both sites 
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In comparison to summer season, the Lusail factor showed same source profile with high OC, 

EC, Ni, and V indicating fuel combustion coming from Lusail city hence the source is thought 

to be related to diesel machinery, and diesel generators for workforces’ temporary housing 

facility, and engineers’ offices at Lusail construction site.   

 

5.7.6 (La & Co) factor  

 

In the summer season, a factor characterized by a high percentage of La and Co was found at 

both sites (Figure 5.35). The La and Co factor follow the same trend as the abundance of the 

Lanthanum element (Figures 5.36 & 5.37). The correlation between the La and Co factor and 

Lanthanum element is (R2 = 0.784, p<0.01) at the QU site and (R2 = 0.923, p<0.01) at the AC 

site. Lanthanum elemental concentration at both sites (Figure 5.38) are correlated (R2= 0.64, 

p<0.01). However, when high values on 30th May and 7th July are omitted from the data, the 

correlation weakened to (R2 = 0.2, p<0.01). 

 

 

 

 

 

 

 

 

 

Figure 5.35 Source profile of (La&Co) factor in the summer season 
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Two sources were suspected at first; La and Co catalyst in vehicle engine exhaust (Sorenson 

et al., 1975) and La and Co catalysts for the Fischer Tropsch process in the gas to liquid 

(GTL) industry. The factor contribution profile shows a highly variable period with a high 

concentration of La and Co (Figure 5.36 and 37) at both sites indicating irregular emissions, 

which is contraries to the continuous emission nature of traffic sources, hence emissions from 

vehicle catalyst was excluded. As for the GTL plants, after investigating with Shell and Oryx 

GTL, it emerged that, both companies do not use La in their operations.  

 

 

 

 

 

 

 

Figure 5.36 Time series of (La & Co) factor and La element at the AC site in summer. The high 

value on the May 30th was considered as an outlier and was omitted from PMF-5 analysis. 

 

 

 

 

 

 

 

Figure 5.37 Time series of (La & Co) factor and La element at the QU site in summer  
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Figure 5.38 Time series of La element in summer at both sites 

 

The concentration of La occurred in episodic events indicating industrial sources; the 

concentration, however, showed a decline for the two high episodes while wind direction 

moves from east to west direction (Figure 5.39). When two sites are affected by emissions 

from the same specific point source, the emission trajectory at both sites are likely to intersect 

at the source unless the air masses reaching the receptors are affected by different wind 

turbulence and land topography. Both episodes are affecting both sites however in different 

concentration, and the wind direction doesn't intersect inside Qatar border which maybe 

indicates a source located in the Arabian Gulf. 

 

 

 

 

 

 

 

 

 

 

 

 

La high value at AC = 0.13 µg/m3  
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Figure 5.39 Two high episodic concentrations of La element measured at the AC and QU sites. 

La concentration is showing a declining behavior while the wind moves from east to west 

direction. In the small frame, two potential sources located in the Arabian Gulf namely Halul 

island and the Al-Shamal north field at 80 Km and 140 km from Doha city respectively. Both 

sources deal with oil and gas exploration and extraction, and oil storages tanks. Number (1) 

Represent the episode occurred in the May 30th 2015, while (2) represent episode on the July 7th 

2015 

 
 

The pollution rose analysis shown in Figures 5.40 and 5.41 for the QU and AC sites 

respectively shows that high values come at different wind speed.  With low wind speed; high 

values came from the north-east sector, whereas at high wind speed; high values came from 

the north-west direction. This factor could be a local or regional industrial source; most likely 

located north the sampling sites in the Arabian Gulf. Hence the source was designated to 

industrial sources in the Arabian Gulf. 
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Figure 5.40 Pollution rose at the QU site showing the direction of  (La & Co) factor as a function 

of wind speed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.41 Pollution rose at the AC site showing the direction of  (La & Co) factor as a function 

of wind speed 
 

  

5.8 Quantitative Variations between Seasons and Locations 

 The factor pie chart demonstrates the distribution of mass concentration among the factors 

resolved by the PMF. Four charts are presented below showing the changes in sources 

proportion contributions to PM2.5 mass concentration due to the influence of seasonal 

variations at the AC and QU sites (Figures 5.42, 5.43, 5.44, and 5.45). The percentiles 

contribution to PM2.5 mass changed between the summer and winter seasons. In the summer, 
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crustal fraction had the largest percentile contribution followed by secondary sulfate and 

traffic factors, whereas in the winter, without dust events effect (exclusion of four dust events 

days), the largest contribution was from secondary sulfate and Lusail city (construction site).  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.42 Factor pie chart for mass concentration distribution among the factors resolved by 

the PMF-5, at the AC site in the summer season 

 

 

 

 

 
Figure 5.43 Factor pie chart for mass concentration distribution among the factors resolved by 

the PMF-5, at the QU site in the summer season (no correction for multicollinearity was done 

here) 
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Figure 5.44 Factor pie chart for mass concentration distribution among the factors resolved by 

the PMF-5, at the AC site in the winter season 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.45 Factor pie chart for mass concentration distribution among the factors resolved by 

the PMF-5, at the QU site in the winter season 
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Following are a summary of factors contributions distributed based on sources types to 

natural, anthropogenic, and intermittently sources. 

5.8.1 Natural Sources Contribution  

Crustal and sea salt/nitrate factors are the two natural sources found in Doha. In the summer 

season, dust contributes 25.6 µg/m3 (34.8%) and 42.6 µg/m3 (43.1%) to PM2.5 mass at the AC 

and QU sites respectively. Dust events are a regional phenomenon, and their effect should 

equally impact both locations, but Figure 5.14 shows that crustal components have a higher 

influence on the QU site. In the winter, the crustal contribution was 3.7 µg/m3 (10.6%) and 

3.9 µg/m3 (11.9%) at the AC and QU sites respectively. The crustal contribution was much 

lower in the winter season, and there were no big differences between the sites. The effect of 

precipitation on fixing the crust by increasing its moisture had an influence reducing particles 

suspension from crust by wind force.  

Although, the salt/nitrate factor is classified here as a natural source; it showed a high nitrate 

concentration due to reaction with anthropogenic emissions. Salt particles mass was higher in 

the summer season than in the winter season. Salt/nitrate contributed 6.42 µg/m3 (8.7%) and 

14.59 µg/m3 (14%) to the AC and QU sites, in the summer season and 4.42 µg/m3 (12.7%) 

and 7.46 µg/m3 (22.5%) to AC and QU in the winter season. The high salt mass in the summer 

season likely caused by the monsoon effect in increasing sea salt particles in the Arabian Sea 

in addition to salt coming from the remote west coast driven by the north-westerly wind 

which is likely contributed to salt mass by high-level dust background. In both seasons, the 

QU site showed a higher salt contribution than AC site. Both sites should be closely affected 

by salt particles produced by seawater since they are not far from each other and from the 

coastline. In winter, the high salt contribution was found at the QU site caused by the high 
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nitrate mass concentration. In the summer, however, the high salt contribution was caused by 

higher crustal and salt elements which caused most likely by the contribution of high 

background dust level at the QU site. 

5.8.2 Anthropogenic Sources Contribution  

The main anthropogenic sources are secondary sulfate aerosols, traffic, in addition to (Zn & 

AS) and (La & Co) sources. Traffic source contributed 6.69 µg/m3 (19.2%) and 4.43 µg/m3 

(14.3%) to the AC and QU sites respectively in the winter season. Traffic mass is higher at the 

AC site since its closer to Al-Corniche busy road. In summer, however, traffic contributed a 

higher mass 14.7 µg/m3 (14.9%) to the QU site, comparing to the AC site mass of 9.98 µg/m3 

(13.5%). Generally, traffic mass contribution is higher in the summer season due to the 

resuspension of road dust by vehicles turbulence. In the summer season, road dust increases 

due to the accumulation of dust from dust events and the subsequent suspension by vehicles 

turbulence. Since the crustal contribution from vacant surroundings is greater at the QU site, it 

showed higher traffic contribution. 

The model identified a secondary sulfate aerosols source at both sites. The (SS, Ni&V) factor 

contributed 9.3 and 8.48 µg/m3 at AC and QU sites in the winter season and 15.8 and 14.39 

µg/m3 at the AC and QU sites in the summer season. The factor was coming from the Arabian 

Gulf, based on wind direction, and was most likely related to seagoing vessels and flaring 

emissions.  

The (Zn & As) factor was only found at the AC site.  In the winter season, the factor 

contributed a 3.12 µg/m3 to PM2.5 mass. However, in the summer season, the model 

incorrectly apportioned (Zn & As) and (SS, Ni & V) factors due to multicollinearity effect. 

This caused a different behavior correlation with (SS, Ni & V) factor at the QU site and an 
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incorrect mass contribution proportion between (Zn & As) and (SS, Ni & V) factors at the AC 

site. The calculations in point 5.7.4 showed that (Zn & As) factor in the summer season 

contributed a similar mass 3.7 µg/m3 as in the winter season. The (Zn & As) factor was 

accredited to emissions from Doha port activity based on pollution rose results (Figures 5.27 

& 5.28).  

La and Co factor contributed 5.17 and 4 µg/m3 at the AC and QU sites respectively. La and 

Co metals are enriched in catalyst materials that used in petrochemical industries, and the 

factor showed episodic events hence it is most likely contributed by an industrial source 

located in the Arabian Gulf. 

5.8.3 Intermittently Sources Contribution  

Lusail factor is related to construction activity which supposedly their influence should end 

with the end of the project. Lusail contributed by an average of 7.64 µg/m3 in all seasons and 

locations. 

5.9 Conclusion  

A PMF model was applied for the source apportionment of the particle mass at both sites and 

seasons with similar sources being identified, which included crustal components, salt, traffic 

emissions, secondary inorganic aerosols, and emissions from Lusail city. In addition, a 

distinct (Zn & As) factor was identified at the AC site at both seasons related to Doha harbor. 

Another distinct factor namely (La & Co) was identified in the summer season at both sites, 

with two high episodic concentrations arriving from two different directions north-east and 

north-west, which were likely contributed by a source located north the sampling sites; 

probably outside Qatar borders. The main factors in Doha city were crustal components in the 

summer season and secondary sulfate aerosol in the summer and winter seasons. Overall, 
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anthropogenic sources contributed 41.54 µg/m3 (56.3%) at the AC site and 41.74 µg/m3 

(42.15%) at the QU site in the summer season; and 26.77 µg/m3 (76.6%) at the AC site and 

21.7 µg/m3 (65.5%) at QU site in the winter season. On the other hand, natural sources 

contributed 32 µg/m3 (43.4%) at the AC site and 57 µg/m3 (57.6%) at the QU site in the 

summer season; and 8 µg/m3 (22.9%) at the AC site and 11.4 µg/m3 (34.4%) at the QU site in 

the winter season. Dust events contributed directly to natural sources (e.g., crustal factor) but 

also indirectly to anthropogenic sources (e.g., Traffic factor) by increasing road dust. These 

results highlight the big impact dust events can have on increasing PM mass concentrations 

and degrading air quality in Doha. 
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CHAPTER 6: POLICY IMPLICATIONS 

6.1 Introduction 

The main objective of this study was to obtain general knowledge about the sources of PM 

pollution in Doha city and the contribution of natural and anthropogenic sources to PM2.5 

ambient concentrations, particularly to estimate the contribution of dust events to PM2.5 

increments. Identifying these sources will help to focus on the emission sources that needs 

immediate mitigation, develop an effective air quality management action plan, and more 

importantly to develop a suitable air quality standard for particulate matter which takes into 

account a margin for PM introduced by natural sources (e.g., dust events/ sea salt).  

In order to provide a basis for protecting public health from the adverse effects of air 

pollutants and to support action plans to improve air quality, the WHO (2005) developed Air 

Quality Guidelines (AQGs) and interim targets for worldwide use. The AQGs are pollutant 

concentrations that are considered to be acceptable in the light of what is known about their 

effect on human health (Harrop, 2002), whereas the interim targets aim to lower air pollutant 

concentrations in incremental steps towards the guideline values and are intended for use in 

highly polluted areas.  According to WHO (2005) before adopting the air quality standards 

(AQSs) directly as legally based standards, governments should consider their local 

circumstances carefully when formulating national standards, because the AQSs will vary 

according to pollution levels, national capability in air quality management, methods used for 

balancing health risks, and economic, political and social considerations. 

The Qatar Executive Regulation of The Environmental Protection Law (30), Legislative 

Decree No. 2 of the year 2002 (MOE, 2005), established national air quality standards for 

daily and annual PM10. These standards were set before the establishment of air quality 
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monitoring networks in Doha and without consideration for the natural and anthropogenic air 

pollutants levels and to the country’s abatement capabilities. As a result, PM10 annual mass 

concentrations exceeded Qatar’s annual AQS of 50 µg/m3 since the establishment of the air 

quality monitoring network in 2007, and PM2.5 annual mass concentrations exceeded the 

WHO Interim target-2 value of 25 µg/m3 since 2012. Table 6.1 presents Qatar's current air 

quality standards for PM10 with no allowance for a permitted number of exceedances, the 

corresponding WHO air quality interim-targets for PM10 and PM2.5;  and the WHO air quality 

guideline for PM10 and PM2.5.  

Table 6.1 Qatar air quality standard for particulate matter with corresponding WHO air quality 

interim-targets for PM10 and PM2.5, and WHO air quality guidelines for PM10 and PM2.5  

 

 Pollutant limit Averaging 

period 

unit The basis for the selected level 

Qatar PM10 150 

 

24-h 

 

µg/m3  

50 1-year 

 

WHO Air 

quality 

guideline 

(AQG) 

PM10 150 24-h µg/m3 Interim target-1 (IT-1), Based on published 

risk coefficients from multicenter studies 

and meta-analyses (about 5% increase in 

short-term mortality over the AQG value). 
PM2.5 75 

PM10 50 1-year Interim target-2 (IT-2), In addition to other 

health benefits, these levels lower the risk 

of premature mortality by approximately 

6% [2–11%] relative to the IT-1 level, 

which is associated with about a 15% 

higher long-term mortality risk 

PM2.5 25 

 

WHO Air 

quality 

guideline 

(AQG) 

PM10 50 24-h µg/m3 These are the lowest levels at which total, 

cardiopulmonary and lung cancer mortality 

have been shown to increase with more 

than 95% confidence in response to long-

term exposure to  PM2.5 

PM2.5 25 

PM10 20 1-year Based on the relationship between 24-hour 

and annual PM levels. 

PM2.5 10 
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Table 6.2 Shows PM10 annual mass concentrations exceeds Qatar’s annual AQS of 50 µg/m3 

since the establishment of the air quality monitoring network in 2007, and PM2.5 annual mass 

concentration exceeding the WHO interim target-2 value of 25 µg/m3 since 2012. 

Table 6.2 PM10 and PM2.5 annual concentrations in μg/m3 from 2007 to 2013 at Doha 

monitoring stations. Qatar’s PM10 annual AQS is 50 µg/m3 (MDPS, 2007 & 2013). 

PM Size Stationes 2007 2008 2009 2010 2011 2012 2013 

PM10 

Al-Corniche (AC) 129 201 261 155 120 130 147 

Qatar University(QU) 197 340 338 269 186 219 122 

PM2.5 

Al-Corniche (AC)      78 75 

Qatar University(QU)      119 64 

 

6.2 Accounting for The Exceedances of PM Limit Values from Natural 

Sources  

Based on the results in this study, there were no exceedances of the PM2.5 daily interim-target 

(IT-1) of 75 µg/m3 in the winter season except for the 4 days of dust events, whereas in the 

summer season,  many exceedances occurred during dust events in June and July, and during 

the sulfate increase period from late July onward.  The PMF model results found that the 

average crustal component concentrations in summer were  25.65 and 42.39 µg/m3 at AC and 

QU sites respectively. These results prove that it is difficult to meet the daily WHO guideline 

of 25 µg/m3 in Doha city when the crustal concentration alone in the summer seasons exceeds 

the limit. Moreover, the results of this study showed that PM2.5 concentrations in Doha have a 

seasonal dependence on natural and anthropogenic sources. In winter, PM2.5 concentration 

depended primarily upon sulfate concentration (Figure 6.1) while in summer, PM2.5 showed a 
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dependence on natural sources by following the SiO2 trend (Figure 6.2). The seasonal 

dependency of PM2.5 reveals that a single fixed standard for PM2.5 is not suitable to be applied 

throughout the year and that changing to a different more representative PM metric for 

anthropogenic sources (e.g., PM1.0) could provide a better solution for Qatar. 

 

 

 

 

 

 

 

 

Figure 6.1 Time series of PM2.5 concentration along with sulfate concentration in the winter 

season for the whole study period, at both sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Time series of PM2.5 concentration along with silicon oxide concentration in the 

summer season for the whole study period, at both sites. 

 
Natural PM sources can contribute significantly to PM2.5. Hence either derogation for 

exceedances of PM limit values should be included in air quality standards to allow for 

natural sources, or a more representative PM metric for anthropogenic sources should be 

Summer 

Dust events Winter 
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selected (e.g., PM1.0). A number of aspects are impacting both options and should be 

considered when implementing either of these solutions.  

Choosing an appropriate marginal value or derogation for the PM limit will be impacted by 

dust event variability in occurrences between years, their intensity, and the residence time of 

particles in the atmosphere, which could take days to a week to settle down by dry deposition 

following a dust event. Setting a marginal value or derogations without a thorough study of 

these variables could result in making a small margin or derogation that will still show 

exceedances for the limit value by natural sources. Otherwise, it will result in making 

derogations for PM limit values throughout the whole summer season which will not protect 

against potential pollution episodes such as the high sulfate concentration detected in this 

study during late July and August when the wind blew from Arabian Gulf direction.  

Also, adopting a number of allowed exceedances for air quality standard will not likely fit 

Qatar as in other countries. In the EU, the margin allowance for the daily PM10 limit value of 

50 µg/m3 is 35 days exceedances at 75 µg/m3. The 75 µg/m3 limit value is equal to the lowest 

interim target-3 set by the WHO (2005) and is responsible for a 1.2% increase in short-term 

mortality. However, in Doha, the daily limit value of 150 µg/m3 is already equal to the highest 

interim target -1 value set by the WHO (2005) which is responsible for a 5% increase in short-

term mortality. Making allowance for air quality standards which are established in the first 

place to protect public health will compromise the purpose of these standards and will expose 

people to the damaging effects of  particulate matter. Hence these standards should be kept 

without changes as a public informative index.  

On the other hand, using a different PM metric which more closely reflects anthropogenic 

sources, i.e., PM1.0, could be a suitable solution for Qatar to drive control of anthropogenic 
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emissions. According to Yin and Harrison (2008)  most particles with a diameter below 

1.0 μm, arise from anthropogenic sources hence they could in principle  be controlled by 

regulatory action. The coarse fraction particles (>1.0 μm) arise largely from mechanical 

attrition sources, many of which are natural (e.g., sea spray, wind-blown dust), therefore are 

not readily amenable to control.  

The PM1.0 metric was considered by the Clean Air for Europe study group (CAFE, 2004) 

however; they judged that it is too early to consider regulation of PM1.0 and that the Member 

States should carry out  research to establish valid information on concentration levels and 

adverse health effects avoided for the potential PM1.0 metric. Using a PM1.0 metric in Doha 

will likely be the best solution to tackle anthropogenic sources and reduce the error arising 

from natural source contributions. However other uncertainties will arise due to the scarcity of 

data based on health studies, the scarcity of information available on current PM1.0 

concentration levels, uncertainties related to the measurement methods, and the cost of 

monitoring all three metrics (PM10, PM2.5, and PM1.0). 

There is a crucial need to incorporate a PM1.0 metric in Doha air quality standards to measure 

anthropogenic contributions and to evaluate the improvement in the air quality after applying 

control measures. One practical way to start using a PM1.0 metric in the interim is to estimate a 

PM1.0 limit value using its ratio to PM2.5 as applied by the WHO when estimating PM10 limit 

values based on their ratios with PM2.5. According to the WHO (2005), PM AQGs are based 

on studies that use PM2.5 as a health indicator. The WHO (2005) approach to estimate the 

corresponding PM10 guideline values from PM2.5 applied a PM2.5/PM10 ratio of 0.5, which is a 

typical ratio of developing country urban environments and is at the lower end of the range 

found in developed urban areas (0.5–0.8). The WHO (2005) stated that when setting local 

standards, a different ratio that better reflects local conditions could be employed. This 
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statement supports both the  alteration of the PM10 limit value and the estimation of a PM1.0 

limit value for Qatar's national air quality standards. Including a PM1.0 metric into the 

pollutant list of the air quality standards requires several changes including: 

- The current PM1.0  and PM2.5 monitors at Doha air quality stations are based on 

optical method for real-time optical counting. This monitoring method needs to be 

compared with a reference method to investigate its compatibility with Qatar's 

environmental conditions such as relative humidity, temperature and dust storm.  Start 

monitoring PM1.0, PM2.5, and PM10 concentration and build a database on these 

metrics. 

- Collect information on PM1.0, and PM2.5 ratios and related health issues from literature, 

and try to estimate a more representative guideline limit for Qatar from WHO(2005) 

air quality guidelines and more recent work. 

- Add a PM1.0  limit to Qatar air quality standards along with PM2.5 and PM10 as a trial 

and informative measure until more health studies are available for the health risk 

exposure to PM1.0 of the composition found in Qatar, and then set legally binding 

standard limits. 

6.3 An Action Plan for Improving Air Quality in Doha  

Actions at local, national, and regional levels need to be set out to improve Qatar’s air quality 

and reduce exposure to PM. A first step in the air quality management plan is understanding 

PM sources. This study identified the major air pollutants in Doha city as crustal material 

from dust events and secondary sulfate. Crustal materials in the summer season contributed a 

25.65 µg/m3 at AC site and 42.66 µg/m3 at QU site; while secondary sulfate aerosols 
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contributed an average of 8.9 µg/m3 in the winter season and 15 µg/m3 in summer at both 

sites. 

The crustal components mostly arise from natural sources in Qatar (e.g., dust events and 

wind-blown dust from unpaved areas and road/sidewalks). Dust storms and haze are a natural 

phenomenon of countries with arid climates, yet these natural sources also have a big impact 

on health. Dust storms are related to diseases such as silicosis which is reported among the 

inhabitants of desert regions which cause damage to the lung by scarring the alveolar wall 

(fibrosis) and distension of the alveoles (emphysema) (Pye, 1987). So-called “haboob lung 

syndrome” has also been observed in the USA in the 1930s after exposure to intensive dust 

storms causing hypoxemia and multilobar infiltrates (Panikkath et al., 2012). Besides, the 

WHO (2005) found that the health risks associated with short-term exposure to PM10 are 

likely to be similar in cities in developed and developing countries despite different pollution 

mixes. The vast majority of health studies into exposure to PM10 from different multi-city 

studies has been conducted in western Europe, North America, and Asian cities found similar 

results; a mortality increase of 0.5% per 10 µg/m3 of PM10 (WHO, 2005)   

Dust storms cannot be controlled. Rather, residents of arid climate regions should adapt to 

dust events and reduce personal exposure by: 

1. Improving indoor air quality and prevent dust infiltration to indoors to protect people 

against PM exposure by requiring the use of dustproof windows and doors in 

construction regulations Improve indoor. 

2. Staying indoors during dust storms, and reducing outside exposure shortly after dust 

storms end 
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3. Road cleaning regimes after dust storms and haze to remove particle deposits from 

roads are needed to prevent resuspension caused by wind and vehicle-induced 

turbulence  

4. Consolidate the crust surrounding vital areas by pavement or plants and cover sand 

stockpiles in construction areas to minimize particles generation by wind and vehicles 

turbulence.   

5. Inform, educate and involve the public. Information about particulate matter levels, 

related health issues, and measures to reduce exposure and control indoor particulate 

levels should be promoted and made widely available to the public.  

 

PM2.5 at the QU site showed on average16.95 µg/m3 higher crustal components than that 

found at the AC site. This difference shows the big impact fugitive emissions from unpaved 

surroundings have on degrading air quality. Hence, fugitive dust which arises from unpaved 

areas should be controlled to reduce its impact, particularly when close to sensitive receptors 

such as Qatar university campus, where students at the campus are exposed to the outdoor 

environment while moving between classes. Fugitive dust arising from construction and 

demolition activities, and from cement, lime, and sand stockpiles must be controlled by 

promoting knowledge of best working practices. Fugitive dust emissions at construction sites 

arise from a variety of areas and through a different process which makes them difficult to 

quantify and control.  Hence it is important to develop a policy for construction and 

demolition best practice. This policy should explain in detail all aspects of relevant control 

measures, i.e., wet suppression, and coverage of materials to reduce particle emissions from 

construction activities including fugitive dust during different processes, transport of 

materials and storage stockpiles.  
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The other major component of Doha’s PM2.5 is sulfate aerosols. Anthropogenic sulfate is 

mainly formed from the combustion of fossil fuel containing sulfur (Wallace and Hobbs, 

2006). In Qatar, anthropogenic sulfate sources are mainly from gas flaring activities. Gas 

flaring is associated with petroleum refineries, natural gas processing plants as well as 

onshore and offshore oil and gas extraction activities. Apart from gas flaring, SO2 emissions 

are also released from seagoing vessels in the Arabian Gulf which make secondary sulfate a 

regional rather than national matter. The increment in anthropogenic sulfate aerosols should 

be tackled regionally by: 

- Agreement on legally enforceable emission limitations for industrial activities with a 

schedule and timetable for compliance with these limits. 

- Monitoring of sulfate aerosols and SO2 concentrations in the Arabian Gulf region,  to 

develop a register of air pollution sources along with their emissions and control 

strategy. 

- All neighboring countries affected by sulfate aerosols should seek a regional 

agreement under the umbrella of the International Convention for the Prevention of 

Pollution from Ships (MARPOL) to designate the Arabian Gulf as an Emission Control 

Area (ECA).  The Annex VI - Prevention of Air Pollution from Ships (2005) set limits 

on sulfur dioxide emissions from ship exhausts. In 2012 a sulfur content limit in the fuel 

of 3.5 m/m% by mass was set for non-ECA areas, whereas in ECA areas the limit set on 

2015 was 0.1 m/m% by mass. The Arabian Gulf is a narrow area that is burdened with 

sulfur dioxide emissions from the increased volume of vessels which directly affect 

eight countries. Hence there is an urgent need to designate it as an ECA and reduce 

sulfur emissions. 

 

https://en.wikipedia.org/wiki/Oil_refinery
https://en.wikipedia.org/wiki/Natural_gas_processing
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Reducing sulfur emissions from vessels could be manageable by using a lower sulfur content 

fuel when vessels are entering the regional water of the Arabian Gulf. However, reducing 

sulfur from industrial processes and flaring activities in regions that mainly depend 

economically on the oil and gas industry is a hard task to implement and likely needs more 

time, and investment to look for new abatement techniques and strategies.  

Minimizing the impact of crustal components on health, amenity, and the environment is 

needed in Doha. Efforts must be directed to find ways to adapt to this phenomenon by 

continually improving indoor air quality. Also, to invest in scientific research to find solutions 

to accelerate particle settling and reduce resuspension, and to test alternative self-cleaning 

building materials or superhydrophobic self-cleaning coating substances to reduce the effort, 

time and amount of water used in cleaning buildings, prevent soiling and improve towers and 

buildings’ appearances.  

Using PM2.5 and PM10 current standards is beneficial to inform the public when particle 

concentrations are above the acceptable levels to protect health yet using a PM1.0 metric which 

more closely reflects anthropogenic emissions should be considered in order to monitor 

anthropogenic contributions and the effectiveness of abatement measures. 

 

 

 

 

 

 

 



 

 

193 

 

CHAPTER 7 – CONCLUSION AND FUTURE WORK 

 

This thesis presents results from characterization and source estimation of PM2.5 in Doha city. 

The study aimed to identify and quantify key pollution sources and to assess the burden of 

PM from natural sources in Qatar by comparing the abundance and chemical composition of 

dust storm and non-dust storm seasons. The study outcomes will provide policymakers with 

information on key pollution sources to focus on the sources that need immediate control and 

will allow them to evaluate the current air quality standards taking in account the contribution 

of  natural sources.  

Two sampling campaigns were carried out in the winter of 2014/2015 and the summer of 

2015 to enable comparison between dust storm season (summer) and non-dust storm season 

(winter).  

The results showed that PM2.5 mass concentrations increased from 34.93 and 33.12 µg/m3 in 

winter to 73.74 and 99.02 µg/m3 in summer at the AC and QU sites respectively.  

During the winter season, the air quality index (AQI) for the daily PM2.5 in Doha were in the 

moderate and unhealthy for sensitive groups, however, in the summer season, daily PM2.5 

levels were mostly in the unhealthy range.  

The mass closure results showed a mass discrepancy between the gravimetric mass and the 

reconstructed mass which ranged between -5.3% and +12%. The mass discrepancy was likely 

to have been caused by two reasons; 1) the assumptions made regarding conversion factors 

used for unmeasured species (oxygen and hydrogen) associated with assumed compounds. 2) 

the laboratory determination of chemical constituents in two different types of materials 

(Teflon and Quartz), with contradictory behavior in retaining and releasing organic carbon 
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and ammonium nitrate, ahead of comparing the sum of these constituents with the mass 

collected on Teflon filters. The percentage and mass concentration of the major chemical 

species found by the mass closure solution is shown in table 7.1 

Table 7.1 Major chemical species percentage and mass concentration found by the mass 

closure solution 

 AC-Winter QU-Winter AC-summer QU-Summer 

Mineral 15% (5.2 µg/m3 25% (8.3 µg/m3) 38% (28 µg/m3) 43% (42.6 µg/m3) 

Ammonium sulfate 47% (16.4 µg/m3) 42% (13.9 µg/m3) 41% (30.2 µg/m3) 38% (37.6 µg/m3) 

OC/EC 26% 9.1 µg/m3 23% (7.6 µg/m3) 13% (9.6 µg/m3) 8% (7.9 µg/m3) 

Salt 2% 0.7 µg/m3 3% (1 µg/m3) 2% (1.5 µg/m3) 2% (2 µg/m3) 

Ammonium nitrate 5% (1.7 µg/m3) 7% (2.3 µg/m3) 3% (2.2 µg/m3) 3% (3 µg/m3) 

 

The PMF-5 solution found, among others, five main / similar sources for both sites and 

seasons which included crustal components, aged sea salt, traffic emissions, secondary 

inorganic aerosols, and emissions from Lusail city. The PMF-5 solution showed that the 

contribution of natural sources, namely crustal components and sea salt nitrate increased in 

abundance from 8.12 µg/m3 (23.24 %) and 11.36 µg/m3 (34.29 %) in the winter season to 

32.07 µg/m3 (43.49 %) and 57.25 µg/m3 (57.81 %) in the summer season at the AC and QU 

sites respectively. The anthropogenic sources increased from 26.77 µg/m3 (76.63 %) and 21.7 

µg/m3 (65.51 %) in the winter season to 41.51 µg/m3 (56.29 %) and 41.74 µg/m3 (42.15 %) in 

the summer season at the AC and QU sites respectively.  

The increase in PM mass in the summer was caused mainly by dust storms and a sulfate 

aerosol increase from late July onwards. Natural sources increased significantly in the 
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summer season by 23.95 µg/m3 at the AC site and 45.89 µg/m3 at the QU site mostly from the 

influence of dust events. However, the QU site showed a greater PM mass than at the AC site, 

which shows the effect of dust storms on the re-suspension of loose surface crusts from local 

unpaved areas in the dry, warm weather.  

The anthropogenic sources also showed seasonal variations. PM2.5 mass increased by 14.97 

µg/m3 at the AC site and 20.04 µg/m3 at the QU site from winter to summer. The increase in 

anthropogenic sources was mainly due to sulfate, for which the absolute mass of sulfate 

increased by about 10 µg/m3 in the summer season as wind direction changed in late June to 

east east-north, transporting sulfate from the Arabian Gulf, alongside the effect of dust events 

in increasing the amount of road dust which was allocated to the traffic factor through 

resuspension by vehicle turbulence. 

 This detailed chemical characterization and sources apportionment study of PM2.5 in Doha 

has highlighted the influence of regional sources (e.g., dust storms and secondary sulfate) in 

addition to the local (often undocumented) sources. Dust storms have an important impact in 

increasing PM levels by the burden of particles they deliver directly, their weathering action 

on the crust surface, and the amount of dust they leave on roads to be resuspended by traffic 

movements and winds. The dust storms influence on PM2.5 concentrations, in addition to their 

persistence due to their fine size and the scarcity of rainfall, make this phenomenon the main 

driver of the highest PM levels in Qatar, in the dust storm seasons. Moreover, the study 

showed that sulfate emitted from seagoing vessels in the Arabian Gulf is contributing to high 

PM levels in Doha.  

Specific recommendations and potential future studies include: 
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1) To reach agreement between all the countries bordering the Arabian Gulf to designate 

it as an Emission Control Area (ECA) to reduce the sulfur content in fuel used by 

vessels, and to invest in controlling sulfate emissions from flaring activates. 

2) To review the Air Quality Law and allow for  a number of exceedances to account for 

natural sources, evaluted using a different PM metric that closely reflects 

anthropogenic emissions.  

3) There is a lack of monitoring and reporting air pollutants in other cities in Qatar 

namely Al-Wakrah and Al-Khor. Both cities are highly populated and in the vicinity 

of industrial areas. It is therefore vital to monitor and identify the main source 

contributions and to assess the influence of nearby industrial activities on those areas. 

4) In Doha, several organizations including the Ministry of Municipality and 

Environment (MME), Ministry of public health (MOPH), Qatar Environment and 

Energy Research Institute (QEERI), Hamad Airport Doha (DOH), and several other 

universities and agencies currently conduct online measurements in Doha at different 

sites. However, access to data is often restricted. Standardisation of the monitoring 

and sampling equipment is needed, as well as establishing a common quality 

assurance, quality control, data validation method, and founding a central data sharing 

facility. This will contribute to a better understanding of the air quality in Doha and 

facilitate researchers’ access to data.  

5) To prepare an emission inventory for PM and its constituents and precursor gases 

from industrial cities and the traffic fleets in Qatar 

6) To continue monitoring, sampling and chemically speciating PM to determine 

seasonal and annual trends in Qatar.  
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7) To assess relevant metal and organic source markers and metals ratios for local 

sources.  

8) To study the organic matter composition in PM in Qatar to determine a more suitable 

conversion factor for organic carbon.    

9) To study the seasonality impact on diseases burden in Qatar.  

10) To apply and assess mitigation measures for fugitive dust and non-exhaust emission 

control (e.g., wet suppression, coverage of materials, and washing of roads).  

11) To study the air quality in indoor environments and invest in finding solutions to 

reduce infiltration of PM to indoor locations, reducing personal exposure. 

12)  To invest in self-cleaning building materials to minimize the amount of dust settling 

on surfaces and improve buildings appearance.  
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