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ABSTRACT 
Air pollutants breathed in by humans are either in the form of gases, such as Sulphur Dioxide (SO2) and Nitrogen Dioxide (NO2) or in the 
form of Particulate Matter (PM), which is present in various sizes and compositions. When these pollutants are breathed in, they can cause 
various health issues. This study analyses the association of respiratory diseases with several air pollutants, such as particulate matter with 
aerodynamic diameter up to 10 micron (PM10), SO2, NO2 and ozone (O3) using monthly data from January 2012 to August 2015 in the Holy 
City of Makkah, Saudi Arabia. PM10 levels exceeded the annual air quality standards of EU, USEPA, WHO and Saudi Arabia, therefore may 
pose potential threat to the residents who are exposed to the high levels of PM10 for long time. The other pollutants such as O3, NO2, and 
SO2 are well below the national and international air quality standards. It was observed that averaged over the whole study period, the 
highest number (705) of respiratory cases are reported in March and lowest (158) in November. Respiratory diseases had positive 
association with all air pollutants considered in this study, however the strongest correlation was found with PM10 (r = 0.43). In addition to 
air pollutants, temperature and wind speed were also positively correlated with respiratory diseases, which is probably more due to their 
indirect effect by increasing the levels of air pollutants. Further detailed study of the impact of air quality, especially PM10 on human health 

is  required,  which should consider high resolution hourly data and analyse other compounding factors, such as age, sex (male or female), 
 health condition, and level of exposure. 
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INTRODUCTION 

 
Air pollution is a mixture of natural and man-made substances in the air.  People breath air pollutants 

whether they are outdoor (outdoor air pollution) or indoor (indoor air pollution). Atmospheric pollutants are 
emitted by both natural and man-made emission sources, including volcanic eruptions, sea spray and road traffic 
[1,2]. Combustion processes produce a complex mixture of pollutants comprise of both primary pollutants, such 
as soot particles and lead, and the products of atmospheric transformation referred to as secondary pollutants, 
such as ozone (O3) and sulfate particles (SO4

-2).Air pollutants breathed in by humans are either in the form of 
gases, such as Sulphur Dioxide (SO2) and Nitrogen Dioxide (NO2) or in the form of Particulate Matter (PM) 
which is present in various sizes and compositions in the atmosphere [3]. PM is consists of a complex mixture 
of solid and liquid particles of organic and inorganic substances suspended in the air. The most important 
classes of PM from health impact point of view are: particles with an aerodynamic diameter up to 10 μm (PM10), 
2.5 μm (PM2.5) and 0.1 μm (PM0.1). Generally, the smaller the particle size, the more harmful it could be to 
human health as it can penetrate deeper into the respiratory system. The major components of PM are sulfate, 
nitrates, ammonia, sodium chloride, black carbon, mineral dust and water. 
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When these pollutants are breathed in, they can cause various health issues. The main diseases of concern 
are asthma, rhinosinusitis, chronic obstructive pulmonary diseases and respiratory tract infections. The most 
severe respiratory health effects are caused by particulate matters and O3.  It is reported that inhalation of PM 
leads to significant respiratory effects [5]. Particulate matter mortality effects are mainly associated with the fine 
fraction (PM2.5), which in Europe represents 40–80% of PM10mass concentration in ambient air [4]. There are 
serious risks to health not only from exposure to PM, but also from exposure to O3, NO2 and SO2. O3 is a major 
factor in causing asthma morbidity and mortality, while NO2 and SO2 can play a role in causing asthma, 
bronchial symptoms, lung inflammation and reduced lung function. Diesel exhaust particles which are mainly a 
mixture of ultrafine particles and associated polycyclic aromatic hydrocarbons could affect airborne allergens, 
increasing exposure duration, level of concentrations and allergenic biological activity [6,7]. Chronic exposure 
to particles contributes to the risk of developing cardiovascular problems, respiratory diseases, and lung cancer 
[8,9,10]. Associations between PM and respiratory diseases are reported at PM levels lower than annual World 
Health Organization air quality guideline for PM2.5 (10 μg/m−3)(EEA, 2015). In the European Union (EU), 
average life expectancy is shortened by 8.6 months due to exposure to PM2.5 [11].  

In Saudi Arabia PM is the most critical atmospheric pollutant in terms of its high levels and resulting health 
and environmental effects. Saudi Arabia is part of the arid region which receives little rain, frequent sand 
storms, and high temperature. These factors can lead to high level of atmospheric PM. In addition, growing 
number of road traffic, construction-and-demolition activities, and high rising buildings further contribute to the 
levels of PM in urban areas of Saudi Arabia. Habeebullah analysed the chemical composition of PM in Makkah 
and reported that average Total Suspended Particulates (TSP), PM10 and PM2.5 (µg m-3)  levels were 366, 233 
and 143, respectively, whereas the ratios of PM2.5 / PM10, PM2.5 / TSP and PM10 / TSP were 0.61, 0.39, and 0.64, 
respectively. Habeebullah reported that NO3

- and SO4
2- were the most abundant anions in PM. In another study, 

Habeebullah [12] analysed the health impacts of PM10 applying AirQ2.2.3 Model in Makkah. Moreover, risk 
assessment of exposure to BTEX [13] and Formaldehyde [14] was carried out in Makkah and reported that these 
pollutants were likely to have negative impacts on human health. However, these studies have used various 
models for assessing health risks, which are not without uncertainties, and therefore these results should be 
handled with great cautions. Furthermore, these studies have not used any health data to compare with the model 
results. For the first time in Makkah, this study uses health data collected from various hospitals in association 
with air quality data measured in Makkah. Both health and air pollutants (PM10, SO2, NO2, and O3) data are 
analysed and correlated to assess the effect of these pollutants on human health in Makkah.  

 
2. Methodology: 

In this study several air pollutants (O3, SO2, NO2 and PM10), meteorological parameters (temperature and 
wind speed) and health data in the form of respiratory diseases (RD) were used from January 2012 to August 
2015. Air pollutants and meteorological data were collected at the Masfalah monitoring station (Figure 1). This 
station is situated about 2 km from the Holy Mosque in a traffic urban location (roadside) in Makkah. This is a 
continuous monitoring station, which in addition to the above pollutants, measures the levels of several other air 
pollutants and meteorological parameters. The Aeroqual AQM60 air quality monitoring station was installed at 
this site to measure the levels of air pollutants and meteorological parameters. The levels of air pollutants were 
compared with the air quality standards issued by various national and international organisations, such as the 
Presidency of Meteorology and Environment (PME) of Saudi Arabia, European Union (EU), Environmental 
Protection Agency of the United State of America (USEPA) and World Health Organisation (WHO). Air quality 
standards for these air pollutants are given in Table 1.  

Health data were provided by the Ministry of Health in Makkah. The data are in monthly format. The 
number of respiratory diseases means the number of people both male and female who attended any hospital in 
Makkah in that month. The data are for 44 months (January 2012 to August 2015). Data were analysed using the 
statistical software R programming language [24], and associated package openair [23]. In addition, graphical 
presentations and correlation analysis were used to investigate the similarities and dissimilarities between 
various pollutants and respiratory diseases.  
 
Table 1: Air Quality standards of the PME Kingdom of Saudi Arabia, EU, US-EPA, and WHO for average annual concentrations (µg/m3) 

of various air pollutants. 

Issuing Organisation 
Annual Air Quality Standards 
(µg/m3) 
PM10 SO2 NO2 O3 

PME Kingdom of Saudi Arabia 80 80 100 - 
EU limit values 40 - 40 - 
USEPA 50 - 100 - 
WHO guidelines 20 - 40 - 
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Fig. 1: Makkah map and location of the Masfalah monitoring station. 

 
RESULTS AND DISCUSSION 

 
Average PM10, O3, NO2, and SO2concentrations (µg/m3) during the study period were 179, 66, 34, and 15, 

respectively, whereas average wind speed (ws) was 1 m/s, and temperature was 32 oC. Average monthly and 
annual number of respiratory diseases for the study period (January 2012 to August 2015) are presented in Table 
2.  Where it can be observed that averaged over the whole study period, the highest number (705) of cases are 
reported in March and lowest (158) in November. However, in individual year the highest number of respiratory 
cases in these months differ from year to year (Table 2), but the lowest number of cases are reported almost in 
every year in November followed by December.PM10 levels exceed the air quality standards (Table 1) and, 
therefore may pose potential threat to human health, if residents are exposed to such a high level for long time. 
The levels of other pollutants such as O3, NO2, and SO2 are well below the national and international air quality 
standards. NO2 and SO2 like PM10 are mainly emitted by combustion sources, such as road traffic and, therefore, 
should be strongly correlated with PM10, however this is not the case (Figure 2). Correlation coefficient was 
0.19 between PM10 and NO2 and 0.11 between PM10 and SO2, which is positive but very weak. This indicates 
that in Makkah the major sources of PM10 are probably different from the sources of gaseous pollutants. In 
Makkah the gaseous pollutants are mainly emitted by combustion processes, whereas PM10 mostly comes from 
windblown dust and sand, construction and demolition activities, resuspension of dust etc. Recently, 
Habeebullah et al. also showed that PM10 has different emission sources from that of other air pollutants by 
comparing various air pollutants in Leeds UK and Makkah, Saudi Arabia. Jones and Harrison suggested to 
subtract the concentrations of natural components of airborne particulate matter from the measured 
concentrations when evaluating compliance with air quality standards. Natural sources of PM10 cannot be 
controlled or regularised, whereas anthropogenic sources can be. In Makkah most of the emissions of PM10 are 
from natural sources, which should, therefore, be subtracted from the observed levels. This might bring PM10 
levels below the PME air quality standards. However, this does not mean that naturally emitted PM10 are safe 
for human health. El–Assouli et al. [22] reported that most of the atmospheric PM in Jeddah, Saudi Arabia is 
contributed by sand storms and that organic matter extracted from PM10collected at 11 sites was genotoxic 
(damaging DNA and causing mutation and cancer). 

Figures 2 shows correlation coefficients (r) between the monthly respiratory diseases (rd), the major air 
pollutant (PM10, SO2, NO2, and O3) concentrations, wind speed and temperature. Respiratory diseases have 
positive association with all air pollutants considered in this study, wind speed and temperature. The strongest 
correlation of the respiratory diseases was found with PM10 (r = 0.43) and weakest with NO2 (r = 0.02). WHO 
[26] has reported that the evidence on PM and its public health impact is consistent in showing adverse health 
effects and can occur at exposures that are currently experienced by urban populations in both developed and 
developing countries. Both short-term and long-term exposures to PM10 can cause health effects. Exposure to 
PM10 can cause a broad range of health effects, mainly respiratory and cardiovascular systems [26]. PM10 
chemical composition, emission sources, population characteristics, and socioeconomic factors determine the 
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level and types of health damage [25]. PM10 includes both fine (PM2.5) and coarse particles (PM10-2.5), which are 
normally present in a typical urban environment. However, the proportion of fine and coarse particle may 
change from city to city depending on emission sources, meteorological conditions, and local geography. The 
coarse particles are generally deposited in the upper respiratory tracts where it can cause irritation of throat etc., 
however fine particles can penetrate much deeper into the respiratory systems and can cause various respiratory 
problems.   
 
Table 2: Number of respiratory diseases (RD) for each month from January 2012 to August 2015 in Makkah. 

Date 2012 2013 2014 2015 Average 
January 267 525 500 355 412 
February 500 452 545 964 615 
March 780 512 722 805 705 
April 426 402 803 861 623 
May 315 1003 600 617 634 
June 623 416 523 441 501 
July 580 390 408 675 513 
August 426 388 411 342 392 
September 523 756 193   491 
October 900 521 180   534 
November 153 172 150   158 
December 250 309 401   320 
Total 5743 5846 5436 5060 5897 

 
Correlation coefficient between O3 and respiratory diseases is weak (0.16) (Figure, 2), however it shows 

positive correlation between the two variables. In literature there are evidences that long term exposure to 
ground level O3 have chronic effect on human health [26, 27] but the evidences are not strong and, therefore, no 
annual air quality standard is suggested (Table 1). O3 levels are higher in summer [17], therefore on hot, sunny 
days when ozoneO3 levels exceed air quality standards it can cause health problems, including chest pain, 
coughing, throat irritation, and congestion [26]. European Union (EU) air quality standard for O3 is maximum 
daily 8-hour mean of 120 µg/m3 not to be exceeded 25 days averaged over 3 years. In this paper only monthly 
data were available, therefore it was not possible to estimate short term O3 health effects.  

In Figure 2, the correlation coefficient (r) between NO2 and respiratory diseases is shown (r = 0.02), which 
is very weak but still positive. Both short and long term exposure to NO2 can result in negative health effects. 
Literature review shows that NO2at short-term concentrations exceeding 200 µg/m3 can cause significant 
negative health effects. Reduction in lung function and increase in bronchitic symptoms of asthmatic children 
are linked with elevated NO2 concentration [26, 28]. Average NO2 levels in Makkah are below air quality 
standards as shown in Table 1 and probably this is the reason for the weak correlation between NO2 and 
respiratory diseases.   

Furthermore, SO2 (r = 0.19), wind speed (r = 0.26) and temperature (r = 0.1) demonstrated positive 
association with respiratory diseases. Average levels of SO2 (15 µg/m3) was below annual air quality standard 
(80 µg/m3) set by PME Saudi Arabia (Table 1). As reported by Munir et al. [16] wind speed and temperature in 
Makkah are positively correlated with high levels of PM10, which in turn can cause different health problems 
(mentioned above). Temperature and wind speed can influence the transport, dispersion and chemical reactions 
of air pollutants. Makkah receives no rain for months and is surrounded by large sandy deserts, high wind speed 
lifting sand and dust particles leads to high concentrations of dust as wind blows into inhabited areas from the 
neighbouring desert lands. The association of wind speed, temperature and several air pollutants with respiratory 
diseases is presented graphical in Figure 3, which shows how the levels of these pollutants and meteorological 
parameters vary in time during the study period. In Figure 3 normalised levels are presented, which are obtained 
dividing each variable by its mean value and the purpose is to facilitate presentation at the same plot as they are 
at different levels. From the effect of temperature and wind speed on the levels of PM10, it seems likely that the 
effect of temperature and wind speed is indirect i.e. by increasing the levels of particles in the atmosphere which 
in turns induce respiratory diseases. It can be observed in Figure 3 that PM10 follows the pattern of respiratory 
diseases closely on monthly basis, while other variables do not show much closer association with respiratory 
diseases.  
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Fig. 2: Correlation plot of respiratory disease (rd), air pollutants (PM10, SO2, NO2, and O3) and meteorological 

parameters (temperature and wind speed). 
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Fig. 3: Association of respiratory diseases (rd) with PM10 (upper=panel), NO2, SO2, O3 (middle-panel), 

temperature and wind speed (lower-panel).  
 
Conclusions: 

In this study the association of respiratory diseases with several air pollutants and meteorological 
parameters is analysed using monthly data from January 2012 to August 2015. It can be observed that averaged 
over the whole study period, the highest number (705) of cases are reported in March and lowest (158) in 
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November.PM10 levels exceed the air quality standards and, therefore, may pose potential threat to residents 
exposed for long time to the high levels of PM10. The other pollutants, such as O3, NO2, and SO2 are well below 
the national and international air quality standards. Respiratory diseases have positive association with all air 
pollutants considered in this study. The strongest correlation of the respiratory diseases was found with PM10 (r 
= 0.43). In addition to air pollutants, temperature and wind speed were also positively correlated with 
respiratory diseases, which might be due to their indirect effect by increasing the levels of air pollutants. Further 
detailed study of the impact of air quality, especially PM10 on human health is required considering high 
resolution hourly data and analysing other compounding factors, such as age, sex (male or female), health 
condition, and levels of exposure.  
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