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ABSTRACT

Concentrations of airborne particulate matter with an aerodynamic diameter less than 10
pum (PM, ) and five gaseous air pollutants (O,, CO, NO,, SO, and H,S) were measured over a
period of approximately six years (October 1999-June 2004) at five air quality monitoring network
stations of King Abulaziz City for Science and Technology (KACST) in Riyadh city, Saudi Arabia.
The main objective of this study is to evaluate the quality of ambient air in relation to its possible
effects on human health in the urban area of Riyadh city using the U.S. Environmental Protection
Agency (USEPA) Air Quality Index (AQI) and break down analysis of five criteria pollutants (O,, CO,
NO, and SO, and PM, ) and Hydrogen Sulphide (H,S). The concentrations of selected pollutants
in ambient air has shown upward trends except for sulfur dioxide (SO,) and hydrogen sulfide (H,S),
which exhibited decreasing trends over the time. Using the AQI based on a health perspective, a
breakdown analysis was conducted. The results confirmed that 71% of the time Riyadh city air is of
“Good” quality using the AQI and causes almost no health impacts on city inhabitants. The remaining
29% of more problematic air quality is caused by PM, | (74%) and SO, (~24%). The study has revealed
that both ozone (O,) and carbon monoxide (CO) have little contribution to Riyadh air pollution at 2%
and 0.52%, respectively.
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INTRODUCTION

Continuous monitoring and acquisition of
knowledge of air pollutants are required not only to
assess the air quality in a given location but also
to understand and address several environmental
issues. Air pollution is one issue of growing
environmental concern because of its known
adverse human health effects’2. Globally every year,
4.6 million people die because of exposure to high
level of air pollutants®. The correlations between
exposure to air pollutants and the occurrence
of respiratory and cardiovascular diseases and
cardiopulmonary mortality are well documented
in the literature*®. For instance, ozone (O,), a
photochemical oxidant that helps to determine the

atmospheric oxidizing capacity’, can cause direct,
adverse effects on human health and ecosystems®
. Moreover, sulfuric and nitric acids as well as
sulfate and nitrate aerosols are formed as a result of
oxidation of sulfur dioxide (SO,) and nitrogen oxides
(NO,). These fine aerosol particles can effectively
cause visibility degradation, and modify the radiation
budget by both absorption as well as scattering of
solar radiation?. Furthermore, atmospheric particles
contain a variety of hazardous inorganic substances
including metals and sulfur compounds.

Lung injury, bronchial-constriction and
increased incidence of infections have all been
related to metallic air pollution’. Asthma and
chronic obstructive pulmonary disease have been
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associated with particles smaller than 10 um in
diameter (PM, )'*. Some studies have shown that
there may be no lower threshold for PM, -related
health problems™. Since most mass of PM, is
not dangerous, damage caused by PM, can be
attributed mainly to small particles, particularly those
featuring diameters smaller than 0.1 um. These small
particles can be toxic to the lungs, even when they
have constituents that are not toxic when found in
larger particles™.

Many studies in the 1970s and 1980s found
a connection between health and low concentration
levels of ambient particles. Scientific study by Pope
(2000) revealed that short-term sudden exposure
to 10 ug/m® PM, could contribute to a 0.5 to 1.5
% increase in daily mortality'®. It may also increase
hospitalization and health-care visits for respiratory
and cardiovascular disease, and produced enhanced
outbreaks of coughing and asthma. A variety of
cardiopulmonary problems in adults and children,
some resulting in mortality, have been associated
with long-term exposures to 5 pg/m?® of particles
smaller than 2.5 um in diameter (PM,,) above
background levels'”. Several studies have found that
respiratory illness and premature death are attributed
mainly to PM, '®'. A 16-year study conducted on
data from six U.S. cities revealed that people living in
regions where airborne particle concentrations were
higher than the PM,  standard had a life span two
years shorter than those living in regions of lower
airborne particle concentrations*. Airborne particles
can effectively cause an inflammatory response in
the lungs if they are coated with first row transition
metals (metals that can precipitate) in possibly toxic
oxidative reactions such as titanium (Ti), vanadium
(V), chromium (Cr), manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), and copper (Cu)2°-2', In
general, environmental contamination by particulate
toxic trace metals can cause serious damage to the
health of exposed individuals??2¢, These toxic trace
metals may significantly contribute to the toxicity of
the airborne particulate?”. The carcinogenic effects
of several particulate toxic trace metals such as
cadmium (Cd), cobalt (Co), chromium (Cr), nickel
(Ni), lead (Pb), arsenic (As) and selenium (Se) have
been established in several studies?-2°.

Methods and data
In order to determine the air pollution levels
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and trends during the study period, and the relative
significance of individual pollutant contributions to
ambient air quality degradation in Riyadh city, it is
necessary to investigate a reliable database record
with a good diagnostic indicator. High quality spatial
and temporal air pollutant concentrations and a
corresponding air quality index are necessary for this
purpose. Therefore, concentrations of air pollutants
recorded by KACST Air Quality Monitoring Network
have been used and integrated into an easily
interpreted air quality index. The AQl is a tool that
simplifies the reporting of air quality to the general
public in the form of index concentrations of criteria
pollutants. The scale of the index is divided into six
general categories that are associated with health
messages that conveys the health implications of
air quality and pollutant-specific health effects and
sensitive groups, so that the precautionary actions
can be taken by individuals to reduce exposures of
concern®®,

Overview of the KACST Air Quality Monitoring
Network

The Riyadh city air quality-monitoring network
was established with the mutual understanding and
cooperation of various governmental agencies in
the Kingdom of Saudi Arabia. The city of Riyadh
experiences a large amount of air pollution in the form
of dust and other toxic chemicals, which is a constant
threat for the health of city inhabitants. It was realized
that the existing monitoring facilities operated and
maintained by the Presidency of Meteorology and
Environment (PME) were insufficient for an expanding
city like Riyadh and it was therefore decided to
further expand the monitoring network. Several
government officials participated in the discussion
and feasibility study to establish this network, and a
joint cooperation of several agencies was essential
for its implementation. The Natural Resources and
Environmental Research Institute (NRERI) at King
Abdulaziz City for Science & Technology (KACST)
took the initiative towards the construction of this
network in the capital city of the Kingdom. In 1999,
the first monitoring station was established at KACST
premises, and then the network was expanded to
five monitoring stations scattered throughout the
city. The network was set to begin operation in 1999,
with only three sites namely KACST (KT), National
Guard Hospital (NG) and Al-Shifa (SH). In June
2002, two new stations, namely Al-Azizia (AZ) and
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Al-Rabwa (RB) were installed. The locations of these
stations were selected based on their geographical
locations, as well as their significance in terms of
representing regional air quality. These air quality-
monitoring stations are capable of monitoring both
meteorological variables, as well as air pollutants.
The type of sensors used with their respective
method of monitoring for the pollutants utilized in this
study are: NO, NO, and NO - Chemiluminescence;
CO-Dual Beam NDIR; O,-UV Photometer; and H,S
and SO,-UV Fluorescence. Figure 1 shows the
geographic locations of monitoring stations within
Riyadh city.

Calculation of Air Quality Index

For the purpose of evaluation and
comparison, the air quality index for the city of
Riyadh was calculated as per USEPA standard
formulae and air quality standard limits. Pollution
levels were averaged to match the standard limits
and normalized to match the index breakpoints.
In this study, the averaging time selected for AQlI
calculation for PM,, SO,, CO, and O, were 24,24,
8 and 8 hours respectively and the break points for
each selected pollutant were followed in accordance
with USEPA® indexing procedure (Table 1).

Air quality data covering the period of about
six years (1999-2004) were used to calculate the
index values. PM,  and SO, were averaged on a daily
basis to match the breakpoints. Carbon monoxide
(CO) and ozone (O,) were averaged every 8 hours.
However, hourly averaged O, was not considered
since the 8 hourly averages did not exceed the
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0.374 ppm limit set by the USEPA. Short-term air
quality standards have not been defined for nitrogen
dioxide (NO,); rather the USEPA provides guidelines
to report NO, in the index range of 200-500 that
corresponds to 0.65-2.04 ppm of NO,%. Therefore
AQI for NO, was not reported here since Riyadh
has never experienced such a high concentration
of nitrogen dioxide.

RESULTS AND DISCUSSION

Trend Analysis

This section provides both a discussion
of air pollutant trends as well as an assessment of
Riyadh city air quality relative to the Presidency of
Meteorology and Environment (PME) standards of
Saudi Arabia, based on the monitoring of ambient air
quality from KACST air quality surveillance network.
Itis well known that air pollution levels are affected by
variations in local climatic conditions, emissions, and
day-to-day activities of inhabitants. The trends in air
pollution levels are not always well defined. However,
Figure 2 shows obvious upward trends in average
CO levels during the study period excluding the year
of 1999, that had only three months of data. This
figure provides the annual average and maximum
1-hour CO levels in the Riyadh air quality network for
the study period. Over the 6-year period, the citywide
annual average trend line (fluctuating from ~0.65
to ~1.1 ppm) was well below the 35 ppm standard.
Annual maximum 1-hour values for the study period
ranged between 17.2 ppm in 1999 and the lowest
recorded value of 6.8 ppm in 2004 (Figure 2). The
network recorded any exceedance during the period

Table 1: The Break Points for the Selected Pollutants

Break points

03 (ppm) 03 (ppm) PM,, co SO, NO, AQl Category
8-hour 1-hour  (ug/m?)  (ppm) (ppm) (ppm)
0.000-0.064 - 0-54 0.0-4.4  0.000-0.034 - 0-50 good
0.065-0.084 - 55-154 4.5-9.4  0.035-0.144 - 51-100 moderate
0.085-0.104 0.125-0.164 155-254 9.5-12.4 0.145-0.224 - 101-150 Unhealthy
for sensitive
groups
0.105-0.124 0.165-0.204 255-424 12.5-15.4 0.225-0.304 - 151-200 unhealthy
0.125-0.374  0.205-0.404 355-424 15.5-30.4 0.305-0.604 0.65-1.24 201-300 Very
unhealthy
- 0.405-0.504 425-504 30.5-40.4 0.605-0.804 1.25-1.64 301-400 Hazardous
- 0.505-0.604 505-604 40.5-50.4 0.805-1.004 1.65-2.04 401-500 Hazardous
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of study when a value of pollutant showed above
standard ambient level. Over the study period there
were no 1-hour CO exceedances recorded (Table
2).

As shown in Figure 2, there were upward
trends in average NO, level during the study period.
The average NO, levels were well below the 50 ppb
annual PME standard. Air monitoring measurements
for the study period have shown an annual arithmetic
mean NO, concentration less than two-third of the
50 ppb annual PME standard. During the year 2003,
the highest annual average value recorded for
NO, was 29 ppb, whereas during 2001, the lowest
annual average concentration value of 13.5 ppb
recorded. Annual maximum 1-hour values for the

study period ranged between 462.81 ppb in 2003
to the lowest recorded value of 114.62 ppb in 2000
(Figure 2). The standard annual NO, arithmetic mean
was exceeded only once in 2003 (Table 2). There
were upward trends in average O, level during the
study period (Figure 2). This figure provides the

el s, : IR T
Fig 1: Geographical locations of KACST
monitoring stations in Riyadh city.
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annual average and maximum 1-hour O, levels for
the Riyadh air quality network for the study period.
Over the 6-year period, the citywide annual average
trend line (swinging from ~9.01 to ~28.17 ppb) was
well below the 150 ppb standard. Annual maximum
1-hour values for the study period ranged between
147.28 ppb in 2003 and the lowest recorded value of
89.8 ppb in 1999 (Figure 2). No exceedances of O,
standard were recorded in the city during the study
period.

As shown in Figure 2, there were upward
trends in average PM,  (dust) during the study period.
The average PM, levels were above the 80 pg/m®
annual PME standard (bear in mind that exceptionally
high natural background concentrations due to
sandstorms/dust storms and aridity in the region
play an important role here). Over the 6-year period,
the citywide annual average trend line (ranged from
~82.28 to ~146.85 pug/m?). Annual maximum 1-hour
values for the study period ranged between 915.7 ig/
m? in 2000 and the lowest recorded value of 895.4
ig/m?® in 2004 (Figure 2). Exceedances occurred in
all years except 1999 (incomplete year). The highest
number of 1-day exceedances (36) occurred in the
year 2003 (Table 2).

Although average SO, levels monitored in
the city (excluding 1999) have downward trends,
they have been above the 20 ppb annual air quality
standard in all years except for 1999 and 2004, as
shown in Figure 2. Over the study period, the citywide
annual mean SO, concentration of air quality network
sites ranged between ~11.04 ppb and ~ 46.85 ppb.
Annual maximum 1-hour values for the study period
have ranged between 617.5 ppb in 2003 to the
lowest recorded value of 239.86 ppb in 1999 (Figure
2). The number of exceedances of the 1-hour and

Table 2: Annual exceedances recorded during study period in reference to PME standards.

Year Annually Hourly Daily
NO, co SO, H,S o, PM,, SO, H,S

1999 0 0 0 0 0 0 1 1
2000 0 0 5 7 0 24 1 11
2001 0 0 3 2 0 6 1 8
2002 0 0 4 4 0 4 19 8
2003 1 0 15 2 0 36 10 16
2004 0 0 3 0 0 17 0 0
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1-day standards on a citywide basis from 1999-
2004 is shown in Table 2. During the study period
1-hour exceedances occurred in all years except in
1999 whereas 1-day exceedances occurred in all
years except in 2004. The highest number of 1-hour
exceedances was 15 whereas the highest number
of 1-day exceedances was 19.

The average annual H,S levels monitored
in the city have downward trends and have been
well below the standard value of 140 ppb (Figure
2). Over the study period, the citywide annual
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mean H,S concentration of the air quality network
sites ranged between ~7.08 ppb and ~15.77 ppb.
Annual maximum 1-hour values for the study period
have ranged between 181.15 ppb in 2002 and the
lowest recorded value of 51.2 ppb in 1999 (Figure
2). The number of exceeds of the 1-hour and 1-day
standards on a citywide basis from 1999-2004 is
shown in Table 2. During the study period 1-hour
exceedances occurred during all years except in
1999 and 2004, while 1-day exceedances occurred
in all years except in 2004. The highest number of
1-hour exceedances was seven, while the highest
number of the 1-day exceedances was 16.
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Fig. 2: Annual variation of average and maximum hourly pollutant concentrations.
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Breakdown Analysis and Relative Pollutant
Importance:

In order to understand the degree of air
cleanliness and likely relevance to human health a
breakdown analysis of the AQI was carried out. Air
quality falling in the “Good” range was considered
as clean, since “Good” air has no observable
health effects on the humans. The breakdown
analysis showed that on average almost 71 % of
measurements indicated “Good” air quality on the
index and on this basis likely produced almost no
health impacts on Riyadh city inhabitants (Figure 3f).
The remaining ~ 29% of the measurements showed
“moderate” pollution or above, mostly caused by
PM,, (~74%). 80, was the second highest pollutant,
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contributing almost 24% to the polluted air. Both O,
and CO had a very limited contribution to the air
pollution with almost 2% and 0.52% respectively.

Geographic distribution of these pollutants
reveals that the north-east of Riyadh features the
cleanest air with NG showing the highest percentage
of clean air (75.35 %) while the north-west of Riyadh
features the most polluted air (KT at 69.05 % clean
air) (Figure 3a). The southeast of Riyadh experiences
highest PM, ;and CO pollution levels and lowest SO,
pollution levels as they contribute to almost 86%,
11.52% and 1.77% respectively of the polluted air
of AZ (Figure 3e). O, had almost no impact on the
air quality across Riyadh with the exception of NG

OClean o PMy, m CO mS0:2 mO: 0O Polluted OClean o PMy m CO =502 mOs 0O Polluted
KT ) RB
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L 75.29%
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Fig. 3: Air Quality Index breakdown charts.
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station in northeast, where ozone contributed almost
5.64% to the polluted air (Figure 3b).

Air Quality Index Analysis for Individual
Pollutants:

The AQI gives information on how clean
or polluted is the air, and what associated health
effects might be of concern for the general public. It
focuses on health effects that humans experience
within a few hours or days after breathing polluted air.
The USEPA has divided the AQI into six categories
each corresponding to a different level of health
concern. These categories are namely good,
moderate, unhealthy for sensitive groups, unhealthy,
very unhealthy, and hazardous. A comparison was

& Good
Moderate
@ Unhealthy for Sensitive Groups
& Unhealtity
® “ery Unheaithyy
& Hazardous
3 Administrative Area
B Urban Limit o s ) 15 20 25 Hlameers
KT -= KACST, NG -= MNational Guard, RB -» Rabwa, SH -= Shifa, AZ -> Azizia
Allvalues shown as percentage of air quality index category as per EPA standards
Fig.4: Geographic distribution of air quality index for PM
® Good

Moderate
® Unhealthy for Sensitive Groups
® Unhealthy
e Very Unhealthy
® Hazardous

3 Administrative Area
B Urban Limit

o 5 w15 ™

established based USEPA air quality index for five
criteria air pollutants including particulate matter
(PM,,). Data collected over the period of six years
indicates that PM,, contributes most to the highest
levels of pollution for the city inhabitants. An average
of 15.8 % of the index values was recorded in the
range of 0-54 pg/m? corresponding to a “Good” index
and relatively cleaner air. Most of the index values
(~ 61% on average) were in the “Moderate” range
corresponding to PM,; concentrations in the range
of 55-154 pg/md.

The USEPA defines the ultimate “Hazardous”
range of PM, as being from 425 to 604 pg/m?®, as
anything above this range has an equally undesirable

10°

25 tiameters

KT -= KACST, NG -> National Guard, RB -= Rabwa, SH-= Shifa, AZ -= Azizia
Allvalnies shnwn as nercentams nf air analite index catennn: asner FPA standards

Fig. 5: Geographic distribution of air quality index for SO,
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impact on health. However, Riyadh occasionally
experiences PM,  concentrations as high as 1000
pg/mé. Therefore, the USEPA air quality index for
PM,, was modified to count the percentage of index
values in the upper range as 425-1000 pg/m?® and it
was estimated that 2.57 % of index values were in
this range across the city. Such high index values
correspond to dust storms as natural feature of
Riyadh city. The geographic distribution of the PM,
AQI (Figure 4) indicates that the southeast part of
the city (AZ) has the greatest PM,  pollutionimpact
on air quality (most susceptible to dust storms) while
the northeast part (NG) has the least PM,  pollution
impact.

S0, has been estimated as the second
most significant pollutant in Riyadh. Although an
average of ~72% index values were recorded in 0-34
ppb range corresponding to “Good” air quality, about
27.38 % of index values were recorded in the range
of 35-144 ppb which corresponds to “Moderate” air
quality. The geographic distribution of the SO, air
quality index (Figure 5) indicates that the southeast
part of the city (AZ) has the least SO, pollutionimpact
on air quality whereas the northwest of the city (KT)
has the greatest SO, pollutionimpact.

CO has been recorded in very low
concentrations in Riyadh. Most of the values
recorded were in the “Good” air quality range
(99.41% on average) with values less than 0.4 ppm,
with only a few exceptions of “Moderate” air quality
(0.6% on average) occurring in the range of 4.5-9.4
ppm. Geographically, the southern part of the city
recorded higher concentrations in the “Moderate” air
quality range with AZ and SH recording index values
of 1.98% and 0.6%, respectively.

The O, index was calculated based on 8
hour averages. The USEPA recommends the use
of hourly averages in higher concentration ranges
of O, exceeding 374 ppb, however Riyadh city
did not record ozone values exceeding 84 ppb on
8-hourly averages. O, has been recorded at very
low concentrations in Riyadh. Most of the values
recorded are in the “Good” index range (98.06%
on average) with values less than 64 ppb, with
only a few exceptions of “Moderate” concentrations
(1.94% on average) in the range of 65-84 ppb.
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Geographically, the northern part of the city recorded
higher concentrations in the “Moderate” range with
KT and NG recording index values of 2% and 5.64%,
respectively.

CONCLUSION

All investigated pollutants have shown
upward trends except for SO, and H,S that have
exhibited downward trends. Among all investigated
pollutants, PM,  and SO, pose the most serious
health threat to the city inhabitants since they
appeared across almost all air quality index ranges,
while CO and O, have a very limited effect on urban
air quality in Riyadh. On average almost 71 % of
Riyadh air quality measurements indicated clean
air while the ~ 29% of measurements indicated
polluted air, mainly by PM,  (~74%) and SO, (~
24%).The geographic distribution of PM,  air quality
index indicates that the southeast of the city has the
highest PM, ; pollution impact on air quality while
the northeast has the lowest PM, pollution impact.
As for SO,, the southeast of the city has the lowest
S0, pollution impact on air quality whereas the
northwest of the city has the highest SO, pollution
impact. In general, the north-east of Riyadh features
the cleanest air with the highest percentage of clean
air at any site being 75.35 %, while the northwest
of Riyadh features the most polluted air with the
highest percentage of polluted air at any site being
32.95 %. The present findings in terms of trends
and geographical distributions of air pollution, and
possible influences on public health in an arid urban
environment like Riyadh provide vital information for
responsible authorities in decision making, urban
planning and is also helpful in maintaining the
environmental sustainability.

In relation to human health impacts, as an
initial approach to understanding the relationships
between air quality and possible health impacts in
Riyadh, this study has applied the USEPA AQI. This
involves applying the AQI in a completely different
environment and to a totally different population than
the one for which it was developed. In future work we
will use population health statistics and air quality
data for Riyadh to begin to establish baseline air
pollution-health response relationships for the city
of Riyadh.
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