
ABSTRACT

For the first time in the city of Riyadh, the formation 
of O3 and its relationship with NO and NO2

 (NOx) 
was investigated. Throughout the summer O3, NO, 
and NO2 were collected from three locations: resi-
dential, industrial, and rural areas. During the sam-
pling period O3 concentrations exceeded 1-hour 
local standards a few times yet remained consistent 
with the standards most of the time. The O3 con-
centrations were observed highest in the rural loca-
tion and lowest in the industrial area. The diurnal 
variation of NO followed a double peak: one in the 
morning and the other in the evening, representing 
the traffic pattern. Early morning NO peaks were 
observed in the rural location, which were attributed 
to the movement of NO from other locations. The O3 
concentrations depicted typical pattern, increasing 
after sunrise and reaching its maximum during mid-
day. The highest O3 concentrations were observed in 
the rural location followed by the residential and 
industrial. NO2 photolysis rates were 3-4 times 
higher compared to other similar investigations, 
potentially due to intense solar radiation. A strong 
negative correlation was observed between NOx and 
O3 values in the industrial location indicating photo-
chemical activities around the industrial area were 
higher, likely due to additional NOx emissions from 
industries. Regression analysis of NOx and OX (O3 
+NO2) indicated that in residential and industrial 
locations at nighttime there were large NOx inde-
pendent regional contributions which is attributed to 
VOCs. The Weekend Effect was observed in the city 
potentially due to the production of the OH radical 
and subsequent reactions with VOCs implying that 
the area is VOC-sensitive.

Key words: Urban air pollution, Nitrogen oxides, 
Ozone, Photochemical oxidant, Regional pollution, 
Riyadh

1. INTRODUCTION
Photochemical reactions in the atmosphere produce 

several secondary pollutants, among which ozone (O3) 
is a major concern. Elevated levels of atmospheric O3 
have been linked to adverse effects on human health 

(Jerrett et al., 2009; NRC, 2008; Ito et al., 2005; Brau-
er and Brook, 1997), damage to materials and manu-
factured goods (Ozen et al., 2002), and negative 
effects on crop yield (Ali et al., 2008) and vegetation 
and forests (Hogestt et al., 1997; Krupa, 1997). Due to 
its radiative forcing, O3 is identified as the third most 
effective greenhouse gas (Forster et al., 2007) and has 
been associated with climate change (Fiore et al., 
2002). O3 is also known to facilitate the formation of 
hydroxyl radicals, which affect the oxidizing capacity 
of the atmosphere (Seinfield and Pandis, 2006).

The oxides of nitrogen, NOx
 (NO + NO2), and Vola-

tile Organic Compounds (VOCs) present in the atmo-
sphere are usually regarded as major precursors of O3

 

(Seinfield and Pandis, 2006). The main factors that 
govern the buildup of O3 are abundance and the ratio 
of these atmospheric precursors, intensity of solar 
radiation, and the height of planetary boundary level. 
To control O3 pollution, it is necessary to reduce 
anthropogenic emissions of precursors, however, due 
to non-linear O3-precursor relationships, reducing pre-
cursors such as NOx does not always result in an O3 
decrease (Fowler et al., 1997). Moreover, the changes 
in O3 and NOx potentially lead to increase in their 
background levels and these changes are highly depen-
dent on local meteorology. So, for an effective mitiga-
tion plan, a thorough understanding of the relationship 
among O3 and NOx is needed. Studies have been done 
to investigate this relationship and it has been shown 
that this non-linear relationship is highly dependent on 
ambient meteorology and local conditions (Notario et 
al., 2012; Han et al., 2011; Mazzeo, 2005).

The problem of O3 is generally experienced in large 
cities, and the city of Riyadh in Saudi Arabia is no 
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exception. Recent studies show the declining trend of 
air quality (Alharbi et al., 2015; Meo et al., 2013; 
Rushdi et al., 2013), and Riyadh is reported to be one 
of the top 10 cities in the world with urban smog prob-
lems (DW, 2015). The annual average UV radiation in 
Riyadh was reported close to 300 Wh/m2 and were 
observed to be higher than other regional cities (Elani, 
2007).

There has not been a study that examines O3 forma-
tion in Riyadh; however, studies have been done in 
neighbouring cities. Low levels of O3 and a significant 
weekend effect were reported in Jeddah (Porter et al., 
2014), moderate O3 values and weekend effect were 
observed in Yanbu (Al-Jeelani, 2014), and increasing 
trend of O3 values was observed in Makkah (Munir et 
al., 2013), and the city of Cairo reported high O3 con-
centrations (Khoder, 2009). Hassan et al. (2013) noted 
an inverse relationship between O3 and NOx and high 
O3 values at rural locations in Jeddah. Regionally, 
severe O3 pollution was reported in the Persian Gulf 
and due to dry local climate, the pollution is likely to 
get worse (Lelieveld et al., 2009). Another study found 
that extreme pollution events, with O3 mixing ratios 
exceeding 150 nmol/mol can occur regularly over the 
Arabian Gulf (Smoydzin et al., 2012).

Considering the fact that Riyadh depends primarily 
on private transportation and has a number of indus-
tries and petroleum refineries, high emissions of NOx 
are expected. Because the weather conditions are 
severe, particularly high solar radiation and tempera-
ture, studying the formation of O3 and its relationship 
with NOx assumes high importance. Therefore, the 
main objectives of this paper are to 1) Assess the O3 
and NOx concentrations, 2) Study the diurnal variation 
of O3 and NOx, 3) Investigate the relationship between 
O3 and NOx, 4) Identify NOx’s dependent and indepen-
dent contributions, and 5) Examine the weekend 
effect.

2. DaTa aND MeThODs

2. 1  site Description and Instrumentation
Riyadh is the capital city of Saudi Arabia with a 

population of over 5 million and one of the largest cit-
ies in the region. It consists of a large number of 
industries in addition to the dense residential areas. 
With limited public transportation, the population 
largely depends on private vehicles for commute. To 
understand the formation of O3 and its precursors, 
three stations (Fig. 1) were selected. The first station 
was located in the middle of the selected residential 
area dominated by heavy traffic movement, the second 
station was in the middle of an industrial area where 

several industries exist including a petroleum refinery. 
The third, a rural station, was located in the outskirts 
of the city where there was low traffic movement. The 
stations are approximately 20 km apart from each 
other. The analyses presented in this paper are based 
on four months of sampling period from Jun 2012 to 
Sep 2012 as the data were collected only during this 
period.

The instrument used in collecting NOx was a CO-
Dual Beam based on chemiluminescence (HORIBA 
APNA-370) with lowest detectable limit of 1 ppb. O3 
was monitored using O3-UV photometer (HORIBA 
APOA-370) with a lowest detectable limit of 4 ppb.

2. 2  Photochemical Cycle
It is well established that the inter conversion of O3, 

NO, and NO2 under atmospheric conditions is general-
ly dominated by the following three reactions (Sein-
feld and Pandis, 2006):

NO2 + (sunlight) → NO + O (1)

O + O2
 → O3 + M (2)

O3 + NO → NO2 + O2 (3)

M, usually O2 or N2, represents a molecule that stabi-
lizes O3 by absorbing excess vibrational energy. These 
reactions form a cycle with no net chemistry, the first 
two reactions produce O3 and third one destroys it. 
These reactions therefore represent a closed system in 
which NOx

 (NO + NO2) and OX (O3 + NO2) relate sep-
arately and the rate of these reactions plays a major 
role in the formation of O3 as explained in the follow-
ing statements (R1 and R2).

R1 = J1
 [NO2] (4)

R2 = k3
 [NO] [O3] (5)

In the above reactions, J1 is the rate of NO2 photoly-
sis, and k3 is the rate of coefficient for the reaction of 
NO and O3. If these reactions are in equilibrium, it is 
called the photo-stationary state, and this is normally 
established throughout the day, and with a time con-
stant of few minutes, depending on the solar zenith 
angle. At equilibrium, the O3 concentrations resulting 
from these reactions can be expressed as:

           J1  NO2[O3] = ---  ------- (6)
           k3  NO

[NO][O3]     J1
--------------= ---- (7)
   [NO2]        k3

Seinfeld and Pandis (2006) suggest the relationship 
of k3 with the temperature as given in Eq. (8).
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                                                      -1430
k3

 (ppm-1 min-1) = 3.23 × 103 exp[-----------] (8)
                                                            T

The oxygen (O) atom in an excited state that is 
released as a result of O3 photolysis, reacts with water 

(H2O) and forms OH radicals. These OH radicals react 
with hydrocarbons (R) resulting in the conversion of 
NO to NO2 as shown in the Eqs. (9-10).

O + H2O → OH + OH (9)

RH + OH + NO → RCHO + HO2 + NO2 (10)

Thus, both NO and hydrocarbons play an important 
role in the formation and destruction of O3 in the 
atmosphere.

3. ResUlTs aND DIsCUssION

3. 1  Meteorological Overview
The temperatures observed at the three locations 

were similar during the sampling period. The mini-
mum and maximum temperatures were in the vicinity 
of 25°C and 50°C, respectively. The winds in the 
industrial, and rural locations showed similar patterns, 
however at the residential site the winds were calmer. 

The maximum wind speeds were 10.9 m/s, 11.9 m/s, 
and 11.1 m/s at the residential, industrial, and rural 
locations respectively. The winds usually remained in 
the range of 2.5-4.5 m/s, 4.5-6.5 m/s, and 2.5-4.5 m/s 
in the residential, industrial, and rural sites. At the resi-
dential and rural locations winds were observed to be 
blowing from all directions; but predominantly from 
the northeast. At the industrial location, winds were 
however predominantly blowing from the north and 
northeast as evident from the wind-rose diagram 
shown in Fig. 2. The relative humidity values were in 
the range of 25-35% at all three sites.

3. 2    Ozone and NO2 Concentrations 
Compared to standards

The ambient air quality is regulated by Presidency of 
Meteorology and Environment (PME) in Saudi Arabia. 
The prescribed 1-hour and 8-hour standards for O3 are 
120 ppb and 80 ppb respectively, and the 1-hour stan-
dard for NO2 is 350 ppb (PME, 2012). In order to study 
the spread of the data, O3 and NO2 hourly concentra-
tions are presented as box plots (Fig. 3). As shown in 
the figure, 75th percentile O3 concentrations (ppb) were 
approximately 50, 42, and 70 for residential, industrial, 
and rural locations respectively. O3 concentrations were 

Fig. 1. Locations of the monitoring sites.
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observed relatively high in the rural location followed 
by the residential and then the industrial.

For NO2, the 75th percentile concentrations (ppb) 
were 30, 35, and 20 for residential, industrial, and 
rural locations respectively, as shown in Fig. 3. Higher 
concentrations of NO2 in the industrial location rela-
tive to other locations, imply that there are industrial 
emissions of NO/NO2 in addition to automobile emis-
sions. At all locations, the NO2 concentrations stayed 
below the PME prescribed standards.

Table 1 displays the percentage frequency distribution 
of O3 concentrations for the three locations. In the res-
idential location, there were about 15% of O3 concen-
trations that exceeded 80 ppb and about 2% exceeded 
100 ppb. The industrial location had very few exceed-
ances of 80 ppb and no exceedance of 100 ppb. How-
ever, the rural location reported over 2% O3 concentra-
tions exceeding 120 ppb, in addition to a large number 
of exceedances above 80 ppb. Fig. 4 shows the average 
O3 concentrations at the three locations compared with 
neighboring cities. Riyadh and Jeddah represent aver-
age daily values while others are annual averages. Ri-
yadh values are based on current measurements (Jun-
Sep) and Jeddah values are based on annual measure-

Fig. 3. Box plots for O3 and NO2 concentrations at residen-
tial, industrial, and rural locations (based on four months of 
data collected during Jun 2012 to Sep 2012).

Fig. 2. Wind rose diagrams (winds coming from) at residen-
tial, industrial and rural locations.
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ments (Porter et al., 2014).
Though the O3 concentrations are highest in the 

rural location, those in the residential and industrial 
locations are comparable to neighboring cities. Since 
the values for other cities are annual average they can-
not be directly compared, however, they are presented 
in the plot for illustration. Overall, the O3 concentra-
tions at all three locations were just below the pre-
scribed limits for most of the time, however exceeded 
1-hour limits a few times.

3. 3  Diurnal Variation NO, NO2, NOx, and O3
Fig. 5 illustrates diurnal patterns of O3, NO, NO2, 

and NOx concentrations at residential, industrial, and 
rural locations. The diurnal pattern of the primary pol-
lutant NO at residential and industrial sites followed a 
double peak, one in the morning and the other in the 
evening. The morning peak occurred around 06:00-
07:00 local time (LT) coinciding with rush hour traffic. 
The average peak concentrations in the residential and 
industrial sites were 32 ppb and 53 ppb respectively. 
After the morning peak the NO steadily decreased in-
dicating the photochemical conversion of NO to NO2 
until late in the evening where it peaks again around 
20:00 LT. The evening peaks in the residential and in-

dustrial areas were 18 ppb and 34 ppb respectively. 
Nighttime NO concentrations remained steadily low. 
As noted, at the industrial site NO concentrations are 
slightly higher than the residential site. The NO con-
centrations at the rural site remain low during the day, 
it peaks in the early morning to 23 ppb, and this peak 
appears to be coming from the industrial and residential 
areas due to wind conditions as depicted in the wind 
rose diagrams (Fig. 2).

The NO2 concentrations showed a similar pattern to 
NO, however both the morning and evening peaks have 
a lag time of 1 hour with respect to NO. This lag time 
can be explained by photochemical reaction which con-
verts NO to NO2. The morning and evening peaks were 
around 25 ppb and 20 ppb respectively in all locations. 
Both residential and industrial locations showed similar 
patterns and magnitude. The rural location showed high 
concentrations of 17 ppb in morning, then dropping to 
8 ppb at noon and subsequently increasing slightly to-
wards evening. The NO2 concentrations were lower at 
the rural location than the concentrations at the resi-
dential and industrial. Higher NO and NO2 concentra-
tions at the industrial location could be explained by 
emissions from industries, especially a petroleum re-
finery, in addition to traffic emissions.

Table 1. Percentage frequency distribution of hourly mean O3 concentration at three locations (based on four months of data col-
lected during Jun 2012 to Sep 2012).

Concentration range

Site 0-20 20-40 40-60 60-80 80-100 100-120 >120
Residential 11.2 24.2 26.4 22.7 14.1 1.4 0.0
Industrial 30.2 24.4 25.6 16.4   3.4 0.0 0.0
Rural   0.9   7.6 33.2 39.9 15.7 0.5 2.2

Total 14.1 18.7 28.9 26.3 11.1 0.6 0.7

Fig. 4. Average daily levels of O3 concentration in Riyadh along with values at selected cities for comparison. Jeddah value rep-
resent average daily values (Porter et al., 2014). Yanbu (Al-Jeelani, 2014), Abu Dhabi (Al Katheeri, 2012), and Cairo (Khoder, 
2009) values represent annual averages.
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The concentrations of NOx at all locations followed 
NO and NO2 patterns with double peaks. The industrial 
location had higher concentrations than the residential 
location with morning and evening peaks of 80 ppb and  
60 ppb respectively. The residential location peaks were 
60 ppb and 45 ppb in the morning and evening respec-
tively. The morning and evening peak concentrations at 
rural locations were 39 and 30 ppb respectively which 
are less than both industrial and residential values.

The daily variation of O3 concentrations was influ-
enced by traffic emissions, photochemical activity, and 
the height of the planetary boundary level, as also re-
ported by other studies (Notario et al., 2012; Han et 
al., 2009; Jenkin et al., 2000). The O3 concentrations 
gra dually increased after sunrise and reached their 
maximum at noontime and decreased towards sunset 
and remained low throughout the night. The daily 

maximum occurred around 13:00 LT at all three loca-
tions. The highest O3 concentrations were observed in 
the rural location followed by the residential and then 
the industrial. High rural concentrations can be ex-
plained by the phenomenon of transport of NO2 and 
mixing of air masses due to meteorological conditions; 
this condition has been reported in other regions (Han 
et al., 2013; Notario et al., 2012; Geng et al., 2008).

Studies have been done to analyze O3 and its precur-
sors in the Arabian region (Al-Jeelani, 2014; Porter et 
al., 2014; Khoder, 2009), but none of the studies ex-
plain the early morning O3 loss. As observed from Fig. 
5, there is a reduction of O3 early in the morning. This 
early morning O3 loss can be explained as follows. The 
source of NO is primarily in the residential and indus-
trial locations; this NO reacts with O3 to form NO2

 

(Eq. 3), resulting in the reduction of O3 concentrations. 

Fig. 5. Diurnal variation of average O3. NO, NO2, and NOx concentrations (ppb) at three locations.
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Since sunlight is low in the early morning, there is lit-
tle photochemical breakdown of NO2 and this is trans-
ported over to rural locations. Photochemical activities 
increase with sunlight, thus NO2 acts as an agent to the 
increase in O3 concentrations in the rural location (Eqs. 
1-2). NO2 could possibly be transported to rural loca-
tion from other areas as the predominant wind direc-
tion is from northeast particular from industrial loca-
tion (Fig. 2). This can also be explained by calculating 
O3 tendency (d[O3] = O3[t + 1]-O3[t]). Fig. 6 illus-
trates the O3 tendency for the three locations. The pos-
itive values of O3 tendency indicate that the O3 chemi-
cal production becomes a dominant factor in control-
ling O3 concentrations while negative values mean O3 
destruction plays a major role. As seen in the figure, 
negative O3 tendency is observed in the residential lo-
cation at early morning while positive tendency is no-
ticed at the rural location at the same time.

The diurnal variation of NO2 photolysis rate per 
minute (J1) calculated based on Eqs. (7-8) at the three 
locations is shown in Fig. 7. NO2 photolysis rates fol-
low the O3 formation pattern for all three sites. The 
maximum/minimum photolysis rates (min-1) in the 
rural, residential and industrial locations were 4.56/ 
0.45, 4.29/0.10, and 3.54/0.45 respectively. These val-
ues are 3-4 times higher than those of a similar study 

(Notario et al., 2012). These relatively elevated rates 
can be attributed to the high solar radiations in Riyadh. 
An early morning high NO2 photolysis at the rural 
location presents another reason for early morning O3 
loss at the residential location.

3. 4    Relationship between NO, NO2, NOx,  
and O3

Fig. 8 illustrates the scatter plots NO, NO2, and O3 
versus NOx along with the fitted polynomial curves for 

daytime (07:00-18:00) and nighttime (19:00-07:00). 
Due to photochemical activities in the day, it is expect-
ed that daytime pattern is different from nighttime.

As depicted in the figure, during the daytime there is 
a general tendency of O3 to decrease with NOx, and the 
dispersion is large at the lower NOx concentrations. As 
the photochemical activity pauses towards nighttime, 
O3 concentrations remain constant despite increase in 
NOx. A relatively stronger negative correlation was 
observed between NOx and O3 values in the industrial 
location (r =-0.82) while weak correlations were no-
ticed in the residential (r =-0.45) and rural locations 

(r =-0.22). This indicates that the photochemical ac-
tivities around the industrial area were higher, poten-
tially due to the greater emissions of NOx due to traffic 
as well as from the industries located in the area. In 
the rural location, there was a large dispersion in O3 
concentrations, however lower concentrations were 
observed when NOx values were elevated.

The maximum NO, NO2, and O3 concentrations ob-
served during daytime/nighttime in the residential lo-

Fig. 6. Daily variation of O3 tendency at different locations.

Fig. 7. Daily variations of mean values of J1
 (min-1).
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cation were 100/120 ppb, 71/60 ppb, and 116/88 ppb 
respectively; in the industrial location, the maximum 
concentrations were 130/190 ppb, 81/86 ppb, and 98/78 

ppb respectively; in the rural location, they were 65/ 
196 ppb, 57/68 ppb, and 160/80 ppb. In view of these 
results, we can infer that the NO concentrations were 
observed higher during the night in the industrial loca-
tion and that day and night showed similar NO2 con-

centrations at all locations. A polynomial fit was found 
suitable for the NO, NO2, NOx, and O3 scatter plots as 
shown in Fig. 8. The photo-stationary state of NOx 
concentrations as illustrated in Eq. 6 and Eq. 7 can be 
inferred from these curves. During the day, the NOx 
concentrations for NO and O3 intersects were 85 ppb, 
55 ppb, and 62 ppb for residential, industrial, and rural 
locations, respectively. This implies that at these NOx 

Fig. 8. Variation of NO, NO2, and O3, versus NOx concentrations and polynomial fit curves during day (left) and night time 

(right) for residential (a), industrial (b) and rural (c) areas.

(a) Residential

(b) Industrial

(c) Rural
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concentrations, O3 concentrations are higher than NO 
values, whereas NO concentration exceeds O3 at high-
er NOx levels. For example, at the residential site at 
the concentration of NOx equal to 85 ppb, O3 concen-
trations were higher than NO, however O3 concentra-
tion decreases with the NOx value greater than 85 ppb.

Similar analysis of NO, NO2, NOx, and O3 scatter 
plots was performed for the NO2 and O3 intersects. 
During the day, the NOx concentrations observed were 
90 ppb, 70 ppb and 95 ppb for residential, industrial, 
and rural locations respectively. In this case, similar 
behavior is observed for industrial and residential loca-
tions while NOx intercept is lower for the rural location.

The patterns of O3 and its precursor discussed here 
match with that of the other studies (Notario et al., 
2012; Mazzeo et al., 2005; Clap and Jenkin, 2001) 
however, the concentrations are higher in this study.

3. 5    NOx Dependent and Independent 
Contributions

Local and regional contribution of OX (O3 + NO2) 
can be identified from the regression analysis of NOx 
and OX, the slope of which indicates the local OX con-
tribution while the intercept represents the NOx inde-
pendent regional contribution (Notario et al., 2012; 
Mazzeo et al., 2005; Clapp and Jenkin, 2001). Region-
al contribution means NOx independent, and local con-
tribution means NOx dependent. Fig. 9 shows the vari-
ation of average OX concentration with respect to NOx 
levels as observed during day and night in the three 
different locations.

In the residential location, the slope of the NOx and 
OX curve is same during the day and night which is 
0.37. This implies that the local NOx levels remain 
almost constant during day and night. The local contri-

Fig. 9. Regression analysis of NOx vs. OX for day (left) and nighttime (right) at three locations.

 Residential - Daytime Residential - Nighttime

 Industrial - Daytime Industrial - Nighttime

 Rural - Daytime Rural - Nighttime
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Fig. 10. Diurnal weekend and weekday (weekend-weekday) differences of NO, NO2, O3 concentrations at three locations averaged during the sampling period.

 d[NO] ppb at residential site d[NO] ppb at industrial site d[NO] ppb at rural site

 d[NO2] ppb at residential site d[NO2] ppb at industrial site d[NO2] ppb at rural site

 d[O3] ppb at residential site d[O3] ppb at industrial site d[O3] ppb at rural site
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bution of NOx during the day due to photolysis reac-
tions balances out with the buildup of NO during late 
evening traffic activities, hence overall local NOx levels  
remain constant all over the day.

In the industrial location, the slope is lower during 
the day when compared to night implying there are 
high NO emissions during the night. This may be due 
to increased traffic activities around the the industries 
that normally operates during night as well. In the rural 
location, close to zero local emissions were observed; 
this is in line with the characteristics of the area where 
traffic emissions are not expected. However, there is 
an increase of NO concentrations in the night, most 
probably it is due to the buildup from nearby residen-
tial and industrial areas.

The intercept during the day were generally greater 
than that of night indicating there was large NOx inde-
pendent regional contribution. Also, it is noticed that 
there are higher intersect values in the rural location 
indicating regional contribution is major source at this 
location. It is implied from the above discussion that 
NOx independent contribution is generally greater in-
dicating larger contributions from NOx independent 
sources. While there is the possibility of regional con-
tributions, it is highly likely that these NOx independent 
contributions are from VOCs present in the atmosphere, 
which interfere in the photochemical cycle (Eqs. 9-10).

3. 6  Weekend vs. Weekday
The average diurnal difference between weekend and 

weekday (weekend-weekday) concentrations of NO, 
NO2, and O3 was calculated for the three locations as 
plotted in Fig. 10. It shows that the difference is posi-
tive for O3 and negative for NO and NO2. Reduction 
of NO concentrations during weekend is manifestly 
due to reduction of traffic emissions. In the residential 
area, weekend NO concentrations were observed to be 
lower in the morning, however increased during the 
evening and night contrary to other studies (Han et al., 
2011; Khoder, 2009; Debaje and Kakade, 2006). This 
pattern probably reflects the local traditions of the city 
where there are increased weekend activities during 
the evenings.

In the industrial site, there was a distinction between 
weekend and weekday NO concentrations during cor-
responding times of the day. There were consistent 
negative differences of NO concentrations all over the 
day, indicating that during the weekend there is a con-
siderable reduction of traffic emissions as well as 
emissions from industries. This shows a significant 
reduction in traffic activities around the industrial 
areas during weekends, most of the industries work at 
full scale during weekdays and have reduced activities 
during weekends. It also implies NO concentrations 

are primarily due to traffic emissions, though some 
contribution from the industries cannot be ruled out. 
The maximum weekend-weekday difference of NO at 
the residential, industrial, and rural locations were 10 

ppb, 16 ppb and 15 ppb respectively. These differences 
are higher than other studies (Han et al., 2013; Khoder, 
2009; Geng et al., 2008) indicating increased levels of 
automobile pollution in Riyadh city.

The gain of O3 concentrations during weekend is 
generally called the weekend effect. The reasons for 
this effect are the sensitive relation of O3 formation to 
VOC, difference in timing of NOx emissions, carry-
over of O3 and its precursors’ concentration from the 
day before the weekend, and increased weekend emis-
sions (CARB, 2003). This weekend effect could be 
explained for Riyadh city as follows. Observing the 
NO2 pattern, it is consistently low during the day indi-
cating that NO2 is transformed resulting in increased 
production of OH (Eq. 9). The OH radical reacts with 
VOCs (Eq. 10) present in the atmosphere converting 
NO to NO2. This NO2 facilitates the formation of O3

 

(Eqs. 1-2), thus resulting in the build-up of O3 concen-
trations during weekends. This suggests that the for-
mation of O3 in Riyadh city is clearly under VOC-sen-
sitive regime.

4. sUMMaRy aND CONClUsIONs
For the first time the formation of O3 and its rela-

tionship with NO and NO2 was investigated in Riyadh. 
Throughout the summer O3 and NOx were collected 
from three locations; residential, industrial, and rural. 
The O3 concentrations at all three locations were just 
below the prescribed limits for most of the time, how-
ever they exceeded 1-hour limits a few times. The O3 
concentrations were observed relatively higher in the 
rural location, and the industrial location reported the 
lowest. Average O3 concentration was compared with 
the available values for neighbouring cities; it was 
found that the Riyadh’s measurements were higher. 
The NO2 concentrations were high in the industrial 
location indicating industries as a big source of NO2 in 
addition to the automobile emissions, however emis-
sions remained below standards at all times.

Diurnal variations of NO, NO2, NOx, and O3 were 
studied. The primary pollutant, NO, followed a double 
peak: first in the morning and the second in the eve-
ning representing the traffic patterns. Higher peak con-
centrations of 53 ppb were observed in the industrial 
location compared to the residential peak of 32 ppb. 
This implies the sources of NOx emissions include in-
dustries such as petroleum refining present in the in-
dustrial area. Early morning NO peaks were observed 
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in the rural location mainly due to the movement of 
NO from other locations. Due to photochemical activi-
ties, the concentrations of NO remained low during 
the day. The NO2 concentration showed a similar pat-
tern to NO, however both the morning and evening 
peaks had a lag time of 1-hour with respect to NO. 
This lag time can be explained by a photochemical re-
action which converts NO to NO2. The O3 concentra-
tions depict the typical pattern, increasing after sunrise 
and reaching their maximum at midday and decreasing 
towards sunset and remaining low at night. The high-
est O3 concentrations were observed in the rural loca-
tion followed by the residential and industrial areas. 
NO2 photolysis rates were calculated based on the col-
lected data and the rates were 3-4 times higher when 
compared to other studies, potentially due to intense 
solar radiations.

A strong negative correlation was observed between 
NOx and O3 values in the industrial location indicating 
the photochemical activities around the industrial area 
are higher relative to other locations, potentially due to 
additional NOx emissions from industries. Studying 
the polynomial fit of the O3-NOx relationship revealed 
that among the three, the industrial location appears to 
reach a photo-stationary state earlier, which is the rea-
son O3 concentrations are generally lower, implying 
industries and petroleum refining present at this loca-
tion emit considerable NO concentrations. Regression 
analysis of NOx and OX indicate that in residential and 
industrial locations during night there are large NOx 
independent regional contributions. Regional contribu-
tions of NOx cannot be ruled out; however, it is highly 
likely that these NOx independent contributions are 
from VOCs present in the atmosphere, which interfere 
in the photochemical cycle. Higher concentrations of 
O3 were observed during the weekend, generally known 
as the weekend effect. While there are several reasons 
explained in the literature for this effect, it appears that 
in Riyadh this is due to the production of OH radicals 
and subsequent reactions with VOCs. This also implies 
formation of O3 in Riyadh is under VOC-sensitive 
regime.

In conclusion, the concentrations of O3 and NOx in 
Riyadh do not in general exceed the standards, how-
ever attention is required due to several values being 
too close to safety limits. Mitigating NOx emissions 
might invariably produce more O3 due to the complex 
O3-NOx photochemical relationship and the role of 
VOCs. Since it has been identified that the city is under 
VOC-sensitive regime, further analysis using VOC data 
is highly recommended. The present study is based on 
four months of data collected during summer, 2012; it 
would also be valuable to study the patterns during the 
winter months.
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