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Abstract: This study aimed to examine the trend of ambient air pollution (i.e., ozone (O3), nitro-
gen monoxide (NO), nitrogen dioxide (NO2), nitrogen oxides (NOx), sulfur dioxide (SO2), carbon
monoxide (CO), benzene (C6H6) and particulate matter with an aerodynamic diameter smaller than
10 microns (PM10), and non-methane hydrocarbons (NMHCs) at 10 monitoring stations located
in the main residential and industrial areas in the State of Kuwait over 6 years (2012–2017). We
found that the SO2 level in industrial areas (0.065 ppm) exceeded the allowable range of SO2 in
residential areas (0.030 ppm). Air pollution variables were defined by the Environmental Public
Authority of Kuwait (K-EPA). In this study, integrated statistical analysis was performed to compare
an established air pollution database to Kuwait Ambient Air Quality Guidelines and to determine the
association between pollutants and meteorological factors. All pollutants were positively correlated,
with the exception of most pollutants and PM10 and O3. Meteorological factors, i.e., the ambient
temperature, wind speed and humidity, were also significantly associated with the above pollutants.
Spatial distribution mapping indicated that the PM10 level remained high during the southwest
monsoon (the hot and dry season), while the CO level was high during the northeast monsoon (the
wet season). The NO2 and O3 levels were high during the first intermonsoon season.

Keywords: air pollution; industrial area; ambient air pollution; EPA; Kuwait

1. Introduction

Air pollution has remained a major concern in recent decades and unfavorably affects
the health of residents living in both developed and underdeveloped countries [1–3]. Mil-
lions of people worldwide are exposed to high levels of air pollution, which has raised
human health concerns. Some of the contemporary environmental threats resulting from
the consequences of human activities include greenhouse effects, ozone holes, acid rain,
deforestation and photochemical smog as a main responsible threat. The combined effect
of ambient (outdoor) and household (indoor) air pollution poses a major threats to health
and environment. In 2014, approximately 92% of the global population resided in areas
where World Health Organization (WHO) air pollution standards were not satisfied [4,5].
Rapid population growth and industrial development have led to an increase in pollution
rates. According to the WHO, particle pollution, ground-level ozone (O3), sulfur dioxide
(SO2), nitrogen dioxide (NO2), and carbon monoxide (CO) have been monitored. In addi-
tion, other pollutants occur in air comprising suspended material, such as dust, gaseous
pollutants, smoke, hydrocarbons, fumes, volatile organic compounds (VOCs), polycyclic
aromatic hydrocarbons (PAHs), and halogen derivatives, which may cause vulnerability to
many diseases at high concentrations [6]. Moreover, Alsaber et al. [7] detected an increased
risk of rheumatoid arthritis (RA) in subjects exposed to NO2 through evaluation of the
disease activity score with 28 examined joints (DAS-28), and based on the Kuwait Registry
for Rheumatic Diseases, they described the detrimental effects of short-term exposure to
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SO2 and NO2 on RA progression, while no correlation was found in regard to particu-
late matter with an aerodynamic diameter smaller than 10 microns (PM10), O3 and CO.
Over the last few decades, Kuwait has experienced rapid socioeconomic and infrastruc-
ture development. The steady increase in its population, human activities, transportation
fleet and power demand has contributed to environmental air pollution in Kuwait [8,9].
The major sources of air pollution in Kuwait include petrochemical plants, power plants,
refineries and gasoline and diesel vehicles. The large number of motorized vehicles and
construction expansion in industrial areas have greatly contributed to an increase in the air
pollution level. In a study by [10], Kuwait was found to be the most polluted country in
Southwest Asia. In July 2018, Kuwait recorded the highest air quality index (AQI) value,
i.e., 301, which is hazardous and associated with serious health effects. The daily and
annual concentrations of particulate matter with an aerodynamic diameter of at least 2.5
(PM2.5) and PM10 in Kuwait exceeded the threshold values (daily mean PM2.5: 10µg/m3;
24-h mean PM2.5: 25µg/m3; daily mean PM10: 20µg/m3; 24-h mean PM10: 25µg/m3)
defined by the WHO [11]. The chemical composition of these particulates in dust fallout
and reported high concentrations of calcite and quartz [12]. They concluded that long-term
exposure to these particulates could cause serious respiratory effects. Several studies
on air pollution in Kuwait indicated a notable increase in various air pollutants, such as
methane (CH4), CO, O3, SO2, nitrogen oxides (NOx) and total sulfur (TS), over a certain
period [13–16]. Another study demonstrated that traffic was the major source of air pollu-
tion in the district adjacent to the Kuwait City center, while oil refineries contributed the
most to the ambient air pollution level in a rural district [17]. Albassam et al. [18] stud-
ied three pollutants, namely, CO, NO2 and nonmethane hydrocarbons (NMHCs), in the
vicinity of a congested area in Kuwait. They found that the NMHC concentration was
much higher than the corresponding standard limit defined by the Environmental Public
Authority of Kuwait (K-EPA) (an hourly maximum of 3.65 ppm and a daily average value
of 1.6 ppm), which corresponded to the traffic conditions in the area. The authors focused
on the impact of urban growth resulting in vehicle fleet increase in two case studies involv-
ing residential areas. They recorded excess NO2 and NMHC concentrations in both case
studies. To date, no major analysis has been performed of air pollution in both industrial
and residential areas, thereby identifying the sources of pollutants in Kuwait. Consequently,
the aim of the present study is to measure the concentration of certain major air pollutants
in industrial and residential areas. The pollutants addressed are O3, nitrogen monoxide
(NO), NOx, SO2, CO, benzene (C6H6), PM10 and NMHCs, while weather variables, such
as the temperature, humidity and wind speed, were also considered.

This paper presents air pollution measurements from 2012 to 2017 based on ten
monitoring stations at various locations across Kuwait. The monitoring stations were
categorized into two distinct categories: the first category was defined as residential
areas (including seven stations), and the second category was defined as industrial areas
(including three stations). The main objective of this study is to analyze the associations
with meteorological variables (wind speed, wind direction, temperature and relative
humidity) on the concentrations of pollutants O3, NO and NOx, SO2, CO, C6H6, PM10 and
NMHCs in Kuwait via exploratory data analysis techniques. Additionally, the pollutant
concentrations in residential and industrial areas were compared.

2. Data and Methods
2.1. Description of the Study Area

The State of Kuwait is located in the northeastern corner of the Arabian Peninsula
and at the top of the Arabian Gulf. It is a small developing country with a total area of
17,818 km2 and depends mainly on the oil and petroleum industry. Additionally, as a
desert area with a scarcity of fresh water, its main source of fresh water is desalinated sea
water. Kuwait hosts three main desalination plants. Furthermore, the area is affected by
severe dust storms during the summer season, which highly contribute to pollution in
this area [19,20]. The K-EPA maintains 15 distributed air quality monitoring stations to
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achieve an adequate area coverage. Ten stations were selected in this study (Figure 1).
The selection of these 10 stations was based on the observed variety of land use changes
and developments, i.e., industrial and residential. This selection included the probable
effect of industrial and transportation (traffic) effluents on the air quality.

Figure 1. Location map of the selected monitoring stations—modified after K-EPA eMISK 2020.

2.2. Data Collection

The present study is based on daily air pollutant data pertaining to the period of 2012–
2017 obtained from the Environmental Public Authority at a total of ten stations: seven
residential and three industrial stations across Kuwait. The residential stations covered
in this study included Ali-Subah Al-Salem (ASS), Al-Fahaheel (FAH), Al-Jahra (JAH),
Al-Mansouriya (MAN), Al-Qurain (QUR), Al-Rumaithiya (RUM) and Saad Al-Abdullah
(SAA), and the industrial stations included Al-Mutla (MUT), Al-Shuaiba (SUB) and Al-
Shuwaikh (SUK). The data corresponding to the studied pollutants were continuously
monitored at these sites. The atmospheric pollutant data consisted of O3, NO, NO2,
NOx, SO2, CO, C6H6, PM10 and NMHCs, and the weather parameter data comprised the
temperature, wind direction/speed and humidity.

K-EPA uses 15 fixed stations and 3 mobile units (Figure 2). According to K-EPA
method, environmental data acquisition (ENVIDAS-ENVISTA) data transfer (every 5 min)
is saved in Environmental Monitoring Information System of Kuwait (eMISK). The clima-
tological measurements were collected at the Kuwait International Airport by the U.S. Air
Force as described in [21].
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Figure 2. K-EPA mobiles lab and fixed stations used for air pollution monitoring.

2.3. Statistical Analysis

Descriptive analysis was employed in this study to obtain an overview of the studied
variables in the form of the mean, standard deviation (S.D.), percentiles and maximum
and minimum values. This represented the preliminary step to statistically analyze the
different datasets. After the above descriptive analysis, correlation analysis was carried
out to investigate the association among the various air pollutants and with the considered
meteorological variables. In addition to correlation analysis, graphical analysis (time series,
polar and box plots) was conducted to reveal the effect of meteorology and investigate
the association among the addressed pollutants. Time series data are useful to extract
meaningful statistics and other characteristics over time.

The data were analyzed with IBM SPSS statistical software version 21 to gener-
ate descriptive statistics. Statistical data analysis was carried out with the R program-
ming language (R-development team, 2012) and its packages openair [22], ggplot2 [23]
and mcgv [24].

3. Results

Table 1 summarizes the results of the descriptive statistics of the individual pollu-
tants (O3, NO2, NOx, NO, SO2, CO, C6H6, PM10 and NMHCs) over the six-year study
period (2012–2017), including the average, S.D., percentiles, and maximum and minimum
values. The results indicated that the average concentrations of air pollutants O3, NO2,
NOx and NO during the 2012–2017 study period were 0.02 ± 0.01(S.D.), 0.03 ± 0.02(S.D),
0.05 ± 0.04(S.D.) and 0.02 ± 0.03(S.D.), respectively, with corresponding maximum val-
ues of 0.03, 0.42, 1.03 and 1.21, respectively. Furthermore, in the Kuwait environment,
the average concentrations of air pollutants CO, PM10 and NMHCs were 0.82± 0.73(S.D.),
0.22 ± 0.85(S.D.) and 0.55 ± 0.72(S.D.), respectively, with corresponding maximum val-
ues of 68.98, 75.22 and 59.42, respectively. The average concentrations recorded for air
pollutants SO2 and C6H6 were 0.01 ± 0.01(S.D.) and 0.001 ± 0.002(S.D.), respectively,
with corresponding maximum values of 0.37 and 0.05, respectively.

Table 2 summarizes the comparison results between the industrial and residential
stations corresponding to the studied pollutants. Independent sample t-test was conducted
to compare the mean differences between industrial and residential stations in term of
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pollutants concentration. The daily mean difference among all air pollutants was significant,
i.e., in terms of O3, NO2, NOx, SO2, CO, C6H6, and NMHCs, which also applied to weather
parameter humidity. The analysis indicated high concentrations of NO2, NOx, CO, PM10
and NMHCs in the residential areas, whereas the daily SO2 and C6H6 concentrations were
high in the industrial areas. The difference in daily concentration between air pollutants
NO and PM10 was statistically insignificant. The recorded daily average NO2, NOx,
CO, PM10 and NMHC concentrations in the residential areas were 0.04. ± 0.02(S.D.),
0.05 ± 0.04(S.D.), 0.88 ± 0.80(S.D.), 0.23 ± 0.99(S.D.) and 0.59 ± 0.45(S.D.), respectively,
whereas the SO2 and C6H6 concentrations in the industrial areas reached 0.01 ± 0.02(S.D.)
and 0.002 ± 0.002(S.D.), respectively.

The study results demonstrated that the overall daily average SO2 and NOx concentra-
tions were lower than the corresponding K-EPA standard values in both the industrial and
residential areas. Furthermore, the daily NO2 concentration exceeded the K-EPA threshold
value in the residential areas, while the daily PM10 concentration exceeded the K-EPA
threshold value in both the industrial and residential areas.

Table 3 presents the descriptive statistics of the meteorological parameters (the wind
speed, temperature and relative humidity). The results revealed that the average value
of the wind speed, temperature and relative humidity during the 2012–2017 period was
2.65(S.D. = 1.43), 27.45(S.D. = 9.79) and 38.76(S.D. = 22.74), respectively.

Appendix A provides the daily average concentration of the studied pollutants in
the industrial areas. The comparison results were significant and indicated a significant
difference among the air pollutants in the considered industrial areas. The daily concen-
trations of SO2, NO2 and NOx were lower than the K-EPA standard values defined for
industrial areas except for the SUK site, where the daily NOx concentration matched the
K-EPA standard value of NOx. The daily concentration of PM10 at all the sites exceeded
the corresponding threshold value defined by the K-EPA. Additionally, the results demon-
strated that the daily average humidity and wind speed were high at the SUB site, whereas
the daily temperature was high at the SUK site.

Appendix B lists the daily average concentration of the studied pollutants at the
residential stations. The comparison results were significant and indicated a significant
difference among the air pollutants in the considered residential areas. The daily con-
centrations of SO2, NO2 and PM10 at all the sites exceeded the corresponding threshold
values defined by the K-EPA for residential areas except for the JAH site, where the daily
concentration of NO2 was lower than the standard value. Moreover, corresponding to the
air pollutant NOx, the average daily concentration was lower than the standard value in
all the residential areas, while the standard value was nearly matched at only the FAH site.
The results also demonstrated that the daily average humidity was high at the RUM site,
whereas the daily temperature and wind speed were high at the SAA and FAH stations,
respectively.

Values of the Pearson correlation coefficient are listed in Table 4, indicating the varia-
tion in each pollutant to that in the other air pollutants. If a given pollutant attains a strong
correlation with other pollutants, it may thus be deduced that these pollutants most likely
originate from the same emission source, while a low correlation coefficient value suggests
different emission sources. The analysis results revealed a significantly high correlation
between NO2 and NOx (rp = 0.84), followed by that between NO and NOx (rp = 0.59),
suggesting a notable dependence. Moreover, the determined high correlation coefficient
value indicated a high possibility of the same emission sources for NO, NO2 and NOx.

The correlation among the remaining air pollutants was not strong, indicating a high
possibility of different emission sources. However, the analysis results revealed a relatively
high correlation between NO2 and NO, since the presence of NO2 in the air is a result of the
No oxidation reaction in the surrounding air (rp = 0.40), followed by that between ozone
(O3) and temperature (rp = 0.38). Ozone production accelerates at high temperatures in
summer. Short-term exposure to zone has been linked to adverse health effects [25].
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The obtained values of the correlation coefficients were also significant for all the
air pollutants except for the association between NO, CO and C6H6 and PM10 and that
between C6H6 and SO2, which were statistically insignificant at p > 0.05. We can see
from Table 4 that most of the pollutants resulted negative correlation with atmospheric
temperature and relative humidity; however, they showed variable response to seasonal
variation of meteorological parameters and this results agreed with [26].

The analysis results indicated that the average daily concentration of pollutant SO2
was below the K-EPA daily standard value of SO2 for industrial areas (0.065 ppm), but it
exceeded the allowable SO2 range defined for residential areas (0.030 ppm). The analysis
also indicated that the daily concentration of air pollutant NO2 matched the K-EPA stan-
dard level of NO2 (0.030 ppm), whereas in regard to PM10, it exceeded the threshold value
(0.09 µg/m3). Additionally, the results demonstrated that the average daily concentration
of this pollutant was below the K-EPA daily standard value (0.08 µg/m3). CO and PM10
were characterized by the highest measurements, while the SO2 and O3 measurements
were the lowest.

Table 1. Descriptive statistics of air pollutants in years (2012–2017) for the State of Kuwait.

Statistic Mean St. Dev. Min Pctl(25) Pctl(75) Max

O3 (ppm) 0.024 0.013 0.0002 0.015 0.030 0.257
NO2 (ppm) 0.033 0.022 0.0002 0.018 0.042 0.419
NOx (ppm) 0.052 0.039 0.001 0.027 0.065 1.025
NO (ppm) 0.017 0.027 0.0003 0.006 0.020 1.207
SO2 (ppm) 0.009 0.012 0.00000 0.004 0.009 0.366
CO (ppm) 0.815 0.725 0.005 0.489 1.072 68.980

C6H6 (ppm) 0.001 0.002 0.00001 0.0005 0.002 0.054
PM10 (µg/m3) 0.222 0.852 0.002 0.084 0.223 75.216
NMHC (ppm) 0.548 0.715 0.010 0.330 0.665 59.415

Table 2. Comparison between residential and industrial area.

I R p.overall NN = 4649 N = 11,736

O3 (ppm) 0.0235 (0.0153) 0.0242 (0.0120) 0.006 16,006
NO2 (ppm) 0.0248 (0.0145) 0.0368 (0.0239) <0.001 16,064
NOX (ppm) 0.0454 (0.0401) 0.0535 (0.0379) <0.001 12,058
NO (ppm) 0.0168 (0.0226) 0.0176 (0.0281) 0.063 15,136
SO2 (ppm) 0.0094 (0.0167) 0.0082 (0.0091) <0.001 15,953
CO (ppm) 0.6556 (0.4599) 0.8783 (0.7980) <0.001 16,385

C6H6 (ppm) 0.0016 (0.0022) 0.0014 (0.0012) 0.001 4587
PM10 (µg/m3) 0.2130 (0.2776) 0.2261 (0.9931) 0.342 8720
NMHC (ppm) 0.4264 (1.1460) 0.5928 (0.4518) <0.001 14,349

Wind Speed 2.6662 (1.8385) 2.6444 (1.2339) 0.465 15,778
Temp. 27.4251 (10.1415) 27.4535 (9.6500) 0.872 15,747
Hum. 35.1748 (21.3329) 40.1788 (23.1217) <0.001 15,751

Table 3. Descriptive statistics of the air climatology.

Statistic N Mean St. Dev. Pctl(25) Pctl(75) Max

Wind Speed 15,778 2.651 1.432 1.692 3.300 22.771
Temp. 15,747 27.445 9.793 18.654 36.300 50.575
Hum. 15,751 38.757 22.739 19.833 53.583 199.000
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Table 4. Correlation between the pollutants—all stations.

O3 NO2 NOX NO SO2 CO C6H6 PM10 N MHC W.S. W.D. Temp.

O3 (ppm)
NO2 (ppm) −0.16 ****
NOX (ppm) −0.23 **** 0.84 ****
NO (ppm) −0.18 **** 0.40 **** 0.59 ****
SO2 (ppm) 0.11 **** 0.24 **** 0.20 **** 0.11 ****

CO (ppm) −0.12 **** 0.20 **** 0.39 **** 0.20 **** 0.07 ****
C6H6 (ppm) −0.14 **** 0.28 **** 0.30 **** 0.15 **** 0.02 0.25 ****

PM10 (µg/m3) 0.06 **** −0.04 *** −0.09 **** −0.02 −0.02 * −0.01 −0.01
NMHC (ppm) −0.10 **** 0.14 **** 0.13 **** 0.07 **** 0.02 ** 0.12 **** 0.07 **** −0.01

W.S. 0.26 **** −0.23 **** −0.23 **** −0.16 **** 0.09 **** −0.13 **** −0.16 **** 0.11 **** −0.05 ****

W.D. 0.11 **** −0.17 **** −0.16 **** −0.09 **** −0.16 **** −0.20 **** −0.08 **** 0.05 **** −0.13 **** 0.20 ****
Temp. 0.38 **** −0.10 **** −0.18 **** −0.16 **** 0.00 −0.16 **** −0.01 0.05 **** −0.09 **** 0.17 **** 0.14 ****
Hum. −0.26 **** 0.04 **** 0.05 **** 0.06 **** −0.03 **** 0.23 **** 0.12 **** −0.04 *** 0.08 **** −0.16 **** −0.28 **** −0.61 ****

Note: * p < 0.1; ** p < 0.05; *** p < 0.01; **** p < 0.001.
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Figure 3 shows the trend of the air pollutant components during the period from
2012–2017. The observed trend demonstrated that the concentrations of pollutants NO2,
NOx, NO, CO and NMHCs were the lowest from 2016–2017, except pollutant NO, which
exhibited an increasing trend before the beginning of 2017. Furthermore, it was observed
that air pollutants NO2 and NOx exhibited a decreasing trend for the period from 2013–
2016 and then an increasing trend in 2017. It was also found that the SO2 concentration
reached its highest level at a certain point during the period from 2014–2015. The analysis
trend did not reveal a consistent pattern for all the pollutants. Figure 3 shows that the
C6H6, O3 and SO2 concentrations were lower than 0.005 ppm, 0.035 ppm and 0.015 ppm,
respectively. C6H6 and PM10 did not reveal any trend during the period from 2014–2016
because of missing data values. It should be noted that due to the missing PM10 data and
the importance of PM2.5, it is preferable to replace PM10 with PM2.5.

The daily, hourly, weekly and monthly mean variations in the pollutant concentration
are shown in Figures 4–6. In regard to NOx, NO and NO2, the two highest mean values
were recorded in the months of January and December, and the lowest NOx and NO2
concentrations were recorded in June, whereas the NO concentration was the lowest during
the period from June to July. The O3 concentration exhibited the reverse pattern to that
of NOx, NO and NO2. The O3 concentration peaked in July, and it gradually decreased
thereafter until the end of the year, when the lowest O3 concentration was recorded in
January and December.
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Figure 3. Time series of the Studied Pollutants from 2012 to 2017— EPA Kuwait.
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Figure 4. Temporal variation of the Studied Pollutants according to the station site from 2012 to 2017
for NO, NOx, NO2 and O3—EPA Kuwait.
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Figure 5 shows that the concentration of pollutant CO was the highest, followed by
NMHCs and PM10. The figure shows that the CO and NMHC concentrations were high
in the winter season and low in the summer season, whereas PM10 exhibited the opposite
trend, where the concentration was high during the summer period and low during the
winter period.

Generally, regarding O3, a high mean concentration occurred in early summer (June
and August), with low mean values observed in winter (November–February). In the
present study, low nitrogen oxide emission levels (NOx, NO and NO2) were observed in the
winter. This may occur because of the very mild temperatures in Kuwait during the winter,
which led to a very low energy demand for heating purposes and resulted in lower nitrogen
oxide emission rates. However, during the summer season, a higher energy consumption
was observed because of the intense and continuous use of air conditioners. A large
amount of energy is required to operate this equipment, provided by the combustion of
large amounts of fuel, resulting in an increase in the nitrogen oxide emission rates (NOx,
NO and NO2).
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Figure 6. Temporal variation of the Studied Pollutants according to the station site from 2012 to 2017
for C6H6 and SO2—EPA Kuwait.

Figure 5 shows that the concentration of pollutant CO was the highest, followed by
NMHCs and PM10. The figure reveals that the CO and NMHC concentrations were high
in the winter season and low in the summer season, whereas PM10 exhibited the reverse
trend. In regard to PM10, the concentration was high during the summer period and low
during the winter period. Figure 6 shows that the SO2 pollution level was the highest in the
summer months (April and June–July), while it was the lowest in the months of February
and November. The average concentration of pollutant C6H6 was low throughout the
entire study period (2012–2017).
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Description of Exposure Data

Box plots of the monthly pollutant concentration after suitable transformation from
2012 to 2017 are shown in Figure 7. Box plots constitute a method to graphically depict data
based on a five-number summary (minimum, first quartile (Q1), median, third quartile
(Q3), and maximum).
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Figure 7. Box plot of the monthly pollutant concentration after suitable transformation from January 2012 to December
2017.

Figure 8 shows the air pollutant concentration in the form of polar coordinates through-
out the study period from 2012–2017. A polar plot shows a graphical analysis of a given
database rather than a quantitative analysis. It is constructed based on the average pollu-
tant concentration as a function of the wind speed. Figure 8 shows that the concentrations
of pollutants NO2 and NOx exhibited almost the same pattern. The concentration of these
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pollutants was higher at a wind speed of 5 m/s from west to east and the lowest at the
northwest site. The polar plots for SO2, PM10 and NMHCs with slight variations revealed
low pollutant concentrations at wind speeds ranging from 5–10 m/s. However, high SO2
concentrations were also observed at certain points along the southeast direction. The polar
plot for CO demonstrated a uniform contribution along all wind directions, except for a
slightly low concentration along the east-north direction and a high concentration at a
few points in time along the southeast direction at wind speeds ranging from 20–25 m/s.
The high concentrations of these pollutants at low wind speeds suggested that these air
pollutants may be dispersed at high wind speeds.
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Figure 8. Air Pollutant Concentration according to the Wind Direction and Speed from 2012 to 2017.

The State of Kuwait faces a growing risk of health-related problems due to the poor
air quality originating from its various industrial and domestic activities. Dust stemming
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from adjacent deserts passing through areas containing industrial emission sources may
carry both living (biogenic) and nonliving (chemical) constituents. Regular monitoring and
careful statistical examination of all measured air pollutants could help in maintaining a
clean healthy environment and resolving pollution-related problems in a timely manner. In
the present study, time series statistical testing revealed low nitrogen oxide emission levels
(NOx, NO and NO2) in the winter. This may occur because of the very mild temperatures
in Kuwait during the winter, which led to a very low energy demand for heating purposes
and resulted in lower nitrogen oxide emission rates. However, in the summer season,
a higher energy consumption was observed because of the intense and continuous use of
air conditioners. A large amount of energy is required to operate air conditioners, provided
by the combustion of large amounts of fuel, resulting in an increase in the nitrogen oxide
emission rates (NOx, NO and NO2). In addition, This could be due to their locations near
highways and oil industries centers. Petrochemical industries and oil refineries in southern
Kuwait are major sources of air pollution in the country.

4. Conclusions

On the basis of various statistical tests conducted in the present research paper re-
garding the measurements of eight air pollutants (O3, NO, NO2, NOx, SO2, CO, NMHCs,
and PM10) in the State of Kuwait during the period from 2012–2017, the following conclu-
sions can be formulated:

- The daily SO2, NO2 and PM10 concentrations exceeded the corresponding thresholds
or permissible limits defined by the K-EPA in the residential areas.

- The comparison results for the industrial areas indicated a significant difference
among the air pollutants. The daily SO2, NO2 and NOx concentrations exceeded the
K-EPA standard values in the SUK area, where PM10 exceeded the K-EPA threshold
value at all industrial sites.

- The concentrations of all pollutants in the residential areas resulted from the high
emissions of industrial activities and vehicles in nearby areas and depended on
meteorological conditions (PM10 and NOx).

- A strong interdependence occurred between NOx (NO and NO2), indicating the high
oxidation reaction. Relatively high correlation occurred between climatology variables
(Temp. and Humidity) and air pollutants such as O3 and CO. Increase in ozone levels
could lead to more respiratory illnesses.

- A clear seasonal variation was observed, where the NO, NO2 and NOx concentra-
tions were very high in winter, while the O3 concentration was high during the first
intermonsoon season, reaching its peak in summer (July).
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Appendix A. Air Pollutants Comparison between Industrial Stations

Table A1. Comparison between Industrial Stations.

MUT SUB SUK p-Value NN = 1772 N = 1093 N = 1788

O3 (ppm) 0.026 (0.012) 0.019 (0.023) 0.023 (0.011) <0.001 4595
NO2 (ppm) 0.024 (0.012) 0.018 (0.018) 0.030 (0.012) <0.001 4634
NOx (ppm) . (.) 0.035 (0.046) 0.052 (0.034) <0.001 2783
NO (ppm) 0.012 (0.008) 0.016 (0.031) 0.021 (0.025) <0.001 4432

W.S. (ppm) 2.938 (1.814) 3.354 (2.607) 1.974 (0.727) <0.001 4498
SO2 (ppm) 0.004 (0.002) 0.020 (0.032) 0.008 (0.006) <0.001 4572
CO (ppm) 0.882 (0.345) 0.775 (0.538) 0.358 (0.327) <0.001 4649

C6H6 (ppm) . (.) 0.001 (0.002) 0.002 (0.002) <0.001 1339
PM10 (µg/m3) 0.259 (0.358) 0.128 (0.189) 0.199 (0.194) <0.001 2504
NMHC (ppm) 0.473 (0.174) 0.602 (2.488) 0.305 (0.204) <0.001 3894

Temp. 26.985 (10.260) 23.421 (8.806) 30.323 (9.883) <0.001 4498
Hum 29.364 (17.491) 47.913 (25.320) 33.030 (18.703) <0.001 4476

Appendix B. Air Pollutants Comparison between Residential Stations

Table A2. Comparison of the Residential Stations.

ASA FAH JAH MAN QUR RUM SAA p-Value NN = 1750 N = 1817 N = 1818 N = 1767 N = 1189 N = 1810 N = 1726

O3 (ppm) 0.022
(0.010)

0.019
(0.009)

0.026
(0.010)

0.024
(0.011)

0.030
(0.015)

0.024
(0.011)

0.026
(0.014) <0.001 11,411

NO2 (ppm) 0.043
(0.024)

0.051
(0.026)

0.021
(0.010)

0.035
(0.023)

0.041
(0.025)

0.031
(0.020)

0.036
(0.023) 0.000 11,430

NOX (ppm) 0.056
(0.029)

0.078
(0.042)

0.034
(0.036) . (.) 0.060

(0.041)
0.047

(0.034)
0.048

(0.027) <0.001 9275

NO (ppm) 0.013
(0.012)

0.025
(0.020)

0.019
(0.054)

0.019
(0.027)

0.019
(0.021)

0.015
(0.018)

0.013
(0.011) <0.001 10,704

SO2 (ppm) 0.009
(0.005)

0.016
(0.017)

0.005
(0.005)

0.005
(0.004)

0.006
(0.001)

0.009
(0.005)

0.008
(0.008) 0.000 11,381

CO (ppm) 0.799
(0.317)

1.297
(0.474)

0.364
(0.406)

0.984
(0.409)

0.826
(0.332)

1.083
(1.679)

0.747
(0.322) 0.000 11,736

C6H6 (ppm) 0.002
(0.001)

0.002
(0.002)

0.001
(0.001) . (.) . (.) . (.) 0.001

(0.001) <0.001 3248

PM10
(µg/m3)

0.259
(0.316)

0.174
(0.280)

0.169
(0.198)

0.321
(2.380) . (.) 0.248

(0.229)
0.185

(0.245) 0.002 6216

NMHC
(ppm)

0.775
(0.304)

0.627
(0.262)

0.517
(0.761)

0.546
(0.489)

0.512
(0.206)

0.523
(0.211)

0.634
(0.463) <0.001 10,455

W.S. 2.662
(1.290)

3.304
(1.272)

2.614
(1.400)

2.217
(1.022)

3.070
(1.093)

2.312
(0.807)

2.410
(1.200) <0.001 11,280

Temp. 26.984
(9.366)

25.405
(9.288)

28.388
(10.647)

28.282
(9.104)

25.586
(9.212)

27.540
(9.283)

29.617
(9.697) <0.001 11,249

Hum. 40.179
(23.777)

35.578
(23.866)

28.649
(19.246)

45.755
(16.408)

40.405
(21.757)

58.046
(22.343)

33.962
(21.184) 0.000 11,275
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