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Abstract: Due to the harsh natural environmental conditions in the Middle East and the fact that ozone
is one of the top pollutants, research on ozone and its related pollutants has become more relevant in the
countries concerned. This research is based on diverse datasets from the OMI instrument and utilizes
backward trajectory analysis as well as Pearson spatial correlation to analyze the relationships between
primary pollutant control zones during the warm seasons from 2010 to 2020 in the Middle East and
meteorological factors. Research findings reveal the following.1. In terms of spatial distribution, ozone
is primarily concentrated in the northwestern and central regions of the Middle East, while formaldehyde
is predominantly found in the northern part of the region. Nitrogen dioxide, on the other hand, is mainly
distributed in the northeastern portion of the Middle East. 2. In terms of time, ozone has shown a
fluctuating upward trend since 11 years, with ozone considerably higher in summer than in winter,
formaldehyde shows a higher winter than summer, and nitrogen dioxide shows a normal distribution. In
order to facilitate environmental management, this study conducts an analysis of ozone-sensitive control
areas within the research area at both annual and monthly scales. Results show that at the annual scale,
ozone sensitivity is characterized by mixed or transitional control zones, while at the monthly scale,
various control types are predominant.3. An analysis of the chemical and climatic processes involved in
the formation of ozone showed a significant positive correlation between ozone and nitrogen dioxide,
and an uncorrelated and weakly negative correlation with formaldehyde; ozone was positively correlated
with temperature, and significantly negatively correlated with barometric pressure and relative
humidity.4. Research on the HYSPLIT model and Weighted Potential Source Contribution Function for
the elevated ozone regions in the Middle East indicates that the transport pathways of ozone pollution
are primarily composed of two main components: the Persian Gulf and the Mediterranean.
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1. Introduction

Tropospheric ozone sources can be categorized into anthropogenic and natural sources, with
anthropogenic sources comprising the majority. The ozone generated from anthropogenic sources
primarily originates from the production and combustion of fossil fuels, as well as automobile exhaust
emissions (Li et al., 2023)!12!, However, the natural sources mainly refer to the portion that is imported
from the stratosphere to the troposphere (Cristofanelli P. et al. 2010)]. The continued accumulation of
volatile organic compounds (VOCs) and nitrogen oxides (NOx), among the precursors of ozone, can lead
to the formation of photochemical smog and ozone under certain conditions.

In recent years, the projected concentration levels of tropospheric ozone are increasing globally and
are considerably regionalized (Ziemke. et al. 2019)M. With the elevated rate of economic development
in the Middle East, industrialization and urbanization have increased proportionately. This is
accompanied by strong anthropogenic emissions leading to an increase in the concentration of
atmospheric pollutants (Lelieveld. et al.2016)P], such as the elevation of column densities of volatile
organic compounds (VOCs) and nitrogen oxides (NOx).

Moreover, the unique meteorological conditions in the Middle East, including intense solar radiation,
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elevated temperatures, and arid climate, contribute to making the region one of the fewer hospitable areas
for human habit from both natural and societal perspectives (Tadic et al., 2020)[l. Therefore, academic
interest in the issue of ozone pollution in the Middle East has been steadily growing. Atifa Nadeem et al.
(2024) used multi-satellite remote sensing data to quantify springtime aerosols over Saudi Arabia over a
lengthy period of time and obtained that the two main aerosol subtypes, i.e., absorbing mixed aerosols
and neutral fine particles, are considered to be dominant in the Kingdom of Saudi Arabial”. Al Suwaidi,
A. al. (2024) used United Arab Emirates air monitoring stations and PM10 data to derive that in desert
countries such as the UAE, seasonal variations in PM10 column densities are closely related to seasonal
variations in heat waves and dust storms, which are characteristic of dryland climates®.. During the
summer months, the UAE experiences elevated temperatures and drought conditions that create favorable
conditions for the formation of heat waves.

In response to the problem of ozone pollution, scholars in the Middle East have also conducted some
studies. In their study, Jiang et al. (2016) employed the GEOS-Chem model and NOx emissions data to
specifically quantify the impact of regional emissions on summer ozone levels in the Middle East. The
research highlights that the enhancement of ozone in the mid-troposphere during the Middle East summer
is primarily attributed to NOx emissions from Asia, with these NOx emissions originating mainly from
anthropogenic activities and lightning!. Ozone pollutants in the lower troposphere in the Middle East
region mainly result from lightning-generated NOx from Europe and North America and NOx emissions
from local anthropogenic sources in the Middle East!'”. Zohdirad, H. et al. (2022) investigated the
chemical coupling of NO, NO, and O3 using backward trajectory clustering analysis and found that the
atmospheric oxidizing capacity is higher in Tehran compared to the rest of the world. Ozone levels in
Tehran are likely influenced by local source regions of pollutants, with air masses from the eastern and
northeastern regions contributing the most to O3 pollution, while air masses from the western regions
represent the most distant pathways for the increase in Os levels!!'!l.

As the economic resources of the Middle East region are mainly dependent on energy exports, the
Middle East region accounts for 48.67% of the global oil reserves. The Middle East has a large number
of oil fields, and the process of oil production produces a certain amount of exhaust gases such as dust,
carbon monoxide, nitrogen oxides, sulfur dioxide, and other pollutants. These pollutants exhibit
characteristics such as complex composition, elevated toxicity, diversity, concentrated emissions, and
significant harm, which consequently contribute to severe air pollution issues in the region!'2Il!3],

However, the spatial distribution, temporal dynamics, multi-pollutant species spatial relationships,
migration paths and dynamics of ozone and other multi-pollutants in the Middle East are less reported.
In this paper, the spatial distribution, temporal dynamics, spatial relationship of multi-pollutants,
migration paths and dynamics of multi-pollutants in the Middle East are investigated based on the
multivariate data of OMI using backward trajectory and Pearson's spatial correlation methods.

2. Overview of the study area

The Middle East is located in Europe, Asia, Africa, the combination of three continents, most of the
region in the 15 ° N ~ 40 ° N, and bordered by the Arabian Sea, the Red Sea, the Mediterranean Sea, the
Black Sea, the Caspian Sea, but also communicates with the Atlantic Ocean and the Indian Ocean.

The primary climatic types in this region are tropical desert, Mediterranean, and temperate continental
climates. Among these, the tropical desert climate is the most widespread, characterized by its location
under the influence of subtropical high pressure and the dry northeast winds from arid inland regions of
Asia. Annual precipitation in this climate zone is less than 500 millimeters, with average temperatures
ranging from 20 to 30 degrees Celsius, and daylight hours exceeding 2000 hours, resulting in a
predominantly arid and low-rainfall environment.

The ecological environment in the Middle East region is extremely complex and diverse. The area
encompasses a variety of geographical features, including deserts, mountains, coastal plains, and lakes.
Furthermore, a significant portion of the region lies at elevations ranging from 0 to 1000 meters above
sea level, contributing to considerable variations in vegetation types across the Middle East. This diverse
topography and geography have a substantial impact on the ecological diversity and landscapes found in
the region. Vegetation types in the Middle East vary considerably depending on climatic conditions.
Desert regions in the Middle East are primarily characterized by desert vegetation, which includes cacti,
shrubs, and grassland plants. In contrast, coastal areas and mountainous regions tend to have more lush
and diverse vegetation, such as palm trees, olive trees, and oak trees.
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The Middle East region comprises a total of 20 countries and territories, including Saudi Arabia, Iran,
Iraq, Kuwait, the United Arab Emirates, Oman, Qatar, Bahrain, Turkey, Israel, Palestine, Syria, Lebanon,
Jordan, Yemen, Cyprus, Georgia, Armenia, Azerbaijan, and Egypt. These nations collectively have a
population of approximately 490 million people, as shown in Figure 1.

The Middle East region has been a transportation hub between the East and the West since ancient
times, and is the land of "two oceans, three continents and five seas", with an extremely significant
strategic position and valuable natural resources, such as oil and natural gas, etc., of which 26 percent of
the world's oil reserves in the Middle East are in the world's largest oil market.

However, in recent years, they have also been challenged by numerous environmental problems, such
as land desertification, water scarcity, air pollution, and ecological damage!'*!.

e
T F
=3
b

40°N

30°N

elevation(m)

- N
s !
X 3 it Y 3 L
' s ~ -
—
N N Sout \mh.,.uﬂg'('x!iﬁ::.\._\ -
N o
b W
\

20°N

10°N

- -407

Figure 1: Overview of the Middle East study area

3. Date and research methods
3.1. Data sources

Daily data on atmospheric ozone column densities (here tropospheric ozone column densities) in the
Middle East from 2010 to 2020 provided by OMI on board the Aura satellite were used in this study. The
data have a spatial resolution of 13 km X 24 km, a sensor field of view of 114°, a wavelength range of
270 to 500 nm, an average spectral resolution of 0.5 nm, and a swath width of 2,600 km. These data were
downloaded from the Goddard Center for Earth Science Data and Information Services on the official
website of NASA and stored in HDF5 format. Various types of meteorological data information of the
study area were obtained from the National Science and Technology Resources Sharing Service Platform
of the National Earth System Science Data Center of China. The DEM (Digital Elevation Model, DEM)
was produced using the SRTM (Shuttle Radar Topography Mission, SRTM) Digital Terrain Elevation
Model (DTEM) data package.

3.2. Research methodology

This study initially acquired daily remote sensing tropospheric ozone concentration data for the
Middle East region spanning from 2010 to 2020. Subsequently, Python software was employed to extract
latitude, longitude, ozone concentration, and cloud cover data. To ensure precision in boundary extraction,
an expanded boundary range was selected.

The processing process is then carried out using Python programming language and Arcgis 10.8
software and other operations. Based on the results obtained, the obtained data were plotted in Arcgis
10.8 to produce spatial and temporal distribution maps of tropospheric ozone concentration in the Middle
East for different time scales.

Ozone generation sensitivity analysis is a spatial and temporal variation method to classify ozone
sensitivity by analyzing the ratio of formaldehyde to nitrogen dioxide (FNR). In conjunction with the
findings of Wang et al. (2021), a threshold for ozone sensitivity control (HCHO/NOz) was determined!").
The results were categorized as follows: areas where the ratio of HCHO/NO:z is less than 2.3 were
designated as VOC control zones, areas where the ratio falls between 2.3 and 4.2 were categorized as
mixed control zones, and areas where the ratio exceeds 4.2 were identified as NOx control zones.
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The Pearson correlation calculation method is an indicator applied to the degree of correlation
between two variables. Its range of variation falls between -1 and 1. In conjunction with the research
findings of Peng et al. (2022), the method was used to analyze the relationship between tropospheric
ozone concentration and formaldehyde, nitrogen dioxide, and meteorological factors!!®l. The calculation
formula is:

M

g[(x,- _;X)’i —;)]
S-S5

where rxy's is the correlation coefficient between x and y, with values between [-1,1]; xi denotes the
mean value of ozone column density in month i; yi denotes the mean value of meteorological factors in
year i; denotes the annual mean ozone column density; denotes the annual mean value of meteorological
factors; and n is the number of samples.

I'Xy

The Potential Source Contribution Function (PSCF), also known as the Residence Time Analysis, is
a method that divides the study period's airflow trajectory coverage area into grid cells based on the
fundamental principle of conditional probability functions to identify potential pollution source locations.
In this study, ozone daily data were integrated with GDAS meteorological data, and the Potential Source
Contribution Function (PSCF) was employed to investigate the transport pathways and potential source
distribution at representative locations in the Middle East. The calculation formula for PSCF analysis is
as shown in Equation (2):

PSCF (ij) =map )
0j)

Where PSCF (i,j) is the percentage of specific airflow trajectories in each grid; m(i,j) is the number
of contaminated trajectory nodes passing through in the grid (i,j), and n(i,j) is the total number of
trajectory nodes passing in grid (i,j). In order to reduce the effect of uncertainty caused by the small n(i,j)
in grid (i,j), the PSCF should be weighted by the factor W(i,j). W(i,j) is the number of air mass trajectory
nodes in the grid. The empirical weight values are determined, and the weights are set as shown in (3) in
this paper:

1.0,80 > n(i, j) ®)
0.70,20 < n(i, j) < 80

0.42,10 < n(i, j) < 20

0.05,0 < n(i, ) <10

Wi, j) =

The PSCF is weighted to derive the WPSCF value, and the WPSCEF calculation formula is shown in
Equation (4):

WPSCF(i,j)=W(i,j)<PSCF(i,) 4)

Where WPSCEF(i,j) denotes the potential area of the pollutant, the higher the corresponding WPSCF
value, the more trajectory nodes passing through the grid area, the greater the potential contribution to
the pollutant mass concentration in the study area.

4. Results and analysis

4.1. Annual average spatial distribution of tropospheric ozone, formaldehyde and nitrogen dioxide
column densities in the Middle East, 2010-2020

Figure 2 illustrates the spatial distribution of ozone, formaldehyde, and nitrogen dioxide
concentration data based on OMI for the years 2010 to 2020. Figure 2 (a) shows that spatially, ozone is
significantly affected by topography!!”). Elevated ozone column densities are observed in the northern
regions of Egypt, most of Iraq, and along the western coast of the Persian Gulf. In the northern part of
Egypt, ozone column densities even exceed 41.3 DU. Conversely, ozone column densities are lower in
Yemen and Iran, with the southern part of Yemen having column densities below 34.7 DU. The general
spatial distribution pattern of ozone in the study area shows higher column densities in the northwestern
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and central regions, and lower column densities in the northeastern and southwestern regions. Over the
11-year period, ozone distribution remained relatively stable, with minor interannual variations in
pollution levels.

The spatial distribution of formaldehyde concentration, as depicted in Figure 2 (b), displays a
latitudinal pattern in the Middle East region. Elevated formaldehyde column densities are found in the
northern part of the Middle East region and a tiny section in the southern part of Yemen. Areas such as
Azerbaijan, Georgia, and the western region of Turkey have formaldehyde column densities exceeding
13.2x10"molec/cm?. Lower formaldehyde values are observed near the Saudi Arabia-Yemen border and
in the southern part of Egypt, with column densities in these areas falling below 7.8x10'*molec/cm?.
Transitional zones are present in different regions.

Figure 2 (c) shows the spatial distribution of nitrogen dioxide concentration in the Middle East region.
Elevated nitrogen dioxide column densities are primarily located along the coast of the Persian Gulf and
the southeastern coast of the Mediterranean. In these areas, nitrogen dioxide column densities reach levels
exceeding 4.4x10"molec/cm?. Conversely, low column densities of nitrogen dioxide are observed in the
southern part of the Middle East region and the southern region of Egypt, where column densities are
below 4.4x10"molec/cm?. Transitional zones are also present in different areas.
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Figure 2: Spatial distribution of mean tropospheric column density column densities of ozone,
formaldehyde and nitrogen dioxide in the Middle East for the 11-year period 2010-2020

4.2. Monthly and annual spatial and temporal distribution of tropospheric ozone in the Middle East
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Figure 3 (a): Monthly spatial distribution of O3 column densities in the Middle East for 11 years
Figure 3 (b): Changes in the share of different classes of O3 column densities and monthly average
values in the Middle East in 11 years

The monthly mean spatial distribution of ozone column densities in the Middle East is divided into
five tiers Figure 3 (a), Level 1: 21.0-28.4; Level 2: 28.4-35.8; Level 3: 35.8-43.2; Level 4: 43.2-50.6; and
Level 5: 50.6-58.0. Monthly spatial distributions of ozone are classified using April and September as
classification nodes, respectively: April-September The monthly spatial distribution of ozone in the
Middle East can be divided into two categories: Between April and September, the Middle East exhibits
a distribution pattern of ozone concentration with lower values in the southern regions and higher values
in the northern regions. During this period, ozone column densities fall within the range of 39 to 50 DU,

Published by Francis Academic Press, UK
-61-



Academic Journal of Environment & Earth Science

ISSN 2616-5872 Vol.6, Issue 5: 57-72, DOI: 10.25236/AJEE.2024.060509

with ozone levels primarily categorized as level four to level five. In contrast, during the six months from
October to March (1 to 6), the region displays a distribution pattern with lower ozone column densities
in the southern parts and higher column densities in the northern parts. Ozone column densities during
these months typically range from 30 to 40 DU, with ozone levels primarily categorized as level one to
level three.

Over the course of these 12 months, from January to June, ozone pollution column densities gradually
increase. In June, the central Middle East regions, such as Iraq and Syria, reach ozone column densities
classified as level five, covering approximately 38% of the Middle East's total area. From July to
December, ozone column densities gradually decrease. In July, the ozone levels are classified as level
five in the northern regions, level four in the middle regions, and level three in the southern regions. In
August, these levels reduce to level four, level three, and level two, and by September, they drop further
to include some level four and level three regions as well as a substantial presence of level two. In October,
the tropospheric ozone concentration is exclusively categorized as level three and level two. In November
and December, ozone column densities begin to increase from the northern regions of the Middle East.
By March, a pattern emerges with higher ozone column densities in the southeastern parts of Egypt and
the Arabian Peninsula, while the central and northern regions exhibit lower column densities.
Consequently, ozone levels in the Middle East exhibit significant seasonal variations, with ozone column
densities during the summer months decreasing from north to south, and during the winter months
increasing from north to south! 8,

Figure 3 (b) illustrates that ozone concentration follows a normal distribution pattern. Elevated ozone
column densities are concentrated in the months from April to September, while from October to the
following March, ozone column densities are consistently lower. In other words, ozone column densities
in the summer months are significantly higher than those in the winter months. The highest monthly
average ozone concentration in the Middle East region, as well as in China, is observed in July. In the
Middle East, it reaches 47 DU, while in the Beijing-Tianjin-Hebei region and Liaoning province of China,
it is 42 DU. The lowest monthly average ozone concentration in the Middle East is recorded in January,
with a value of 31 DU. The difference between the highest and lowest monthly values is 16 DU.
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Figure 4 (a): Inter-annual variation of O3 column densities in the Middle East for 11 years  Figure 4
(b): Changes in the share of different classes and annual average of O3 column densities in the Middle
Eastin 11 years

The 11-year annual average ozone column densities in the Middle East can be categorized into the
following five tiers Figure.4 (a), Level 1: 31.0 to 33.8; Level 2: 33.8 to 36.6; Level 3: 36.6 to 39.4; Level
4:39.4t042.2; and Level 5: 42.2 to 45.0.

Figure 4 (a) shows that the extreme Middle East ozone column densities are distributed in the central
part of the Middle East region, mainly in the two regions of northern Egypt and the west coast of the
Persian Gulf. The lowest values occur in Yemen, with additional areas forming a transition zone. Among
these 11 years, the ozone concentration in 2010 was relatively low.

Figure 4 (b) illustrates the percentage distribution of annual average ozone column densities across
the five levels for the 11-year period. During this time frame, the most predominant level of ozone
concentration in the Middle East is level three, accounting for approximately 54% of the total, followed
by level four at 23%. The highest ozone column densities in the region were recorded in 2015 and 2016,
with level four accounting for 32% and 36%, respectively. The ozone column densities during these years
were 38.76 DU and 38.78 DU.

In the decade from 2011 to 2020, areas with elevated levels of 0zone concentration V are found every
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year. From 2010 to 2016, the percentage of level two ozone concentration areas decreased annually, with
the exception of a significant increase in the percentage of level two areas in 2014, reaching 29%. Ozone
column densities in 2014 were 37.89 DU, higher than in 2013. In 2015, the Middle East showed a sharp
increase in ozone concentration, with an increase of 2% compared to 2014. From 2016 to 2020, the ozone
secondary occupancy region increased every year, with the largest increase in the ozone secondary
occupancy region in 2019, with an increase of 50% compared to 2018; the ozone concentration was 37.77
DU. Overall, over the past 11 years, ozone column densities in the Middle East have displayed some
degree of periodicity and largely exhibited an increasing trend.

4.3. Monthly mean spatial and temporal distribution of formaldehyde in the troposphere in the Middle
East region
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Figure 5 (a): Monthly spatial distribution of HCHO column densities in the Middle East for 11 years
Figure 5 (b): Changes in the share of different classes and monthly average of HCHO concentration in
the Middle East in 11 years

The monthly average spatial distribution of formaldehyde in the Middle East is divided into five tiers
Figure 5 (a), Level 1: 4.0-7.0; Level 2: 7.0-10.0; Level 3: 10.0-13.0; Level 4: 13.0-16.0; and Level 5:
16.0-19.0.

Monthly average spatial distributions of formaldehyde column densities are categorized into two
classes using March and October as the classification nodes, respectively: between March and October,
formaldehyde column densities formed a low distribution in the center and a elevated distribution in the
south and north of Saudi Arabia. The spatial distribution of HCHO concentration from March to October
exhibits a pattern where central areas have lower column densities, while the northern and southern
regions of Saudi Arabia and Yemen experience higher column densities. During this period, HCHO
column densities range between 9 to 10x10' molec/cm?, with levels one to three being predominant. In
contrast, from November to February, there is a pattern of lower column densities in the south and higher
column densities in the north. During this time, HCHO column densities range between
10~12x10"molec/cm?, with levels three to five being predominant.

During these 12 months, the formaldehyde concentration showed a sharp downward trend from
January to March, and in February, the formaldehyde concentration in the northwestern part of Iran rose
to level 5, with the range of level 5 accounting for about 3.5% of the area of the Middle East. From
April to October, HCHO column densities fluctuate only slightly. In November and December, HCHO
column densities gradually increase in the northern part of the Middle East, resulting in a distribution
pattern with higher column densities in the north and lower column densities in the south. In general,
HCHO column densities are positively correlated with vegetation indices. Hence, regions with higher
vegetation indices, such as Georgia and Armenia in the northern part of the Middle East, exhibit higher
HCHO column densities, while the southern part of the Middle East has lower HCHO column densities.
The distribution patterns of HCHO column densities in both summer and winter follow a decreasing
trend from north to south. Since HCHO is influenced by factors such as vegetation, population, economic
activity, precipitation, and temperature differences between different regions!'”l, the differences in
tropospheric HCHO column densities between the two Middle Eastern seasons, characterized by elevated
temperatures and minor human activity, are relatively tiny.

Figure 5 (b) presents an overall "U"-shaped pattern for HCHO column densities in the Middle East.
Elevated HCHO column densities are concentrated in the months from November to February, while
from March to October, HCHO column densities are consistently low. The highest HCHO concentration
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in the Middle East is recorded in December at 11.9%10'>molec/cm?, while the lowest concentration is in
September at 9.2x10*molec/cm?. In the Beijing-Tianjin-Hebei region of China, the highest HCHO
concentration is observed in June, reaching 14x10"molec/cm?. The difference between the highest and
lowest monthly values in the Middle East is 2.7x10"*molec/cm?.

4.4. Monthly mean spatial and temporal distribution of tropospheric nitrogen dioxide in the Middle
East region
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Figure 6 (a): Monthly spatial distribution of NO: column densities in the Middle East for 11 years
Figure 6 (b) :Changes in the share of different classes and monthly means of NO: column densities in
the Middle East in 11 years

The monthly average spatial distribution of NO2 column densities in the Middle East was categorized
into five tiers Figure 6 (a), Level 1: 1.5 to 3.2; Level 2: 3.2 t0 4.9; Level 3: 4.9 to 6.6; Level 4: 6.6 to 8.3;
and Level 5: 8.3 to 10.0.

Figure 6 (a) illustrates that NO2 column densities in the Middle East exhibit a pattern with elevated
levels along the western coast of the Persian Gulf and lower levels in the rest of the region. Notably,
regions with the highest NO2 column densities are observed in January, October, and December. From
April to September, NO2 column densities in the Middle East range between 3.6 and 4.2x10" molec/cm?,
whereas during October, November, December, January, February, and March, column densities range
from 3 to 3.6x10" molec/cm?.

In general, NO2 column densities are higher in the regions along the coast of the Persian Gulf and the
southeastern Mediterranean coast, while the southern part of the Middle East experiences lower NO2
column densities. Several factors contribute to this pattern, including low humidity, a significant number
of oilfields, and a dense population, resulting in higher anthropogenic traffic-related NO2 emissions.
Additionally, the geographic location of the Persian Gulf, situated between the Zagros Mountains and
the Arabian Plateau, limits the diffusion of NO2 over a relatively tiny area. Therefore, NO2 column
densities in the Middle East are slightly higher in the summer compared to the winter months?°l.

From January to June, NO2 column densities in the Middle East exhibit a gradual upward trend, with
NO: column densities in June being predominantly in level five, accounting for approximately 80% of
the region. From July to November, NO2 column densities gradually decrease, with December showing
a 35% increase compared to November. Figure 6 (b) shows that the nitrogen dioxide concentration in the
Middle East shows a single peak. It can be seen that the elevated values of nitrogen dioxide concentration
are concentrated from April to September, while the nitrogen dioxide concentration is low from October
to March. The highest concentration of nitrogen dioxide in the Middle East was 4.17x 10'>molec/cm? in
June, and the lowest monthly concentration was 3.38x10°molec/cm? in January, while the highest
monthly concentration in the Beijing-Tianjin-Hebei region of China was 6x10' molec/cm? in December.
The difference between the highest and the lowest monthly average values in the Middle East was
0.79x10"molec/cm?.

4.5. Sensitivity analysis of ozone generation in the Middle East

Based on the satellite data of OMI tropospheric formaldehyde concentration and nitrogen dioxide
concentration in the Middle East from 2010 to 2020, an analysis of the spatial distribution and temporal
trends of ozone precursors and ozone sensitivity categories (VOC control, mixed or transitional control,
NOx control) was conducted. This analysis aims to provide a theoretical basis for environmental
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management(?!],

Figure 7 (a) shows the spatial distribution of ozone-sensitive control areas in the Middle East from
2010 to 2020, from which it can be seen that the spatial distribution of ozone-sensitive control areas in
the Middle East varies considerably from year to year.

During the years 2010 to 2020, most regions in the Middle East were primarily categorized as ozone-
sensitive mixed or transitional control areas. From 2010 to 2017, the majority of Saudi Arabia, countries
along the eastern Mediterranean coast, Tehran in Iran, and Hama in Oman were classified as ozone-
sensitive VOC control areas for most of the time. Starting in 2018, a shift occurred in the Middle East,
with mixed or transitional control areas becoming predominant in most regions and a reduction in VOC
control areas. However, in the same year, ozone-sensitive NOx control areas emerged in the vicinity of
Sanaa in Yemen. This distribution pattern aligns with the findings of previous studies by William et al.
(2014) and Barkley et al. (2017).
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Figure 7 (a): Spatial distribution of O; sensitive control areas in the Middle East for 11 years
Figure 7 (b): Monthly spatial distribution of Os sensitive control areas in the Middle East

Figure 7 (b) displays the monthly spatial distribution of ozone-sensitive control areas in the Middle
East. From the figure, it is evident that the monthly distribution of ozone-sensitive control areas in the
Middle East exhibits significant variations. In general, for the months of January and February, most
regions in the Middle East are characterized by a predominant presence of mixed or transitional control
areas. In January, parts of western Egypt, southwestern Turkey, northwestern Saudi Arabia, and eastern
Iran fall under the category of NOx control areas. However, in February, the regions classified as NOx
control areas shift to central Iran. From March to October, the Middle East is primarily characterized by
mixed or transitional control areas along with VOC control areas. In this period, there is a decrease in
VOC control areas in April and May, followed by an increase in VOC control areas from June to
September. VOC control areas are concentrated mainly in countries such as Saudi Arabia, Egypt, and
Iran during these months. The Middle East is dominated by mixed or transitional control areas, and VOC
control areas in April and May. In April and May, VOC-controlled areas in the Middle East decreased,
and then increased from June to September, with VOC-controlled areas concentrated in Saudi Arabia,
Egypt, and Iran, etc!??. From October to December, the Middle East gradually recovered to be dominated
by mixed or transitional control areas, and NOx-controlled areas appeared in northeastern Turkey and
Georgia, and NOx-controlled areas appeared in the area around Medina, Saudi Arabia, in the same
period™.

4.6. Ozone correlation analysis

This study mainly analyzes the effects of tropospheric (A, a) formaldehyde concentration, (B, b)
nitrogen dioxide concentration, and temperature, barometric pressure, and relative humidity on ozone
concentration in the Middle East. In this paper, the correlation coefficients are categorized into eight
levels: -1 to -0.75 strong negative correlation, -0.75 to -0.5 moderate negative correlation, -0.5 to -0.25
weak negative correlation, -0.25 to 0 (and 0 to 0.25) uncorrelated, 0.25 to 0.5 weak positive correlation,
0.5 to 0.75 moderate positive correlation, and 0.75 to 1 strong positive correlation. Figure 8 illustrates
the spatial correlations and P-value distributions between ozone concentration and the column densities
of formaldehyde and nitrogen dioxide over an 11-year period in the Middle East>425],
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Figure 8: Spatial correlation between O3 concentration and (4, a) HCHO concentration, (B, b) NO:
concentration in the Middle East for the year 11

As can be seen in (A, a) of Figure 8, the correlation coefficients between ozone and formaldehyde
column densities ranged from -0.78 to 0.56, and the regions with P-values less than 0.05 accounted for
about 63.5% of the total region, mainly in Egypt, the central region of the Middle East, and the western
part of Iran. Approximately 63.5% of the regions have P-values less than 0.05. These regions are
primarily distributed in Egypt, the central Middle East, and western Iran, with some presence in Turkey
and Yemen. In the Middle East, the relationship between ozone concentration and formaldehyde
concentration is mainly characterized by no correlation or weak negative correlation, with these two
categories accounting for about 80.4% of the total area. Moreover, in most areas within these categories,
the P-values are less than 0.05. This phenomenon is due to the fact that formaldehyde is a precursor for
ozone production, and some formaldehyde is consumed in the process of ozone formation, so that
uncorrelated and weakly negatively correlated areas are formed.

As can be seen from (B, b) in Figure 8, the correlation coefficients between ozone concentration and
nitrogen dioxide concentration range from -0.71 to 0.91 with a P-value of less than 0.05, and account for
about 96.9% of the total area, which is distributed over the vast majority of the Middle East, except for
a minor portion of the southern part of Yemen and the areas of Sanandaj, Kermanshah, and Tabriz in Iran.
The Middle East is dominated by regions with moderate and strong positive correlation between ozone
concentration and nitrogen dioxide concentration, which together account for about 70.1% of the total
region. This phenomenon is likely due to the fact that nitrogen dioxide is also a precursor to ozone
generation. In the Middle East, the presence of numerous oil fields and continuous emissions from traffic
contribute to nitrogen dioxide production. Moreover, the heavy atmospheric dispersion, influenced by
the topography of elevated terrain on both sides and lower terrain in the middle of the Middle East, results
in the accumulation of nitrogen dioxide, thus forming a moderate to strong positive correlation.
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Figure 9: Spatial correlation between O3 concentration and (A, a) air temperature, (B, b) air pressure,
and (C, c) relative humidity in the Middle East for year 11

Figure 9 shows the spatial correlation between (A, a) air temperature, (B, b) air pressure, (C, c)
relative humidity and ozone concentration in the Middle East for 11 years and the distribution of P-
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values®®. From (A, a) in Figure 9, it can be seen that the correlation coefficients between ozone
concentration and temperature range from -0.10 to 0.94, and the regions with P-values less than 0.05
account for about 97.8% of the total region, which is distributed over the vast majority of the Middle
East, except for a tiny portion of the southern part of Yemen. The Middle East region is dominated by a
strong positive correlation between ozone concentration and temperature, which accounts for about 82.8%
of the total region. Moreover, in most regions within this category, the P-values are less than 0.05. This
positive correlation can be attributed to the fact that under conditions of elevated temperature and strong
solar radiation®”), photochemical reactions intensify, leading to an increase in ozone concentration, thus
forming a region of strong positive correlation!?®!,

Figure 9 (B, b) reveals that the correlation coefficients between ozone concentration and pressure
range from -0.92 to 0.56. Approximately 90.3% of the regions have P-values less than 0.05, with
exceptions in some areas surrounding the Persian Gulf in Iran, the vicinity of Bandar Abbas, Turkey's
Ankara, and Georgia, among others. Ozone concentration and barometric pressure in the Middle East are
dominated by regions of moderate negative correlation and strong negative correlation, which together
account for about 75.6% of the total region. This phenomenon may be due to the weakening of surface
atmospheric pressure, which, in turn, leads to an increase in temperature favoring ozone generation.
Conversely, when surface atmospheric pressure increases, it is frequently accompanied by windy weather,
reducing photochemical reactions and hindering ozone concentration. This results in the observed
medium to strong negative correlations.

In Figure 9 (C, c), the correlation coefficients between ozone concentration and relative humidity
range from -0.93 to 0.45. About 97.5% of the regions exhibit P-values less than 0.05, with exceptions in
some areas in the southern parts of Yemen, Oman, and Lebanon. Ozone concentration and relative
humidity in the Middle East are dominated by regions of moderate negative correlation and strong
negative correlation, which together account for about 88.5% of the total region. Humidity also affects
ozone concentration to a certain extent. Under high humidity conditions, ozone undergoes light extinction
due to the formation of an absorption mechanism under the influence of water vapor, reducing solar
radiation intensity. Additionally, elevated humidity leads to substantial ozone consumption during
atmospheric photochemical reactions, further reducing ozone concentration. Conversely, lower humidity
and higher temperatures favor ozone concentration, resulting in the observed medium to strong negative
correlations!®’.

4.7. Middle East based on HYSPLIT model and WPSCF analysis

Due to adverse meteorological conditions such as low wind and temperature inversions, atmospheric
pollutants tend to accumulate, leading to more severe air pollution events. This study employed
Meteoinfo software and the TrajStat plugin to conduct backward trajectory simulations and cluster
analysis of air masses. The trajectory backtracking time was set at 24 hours, and the trajectory simulation
height was 500 meters, which can accurately reflect the movement characteristics of the atmospheric
boundary layer airflow. This approach allows for the examination of the distribution and extent of
pollutant transport from external sources.

The study focused on three research locations in the Middle East, namely Riyadh, Saudi Arabia
(24.70°N, 46.70°E), Tel Aviv, Israel (32.07°N, 34.77°E), and Abu Dhabi, United Arab Emirates (24.47°N,
54.37°E). These locations represent the central, northeastern, and southwestern high-value areas in the
Middle East. The analysis was conducted seasonally, with each season yielding four transport pathways
at each location. The study also considered daily ozone concentration data corresponding to each
location's specific timeframes to explore the transport pathways and potential source distribution of ozone.

From Figure 10 (a), it is evident that during the summer season, the predominant transport direction
for Riyadh, Saudi Arabia, is towards the northeast (36.61%), with this pathway mainly covering areas
within Saudi Arabia. It primarily passes through the northern regions of the Eastern Province and the
northeastern parts of Riyadh Province. Overall, the main transport direction during the summer is toward
the northeast, accounting for 69.4% of the total, and it consistently traverses domestic territories,
including the Eastern Province and Riyadh Province. Based on the WPSCF values, it can be seen that the
potential source area of Riyadh in summer is dominated by local sources, followed by the cities of
Khufufu, Majma'a, and Haf al-Abbatin, which do not contribute significantly to ozone. In contrast, during
the winter season, the most significant proportion of transport pathways for Riyadh is directed towards
the southeast (34.46%), covering areas primarily within Saudi Arabia. It passes through the southern
regions of the Eastern Province and the eastern parts of Riyadh Province. Overall, the main transmission
direction in winter is southeast with 61.58% and it passes through the Eastern Province and the eastern
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part of Riyadh Province. The spatial distribution of WPSCF values shows that the winter ozone in Riyadh
is dominated by local sources, followed by the northern part of the Eastern Province and the area around
Riyadh city.

Summer Winter
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Figure 10 (a): Os transport paths and potential source areas for different seasons in Riyadh, 2019-
2020

Figure 10 (b). presents the distribution of ozone transport pathways and potential source areas in Tel
Aviv, Israel, during different seasons in 2019-2020. The figure reveals that during the summer season,
the primary ozone transport direction for Tel Aviv is towards the northwest, accounting for a proportion
of 68.58%, and predominantly traverses the coastal regions of the eastern Mediterranean Sea. Analyzing
the WPSCF values, it becomes evident that during the summer season in Tel Aviv, the potential source
areas are primarily influenced by local sources, with a significant impact from the coastal regions of the
eastern Mediterranean along the summer transport pathways. Additionally, the influence of external
transport from Lebanon and Cyprus should not be disregarded. In contrast, during the winter season, the
largest proportion of ozone transport pathways for Tel Aviv is directed southwestward, constituting
32.05%. Most of this transport pathway passes through foreign territories, including Palestine and Jordan.
Overall, the main transport direction in winter is the north-west with 49.59% and it passes through the
eastern coast of the Mediterranean Sea, while the longest transport air mass is from the Mediterranean-
Egyptian border, which represents the air mass with faster wind speeds. The potential source areas in
Tel Aviv mainly behave in winter as in summer. The spatial distribution of WPSCF values shows that
winter ozone in Tel Aviv is also dominated by local sources, and additional exogenous transport does not
differ from summer*’).
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Figure 10 (b): Os transport paths and potential source areas for different seasons in Tel Aviv, 2019-
2020

The transmission paths and potential sources of ozone in the United Arab Emirates were analyzed
using Abu Dhabi as a representative point, as shown in Figure 10 (c). From the figure, it can be seen that
the main transmission direction in Abu Dhabi during the summer months is north-west with a share of
84.7%, which mainly passes through most of the Persian Gulf. However, in terms of individual
transmission paths, the northern path with the largest share is 33.61% and it mainly passes through the
southern part of the Persian Gulf. The southwestern path has the smallest share of 15.3% and passes
through the United Arab Emirates proper and northern Oman. According to the WPSCF values, the
potential source area of Abu Dhabi in summer is dominated by local sources, followed by transmission
from the Persian Gulf region. In winter, the main transmission direction in Abu Dhabi is northeast with
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a percentage of 38.36%, which mainly passes through the Persian Gulf near the coast of the United Arab
Emirates. The southwestern transport path increased compared to summer with a percentage of 21.64%.
From the WPSCEF values, it can be seen that the potential source area in Abu Dhabi in winter is similar
to that in summer, which is also dominated by local sources, but the concentration of potential sources
in winter tends to migrate to the east compared to that in summer.
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Figure 10 (c): Os transport paths and potential source areas for different seasons in Abu Dhabi, 2019-
2020

5. Conclusions

1) The spatial distribution of ozone and precursors in the Middle East region varies, with a strong
spatial distribution pattern in the northwest and center of the region and a low distribution pattern in the
northeast and southwest, with the elevated value areas mainly located in northern Egypt, most of Iraq,
and the west coast of the Persian Gulf. Overall there is a significant difference in the spatial distribution,
and the distribution of ozone is more stable in the high and low value areas. As a precursor of ozone,
formaldehyde is distributed longitudinally, with high values in the northern part of the Middle East and
a tiny part of the southern part of Yemen, while nitrogen dioxide is distributed more stably, with high
values in the Persian Gulf coast and the southeastern coast of the Mediterranean Sea. In terms of
temporal distribution, high ozone values are mainly observed from April to September, and this
distribution pattern is similar to nitrogen dioxide. However, the distribution of formaldehyde shows an
opposite seasonal variation.2) On an annual scale, most of the Middle East is dominated by ozone-
sensitive mixing or transition control areas. However, on a monthly scale, the control and management
of ozone pollution also adopts a "one-month policy" to reduce ozone production by increasing humidity
on urban roads during hot periods.3) The Pearson correlation analysis reveals that ozone and nitrogen
dioxide are significantly positively correlated, while ozone and formaldehyde show no significant
correlation or a weak negative correlation. Ozone is positively correlated with temperature but negatively
correlated with pressure and relative humidity.4) Based on the analysis of ozone transport pathways and
potential sources in the Middle East, it is evident that Riyadh, Saudi Arabia, exhibits westward transport
pathways in both summer and winter, with local sources being the primary contributors, followed by
contributions from the Eastern Province. Abu Dhabi, United Arab Emirates, also displays west-northwest
transport pathways in both seasons, with ozone potential source areas primarily local and located around
the Persian Gulf. Tel Aviv, Israel, shows northeastward transport pathways in both summer and winter,
with local sources being the primary contributors, particularly along the west coast of the Mediterranean
Sea. Therefore, enhancing control over emissions from transportation and industrial sources can help
reduce local contributions and collaboration with neighboring regions to jointly mitigate ozone pollution.
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