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Abstract: The Red Sea, a significant ecoregion and vital marine transportation route, has experienced
a consistent rise in air pollution in recent years. Hence, it is imperative to assess the spatial and
temporal distribution of air quality parameters across the Red Sea and identify temporal trends. This
study concentrates on utilizing multiple satellite observations to gather diverse meteorological data
and vertical tropospheric columns of aerosols and trace gases, encompassing carbon monoxide (CO),
nitrogen dioxide (NOy), sulfur dioxide (50,), and ozone (O3). Furthermore, the study employs the
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model to analyze the backward
trajectory of air mass movement, aiding in the identification of significant sources of air pollutants.
A principal component analysis (PCA) with varimax rotation is applied to explore the relationship
and co-variance between the aerosol index (AlI), trace gas concentrations, and meteorological data.
The investigation reveals seasonal and regional patterns in the tropospheric columns of trace gases
and Al over the Red Sea. The correlation analysis indicates medium-to-low positive correlations
(0.2 < r < 0.6) between air pollutants (NO,, SO,, and O3) and meteorological parameters, while
negative correlations (—0.3 <r < —0.7) are observed between O3, aerosol index, and wind speed. The
results from the HYSPLIT model unveil long-range trajectory patterns. Despite inherent limitations in
satellite observations compared to in situ measurements, this study provides an encompassing view
of air pollution across the Red Sea, offering valuable insights for future researchers and policymakers.

Keywords: air quality; HYSPLIT model; multivariate analysis; satellite observation; principal component
analysis; Red Sea

1. Introduction

Nowadays, maritime transportation is considered the most convenient mode of trans-
port, and its emissions contribute significantly to global air pollution [1,2]. Ship-induced
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emissions have increased substantially due to increased international trade [3]. The Inter-
governmental Panel on Climate Change (IPCC) addressed the fact that shipping-induced
global anthropogenic nitrogen oxide (NOx = NO + NO;) and sulfur oxide (SOx) emissions
consist of 15% and 13% of the global emissions, respectively. Moreover, the International
Maritime Organization (IMO) has reported that international shipping is estimated to
have produced 20.2 million tons of NOx (as NO;) and 11.4 million tons of SOy (as SO;) in
2018 [4]. In addition, ships at sea emit 5-7 x 10 kg/year of NOy and 4.7-6.5 x 10” kg/year
of SO, [5]. It is also estimated that 70% of ship emissions occur within 400 km of land;
thus, ships induce air quality degradation in coastal areas and port cities [6]. Furthermore,
sulfur from shipping decomposes over the ocean [7] and causes water acidification [8]. CO
is emitted from incomplete combustion in ships’ diesel engines. Eyring et al. (2005) [9]
measured the global annual CO emission from international shipping at 1.31 Tg/year.

The Red Sea, between Asia and Africa, is a vital artery for global trade, with more
than 20,000 ships passing through it yearly. Furthermore, world traders use the Red Sea
to connect Asia and Europe. Although the Red Sea has been well-known for its untainted
water and rich biodiversity over the years, the air quality of the prevailing zone is being
contaminated by several anthropogenic activities [10]. The nearby countries of the Red
Sea are Yemen, Egypt, Saudi Arabia, and Jordan, which are well known as “oil states” for
their vast fossil fuel lifting and refinery industries [11]. As a result, several researchers
have evaluated the inconsistent pollution variance in the vicinity of the Red Sea [12-16].
High NO, and SO, concentrations were recognized near the Red Sea, and the major
shipping lanes alongside the Red Sea have been attributed to the emissions from maritime
transports [17,18]. Moreover, Alahmadi et al. (2019) [19] quantified the contribution of
maritime transport sector emissions to the NO, concentration in the Red Sea.

Furthermore, with shipping-induced pollution, on-land gas or oil-powered industries
near the sea can substantially source sea air pollutants [20,21]. NOx is a precursor for
surface-level ozone formation, a greenhouse gas contributing to climate warming, forming
acidic NO, and photochemical smog. Additionally, significant NOy emissions cause high
O3 concentrations near the Northern Red Sea [22]. However, a few geological phenom-
ena also cause air pollutant transport, e.g., the “jet stream”. The earth’s rotation causes
significant gaseous exchange between air masses.

The geographical location of the Red Sea ranges between 12.5°N and 30°N. In a
briefing about the climate of the Red Sea, Pedgley (1974) [23] identified a gap in the
upward orography (the physiographic relief of higher elevation) near 19°N, named the
Tokar Gap [24]. Here, wind dispersion follows a seasonal contrast as the air stream flows
eastward during the summer and westward during the winter [23]. However, with the
increase in zonal velocity, air particles’ poleward movement breaks down, and they thus
shrink near the subtropical zone [25]. Therefore, the spatial location of the Red Sea in the
Hadley Cell can be distinguished as a factor in pollutant transport toward the northern
region. Moreover, Tadic et al. (2020) [26] demonstrated that the net ozone production rate
and precursors are significant near the northern Red Sea. Nevertheless, detailed study
of satellite-derived air pollution over the Red Sea is limited. Few in situ studies have
been conducted over the Red Sea [17,19,22], but no studies are available on trace gases
and their spatial distribution. Therefore, satellite-based remote sensing data can illustrate
air pollution over the Red Sea on a large scale where ground-level data are limited [27].
Ground-based observed data might be one of the least affluent methods, but collecting
sequential time-series data over the Red Sea is quite capital-intensive and not currently
available. Further, satellite data have been widely used to track pollution over maritime
regions [28,29]. Although time-series data collection is often limited due to a few natural
calamities, satellite-derived data monitor them unceasingly and store them.

In light of the complexities surrounding air quality dynamics over the Red Sea, this
study aims, firstly, to comprehensively assess the seasonal and spatiotemporal variations in
the vertical tropospheric column concentrations of key air pollutants (e.g., CO, NO;, SO,,
and O3) and the aerosol index (Al) using diverse satellite-derived datasets. Secondly, by
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employing the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model,
the study seeks to identify significant sources contributing to air pollutant dynamics, pro-
viding detailed insights into pollutant transport pathways within the region. Thirdly, the
research endeavors to establish correlations between air pollutants and meteorological
parameters (AT, SST, SH, WS) to unravel complex relationships. Utilizing a principal com-
ponent analysis (PCA), the study aims to reveal novel insights into the intricate interplay
between pollutants and meteorology. The innovation of this study lies in its multifaceted
analysis approach, which elucidates regional patterns in air pollutants and aerosol indices
over the Red Sea. By employing advanced analytical techniques, this research significantly
contributes to understanding air quality dynamics and pollutant behavior within this
critical maritime region.

2. Data and Method
2.1. Study Region

The Red Sea is a semi-encircled tropical basin (Figure 1). It is an inlet of the Indian
Ocean between the Saudi Arabian coast and East Africa [30]. Geologically, it is situ-
ated at 22°N and 38°E, where the water expands southeast from Suez, Egypt, for about
1200 miles to the Bab el-Mandeb Strait, which connects with the Gulf of Aden and then
with the Arabian Sea. The Red Sea is isolated by the Gulf of Aden Strait at Bab al-Mandab
in the south, altering the environmental states (e.g., temperature, salinity, shallow depth)
and creating a pathway for spreading species [31] between the Red Sea and the Indian
Ocean. It separates Egypt, Sudan, and Eritrea to the west from Saudi Arabia and Yemen to
the east.

2.2. Methods

The study aims to illustrate the spatiotemporal distribution of the tropospheric column
air pollutant data over the Red Sea and its relationship with meteorological parameters.
The remotely sensed data (Table 1) were assessed using Google Earth Engine (GEE), and
the HYSPLIT model was evaluated on a Windows kernel. The correlation demonstrates
the interrelationship among the selected parameters. The multivariate analysis assists
in reducing data redundancy, and the back trajectory analysis helps in projecting the
transported air mass over the study region.

Table 1. Description of different satellites and data with spatial resolution.

Variable Name Product Name Instrument Spatial Resolution
NO, Sentinel-5P NRTI NO,
SO, Sentinel-5P OFFL SO, .
o3 Sentinel-5P OFFL O, TROPIS)MI Sentinel5 11435 ) % 11132 m
CO Sentinel-5P OFFL CO recursor
Al Sentinel-5P OFFL AER Al
SST NOAA CDR OISST v2
AT o o]
WS NOAA CDR NOAA 0.05° x 0.05
SH
WV MERRA-2 GEOS-5 0.5° x 0.625°
2.2.1. Data

Several satellite instruments have been developed to observe gaseous contaminants in
the stratosphere and troposphere of the Earth since the first satellite TOMS was launched in
1978 [32]. Copernicus Sentinel-5p contains an advanced air quality monitoring instrument,
TROPOMI (Tropospheric Monitoring Instrument), for monitoring the atmosphere and flout-
ing the data gap amongst Envisat satellites [27]. This satellite carries the most advanced
TROPOMI instrument for measuring infrared (2305-2385 nm)-to-visible (270-500 nm) spec-
tral bands, which allows it to obtain the concentrations of several ground-level pollutants
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more precisely than others [33]. This lets the satellite circle the Earth in one day and fin-
ish its orbital cycle in 16 days [34]. Several authors assessed air contaminant data using
Sentinel-5p to collect daily time-series data [35-39]. Further, the NOAA Ocean Surface Bun-
dle provides a 3-hourly 0.25 degree resolution grid with high-resolution climatic databases
over ice-free ocean surfaces.
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Figure 1. Study region: the Red Sea.
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However, for the following study, time-series air pollutants and meteorological pa-
rameter data were assessed from Copernicus Sentinel-5p precursor and NOAA Ocean
Near-Surface Atmospheric Properties (version 2) using GEE dated from January 2019 to De-
cember 2022. The total atmospheric columns of NO,, SO,, O3, CO, and Al were assessed by
the GEE code editor to visualize the spatial and temporal air quality dynamics over the Red
Sea. Using neural networks, the climatological parameters are assessed based on the solar
radiance measurements from the Defense Meteorological Satellite Program (DMSP) space-
craft’s Special Sensor Microwave/Imager (SSM/I) and Special Sensor Microwave/Imager
Sounder (SSMIS).

To assess the differences among seasonal wind vectors (WVs), the MERRA-2 daily
reanalyzed wind vector products (u and v vectors) at 200 hPa have been utilized. This
upgraded Goddard Earth Observing System Model, Version 5 (GEOS-5), allows it to model
aerosol particles with an improved range of microwave and hyperspectral bands. The
average daily vertical (air pollutant and meteorological concentrations) and level 200 hPa
products in the troposphere were compared and interpolated on a Python 3.8 medium in
the Jupyter Notebook. The spatial resolution of the data products utilized in this study is
outlined in Table 1.

2.2.2. Correlation Analysis

A correlation analysis is performed to establish a linear connection between two or
more parameters [40]. Pearson’s correlation is the most widespread method of correlation
analysis, demonstrating a linear correlation between two or more variables and determin-
ing and distinguishing a positive or negative correlation [41]. For the following study,
Pearson’s correlation analysis was performed to determine the relationship between the
above meteorological parameters and air pollutants.

2.2.3. Back Trajectory Analysis

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model is
extensively employed to create air mass backward trajectories in specified starting loca-
tions. The model uses meteorological data from the Global Data Assimilation System
(GDAS), which are utilized by the Global Forecast System (GFS) model to place observa-
tions into a gridded model space to initiate or initialize weather forecasts with observational
data [42,43]. This particle trajectory is calculated by taking the standard mean between the
3D velocity vectors for the starting point, P(t), and the first-guess position, P/(t + dt). The
velocity vectors are transformed linearly in both time and space.

Initial Position : P'(t+dt) = P(t) + V(P,t)dt (1)

Final Destinantion : P(t +dt) = P(t) + 0.5[V(p,t) + V(let + dt)}dt ()

From Equations (1) and (2), the trajectories discontinue at the model surface. Advection
continues along the ground if the vectors cross. Simulations support varied integrating
time steps (dt). The calculation requires that the time-step advection radius not be greater
than 0.75 of the meteorological grid frequency.

Since 2011, the National Oceanic and Atmospheric Administration’s (NOAA) Air
Resources Laboratory (ARL) has been providing GDAS data with a 0.5° horizontal resolu-
tion and 55 vertical layers [44]. This allows us to obtain detailed information on the likely
dispersal of pollutants from potential samples, allowing us to “attribute” air pollution to
specific sources in specific locations [45]. Tian (2020) [46] also illustrated Shenyang City’s
pollution characteristics using HYSPLIT modeling.

2.2.4. Principal Component Analysis

To reduce the data’s dimensions, a principal component analysis was performed. It
was introduced by Pearson in 1901. PCA is a widely used method in air pollution studies
to decrease the redundancy of the variables. It predicts the directions of the variables
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where the data have significant variability [47,48]. The similarity among the PCs can be
established based on the influence of different variables. Usually, PCs are explained with
the following equation.

PCi =1 Xy +1iXo+...... Flni Xim ©

Here, PC; is the i principal component, and X; is the it loading of the observed variable.

The PCA is subtracted from the eigenvalues and eigenvectors calculations [49]. Eigen-
values larger than or equal to 1 should be retained for all PCs. A strong factor loading is
measured when the FL is greater than 0.75; values ranging from 0.5 to 0.75 are considered
moderate; and values below 0.49 are considered weak factor loading [50].

2.2.5. NOAA HYSPLIT Model

The NOAA HYSPLIT model was used to assess backward trajectories to identify the
emergence of air masses over the Red Sea. This study calculated the trajectories for 48 h at
500, 1000, and 2000 m (AGL) to understand the complexity of air masses near the surface.
Due to the large number of trajectory simulations, the maps retrieved at the two absolute
extremes of the seasonal cycle of wind direction in the Red Sea for each study year were
used as an example. Therefore, the back trajectories for January, April, July, and October
2019 are shown as references. The starting point for the trajectory clustering is (27.60°N,
34.27°E), updated daily at 00:00, 06:00, 12:00, 18:00, and 24:00 UTC. The red, blue, and green
lines represent the paths of air masses at 500 m, 1000 m, and 2500 m AGL (above ground
level), respectively.

3. Results and Discussions
3.1. Descriptive Statistics

Table 2 shows a statistical summary of the daily air pollutant concentrations and other
meteorological parameters over the Red Sea. It shows that the mean AT and SST were,
respectively, 27.9 + 1.98 °C and 28.4 4= 2.34 °C. However, Shaltout [51] measured the annual
mean SST as 27.88 £ 2.14 °C between 1982 and 2016. This denotes a gradual increase in
the SST over the Red Sea. Further, the maximum values consist of 31.1 °C and 32.1 °C,
and the minimum values are, respectively, 23.4 °C and 22.1 °C. The time-series variation
in the SST is greater than that in the AT, as the SST consists of a more significant standard
deviation than the AT. Moreover, during the study period, the WS ranged from 8.82 m/s
to 2.54 m/s (the mean WS 4.68 + 1.37 m/s), and the SH ranged between 20.1 g/kg and
12.6 g/kg (the mean SH was 16.9 + 1.45 g/kg). A positive change can be observed in the
SH concentration with an increase in the surrounding temperature.

Table 2. Descriptive statistics of meteorological parameters and tropospheric column air pollutant data.

. WS . . NO, SO, 0; Cco

Statistics  SH (g/kg) ms-1) AT (°O) SST (°O) (umolm-2) (umolm-2) (umolm-2) (umolm-2) Al

Mean 16.9 4.68 279 28.4 50.1 195 0.118 31905 ~0.699
Standard 1.45 137 1.98 2.34 7.32 141 0.00507 3701 0.726
deviation
Minimum 12.6 2.54 23.4 2.1 278 6.34 0.104 18874 ~313
Maximum 20.1 8.82 31.1 32.1 70.0 763 0.128 44683 1.96
Skewness  —0.737 0.810 ~0.499 ~0.363 0.280 1.10 ~0.723 0.307 0.951

The average vertical tropospheric column concentration of NO, is 50.1 4= 7.32 pmolm 2,
with a minimum of 27.8 pmolm 2 and a maximum of 70 pmolm 2. The average column
concentration of SO, is 195 + 141 pmolm 2, with maximum and minimum values of,
respectively, 763 pmolm~2 and 6.34 umolm 2. Further, with maximum and minimum
values of 44,683 umolm 2 and 18,874 pmolm 2, the vertically integrated average CO
column density was 31,905 + 3701 pumolm 2. This column also indicates a moderately
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high concentration regarding coastal environments [52,53]. The Al ranged from 1.96 to
—3.13 (with an average of —0.699 £ 0.726). SO, and the Al show strong positive skewness,
while NO; and CO are moderately positively skewed. Positive skewness refers to the
mean concentration of air pollutants being higher than the median. Further, positively
skewed distributions refer to naturally stirring phenomena [54]. However, the measured
monthly O3 mean column concentration was 0.118 & 0.005 umolm 2. Its standard deviation
illustrates very low clustering, and the median value is higher than the mean concentration
of 03.

3.2. Correlation Analysis

To explore the relationship between the air pollutants and meteorological data, Pear-
son’s correlation analysis was employed. NO, is positively correlated with AT, SH, and
SST (Figure 2). SO, shows a moderate (p < 0.01) positive correlation with AT (R = 0.155),
while O3 is positively correlated with AT, SH, and SST with higher significant confidence
(p < 0.001). Here, a positive correlation between the three parameters (AT, SH, and SST) is
expected since they are distinguished forces of O3 dynamics. However, a negative correla-
tion (R = —0.44) between O3 and WS was found. A higher wind speed dilutes or disperses
emissions, reducing O3 formation [55]. A negative correlation between O3 and WS was
also found by [55,56]. Further, CO is negatively correlated with all the parameters except
WS (R =0.296). The Al is positively correlated with SH, SST, NO,, and O3 and negatively
correlated with WS and NO,.

AT SH Wws NO2 S02 03 co Al SST
025 -
%{‘3 2/\/\ Corr: Corr: Corr: Corr. Corr: Corr: Corr: Corr: 5
%ég 0.633*** -0.657* 0.135* 0.155* 0.628*** -0.655** 0.103. 0.933 I
20-
18-e Corr: Corr: Corr: Corr: Corr: Corr: Corr: 7
101 -0.478*** 0.200"* 0.100. 0.440*** -0.300** 0. 181¢ 0.594+« T
» % Corr: Corr: Corr: Corr: Corr: Corr: =
4- 0.007 -0.074 -0.440*" 0.296™* -0.169* -0.605 B4
L
€ Corr: Corr: Corr: Corr: Corr: z
90 - ® y 3 (3 0.034 0.248*** -0.081 0. 86™ 0.128* &
800 - ° &* ° °
‘6‘88: b o 2 * 2 ® 1 Corr: Corr: Corr: Corr: @
208 0 ol 0.068 -0.004 -0.041 0.098. p&l
9,
0.12- & > - 3 o Corr: Corr: Corr: o
@41 s . ® s o ..'g -0.334%** 0.347*** 0.611* |
3088§ v > o S . ° Corr; Corr:
ks K%\ ) ] ! [ ] 8
300 - 4 " 0.082  -0.555%*
20000 - e .
2- ) . L] )
;f - -' L i e % 0.116°
; "': iz °
= (7))
f ° .. 6 .. [ /\/\ g_'!
225 2 1 1 1 ] !‘ 1} 1 1 , 1 L 1 1 I. 1 1 1 ’l ] [l l ] , ] 1 1
25272931 1416 18 20 4 6 8 3040506070 200300400 0. |1 o 19 20000 30000 40000 2-10 1 2.225 275 325

Figure 2. Correlation plot (note: * indicates a 5% significant level, ** indicates a 1% significant level,

and *** indicates a 0.1% significant level).
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In the left part of Figure 2, the scatter plot indicates the data distribution and its
linearity with corresponding variables. NO,, Al, and CO do not exhibit strong linearity
with the rest of the variables. SST and WS show dynamic linearity with their seasonal-
changing characteristics. Further, the diagonally presented line plot shows the explicit
symmetry of the assessed data. It indicates positive symmetry only for WS and SO, and
negative for the rest.

3.3. Spatiotemporal Variation in Aerosol Index and Trace Gas Distribution

Figure 3 illustrates the spatiotemporal distribution of atmospheric pollutants over the
Red Sea with seasonal variation. Substantial NO, vertical tropospheric column concentra-
tions (80-105 umolm ~2) were apparent in the northern and northeastern parts of the Red
Sea, particularly at high latitudes (Figure 3a). Further, the seasonal contrast also identifies a
high rate of pollution (120 pumolm~?2) during autumn (October-November) in the eastern
course of the Red Sea near Egypt and the Gulf of Suez. Here, the back trajectories corre-
spondingly show a high concentration of the air masses mentioned in Figure 4. Along with
marine transportation, extensive industrial activities and ongoing economic projects near
these ports may cause such emissions [57]. An area with a significant high SO, column
concentration (650-750 pmolm ~2) was in the upper altitudes (northern and northeastern
courses of the Red Sea) near the Gulf of Suez and Port Sudan (Figure 3b). However, the
hotspot shifted slightly to the southeastern course of the Al Hudaydah from July to Au-
gust (400-600 umolm —2), with substantial marine transportation origins, significant sulfur
emissions, and anthropogenic activities [58].

The figure further demonstrates a higher O3 column concentration (130 pmolm~2) on
the north slope of the Red Sea throughout the whole year near the Egyptian sea course,
Port Sudan, and Asmara (Figure 3c). However, Figure 3¢ (autumn) shows a significant O3
concentration (127 pmolm~?2) in the southern part of Jeddah Port, Saudi Arabia. Hotspots
with high CO concentrations (32 mmolm2) can be distinguished all over the Red Sea
(Figure 3d). Since the Red Sea is one of the busiest routes for marine transport, a substantial
amount of marine fuel burning can be distinguished by its lethal emissions. Moreover, the
southwest part of the Red Sea can be marked as a significant hotspot (<38 mmolm—2) from
December to June. The Al concentration over the Red Sea shows distinctive patterns from
July to September (approximate Al ranges near 0.25) in the lower longitude of the Red Sea
in Yemen, Eritrea, and Sudan (Figure 3e).

However, a strong Al (0.5-0.75) was detected in nearby land areas all over the Red
Sea. Predominantly in the Red Sea, Saharan dust storms from the Arabian Peninsula form
tropospheric aerosols, which are more frequent in the summer [59].

3.4. Back Trajectory Analysis

The mean air masses adopted from the “model vertical velocity” reached at multiple
locations over the Red Sea in 2019 are visualized in Figure 4. It is apparent from Figure 4a—-d
that the trajectories with distinct sources have seasonal variation since the Red Sea’s water
circulation is stimulated by the interaction of velocity, convection, and tides with the
overlying atmosphere [60]. The most common back trajectory patterns illustrate a higher
concentration of air masses in the long-range northwesterly pattern for July, while the
shorter eastward loops of air mass loading are significant for January. The eastward
air flow is significant in July because the Northern Hemisphere is inclined toward the
sun and receives more sunlight during the day. On the contrary, the aerodynamics are
inverted during January because the southern hemisphere obtained more daylight than the
northern hemisphere.
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Figure 3. Seasonal averaged (a) NO,, (b) SO, (c) O3, (d) CO, and (e) Al columns over the Red Sea
in summer (March-June), monsoon (July-August), autumn (September-November), and winter
(December—February).

Moreover, seasonal winds blow southeast all year in the northern course of the river
(north of 19-20°N). The seasonal vector mean wind fields at 200 hPa exhibit high spatial
variability and considerable cross-axis features of the wind components (Figure 5). The
images show the wind jets” occurrence and timing by displaying dust plumes sweeping
off the coast. The monthly mean wind field shows these wind jets as the westward wind
components over the Saudi Arabian coast north of 22N. Eddies are common in the Red Sea
all year round, according to satellite altimetry, with the most noticeable pair occurring in
July and/or August close to the Tokar Gap around 19N. Still, in the south, the winds start
reversing from northwesterly in the warmer months to southeasterly in winter due to the
Arabian monsoon [61,62]. Further, the air masses flow in a very similar pattern at 1000 m
AGL all over the year, with a significantly long pathway. This implies the subsequent
influence of tropical air, moving mass from the subtropical jet stream to the polar jet
stream. However, the upper latitude (27.60°N, 34.27°E) of the Red Sea demonstrates
northwesterly patterns for all seasons (except Figure 4d), while the lower latitude (12.87°N,
43.22°E) demonstrates southeasterly trajectory simulation only in Figure 4c,d for a higher
comparative elevation (2500 m).
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Figure 4. Backward trajectory using the HYPLIT model over the Red Sea level using GDAS 1° x 1°
meteorological data classified by 48 h. Here, (a) corresponds to the mean backward trajectory in

January 2019, (b) corresponds to the mean backward trajectory in April 2019, (c) corresponds to

the mean backward trajectory in July 2019, and (d) corresponds to the mean backward trajectory
in October 2019 at 500 m (red line), 1500 m (blue line), and 2500 m (green line) above ground.
“*” indicating potential pollutant clusters in each pressure level.
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Figure 5. Distribution of seasonal wind vector at 200 hPa over the Red Sea.

3.5. Principal Component Analysis

The results of the PCA loadings after varimax rotation and scree plots of the principal
components are shown in Table 3 and Figure 6, respectively. PCA was employed on the
selected pollution and meteorological measurements to reduce data dimensions. The
examined time-series data resulted in three principal components with eigenvalues greater
than 1, explaining 77.3% of the total variance, and factor loading values of more than 50%.

Table 3 shows the eigenvalues and accumulated variance of PCA for both the pollution
and meteorological data. In our study, the first principal component (PC1) has an eigen-
value of 3.87 and explains 43% of the variance, which is influenced by all the meteorological
parameters (factor loadings > 0.5). While the AT, SST, SH, and O3 show positive loadings,
the WS (—0.753) and CO (—0.650) show strong negative loadings. The contribution of the
air and sea surface temperatures to changing the distribution of pollutants is evident, com-
prising a factor loading greater than 90%. The second component (PC2) has an eigenvalue
of 1.21 and explains 13.45% of the total variance. PC2 is significantly influenced by NO,,
O3, and Al with positive factor loadings. NO, shows the highest factor loading, with 75%
loading statistics in PC2. The AI and NO, are not shown in Table 3 as they comprise lower
factor loadings (<0.5). The only contributor in the third component (PC3) is SO,, with
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a factor loading of 0.94. The lower factor loadings of SO, in PC1 and PC2 show strong
multicollinearity with other selected observations.

Table 3. Principal component analysis of air pollutants and meteorological data.

Variables PC1 PC2 PC3
Air temperature 0.944 - -
Sea Surface Temperature 0.925 - -
Specific Humidity 0.691 - -
Wind Speed —0.753 - -
NO, - 0.752
SO, - - 0.937
O3 0.652 0.55 -
Cco —0.650 - -
Al - 0.739 -
Eigenvalue 3.87 121 1.02
Variability (%) 42.97 13.46 11.28
Cumulative (%) 43.0 56.4 77.3

“-" indicates obtained factor loading less than 0.5 for corresponding variables.

Contribution of variables to Dim-1-2-3

15-
10-- - BN
| I I

0-

. ! . . .

'
A aQ A ) N v & X O
= S & o ks S & 2 e

Contributions (%)

Figure 6. Scree plot of first nine principal components.

4. Discussions

The statistical evidence on pollutant columns and meteorological parameters demon-
strates a high level of consistency with minimal deviation from the mean measurements.
The data concerning NO;, SO;, CO, and the Al exhibit positive skewness, indicating that a
greater concentration of the data points lies above the statistical measure of the central ten-
dency. This suggests a continual upward trend in oceanic air pollution. The spatiotemporal
distribution illustrates significant NO;, SO;, and O3 hotspots in the northern and northeast-
ern regions. A substantial amount of NOy and other pollutants often form tropospheric O3
from a significant chemical reaction [63]. Kerr et al. (2019) [64] also demonstrated a similar
relationship between the tropospheric O3 and jet pressure near the mid-latitudes (30°N).
Therefore, poleward air accumulation can be distinguished as contributing to the high
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concentration of O3 on the northern coast. Moreover, the back trajectories also illustrate
similar air mass trajectories (Figure 4c) during this period. Further, the CO column shows
a significantly high air pollutant concentration zone all over the Red Sea, particularly in
the southwestern regions of Yemen, Sudan, and the Gulf of Suez. CO adversely impacts
human health [65].

The Al shows a very high fluctuation statistic (with a column mean of —0.699 & 0.726),
which can also be observed in the spatiotemporal distribution of the Al. A significant Al
hotspot is found near the southwestern part of the Red Sea. This can be explained as
the result of sudden dust storms coming from the North African or Saharan region. It is
worth noting that the mean temperature measured by Shaltout [51] in 2016 was a bit lower
than our findings. With the increasing AT, the air fluxes gain significant momentum, and
thus a post-summer dust storm appears in the Red Sea, blowing near the Tokar Gap. The
spatiotemporal distribution of the trace gases and Al shows a significant variation in the
yearly averaged data over the Red Sea.

Oceangoing ships are a major contributor to air pollution over the Red Sea. Maritime
ships emit NOy, SOy, CO, and volatile organic compounds (VOCs) around the coastal
regions, including major ports [66]. In PC1, O3 is positively loaded. O3 is photochemically
formed when its precursors, NOx (combustion of NO and NO,), CO, and VOCs, are abun-
dant in sunlight. Anthropogenic emissions of O3 precursors are considered to be significant
sources of net O3 production [67]. Therefore, the source of precursors could be anthro-
pogenic and biogenic sources of VOCs, NOy, and CO (from ships, fuel combustion, and
industrial activities near the seaports [68]). The presence of high temperatures, intense solar
radiation, and anthropogenic NO, and VOC emissions constitutes a source of tropospheric
O3 over the Red Sea [69]. Moreover, onshore and offshore petrochemical industries, dense
maritime traffic, fossil energy production for air conditioning and desalination, and several
urban activities are known precursors of O3z. Such actions are expected to intensify further
in the future and contribute to photochemical O3 production [26,63].

Moreover, CO plays a significant role in forming ground-level O3 [70]. The natural
sources of CO are natural gas, oil, and ocean emissions [71]. An anthropogenic source
can be considered incomplete combustion from marine transports [72]. Moreover, CO is
produced photochemically on the surface of the ocean and emitted into the atmosphere [73].
In PC2, NO;, is positively loaded. The oceangoing ships and industrial activities near the
Red Sea are the primary sources of NO; emissions over the Red Sea. In PC2, NOy is not
strongly correlated with Os, and this could be due to the non-linearity of O3 formation in the
troposphere [74]. Moreover, this non-linearity is strongly linked to the distribution of NOy
sources [7]. The Al measures the presence of UV absorption, like dust and smoke. High
values of the Al indicate the increased loading of elevated, absorbing aerosols often seen
over desert or biomass-burning regions [75], while negative values indicate non-absorbing
aerosol. Sand and dust storms originated in the Arabian Peninsula and are common natural
phenomena that carry dust aerosols over long distances from their source [59]. On PC3,
only SO, is loaded. The primary sources of SO, emissions over the Red Sea are maritime
oil platforms, oil-powered industries near the Red Sea, and the burned fuel of oceangoing
ships. Inconsistent pollution sources and high wind activity may have resulted in the
multicollinearity of the SO statistics, and thus no significant relationship was observed
between SO, and the other parameters.

The adverse impact of air pollution resulting from non-point sources poses a significant
threat to the ecological system. The sea-axis alignment of the climatological mean wind
within the Red Sea is attributable to the presence of towering mountain ranges encircling
the sea (Figure 5). The back trajectories show a significant long-range air mass movement
detected in the northeastern part of the Red Sea from Egypt, Libya, Sudan, and Eritrea.
Here, the trajectory pattern at 2500 m AGL shows that transported air masses over the
Mediterranean Sea are considerable, with a significant response to the subtropical jet
stream. For July, the trajectories for similar heights show a higher concentration from the
southeastern region, significantly from the Arabian Sea. Here, the high momentum of



Remote Sens. 2024, 16, 381

15 of 19

the air masses from the equator shrinks near the 30°N latitude and further follows the
natural westward wind circulation in the Hadley Cell. Such long-range air mass transport
can generate haze, accumulating significant aerosol particles [76,77]. As a result, the jet
flux caused distinct air mass circulation. Further, in Figure 4a,b,d, air masses with high
latitudes demonstrate loop trajectories heading from the northeast to the northwest to reach
a higher latitude at an altitude of 2500 m AGL. Similar trajectory patterns of air masses
were also demonstrated by Ramachandran and Jayaraman (2003) [78] while studying the
optical depth over the Bay of Bengal. Nevertheless, the air mass at a lower latitude of
the Red Sea shows a distinct pattern in Figure 4c, where air mass at an altitude of 500 m
transports southeasterly while air mass at 1000 m and 2500 m meanders north—east. Thus,
back trajectories indicate distinctive sources regarding the extreme seasonal contrast. The
longer the average trajectory of the air masses, the quicker the intensity of the movement.

5. Conclusions

This article focused on assessing spatiotemporal distributions, detecting the trajectory
pattern of air pollutants, and examining the influence of meteorological parameters on air
pollutants over the Red Sea. Traced pollutants, notably NO, (50.1 & 7.32 pmolm~?2), CO
(31,905 + 3701 umolm—2), and O3 (0.118 = 0.005 pmolm2), show high mean vertical tro-
pospheric column concentrations in coastal environments. All the selected meteorological
parameters significantly correlate positively with the pollutants, though the WS shows a
significant negative correlation. The spatial variation in air pollutants and the Al observed
over the Red Sea illustrates the significant seasonal variation in the northeastern course.
Again, from the back trajectory analysis, the source illustrates a substantial northwesterly
air mass trajectory and a westward loop in the northern course of the Red Sea. Here, air
masses flow in the Hadley Cell, transporting significant pollutants to the northern coast.
Therefore, the trajectory indicates potential anthropogenic sources transported over a long
distance and with significant influence from the wind. These hotspots of air pollutants can
be indicated as high environmental deterioration zones. The PCA suggests a relationship
between the meteorological data and CO and O3. The levels of NO,, O3, and Al changed
in similar ways. Anthropogenic sources can be attributed as the primary sources of this
pollutant emission in this region. The influence of meteorological parameters is also signifi-
cant. Therefore, the PCA supports our understanding of the influence of meteorological
parameters on air pollution over the Red Sea.

Moving forward, future research in the study of air quality dynamics over the Red Sea
could benefit from employing advanced methodologies beyond correlation analyses to un-
ravel complex cause—effect relationships. Potential avenues for future exploration involve
the integration of techniques such as Granger causality, time series analysis, and spatial
modeling [79,80]. These methodologies can shed light on causal connections between
diverse environmental and meteorological variables impacting air quality. Additionally,
combining these approaches with the back trajectory methodology could elucidate the
influence of various regions on each other, providing insights into the transportation of
air masses and pollutants across the Red Sea. Furthermore, employing time-dependent
correlations may facilitate the identification of characteristic time delays between differ-
ent quantities and regions, unveiling temporal patterns and relationships. By adopting
a multifaceted approach encompassing causal analysis from both temporal and spatial
dimensions and exploring characteristic time delays, future studies can aim to advance our
understanding of the intricate interplay among factors influencing air quality dynamics in
the Red Sea region.
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