<@ sustainability

Article

Remote Sensing Surveillance of NO,, SO,, CO, and AOD along
the Suez Canal Pre- and Post-COVID-19 Lockdown Periods and
during the Blockage

Gamil Gamal 1, Omar M. Abdeldayem 2(D, Hoda Elattar 3, Salma Hendy 4 Mohamed Elsayed Gabr 5
and Mohamed K. Mostafa ¢-*

check for
updates

Citation: Gamal, G.;

Abdeldayem, O.M.; Elattar, H.;
Hendy, S.; Gabr, M.E.; Mostafa, M.K.
Remote Sensing Surveillance of NO,,
SO, CO, and AOD along the Suez
Canal Pre- and Post-COVID-19
Lockdown Periods and during the
Blockage. Sustainability 2023, 15, 9362.
https:/ /doi.org/10.3390/s5u15129362

Academic Editor: Georgios

Koubouris

Received: 23 April 2023
Revised: 7 June 2023
Accepted: 8 June 2023
Published: 9 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Natural Resources, Faculty of African Postgraduate Studies, Cairo University,

Giza 12613, Egypt; gamil.gamal@cu.edu.eg

Department of Water Supply, Sanitation and Environmental Engineering, IHE Delft Institute for Water
Education, Westvest 7, 2611 AX Delft, The Netherlands; omar.abdeldayem94@gmail.com

Faculty of Behavioral, Managerial and Social Sciences, University of Twente, Drienerlolaan 5,

7522 NB Enschede, The Netherlands; hodaaelattar@gmail.com

Environmental Engineering Program, Zewail City of Science and Technology, 6th October City,

Giza 12578, Egypt; s-salmahaitham@zewailcity.edu.eg

Civil Engineering Department, Higher Institute for Engineering and Technology, New Damietta, Ministry of
Higher Education, New Damietta 34517, Egypt; mohamed.gabr@ndeti.edu.eg

Faculty of Engineering and Technology, Badr University in Cairo (BUC), Cairo 11829, Egypt

*  Correspondence: m_khaled@buc.edu.eg; Tel.: +20-1001745270

Abstract: This study investigates the impact of the COVID-19 pandemic and the Ever Given ship
blockage on the air quality in Suez Canal region. Nitrogen dioxide (NOy), sulfur dioxide (SO,),
carbon monoxide (CO), and aerosol optical depth (AOD) were studied, and data were obtained
from satellite instruments. The study compared monthly average data for 2020, 2021, and 2022
with a baseline period of 2017-2019 to investigate the pandemic’s effect. The study also analyzed
the corresponding period of the canal blockage to identify its impact on air pollution levels. The
pandemic had a significant role in decreasing NO; by 2.5 X 10 molecule/cm? and SO, by 0.05 DU
due to reduced car traffic and industrial activities. A reduction in AOD by 20% and CO concentration
in the range from 3.5% to 4.7% was reported in early 2020. During the blockage, NO, and SO,
levels decreased by 14.4% and 66.0%, respectively, while CO and AOD index increased by 12.68%
and 51.0%, respectively. The study concludes that the containment measures during the pandemic
had a positive impact on the environment, which shows how the reduction in the anthropogenic
activities, especially industrial and transportation activities, have improved the air quality. Thus,
stricter actions are needed to protect the environment; for example, the transition towards the using
of electric vehicle is necessary, which is part of Egypt’s strategy to transition towards a green economy.
The government should also adopt a policy to trade carbon emissions reduction certificates to help
reduce air pollution.
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1. Introduction

On the 31 December 2019, the Municipal Health commission of Wuhan informed the
World Health Organization (WHO) office in China about the emergency of pneumonia
cases of obscure etiology [1]. On the 9 January, the Chinese Center for Disease Control and
Prevention (China CDC) announced that these cases were a result of a novel coronavirus
that was detected in 15 additional cases of pneumonia [2]. Later, on the 11 March 2020,
the WHO declared that the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-
CoV-2) has caused a global pandemic after infecting more than 118,000 people in more
than 110 countries [3]. Egypt recorded its first case of pneumonia due to COVID-19 in
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March 2020. To stop the COVID-19 virus from spreading within Egypt’s borders, the
government implemented a few limitations. These limitations included quarantine, partial
lockdown, border closures, movement restrictions, social isolation, and staff reductions
in non-essential services. In addition, the Egyptian government initiated the “stay at
home” campaign to control the pandemic as much as possible [4]. As a result of shocks
brought on by the pandemic and the spoilage of agricultural goods, food supply chains
were also impacted [5,6].

Egypt is one of the developing countries that face challenges in terms of air pollution.
For a long time, the Greater Cairo region has seen deteriorating air quality, which is brought
on by both significant anthropogenic activity, such as traffic, industry, and agricultural
biomass burning events, and natural sources of particulate matter, such as dust and sand
events [7]. There are several measurables that can be used as indicators for air pollution,
such as nitrogen dioxide (NO;), ozone (O3), absorbing aerosol Index (AAI), and carbon
monoxide (CO). These concentrations are an increasing concern given that they show an
increasing trend with the prosperity of the economy and are emitted close to the ground
level [8]. This can ultimately affect the quality of the environment and human health and
consequently global sustainability. Both NO, and SO, play a significant role in atmospheric
chemistry [9,10]. NO; is a precursor of secondary fine particulate matter and tropospheric
ozone which are both linked to various environmental and health concerns [11]. NO,
itself is the cause of various diseases, including pulmonary heart disease and lung impair-
ment [12,13]. SO, is another infamous pollutant, being the main precursor of acid rain,
a phenomenon that can damage infrastructure, soil quality, water quality, and aquatic
environments [14-16]. Many countries have successfully minimized their ambient SO,
concentrations by introducing regulations mandating the use of low-sulfur fuel in maritime
transport [17,18]. According to [19], premature mortality and morbidity can be reduced by
34% and 54% if the ships have used cleaner fuels with less sulfur content.

As countries went into lockdown, industrial and commercial activities ceased or paused.
For example, transportation was significantly affected as road transportation was either
stopped or reduced due to the restrictions of the lockdown. Previous research has suggested
that the governmental policies and acts can directly reduce human activity, commercial
demand, and transportation, which consequently reduces urban air pollution [20-23]. Sup-
porting this, studies on subsequent modeling [22], satellite observation [24,25], and data
monitoring [26,27] from areas that had earlier been impacted and/or subject to lockdowns
all indicated high affiliated declines in pollutant levels, with many of these declines being in
the range of 25-55% and 15-30% for NO, and PMj, respectively. After analyzing PM;.5 data
from Beijing, Shanghai, Guangzhou, and Wuhan during COVID-19, a significant decrease in
air pollution was linked to lower emissions in the transportation and industrial sectors [28].
According to [25], lockdowns caused NO, emissions in China, Spain, France, Italy, and the
USA to drop by 20-30%. It was also noted a decrease in PMj.5 in the world’s largest cities [29].

Regionally, NO;, was found in the eastern province of Saudi Arabia to be a marker
pollutant in response to the lockdown measures, as it had decreased up to 86% during
the lockdown period compared with the pre-lockdown period [30]. Significant reductions
were also found with varying rates for respirable particulate matter (PM;g) (21-70%),
CO (5.8-55%), and SO, (8.7-30%) in the same context. In Abu Dhabi in the United Arab
Emirates (UAE), NO; had decreased up to 40%, while the SO,, CO, and C¢Hg had decreased
by 12.2, 25.8, and 19.9%, respectively [31]. Similar findings were also found out in Egypt
as well; it was found that AAI has decreased by 30% and NO; decreased by 15% and 30%
over Cairo and Alexandria governorates, respectively [30]. The CO has decreased by 5%
over the two governorates, while the GHG emissions decreased by 4% during the studied
period of 2020 [32].

Research on the impact of COVID-19 lockdowns on air pollution used different sources
of data depending on the available resources. For example, Kotnala et al. [33] collected data
from local air monitoring stations owned by the Central Pollution Control Board (CPCB) of
New Delhi. In China, researchers combined ground indicators and satellite information to



Sustainability 2023, 15, 9362

30f19

investigate air pollution during lockdowns [34], while Gautam et al. [35] utilized satellite
data from NASA to study changes in air quality in India. The data collection process
varied between studies, with some analyzing yearly data, including short- or long-term
periods, and others using different time bases. Some studies included data from the
entire year, while others focused on a specific season and compared it with the studied
COVID year period. The reported information also varied by location, with cities having
more air monitoring stations than rural areas, resulting in studies ranging from a limited
number of locations (tens) to comprehensive ones (hundreds or thousands). In developed
countries, researchers tend to obtain data from multiple sources, including satellites, local
air stations, and environmental protection agencies [36]. However, for countries with
limited ground resources, the data come mainly from available satellites. NASA remote
sensing data comprise a valuable tool for monitoring air pollutant concentrations from
space. NASA’s Earth Observing System (EOS) has several satellites that collect data on
various atmospheric pollutants such as nitrogen dioxide, carbon monoxide, sulfur dioxide,
and particulate matter. The data collected from these satellites can be used to generate air
quality maps that show the spatial distribution of pollutants [37,38]. Other studies have
used a combination of low-cost sensor data and satellite remote sensing for monitoring
air pollutants [39-41].

Several studies have investigated the changes in air quality during the COVID-19
lockdown periods using remote sensing data. For example, Chu et al. [42] analyzed the NO,
concentration over China during the lockdown period and found a significant reduction
in NO; concentration as compared to the same period in the previous year. Similarly,
Orak and Ozdemir [43] examined the SO, concentration across Turkey and reported a 59%
decrease in SO; levels in April 2020 as compared to the previous five years (2015-2019).
Otmani et al. [44] have observed a significant reduction in NO; and SO, concentrations
by about 96% and 49%, respectively, over Salé City, Morocco. In northern Egypt, El-
Sheekh and Hassan [45] have reported that the NO,, PMjp, and PM; 5 concentrations
decreased by 25.9%, 22.8%, and 29.3%, respectively, after the first lockdown, which started
on 13 March 2020, due to the reduction in transportation, as well as industrial and economic
activities [45]. A significant reduction in NO; and PM were also reported during the full
lockdown on official holidays (Easter, Ramadan, and Eid Al-Fitr) [45]. Bray et al. [46]
analyzed the changes in CO concentrations recorded by most monitoring sites in Europe,
USA, China, and India, and found a decrease in CO concentrations during the lockdown
period. Furthermore, remote sensing has also been used to monitor AOD during the
COVID-19 lockdown periods. Ranjan et al. [47] analyzed the changes in AOD over India
and found a decrease in AOD levels during the lockdown period.

Although the literature has proven the COVID 19 impact on air quality, this study
comes in a series of needed examinations conducted on a regional scale to investigate not
only the short-term effect but also the long-term one, as well as the extent of variations
on spatial basis. This study aims to investigate the influence of COVID-19 and the Suez
Canal closure on the air quality in the Suez Canal region during 2020, 2021, and 2022
and compares it with the mean values from previous years (2017-2019) as the baseline.
Several indicators were used for that purpose, such as NO,, SO,, CO, and AOD indices. To
achieve these aims, (i) the concentration data for NO, and SO, were obtained from Ozone
Monitoring Instrument (OMI); (ii) an Atmospheric Infrared Sounder (AIRS) was used to
collect carbon monoxide data, and Goddard Earth Sciences Data and Information Services
Center (GES/DISC) is the primary repository for AIRS CO product; (iii) Aerosol Optical
Depth (AOD) data are obtained from Moderate Resolution Imaging Spectroradiometer
(MODIS) on the AQUA satellite with a quality flag (QF) of at least 2 and a spatial resolution
of 10; km, and (iv) the monthly averaged data for the study duration (2020, 2021, and
2022) were compared with the baseline period (2017, 2018, and 2019) to investigate the role
played by the COVID-19 pandemic and the Suez Canal closing during the Ever Given ship
accident in the changing air quality.
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2. Materials and Methods
2.1. Study Area

Egypt’s Suez Canal, which was constructed in the 19th century, is one of the most
important human-made waterways in the world [48]. According to the Suez Canal Au-
thority, 18,880 vessels carrying 1.031 million tons of cargo have passed through the Suez
Canal from both directions in 2019 [49]. The main sources of air pollution in the study area
represents an industrial area and power plant located in the middle-western part of the
study area.

The canal has a length of 193 km and connects the Red Sea (Gulf of Suez) with the
Mediterranean Sea at Port Said city. The Suez Canal was blocked on 23 March 2021 and
lasted for 6 days after 200,000 tons container ship grounded [50]. To accommodate for the
effects of the Suez Canal closure on the air quality, the whole Suez Canal region was studied.
The studied region coordinates were between 32°0°0° E to 33°0°0° E and 29°0°0° N to
31°30°0° N (Figure 1). However, it is to be noted that the ship was stuck at the bottom
portion of the canal, as this is instrumental in our analysis. Moreover, our study assumes the
water to flow from the couth to the north along the canal, and so references the “upstream”
and “downstream” ends accordingly.
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Figure 1. The study area at Suez Canal, Egypt.
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2.2. Data Source of Air Pollutants

Publicly accessible pollutant data sources are scarce in Egypt, given the country’s
deficiency in ground-based monitoring stations, especially outside the Greater Cairo Region.
Nowadays, satellite instruments can accurately detect air pollutants such as nitrogen
dioxide (NOy), sulfur dioxide (SO;), and carbon monoxide (CO) by calculating the sun’s
backscattered radiation in a broad range of wavelengths from ultraviolet to infrared [51].
Advanced retrieval algorithms are then applied to convert the measured radiation to
pollutant concentration, such as tropospheric column density [32].

In this paper, to study the impact of COVID-19 on air quality, the concentrations
of selected pollutants in the study period 2020-2022 are compared to the mean value in
the same period in previous year (2019). The data are obtained for the pollutants on a
daily basis, record between the 1 January to the 31 December for the years 2017, 2018,
2019, 2020, 2021, and 2022. The values for the years 2020, 2021, and 2022 are compared to
the mean value from previous years (2017, 2018, and 2019) as a baseline, and the results
are then analyzed. Further details about the pollutants under study are provided in the
following subsections.

2.2.1. Data for Nitrogen Dioxide and Sulfur Dioxide

The concentration data for NO, and SO, were obtained from Ozone Monitoring
Instrument (OMI). The OMI is a satellite instrument on board the AURA satellite launched
as part of the NASA Earth Observation System in 2004. The OMI measures the solar
radiation reflected by the Earth’s surface and the atmosphere with a spectral resolution of
0.5 nm and in the range from 270 to 500 nm. This tool can take measurements on a global
level and is able to cover nearly the entire surface of the Earth in one day, which is mainly
due to the satellite’s orbital period reaching 98.8 min, as well as the width of the surface’s
recorded strip reaching 2600 km. In the OMI mode, when shooting in the nadir direction,
the pixel size is 24 x 13 km across and along the shooting strip, respectively [21]. The
concentrations of NO; and SO, were determined using the spectrometer measurement data.
The SO, concentrations are normally measured at three altitudes using the data processing
algorithm: 15 km represents the large explosive eruptions, 5 km represents the passive
volcanic degassing, and 2 km represents the anthropogenic SO, [52]. There are two steps
for estimating SO, concentrations: (1) the spectral characteristics of sunlight reflected from
Earth surface and scattered in the atmosphere are measured; and (2) comparing reflected
and initial spectra, where SO, scatters and absorbs part of the incoming sunlight. SO,
data were provided only if the solar zenith angle < 70° and cloud radiance fraction <0.2 to
ensure data quality [53]. It is also worth mentioning that the interference between ozone
(O3) and SO, absorption in the UV region could lead to our recording very low values for
SO, or even negative values [54]. Dobson Units (DU) are normally used as a representative
of SO, concentration (1 DU = 2.69 x 10'® molecules cm™).

The OMI instrument was also used to estimate the total number of NO, molecules
between the tropopause and the Earth’s surface per unit area [20]. The OMI has been
successfully used by many researchers for air pollution monitoring [55-57]. The inclined
content was divided by the air mass value of NO; for calculating the number of NO,
molecules in the vertical column of the atmosphere. The air mass value of NO, depends on
four main parameters: (1) the surface albedo; (2) cloud characteristics (sky coverage, height,
and density); (3) geometry of observations; and (4) the shape of vertical profile of NO, [58].
NO; data were excluded in case solar zenith angle <85° and cloud radiance fraction >0.3 to
ensure data quality. In the current study, daily Level 3 Aura/OMI NO, and SO, columnar
data products from the NASA GESDISC archive with a spatial resolution of 0.25 x 0.25°
were used to study NO, and SO, concentration variation in the Suez Canal area. The
OMNO2d data product is a Level-3 Gridded Product where pixel level data of good quality
are binned and “averaged” into 0.25 x 0.25-degree global grids. This product contains total
column NO; and total tropospheric column NO, for all atmospheric conditions, and for
sky conditions where the cloud fraction is less than 30% [58]. For SO, concentration, the
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OMI science team produces Level-3 Aura/OMI Global OMSO2e data products (0.25-degree
Latitude/Longitude grids). In the Level-3 daily global SO, data product, each grid contains
only one observation of total column density of SO, in the planetary boundary layer
(PBL) based on an improved principal component analysis (PCA) algorithm. This single
observation is the “best pixel” selected from all “good” L2 pixels of OMSQO2 that overlap
this grid and have UTC time between UTC times of 00:00:00 and 23:59:59.999. In addition
to the SO, the vertical column value and some ancillary parameters, e.g., cloud fraction,
terrain height, scene number, solar and satellite viewing angles, row anomaly flags, and
quality flags have been also made available, corresponding to the best selected SO, data
pixel in each grid [59]. The “good” NO,; pixels can be selected based on similar criteria to
those used for SO, pixels. These criteria include cloud screening, removal of stratospheric
NO,, consideration of surface reflectance, assessment of instrument quality, and analysis of
temporal variation.

2.2.2. Carbon Monoxide Data

The Atmospheric Infrared Sounder (AIRS) is a satellite instrument on board the
AQUA satellite launched in May 2002. The AIRS is an infrared spectrometer, which is
capable of measuring the concentration of some gases in the atmosphere, such as ozone,
carbon monoxide, carbon dioxide, methane, and water vapor. The AIRS instrument has
2378 spectral channels and is able to record a wide range of the intensity of the outgoing
thermal radiation from 3.74 to 15.4 pm with footprint = 13.5 km at the nadir and high
spectral resolution (R = A/AA~1200) [60-62]. The absorption zones of the above mentioned
atmospheric parameters are included in these spectral ranges: water vapor (6.3 um); ozone
(9.6 pm); carbon dioxide (4.3 and 15 pm); and methane (7.6 um) [63]. In this study, the CO
data were obtained at a height of 7 km (400 hPa), where the most efficient CO extraction
is in the middle of troposphere (from 9-5.5 km (300 to 500 hPa)). The data for CO are
normally extracted in day and nighttime around the world under cloudy and clear-sky
conditions [64,65]. Only daily Level 3v6 measurements of CO of the ascending orbit
(12:30-13:30 local solar time) with a spatial resolution of 1 x 1° were used in this study.
Goddard Earth Sciences Data and Information Services Center (GES/DISC) are the main
sources for the AIRS CO products.

2.2.3. Aerosol Optical Depth (AOD) Index

The aerosol optical depth (AOD) index is normally used as an assessment tool for in-
vestigating spatiotemporal changes in aerosols. It is also a useful tool for cross-comparison
with the measurements data available for gaseous pollutants. AOD data are obtained
from a moderate resolution imaging spectroradiometer (MODIS) on the AQUA satel-
lite with a quality flag (QF) of at least 2 and a spatial resolution of 10 km. On the
basis of previous studies, there is a high consistency between the ground based obser-
vations and the MODIS seasonal observation cycle [65]. The ground based aerosol ob-
servations are represented by the Aerosol Robotic Network (AERONET) sky and sun
radiance measurements [66,67]. The uncertainty of MODIS AOD over the land has been
reported as £(0.05 + AODagrongT X 0.15) [68] and £(0.05 + AODagroNeT X 0.20) [69]. In
this study, MODIS AOD data were obtained from NASA’s Level-1 and the Atmosphere
Archive and Distribution System’s Distributed Active Archive Center (LAADS DAAC)
online archive [70-73].

2.3. Absolute Difference

The pollutants selected for investigation in our analysis are NO,, SO,, CO, and aerosols
represented by the AOD index, since they are among the major air pollutants and due to
their adverse environmental and health effects as elaborated in the introduction. For each
pollutant, the data were obtained for the study period from 2020 to 2022 and compared
with the mean value of the data from previous years (2017-2019) during the same period.
These values are mapped out and displayed for analysis of the spatial distribution of the
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pollutants. The absolute difference of each parameter can be calculated by subtracting
the average concentration of each pollutant during the baseline period from the average
concentration during 2020, 2021, or 2022, and taking the absolute value of this difference.

3. Results and Discussion
3.1. Spatial Distribution of Pollutants
3.1.1. Nitrogen Dioxide

Figure 2 shows the spatial distribution of the concentration of NO, during the baseline
(2017, 2018, and 2019) and the study period (2020, 2021, and 2022). As shown from Figure 2a,
during the baseline (2017-2019), the highest concentration of NO, molecules was present
in the west portion of the study area with a concentration of 0.5 x 10'® molecule/cm?. This
is mainly due to the anthropogenic activities at the western part of the Canal, where many
power plants are located (refer to Figure 1). Another reason for the high NO, concentration
is the high traffic of vessels passing through the Suez Canal. The average NO, concentration
in the rest of the area is about 0.2 x 10'® molecule/cm?. Compared to the baseline period,
a decrease in yearly NO, concentrations was observed in the southern part of the study
area for the periods 2020, 2021, and 2022, as shown in Figure 2b—d. However, an increase in
yearly NO, concentrations with about 2 x 104 molecule/cm? were observed in the middle
and northern parts in 2020, which is mainly due to the navigation traffic from both sides, as
well as the construction works in the northern area. Meanwhile, NO, concentrations in 2021
and 2022 increased by 0.9 x 10'* and 2 x 10'* molecule/cm? compared to the previous
year (2020), respectively (Figure 2¢,d). This is mainly due to the increase in the number of
ships passing through the canal, where there is an annual increase in the number of ships
by about 9.5% since 2017 as reported in reports published by the Suez Canal Authority,
refer to Figure 3 [74,75].
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Figure 2. The yearly concentration in molecule/ cm? of: (a) NO, mean value for 2017-2019; (b) NO,
in 2020 vs. baseline; (¢) NO, in 2021 vs. baseline; (d) NO, in 2022 vs. baseline.
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As shown in Figure 4a,b, the average NO, concentrations for the period from January
to April 2020 decreased by about 2.5 x 10'* molecule/cm? along the canal compared to
the baseline period. This may be due to the lockdown measures during the COVID-19
pandemic. These results were also confirmed by [76], who have concluded that the pan-
demic caused a shortage in ship supply capacity and containers. These results also agree
with the findings of research conducted in other regions in Egypt during the pandemic,
where a decrease in NO, concentration was reported in the Alexandria (~33%) and Cairo
(~15%) governorates during the same period [32]. Another study [77] demonstrated that
during the lockdown, the concentration of NO, decreased by 43% and 23% in Riyadh
and Cairo, respectively, compared to the baseline defined for the same period during
2017-19. For the period from January to April, the average NO, concentration increased by
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The passing ships through the canal
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2.0 x 10" molecule/cm? in 2021 compared to the baseline period, which agrees with the
previous explanation. According to [78], NO, undergoes several complex chemical reac-
tions in the atmosphere that change its composition; thus, high NO, ambient concentrations
can generally be found near areas with high NO, emissions. Therefore, the reduction in
the concentration of NO, molecules by 14.4% along the canal for the period from 23 March
to 29 March 2021 compared to the baseline period (23 March to 29 March 2019) (Figure 5)
could be due to the blockage and the no-load mode of vessels [79]. In the no-load mode,
the in-cylinder temperature of the engine is low, leading to a reduction in NO, forma-
tion [79]. There is a positive relationship between the engine cylinder temperature and
NO; generation. These results were confirmed by the literature [80-85].
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Figure 3. Number of ships passing through the Suez Canal from 2000 to 2019.
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Figure 4. The monthly concentration (from January to April) in molecule/ cm? of: (a) NO, mean
value for 2017-2019; (b) NO, in 2020 vs. baseline; (¢) NO, in 2021 vs. baseline; (d) NO, in 2022
vs. baseline.
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After comparing OMI NO, observation with the ground-based Pandora spectrometer
in 18 global sites, the OMI’s total column NO, values were recorded as almost 16% higher
than Pandora on average. OMI and Pandora occasionally have considerable disparities due
to a combination of regional heterogeneity, different spatial and temporal sampling, differ-
ent vertical sensitivity between satellite and ground-based data, and retrieval mistakes [10].
However, it is important to consider the strengths and limitations of OMI and Pandora NO,
methods. OMI NO, measurements provide global-scale coverage of atmospheric pollutants
with relatively high spatial resolution, which can be useful for studying large-scale patterns
and trends in atmospheric pollution [86]. In contrast, Pandora NO, measurements provide
high-quality measurements of atmospheric pollutants with high temporal and spatial res-
olution, which can be useful for studying local-scale patterns and trends in atmospheric
pollution [87]. One practical application where OMI NO; measurements are commonly
used is in air quality monitoring and management [86]. OMI NO, measurements can
provide information on the spatial and temporal distribution of atmospheric pollutants
over large areas, which can be useful for identifying sources of pollution and assessing
the effectiveness of pollution control measures [88]. Pandora NO, measurements are com-
monly used for air quality monitoring and management at the local scale [87]. Pandora
NO, measurements can provide high-quality measurements of atmospheric pollutants
with high temporal and spatial resolution, which can be useful for identifying sources of
pollution and assessing the effectiveness of pollution control measures at the local scale [89].
However, Pandora NO, measurements have limited spatial coverage and may not provide
a complete picture of atmospheric pollution over larger areas [90].

3.1.2. Sulfur Dioxide

As shown in Figure 6a, during the baseline, the highest SO, concentrations were
present in the middle and northern parts of the study area (between 0.05-0.10 Dobson unit
(DU)). In the Middle part, there are power plants and two ports (Adabiya and Sokhna)
located in this area. In the northern part, the main sources of SO, pollution are the emissions
from cars and trucks in Al Ismailiyah and Port Said Governorates. Low levels of SO, were
recorded at the southern part of the study area, which is mainly due to the absence of
anthropogenic activities in this area (Figure 6a). An increase in yearly SO, concentrations
in the range between 0.025-0.125 DU was observed in the middle and northern parts
in 2020 (Figure 6b), which is mainly due to the navigation traffic from both sides, as
well as the construction works in the northern area. Meanwhile, SO, concentrations in
2021 and 2022 increased in the range from 0.02-0.1 DU compared to the baseline period
(2017-2019), respectively (Figure 6¢,d). The main OMI SO, dataset algorithm limitation is
its use of a constant air mass factor (AMF), which represents the OMI radiance sensitivity
of SO;. Its accuracy hugely depends on the ozone amount and profile, SO, a priori profile,
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Figure 6. The yearly concentration in DU of: (a) SO, mean value for 2017-2019; (b) SO, in 2020 vs.
baseline; (c) SO, in 2021 vs. baseline; (d) SO, in 2022 vs. baseline.

Compared to the baseline period (January to April 2017-2019), a significant reduction
in SO, concentrations were reported in the same period in 2020, (Figure 7a,b), which is
mainly due to the reduction in car traffic and industrial activities during the COVID-19
pandemic, leading to improved air quality. This was more obvious in the urbanized areas
of Al Ismailiyah Governorate, where the averaged SO, concentrations have decreased by
about 0.05 DU. These results agree with the findings of research conducted in other regions
in Egypt during the pandemic, where a 15.2% decrease in SO, concentration was reported
in the greater Cairo region during the lockdown period [92]. For the period from January
to April, the average SO, concentration has increased on average by 0.05 DU in 2021 and
2022 compared to the baseline period, which is due to the increase in the number of ships
passing through the canal (Figure 3).
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Figure 7. The monthly concentration (from January to April) in DU of: (a) SO, mean value for
2017-2019; (b) SO, in 2020 vs. baseline; (¢) SO, in 2021 vs. baseline; (d) SO, in 2022 vs. baseline.

Similar to NO,, a reduction in SO, concentrations by 66% along the canal for the
period from 23 March to 29 March 2021 compared to the baseline period (23 March to
29 March 2019) (Figure 8) could be due to the Suez Canal closure caused by obstruction
of the canal by the Ever Given ship and the no-load mode of vessels. The significant
reduction in SO, molecules may also be attributed to the new law that request a reduction
in sulfur content. According to the International Maritime Organization (IMO), a mandatory
reduction in the sulfur content of shipping fuel was initiated on the 1 January 2020. The
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maximum allowed sulfur content was dropped by a factor of 7 on that date, from 3.5%
to 0.5%. Therefore, the SO, concentration in the study period has significantly decreased
as compared to the baseline period (Figure 8). The short residence time of SO, and NO,
in the atmosphere (several hours) may also play a great role in the difficulty of tracking
their spatial distribution. The above results were confirmed by an article published by
Hellenic Shipping News Worldwide on 15 April 2021 [93]. There were also a significant
reduction in SO, concentration for the period from 23 March to 29 March (Figure 8), which
may be attributed to containment actions applied by the Egyptian Government, especially
the quarantine and the curfew [32,77,92,94]. These containment actions have decreased
industrial, commercial, and transportation activities because people are encouraged to stay

N o
NN
i‘_o.os-\ \
SN

0

2017-2019 2020 2021 2022
Year

Figure 8. The average SO, concentration in DU for the period 23 March to 29 March.

High NO; and SO, concentrations were also reported in some areas in the south
direction without the presence of any anthropogenic activities (Figures 2, 3, 6 and 7), where
there is a high possibility of short distance transportation of pollutants from areas with
heavier pollutants to neighboring areas. As shown in Figure 9, the wind direction in the
study area is northwest and the wind speed varies between 2 and 4 m/s. These findings
confirm the reason for detecting high NO, and SO; concentrations in the south direction.
This may be attributed to high solubility of SO, and NO,; thus, their presence in the lower
atmosphere may not exceed 2 days depending on terrain and season [95].
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Figure 9. (Left) Wind speed at study area in m/sec. (Right) Wind rose showing number of hours per
year the wind blows from the indicated direction.
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3.1.3. Carbon Monoxide (CO)

Figure 10 shows the spatial distribution of CO during the baseline (2017, 2018, and
2019) and the study period (2020, 2021, and 2022). As noticed from Figure 10a, during
the baseline, the highest CO concertation of 94 parts per billion by volume (ppbv) was
present in the middle part of the study area. High CO concentration is normally related to
locality and population density [96]. In our case, the high CO concentration in the middle
part is due to the anthropogenic activities at the three governorates (Suez, Port Said, and
Al Ismailiyah), where many power plants and industries are located (Figure 1), as well
as the emissions from vehicles. The high CO concentration, especially in the Suez Gulf,
could also be due to ships passing through the canal. In Figure 10a, the CO concentration
in the southern part reduced to 91.5 ppbv, where there are limited or no anthropogenic
activities. Similar trends were observed for the study periods (2020, 2021, and 2022), as
shown in Figure 10b—d. As opposed to NO, and SO,, the CO concentration has increased
in the range from 2.5 to 3.3 ppbv as compared to the baseline period during the COVID-19
pandemic (Figure 10b). However, CO concentration has decreased in the period from
20 February to 11 March 2020 in the range from 3.5 to 4.7% compared to the same period in
2017-2019, 2021, and 2022, which could be due to the low anthropogenic activities during
the pandemic. These results agree with the findings of research conducted in other regions
in Egypt during the pandemic, where a 5% reduction in CO was reported over Cairo
and Alexandria [32], and a 46.23% reduction was recorded over the Nile Delta and Cairo
region [97]. A further increase was also observed in the range from 5.0 to 6.4 ppbv in 2021
as compared to the baseline period (Figure 10c). This is mainly due to the increase in the
number of ships passing through the canal (Figure 3), as well as the increasing energy
demand and consumption that the lockdown has created. A noticed increment of energy
demand was recorded globally with 6-10% high [55,97,98]. During the blockage, the CO
concentration has increased by about 12.68% compared to the baseline period, as shown in
Figure 11. For the same period in 2020 and 2022, the increase was only limited to 7.27% and
3.97%, respectively (Figure 11). These results indicate that the closure and the associated
refloating activities may be the reason for increasing CO concentrations during this period.
A reduction of CO concentration was also observed during 2022 compared with the two
previous years, 2020 and 2021. It is worth mentioning that CO can survive a relatively
longer time in the atmosphere, which explains the relatively high CO concentration, and
especially why the CO distribution was uniform throughout the study area.
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Figure 10. The yearly concentration in ppbv of: (a) CO mean value for 2017-2019; (b) CO in 2020 vs.
baseline; (¢) CO in 2021 vs. baseline; (d) CO in 2022 vs. baseline.
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Figure 11. The average CO concentration in ppbv for the period 23 March to 29 March.

3.1.4. Aerosol Optical Depth (AOD) Index

Figure 12 shows the spatial distribution of AOD index during the baseline (2017-2019)
and the study period (2020, 2021, and 2022) for the first four months of the year (January
to April). The main sources of aerosols are the burning of fossil fuels for power plants
and industrial activities (Figure 1), emissions from mobile sources (ships, vehicles, etc.),
and the dust transfer over long distances. As is clear from Figure 12a, during the baseline,
a high AOD index of 0.36 was observed in the middle part of the study area. The main
reasons for high AOD are as follows: (1) the emissions from anthropogenic activities
(power plants, industries (Figure 1), and motor vehicles) in the Suez and Al Ismailiyah
governorates; (2) the high traffic of vessels passing through the Suez Canal; and (3) the
long-range transport of aerosol from the dessert northeast of Egypt, where the prevailing
wind is most frequently from the north (Figure 9) [99]. Similar trends were observed for
the study periods (2020, 2021, and 2022), as shown in Figure 12b-d. A lower level of AOD
index of 0.21 was observed in the northern portion of the study area, where the emissions
are limited to anthropogenic activities in the Port Said governorate and are much lower
than the emissions from the Suez and Al Ismailiyah governorates. High AOD index values
were detected in almost the same areas—where SO, and NO, had high values—due to
the much shorter residence time of SO, and NO; in the atmosphere (several hours) in
contrast with the several days for aerosol particles. Additionally, aerosol particles can be
transported over long distances. Compared to the baseline period, the average AOD index
has increased by 0.04 in 2020, 0.01 in 2021, and 0.05 in 2022 (Figure 12). This is mainly due
to the increase in the number of ships passing through the canal.
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Figure 12. The monthly AOD value (from January to April): (a) 2017-2019; (b) 2020 vs. baseline;
(c) 2021 vs. baseline; (d) 2022 vs. baseline.
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Figure 13a shows a 20% reduction in the AOD index in the period from 1 January
to 9 February 2020 as compared to the same period in 2017-2019, which could be due
to the low anthropogenic activities during the pandemic. The reduction is aligned with
the findings of [94], who discovered that the AOD index decreased by 68.5% during the
pandemic compared to the previous two years. During the blockage (23 March to 29 March),
the AOD index value increased by about 51.0% compared to the baseline period, as shown
in Figure 13b. These results indicate that the closure and the associated refloating activities
may be the reason for the increasing AOD index during this period. For the period from
2 March to 9 April 2020, a significant increase in the AOD index was observed, which may
be due to the return of industrial activities to their normal operation before the pandemic.
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Figure 13. The average AOD for the period from: (a) 1 January to 9 February; (b) 23 March to
29 March.

4. Conclusions

This study highlights the impact of the COVID-19 pandemic and the obstruction of
the Suez Canal by the Ever Given ship (23-29 March 2021) on the ambient air quality in the
Suez Canal area. Prior to the COVID-19 pandemic, traffic through the canal increased by
10% between 2017 and 2019, leading to an increasing trend in NO, and SO,, with average
concentrations of 9.4% and 4.3%, and an increase in the AOD index of 21.9% in 2019. In
contrast, a significant reduction in NO, and SO, concentrations of 2.5 x 10 molecule/cm?
and 0.05 DU, respectively, was reported in the period January to April 2020, compared
to the same period in 2017-2019. This decrease may be attributed to the reduction in car
traffic and industrial activities during the COVID-19 lockdown. Similarly, during the Suez
Canal blockage, a reduction in NO, by 14.4% and SO, by 66.0% was recorded compared to
the baseline period, which could be due to the Suez Canal blockage and the no-load mode
of the vessels. However, the short residence time of SO, and NO; in the atmosphere (in
the order of hours) limits our ability to track their spatial distribution. CO concentrations
decreased in the period 20 February to 11 March 2020 in a range from 3.5% to 4.7% compared
to the same period in 2017-2019, 2021 and 2022, which could be due to the decrease in
anthropogenic activities at the start of the COVID-19 pandemic. A similar decrease in the
AOD index was observed between 1 January to 9 February 2020. However, the AOD index
increased by 51% during the canal blockage (23 March to 29 March) due to the associated
refloating activities. Both the COVID-19 pandemic and the Canal closure had a negative
impact on transport and commerce; however, this study suggests that they potentially
had a positive impact on air quality by temporarily reducing the load of pollutants. This
positive impact was short-lived; thus, long-term mitigation measures must be prioritized
to control air pollution while maintaining a balance between environmental protection and
economic growth. Transport, commerce, and air quality may or may not be associated and
interrelated, so further investigation is needed before any confirmation can be attained. In
our research, there were also no ground-based air quality monitoring stations, and this
justifies the methodology of using satellite data to obtain air pollutant concentrations. The
use of low-cost sensors and citizen-based monitoring networks are possible methods to
be employed in the futured. The unavailability of an emissions inventory (a continuous
record of all human-made and natural sources of air pollutant emissions within a specific
geographic area) is another limitation of this study; these data could be used to identify
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and quantify sources of air pollution and provide a basis for developing effective control
measures and air quality management plans. By using emission inventories in conjunction
with air quality modeling, policymakers and environmentalists can assess the impact of
different control measures and track their progress in reducing air pollutant emissions
over time.
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