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Abstract: Egypt experiences high rates of air pollution, which is a major threat to human health and
the eco-environment and therefore needs to be tackled by defining major causes to hinder or mitigate
their impacts. The major driving forces of air pollution are either of local and/or regional origin.
In addition, seasonal aerosols may be natural, such as dust particles transported from the western
desert, or anthropogenic aerosols which are transported from industrial areas and smoke particles
from seasonal biomass burning. Monitoring the optical properties of aerosols and their pattern in
the atmosphere on a daily basis requires a robust source of information and professional analytical
tools. This research explored the potential of using time series of Moderate Resolution Imaging
Spectroradiometer (MODIS) and Aerosol Robotic Network (AERONET) data to comprehensively
investigate the aerosol optical depth (AOD) and variability for the period 2012-2018 on a daily basis.
The data show that spring, summer and autumn seasons experienced the highest anomaly originating
from regional and national sources. The high AOD in spring associated with a low Angstrom
exponent (AE) indicates the presence of coarse particles which naturally originate from desert dust
or sea spray. In contrast, the high AE in summer and autumn demonstrated the dominance of fine
anthropogenic aerosols such as smoke particles from local biomass burning. The observation of a
high number of fire incidents over Egypt in October and November 2018, during the months of rice
crop harvesting, showed that these incidents contribute to the presence of autumn aerosols across the
country. In-situ measurements of Particulate Matter (PMjg) from local stations from an environmental
based network as well as the AERONET AOD were used to validate the MODIS AOD, providing a
high correlation coefficient of r = 0.73.

Keywords: Egypt; aerosols; MODIS; aerosol optical depth (AOD); AERONET

1. Introduction

Atmospheric aerosols are small particles which are suspended in the atmosphere in a solid or
liquid state. An aerosol’s size varies from nanometers to tens of micrometers according to their origin,
which is either natural (e.g., volcanic eruption, dust storms and sea salt) or from human activities
(e.g., biomass burning) [1]. Aerosols can alter the radiation balance of the earth by scattering or
absorption [2] and contribute to visibility reduction [3]. The physical and optical characteristics
of aerosols such as the aerosol optical depth (AOD), aerosol size distribution and single scattering
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albedo (SSA) can control the radiative forcing of aerosols at the surface and top of the atmosphere [4].
These properties vary with space, time and other factors including the mixing state and processes
such as coagulation, gas-to-particle conversion and hydration, which influence the particle size and
concentration. The aerosol loading can be reduced due to the effect of gravitational settling and
washout through precipitation and scavenging [1]. Thus, the investigation of AOD and aerosol size
distribution is important to understand an aerosol’s type and origin [5]. The Angstrom exponent (AE)
can explain the dependence of AOD on wavelength and provide basic information on aerosol size
distribution, such as the presence or absence of large particles (e.g., dust) [2,4].

Huge amounts of dust are emitted every year from arid-semiarid areas and are transported
up to several thousands of kilometers by winds [6]. North Africa is considered one of the greatest
dust-producing regions in the world [7,8]. The Sahara and Sahel contribute to 50-70% of the global
mineral dust budget [9,10]. Air masses loaded with dust are transported over a large distance to remote
areas across the Atlantic Ocean to the Americas and eastward towards the Middle East and Europe [11].
Several thousands of tons of dust from the Sahara affect the European environmental systems [12].
During heavy dust outbreaks, the dust levels of Southern European countries (e.g., Greece, Italy
and Spain) often exceed the European Union standards [13-15]. In addition, dust can be detected in
Europe’s high-latitude areas such as in the British Isles, Germany and Central Europe (the Carpathian
Basin) e.g., [12,16,17].

Aerosol properties can be examined at ground-based stations by in-situ and remote measurements
(e.g., Aerosol Robotic Network—AERONET) [18] and by satellite instruments such as the Multiangle
Imaging Spectroradiometer (MISR) and Moderate Resolution Imaging Spectroradiometer (MODIS) [19].
Remote sensing techniques applied to retrieve aerosol loading and characterizations provide strong
observational constraints on model depictions of global aerosol distribution. Although other observation
types provide important information and help to constrain models, only satellite remote sensing has the
ability to observe and quantify aerosol properties globally [20,21]. Aerosol optical depth is an indicator
of the aerosol loading in the atmosphere and constitutes the main parameter used to assess aerosol
radiative forcing and its effects on climate [4,22]. AOD represents the degree to which aerosols affect
the scattering and absorption of light in the atmosphere; it depends on aerosol properties (e.g., size,
mass) and sources and determines their effect on the Earth’s radiation balance [22,23].

Satellite remote sensing sensors such as MODIS derive aerosol products from the measured
spectral radiances [20]. MODIS provides daily observations of global AOD over the land and ocean
using different independent algorithms. The Dark Target (DT) algorithm [24,25] retrieves the AOD
over vegetation and the ocean, as well as over dark areas of the Earth. In contrast, the Deep Blue
(DB) algorithm [26-28] retrieves the AOD over bright land surfaces (e.g., desert) at different visible
light wavelengths.

Various studies have used satellite data to observe atmospheric aerosol characteristics
worldwide [4,20,21,29-34]. In Egypt, research studies have been carried out on atmospheric aerosols
with a particular focus on Cairo and the Nile delta region [33,35-42] due to their high pollution load.
Shokr [36] discussed aerosol characteristics over five Egyptian cities using MODIS Aqua aerosol data.
The study revealed that the highest AOD values were over Cairo, Alexandria, and the Nile delta region.
In another study conducted by El-Askary et al. [37], one of the highly influencing events on aerosol
loading over the Nile delta, namely the “black cloud” phenomenon, was investigated. Black cloud is a
phenomenon due to the dense black smoke that covers Cairo and the Nile delta in the autumn season
(October and November) and is attributed to the burning by farmers of rice straw after harvesting.
The study showed that a huge number of aerosols originated from many regions in the delta and
affected the surrounding areas through air mass circulation processes. The seasonal variations in
AOD over Egypt were explored by El-Askary [38] over Cairo and the delta using MODIS data from
2000 to 2005. The data showed that high values of AOD were found during spring and autumn
months, at the time of the occurrence of dust storms (April and May) and black cloud formation
(September and October). Li et al. [33] confirmed the impact of dust storms on seasonal aerosol loading,
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with summer and spring being affected by dust storms originating from the Saharan desert, while
autumn is affected by biomass burning together with desert dust forming a large column loading
of aerosols. In addition, in a study conducted by El-Metwally et al. [35] on the impacts of aerosols
on solar radiation transfer using AERONET data, it was concluded that the three dominant aerosol
components in Egypt are (1) the highly absorbing aerosols produced by daily activities, (2) aerosols
produced from burning agricultural wastes in the Nile delta region and (3) desert dust. Each of these
aerosol components combine with human activities and lead to the occurrence of heat islands over
Cairo, Abou, El-Magd, et al. [39].

The purpose of this research is to intensively examine for the first time the temporal and spatial
variations of atmospheric aerosols over Egypt from 2012 to 2018 using both MODIS Terra and AERONET
data. The goal is to investigate the aerosol climatology and the optical characteristics over the region
in order to understand the main driving forces that influence the aerosol loading around the year; to
provide a better and complete understanding of the causes, impacts and methods of migration; and to
compare the seasonal variations in AOD and detect the sources that influence the aerosol loading.

2. Study Area, Materials and Methods

2.1. Study Area Description

Geographically, Egypt is enclosed by two desert plateaus from both eastern and western sides
and the Mediterranean Sea to the North (Figure 1). Because of the geographic location of Egypt, as
well as due to industrialization and over-population, there are many contributors to the increase in
pollution levels. During the windy season (e.g., spring), the accelerated dust moves from the desert
towards the Nile valley and Cairo and leads to increasing levels of pollution [40]. Intensive population
growth is an additional source of local emissions (e.g., transportation and biomass burning). A recent
population estimate for 2019 by the Central Agency for Public Mobilization and Statistics (CAPMAS)
exceeded 102 million recorded censuses [43]. Commonly, the prevalent types of aerosols over Egypt
can be defined as (1) dust blown from the desert, (2) sea salt over the Mediterranean Sea, (3) biomass
burning in the Nile delta and (4) local activities from industrial and urbanized areas [36].
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Figure 1. Location map of Egypt; the white box represents the domain (25°2’36” E, 21°49'50” N &
34°54’39” E, 31°52’46” N) selected for data analysis, and the red point shows the Cairo Egyptian
Meteorological Authority (EMA-2) Aerosol Robotic Network (AERONET) station.
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Egypt has become one of the most highly polluted countries in the world. As estimated by the
World Health Organization (WHO), urban areas in Egypt experienced an annual mean concentration of
fine particulate matter (PMj 5) of about 100.6 pg/m? in 2014 and 79.6 pg/m3 in 2016 [44,45]. This caused
the negative exposure of local living inhabitants to high levels of pollution. The WHO reported
that the mortality rate of 50.9 per 100,000 inhabitants that was attributed to ambient air pollution
in 2012 was doubled in few years, reaching 108.9 in 2016 per 100,000 inhabitants in Egypt [44,45].
Economically, the World Bank in 1999 reported that the cost of pollution is 4.8% of gross domestic
product in Egypt. Moreover, air pollution increases the number of patients with bronchial asthma and
respiratory obstruction; the number of bronchial asthma patients doubles particularly at the time of air
pollution episodes (autumn season) [46].

2.2. Data Set and Analysis Methods

In this research, satellite data from MODIS and ground-based measurements from AERONET
were both used to obtain a clear picture and full understanding of the aerosol climatology over Egypt.
In addition, in-situ measurements of particulate matter acquired from the environmental monitoring
stations affiliated with the Egyptian Environmental Affairs Agency (EEAA) were included. Table 1
presents the characteristics of the data set used in this research study. The data include MODIS level 2
and level 3 aerosol products acquired freely from the NASA website [47] during the period from 2012
to 2018 on a daily basis. Level 2 aerosol data are the fundamental MODIS aerosol product, available in
an un-gridded format with a 3 X 3 km and 10 X 10 km spatial resolution. Level 3 data are available
in a gridded format with a spatial resolution of 1° X 1°. Daily and monthly measures of combined
Deep Blue (DB) and Dark Target (DT) AOD products [48] were also used from MODIS Terra satellite
data over the land and ocean. They were examined at 550 nm within the geographic boundaries of
Egypt to explore the temporal variations in AOD during the investigation period. AOD from MODIS
was analyzed at 550 nm, which is the prevalent reference wavelength reported by satellite products.
In addition, MODIS fire data acquired from [49] were used to study the impact of fire on AOD levels
during the season of burning rice straw (October and November)

Table 1. Characteristics and sources of data used in this study. MODIS: Moderate Resolution Imaging
Spectroradiometer; AOD: aerosol optical depth.

Data Name Product Level Obse.r vation Wavelength Temp01.‘al Spatla}l
Time Resolution Resolution
MODIS Terra
AOD (land and MOD04 2 2012-2018 550 nm Daily/Monthly 10 km
Ocean)
470 nm
MODIS Terra MODO04 2 2012-2018 550nm  Daily/Monthly 10 km
AOQOD (land only)
660 nm
MODIS Terra
combined Dark )55 3 2012-2018 550nm  Daily/Monthl 1°
Target and Deep y Y
Blue algorithms
AOD . Point
AERONET AOD 500 nm 2 2012-2018 500 nm Daily/Monthly location
PMig . In-situ - 2016 - Hourly P01r'1t
concentrations location

Otherwise, optical properties from AERONET including AOD and AE were investigated during
the period 2012-2018. AERONET data were used to explore the climatology of AOD at 500 nm and AE
at 440-870 nm in addition to validating MODIS AOD data due to their high accuracy. AERONET is a
network-wide estimation method for AOD based on Sunphotometer measurements which is distributed



Atmosphere 2020, 11, 714 50f17

all over the world. In the current analysis, quality-assured aerosol level 2.0 data were acquired on a daily
basis from the AERONET station of “Cairo_ EMA_2" located at 30.081° N, 31.290° E. AERONET data
are available at https://aeronet.gsfc.nasa.gov/new_web/aerosols.html.

AE can be calculated using the spectral variation of AOD by applying the Volz method (Equation (1))
to distinguish the different aerosol types [4,50]:

_dimt () "
din A ln(%)

where « is the AE and 71 and 7, are the AOD at wavelengths of A1 and A,, respectively.

Furthermore, in-situ measurements of PM;g from the Egyptian Environmental Affairs Agency
(EEAA) network stations that cover Cairo and the Nile delta were used. This data set is very useful in
the validation of satellite data and provides a full understanding of the real picture of aerosols and
particulate matter in the area. Table 2 shows the location of these stations and the type of area covered.
In total, 5589 records of data were analyzed with about 63% observation; however, the individual station
observation could be in the low range from 1% to 7% (Table 2). Such a low individual observation is
estimated relative to the amount of measured data for the total number of hours in the year. In addition,
a list of dust events in the same year recorded by the early warning department at EEAA is used as a
reference to validate the AOD data.

Table 2. Characterization of the environmental monitoring stations affiliated to Egyptian Environmental

Affairs Agency (EEAA) used as a reference for PMjj measurements in 2016.

No. of

Station Name Longitude Latitude Type Availal?le Data Me:;/:g[m
Points
Al-Salam 31°26’51.99” E 30°9'22.71” N Mixed 290 172.7
Shoubra 31°16’13.56” E 30°6’40.80” N Industrial 581 163.3
Masr El-Gedida  31°20’13.49” E 30°6'24.01” N Residential 236 131.3
Nasser City 31°19’29.79” E 30°3’36.39” N Residential 469 113.8
Al-Qollaly 31°14’38.00” E 30°3’36.98” N Traffic/urban 556 161.4
Six of October 30°52’59.37” E 29°56’9.32” N Residential/Industrial 416 202.4
Mohandesen 31°12/43.39” E 30°2’47.70” N Residential 423 224.8
Helwan 31°19’10.27” E  29°51’54.82” N Residential/Industrial 106 469.6
Tebin 31°18’11.10" E  29°46’55.04” N Industrial 322 124.2
Al Maadi 31°15’51.80” E 29°58’2.71” N Residential 120 469.6
Al-Maasara 31°12’42.88” E 30°0"34.79” N Mixed 462 254.7
New Cairo 31°25'6.93” E  29°59’36.39” N Residential 359 94
Abbasia 31°17/27.43” E 30°4’47.91” N Residential/urban 240 138
Nasser Institute ~ 31°14’24.43” E 30°5’44.10” N Urban 292 272
Qaha 31°12’24.27” E  30°17’10.14” N Remote Area 452 214
Shebin El-Kom 31°0"35.48" E 30°33’25.51” N Urban 169 313
Al Mkzgia Al ajoy5835" B 30°46/31.077 N Industrial 9% 230

Trajectory models are a commonly used approach to describe the paths of air parcels by calculating
single mean-wind trajectories. Backward trajectories are helpful for the interpretation of local events,
provide information on the main directions of air masses and identify the main emission sources
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influencing the area [51]. In this study, five-day backward trajectory analyses were calculated using the
Meteorological Data Explore (METEX) trajectory model [52]. METEX was developed with an emphasis
on flexibility and ease-of-use based on meteorological databases to detect the movement of air masses
on a regional scale [51]. The current analyses were initialized at two locations over Egypt: (1) on 1st
May 2018 at 30°15" N & 31°10" E and (2) on 10th May 2018 at 27° 14’ N & 30°58’ at 500 m altitude.

3. Results

3.1. Variations in MODIS AOD

The analysis of AOD changed from annual to monthly and from seasonal to daily to get a better
understanding of the main driving forces of aerosol loading. There were monthly variations in AOD;
the highest peak was reached at 0.67 in May 2018, with anomalies and fluctuations in each year with
different peaks. The mean value of AOD (0.3) during the period of investigation plus one standard
deviation (0.09) was used as a standard reference to detect high anomalies of AOD, as shown in
Figure 2.
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0.70 May-18, 0.67
0.60
March-12, 0.47 August-15,0.48 August-17,0.49
< 0.50
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Figure 2. Time series of monthly AOD from MODIS Terra over Egypt (25°2'36” E, 21°49’50” N &
34°54’39” E, 31°52’46” N) for the period 2012 to 2018. The red line represents the reference value of
AOD (mean AOD + standard deviation).

Further analysis on a narrow time scale down to daily measurements in 2018 was carried out to
investigate the high AOD recorded in this year, as shown in Figure 3. As observed from the figure,
there was a large presence of aerosols found in May and October. Further analysis was carried out on
AOD in May 2018 to detect the driving force of high AOD values. Based on a visual interpretation
of MODIS Terra level 1 colored images on the 1st and 10th of May 2018, a dust storm occurred over
Egypt. Thus, the level 3 combined DT and DB AOD at 550 nm was explored on the same days to show
the AOD distribution aligned with the dust events, as shown in Figure 4. Dust storms are frequent in
spring due to the prevalent “Khamasin” wind in this season.

In order to describe the movement of air masses and the source of the dust events recorded on
the 1st and 10th of May 2018, a back-trajectory analysis was performed (Figure 5). By analyzing the
five-day backward trajectory initiated on both the 1st and 10th of May, it was observed that, on the
1st of May, the air masses originated from the northern and western directions, while on the 10th of
May, the air mass came from the north-western direction and circulated in the western desert for the
previous 2 days.
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Figure 3. Temporal variations of AOD over Egypt from MODIS. The black line represents the daily
mean AOD; the scattered grey points represent all daily measurements of AOD in 2018.
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Figure 4. The observed dust storms on (a) 1 May 2018, and (b) 10 May 2018 over Egypt. * on the left,
MODIS (level 3) AOD; on the right MODIS (level 1) radiance color image.
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Figure 5. Five-day backward trajectory analyses initialized at (a) 30°15’ N & 31°10” E on 1 May
2018, (b) 27°14’ N & 30°58” on 10 May 2018. The bottom panel shows the trajectories with time
(0-120 h/backward) and altitude (0-500 m).

To understand the seasonal changes in aerosol loading and properties over Egypt, monthly
averaged values of AOD are presented in Figure 6. The figure clearly shows the AOD fluctuations
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between seasons during the time of observation from 2012-2018. April and May (spring season)
showed the highest AOD, followed by June, July, August (summer) and September (autumn), while
the winter season (January, February and December) showed the lowest AOD. The spatial distribution
of AOD over seasons covering the geographical boundary of Egypt from 2012 to 2018 (Figure 7) was
explored using combined Dark Target and Deep Blue MODIS AOD data. These maps present the
variations in AOD distribution with seasons. AOD loading in winter was very low, particularly over
coastal areas: the maximum AOD value was 0.29, distributed over some parts of the western desert
and Nile delta. AOD started to increase in spring and reached its maximum (0.42) over the Nile
delta. The summer maximum AOD concentrated at the south and east regions with a value of 0.47.
In autumn, a slight decrease in AOD load was recorded with the highest value (0.36) observed in the
Nile delta region. The results agree with the study of Shokr et al., [36] who revealed that a seasonal
cycle peak was observed in spring and summer with values between 0.4 and 0.5, and a minimum in
winter with values less than 0.35, with a similar distribution of aerosol loading concentrated in the
western desert and Nile delta.
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Figure 6. AOD climatology from MODIS Terra over Egypt for the period 2012-2018; the vertical line
represents standard deviation.
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Figure 7. Seasonal variations of AOD over Egypt using level 3 combined Dark Target (DT) and Deep
Blue (DB) MODIS Terra data at 550 nm; data are averaged for winter (DJF), spring (MAM), summer
(JJA), autumn (SON) during 2012-2018.
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3.2. AERONET

The analysis of AOD data from AERONET for Cairo (Figure 8) shows a temporal variation over
the year comparable to MODIS AOD. The AOD curve is not consistent; it varies between months and
shows a high AOD in April and May. Therefore, the climatology of AOD for the period 2012-2018 was
investigated to understand the seasonal changes in aerosol loading (Figure 9a). In addition, the AE
climatology was explored to distinguish the aerosol size according to each season (Figure 9b). It can
be observed that spring has the highest AOD (about 0.4) in May, with the lowest AE, at less than
0.7. Additionally, autumn (September/October/November) and summer (June/July/August) showed
slightly higher AOD values, with high AE values that exceeded 1 in autumn and 1.1 in summer.
In contrast, winter (January/February) had the lowest AOD with high AE values.
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Figure 8. Monthly average AOD (500 nm) from AERONET at the “Cairo EMA-2” station for the period
2012 to 2018.
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Figure 9. Time series of AERONET AOD for the period 2012-2018 from Cairo EMA-2 station, (a) AOD
at 500 nm, (b) Angstrém exponent (AE) 440-870 nm.
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The high Angstrém exponent values in autumn indicate the presence of fine mode particles. Thus,
the observed fires in October and November from MODIS fire data were used to examine this result.
Fire data confirm the local human activities from farmers that contribute to the aerosols and AOD
column over Egypt. There were 246 incident fires, the majority of which were in October (63%), which
is the main harvesting month for rice crops, and 37% were in November. Most of these fire incidents
(68%) occurred at night due to the local environmental regulations that penalize people for such fires.
The confidence level of these fire spots is high, with 162 fire incidents having above 50% confidence
(Figure 10).
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Figure 10. Observed fire spots over Egypt in Autumn (October and November 2018); the lower right
plot presents the number of observed fires during the day and night and their confidence level.

3.3. Validation

The in-situ measurements of PM;( obtained from EEAA in 2016 were used to validate the AOD
by MODIS. In addition, the record of some dust events observed by the EEAA early warning system
was compared with the high AOD from MODIS. In 2016, 24 cases of dust storms were recorded in
47 days in the winter, spring and autumn months. According to this record, Figure 11 presents the
monthly AOD derived from MODIS over Egypt in 2016, highlighting the observed high AOD peaks,
which match well with the real dust events recorded at the same time. For instance, in April, there was
a dust event from the 8th to 11th, and we can observe that AOD reached its peak on the 8th and 9th
of the month. Furthermore, two dust events recorded on 9th-11th and on 20th November aligned
with the two AOD peaks observed on the 10th and on 20th of the month. Table 3 presents the number
of dust events observed through the EEAA and corresponding monthly average MODIS AOD and
standard deviation.
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Figure 11. Monthly variations of MODIS AOD in 2016 over Egypt; blue circles highlight the dusty days obtained from EEAA monitoring networks that match
AOD peaks.
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Table 3. Number of recorded dust events in 2016 from EEAA, with corresponding monthly mean
MODIS AOD and standard deviation.

E’ Z\ - E - b g

s 5 T T B g = B E 2 g E

Month = = 5 & 3 5 on B £ 5 ]

5 5 5 < 2 = 5 2 & 8 % g

=, @ g © 2 a

No. of dust events 3 3 3 5 2 2 - - - 3 2 1

Duration/day 8 6 4 8 2 2 3 12 2
Mean 0.22 0.12 034 039 042 039 037 038 035 035 027 017
Std. Dev. 0.21 0.07 021 024 017 014 021 012 01 0.09 0.06 0.06

In addition to validating MODIS data with AERONET, MODIS data were filtered for an area
of 20 km? around the “Cairo EMA-2" station for the same observation time. Then, a regression
analysis [53] was performed on the daily mean measures of AOD from both instruments (Figure 12);
the regression gives a correlation coefficient (R) of about 0.73.

=
o
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y = 0.9081x + 0.0344
R=0.73
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o
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Figure 12. Regression analysis of AOD from MODIS at 550 nm with AOD from AERONET at 500 nm
over Cairo. MODIS data were used for an area of 20 km? around the “Cairo EMA-2” station during the
period 2012-2018.

4. Discussion

Based on the temporal variations of aerosol optical data from MODIS and AERONET, fluctuations
in monthly AOD are presented in Figures 2 and 8. For MODIS, March, May, August and September
had the highest AOD, with the maximum value in May 2018. Consequently, a detailed analysis of AOD
in 2018 was performed on a daily basis (Figure 3), which revealed that May had the maximum readings
of all the days of the year. By examining the days of this month deeply using MODIS level 2 colored
images, two dust storms were observed on the 1st and 10th of May 2018 (Figure 4). The distribution of
level 3 AOD was matched spatially with both events, and the highest AOD values were recorded with
the same pathway of the storm in the colored MODIS image. In order to keep track of the source of the
high aerosol loading at this time, the trajectory analysis showed the five-day backward pathway of
the air masses, as shown in Figure 5. The prevalent directions of the north (Mediterranean Sea) and
west (Sahara Desert) influenced the aerosol loading through the long-range transport of air masses.
Air masses from these directions carry dust particles from the Sahara region towards Egypt. This leads
to an accumulation of coarse mode particles at this time of the year.

AOD climatology (Figure 6) and maps of seasonal variation (Figure 7) for the period 2012-2018
showed high AOD values recorded in spring, followed by summer and autumn. These seasons
were strongly influenced by the regional climatic condition (e.g., wind velocity), which enhances the
formation of dust storms and sea salt, and local micro-scale human activities. Spring has the highest
AOQOD; this may be due to the effect of dust storms originating from the western desert during this season,
as mentioned previously in Figures 4 and 5. Furthermore, in summer, the absence of precipitation aside
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from the photochemical reactions in the atmosphere due to the high temperature increases aerosol
accumulation. In addition, autumn has slightly higher AOD values owing to the effect of local biomass
burning in the Delta region as a major micro-scale human activity. In contrast, winter (the wet season)
had the lowest aerosol loading due to the occurrence of rain, which increased precipitation rates,
washing the aerosol particles from the atmosphere and decreasing AOD levels. These findings were
confirmed by the study presented in [41] which revealed that winter has a lower AOD content than
other seasons, while summer has a slightly higher AOD due to the lack of precipitation. Papadimas [34]
showed that precipitation in winter is a strong removal process for atmospheric AOD, while in summer,
anthropogenic aerosols are one of the common causes of AOD.

It is therefore obvious that aerosols over northern Egypt and the Nile delta region have local and
regional origins [54]. The seasonal aerosols may be either from natural sources—for example, dust
particles transported from the western desert and maritime particles produced over the Mediterranean
Sea in the case of strong winds—or anthropogenic aerosols, which are produced from industrial areas
or from seasonal biomass burning as smoke particles. During other seasons, mainly spring, desert
dust transport is a major contributor [42,55].

The Angstrom exponent is considered an indicator of the aerosol size distribution in the atmosphere.
It is widely used to explain the correlation of wavelength with AOD, where it strongly depends on
wavelength [19]. The investigation of AOD (500 nm) and AE (440-870) climatology (Figure 9) during
the observation period revealed that the high AOD in spring coincides with low AE values (<0.7),
which demonstrates the presence of coarse-mode aerosols. An AE value <1 indicates that the aerosol
size distribution is mainly dominated by coarse particles of an effective radius usually >0.5 um [4],
which originates from desert dust outflows or maritime aerosols (particularly over coastal areas).
This is attributed to the well-known intense dust storms over the Sahara Desert associated with
the predominant south-western winds during this time, called “Khamasin wind” [37]. In summer
(July, August) and autumn (September, October, November), AOD had slightly higher identical
values associated with the highest AE in summer (>1.1) and slightly higher values in autumn (1-1.1).
The maximum AE observed in summer indicates the presence of fine particles originating from
anthropogenic sources, where Egypt is exposed to long-range transport not only from the Saharan dust,
but also from anthropogenic pollutants mainly from Europe. The concentrations of these transported
anthropogenic aerosols are very high during the warm period of the year due to the absence of
precipitation and the prevailing trade wind patterns in addition to photochemical activity in the
atmosphere [55-58].

Furthermore, the high AE values in autumn were associated with smoke particles and
anthropogenic aerosols, which are dominant during this period due to open fires as a result of
burning agricultural waste (rice straws) in the Nile delta. Figure 10 presents the fire spots over North
Egypt in October and November—the season of burning agricultural waste. These incident fires
coupled with the local emission and long-range transport of pollutants during autumn resulted in
a local phenomenon known as “black cloud” over Cairo and the delta [33,37,41]. In contrast, the
low AOD in winter (January, February) is associated with slightly higher AE (0.9-1) values, which
indicate the abundance of fine-mode particles. An AE value >1 usually indicates a particle size
distribution dominated by fine-mode aerosols of an effective radius <0.5 um, usually associated with
urban pollution and biomass burning [59]. In order to validate the results, actual in-situ measurements
of PM;( with a record of the dust events in 2016 (obtained from ground monitoring stations) were
compared with MODIS data (Figure 11, Table 3). The high AOD values from MODIS PM;y were
comparable to some observed dusty days in January, February, March, April, May, June, October,
November and December. In addition, a regression analysis of MODIS and AERONET aerosol data
gave a correlation coefficient (R) of about 0.73 (Figure 12).
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5. Conclusions

In conclusion, this research intensively explored all related sources of information to characterize
and provide an understanding of the aerosol optical characteristics and pattern over Egypt in the
period 2012-2018 on daily, monthly and seasonal bases. This is the first time such a comprehensive
analysis has been made to create a complete and clear picture of the aerosol climatology over Egypt.
Remotely sensed data of MODIS and AERONET were used to derive AOD variations and validated
using in-situ measurements of PM;g. The comprehensive time series climatology analysis of AOD
(500 and 550 nm) and AE (440-870 nm) provided the seasonal anomalies over Egypt, particularly in
autumn and spring seasons; however, the drivers are different. The spring is commonly problematic,
with prevalent coarse mode particles in the months of April and May;, the regional driver of which is
the Khamasin wind that carries dust storms from the Sahara Desert to Egypt in its pathways to Europe
or/and west Asia. This is confirmed by the inverse correlation of the AE. Autumn is concentrated
with fine mode anthropogenic particles as a result of local human activities of burning crop stews
in the Nile delta, which is also confirmed by the correlation with AE. Of the 246 fires recorded in
2018 during the months of harvesting rice crops, 68% were at night, which could be explained by the
attempt to avoid the environmental regulations which penalize farmers for such fires. It was also
found that the confidence level of these fire spots was high; 162 fire incidents had a confidence above
50%. All of these fires support the high AOD and low AE in spring. In summer, the anthropogenic
aerosols are of great interest due to the photochemical reactions in atmosphere. PM; records of dust
storms are correlated with the extremely high MODIS AOD values that support the regional drivers of
AOD in summer. Further, the regression analysis of MODIS and AERONET gave a strong correlation
coefficient (R = 0.73), creating a complete picture of the aerosol distribution over Egypt. Therefore, we
can conclude that the seasonal aerosols over Egypt may be either from natural causes, including dust
particles transported from the Western desert and maritime particles produced over the Mediterranean
Sea—particularly in coastal areas in the case of high wind speeds—or anthropogenic aerosols from
transportation or industrial areas and smoke particles from seasonal biomass burning.
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