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Abstract: In this study, a combination of ground-based particulate matter measurements in synergy
with space-borne CALIOP lidar recordings, meteorological observations, and reanalysis models have
been used to study atmospheric air pollution over Amman, Jordan. The measurement was conducted
over a 24-month period spanning from January 2018 to the end of December 2019. The CALIOP
aerosol profiles and aerosol layer products version 4.21, level 2, with 5 km horizontal resolution were
used to evaluate the vertical structure of the atmospheric constituent over the Amman region. The
particle depolarization ratio (PDR) was extracted from CALIOP recordings and has been utilized to
classify the type of atmospheric aerosols. This method reveals that the atmosphere above Amman
mostly contains three different aerosol types including coarse-mode dust, fine-mode dust (polluted
dust), and non-dust aerosols (pollution). Aerosols with 0 < δp ≤ 0.075 are categorized as pollution,
aerosols with 0.075 < δp ≤ 0.20 as polluted dust, and aerosols with 0.20 < δp ≤ 0.40 are classified
as dust. Both the one- and two-step POlarization-LIdar PHOtometer Networking (POLIPHON)
approaches have been applied to the CALIOP aerosol profile product to retrieve the vertical profile of
the optical and micro-physical properties of each aerosol type. Lofted-layer top heights and layer
thickness in the atmosphere above Amman during the study period were also extracted from the
CALIOP aerosol layer products. The highest frequency of occurrence was observed for layers with
a top height of 0.5 to 2.5 km with a second smaller peak at 3.5 km. The maximum frequency of the
lofted layers (40% of cases) were observed with layer thickness below 0.5 km. For layers with a
top height lower than 500 m above ground level, the atmosphere was mostly impacted by polluted
dust and pollution aerosols. On the other hand, for layers with a top height above 2500 m agl, the
atmosphere was contaminated by depolarizing dust particles.

Keywords: CALIOP LIDAR; dust; anthropogenic pollution; polluted dust; POLIPHON

1. Introduction

Over recent decades, many studies have been done to investigate the chemical, phys-
ical, or optical properties of atmospheric air pollution over the Eastern Mediterranean
(EM) region [1–9]. Most of these measurements have mainly relied on ground-based in
situ recordings in addition to meteorological observations [7–10]. Hussein et al., measured
the concentration of PM10, PM2.5, and organic and elemental carbon during an 11-month
campaign (May 2018–March 2019) in the urban atmosphere of Amman, Jordan [2,7]. In
another study, a suite of portable instruments was utilized by Hussein et al. to determine
the size-resolved aerosol number in addition to the black carbon mass concentrations in
Amman [4]. Along with other ground-based measurements, Hussein et al. distinguished
aerosol particle size and concentration in coarse and sub-micron modes in Amman, and
even in some other cities of Jordan during different periods [3]. They also investigated wind
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speed, temperature, and relative humidity effects on aerosol size distributions and concen-
trations [3]. There have also been several attempts at ground-based in situ measurements
to investigate the contribution of mineral dust on the PM2.5 and PM10 concentrations in the
Middle East [8,10]. Ganor et al. showed that the contribution of dust storms can cause the
PM10 to exceed annual standards [10]. Pey et al. also showed that African dust outbreaks
are more frequent in southern sites across the Mediterranean, whereas they occur less fre-
quently in northern sites [8]. Regarding meteorological observations, Dyan et al. identified
Sharav cyclones, Red Sea, and Persian troughs as major weather patterns that caused dust
transport to the EM region [9].

Recently, some studies have been done by use of ground-based and satellite remote
sensing measurements in the Middle East [1,6]. Heese et al. performed vertically resolved
lidar measurements for the first time in the western part of the Middle East. They utilized
a combination of a multi-wavelength Raman and polarization lidar (PollyXT), a novel
aerosol typing method, and automated time-height source apportionment [11,12]. Rogo-
zovsky et al. created a comprehensive data set to characterize aerosol layer composition
and its possible impact on AOD retrieval. They used the MAIAC AOD data, PollyXT

lidar, and AERONET observation in synergy with a local network of particulate matter
concentration recordings [6]. Furthermore, the physical and optical properties of atmo-
spheric aerosols over Cyprus were studied by the use of a ground-based lidar [13–16].
Mamouri et al. reported dust storm cases over Limassol, Cyprus, and other parts of the
EM region that originated from Turkey and the Arabian desert in Syria [16]. As another
example of an investigation of aerosol types and vertical distribution in the Mediterranean
region, Wang et al. studied the vertical variability of aerosol types using lidar measure-
ments combined with in situ measurements in the Vipava Valley, a representative Alpine
mountainous region in southwestern Slovenia. This research aimed to perform aerosol
identification by combining aerosol optical properties (particle depolarization ratio (δp)),
lidar ratio, and vertical structure information. The data were obtained by a ground-based
dual-wavelength Raman polarization lidar system. Aerosols over the Vipava Valley dur-
ing this campaign were identified as mixtures of marine aerosols, mineral dust, traffic
emissions, and particles from biomass burning [17]. Wang et al. also obtained the vertical
aerosol mass concentration profile PMlidar

10 using Mie scattering lidar and ground-based
measurements in Vipava Valley as a part of the Mediterranean region [18]. Despite all the
mentioned research, there has not been any investigation into the vertical aerosol-type
distribution over Jordan, and the knowledge of this aspect of Amman’s atmosphere is
still insufficient.

In this paper, a combination of ground-based particulate matter concentration mea-
surement and satellite observations is applied to investigate frequencies, vertical aerosol
distribution, and optical properties of atmospheric aerosols over Amman. The measure-
ments were performed during the 24 months from January 2018 to the end of December
2019. In the first step, air pollution cases are determined using ground-based mass concen-
tration measurements in Amman. Next, the columnar and vertically resolved characteristics
of detected cases are retrieved from satellite observations. The particle depolarization ratio
(PDR) was extracted from space-borne lidar CALIOP recordings and used to character-
ize the type of aerosols over Amman’s atmosphere. Then, a predetermined lidar ratio is
assigned to each aerosol class. The CALIOP observations are used to determine aerosol
layer height and thickness. A multi-step POLIPHON approach is applied to retrieve coarse
dust, fine dust, and urban pollution aerosol contributions in the atmosphere of the study
region. The vertical profile of optical and physical properties of atmospheric air pollution
is retrieved using this method. Finally, source regions are identified using the trajectories’
models. The paper is composed of five sections as follows. Section 2 is dedicated to an
explanation of the observation site, methodologies of the measurements, and data set.
Ground-based and satellite observations are described in Section 3. In Section 4, the aerosol
is classified by lidar optical properties, and the layered structure of the aerosol is analyzed.
The paper ends with conclusions in Section 5.



Atmosphere 2023, 14, 274 3 of 19

2. Materials and Methods

A geographical description of the study region, ground-based measurements, satellite
data, reanalysis model, and the POLIPHON method are described in the following.

2.1. Measurement Location and Study Region

Amman (31.9539◦ N, 35.9106◦ E), the capital of Jordan, is situated in the Eastern
Mediterranean (EM) region and Southwest Asia. This city is part of the global dust
belt, the Middle East and North Africa (MENA) region, and the Levant [19]. Due to
Amman’s geographical location, this city has a very complex atmosphere. It contains
different atmospheric constituents that originate from either natural or anthropogenic
sources [7,20]. For example, it is quite frequent that mineral dust is transported from
deserts located in Africa, Iraq, Syria, and Saudi Arabia to Amman’s atmosphere. Besides
dust aerosols, pollution from Europe, anthropogenic aerosols from the local industrial
region, and background marine aerosols have considerable influence on the atmospheric
air quality of this city [3–5,7,21].

The topographical map of Jordan and surrounding countries, in addition to the region
across which CALIOP recordings are averaged (black dashed box), are represented in
Figure 1a. This figure shows that Jordan is bordered by Saudi Arabia to the south and east,
Iraq to the northeast, and Syria to the north. The climate in Jordan is influenced by the
aridity of the Arabian desert and the humidity of the eastern Mediterranean. It comprises
three distinct climatic zones: Jordan Valley, the Eastern Desert (also known as Badia), and
Mountain Height Plateau [22]. Figure 1b shows Amman forms a rough V shape in gray.
On the west of the city, the terrain is more rugged, with small valleys extending toward
the Jordan River. The elevation across the city ranges from ∼600 m above mean sea level
(amsl) in the east to ∼1000 m amsl in the western part. The Dead Sea is located ∼90 km
southwest of Amman. Ground-based particulate matter sampling was performed on the
rooftop of the Department of Physics on the campus of the University of Jordan, Amman
(32.0129◦ N, 35.8738◦ E, red balloon in Figure 1b). The ground-based observation was
conducted from May 2018 to March 2019, but the CALIOP recordings are used as satellite
data for comparison purposes for the whole of 2018 and 2019.

Figure 1. (a) Topography of Jordan and neighboring countries provided by Shuttle Radar Topography
Mission project (SRTM) and (b) Landsat 8 true color image of Amman, ground-based particulate
matter station, and some important locations surrounding Amman.

2.2. Ground-Based Measurement

Hussein et al. provided a detailed description of ground-based instruments, which
have been used in this study [7]. In addition to particulate matter concentration, the ambient
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temperature, pressure, relative humidity, wind speed and direction were monitored at
5-min intervals using a weather station. The general specification of these instruments is
listed in Table 1.

Table 1. General specifications of the ground-based instruments.

No. Instrument Model

1 High volume sampler
Cascade heads: PM1025-CAV, MCV, S.A.

Filter media: Pallflex, PALLXQ250ETDS0150,
TISSUQUARTZ 2500 QAT-UP.

2 Optical particle sizer OPS, TSI model 3330, USA

3 Scanning mobility particle sizer NanoScan SMPS 3910, TSI, Minnesota, USA

4 Weather station WH-1080, Clas Ohlson: Art.no. 36-3242

2.3. Satellite Data
2.3.1. CALIPSO

CALIPSO as a polar sun-synchronized satellite was launched on 28 April 2006 [23].
This satellite carries Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP). This
space-borne lidar has been recording optical parameters of aerosols and clouds at 532 nm
and 1064 nm wavelengths since June 2006 [23,24]. In this study, the CALIOP aerosol profile
and aerosol layer products version 4.21, level 2, with 5 km horizontal resolution are used to
characterize the atmospheric status over Amman region. The particle backscatter coefficient
(βp) and particle depolarzation ratio (δp) are retrieved from the aerosol profile products
of CALIOP recording [24,25]. While βp is a factor related to the amount of aerosol mass
concentration [26], δp is merely sensitive to the type of aerosols [27,28]. Therefore, these
two parameters can provide useful information about the type of aerosols and related mass
concentrations in an atmospheric column. To screen high quality data, the atmospheric
volume description (AVD), the cloud aerosol discrimination (CAD) score, and the extinction
quality control (QC) flag are used after filtering fill values. The AVD is applied on each
bin of the CALIOP signal to select aerosol features [29]. The CAD score is used to evaluate
whether each feature is aerosol or cloud. To confidently select aerosols, we choose bins
with a CAD score between −100 and −20 [30]. The QC flag is applied to retrieve extinction
with acceptable quality. In this research, bins with QC = 0 or 1 are selected to screen out
aerosol features with good quality [31]. After applying theses considerations, the screened
βp and δp data are ready to use in the case study analysis.

On the other hand, the aerosol layer product has also been used to do a climatological
study during the 24-month period from January 2018 to December 2019. Subtype classi-
fication, the height, thickness, and the integrated particle depolarization ratio (IPDR) of
detected layers are four parameters that are extracted from this product. The tropospheric
aerosol layer subtype in the CALIPSO version 4 algorithm is classified into seven different
subtypes. This classification includes dust, polluted dust, dusty marine, clean marine,
clean continental, polluted continental/smoke, and elevated smoke [32]. By examining
the aerosol layers during these two years, it can be seen that four aerosol layer subtypes
often exist in the study region. These four subtypes are dust, polluted dust, polluted
continental/smoke, and elevated smoke. We consider polluted continental/smoke and
elevated smoke layers as pollution in the atmosphere of the study region.

2.3.2. MODIS

To monitor the processes of aerosol emission and transport, the aerosol optical depth
at 550 nm (AOD550) and angström exponent (AE) from Moderate Resolution Imaging
Spectroradiometer (MODIS) recordings have been used in this study [33]. The AOD550
with 10 km resolution from collection 6.1 of Terra-MODIS daily aerosol products, level 2
(MOD04) from the Deep Blue (DB) algorithm, are used. In addition, the AOD550 and the AE
with 1 degree resolution from collection 6.1 of Terra- and Aqua-MODIS products, level 3
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(MOD08 and MYD08), by a combination of the Dark Target (DT) and DB algorithms are
also utilized [33–36].

2.3.3. MSG-SEVIRI, RGB Dust Product

The Meteosat Second Generation (MSG) system is established under cooperation
between EUMETSAT and the ESA to perform continuous meteorological observations from
geostationary orbit. The Spinning Enhanced Visible and InfraRed Imager (SEVIRI) is MSG’s
primary instrument and has the capacity to observe the Earth in 12 spectral channels. The
RGB composite is produced using the following SEVIRI IR channels: IR12.0–IR10.8 (on red),
IR10.8–IR8.7 (on green); and IR10.8 (on blue) [37,38]. Dust appears pink or magenta in
this RGB combination. Dry land appears pale blue (daytime) to pale green (nighttime).
Thick, high-level clouds have red-brown tones, and thin, high-level clouds appear very
dark (nearly black). The full disc view includes the whole of Europe, all of Africa, and the
Middle East and allows for frequent sampling every 15 min, with a spatial resolution of
3 km in the nadir [39].

2.4. Reanalysis Models

The HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) model is used
to provide information about air masses along their transport path. To determine the
trajectories, the Global Data Analysis System (GDAS) with six-hour time steps was used in
different heights over the study region [40,41]. The information about surface wind patterns
is extracted from the recent reanalysis product of the European Centre for Medium-Range
Weather Forecasts (ECMWF) [42,43]. ERA5 produces data on hourly global surface wind
speed and direction with 0.1◦ resolution [43].

2.5. POLIPHON Method

The POlarization-LIdar PHOtometer Networking (POLIPHON) method was devel-
oped by Mamouri and Ansmann to determine the contribution of different aerosol compo-
nents in the aerosol mixture within the vertical structure of the atmosphere. This technique
also can retrieve the optical and micro-physical properties of aerosol mixture components.
These components include fine-mode, coarse-mode, and non-dust particles. The method
is based on the appropriate assumption of the linear depolarization ratio for each type of
specific aerosol [16,44]. In the current research, both the one- and two-step POLIPHON
approaches have been applied to the CALIOP aerosol profile product. To do this, the
screened βp and δp (Section 2.3.1) are averaged across the study region, which is outlined
by a black dashed box in Figure 1a. The one-step separation considers only two types of
aerosols and is performed by an assumption of threshold δd = 0.31 and δnd = 0.05 for
linear depolarization ratios of dust and non-dust particles, respectively [16,45,46].

The two-step approach considers three types of aerosols and is performed by the
assumption of threshold δdc = 0.39, δdf = 0.16, and δnd = 0.05 for linear depolarization
ratios of coarse-mode dust, fine-mode dust, and non-dust particles, respectively [44,47].
In the first round of the two-step POLIPHON method, the coarse-mode dust backscatter
fraction (βdc) has been separated from the residual particle backscatter coefficient (βnd+df)
caused by non-dust and fine-dust particles, as in Equation (1). In the second round, the
non-dust backscatter coefficient (βnd) has been detached from the fine-dust backscatter
coefficient (βdf), as in Equation (2) [16,44].

The first step is mathematically written as:

βdc = βp
(δp−δnd+df,e)(1+δdc)

(δdc−δnd+d f ,e)(1+δp)
for δnd+df,e < δp < δdc and βnd+df = βp − βdc (1a)

βdc = βp for δp ≥ δdc (1b)

βdc = 0 for δp ≤ δnd+df (1c)
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Here, the δp, δdc, and δnd+d f ,e are particle depolarization ratio, coarse dust, and a
mixture of non-dust and fine dust particles depolarization ratios, respectively. The latter
describes the estimated (index e) depolarization ratio for the residual aerosol without the
coarse dust fraction. Mamouri and Ansmann assumed, after the removal of the coarse-
mode dust effects, the remaining part of the particle backscatter coefficient (βp) is caused by
33% of non-dust particles and 67% of fine-mode dust particles [16]. Therefore, considering
the fine-mode dust and non-dust particle contribution, the δdc = 0.39 and an estimated
δnd+df,e = 0.12 was set in Equation (1a–c) [16,48]. After removing coarse-mode dust particles
(βdc) using Equation (1a), the fine-mode (βdf) and non-dust backscatter coefficients (βnd)
could be separated using Equation (2) in the second step [16,44], which is mathematically
written as:

βd f = βnd+d f
(δnd+d f − δnd)(1 + δd f )

(δd f − δnd)(1 + δnd+d f )
for δnd+df > δnd and βnd = βnd+df − βdf (2a)

βd f = 0 for δnd+d f ≤ δnd (2b)

Finally, the vertical profile of mass concentrations for each component of the aerosol
mixture can be computed by applying appropriate values for particle density values (ρ),
extinction-to-volume conversion factors (cv,λ), and appropriate lidar ratio (S) of coarse-
mode, fine-mode, and non-dust particles [14,16,49]. The mass concentrations of each type
of particles can be obtained by using Equation (3) [16,44].

Mdc = ρdcv,dc,λβdc,λSdc,λ (3a)

Md f = ρdcv,d f ,λβd f ,λSd f ,λ (3b)

Mnd = ρndcv,nd,λβnd,λSnd,λ (3c)

The appropriate values of the parameters for finding mass concentrations in each type
of aerosol are listed in Table 2 [14,16,44,49].

Table 2. Parameters applied to convert particle backscatter coefficient to mass concentration.

Aerosol Type
Parameter

S (sr) cv,λ (10−12) mm ρ (g/cm3)

Coarse dust 40 0.9 2.6

Fine dust 35 0.3 2.6

Non-dust 60 0.18 1.5

3. Results

As previously reported by Hussein et al., sand and dust storms (SDS) generally might
have reached Jordan (the Eastern Mediterranean region) from three main source regions [7].
These sources include the Sahara, the Arabian Peninsula, and the Levant. Sometimes, the
SDS might have originated from a combination of two or three regions. By considering the
probable sources, the SDS type identification suggests the following:

• S-type originated from the Sahara region,
• SL-type originated from Sahara and the Levant region (i.e., SDS combined from these

two regions), and
• SLA-type originated from all three regions. This type is the most commonly reported

in Jordan.

In this study, we consider two illustrative SDS cases and discuss the atmospheric
condition in detail. The first case was one of the SL-type SDS and occurred on 7 June 2018.
For this case, the POLIPHON algorithm runs in a two-step version, and a three-component
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separation is performed. The second case was an S-type SDS and a one-step POLIPHON
method is applied to retrieve the vertical profile of dust aerosols for this case.

3.1. Overview of the PM Concentrations

According to the Jordanian ambient air quality standards, the annual mean of PM10
and PM2.5 must not exceed 70 and 15 µg/m3, respectively (JS-1140/2006). The time se-
ries of the PM concentration measurements is presented in Figure 2 with markups for
different SDS types observed in Amman. There was a single S-type SDS episode with
PM10(PM2.5)∼121(109) µg/m3 on 25 July 2018. Besides that, there were two SL-type SDS
episodes during the measurement campaign. The first and second episodes with PM10∼108
and ∼127 µg/m3 occurred on 26 May and 7 June 2018, respectively. In addition, there were
also 10 SLA-type SDS episodes with PM10 concentration in the range of 88–188 µg/m3.
Seven days of clean air observed with PM10 concentration was in the range of 19–43 µg/m3.

Figure 2. Daily average PM concentrations were measured at the in situ station with markups for
sand and dust episodes (SDS), precipitation, and clean air periods.

3.2. Case Study 1: 7 June 2018

Figure 3a illustrates the temporal evolution of the PM10 concentration in addition to the
relative humidity (RH), horizontal visibility (HV), and surface wind speed recordings. The
measurement was performed by use of a series of ground-based instruments (Section 2.2)
installed on the rooftop of the Department of Physics on the campus of the University
of Jordan, Amman (Section 2.1). This SDS case is categorized as an SL-type and reached
Amman’s atmosphere at around 06:00 AM and lasted until 02:00 PM on 7 June 2018.
Figure 3a shows that a gusty wind, with a speed of more than 10 m/s, brought airborne
dust plumes over Amman. Upon the arrival of the SDS in the measurement location, the
PM10 concentration rose to about 120 µg/m3, the HV dropped to about 4 km, and the RH
reached values below 20%. Figure 3b,c shows the AOD550 of Terra-MODIS with 10 km
resolution (MOD04) and angström exponent (AE) with 1 degree resolution (MOD08 and
MYD08), respectively. The AOD550 was greater than 0.75, and the AE was less than 0.5 in
most areas of Iraq and the border of Jordan and Saudi Arabia on 7 June. The large value for
AOD550 (>1) and small value for AE (<0.5) indicate that coarse-mode dust particles were
dominant over mentioned regions.
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Figure 3. (a) Time series of the PM10 concentration in addition to the surface wind speed, HV, and
RH recordings on 7 June 2018. (b) Terra-MODIS with 10 km resolution (MOD04).(c) Angström
exponent (AE) with 1 degree resolution (MOD08 and MYD08).

Figure 4a depicts the CALIPSO satellite ground track and the location of Amman
with a red line and a green circle, respectively. The cross-section of the total attenuated
backscatter coefficient in arbitrary units (AU) captured by the satellite CALIOP lidar is
shown in Figure 4b. The bottom horizontal axis shows the along-track latitude, and the
vertical axis shows the height above mean sea level (amsl). The existence of a lofted dust
layer that extends from the surface up to 3.5 km in height is clear in Figure 4b. The CALIOP
signals within the dashed area in Figure 4a,b are averaged to retrieve the vertical profile
of the optical and micro-physical properties of atmospheric aerosols. Due to geographical
features of Amman and the CALIOP lidar ground track, the elevation of the region of
interest is ∼900 m amsl in this case (dashed black line in Figure 4c–f). In the first step,
the vertical profile of βp and δp are retrieved from CALIOP data (Figure 4c,d) [23]. As
it is shown in Figure 4d, there are some very high PDR values (δp > 0.60) above 1.5 km.
Some research has shown that the PDR of CALIOP is relatively noisy in comparison with
the ground-based depolarized lidar and sometimes shows an unrealistic value [25,50,51].
Therefore, it is suggested to discard the PDR of CALIPSO with values greater than 0.6 [50].
In this paper, the layer-integrated particle depolarization ratio has been calculated by
averaging all the PDR values within a layer (green vertical line in Figure 4d). This value of
the PDR has been used in the following POLIPHON analyses. A two-layer structure in the
vertical profile of the atmosphere is perceived in Figure 4c,d. The lower layer extends from
the ground surface up to ∼700 m above the ground level (agl), and the average of the δp for
this layer is ∼0.14. On the other hand, the upper layer extends from 700 m agl to 2500 agl,
and the average of the δp for this layer is ∼0.39. Then, by considering the average values
of the δp, a two-step POLIPHON method (Section 2.5) was used to separate fine-mode,
coarse-mode, and non-dust contribution in the aerosol mixture within the vertical structure
of the atmosphere (Figure 4e,f). In the lower layer, as it is illustrated in Figure 4e, fine-mode
dust particles are the dominant aerosol type and are mixed with anthropogenic (non-dust)
pollution. Meanwhile, the upper layer only contains coarse-mode dust particles. Figure 4f
shows the vertical distribution of mass concentration for each aerosol type that is retrieved
by use of appropriate conversion factors (Equation (3a–c) and Table 2).
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Figure 4. (a) CALIPSO satellite ground track (red line) and the location of Amman (green circle)
on 7 June 7 2018. (b) Cross-section of attenuated backscatter coefficient in arbitrary units (AU) by
CALIPSO over Amman and the neighboring area. Vertical profile of optical and physical properties
of aerosols within the region determined by a dashed line in Figure 4a in (c) total particle backscatter
coefficient. (d) Particle depolarization ratio; the horizontal red dashed line is drawn to depict a
two-layer structure in the atmosphere. (e) Dust and non-dust backscatter coefficient. (f) Dust and
non-dust mass concentration.

To analyze the source and the transport path of different aerosol types, a series of
evidence is used as follows. As the first evidence, emissions and subsequent transport of
dust aerosols are depicted in the RGB composite pictures. Figure 5a,b illustrates the RGB
dust composite retrieved from the MSG SEVIRI measurements at 06:00 UTC and 12:00 UTC,
6 June 2018. The pale pink color in Figure 5a depicts the emission of two dust plumes
from the south of Iraq and northwest of Saudi Arabia at 06:00 UTC. In the following hours
(12:00 UTC), these two dust plumes stretched from their sources in the direction that are
shown by black arrows in Figure 5b. According to this figure, the dust plume over the
south of Iraq moved toward Saudi Arabia, and the plume originating from northwest Saudi
Arabia was transported toward Jordan. As a second line of evidence, the 72 h backward
trajectories of air masses were calculated using the HYSPLIT model. The initial time of the
model is 12:00 UTC, 7 June 2018. The starting location contains three different points in a
triangle format that cover the region of Amman. The HYSPLIT trajectories were calculated
for six different heights, including 300 m, 600 m, and 800 m agl as representative of the
lower layer. Meanwhile, the heights 1300 m, 1600 m, and 1800 were chosen for starting
heights as representative of the upper layer (Figure 5c).
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Figure 5. (a) SEVIRI false-color images at 06:00 UTC and (b) 12:00 UTC on 6 June 2018. In these RGB
images, clouds appear in orange or brown, dust in magenta or pink, sandy regions in white, and dry
land in pale blue. (c) Backward trajectories during the past 72 h by the HYSPLIT model on 7 June
2018 calculated at different heights and overlaid by MODIS Deep Blue AOD. (d,e) Corresponding
surface wind speed and direction at 06:00 UTC and 12:00 UTC by the ECMWF reanalysis.

According to Figure 5c, trajectories belonging to the upper layer (red, orange, and
yellow lines) passed through deserts between Saudi Arabia and Jordan, and returned
to central Iraq at noon on 6 June 2018. Although the HYSPLIT back trajectories path is
consistent with dust source identification from the RGB dust composite, it can not determine
the exact source of dust plumes that reached over Amman’s atmosphere. As another line
of evidence, Aqua-MODIS aerosol optical depth with 1 degree spatial resolution has also
been shown in the background of Figure 5c (cool color bar on the background). The spatial
distribution of AOD550 indicates that the aerosol optical depth was enhanced over central
Iraq, northwest of Saudi Arabia, and deserts on the border of Saudi Arabia and Jordan.
Finally, the ECMWF reanalysis of surface wind speed and direction at 06:00 UTC and
12:00 UTC is presented in Figure 5d,e. Wind patterns reveal there was a strong surface
wind in the shape of a cyclone blowing across Iraq and especially northwest Saudi Arabia.
Figure 5e shows the edge of the cyclone extending from central Iraq and reaching the desert
located in northwest Saudi Arabia. The surface wind speed reached almost 10 m/s over
the Al-Nefud desert and south of Iraq. Considering all evidence, the coarse-mode dust
particles observed over Amman’s atmosphere originated from northwest Saudi Arabia on
6 June 2018 and were transported toward Jordan in the following hours. On the other hand,
trajectories belonging to the lower layer (green, blue, and gray lines) turned back to the
northwest of Amman. The backward trajectories confirm that aerosols within the lower
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layer, which mainly include fine-mode dust and urban pollution (Figure 4e), originated
from the local industrial region.

3.3. Case Study 2: 25 July 2018

Figure 6a illustrates the time evolution of the PM10 concentration in addition to the
relative humidity (RH), horizontal visibility (HV), and surface wind speed recordings. The
measurement was performed by use of a series of ground-based instruments (Section 2.2)
installed on the rooftop of the Department of Physics on the campus of the University
of Jordan, Amman (Section 2.1). This SDS case is categorized as an S-type and reached
Amman’s atmosphere at around noon on 25 July and lasted for one day over the measure-
ment location.

Figure 6. Sand and dust storm episode observed on 25 July 2018, which was an S-type SDS. (a) PM
concentrations observed during the ground-based measurement, (b) MODIS 1 degree Deep Blue
aerosol optical depth, and (c) MODIS 1 degree Deep Blue angström exponent.

Figure 6a depicts a gusty wind with a speed of more than 6 m/s that brought an air-
borne dust plume over Amman. During this selected SDS episode, the PM10 concentration
increased to ∼70 µg/m3, the horizontal visibility fell to ∼4 km, and the relative humidity
decreased to lower than 20%. Figure 6b,c shows the AOD550 of Terra-MODIS with 10 km
resolution (MOD04) and angström exponent (AE) with 1 degree resolution (MOD08 and
MYD08), respectively. The large value for AOD550 and small value for AE (<0.5) indicate
that coarse-mode dust particles were dominant over Amman.

Figure 7a depicts the CALIPSO satellite ground track and the location of Amman by a
red line and green circle, respectively. The cross-section of the total attenuated backscatter
coefficient in arbitrary units (AU) captured by the satellite CALIOP lidar is shown in
Figure 7b. The bottom horizontal axis shows the along-track latitude, and the vertical axis
shows the height above mean sea level (amsl). The existence of a lofted dust layer that
extends from the surface up to 4.5 km in height is clear in Figure 7b. The CALIOP signals
within the dashed area in Figure 7a,b are averaged to retrieve the vertical profile of the
optical and micro-physical properties of atmospheric aerosols. Due to geographical features
of Amman and CALIOP lidar ground track, the elevation of the region of interest is ∼800 m
amsl in this case (dashed black line in Figure 7c–f). In the first step, the vertical profile of
the βp and δp are retrieved from CALIOP data (Figure 7c,d) [23]. Figure 7d illustrates that
there are very low values (δp ∼ 0) and very unrealistic high values (δp > 0.60), but the
average of δp is always greater than 0.20. Therefore, it is concluded that there is a dust layer
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that extends from the ground surface up to ∼4.5 km above the ground level (agl), and the
average of the δp for this layer is ∼0.39. Then, by considering the average values of the δp,
a one-step POLIPHON method (Section 2.5) was used to determine the coarse-mode dust
contribution in the vertical structure of the atmosphere (Figure 7e,f). As it is illustrated
in Figure 7e, the atmosphere only contains coarse-mode dust particles. Figure 7f shows
the vertical distribution of mass concentration for each aerosol type that is retrieved using
appropriate conversion factors (Equation (3a–c) and Table 2).

Figure 7. (a) CALIPSO satellite ground track (red line) and the location of Amman (green circle) on 25
July 2018. (b) Cross-section of attenuated backscatter coefficient in arbitrary units (AU) by CALIPSO
over Amman and the neighboring area. Vertical profile of optical and physical properties of aerosols
within the region determined by a dashed line in Figure 7a in (c) total particle backscatter coefficient.
(d) Particle depolarization ratio. (e) Dust and non-dust backscatter coefficient. (f) Dust and non-dust
mass concentration.

Figure 8a shows the 132 h backward trajectory analysis that was performed using
the HYSPLIT model to determine the origin and the sources of the observed aerosol
layers. The initial time of the model is 12:00 UTC, 25 July 2018. The starting location is
Amman (32.0129◦ N, 35.8738◦ E, red balloon in Figure 1b), and the backward trajectories
are calculated for 4 different heights including 800 m, 1 km, 1.5 km, and 4 km agl. All
trajectories return to the northwest of the Sahara (Figure 8a). Aqua-MODIS aerosol optical
depth with 1 degree spatial resolution captured on 21 July is shown in the background
of Figure 8a (cool color bar in the background). The AOD550 greater than 0.40 over the
northwest Sahara, in addition to the HYSPLIT trajectory analysis, confirms that coarse-
mode dust particles originated from the mentioned region. The CALIPSO ground track
for each day during dust transport is indicated by black dotted lines in Figure 8a. The
attenuated backscatter coefficient, as well as the CALIPSO aerosol subtype classification,
are shown for corresponding days in Figure 8b,c, respectively. Figure 8 clearly illustrates
the emission of dust aerosols on 21 July and its transport toward Amman in the next 4 days.
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Figure 8. (a) Backward trajectories during the past 132 h by the HYSPLIT model on 25 July 2018 cal-
culated at different heights, overlaid by MODIS Deep Blue AOD (on 21 July 2018) and corresponding
CALIPSO ground track during transport path. (b) The attenuated backscatter coefficient in arbitrary
units (AU). (c) The CALIPSO aerosol subtype classification. The horizontal axis for all panels of
Figure 8b,c is the same. This axis shows latitude from 27◦ N to 34◦ N.

4. Discussion

To give a comprehensive overview of the typical aerosol conditions in the atmosphere
above Amman, all CALIOP recordings over the study region (dashed black box in Figure 1a)
have been used during a 24-month period from January 2018 to December 2019. The optical
properties of the observed aerosol layers (Section 2.3.1) are utilized to perform statistical
analysis. These optical properties include the linear particle depolarization ratio and the
color ratio, which are directly measured by the CALIOP, and the assumed lidar ratio.
The CALIOP version 4 (V4) level 2 released an improved lidar ratio selection algorithm
with an associated uncertainty [32]. An overview of mean particle depolarization ratio
for each layer is illustrated in Figure 9a. The figure presents cumulative bar plots with
the median (black horizontal line), mean (black circle), the 25–75 percentile (box), and
the 5–95 percentile (whiskers) for all classifying parameters. The figure highlights the
discriminatory power of δp and lidar ratio to classify the fine-mode, coarse-mode dust, and
non-dust aerosols.
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Figure 9. (a) Bar plots show the median (horizontal line), 25–75 percentile (box), and 5–95 percentile
(whisker) of layer-mean particlulate linear depolarization ratio and lidar ratio at 532 nm wavelength,
the same for color ratio and relative humidity. (b) Polar scatter plots of daily IPDR values along the
period of study. (c) Monthly distribution of the observed layer containing different aerosol types
(Dust, Polluted dust, Pollution).

According to this result, three different aerosol types are recognized in Amman’s
atmosphere. As it is shown in the lowest panel of Figure 9a, aerosols with 0 < δp ≤ 0.075
and lidar ratio ∼ 60 Sr are categorized as pollution. The second type is polluted dust
with 0.075 < δp ≤ 0.20 and a lidar ratio of ∼ 55 Sr. These aerosols are the most prominent
aerosol types in the atmosphere above Amman. The third aerosol type is dust particles
with 0.20 < δp ≤ 0.40 and a lidar ratio of ∼ 40 Sr. The middle panel of Figure 9a shows that
the color ratio associated with pollution, polluted dust, and dust particles is 0.6, 0.7, and
0.8, respectively. The upper panel of Figure 9a shows the relative humidity corresponding
to each type. These results indicate that air that contains pollution aerosols is more humid
(RH∼ 60%) in comparison with dust particles (RH∼ 30%). Figure 9b depicts the variation
of all measured particle depolarization ratios during the study period using the polar
scatter plot. The aerosol type classification is performed based on Figure 9a. In addition,
the seasonal behavior of three different aerosol types is shown in Figure 9c. This figure
indicates that the maximum occurrence of observed layers containing dust particles took
place from March to July. On the other hand, aerosols that are categorized as pollution are
more frequently observed from September to February. The number of observed layers that
contained polluted dust particles is approximately the same throughout the year. Figure 10
illustrates the histogram of lofted-layer top heights and their depths in the atmosphere
above Amman during the study period. Both values were extracted from the CALIOP
aerosol layer products. For each layer, the percentage of different aerosol types is shown by
pie plots in Figure 9a. The highest frequency of occurrences was observed for layers with a
top height from 0.5 to 2.5 km, with a second smaller peak at 3.5 km. Regarding the depths
of the observed lofted layers, the maximum frequency occurs in 40% of cases below 0.5 km
in depth and in a few cases with less than 4.5 km. Figure 9a depicts that for layers with a
top height lower than 500 m agl, the atmosphere was mostly impacted by polluted dust
and pollution aerosols. On the other hand, for layers with a top height upper than 2500 m
agl, the atmosphere was contaminated by polarizing dust particles.



Atmosphere 2023, 14, 274 15 of 19

Figure 10. Histogram of (a) lofted-layer top heights and (b) depths during January 2018–December
2019. The type of observed aerosol layer has also been shown by a pie chart for each category.

5. Conclusions

Simultaneous ground-based and satellite observations were utilized to investigate
atmospheric air pollution over Amman, Jordan. The measurements were performed during
a 24-month period from January 2018 to the end of December 2019. For the first time, the
vertical distributions of aerosol spatial, optical, and physical properties over Amman’s
atmosphere were studied by use of the satellite CALIOP lidar. The aerosol profile and
aerosol layer products version 4.21, level 2 with 5 km horizontal resolution, were used in
this study. The particle backscatter coefficient (βp) and particle depolarization ratio (δp)
are two important parameters retrieved from the aerosol profile products of CALIOP data.
Using these two parameters, the one- and two-step POLIPHON approaches were applied
to retrieve the vertical profile of optical and physical properties of coarse-mode, fine-mode,
and non-dust particles. On the other hand, aerosol layer products were also used to do
climatological studies during the study period. Sub-type classification and its number of
occurrences, top height, thickness of the lofted aerosol layer, and the particle depolarization
ratio (PDR) of detected layers are four parameters extracted from this product.

In this study, two illustrative SDS cases have been investigated in detail. The first case
was of the SL-type and reached Amman’s atmosphere at around 06:00 AM and lasted until
02:00 PM on 7 June 2018. It originated from northwest Saudi Arabia and was transported
toward Jordan. A gusty wind with a speed of more than 10 m/s brought an airborne
dust plume over Amman. By the arrival of the SDS in the measurement location, the
PM10 concentration rose to about 120 µg/m3, the HV dropped to about 4 km, and the RH
reached values below 20%. The CALIOP signals across the study region are averaged to
retrieve the vertical profile of the optical properties (βp and δp) and mass concentration
of atmospheric aerosols. According to these results, there was a two-layer structure in
the vertical profiles of βp and δp. The lower layer extends from the ground surface up to
∼700 m agl with an average of the δp of ∼0.14. The upper layer extends from 700 m agl to
2500 agl, and the layer average of δp is ∼0.39. Considering the average values of the δp, a
two-step POLIPHON method was used to separate coarse-mode, fine-mode, and non-dust
contributions in the aerosol mixture within the vertical structure of the atmosphere. In the
lower layer, fine-mode dust particles are the dominant aerosol type, while it is mixed with
anthropogenic (non-dust) pollution. Meanwhile, the upper layer only contains coarse-mode
dust particles. The vertical distribution of mass concentration for each aerosol type is also
retrieved using appropriate conversion factors.

The second SDS case is categorized as an S-type and reached Amman’s atmosphere at
around 12:00 UTC on 25 July and lasted for one day over the measurement location. The
132-h backward trajectory analysis was calculated for different heights including 800 m,
1 km, 1.5 km, and 4 km. According to this result, all trajectories return northwest of the
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Sahara. Ground-based measurements depict a gusty wind with a speed of more than 10
m/s brought an airborne dust plume over Amman. During this selected SDS episode, the
PM10 concentration increased to ∼70 µg/m3, the horizontal visibility fell to ∼4 km, and
the relative humidity decreased to lower than 20%. Again, the vertical profile of the optical
and micro-physical properties of atmospheric aerosols are retrieved from the CALIOP
observation. A dust layer extended from the ground surface up to ∼4.5 km agl, and the
layer average of the δp is ∼0.39.

The seasonal behavior of three different aerosol types indicates that the maximum
occurrence of observed layers containing dust particles happened from March to July. On
the other hand, pollution is more observed from September to February. The number
of layers containing polluted dust particles is approximately the same throughout the
year. The histogram of lofted-layer top heights and their depths in the atmosphere above
Amman, during the study period, were extracted from the CALIOP aerosol layer products.
According to these results, layers with a top height of 0.5 km to 2.5 km occurred with
the highest frequency, with a second smaller peak at 3.5 km. Concerning the depths of
the observed lofted layers, the maximum frequency of the lofted layers (40% of cases)
were observed with layer thickness below 0.5 km. There were also a few cases with a
layer thickness fewer than 4.5 km. For layers with a top height lower than 500 m agl,
the atmosphere was mostly impacted by the polluted dust and pollution aerosols. On
the other hand, for layers with a top height higher than 2500 m agl, the atmosphere was
contaminated by depolarizing dust particles.
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