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Abstract
Mineral dust emitted from the arid regions of the Arabian Peninsula (AP), in particular Kingdom of
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Saudi Arabia (KSA), is an important contributor to the northern hemispheric aerosol loading. Dust
events over AP are frequent and persistent throughout the year, with a peak in occurrence and intensity
between March and August. This study examines the variability of dust events that occurred over AP
during 2003–2017 using long-term dust optical depth retrieved from MODIS satellite measurements.
Dust profiles were derived from CALIOP satellite measurements to assess the vertical distributions
of the dust events.
Our analysis suggests that the formation of extreme dust events is primarily associated with

strong high-pressure systems that occur over AP. Northerly Shamal winds transport dust aerosols
from surrounding arid regions to the AP, amplifying the dust aerosol loading across the country.
CALIOP dust profiles show that the dust aerosols reach up to 4 km height above sea level, with peak
concentrations at an altitude around 1.5 km. Dry deposition of dust is the dominant removal process
over the Arabian Gulf, and wet deposition of dust is the dominant removal process over the Red Sea.
A total of 49 extreme dust events occurred during the period between 2003–2017, over a combined
total of 207 days. We observe a significant increase in the frequency of dust events between 2007 to
2012, peaking in 2012, followed by a marked decrease in the following years. We attribute this sudden
decline in dust activity after 2012 to enhanced winter rainfall, after noticing increased soil moisture
and vegetation coverage during the dust seasons that followed wetter winters. A strengthened Red
Sea trough in the middle and the upper altitudes produced favorable conditions for strong moisture
convergence and increased rainfall over AP, which may have dampened dust activity during 2013–
2017.
Keywords: Arabian Peninsula, Extreme dust events, Dust Optical Depth, MODIS, CALIOP, Red Sea
trough.
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1. Introduction
Dust is the dominant aerosol species by mass in the Earth's atmosphere, and emissions from the
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deserts and arid regions across the globe range between 1000 to 4000 Tg yr-1 annually (e.g., Huneeus

et al., 2011; Urban et al., 2018). Dust aerosols play an important role in the Earth’s climate dynamics

(e.g. Sokolik et al., 2001; Kok et al., 2018), affecting the Earth’s radiative balance, and also rainfall
(Gemma Shepherd et al., 2016). Dust also enriches oceanic biological productivity by supplying
micronutrients, which in turn helps the oceans to act as carbon sinks by reducing atmospheric carbon
dioxide concentrations (e.g., Mahowald et al., 2005; Banerjee et al., 2014; Farahat and Abuelgasim,
2019). Through direct radiative effects, dust emitted from the Arabian Peninsula (AP), for instance,
strengthens the large-scale southwesterly flow of the monsoon and promotes higher Indian monsoon
rainfall (e.g., Mohalfi et al., 1998; Vinoj et al., 2014; Jin et al., 2016). Recent studies suggest that

dust activity over the AP has been increasing since the beginning of this century (Hsu et al., 2012; Yu

et al., 2015b; Ravi Kumar et al., 2018; 2019), which could have repercussions on the Indian monsoon

in the future.
The AP is a major global hotspot of dust storm activity and a significant dust source region,

both on a local and global scales (Prospero et al., 2002; Yu et al., 2015b; Alobaidi et al., 2017).

According to Prospero et al. (2002), dust activity over AP persists throughout the year, with a low
activity during winter and reaches its peak in the spring and summer. The major dust activity
concentrates over the south and south west regions of AP during the summer season. Low lying flat
regions along the Arabian gulf and coast of Oman experience dust activity throughout the year. The
AP region includes three major desert regions: (a) Rub Al-Khali in the southeast, (b) Ad-Dahna in the
east, and (c) An-Nafud deserts in the northwest, with Rub-Al Khali being the largest dust source
region of these deserts (Yu et al., 2013; WMO report, 2013). The occurrence of dust storms can

cause immeasurable damage to properties across AP, while disrupting air traffic and causing a wide
range of health-related issues and respiratory diseases (e.g., Alharbi et al., 2013; Notaro et al., 2013;
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UNESCAP report, 2018; Dasari et al., 2019).
Several studies have described the mechanisms of formation of dust storms over AP using
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observations and models (e.g., Miller et al., 2008; Maghrabi et al., 2011; Alharbi, 2013; Miller et al.,

2019). The residing anticyclonic circulation in autumn and winter was suggested to be responsible
for the formation of dust storms (Mashat et al., 2018, 2019). Dust activity in spring is driven by
Mediterranean cyclones and associated cold fronts (Notaro et al., 2015). In contrast, dust storms in

summer are triggered by the strong northwesterly Shamal wind flowing from the Tigris–Euphrates
region, which transports dust towards AP and onwards to the Arabian Gulf. Notaro et al. (2015)
investigated the variability of dust storms based on station observations and remotely sensed aerosol
optical depth (AOD). However, previous studies based on the highly scattered and sparse groundbased measurements may not have fully captured the variability of dust events over AP. A
comprehensive long-term dataset incorporating all the major desert regions of AP is required to
understand the regional variability of dust activity.
Dust aerosol information from satellite observations has been widely used to study the

variability of dust events over several regions around the world (Prospero et al., 2002; Washington et
al., 2003; Ginoux et al., 2012). Prospero et al. (2002) used the Aerosol Index measurements from the

Total Ozone Mapping Spectrometer (TOMS) satellite to investigate the geographical characteristics
of the dust sources and their seasonal and interannual variability. Washington et al. (2003) compared
TOMS identified dust source regions against the surface-based observations and further estimated the
sand flux. Later, Ginoux et al. (2012) characterized dust sources to natural, anthropogenic, and
hydrological types using the high-resolution MODIS satellite measurements. Here, we use state-ofthe-art dust retrieval algorithms to generate a long-term dust aerosol dataset over the AP, in order to
characterize extreme dust events dynamics and their interannual variability. We quantify the mean
emission and deposition rates of dust aerosols and identify the source and sink regions of dust.
Furthermore, we analyze the vertical structure of the dust column during dust events using dust
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aerosol profiles from Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP). To the best of
our knowledge, this is the first comprehensive study to use satellite-derived long-term dust data and
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vertical dust profiles to characterize the dust activity over AP. We examine the different stages of dust

events, from initiation to maturity, for the duration of multi-day extreme dust events (≥ 3–day), and
we describe the associated atmospheric circulations observed over AP during dust seasons (from
March to August) between 2003–2017. We identify the active sources and sink regions of dust using
the dust products provided by the second generation Modern-Era Retrospective analysis for Research
and Application (MERRA–2) reanalysis. We also analyze the observed recent declining trend in
extreme dust events frequency and investigate the potential changes in different atmospheric
parameters that may be driving it.
The manuscript is organized as follows. Sections 2 describes the data and methodology.

Section 3 discusses the formation of extreme dust events over AP and the identification of the different
source and sink regions, and describe the role of atmospheric conditions in the formation of the
extreme dust events using composite analysis of several atmospheric variables. Section 4 investigates
the recent decline in the dust activity driven by changes in atmospheric conditions. Conclusions and
a general discussion are provided in Section 5.
2. Datasets and Methodology
2.1. Dust Optical Depth from MODIS
Satellite sensors have emerged as among the most efficient and powerful tools to identify the sources
of atmospheric dust (Banks et al., 2013; Ginoux et al., 2012; Schepanski et al., 2012). The Moderate
Resolution Imaging Spectroradiometer (MODIS) sensor measures columnar aerosol properties with
a cross-track resolution ~2330 km, onboard the National Atmospheric Space Agency (NASA) polarorbiting Terra and Aqua satellites. MODIS crosses the equator twice per day at ~10:30 LT (local time
in KSA) and ~13:30 LT and measures radiance in 36 spectral channels ranging from 0.44 to 15 µm
at 250 m to 1 km resolution. Aerosol information is retrieved at 250 and 500 m resolutions using
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seven solar spectral channels (0.47–2.1 µm) (Levy et al., 2005). Aerosol retrievals over bright land
surfaces (such as deserts) are more difficult to determine than retrievals over oceanic surfaces. Over
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the land, surface reflectance at blue wavelength is much lower compared to the longer wavelengths,
and this disparity allows for the development of the Deep Blue algorithm for aerosol retrievals over
bright surfaces (Hsu et al., 2013). Here, we use MODIS collection 6.1 (C6.1) which includes
significant improvements in the aerosol retrieval algorithms and radiometric calibration (Wei et al.,

2019). The Level–2 (L2) spectral aerosol properties are derived at 10 km × 10 km resolution by

implementing the Deep Blue algorithm over the calibrated Level 1B spectral reflectance.
We first interpolated the Aerosol Optical Depth (AOD), Single Scattering Albedo (ω), and the

Ångström Exponent (α) from the Deep Blue aerosol data at a 0.1° × 0.1° resolution. Using the

interpolated data, the Dust Optical Depth (DOD) was retrieved based on the methodology described
by Pu and Ginoux (2018). Pu and Ginoux (2018) revised the original dust algorithm of Ginoux et al.
(2012) to make it more suitable for the latest MODIS’s-L2 deep blue aerosol products. The present
version of this algorithm used to derive DOD keeps single scattering albedo (SSA) at 470 nm below
one to separate dust from sea salt aerosols (Equation 1 in Pu and Ginoux, 2018). Ginoux et al. (2012)
used the α < 0 to identify the dusty pixels; however, the updated algorithm (i.e. Pu and Ginoux, 2018)
discarded this threshold as the current MODIS-L2 deep blue aerosol products provide the α starting

from 0 (Sayer et al., 2013). The updated algorithm uses a continuous function (Equation 1 in Pu and
Ginoux, 2018) based on the angstrom exponent to estimate the final DOD, and we followed same
procedure to derive the DOD over the AP.
2.2. Identification of extreme dust events
There is no standard definition in the literature for extreme dust events. In this study, we characterize
extreme dust events, as those that lasted three consecutive days or more and exhibited widespread
coverage over the AP based on the following two criterions: (i) During dust events, particulate matter
concentrations (PM10) increases above the WHO standards for air-quality (e.g., Alharbi et al., 2013;
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Goudarzi et al., 2017; Khaniabadi et al., 2017). Long-term exposure to high PM10 concentrations can
increase the risk of mortality through respiratory and cardiovascular diseases (e.g., Kotsyfakis et al.,
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2019). Multiple reports suggested that an increase in the non-accidental mortality by up to more than
10% due to prolonged (≥ 3 days) high PM10 episodes (Pizzo and Clerico, 2012; Zhou et al., 2015;
Wong et al., 2017; Zhang et al., 2017; Kim et al., 2018; Wang et al., 2018), much higher than the
mortality rate caused by shorter duration events (<3 days). (ii) Severe widespread prolonged dust
events are triggered and maintained by persistent synoptic circulations (e.g., Knippertz and Fink,
2006; Shao et al., 2010; Hamidi et al., 2014, 2017; Knippertz and Stuut, 2014; Houssos et al., 2015;
Solomos et al., 2017; Beegum et al., 2018; Dumka et al., 2019). A synoptic circulation should sustain
at least 3 days to reach its persistent nature (e.g., Kyselý and Domonkos, 2006; Guemas et al., 2009,
2010; Miller et al., 2020). All the identified dust events in our study are widespread in nature and
affect most of the Arabian Peninsula and its surrounding regions.
To identify the extreme dust events, we used the standardized anomaly method (e.g., Rajeevan

et al., 2010; Manoj et al., 2011; Jin et al., 2018). The steps involved in computing the standardized
anomaly of DOD are as follows: (a) We first computed the daily mean DOD from MODIS by
combining both Terra and Aqua passes, and then generated the daily time series of DOD for the period
2003 to 2017 by spatially averaging the daily mean DOD over the Arabian Peninsula. Using the
resulting daily time series, we computed the corresponding climatology for each day and its standard
deviation, (b) We then computed the DOD daily time series of standardized anomaly, by subtracting
the daily time series from the corresponding climatology (reference period 2003-2017) and dividing
by the corresponding standard deviation, (c) Standardized anomalies higher than +1.0 that persisted
for three or more consecutive days are considered as extreme dust events.

2.3. CALIOP dust profiles
The 3D distribution of aerosols during day and night can be studied using CALIOP (Winker et al.,

2013). At present, CALIOP is the only space-based lidar that measures the vertical distributions of
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aerosol and optical properties over the globe. The CALIOP aerosol classification algorithm uses
surface type, location, altitude, particulate depolarization ratio, and integrated attenuated backscatter
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to locate the aerosol subtype (Omar et al., 2009). Here, we use the CALIOP–L2 version 4.20 standard
aerosol profiles at 532 nm available at 5 km horizontal and 60 m vertical resolutions during day and
night over AP from 2006 to 2017. The dust model used for CALIOP retrievals is based on the
theoretical calculations of particle scattering and uses the discrete dipole approximation technique. In

the present version, the updated particle depolarization ratio reduced the misclassifications of dust
aerosols around the coastal regions as well in the open oceans (Kim et al., 2018). Aerosol profiles
under all-sky conditions were considered, and the quality control procedures applied to the data are
(1) AOD at 532 nm ≤ 3; (2) −100 ≤ cloud aerosol discrimination score ≤ −20; (3) extinction quality
control flags = 0, 1, 16, 18; (4) extinction uncertainty < 99.9 km–1; (5) feature type = 3 (aerosol),

aerosol subtype = 2 (Dust); and (6) 0% < uncertainty in AOD 532 nm / AOD 532 nm ≤ 100%, as used
in earlier studies (Koffi et al., 2012; Tian et al., 2017). The dust aerosol lidar ratio, a key parameter
for the dust extinction retrieval, is determined based on modeling, measurements, and the cluster
analysis of AERONET dataset (Omar et al., 2009). The dust lidar ratios in version 4.20 are modified
to 44±9 sr at 532 nm and 44±13 sr at 1064 nm.

2.4. MERRA–2 Reanalysis
MERRA–2 from the NASA Global Modelling and Assimilation Office (GMAO) is a global long–
term reanalysis developed via the Goddard Earth Observing System (GEOS–5) version 5.12.4 model
(Gelaro et al., 2017). MERRA-2 simulates the aerosol properties using the Goddard Chemistry,
Aerosol, Radiation, and Transport (GOCART) model (Buchard et al., 2017; Randles et al., 2017).
GOCART computes the sources and sinks of dust in five non-interactive dry size bins 0.1–1 µm, 1–
1.8 µm, 1.8–3.0 µm, 3–6 µm, and 6–10 µm with corresponding effective radii of 0.73 µm, 1.4 µm,
2.4 µm, 4.5 µm, and 8 µm, respectively. Dust emissions mainly constrained by wind-driven erosion
over the source locations are identified based on the topographic depression map (Ginoux et al.,
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2001). The dust emissions and dry/wet deposition rates in MERRA-2 are estimated by summing the
emissions/deposition rates from all five bins. We use the gridded data with a spatial resolution of
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0.625° × 0.5° during 2003–2017. The usage of the three-dimensional variational data assimilation
(3DVar) and Grid point Statistical Interpolation analysis system with the GOCART aerosol model
improved the aerosol properties (Randles et al., 2017). Generally, MERRA-2 tends to show similar

vertical structure as CALIOP over the aerosol source regions, with peak attenuated backscatter values
at about the same altitude (Buchard et al., 2017). More importantly, MERRA-2 successfully
reproduces the interannual variability of north-Atlantic dust transport. The aerosol assimilation
methodology (2D analysis combined with LDE methodology) has an overall positive influence on

the representation of dust aerosol distribution and transport. Despite the considerable improvements
in the dust related products, uncertainties still arise due to the static dust source functions and physical
process parameterizations such as hygroscopic growth, transport, and aerosol–cloud interactions
(Randles et al., 2017).
2.5. Other datasets
We analyze various atmospheric parameters to understand the variability in the activity of extreme

dust events over AP. We use the tropical rainfall measuring machine (TRMM) 3B43 version 7 rainfall
data available at 0.25° × 0.25° horizontal resolution (Huffman et al., 2007; Huffman and Bolvin,

2015), soil moisture data from the Climate Prediction Center available at a spatial resolution of 0.5°

× 0.5° (Fan and van den Dool, 2004), the normalized difference vegetation index (NDVI) from the
MODIS–Terra sensor available at 0.05° × 0.05°, the geopotential height, and winds from the National
Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR,
Kalnay et al., 1996) to investigate the influence of these parameters on the accumulation of dust in
the atmosphere over AP. We also use Level 2.0 AERONET (Holben et al., 1998) coarse mode aerosol

optical depth at 500 nm measured at Solar Village (24.906°N; 46.397°E) during 2003–2013 to
validate the DOD derived from MODIS.
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3. Results
We first evaluate the DOD from Terra and Aqua against the available AERONET observations at the
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Solar Village, KSA, and then use the validated DOD datasets to study the formation and variability
of the dust events and associated meteorological conditions. We also explain the potential
mechanisms behind the recent decrease in dust events observed over AP.
3.1. Comparison of MODIS derived DOD with AERONET
We compared the DOD retrievals against the coarse mode aerosol optical depth at 500 nm from
AERONET observations collected at the Solar Village, KSA, during 2003–2013, and used the
spatiotemporal approach (Pu and Ginoux, 2018; Wei et al., 2019) to collocate the MODIS and

AERONET measurements. We considered at least two AERONET measurements within ±30 mins
by centering the Terra and Aqua overpass times, and the DOD measurements were averaged within a
spatial radius of 30 km by centering the AERONET location. Figure 1 presents the individual
comparisons of Terra and Aqua retrieved DOD against the AERONET measurements. The scatter
plot suggests that the DOD retrievals from MODIS agree well with AERONET measurements. Aqua
shows a higher correlation (0.83) than Terra (0.74) against the ground-based measurements with more
than 99% statistical significance. The slopes in the range 0.86 (Aqua) – 0.86 (Terra) and low values
of intercept suggest the validity of the assumptions made for the dust retrievals. The low RMSE and
high correlations further suggest good agreement between the DOD retrievals from Aqua and Terra
with AERONET observations, thus giving us confidence in utilizing these for the analysis of the
spatiotemporal variability of extreme dust events over the AP.
3.2. Extreme dust events
The total number of dust days (filled bar), number of dust events (in blue), and mean dust season
DOD values (red curve) for each year are reported in Figure 2. We calculated the number of dust days
by summing all dust events that occurred during a dust season. The analysis of the annual variations
in dust days, the number of dust events, and the mean seasonal DOD values during each dust season
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indicates a sharp increase in the frequency of dust days between 2007 and 2012, and a decrease after
2012. A total of 49 extreme dust events occurred between 2003–2017, totaling 207 days, with
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significant interannual variability. Among the 49 dust events, 26 events (53%) were extended dust
episodes with a duration between four and ten days, and the remaining 23 events (47%) persisted for
three days only. The longest dust event persisted for about ten days, between 2-11 April, 2015, and
the highest dust activity occurred in 2012 with a maximum number of dusty days (35 days; 9 events).
The correlation coefficient between dust season DOD and dust events is 0.91, with a statistical
significance of 99%, suggests that dust events drive the interannual variability of DOD. Interestingly,
no dust events occurred during 2004–2006 which was also reported by Notaro et al. (2015) using
ground-based observations over AP. A significant increase in dust days of 48.3 per decade is
noticeable during 2007–2012, of 48.3 dust days per decade, followed by a pronounced decreasing
trend of -41 dust days per decade. Using the ground-based dust storm data, Notaro et al. (2015) and
Yu et al. (2015b) also reported this increasing trend in dust episodes from 2006, this is further

analyzed in the following sections.

3.3. Atmospheric circulation patterns during extreme dust events
We applied the widely used Lead-lag methodology, which examines the anomaly composites for Day2 (two-day prior), Day-1 (one-day prior) and Onset-Day (starting day) of the extreme dust events to
indicate their evolution stages and associated anomalous atmospheric patterns (e.g., Jones et al., 2003,

2004; Oh et al., 2015; Yu et al., 2015a; Grogan and Thorncroft, 2019; Hingmire et al., 2019; Kumar
and Arora, 2019). The composite anomalies were computed as follows: (i) We first identified the
extreme dust events based on the daily standardized anomalies. To determine the anomalous
circulation favoring the extreme dust events, we generated spatial maps of the daily anomalies (=
daily mean – corresponding daily climatology) of meteorological and DOD fields. (ii) We then
computed the composite anomalies of DOD and meteorological fields for Day-2, Day-1 and Onsetday, respectively by averaging DOD and meteorological anomalies of the two-day prior, one-day
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prior, and staring day for all the identified extreme dust events.
Figure 3 depicts the mean anomaly composites of geopotential height (GPH) and vector winds
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at 1000 hPa and 700 hPa for the onset day, Day-1, and Day-2. The changes over time in positive GPH
anomalies at 1000 and 700 hPa illustrate the systematic development of synoptic conditions that favor
dust accumulation over AP. On Day–2, an irregular surface high pressure appears over the eastern
corridor of Libya, extending into Egypt. In contrast, the atmosphere above AP is characterized by an
anomalous low pressure at lower levels that supports dust resuspension (Fig. 3c). The core of the
high-pressure anomaly strengthens over Egypt and further develops over northern AP during Day–1
(Fig. 3b). The anomalous high pressure enhances the surface winds over northern AP and the nearby
bordering region of Iraq. The elevated wind speeds trigger aeolian processes over the TigrisEuphrates region, where loose clay deposits are abundant. The intrusion of northerly winds into AP
facilitates an influx of dust from higher latitudes. On the onset day of the dust event, the core of the
high-pressure anomaly moves to north-central AP (Fig. 3a), and the low-level subsidence (induced
by the anomalous high-pressure) promotes the widespread distribution of dust aerosols emitted from
different source regions. The zonal composites of vertical velocities during the onset day indicate a
seesaw motion over AP (Fig. S1a). The positive (negative) values indicate subsidence (upward)
motions. Subsidence dominates over most of the northern AP, whereas upward motions dominate
between 15°N to 25°N. The vertical transport and entrainment of the dust aerosols above the boundary
layer facilitate considerable long-range transport of dust. The presence of strong easterly wind
anomalies from the lower- to mid altitude-levels over the Arabian Sea opposes the oceanic transport
of dust during these events. The synoptic patterns on the onset day of the dust events replicate the
anomalous sea level pressure patterns associated with the stronger Shamal winds. Here after we
provide further evidence that anomalous pressure patterns increase the strength of Shamal winds,
which triggers abrupt dust emissions over the central AP.
3.4. Dust aerosol distribution during extreme dust events
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Figure 4 shows the mean spatial and vertical distribution of dust aerosols from MODIS and CALIOP.
The AOD between MODIS and CALIOP observations over AP during 2007-2015 are compared
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(Figure S2) and discussed in Supplementary Material. The analysis indicates that both data sets are
correlated well with the correlation of 0.5 with a statistical significance greater than 99%. During
Day–2, the positive anomalies of DOD begin to spread across the north-central AP with maxima over
Iraq and northeastern KSA (Fig. 4c). Central and southwest AP witness a consequent accumulation
of dust, with positive DOD anomalies reaching up to 0.5 during the onset day of the dust event (Fig.
4a). Anomalous northerly winds during the extreme dust event resuspend clay deposits into the
atmosphere over Iraq, transferring significant dust loads to AP. Moreover, dry riverbeds across the
central-east KSA provide further dust sources that enhance the atmospheric dust loading. The strong
low-level subsidence induced by the prevailing anomalous high pressure inhibits vertical and oceanic
transport, resulting in higher DOD values. The zonal mean distribution of the dust backscattering
coefficient over AP derived from CALIOP is presented in Figs. 4d-f. The vertical distribution of the
dust backscattering coefficient on Day-2 reveals an increase of concentrations up to 2 km height
above ground level and a rapid decline above 2 km (Fig. 4f). On the onset day, the dust aerosols
mostly accumulate between 15°–25°N with an elevated concentration between 1-2.5 km above sea
level (Fig. 4d). Dust backscatter reaches a peak of 0.015 km–1sr–1 around 1.5 km due to the uplift of

fine dust aerosols, caused by the anomalous low pressure residing over the southern AP. The abnormal
shortwave radiative heating induced by the dust aerosols during the daytime imposes temperature
inversions above the boundary layer. These temperature inversions may limit the vertical transport of
dust while further strengthening the existing anomalous high-pressure system. Radiosonde
observations from King Khalid international airport (24.93°N; 46.71°E) confirm the presence of the
multiple inversion layers between 1.5 to 3 km above sea level (not shown) during the onset day of
the dust event.
Figure 5 shows the spatial patterns of concentrations of PM10 (airborne particulate matter of
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diameter 10 µm or less) and emissions for dust aerosols. Elevated PM10 concentrations over extended
duration can severely deteriorate ground visibility, leading to disruptions in the air-traffic and
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transport sectors, and induce severe complications for human health. We observe elevated PM10
concentrations on the onset day of the dust events over the eastern and southern AP with values
exceeding 1200 µg m–3, which is about 400% higher than the air-quality limits set by the Saudi

General Authority for Meteorology and Environmental Protection (GAMEP). Emissions during dust
events over AP derived from MERRA2 is presented in Figure. 5d-f. Active dust sources are seen in
Iraq, the coastal region of Kuwait, KSA, Bahrain, Qatar, United Arab Emirates, the coast of Oman,
and the northern tip of Somalia. During the onset day, emission rates peaked at 1 g m–2 day–1 in KSA
and Iraq, with a slight north-south gradient in dust emissions. Substantial emissions of dust from these

regions are driven by dry wind conditions that perturb coastal alluvial deposits.
Figure 6 outlines the spatial characteristics of the dry and wet deposition rates during the dust

events. Dry deposition is the process of settling of atmospheric particles over time, whereby larger
dust particles settle and return to the ground more rapidly than smaller particles due to gravity (Slinn

and Slinn, 1980). Dust dry deposition rate in MERRA2 strongly depends on model dry deposition
schemes, whereas wet deposition of (precipitation-induced) dust depends mainly on the assimilated
global precipitation data (Randles et al., 2017). The dust deposition rates are considerably higher over
the oceanic regions than over land. On the onset day, northerly winds are dominant over the TigrisEuphrates regions, resulting in the emission of clay deposits that contribute large dust particles to the
atmosphere. Due to their shorter atmospheric lifespan, we observe high dry-deposition rates over the
Arabian Gulf and adjacent regions (Fig. 6a). We also record different spatial characteristics in dry and
wet deposition rates between the Red Sea and the Arabian Gulf. Both dry and wet deposition dust
rates dominate over the oceanic regions compared to land regions; however, the wet deposition's
intensity dominates over the dry deposition. Dry deposition dominates over the Arabian Gulf, with
values up to 0.04 g m–2 day–1, due to the northerly winds traversing the nearby source regions. In
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contrast, high wet-deposition rates of ~ 0.05 g m–2 day–1 dominate over the southern Red Sea and the
adjacent Ethiopian highlands during the onset day (Fig. 6d). We observe significant dust wet-
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deposition gradients from north to south of the Red Sea, starting from Day–2 to the onset day. Easterly
and northeasterly winds carry a significant amount of dust from the active source regions to the
southern Red Sea. Lower dry deposition rates allow finer dust particles to be more easily transported
to the southern Red Sea. Moreover, the presence of the Red Sea convergence zone (Viswanadhapalli
et al., 2016; Dasari et al., 2018; Hoteit et al., 2020) may also increase wet deposition over the southern

Red Sea; this process deserves further investigation using state-of-the art numerical modeling (e.g.,
WRF-Chem).
4. Epochal changes in dust aerosol distribution and meteorological parameters
This section examines the seasonal mean distribution of dust aerosols, rainfall, soil moisture,
normalized difference vegetation index (NDVI), winds, and geopotential height in an attempt to
explain the corresponding epochal changes, as well as the role of these parameters in controlling the
extreme dust activity. We divided the total study period between 2003–2017 into two epochs. The
first epoch (EP1) corresponds to 2007–2012, during which time we observed an increase in dust
activity, and a second epoch (EP2) that corresponds to 2013–2017 when we recorded a marked
decrease in dust activity. To better represent the difference between EP2 and EP1, we estimated the
percentage change observed between EP2 and EP1 by [(EP2–EP1) × 100/EP1].
We performed frequency distribution analysis (Fig. 7) to explore the differences in dust

activity between EP1 and EP2. For the analysis, we computed the number of days with DOD > 0.5
during each dust season for the entire period and the mean values of EP1 and EP2. In general, higher
frequencies are concentrated around the AP and the borders of the Arabian Gulf in both EP1 and EP2.
A significant enhancement in dust activity is noticeable during EP1 over the borders of Iraq and KSA
(Fig. 7a). The dust activity centered around central KSA was most likely related to the dust sources
from dry wadis or riverbeds. High frequencies are spread across the Empty quarter region consisting
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of salt flats in the United Arab Emirates interferers in Rub Al Khali sandy desert, providing a sand
source to generate the dust emissions through sandblasting. The west coast of Iran has been identified
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as a prominent source of dust during the dry season (Ginoux et al., 2012; Choobari et al., 2016); this
region also emitted a significant amount of dust from natural and anthropogenic dust sources during
EP1. A significant reduction in frequency is observed across the AP during EP2 mostly pronounced
over southern KSA (Figure 7b). This reduction in dust frequency during EP2 led to a depletion in

dust accumulation (Fig 7d), and most of the dust abundant regions underwent up to a 50% reduction
in DOD.
Figure 8 suggest the significant changes in dust emission and deposition rates between EP1

and EP2 during the dust season. The spatial distributions of dust emissions, which also consist of fine
particle sediments from ephemeral lakes, across AP were mostly concentrated along regions with low
elevation (< 200m) (Fig. 8a). The seasonal distribution of dry and wet deposition indicates higher dry
deposition over the eastern side of the AP and the Arabian Gulf (Fig. 8c) and higher wet deposition
over the southern Red Sea (Fig. 8b). The wet deposition rates in EP2 were more increased than others
(Fig. 8e). The percentage change of wet deposition is significantly more substantial over the mainland
of KSA, coastal regions of Iran and northern Red Sea region during EP2.
We note that the primary source regions of dust had a mean seasonal (October to December)

rainfall less than 50 mm month–1 (Fig. 9a), and the maximum precipitation occurred over the borders

of eastern Iraq and western Iran. According to Banerjee et al. (2016), winter rainfall over the AP

crucially affects levels of dust emissions in the following dust season. Our analysis suggests that most

of the active dust regions in EP2 experienced an increase in the amount of rainfall by about 100%
(Fig. 9d), which made the soils less susceptible to wind erosion during the following dust seasons.
Rainfall increase across the AP, the northern Red Sea, and northeast Africa during EP2, caused a
100% increase in the mean soil moisture (Fig. 9b) during the dust season. NDVI analysis showed
positive values over the entire AP during EP2, with a significant increase of about 50% over the
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Tigris–Euphrates region (Fig. 9f). Enhanced vegetation associated with increased soil moisture also
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favored the suppression of wind erosion over the region and thus, the generation of dust.
Figure 10 displays the mean and epochal changes in the spatial patterns of wind speeds and

geopotential height (GPH) at different pressure levels during the wet season. The mean pattern at 850
hPa shows the two semi-permanent high-pressure systems over northeast Africa and eastern AP. In
this scenario, the Red Sea creates an active channel for the transport of moisture between the
Mediterranean and the Arabian Sea (Langodan et al. 2017; Hoteit et al., 2020). Dasari et al. (2018)

studied the development of the Red Sea trough and the Red Sea convergence zone between the two
semi-permanent systems, and observed that this system is responsible for moisture transport over the
AP. Climatologically, moisture transport from the Red Sea to AP mediated by the mid-level westerlies
from Arabian high reaches 80%. The moisture convergence facilitated by the Red Sea trough triggers
the rainfall activity over AP, and meridional movement of the Red Sea trough creates a spatial
variability in the wet seasonal rainfall over the AP. The difference that we observed in GPH between
EP2 and EP1 have been caused by the northward movement of the East African high-pressure system
and a weakening of the Arabian high-pressure system at 850 hPa (Fig. 10d). There was also a
deepening of the Arabian high-pressure system in the mid to upper levels of the atmosphere from EP1
to EP2 (Fig. 10d and 10e). The eastward movement of high-pressure systems over the AP at upper
levels has been shown to facilitate the formation of an elongated Red Sea trough that extends between
850 hPa to 500 hPa (Dasari et al., 2018). This synoptic-scale feature resembles the conditions of the
active Red Sea trough, which amplifies wave activity in the middle and upper levels of the atmosphere
(De Vries et al., 2013; Zolina et al., 2018). These combined atmospheric conditions enhanced the
moisture and associated rainfall over the AP during EP2, particularly over dust source regions. The
excess rainfall is carried over to the next dust season as the soil stores moisture for a long time and
further facilitates vegetation growth. The overall effect is reducing the dust production due to lower
soil erodibility over the dust source regions during EP2.
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5. Summary and Conclusions
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This study described the annual variability of extreme dust events that occurred over AP during 2003–
2017. We derived DOD from MODIS to identify extreme dust events that took place during the usual
dust season (March to August). We have also used CALIOP to investigate the vertical distribution of
the dust. The retrieved DOD values correlate well with ground-based AERONET measurements
collected at Solar Village. A total of 49 extreme dust events occurred during the period between 2003–
2017, over a total of 207 days.
A summary of the main findings of this study, which further analyzed the atmospheric processes that
caused an increase or decrease in dust events, as follows:
•

•

•

•

The composite analysis of winds and geopotential height indicated that anomalous highpressure systems at 1000 hPa tended to form during the onset day of an extreme dust event.
These anomalous surface high-pressure systems increased the strength of the Shamal winds
over the northern parts of the AP, which resuspended significant loads of dust aerosols and
transported them towards the AP, thus causing considerable accumulation of dust aerosols in
the atmosphere.
On the onset day of an extreme dust event, dust aerosols reached up to altitudes of 4 km, with
the highest concentrations located at an altitude of around 1.5 km.
Extreme dust events resulted in high deposition rates over the Arabian Gulf and the Red Sea.
Dry deposition rates were significantly higher over the Arabian Gulf, and wet deposition rates
were higher over the Red Sea. During dust events, surface PM10 concentrations over KSA
were more than 400% higher than the permissible environmental standards.
We observed significant changes in dust activity over AP in the most recent decade. The
frequency of DOD > 0.5 indicated a rapid decline in the number of dusty days during 2013–
2017 relative to 2007–2012.
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•

We recorded an anomalously positive wet deposition rate across the AP between 2013 and
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2017. The enhanced rainfall during the winters preceding the dust seasons led to increased
soil moisture, which favored higher NDVI during 2013–2017.

•

The increased strength of the Red Sea trough favored strong moisture convergence and gave
rise to increased rainfall during 2013–2017.
This study described in detail the long-term changes in extreme dust events and associated

atmospheric conditions over AP using satellite-based dust measurements. We expect that the
interannual variability of dust activity is strongly influencing the region’s climate through radiative
feedbacks. We aim to quantify this radiative feedback in a future study using an advanced
atmospheric-chemistry model such as Weather Research Forecasting model coupled with Chemistry
(WRF-Chem).
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Figure 1. Scatter plots of DOD from MODIS (a) Terra and (b) Aqua sensors against the AERONET
coarse mode aerosol optical depth measurements from solar village, Saudi Arabia during the period
2003−2013. The DODs from Terra and Aqua agree well with the AERONET coarse mode optical

depth, with more than 99% confidence level. The color bar represents the normalized density of
observations.
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Figure 2. The annual variability of number of dust days (Filled bar) occurred in a dust season (March
to August) and seasonal mean dust optical depth (Red line) during the period 2003–2017. The
numbers in blue indicate the number of extreme dust events observed in a dust season.
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Figure 3. Composite of anomalous geopotential height (shaded, m) and vector winds at 1000 hPa (a
to c) and 700 hPa (d to f) on the onset day (upper panel), day-1 (middle panel) and day-2 (lower
panel) of the extreme dust events.
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(d)

(e)

(f)

Figure 4. Composite of anomalous dust optical depth (a to c) and zonal mean composite of CALIOP
back scatter (km–1 sr–1) (d to e) on the onset day (upper panel), day-1 (middle panel) and day-2 (lower
panel) of the extreme dust events.
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Figure 5. Mean composites of dust PM10 (ug m–3) concentrations (a to c) and dust emissions (g m–2
day–1) (d to f) on the onset day (upper panel), day-1 (middle panel) and day-2 (lower panel) of the

extreme dust events.
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Figure 6. Mean composites of dust dry deposition rates (g m–2 day–1) (a to c) and wet deposition rates

(g m–2 day–1) (d to f) on the on the onset day (upper panel), day-1 (middle panel) and day-2 (lower
panel) of the extreme dust events.
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Figure 7. Distribution of DOD > 0.5 frequency during dust season for (a) EP1, (b) EP2 periods. (c)
mean dust optical depth (2003–2017), and (d) percentage change between EP2 relative to EP1.
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Figure 8. Spatial distributions of different dust aerosol parameters for EP2 relative to EP1 during the
dust season (March to August) during 2007–2017. Top panel presents mean emissions (g m–2day–1)
and percentage changes (%). Middle panel presents mean wet deposition (g m–2day–1) and percentage
changes (%). Bottom panel presents mean dry deposition (g m–2day–1) and percentage changes (%).
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Figure 9. Spatial distributions of different meteorological parameters for EP2 relative to EP1 during
2007–2017. Top panel presents mean wet season rainfall (mm month–1) and percentage changes (%).

Middle panel presents mean soil moisture (mm) and percentage change (%). Bottom panel presents
the mean NDVI and percentage change (%) during the dust season.
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Figure 10. Mean seasonal (October–December) winds (ms–1) and geopotential height (shaded, m) (a)

to (c) and epochal changes (d) to (e) at different pressure levels. Top panel is for 850 hPa, middle
panel is for 700 hPa and bottom panel is for 500 hPa during 2007–2017.
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Figure S1. Zonal mean composite of anomalous vertical velocities (Pascal/s) averaged between 35°E
and 55°E on the onset day (upper panel), day-1 (middle panel) and day-2 (lower panel) of the extreme
dust events.
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Figure S2. Comparison of AOD between MODIS-Aqua and CALIOP daytime for the period from
2007 to 2015 over the Arabian Peninsula region. The color bar represents the number of coincident
observations.
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