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Abstract
Satellite observations show high aerosol loadings over the Arabian Sea in boreal summer,
which have great impacts on the Indian monsoon due to absorbing dust aerosols. However,
the compositions, origins, transport pathways, and decadal trends of these aerosols have not
been well studied. In this study, using multiple satellite retrievals, a back-trajectory model,
and reanalysis data, we found that: 1) Aerosol optical depth (AOD) over the Arabian Sea and
Arabian Peninsula have a summer peak and dust aerosols dominate the AOD; Aerosol
reanalysis data tend to considerably underestimate dust AOD compared to satellite data,
indicating challenges of extracting dust from total AOD; 2) Aerosols over the Arabian Sea
are largely transported from South and East Arabian Peninsula by cyclonic winds in the lower
troposphere (850 hPa) and from Iran–Afghanistan–Pakistan by anticyclonic winds in the
middle troposphere (500 hPa); 3) Both case studies and composite analyses show that
extremely high aerosol loadings over the Arabian Sea is associated with an abnormally low
pressure over the Arabian Sea and the Middle East; and 4) Significant positive trends in AOD
over the Arabian Peninsula and the Arabian Sea exist during 2000–2011 but disappear during
2000–2016, indicating a strong interdecadal variability of dust activities. This study revealed
pathways linking dust emissions in the Middle East to high summertime AOD over the
Arabian Sea and identified the atmospheric conditions favorable for dust emissions and
transport.
Plain Language Summary
Tiny particles in air are of great importance in climate system by changing the earth’s
radiation balance and clouds. Satellites observe very high concentrations of particles over the
Arabian Sea and the Middle East in the boreal summer. This study examined the chemical
compositions of these particles over the Arabian Sea and their origins, transport pathways,
and long-term changes using multiple satellite products, numerical simulations, and statistical
methods. It is found that dust aerosols dominate the particles over the Arabian Sea in the
summer. These dust aerosols are lifted from the dry deserts over the Arabian Peninsular to the
air and transported to the Arabian Sea under favorable wind patterns. The findings here can
benefit future studies on interactions between the Middle East dust particles and regional
climate.
1 Introduction
Mineral dust aerosols are the most abundant aerosol by mass following sea salt
aerosols (Seinfeld and Pandis, 2016), and have great impacts on the climate system. Dust
aerosols can interact with solar and terrestrial radiation by scattering and absorbing, i.e.,
direct effect (Miller and Tegen, 1998), evaporate clouds near dust layer, i.e., semi-direct
effect (Bollasina et al., 2008; Perlwitz and Miller, 2010), and modify clouds by serving as
cloud condensation nuclei (Rosenfeld and Nirel, 1996) and ice nuclei (DeMott et al., 2003;
Sassen, 2002), influencing cloud micro- and macro-physics, such as cloud number
concentration, effective radius of cloud droplets, cloud liquid water path, and cloud life time
(Hoose et al., 2008; Rosenfeld et al., 2008; Rosenfeld et al., 2001). With abundant iron
content, dust aerosols are thought to be important sources of micronutrient when transported
over and deposited into the oceans (Mahowald et al., 2009). Dust aerosols can also reduce
visibility and thus exert adverse effects in the transportation sector and cause severe human
health problems (Karanasiou et al., 2012).
The Middle East and its surrounding areas are covered by a number of large deserts
(Figure 1) and dust storms are very active in these areas during boreal summer (defined as
June–July–August; Figure 2). These dust aerosols can be transported long-distance from land
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to the Arabian Sea (Tindale and Pease, 1999). Recently, several studies found that the
aerosols over the Middle East and the Arabian Sea are significantly correlated with the Indian
summer monsoon (ISM) rainfall (Jin et al., 2014; Solmon et al., 2015; Vinoj et al., 2014).
Absorbing dust aerosols over the Arabian Sea in the lower and middle troposphere can
strengthen the southwest monsoon flow by heating the troposphere (Jin et al., 2015). The
impact of the Middle East dust aerosols on the ISM rainfall can be comparable to that of the
anthropogenic aerosols over the Indian subcontinent (Jin et al., 2016b). The magnitude and
spatial features of climate responses to dust aerosols significantly depend upon the dust
particle radiative properties assumed in models (Jin et al., 2016a; Miller et al., 2014), which
still have large uncertainties (Kok et al., 2017). Moreover, positive trends are observed in
both the aerosol optical depth (AOD) over the Middle East and the Arabian Sea and the ISM
rainfall during the past 15 years (Jin and Wang, 2017; Solmon et al., 2015).
Although the aerosols over the Arabian Sea play an important role in modulating the
ISM system, the origins, chemical compositions, and transport pathways of these aerosols are
not well studied. Using ship-collected aerosol samples and a back-trajectory model, Tindale
and Pease (1999) studied the concentrations of aerosols chemical compositions and their
transport pathways. They found that sea salt had peak concentrations in boreal summer,
followed by fall, spring, and winter; while mineral dust had peak concentrations in boreal
spring, followed by winter, fall, and summer. Furthermore, they revealed that aerosols over
the northern Arabian Sea were transported by northwesterly at altitudes lower than 1.5 km
from the southern parts of Iran and the Arabian Peninsula and by northeast winds at altitudes
between 1.5 km and 5.0 km from the southern parts of Pakistan. Recently, based on trajectory
model results, Notaro et al. (2013) addressed the transport trajectories of dust storms in Saudi
Arabia. They concluded that remote dust aerosols in North Africa can be transported across
the Red Sea to Saudi Arabia, but we are not aware of any direct analysis on the dust aerosols
transport to the Arabian Sea.
In this study, we addressed the spatial characteristics of aerosol compositions, their
transport pathways, dynamic conditions for dust transport, and aerosol long-term trends using
multiple satellite retrievals, a back-trajectory model, and two reanalysis data sets. The results
in this study provide a comprehensive and detailed analysis on the importance of dust
aerosols over the Arabian Sea focusing on their origins and transport pathways. Such a
detailed analysis of dust aerosols can help us better understand the observed correlation
between Middle East dust aerosols and the Indian summer monsoon rainfall. The next section
describes the model, experiment design, methods, and data used in the study. Section 4
presents all the results, including the climatology of aerosols, aerosol compositions, backtrajectory results, composite analysis, a case study, and a trend analysis of aerosol during
2000-2016. The last section is the conclusions and discussion.
2 Methods
2.1 Back-trajectory model
2.1.1 Model description
To identify the source of high aerosol loadings over the Arabian Sea, the National
Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory’s Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model version 4 was employed
in this study. HYSPLIT was widely used in back-trajectory applications to identify the origin
of air pollutants (Fleming et al., 2012). The model uses the Lagrangian and Eulerian
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approaches to calculate the trajectories of air parcels and the concentrations of the air
pollutants, respectively (Stein et al., 2015).
Meteorological data fields to drive the HYSPLIT model are usually extracted and
converted from climate model outputs, such as the National Centers for Environmental
Prediction (NCEP) models. The input fields mainly contain horizontal and vertical wind
components, geopotential height, temperature, and relative humidity in 3-dimension, and
pressure, temperature, precipitation, horizontal momentum flux, horizontal wind components,
sensible and latent heat fluxes, radiation fluxes, volumetric soil moisture content, total cloud
cover, and so forth at surface level.
HYSPLIT has three built-in approaches for ensemble simulations: the
“meteorological grid” ensemble, the “turbulence” ensemble, and the “physics” ensemble.
Here, the “meteorological grid” ensemble approach, which slightly offsets the meteorological
data by a fixed grid factor to create ensemble simulations, is used to test the sensitivity of
back-trajectory calculations to the uncertainties in the meteorological data. The default offset
is ±1 meteorological grid points in both horizontal directions and ±0.01 sigma unit (i.e., 250
m) in the vertical direction, which results in 27 ensemble members at each specified location.
2.1.2 Experiment design
To calculate the trajectories of mineral dust particles, high-AOD days are first
selected based on MODIS-Aqua AOD daily data. The high-AOD days are defined as the ten
days having the highest daily AOD values in a given year that are area-averaged over the
Arabian Sea during each boreal summer from 2003 to 2012. Therefore, there are 100 highAOD days selected, as listed in Table 1. Although these high-AOD days can be mainly
attributed to dust aerosols, which is discussed further in Section 4.2, the possible contribution
of sea salt aerosols cannot be denied and is one of the important sources of uncertainties.
Such uncertainty induced by sea salt could be reduced by using new observational daily data
of dust AOD in the future.
Nineteen uniformly-spaced grid points over the Arabian Sea are selected to run the
back-trajectory simulations. These grid points are displayed in Figure 1 as orange dots. The
corresponding pairs of latitude and longitude of these grid points are listed in Table 1. At
each grid point, the back-trajectory is calculated at two levels, 500 m and 5000 m above the
surface, at a total of 38 grid points. The altitude of 500 m is chosen to characterize dust
transport in the middle of the boundary layer, within which most of the emitted is present.
Another altitude of 5000 m is in the mid-troposphere which is roughly the maximum altitude
of dust layers attainable during large-scale dust events. At each grid location, 27 ensemble
members are created using the abovementioned “meteorological grid” ensemble approach.
Each trajectory tracks the movement of one air parcel backward for 84 hours with
hourly endpoints, meaning the coordinates of each back-trajectory are recorded every one
hour. Trajectories terminating before the 84th hour are not taken into account. Trajectories are
then aggregated into sub-sets, called clusters. The purpose of the cluster process is to search
for a specified number of clusters with the minimum total cluster spatial variance. The cluster
spatial variance is the sum of the squared distances between the endpoints of each trajectory
in that cluster and the endpoints of the associated mean trajectory in that cluster. The number
of the clusters can be set to any number smaller than the number of trajectories. In this study,
the number of clusters is set to three based on the fact that there are three main airflows
pathways transporting dust to the Arabian Sea: the northwesterly Shamal winds, the
southwest monsoon branch, and the northwesterly. It is worth noting that the HYSPLIT backtrajectory model is used to determine the origin of air masses instead of dust particles and

© 2018 American Geophysical Union. All rights reserved.

does not represent dust cycles (e.g., emission, transport, deposition, and so on), which is a
significant source of uncertainty for dust trajectory analysis. For a detailed description of all
these processes, please refer to the user’s guide of HYSPLIT
(https://www.arl.noaa.gov/documents/reports/hysplit_user_guide.pdf).
2.2 Multi-variate empirical orthogonal function
Multi-variate empirical orthogonal function (MV-EOF) analysis, also referred to as
combined principal component analysis, which combines multiple fields variance in a single
principal component analysis, is a useful tool to detect coupled patterns of variability among
multiple fields and widely used in climate science (Bretherton et al., 1991; Jin et al., 2014;
Wei et al., 2017). Here, monthly horizontal winds and AOD are combined to perform MVEOF analysis to study the transport pathways of mineral dust aerosols driven by strong
winds. Each field is standardized by its mean standard deviation, which is calculated
simultaneously across both temporal and spatial domains and thus it is a scalar for each field.
Such standardization is to make sure that the magnitudes of various standardized fields are
comparable as well as the temporal and spatial variabilities of each field are preserved.
The MV-EOF analysis consists of seven steps. The first step is pre-processing of the
data, including interpolating the fields into the same spatial resolution and removing the
seasonal cycles of these fields, i.e., subtracting monthly mean from each month. The second
step is to standardize the fields as mentioned previously. The third is to concatenate all the
standardized fields along meridional direction to form a single field. The fourth is to weight
fields to consider the meridional change of the area of grids by multiplying the fields by the
square root of the cosine of the latitude. The fifth is perform the traditional EOF calculation
on the concatenated single field. The sixth is to decompose the calculated EOFs into multiple
fields, which share the same time series of amplitudes associated with each eigenvalue in the
EOF. In other words, the spatial patterns of each decomposed EOF for each field change
synchronously. Note that the returned values from the EOF function are normalized. The last
step is to convert the normalized EOF values to the original data units. This is achieved by: 1)
multiplying the normalized EOF values by the square root of the associated eigenvalues and
the standard deviations of each field that are calculated in the second step above, and 2)
dividing the results of the previous step by the square root of the cosine of the latitude.
2.3 Composite analysis
Composite analysis is another useful technique to study the impacts of factors used in
a composite stratification on other phenomena. In this study, we used the Multi-angle
Imaging SpectroRadiometer (MISR) AOD monthly data for 2002–2016 boreal summer (45
months), and the composite stratification is created by sorting the area-averaged AOD over
the Arabian Sea in decreasing order. The 45 months are grouped into two composite
stratifications: the high-AOD months—the first 15 months and the low-AOD months—the
last 15 months. The high-AOD months are listed in Table 1. The differences in AOD,
geopotential height, and horizontal winds between high-AOD and low-AOD months are
calculated. These differences can reveal the potential connections and physical mechanisms
among these factors.
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3 Data
3.1 Reanalysis data
The NCEP 6-hourly reanalysis data (2.5° latitude × 2.5° longitude) are used to
provide input for HYSPLIT model. The data fields extracted from NCEP data are mentioned
in Section 2.1.1. The Modern Era-Retrospective Analysis for Research and Applications
(MERRA) (1/2° latitude × 2/3° longitude) and the European Centre for Medium-Range
Weather Forecasts (ECMWF) Interim Reanalysis (ERAI) (0.5° latitude × 0.5° longitude)
reanalysis data are also employed to study the relationship among mineral dust emissions and
meteorological conditions. The data fields include geopotential height and horizontal winds at
850 hPa and 500 hPa, which represent the transport of mineral dust aerosols in the lower and
middle troposphere， respectively. All data are summarized in Table 2.
3.2 Aerosol data
Multiple satellite and aerosol reanalysis data sets are examined to reveal the aerosol
chemical compositions and the spatial patterns of dust aerosols. AOD is widely employed to
represent the aerosol loadings and this section describes various AOD data sets. Note that in
this study AOD is integrated through the whole atmospheric column at clear-sky conditions.
3.2.1 MISR
MISR instrument on-board the Terra satellite provides detailed information about the
size, shape, and optical properties of aerosol particles (Diner et al., 1998). MISR observes
Earth at 9 different angles with 9 cameras. The nine cameras are aligned along the satellite
track. The view angles for the off-nadir cameras are 26.1°, 45.6°, 60.0°, and 70.5°. Each
camera has four wavelengths (blue: 446 nm ± 21 nm, green: 558 nm ± 15 nm, red: 672 nm ±
11 nm, and near-infrared: 866 nm ± 20 nm). The multi-angle and multi-spectrum makes
MISR observations of aerosols with high accuracy. MISR can retrieve AODs for various
shapes and radius of aerosol particles: spherical and non-spherical, and small (<0.35 µm),
medium (0.35–0.7 µm) and large (>0.7 µm) radius. AOD for non-spherical particles could
largely be attributed to dust aerosols over the Arabian Sea, because sea salt particles are
considered to be spherical in high humid environment (Pan et al., 2016; Wise et al., 2007). In
this study, we use AOD for non-spherical particles as AOD for dust particles and compare it
with other data sets. MISR has a long global coverage time of 9 days due to its relatively
narrow swath of 360 km. In long-term studies, MISR monthly data instead of daily data are
usually used because the daily data have considerable missing values. It should be noted that
MISR retrieves AOD at 555 nm using the same algorithm over both dark (e.g., water and
densely vegetated areas) and bright surface (e.g., deserts), which is different from the
Moderate-resolution Imaging Spectroradiometer (MODIS) AOD retrieval algorithms (to be
discussed later). The level 3 monthly data of MISR are used in this study, which have a
spatial resolution of 0.5° latitude × 0.5° longitude available from 2000 to present.
3.2.2 MODIS
MODIS instrument on-board Terra and Aqua satellites views Earth in 36 spectral
bands ranging from 459 nm to 14,385 µm. Terra and Aqua cross the equator at 10:30 am and
1:30 pm local time, respectively. Using multiple spectral observations, various algorithms are
applied to retrieve AOD at 550 nm (Hsu et al., 2013; Hsu et al., 2004). “Dark Target” and
“Deep Blue” algorithms are used to retrieve AOD over land with low (e.g., vegetated area)
and high (e.g., desert) surface albedo, respectively. Another “Dark Target” Ocean algorithm
is applied over water surface. In the new version of MODIS aerosol products, AOD retrieved
© 2018 American Geophysical Union. All rights reserved.

by various algorithms are combined to cover the entire Earth. MODIS has a short global
coverage time of 1 to 2 days due to its wide swath of 2330 km. The newly developed
collection 6 of MODIS level 3 monthly data are used in this study, which have a spatial
resolution of 1° latitude × 1° longitude. The new collection data have larger global coverage
and higher accuracy than the previous collections due to implementing dynamic surface
reflectance, improved cloud screening scheme, and updated surface vegetation (Levy et al.,
2013). The MODIS-Terra and MODIS-Aqua data are available from 2000 to present and
2003 to present, respectively. Note that standard MODIS aerosol products do not include
information about aerosol compositions.
3.2.3 AVHRR
The Advanced Very High Resolution Radiometer (AVHRR) instrument observes
Earth in six wavelengths ranging from 0.58 µm to 12.5 µm (T X P Zhao et al., 2013). It
provides AOD at 630 nm only over ocean. Moreover, AOD values are degraded in the polar
regions (outside 60° south or north) due to ice and cloud contamination. The version 3
monthly data of AVHRR are used in this study, which have a spatial resolution of 0.1°
latitude × 0.1° longitude available from 1981 to present. Similar to MODIS, AVHRR does
not retrieve information about aerosol compositions.
3.2.4 CALIPSO
The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
satellite combines an active Lidar with passive infrared and visible imager. The active Lidar,
namely Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), is a two-wavelength
(532 nm and 1064 nm) polarization-sensitive Lidar that retrieve high-resolution vertical
profiles of aerosols optical properties and aerosol compositions (Hunt et al., 2009). The
CALIPSO level 1 and level 2 data of standard version 4 are used to demonstrate the vertical
profiles of the aerosol total attenuated backscatter at 532 nm and aerosol types during a dust
event, respectively. The data have vertical resolutions of 30 m between −0.5 and 8.2 km, 60
m between 8.2 km and 20.2 km, and 180 m between 20.2 km and 30.1 km. The data have
horizontal resolutions of 0.335 km, 1.005 km, and 1.675 km within the three vertical layers
from the surface to 30.1 km. There are seven aerosol species in the variable of vertical feature
mask in CALIOP lidar data of level 2: marine (sea salt), dust, polluted continental/smoke,
clean continental, polluted dust, elevated smoke, and dusty marine. The polluted dust is
defined as mixtures of dust and smoke. Near surface wind speed is also retrieved by CALIOP
and used in this study. For the analysis of spatial patterns, the monthly CALIPSO lidar data
of version 3 are used with a spatial resolution of 2° latitude × 5° longitude from 2006 to 2016.
3.2.5 MERRAero
The MERRA Aerosol Reanalysis (MERRAero) data are aerosol assimilated fields
from the Goddard Earth Observing System version 5 (GEOS-5) model that is coupled with
the Goddard Chemistry, Aerosol, Radiation, and Transport (GOCART) aerosol module
(Buchard et al., 2015). The assimilation system is driven by 6-hourly MERRA
meteorological reanalysis data and assimilates aerosol fields every 3 hours. MERRAero
includes the assimilation of AOD at 550 nm retrieved by MODIS aboard both Terra and
Aqua. Note that only MODIS AOD over oceans and dark land surfaces is assimilated in
MERRAero (Provencal et al., 2017). This limitation may result in considerable uncertainties
in AOD over deserts and could be a cause for the different results in dust composition
analysis (in Section 4.2) among MERRAero and other data sets. The aerosol species in
MERRAero include dust, sea salt, sulfate, black carbon (BC), and organic carbon (OC). The
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monthly data of MERRAero are used in this study, which have a spatial resolution of 0.5°
latitude × 0.625° longitude available from 2002 to present.
Dust spatial patterns in simulations largely depend on the map of dust source.
MERRAero uses a static dust source map of Ginoux et al. (2001). However, dust source can
change significantly with time due to climate change, such as drought (Kaskaoutis et al.,
2014) and drying of lakes (Jin et al., 2017). These new dust sources are not emphasized in the
dust source map of (Ginoux et al., 2001), and thus are not included in MERRAero. Such
drawback in dust source map could induce significant uncertainty in the MERRAero
simulations of dust emission and transport.
3.2.6 ECMWF-MACC
The ECMWF Monitoring Atmospheric Composition and Climate (MACC) project
provides aerosol reanalysis data using the Global and regional Earth-system Monitoring using
Satellite and in-situ data assimilation system (Benedetti et al., 2009). MACC data include the
same 5 aerosol species as MERRAero. Due to the low signal-to-noise ratio over highly bright
surfaces, such as deserts and snow/ice-covered areas, MACC assimilates MODIS collection 5
AOD at 550 nm only over “dark” surfaces. The monthly AOD data used here has a spatial
resolution of 0.5° latitude × 0.5° longitude and are at 550 nm. The data are available only
from 2003 to 2012.
4 Results
4.1 Climatology of aerosols
Deserts covers a large portion of the Middle East and its surrounding areas (Figure 1).
The contours in Figure 1 represent soil erodibility that is a measurement of the susceptibility
of soil particles to be detached from the surface and ejection into the air by strong winds. It is
calculated based on surface elevation assuming that a large amount of sediments accumulates
in surface depressions, such as valleys and dried lakes and river basins (Ginoux et al., 2001).
The areas with high erodibility are usually extremely dry deserts. The Arabian Sea is
surrounded by large deserts to its northwest in the Arabian Peninsula, relatively small and
sparsely-distributed deserts to its north in Iran, Afghanistan, Pakistan, and northwest India;
and thus, it could be influenced by dust storms transporting from these deserts.
The aerosol loadings are usually represented by satellite-retrieved AOD. Figure 2
shows the climatology of annual mean AOD and its seasonal cycle over the Arabian Sea
retrieved from five satellite remote sensors. All data sets indicate high AOD values over the
Red Sea, the eastern and southern parts of the Arabian Peninsula, the northern Arabian Sea,
Pakistan–India border areas, and North India along the southern slope of the Himalayas. The
spatial features of AOD are similar at large scale among all the data sets except AVHRR that
does not retrieve AOD data over land, but they show unique features in some small areas,
such as in the Thar Desert and North India. The AOD over the Arabian Sea has strong
seasonal variations: it peaks in the boreal summer, followed by fall, spring, and winter in the
decreasing order, which is consistent with the sea salt seasonal variations but different from
the dust seasonal variations documented by Tindale and Pease (1999). It should be noted that
CALIPSO AOD is larger during night time than during day time, which is probably due to
high signal-to-noise ratio during night time (Bourgeois et al., 2017).
The spatial patterns of AOD in the boreal summer (Figure 3) demonstrate unique
features from the annual patterns. All data sets show higher AOD values over the Arabian
Sea than over the Arabian Peninsula except AVHRR. MISR and CALIPSO night data have
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the highest AOD over the Arabian Sea. The high AOD over the Arabian Sea could be
attributed to several factors: 1) high sea salt emissions over oceans due to strong
southwesterly monsoon flow, 2) aerosol growth by condensation in high humidity conditions
over oceans, and 3) the confluence of the northwesterly Shamal winds and southwesterly
monsoon flow over the Arabian Sea, which benefits the accumulation of dust particles by
strengthen the upward vertical movement (to be discussed later). It is unlikely that cloud
contamination in AOD retrieval causes the high AOD over the Arabian Sea since all MODIS,
MISR, and CALIPSO data, which have different cloud screen algorithms, show consistent
large changes in AOD over the Arabian Sea. However, we note that the cloud screening is a
possible source of uncertainties in AOD retrieval.
4.2 Aerosol compositions
AOD represents the total aerosol loadings, and thus have little information about
various aerosol species. Figure 4 illustrates the contribution of dust aerosols to total AOD
based on aerosol reanalysis and satellite retrievals. Generally, dust aerosols dominate total
AOD over the source regions, such as the Middle East, Afghanistan, Pakistan, and the
Taklimakan Deserts in aerosol reanalysis and CALIPSO data. CALIPSO day and night data
indicate that dust aerosols contribute more than 80% to total AOD over the source regions,
followed by MERRAero with a contribution of about 60% and ECMWF-MACC with a
contribution of about 50%. Dust contributions are more consistent among satellite and
aerosol reanalysis over the Arabian Sea than over the source regions, ranging from 40% to
50%.
Dust fraction shows a sharper gradient between land areas in the Middle East and the
Arabian Sea in CALIPSO than in aerosol reanalysis data (Figures 4a–d). Moreover, aerosol
reanalysis underestimates dust fraction over the source regions compared to CALIPSO data.
These different spatial features in dust fraction implies that aerosol reanalysis may
underestimate dust particles in coarse mode in the source region. These uncertainties in dust
fraction and size distribution warrant more observational constraints since the radiative
effects of dust depend on dust abundance and particle size.
Aerosol particle shapes and sizes are often used to distinguish dust aerosols from
other aerosol types, for instance, dust is usually considered non-spherical. We found that the
MISR AOD from non-spherical particles (Figure 4e) shows quite different spatial patterns
compared with CALIPSO and aerosol reanalysis. The percentage of non-spherical AOD over
ocean has little gradient while over ocean and is very low over land. This indicates nonspherical AOD from MISR is not a good representative of dust. Meanwhile, MISR AOD
from medium and large particles also cannot differentiate dust aerosols from others (Figure
4f). Therefore, MISR data is not used in the following discussion of aerosol compositions.
The area-averaged contributions of various aerosol species over three regions are
summarized in Figure 5. Over the Arabian Sea, aerosol reanalysis and CALIPSO data
indicate that dust aerosols dominate the total AOD with 52.7% to 90.0% contribution.
Aerosol reanalyses show smaller dust contribution of about 30% less than CALIPSO and
high sulfate aerosol contributions of 20.7% to 36.6%. Over the Afghanistan–Pakistan–Indian
region, the aerosol compositions are very similar to those over the Arabian Peninsula, but
with a slightly smaller dust contribution. Over the Arabian Sea, aerosol reanalyses show
much smaller dust contributions of 38.0% to 42.9% but much higher sea salt contributions of
23.7% to 35.9%; meanwhile, CALIPSO retrieved dust contributions are 45.9% to 54.3%
higher than aerosol reanalysis. It should be noted that CALIPSO also indicates very high
contributions of polluted-dust (i.e., mixture of dust and smoke) which seems to be
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inconsistent with the ignorable pure smoke contributions of about 0.5%. Burton et al. (2013)
found that the CALIPSO retrieved polluted dust is overestimated by mistaking mixtures of
dust and marine aerosol as polluted dust due to an attenuation-related depolarization bias,
inaccurate representation of the actual transitions between aerosol types, and different
retrieval algorithm for aerosol types. The agreement is only 35% for polluted dust between
CALIPSO and the airborne High Spectral Resolution Lidar operated by the NASA Langley
Research Center (Burton et al., 2012). Therefore, CALIPSO retrieved polluted-dust over the
Arabian Sea may be largely attributed to sea salt, which is consistent with high contributions
of sea salt shown in aerosol reanalysis data.
4.3 MV-EOF analysis on dust transport pathways
The results in section 4.2 show that mineral dust aerosols dominate the total aerosol
loadings over both land and ocean in the entire study domain. In this section, the transport
pathways of dust aerosols are investigated. The relationship between aerosols and
atmospheric circulations are demonstrated by the MV-EOF analysis upon MODIS Terra
AOD and ERAI winds during the boreal summer from 2000 to 2016 (Figure 6). The contours
and arrows in Figure 6 respectively represent the co-variances of AOD and circulation in the
unit of their associated standard deviations. Strong positive AOD variance over the Arabian
Sea, the southern Arabian Peninsula, and Iran–Afghanistan–Pakistan are coupled with strong
low-level (850 hPa) northwesterly over the Arabian Peninsula (the first MV-EOF component
in Figure 6a), meaning the northwesterly could transport dust aerosols from the source
regions (the Arabian Peninsula) to its downwind regions (the Arabian Sea and South India).
The cyclone over North India are favorable for precipitation, which could cause negative
AOD variance over North India. Figure 6b (the second MV-EOF component) shows strong
positive AOD variance associated with westerly winds over North Arabian Sea and South
Arabian Peninsula.
At high-level (500 hPa), strong positive AOD variance is coupled with a strong anticyclone centered over the Iran–Afghanistan border areas. The northeast flow of the anticyclone could transport airborne dust lifted from deserts in Afghanistan–Pakistan–India to
North Arabian Sea at (Figure 6d). When a cyclone dominates in the region, the northeasterly
winds over North Arabian Peninsula tend to transport dust aerosols from North Arabian
Peninsula to South Arabian Peninsula while the westerlies between approximately 5° N and
18° N tends to transport dust from South Arabian Peninsula and the Horn of Africa to Central
and South Arabian Sea (Figure 6e). The spatial patterns of the leading EOF are very similar
but their magnitudes are smaller when using MISR AOD and MERRA circulations (Figure
S1).
For dust being transported at mid-troposphere (500 hPa), it requires that dust aerosols
first be lifted up to a high altitude. Figure 7 illustrates a vertical cross-section of aerosol total
attenuated backscatter at 532 nm and aerosol types over both the Arabian Peninsula and
Arabian Sea at day time retrieved by CALIPSO on June 28, 2008. Dust aerosols can be lifted
up to 5 km over the Arabian Peninsula and then transported to the Arabian Sea at a higher
altitude of up to 6 km. The dust layers at high altitude over the Arabian Sea in this case study
are consistent with findings of Bourgeois et al. (2017) that the dust aerosols in the free
troposphere dominate the total AOD over the Arabian Sea in the boreal summer. This could
be attributed to the confluence of the strong southwesterly summer monsoon flow over ocean
and the northwesterly Shamal winds, which could result in strong uplift and accumulation of
dust aerosols over the Arabian Sea. The similar vertical profiles of dust aerosols are also seen
over the Thar Desert in Pakistan–India and East Arabian Sea at the night time (Figure S2).
These vertical features of dust loadings are consistent with previous finding that dust mass
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loading over the Arabian Sea is comparable to that over the Arabian Peninsula above 1 km,
but it is approximately an order of magnitude lower than that over the Arabian Peninsula
below 0.5 km (Ackerman and Cox, 1982).
4.4 Back-trajectory analysis on dust transport pathways
To reveal the transport pathways of dust aerosols in a more detailed way than MVEOF, the HYSPLIT back-trajectory model are employed. The back-trajectories are calculated
at 38 grid points indicated by orange points in Figure 1 (19 locations at 0.5 km and 5 km
altitudes). The back-trajectories at only three locations at each altitude are shown here since
results at other locations are similar to those at the three selected locations. The three
locations are selected from north to south and from west to east to have a good representation
of the entire Arabian Sea. The 0.5 km and 5 km altitudes are selected to represent the
transport pathways at low level and high level that are close to the altitudes in the MV-EOF
analysis. For each grid point, the back-trajectory simulations are performed in 100 high-AOD
days, which are listed in Table 1.
The back-trajectory results are shown in Figure 8. In the lower troposphere (500 m),
aerosols over North Arabian Sea have three transport pathways: 1) from the southwestern
Arabian Peninsula and the Horn of Africa by the southwesterly, 2) from Iraq and land areas
along the Persian Gulf by the northwesterly, and 3) from Iran and Pakistan by the
northwesterly, which is consistent with the finding of Kaskaoutis et al. (2015). Aerosols over
Central Arabian Sea have two transport pathways: 1) from Iraq and Southeast Arabian
Peninsula by the northwesterly and 2) from the Horn of Africa by the southwesterly. Over
Central Arabian Sea, aerosols are transported from the Arabian Peninsula and the Horn of
Africa. Over South Arabian Sea, aerosols can only be transported from the Horn of Africa. In
the mid-troposphere (5000 m), the three aerosol transport pathways have large overlaps and
are very similar for these three locations. Dust aerosols are transported along the anti-cyclone
track from Iraq, Iran, Afghanistan, Pakistan, and Northwest India. A small number of
aerosols can also be transported from Southeast Arabian Peninsula, particularly at the
location in South Arabian Sea. The aerosol transport pathways shown by back-trajectory
model are highly consistent with those shown in MV-EOF analysis. Note that the percent
numbers in Figure 8 represent the percent of air mass instead of dust aerosols in backtrajectory clusters. Moreover, our previous simulations of a short period of one summer
found a predominant contribution of dust from Arabian Peninsula to the high aerosol loadings
over the Arabian Sea (Jin et al., 2015), which is consistent with the aerosol transport pathway
from the Arabian Peninsula to the Arabian Sea in this study. One caveat of most of numerical
studies on dust aerosols is strong dependence of their results on the various dust source maps
used in various models (e.g., Kaskaoutis et al., 2015). The model uncertainty induced by such
a caveat could be reduced by incorporating a consistent and improved dust source map
(Parajuli and Zender, 2017) in future model studies.
4.5 Atmospheric conditions favorable for dust transport over the Arabian Sea
Using composite analysis, we further studied the atmospheric conditions favorable for
high-AOD over the Arabian Sea. The differences of AOD, geopotential height, and
circulations between high-AOD and low-AOD months defined by AOD over the Arabian Sea
are shown in Figure 9. The spatial patterns of the composited positive AOD anomalies show
high consistency with the spatial patterns of the correlation coefficients between AOD
averaged over the Arabian Sea and AOD at each grid points (Figure S3), implying dust
transport from the source regions to the Arabian Sea.
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High positive AOD anomalies (up to 0.4) over the Arabian Sea, South Arabian
Peninsula, Iran, and the Horn of Africa are coupled with a strong pressure low at 850 hPa
centered over the Middle East and the Arabian Sea. The low-pressure anomalies are
associated with an anomalous cyclone that is favorable for dust transport from the Middle
East, Pakistan, and the Horn of Africa to the Arabian Sea. It should be noted that this
anomalous low is centered over the Middle East, which is different from the Indian summer
monsoon low over India. How the monsoon influences dust emissions and transport over the
Middle East and the Arabian Sea needs further study. Such association between high-AOD
and pressure low is generally consistent with previous finding of Hamidi et al. (2013). One
limitation of the composite analysis is that these high-AOD months cannot be totally
attributed to dust aerosol given that sea salt aerosol is the second largest contributor to total
AOD over the Arabian Sea (Figure 2) and it is influenced by strong southwesterly monsoon.
4.6 Case study of AOD extremes
In addition to composite analysis, we show the results of three case studies with
extremely high or low AOD over the Arabian Sea. In June 2008, the Arabian Sea was
influenced by more than 12 severe dust storms (Kaskaoutis et al., 2014) and thus AOD
exceeded three standard deviations over not only the Arabian Sea, but also Iraq, Southeast
Arabian Peninsula, Iran, Afghanistan, and Pakistan (Figure 10). On the contrary, in June
2009, AOD was below the average by about one standard deviation over the entire domain
except Central and North Arabian Peninsula. Another case is in June 2011, when nearly the
entire region experienced positive AOD anomalies. Generally, MISR and MODIS show
similar spatial patterns, while the magnitudes of the anomalies in MODIS are larger than
MISR. Note that high AOD in MISR shows clear and unique stripes, which are most
pronounced over Iran, the Arabian Peninsula, and Pakistan in June 2011, while they are
absent in MODIS results. These stripes are caused by sampling biases due to the merging of
adjacent narrow overpasses in different days to form a continuous global map. These spatial
patterns of AOD anomalies in individual months have unique spatial characteristics
compared to the climatological composite analysis (Figure 9): the single month MISR AOD
in Figure 10 shows apparent stripes but the multiple month averaged MISR ADO does not in
Figure 9. These differences of AOD spatial patterns between Figure 10 and climatological
composite analysis in Figure 9 also indicate significant interannual variability of AOD, which
is one of the toughest challenges in dust simulations (Evan, 2018; Evan et al., 2014; Smith et
al., 2017).
The corresponding spatial patterns of anomalies of geopotential height and
circulations at 850 hPa are shown in Figure 11. In June 2008, the geopotential height was
below its climatology mean by up to two standard deviations centered over the Arabian Sea
and the Middle East, which is associated with a strong anomalous cyclone. This anomalous
cyclone is favorable for dust transport from the Middle East to the Arabian Sea, consistent
with extremely high AOD anomalies. By contrast, in June 2009, geopotential height was
above its climatological mean by about two standard deviations over almost the entire
domain associated with a very strong and side-spread anomalous anti-cyclone. This
anomalous anti-cyclone transport dust aerosols from South to North Peninsula, and thus
prevent dust transport to the Arabian Sea. In June 2011, domain-wide negative anomalies of
geopotential height were observed, which is consistent with domain-wide positive AOD
anomalies. Note that the spatial patterns of geopotential height and circulations are highly
consistent between MERRA and ERAI reanalysis. The observed relationships among high
AOD anomalies, low pressure anomalies, and anomalous cyclone in this study are consistent
with findings from Kaskaoutis et al. (2014).
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4.7 Long-term trends of AOD
The dust transport pathways could also be studied based on the spatial patterns of the
long-term linear trends of AOD (Figure 12), assuming that AOD over the source regions
should change in the same direction as dust over the downwind regions. Significantly positive
linear trends of AOD during 2000–2011 are observed over the dust source regions—the
Middle East, the Horn of Africa, as well as dust downwind region—the Arabian Sea. The
trends over the Arabian Sea are much weaker than those over the Middle East but also
positive, indicating a dust transport pathway from the Middle East to the Arabian Sea. The
AOD trends over a longer period of 2000–2016 demonstrate positive values over much
smaller regions in Southwest Arabian Peninsula and almost no statistically significant values
over the Arabian Sea except in the Gulf of Aden in MODIS data. Such differences in AOD
trends between the two periods are indicative of the strong interdecadal variability of AOD
over the entire domain (Figure 12a). Pu and Ginoux (2016) also found that dust optical depth
in Syria has strong decadal variability that increases from 2003 to 2011 but decreases from
2012 to 2015. Such interdecadal variability in AOD can also be detected in the principal
components of MV-EOF analysis (Figure S4), but such variability in EOF result is not as
pronounced as the AOD time series (Figure 12a). The third principal component shows the
strongest interdecadal variability, followed by the first and second principal components.
One interesting place is Pakistan and its surrounding areas where significant negative
AOD trends are observed in MODIS data. Such negative trends persist from 2000 through
2016 and were attributed to the northwest extension of the Indian summer monsoon rainfall
(Jin and Wang, 2018). The enhanced monsoonal rainfall can reduce dust loadings over the
source regions through: 1) increasing wet-scavenging of dust aerosols, 2) increasing the
interception of dust emissions near land surface due to denser vegetation, and 3)
strengthening the bounding forces among dust particles due to higher soil moisture. This
negative trend of AOD over Pakistan source region may partially offset the influence of
positive AOD trend in the southern Arabian Peninsula and result in a weak positive trend of
AOD over the Arabian Sea as shown in Fig 12.
5 Conclusions and discussion
Satellite retrievals show high aerosol loadings over the Arabian Sea, which is known
to influence the ISM system and thus have considerable socio-economic implications.
However, the origins, transport pathways, and governing meteorological conditions
associated with such high aerosol loadings have been understudied. This study attempts to
identify the sources and composition of aerosols over the Arabian Sea during the boreal
summer using various satellite products, back-trajectory, and reanalyses. The main finds are
summarized in the followings:
1) Analyses of multiple satellite retrievals show that the total aerosols loadings over
the Arabian Sea have a peak during the boreal summer. Dust aerosols dominate
the total aerosol loadings over the Arabian Sea, with contributions ranging from
38% to 54% depending on various satellite data sets. CALIPSO-night data show
the highest dust contribution of 54%, followed by CALIPSO-day data of 46%,
MERRAero data of 43%, and ECMWF-MACC data of 38%. Generally,
CALIPSO data retrieved higher dust contributions than aerosol reanalysis data
over the entire study domain, which is more pronounced over dust source regions.
MISR data underestimate and overestimate dust contributions over the Middle
East and the Arabian Sea in comparison with satellite retrievals, which is perhaps
because we assume non-spherical particles classified in MISR to be dust.
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Similarly, because of the assumption that aerosol particles of medium and large
radius are usually natural dust or sea salt aerosols, MISR data show little spatial
features of dust contributions. Therefore, it warrants careful examinations when
MISR data are used to distinguish dust aerosols from total aerosol loadings.
Moreover, CALIPSO data indicate much higher polluted-dust contribution over
the Arabian Sea than over the land areas, which could be attributed to the
misclassification of mixture of dust and marine aerosols as polluted-dust (Burton
et al., 2013).
2) MV-EOF and back-trajectory model analyses reveal consistent dust transport
pathways from dust source regions to the Arabian Sea. In the lower troposphere at
850 hPa, dust aerosols get transported to the Arabian Sea from Southeast Iran and
West Afghanistan by the northeast winds; from Iraq, Southwest Iran, and East
Arabian Peninsula by the strong summer northwesterly; and from Southwest
Arabian Peninsula, and the Horn of Africa by the southwest monsoonal winds. In
the middle troposphere at 500 hPa, dust aerosols get transported to the Arabian
Sea from Iraq, Iran, Afghanistan, and Pakistan by the northwesterly. The transport
of dust aerosols takes place within 3 to 4 days. Profiles of aerosol types retrieved
by CALIPSO demonstrate that dust aerosol layers can reach up to the altitude of 5
km over the Arabian Peninsula, the Arabian Sea, and Pakistan.
3) Composite analyses based on satellite-retrieved AOD and meteorological
reanalysis data identify the meteorological conditions favorable for high aerosol
loadings over the Arabian Sea. Aerosols loadings over the Arabian Sea are
positively coupled with a low pressure and cyclonic circulations centered over the
Arabian Sea and the Middle East, which benefit the transport of dust aerosols
from the Middle East, and the Horn of Africa to the Arabian Sea. Case studies
show that extremely high and low aerosol loadings over the Arabian Sea during
June 2008 and June 2009, respectively, are associated with low-pressure (cyclone)
and high-pressure (anticyclone) system both over the Arabian Sea and the Middle
East, consistent with climatological composite analyses.
Satellite retrieved AOD shows positive linear trends during the period of 2000 and
2011 over the Arabian Peninsula, the Horn of Africa, and the Arabian Sea with a decreasing
gradient from land to ocean, suggesting a dust transport pathway from these land areas to the
Arabian Sea. A strong interdecadal variability of dust activities in the domain is observed
during the past 17 years: the positive AOD linear trends during 2000 and 2011 are absent
during the 2000–2016 in a large portion of the dust source regions. This interdecadal
variability of AOD coincides with that of the ISM rainfall (Jin and Wang, 2017), implying
strong potential interactions between the Middle East dust aerosols and the ISM rainfall.
Another potential contributor to the AOD interdecadal variability is the Pacific Decadal
Oscillation (Pu and Ginoux, 2016). On even longer timescale, the interplay between Middle
East dust and the ISM during the past 40 years is proposed by Jin (2015) and warrant further
studies. Moreover, persistent and strong negative linear trends of AOD during 2000 and 2016
are found in MODIS-Terra data over the Thar Desert and its surrounding areas.
The vertical distribution of the absorbing dust aerosols over the Arabian Sea and the
ME controls the dust-induced heating profiles of the troposphere, which in turn largely
determines the ISM circulation and rainfall responses to dust aerosols (Jin et al., 2016b). This
study addresses the dust vertical distribution based on two CALIPSO track cases, which
prevents us from getting a comprehensive understanding of the climatology of dust
distribution and transport in the vertical direction. Moreover, although dust vertical profiles
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play an important role in modulating climate dynamics, most of the current modeling studies
that address dust radiative effects on weather and climate evaluate model performance in
simulating aerosols based on column-integrated AOD (e.g., Chen et al., 2017; Jin et al., 2015;
Jin et al., 2016b; C Zhao et al., 2011; C Zhao et al., 2010). Therefore, CALIPSO retrievals
should be used to constrain the simulations of both aerosol concentrations and transport in
three dimensions.
Aerosol composition analyses indicate that sea salt is the second largest contributor to
the total aerosol loadings over the Arabian Sea (Figure 5b). This could introduce significant
uncertainty in our dust back-trajectory analysis because the high-AOD days identified in this
study might be affected by the presence of sea salt aerosols. Such uncertainty could be
reduced by using newly retrieved data of aerosol compositions or absorption AOD in the
future. Moreover, sea salt should be also taken into account in the studies of the interactions
between aerosols over the Arabian Sea and the ISM system. Recently, Sharma and Miller
(2017) reproduced the observed correlation between AOD over the Arabian Sea and the ISM
rainfall even when omitting dust aerosols’ radiative effects (i.e., dust AOD calculated as a
diagnostic) in their simulations. They hypothesized that such observed correlation is caused
by the effects of the ISM rainfall on the emission and transport of dust aerosols over the
remote dust source regions within the Arabian Peninsula. However, in their study, the strong
impact of the southwest ISM circulation on the emissions of sea salt over the Arabian Sea (Li
and Ramanathan, 2002; Vinoj and Satheesh, 2003) is not discussed, which might be a
dominant contributor to the positive correlation between ISM rainfall and AOD over the
Arabian Sea.
Aerosols over the Arabian Sea and the Middle East play important roles in
modulating the IMS system, reducing visibility, and degrading air quality; therefore, more
and more attention has been paid to these aerosols (Jin et al., 2014; Jin et al., 2015; Jin et al.,
2016a; b; Kaskaoutis et al., 2014; Sanap and Pandithurai, 2015; Solmon et al., 2015; Vinoj et
al., 2014), including an ongoing discussion on the impacts of Indian monsoon circulation on
dust emissions in the Middle East (Attada et al., 2018; Sharma and Miller, 2017). This study
thoroughly examines the compositions, transport pathways, and trends of these aerosols over
the Arabian Sea in the summer, and thus has important implications for future studies of dustregional climate interaction.
Data availability. All the data used in this study are available online or upon request to the
corresponding author. The data and their download links are summarized in Table 2.
Author Contribution. Q. Jin and Z.-L. Yang designed the methodology. Q. Jin performed the
analyses with contribution from J. Wei and B. Pu. Q. Jin prepared the manuscript with
contributions from all co-authors.
Acknowledgements. The authors gratefully acknowledge the NOAA Air Resources
Laboratory (ARL) for providing the HYSPLIT transport and dispersion model and the
READY website (http://www.ready.noaa.gov) used in this publication. This work was
supported by the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD) and a start-up grant to J. Wei from the Nanjing University of Information
Science and Technology.
Competing Interests. The authors declare no competing interests.

© 2018 American Geophysical Union. All rights reserved.

References
Ackerman, S. A., and S. K. Cox (1982), The Saudi Arabian heat low: Aerosol distributions
and thermodynamic structure, Journal of Geophysical Research, 87(C11),
doi:10.1029/JC087iC11p08991.
Attada, R., H. P. Dasari, A. Parekh, J. S. Chowdary, S. Langodan, O. Knio, and I. Hoteit
(2018), The role of the Indian Summer Monsoon variability on Arabian Peninsula
summer climate, Clim Dynam, doi:10.1007/s00382-018-4333-x.
Benedetti, A., et al. (2009), Aerosol analysis and forecast in the European Centre for
Medium-Range Weather Forecasts Integrated Forecast System: 2. Data assimilation, J
Geophys Res-Atmos, 114.
Bollasina, M., S. Nigam, and K. M. Lau (2008), Absorbing Aerosols and Summer Monsoon
Evolution over South Asia: An Observational Portrayal, Journal of Climate, 21(13),
3221-3239, doi:10.1175/2007jcli2094.1.
Bourgeois, Q., A. M. L. Ekman, J.-B. Renard, R. Krejci, A. Devasthale, F. A. M. Bender, I.
Riipinen, G. Berthet, and J. L. Tackett (2017), How much of the global aerosol optical
depth is found in the boundary layer and free troposphere?, Atmospheric Chemistry
and Physics Discussions, 1-19, doi:10.5194/acp-2017-1058.
Bretherton, C., C. Smith, and J. M. Wallace (1991), An intercomparison of methods for
finding coupled patterns in climate data, Journal of Climate, 5, 541-560.
Buchard, V., A. M. da Silva, P. R. Colarco, A. Darmenov, C. A. Randles, R. Govindaraju, O.
Torres, J. Campbell, and R. Spurr (2015), Using the OMI aerosol index and
absorption aerosol optical depth to evaluate the NASA MERRA Aerosol Reanalysis,
Atmos Chem Phys, 15(10), 5743-5760.
Burton, S. P., R. A. Ferrare, C. A. Hostetler, J. W. Hair, R. R. Rogers, M. D. Obland, C. F.
Butler, A. L. Cook, D. B. Harper, and K. D. Froyd (2012), Aerosol classification
using airborne High Spectral Resolution Lidar measurements – methodology and
examples, Atmos Meas Tech, 5(1), 73-98, doi:10.5194/amt-5-73-2012.
Burton, S. P., R. A. Ferrare, M. A. Vaughan, A. H. Omar, R. R. Rogers, C. A. Hostetler, and
J. W. Hair (2013), Aerosol classification from airborne HSRL and comparisons with
the CALIPSO vertical feature mask, Atmos Meas Tech, 6(5), 1397-1412.
Chen, S. Y., J. P. Huang, J. X. Li, R. Jia, N. X. Jiang, L. T. Kang, X. J. Ma, and T. T. Xie
(2017), Comparison of dust emissions, transport, and deposition between the
Taklimakan Desert and Gobi Desert from 2007 to 2011, Sci China Earth Sci, 60(7),
1338-1355.
DeMott, P. J., K. Sassen, M. R. Poellot, D. Baumgardner, D. C. Rogers, S. D. Brooks, A. J.
Prenni, and S. M. Kreidenweis (2003), African dust aerosols as atmospheric ice
nuclei, Geophys Res Lett, 30(14).
Diner, D. J., et al. (1998), Multi-angle Imaging SpectroRadiometer (MISR) - Instrument
description and experiment overview, Ieee T Geosci Remote, 36(4), 1072-1087.
Evan, A. T. (2018), Surface Winds and Dust Biases in Climate Models, Geophys Res Lett,
doi:10.1002/2017gl076353.
Evan, A. T., C. Flamant, S. Fiedler, and O. Doherty (2014), An analysis of aeolian dust in
climate models, Geophys Res Lett, 41, 5996–6001, doi:0.1002/ 2014GL060545.
Fleming, Z. L., P. S. Monks, and A. J. Manning (2012), Review: Untangling the influence of
air-mass history in interpreting observed atmospheric composition, Atmos Res, 104, 139.
Ginoux, P., M. Chin, I. Tegen, J. M. Prospero, B. Holben, O. Dubovik, and S. J. Lin (2001),
Sources and distributions of dust aerosols simulated with the GOCART model, J
Geophys Res-Atmos, 106(D17), 20255-20273.

© 2018 American Geophysical Union. All rights reserved.

Hamidi, M., M. R. Kavianpour, and Y. Shao (2013), Synoptic analysis of dust storms in the
Middle East, Asia-Pac J Atmos Sci, 49(3), 279-286, doi:10.1007/s13143-013-0027-9.
Hoose, C., U. Lohmann, R. Erdin, and I. Tegen (2008), The global influence of dust
mineralogical composition on heterogeneous ice nucleation in mixed-phase clouds,
Environ Res Lett, 3(2).
Hsu, N. C., M. J. Jeong, C. Bettenhausen, A. M. Sayer, R. Hansell, C. S. Seftor, J. Huang,
and S. C. Tsay (2013), Enhanced Deep Blue aerosol retrieval algorithm: The second
generation, J Geophys Res-Atmos, 118(16), 9296-9315.
Hsu, N. C., S. C. Tsay, M. D. King, and J. R. Herman (2004), Aerosol properties over brightreflecting source regions, Ieee T Geosci Remote, 42(3), 557-569.
Hunt, W. H., D. M. Winker, M. A. Vaughan, K. A. Powell, P. L. Lucker, and C. Weimer
(2009), CALIPSO Lidar Description and Performance Assessment, J Atmos Ocean
Tech, 26(7), 1214-1228.
Jin, Q. (2015), Intraseasonal Modulation of Indian Summer Monsoon by Middle East Dust:
An Observational and Numerical Modeling Study, (Doctoral dissertation, The
University of Texas at Austin, Austin, Texas, USA), doi:10.15781/T2MG9W.
Jin, Q., and C. Wang (2017), A revival of Indian summer monsoon rainfall since 2002, Nat
Clim Change, 7(8), 587–594, doi:10.1038/nclimate3348.
Jin, Q., and C. Wang (2018), The greening of Northwest Indian subcontinent and reduction of
dust abundance resulting from Indian summer monsoon revival, Scientific Reports,
8(1), doi:10.1038/s41598-018-23055-5.
Jin, Q., J. Wei, and Z.-L. Yang (2014), Positive response of Indian summer rainfall to Middle
East dust, Geophys Res Lett, 41, 4068–4074, doi:10.1002/2014GL059980.
Jin, Q., J. Wei, Z.-L. Yang, and P. Lin (2017), Irrigation-Induced Environmental Changes
around the Aral Sea: An Integrated View from Multiple Satellite Observations,
Remote Sens-Basel, 9(900), doi:10.3390/rs9090900.
Jin, Q., J. Wei, Z.-L. Yang, B. Pu, and J. Huang (2015), Consistent response of Indian
summer monsoon to Middle East dust in observations and simulations, Atmos Chem
Phys, 15(17), 9897–9915, doi:10.5194/acp-15-9897-2015.
Jin, Q., Z.-L. Yang, and J. Wei (2016a), High sensitivity of Indian summer monsoon to
Middle East dust absorptive properties, Scientific Reports, 6, 30690
doi:10.1038/srep30690.
Jin, Q., Z.-L. Yang, and J. Wei (2016b), Seasonal Responses of Indian Summer Monsoon to
Dust Aerosols in the Middle East, India, and China, Journal of Climate, 29(17), 632–
6349, doi:10.1175/jcli-d-15-0622.1.
Karanasiou, A., N. Moreno, T. Moreno, M. Viana, F. de Leeuw, and X. Querol (2012),
Health effects from Sahara dust episodes in Europe: Literature review and research
gaps, Environ Int, 47, 107-114.
Kaskaoutis, D. G., A. Rashki, P. Francois, U. C. Dumka, E. E. Houssos, and M. Legrand
(2015), Meteorological regimes modulating dust outbreaks in southwest Asia: The
role of pressure anomaly and Inter-Tropical Convergence Zone on the 1–3 July 2014
case, Aeolian Res, 18, 83-97, doi:10.1016/j.aeolia.2015.06.006.
Kaskaoutis, D. G., A. Rashki, E. E. Houssos, D. Goto, and P. T. Nastos (2014), Extremely
high aerosol loading over Arabian Sea during June 2008: The specific role of the
atmospheric dynamics and Sistan dust storms, Atmos Environ, 94, 374-384.
Kok, J. F., D. A. Ridley, Q. Zhou, R. L. Miller, C. Zhao, C. L. Heald, D. S. Ward, S. Albani,
and K. Haustein (2017), Smaller desert dust cooling effect estimated from analysis of
dust size and abundance, Nat Geosci, 10(4), 274-278, doi:10.1038/ngeo2912.

© 2018 American Geophysical Union. All rights reserved.

Levy, R. C., S. Mattoo, L. A. Munchak, L. A. Remer, A. M. Sayer, F. Patadia, and N. C. Hsu
(2013), The Collection 6 MODIS aerosol products over land and ocean, Atmos Meas
Tech, 6(11), 2989-3034.
Li, F., and V. Ramanathan (2002), Winter to summer monsoon variation of aerosol optical
depth over the tropical Indian Ocean, J Geophys Res-Atmos, 107(D16).
Mahowald, N. M., et al. (2009), Atmospheric Iron Deposition: Global Distribution,
Variability, and Human Perturbations, Annu Rev Mar Sci, 1, 245-278.
Miller, R. L., P. Knippertz, C. P. Garcia-Pando, J. Perlwitz, and I. Tegen (2014), Impact of
Dust Radiative Forcing upon Climate, in Mineral Dust, edited by P. Knippertz and J.
Stuut, pp. 327-357, Springer, Dordrecht, doi:10.1007/978-94-017-8978-3_13.
Miller, R. L., and I. Tegen (1998), Climate response to soil dust aerosols, Journal of Climate,
11(12), 3247-3267.
Notaro, M., F. Alkolibi, E. Fadda, and F. Bakhrjy (2013), Trajectory analysis of Saudi
Arabian dust storms, J Geophys Res-Atmos, 118(12), 6028-6043.
Pan, X., I. Uno, Y. Hara, K. Osada, S. Yamamoto, Z. Wang, N. Sugimoto, H. Kobayashi, and
Z. Wang (2016), Polarization properties of aerosol particles over western Japan:
classification, seasonal variation, and implications for air quality, Atmos Chem Phys,
16(15), 9863-9873, doi:10.5194/acp-16-9863-2016.
Parajuli, S. P., and C. S. Zender (2017), Connecting geomorphology to dust emission through
high-resolution mapping of global land cover and sediment supply, Aeolian Res, 27,
47-65, doi:10.1016/j.aeolia.2017.06.002.
Perlwitz, J., and R. L. Miller (2010), Cloud cover increase with increasing aerosol
absorptivity: A counterexample to the conventional semidirect aerosol effect, Journal
of Geophysical Research, 115(D8), doi:10.1029/2009jd012637.
Provencal, S., P. Kishcha, A. M. da Silva, E. Elhacham, and P. Alpert (2017), AOD
distributions and trends of major aerosol species over a selection of the world's most
populated cities based on the 1st Version of NASA's MERRA Aerosol Reanalysis,
Urban Clim, 20, 168-191, doi:10.1016/j.uclim.2017.04.001.
Pu, B., and P. Ginoux (2016), The impact of the Pacific Decadal Oscillation on springtime
dust activity in Syria, Atmos Chem Phys, 16(21), 13431-13448, doi:10.5194/acp-1613431-2016.
Rosenfeld, D., U. Lohmann, G. B. Raga, C. D. O'Dowd, M. Kulmala, S. Fuzzi, A. Reissell,
and M. O. Andreae (2008), Flood or drought: How do aerosols affect precipitation?,
Science, 321(5894), 1309-1313.
Rosenfeld, D., and R. Nirel (1996), Seeding effectiveness - The interaction of desert dust and
the southern margins of rain cloud systems in Israel, J Appl Meteorol, 35(9), 15021510.
Rosenfeld, D., Y. Rudich, and R. Lahav (2001), Desert dust suppressing precipitation: A
possible desertification feedback loop, P Natl Acad Sci USA, 98(11), 5975-5980.
Sanap, S. D., and G. Pandithurai (2015), The effect of absorbing aerosols on Indian monsoon
circulation and rainfall: A review, Atmos Res, 164, 318-327.
Sassen, K. (2002), Indirect climate forcing over the western US from Asian dust storms,
Geophys Res Lett, 29(10).
Seinfeld, J. H., and S. N. Pandis (2016), Atmospheric chemistry and physics : from air
pollution to climate change, Third edition ed., John Wiley & Sons, Inc., Hoboken,
New Jersey.
Sharma, D., and R. L. Miller (2017), Revisiting the observed correlation between weekly
averaged Indian monsoon precipitation and Arabian Sea aerosol optical depth,
Geophys Res Lett, 44(19), 10006-10016.

© 2018 American Geophysical Union. All rights reserved.

Smith, M. B., N. M. Mahowald, S. Albani, A. Perry, R. Losno, Z. Qu, B. Marticorena, D. A.
Ridley, and C. L. Heald (2017), Sensitivity of the interannual variability of mineral
aerosol simulations to meteorological forcing dataset, Atmos Chem Phys, 17(5), 32533278, doi:10.5194/acp-17-3253-2017.
Solmon, F., V. S. Nair, and M. Mallet (2015), Increasing Arabian dust activity and the Indian
summer monsoon, Atmos Chem Phys, 15(14), 8051-8064.
Stein, A. F., R. R. Draxler, G. D. Rolph, B. J. B. Stunder, M. D. Cohen, and F. Ngan (2015),
Noaa's Hysplit Atmospheric Transport and Dispersion Modeling System, B Am
Meteorol Soc, 96(12), 2059-2077.
Tindale, N. W., and P. P. Pease (1999), Aerosols over the Arabian Sea: Atmospheric
transport pathways and concentrations of dust and sea salt, Deep-Sea Res Pt Ii, 46(89), 1577-1595.
Vinoj, V., P. J. Rasch, H. L. Wang, J. H. Yoon, P. L. Ma, K. Landu, and B. Singh (2014),
Short-term modulation of Indian summer monsoon rainfall by West Asian dust, Nat
Geosci, 7(4), 308-313.
Vinoj, V., and S. K. Satheesh (2003), Measurements of aerosol optical depth over Arabian
Sea during summer monsoon season, Geophys Res Lett, 30(5).
Wei, J., Q. Jin, Z.-L. Yang, and L. Zhou (2017), Land-atmosphere-aerosol coupling in North
China during 2000-2013, Int J Climatol, 37(s1), 1297–1306, doi:10.1002/joc.4993.
Wise, M. E., T. A. Semeniuk, R. Bruintjes, S. T. Martin, L. M. Russell, and P. R. Buseck
(2007), Hygroscopic behavior of NaCl-bearing natural aerosol particles using
environmental transmission electron microscopy, Journal of Geophysical Research:
Atmospheres, 112(D10), doi:10.1029/2006jd007678.
Zhao, C., X. Liu, L. R. Leung, and S. Hagos (2011), Radiative impact of mineral dust on
monsoon precipitation variability over West Africa, Atmos Chem Phys, 11(5), 18791893.
Zhao, C., X. Liu, L. R. Leung, B. Johnson, S. A. McFarlane, W. I. Gustafson, J. D. Fast, and
R. Easter (2010), The spatial distribution of mineral dust and its shortwave radiative
forcing over North Africa: modeling sensitivities to dust emissions and aerosol size
treatments, Atmos Chem Phys, 10(18), 8821-8838.
Zhao, T. X. P., P. K. Chan, and A. K. Heidinger (2013), A global survey of the effect of
cloud contamination on the aerosol optical thickness and its long-term trend derived
from operational AVHRR satellite observations, J Geophys Res-Atmos, 118(7), 28492857.

© 2018 American Geophysical Union. All rights reserved.

Table 1: Lists of 100 high-AOD days and 19 locations in the back-trajectory analysis
and 15 months in each high-AOD and low-AOD months in composite analysis.
Back-trajectory analysis
High-AOD days
(year/month/day)
2003/06/01, 2003/06/02, 2003/06/07, 2003/07/18,
2003/07/20, 2003/07/24, 2003/07/25, 2003/07/26,
2003/07/29, 2003/07/30, 2004/06/12, 2004/06/13,
2004/06/14, 2004/06/15, 2004/06/16, 2004/07/24,
2004/08/14, 2004/08/23, 2004/08/27, 2004/08/28,
2005/06/01, 2005/06/02, 2005/06/03, 2005/07/02,
2005/07/20, 2005/07/22, 2005/07/25, 2005/08/19,
2005/08/21, 2005/08/22, 2006/07/01, 2006/07/15,
2006/07/16, 2006/07/17, 2006/07/18, 2006/07/19,
2006/07/20, 2006/07/21, 2006/07/22, 2006/07/24,
2007/06/01, 2007/06/02, 2007/06/12, 2007/06/15,
2007/07/14, 2007/07/15, 2007/07/26, 2007/07/28,
2007/07/30, 2008/06/10, 2008/06/11, 2008/06/12,
2008/06/13, 2008/06/14, 2008/06/15, 2008/06/19,
2008/06/20, 2008/06/21, 2008/06/23, 2009/07/13,
2009/07/14, 2009/07/15, 2009/07/16, 2009/07/20,
2009/07/21, 2009/07/22, 2009/07/25, 2009/07/27,
2009/07/28, 2010/06/03, 2010/07/01, 2010/07/04,
2010/07/05, 2010/07/06, 2010/07/07, 2010/07/09,
2010/07/10, 2010/07/11, 2010/07/29, 2011/06/01,
2011/06/03, 2011/06/04, 2011/06/08, 2011/06/09,
2011/07/26, 2011/07/27, 2011/07/28, 2011/07/29,
2011/07/30, 2012/06/03, 2012/06/23, 2012/06/24,
2012/06/26, 2012/07/21, 2012/07/22, 2012/07/23,
2012/07/25, 2012/08/24, 2012/08/25, 2012/08/26.

Locations
(latitude, °N,
longitude, °E)
(21,62)
(24,62)
(21,65)
(24,65)
(21,68)
(12,55)
(15,55)
(12,59)
(15,59)
(18,59)
(12,63)
(15,63)
(18,63)
(12,67)
(15,67)
(18,67)
(12,71)
(15,71)
(18,71)

AOD composite analysis
High-AOD
Low-AOD
(year/month) (year/month)
2008/06
2013/06
2011/07
2011/06
2007/06
2008/07
2009/07
2006/07
2011/08
2012/06
2003/07
2009/08
2013/07
2007/07
2012/08

2016/08
2007/08
2015/07
2004/06
2000/07
2004/07
2010/06
2016/06
2002/06
2015/08
2009/06
2002/07
2014/07
2005/06
2006/06

Table 2: Summary of data sets used in this study.
Data sets

Period

Resolutions
Spatial
(Latitude× Temporal
longitude)

NCEP

2003–2012

2.5×2.5

6-hourly

MERRA

2000–2016

1/2×2/3

Monthly

ERAI

2000–2016

0.5×0.5

Monthly

MISR
MODIS-Terra
MODIS-Aqua

2000–2016
2000–2016
2003–2016
2008/06/28
2006–2016

0.5×0.5
1×1
1×1
varing
2×5

Monthly
Monthly
Monthly
daily
Monthly

AVHRR

2000–2016

0.1×0.1

Monthly

MERRAero

2000–2016

0.5×0.625

Monthly

ECMWF-MACC

2003–2016

0.5×0.5

Monthly

CALIPSO

Download link
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalys
is.html
https://disc.gsfc.nasa.gov/daac-bin/FTPSubset2.pl
http://apps.ecmwf.int/datasets/data/interim-fulldaily/levtype=sfc/
https://eosweb.larc.nasa.gov/project/misr/cgas_table
ftp://ladsweb.nascom.nasa.gov/allData/6/MOD08_M3/
ftp://ladsweb.nascom.nasa.gov/allData/6/MYD08_M3/
https://eosweb.larc.nasa.gov/project/calipso/calipso_table
https://www.ncei.noaa.gov/data/avhrr-aerosol-opticalthickness/access/
https://disc.gsfc.nasa.gov/daac-bin/FTPSubset2.pl
http://apps.ecmwf.int/datasets/data/maccreanalysis/levtype=sfc/
http://apps.ecmwf.int/datasets/data/camsnrealtime/levtype=sfc/
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Figure 1. Study domain. The study domain mainly includes the Middle East and the Indian
subcontinent and is divided into three subdomains: The Arabian Sea (AS) that includes the
ocean area within the blue box (8°N–25°N, 45°E–75°E), the Arabian Peninsula (AP) that
includes the land mass within the red box (12°N–35°N, 35°E–60°E), and the land mass in
Afghanistan–Pakistan–Indian (API) within the cyan box (25N–35°N, 60°E–75°E). The base
map is from NASA Visible Earth (https://visibleearth.nasa.gov/view.php?id=74092). The
contours represent soil erodibility that is a measure of the susceptibility of soil particles to
detachment from the surface and ejection into the air by strong winds. The orange dots over
the AS denote the locations where the back-trajectory model is applied.
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Figure 2. Spatial patterns of annual climatology of AOD and annual cycles of AOD over
the Arabian Sea. (a)–(f) Spatial patterns of annual climatology of AOD based on various
satellite data sets. Refer to Table 1 for the period of the annual climatology. Grey colors
indicate missing values. (g) The annual cycles of AOD, averaged over multiple years and
area-averaged over the Arabian Sea, from different data sets.
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Figure 3. Spatial patterns of climatology of AOD in summer (June–July–August). The
grey colors indicate missing values.
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Figure 4. Dust contribution to total AOD. Percent of mineral dust aerosols in total AOD
within the whole atmospheric column based on (a) MERRAero and (b) ECMWF-MACC
aerosol reanalysis data, (c) day and (d) night time from CALIPSO satellite data, and (e)
MISR AOD data that accounts for non-spherical particles (f) MIRS AOD data that considers
medium plus large radius of aerosol particles. Grey colors in (c)–(f) represents missing
values.
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Figure 5. Aerosol compositions. Contribution of various aerosol species to total AOD over
(a) the Arabian Peninsula, (b) the Arabian Sea, and (c) the Afghanistan–Pakistan–Indian
regions. The definitions of the three areas are shown in Figure 1. Three data sets are used:
MERRAero and ECMWF-MACC reanalysis data that include five aerosol species—dust, sea
salt, sulfate, black carbon (BC), and organic carbon (OC), and CALIPSO satellite data that
classifies total aerosol into dust, polluted-dust, smoke, and others. Both CALIPSO day-time
and night-time data are used to take into account the diurnal features of aerosol loadings.
Numbers above the bars represent the percent of each aerosol species in the total AOD.
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Figure 6. MV-EOF analysis of MODIS-Terra AOD and ERAI wind (m s−1). The left and
right columns use winds at 850 hPa and 500 hPa, respectively. The analysis uses JJA 2000–
2016 monthly anomalies. Grey colors indicate missing values. The numbers in the upperright corner of each panel represent the variance explained by each mode of the MV-EOF
analysis. Note that the normalized EOF results has been scaled back to the actual units.

© 2018 American Geophysical Union. All rights reserved.

Figure 7. Cross-section of aerosol properties from CALIOP on June 28, 2008. (a) Total
attenuated backscatter (km−1 sr−1) at 532 nm. X-axis indicates the UTC time and Y-axis
shows the altitude (km) and wind speed (m−1 s−1). The red line in the map at the upper left
corner demonstrates the corresponding track of CALIPSO satellite. The red line in the crosssection shows the altitude of the surface. The black and cyan lines in the cross-section are the
surface wind speed over land and ocean, respectively. The CALIOP lidar level 1 data is used.
(b) Aerosol subtypes. Six aerosol types are coded and shown: 1 (marine), 2 (dust), 3 (polluted
continental/smoke), 4 (clean continental), 5 (polluted dust), 6 (elevated smoke), and 7 (dusty
marine). Color code of zero means not applicable (N/A). The horizontal and vertical
resolution is 5 km along the track and 30 m, respectively. The variable of vertical feature
mask (VFM) from CALIOP lidar level 2 data set is used.
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Figure 8. Back-trajectory analysis. Back-trajectories of air masses at three locations over
the Arabian Sea from northwest to southeast. The left and right columns represent backtrajectories at the altitude of 500 m and 5000 m, respectively. Various colors of curves
indicate various clusters of these back-trajectories represented by thick lines with solid cycles
overlaid. Each cycle represents the location of air mass that is 12 hours ahead or behind its
neighbors, so totally it tracks back to 84 hours. The percent numbers represent the percent of
back-trajectories in each cluster in the total back-trajectories.

© 2018 American Geophysical Union. All rights reserved.

Figure 9. Composite analysis of AOD, geopotential height, and circulations. (a) and (b)
are AOD differences derived by subtracting average AOD in low months from average AOD
in high months based on MISR and MODIS data, respectively. The black dots represent grids
where the AOD differences are significant at 95% confidence level. (c) and (d) The same as
(a) and (b), but for geopotential height (m) and 850 hPa wind (m s−1) based on MERRA and
ERAI reanalysis data, respectively. The white dots indicate grids where the geopotential
differences are significant at 95% confidence level. The grey colors in panes (a), (c), and (d)
indicate missing values. The 30 composite months during 15 years are based on
deseasonalized MISR AOD and listed in Table 2.
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Figure 10. The standardized AOD anomalies in June of 2008, 2009 and 2011 based on
MSIR and MODIS.
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Figure 11.
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Figure 12. AOD time series and spatial trends (units: AOD decade−1) in summer. (a)
Time series of area-averaged AOD in summer over the entire domain (0°N–40°N, 30°E–
90°E). (b) and (c) The linear trends from 2000 to 2011 and 2000 to 2016 based on MISR
data, respectively. (d) and (e) The same as panel (a) and (b), respectively, but based on
MODIS-Terra data. The black dots represent grids where the trends are statistically
significant at 95% confidence level by using the Mann-Kendall method. The grey colors in
panel (a) and (b) indicate missing values.
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