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ABSTRACT: The present study is the first attempt to examine temporal and spatial
characteristics of aerosol properties and classify their modes over Iran. The data used in
this study include the records of Aerosol Optical Depth (AOD) and Angstrom Exponent
(AE) from MODerate Resolution Imaging Spectroradiometer (MODIS) and Aerosol
Index (Al) from the Ozone Monitoring Instrument (OMI), obtained from 2005 to 2015.
The high concentration of AOD and Al values (representing high-high cluster) have been
observed in the southwest and east regions, while their low concentrations (representing
low-low cluster) have been found in the high mountainous areas. Based on AE values,
Iran has been divided into three distinct regions, including fine, mixture, and coarse
aerosol modes in each season. Results show that the maximum/minimum area under fine
aerosols mode has occurred in the autumn, covering an area of 84.15% and in the spring,
covering an area of 40.5%. In the case of coarse mode, the maximum/minimum area has
been found in the spring, covered area=53.5% / in the Autumn covered area=12. 5%. The
different aerosol modes regions strongly coincide with the topographical structure. To
analyze the relation between aerosol properties and topography, Aerosol Properties Index
(API) has been developed by combining OMI and MODIS datasets. API is a simple
indicator, capable of showing the degree of aerosol coarseness in each pixel. There is a
negative correlation between API and topography over the studied region, meaning that
aerosol concentrations are high in the lowlands, but low in the highlands. However, this
relation differs in various geographic regions, as Geographically Weighted Regression
(GWR) model shows a higher determination coefficient in all seasons, in comparison to
Ordinary Least Squares (OLS).
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INTRODUCTION

Atmospheric aerosol particles generally
have variable diameters, being either
directly emitted into the atmosphere or
formed by the oxidation of precursor
gasses such as certain oxides or volatile
organic compounds, where the resulting
oxidation products either nucleate to form
new particles or condense on pre-existing
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ones (Alam et al., 2010). The aerosols are
atmospheric components with a very
significant role in establishing the earth’s
radiative balance, making it essential to
know about atmospheric aerosols and their
characterization. Aerosols exert a variety
of impacts on Earth's climate, like cloud
microphysical properties, precipitation,
direct radiative influence, chemical
weather, human health, and climate change
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patterns (Ramanathan et al., 2001; Andreae
et al., 2005; Pathak & Bhuyan, 2015). They
affect the earth’s weather and climatic
system, both in a direct way, through solar
radiation  scattering and  absorption
phenomena, and indirectly, by influencing
the microphysical and radiative properties
of clouds, and atmospheric temperature
profile (Lyamani et al.,, 2009; IPCC,
2013), although the magnitude of this
influence remains uncertain even today
(IPCC, 2007).

Aerosols have been recognized as a
major factor when determining the global
climatic change (IPCC, 2001), since they
play a crucial role in solar and thermal
radiative transfer in the atmosphere. They
strongly modify the radiation budget on the
surface of the earth as well as the cloud
microphysical properties, precipitation rate,
and hydrological cycle (Lohmann &
Feichter, 2004). Apart from their role in
radiation balance, they act as one of the
factors to cause uncertainty in climatic
modeling (Charlson et al., 1992; Penner,
1994). In addition, aerosol pollution
negatively affects air quality, human
health, and the environment (Berico et al.,
1997; Beeson et al., 1998; Pope, 2000 ;
McMichael et al., 2006). Also, aerosol
particle is critical for epidemiological
studies to accurately investigate the fine-
scale spatial and temporal changes of
particle concentrations (He et al., 2016).
These aerosol climatic effects are highly
variable, thanks to the large variability of
their physical and optical properties,
attributed to the variety of their sources
(natural and anthropogenic), as well as
their dependence on prevailing
meteorological and atmospheric conditions
(Satheesh & Moorthy, 2005).

Atmospheric aerosols are ubiquitous in
the earth’s lower atmosphere, existing in
both troposphere and the stratosphere
globally, though they are highly variable in
their number concentration, composition,
and various properties (Poschl, 2005).
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Quantifying radiative forcing is key to
understanding how climate changes at
local, regional, and global scales. The
greatest part of uncertainty in prediction of
radiative forcing is attributed to limited
knowledge of spatial and temporal
distribution of aerosols, their Physio-
chemical properties, and the processes they
are involved in (Boucher et al., 2013; Kang
et al., 2015; Kumar et al., 2014, 2015;
Mehta, 2015; He et al., 2016).

Due to large uncertainties in spatio-
temporal  distribution  of  aerosols
throughout the globe, the regional and
global impact of atmospheric aerosols on
the climate is still uncertain. This
heterogeneity results from the high
variability of sources of origin of different
aerosols as well as their short residence
time in the atmosphere (Textor et al., 2006;
Kinne et al., 2006; Srivastava et al., 2016).
The abundance of atmospheric aerosol and
its constituents, their physio-chemical and
optical properties, vary greatly with respect
to time and space (Ram & Sarin, 2010;
Ram, et al., 2012). Previous studies such as
Dickerson et al. (1997), Kosmopoulos et al.
(2008), Alam et al. (2010), Kaskaoutis et
al. (2010), Zayakhanov et al. (2012),
Cheng et al. ( 2015), Kumar et al. (2015),
He et al. (2016), Floutsi et al. (2016), and
Boiyo et al. (2017) investigated the spatio-
temporal variation of aerosols in different
regions of the world, pointing out the

stable atmospheric  conditions,  high
temperature, high humidity, and low
elevation that result in high AOD

concentration of an area.

Since there is only one Aerosol Robotic
Network (AERONET) sunphotometer
measurement site in Iran, the satellite data
provide a good opportunity to monitor
spatio-seasonal heterogeneity of aerosol
properties. Satellite-based remote sensing
provide long-term and uninterrupted spatial
coverage undoubtedly provides a unique
opportunity to derive regional, global, and
seasonal spatial patterns for aerosol loads
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and properties. It has been shown that
satellite data have enormous potential for
mapping the distribution and properties of
aerosols, and for deriving indirect
estimates of particulate matter (Alam et al.,
2011a; Kumar et al., 2015). In Iran, during
recent years dust events have had an
increasing trend, especially in the west and
southwest  regions of the country
(Zarasvandi et al., 2011).

However, until now, there has been no
study on examining the spatio-seasonal
heterogeneity of aerosols and their
dominant types over this region; therefore,
the present study is capable of filling a
scientific gap in our current knowledge on
the importance of aerosol in different
processes, such as air quality, human
health, and climatic impacts. The main
objective of this study is to identify spatio-
seasonal variations of aerosol properties in
Iran, using long term (2005-2015) MODIS
and OMI satellite datasets. The results are
presented in three sections. In the first, the
seasonal and spatial variability of aerosols
has been investigated in addition to their
clusters and outlier’s area, which represent
high and low AOD concentration regions.

44 48 52

In the second, there has been an attempt to
identify regions with different aerosol
mode, based on AE data in the different
season. Finally, in the third section, the
role of the topography in the spatial
distribution of aerosol properties has been
investigated.

MATERIALS AND METHODS

Figure 1 illustrates the Geographical
location of Iran along with the distribution
of topographical structure. The two
important mountain ranges of lran are
Alborz and Zagros, stretching in the
northwest-northeast and northwest-
southeast directions, respectively. Iran is
situated in the southwest of Asia with an
area of about 1,648,000 km? between a
latitude of 25° to 40° North and a longitude
of 44° to 64° East. Iran's climate is affected
by different factors such as proximity to
the sea, elevation, and the presence or
absence of large atmospheric phenomena
like subtropical high pressure (Modarres,
2006). The central and eastern parts of Iran
are affected by arid and semiarid climate
with hot and dry deserts that can be sources
of dusts (Gerivani et al., 2011).
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Fig. 1. The geographical location of Iran and topography distribution
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The MODerate resolution Imaging
Spectroradiometer (MODIS) is a remote
sensor on board two Earth Observing
System (EOS) Terra and Aqua satellites,
both operating at an altitude of 705 km,
with Terra spacecraft crossing the equator
at about 10:30 LST (Local Standard Time,
ascending northward), while Aqua crosses
the equator at around 13:30 LST
(descending southward; Remer et al.,
2008). The MODIS measures the top of the
atmosphere radiances in 36 channels from
0.41 to 14 um at different spatial
resolutions (250, 500, and 1000 m; King et
al.,, 2003). In this study, we used the
monthly MODIS (Terra) Collection 6
Level 3 aerosol optical depth and angstrom
exponent data with 1°x1° grid for the long
period between 2005 and 2015 over Iran.

Chu et al. (2002) believed that MODIS
aerosol products can be used quantitatively
in many applications. The root mean
square (RMS) errors are <0.1 in the
continental inland regions and up to 0.3 in
the coastal regions. For oceans, Remer et
al. (2002) concluded that MODIS-retrieved
aerosol optical thickness at 660 nm and
870 nm fall within the expected
uncertainty, meaning that MODIS aerosol
products are valuable for research analysis.
We also used OMI Aerosol Index data with
a spatial resolution of 1°x1°, available at
http://disc.gsfc.nasa.gov/Aura/OMI/omto3
g_v003.shtml, from NASA Goddard Earth
Sciences Data and Information Services
Center (GES DISC). The Ozone
Monitoring Instrument (OMI) onboard
EOS-Aura (2004—present) satellite was
employed to have an understanding of
spatio-seasonal aerosol properties over
Iran. Al is especially sensitive to the
presence of UV absorbing aerosols, such as
smoke, mineral dust, and volcanic ash. The
index value is positive when absorbing
aerosols are present (Guan et al., 2010).

To determine the locations of significant
clustering of high and low AOD and Al
values, we used cluster and outlier analysis
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(Anselin Local Morans 1). This technique
aims at identifying feature clusters with
similar values in magnitude. This method
identified outliers through comparison with
neighboring features and the mean of the
entire population.

Based on AE values, Iran is divided
into three dominant aerosols mode reigns,
including fine, mixed, and coarse modes.
The AE values greater than 0.95 and less
than 0.85 are considered to represent fine
and coarse mode, respectively, while the
AE values between 0.85 and 0.95 show the
mixed aerosol mode in this study. Previous
studies such as Slutsker and Kinne (1999),
Kaskaoutis et al. (2009), Pathak et al.
(2012), Li et al. (2013), Kannemadugu et
al. (2014), Kumar et al. (2015) determined
aerosol types, based on AOD and AE
threshold values. For example, AE values
close to 0.9 was considered for mixed type
of aerosol (Kaskaoutis et al., 2009). It
seems that these thresholds are appropriate
for the classification of aerosols mode over
Iran.

The higher values of AOD and Al
indicate the high concentration of aerosol,
and the AE, their size. Therefore,
combining these data represents aerosol
properties and degree of aerosols
coarseness in a region. According to
Equation (1), higher API values indicate
the coarse mode in a region, while the low
ones show fine aerosol mode.

API= AOD+AI- AE (1)

The parameters aerosol properties index
consists of the AOD, Al, and AE;
therefore, the relation between aerosol
properties index and topography could be
useful to understand the relation between
aerosol characteristics and topography.

In order to analyze the effects of
topography on spatial distribution of API
values, the Ordinary Least Squares (OLS)
and Geographyically Weighted Regression
(GWR) models are compared. More details
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on GWR can be found in the studies of
Charlton et al. (2009).

RESULTS and DISCUSSION

Figure 2 shows spatial and seasonal
properties of AOD, AE, and Al over Iran.
The average value of Al in Iran during
winter, spring, summer, and autumn were
0.96, 1.24, 1.13, and 0.89, respectively,
with the maximum values of Al belonging
to southwestern Iran (in south of
Khuzestan province) in all seasons. For
example, in the spring, Al in the south of
Khuzestan  province reached  2.25.
Likewise, the average AOD values during
winter, spring, summer, and autumn were
0.15, 0.16, 0.14, and 0.10, respectively.
SlImilar to Al concentrations, the maximum
AOD concentration was observed in the
southwest in all seasons. Average AE
values during winter to autumn were 1.04,
0.79, 0.8, and 1.13, respectively. Low AE
values represent the larger size of aerosol
particles. Minimum values of AE (0.18,
0.46) belonged to both spring and autumn
in the southwest region as well as winter
and summer in eastern (0.44) and
northeastern regions. As can be seen in
Figure 2, maximum and minimum values
of AOD and Al were observed in the
spring and autumn, respectively. This
temporal pattern was similar to the studies
by Zayakhanov et al. (2012), Cheng et al.
(2015), and He et al. (2016), who found
that the aerosols were higher in spring and
summer, while relatively low in autumn
and winter in their study areas, namely
Gobi  Desert, Shanghai, and China,
respectively. The high AOD values during
the spring and summer were mainly
attributed to more stable atmospheric
conditions in these seasons, which lead to
the accumulation of aerosols in the
atmosphere (Kosmopoulos et al., 2008);
desert dust influx, originated from arid
regions (El-Askary et al., 2006; Papadimas
et al., 2008; Tarig & Ali. 2015); higher
concentration of water vapor and humidity
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(Ranjan et al., 2007; Alam et al., 2010; Li
& Wang, 2014); and higher temperature
during summer, which makes
photochemical reactions more active, in
turn increasing the aerosol loading during
this season (Dickerson et al.,1997).

Figure 3 shows the spatial clusters and
outliers map of AOD and Al, separately for
each season. This technique is well capable
of identifying low and high clusters of
AOD and Al data in Iran. In winter there is
a high-high cluster of AOD in the
southwest region (in Khuzestan province).
Also in winter, high Al values can be seen
in south-western and eastern regions of
country (high-high clusters). The low-AOD
region, which indicates low-low cluster, is
consistent with Zagros mountains. During
the spring, there is a high-high cluster of
AOD values in the southwestern region,
while in the summer high-high cluster can
be seen in southwestern and southeastern
areas. During these seasons low-low
cluster is not observed. In spring and
summer, the high-high cluster of Al,
observed in the south strip regions and
low-low cluster, show close coincidence
with the topography. And eventually in the
autumn, the high-high and low-low clusters
can be observed in the southwestern and
northwestern regions, respectively. Also,
for Al data, there are high-high clusters in
the southwestern, eastern, and northeastern
areas with low-low clusters observed in the
highlands of southern Iran. The high
concentration of aerosols in the western
regions is due to active sources of the dust
storm, located in west and north of Syrian
and Iraq Desert (Zoljoodi et al., 2013). In
the eastern region (especially Sistan), after
a dry period at the end of 1999s, and due to
land-use changes and desiccation of the
Hamoun wet lands, the frequency and
severity of dust storms increased,
significantly. Thus, Hamoun is responsible
for the dramatic increase in AOD over the
downwind areas (Rashki et al., 2012; Alam
etal., 2011b).
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Fig. 2. Spatio-Seasonal variation of AOD AE and Al between 2005 and 2015 over Iran
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Fig. 3. Clusters and outliers long-term seasonal AOD and Al between 2005 and 2015

AE is a qualitative indicator, providing
information for each fine- and coarse-mode
aerosol (Lee et al., 2010). As mentioned in
the methodology section above, based on
AE values, the regions with different
aerosol modes are determined, hence
dividing Iran into three distinct regions,
namely fine, mixture, and coarse aerosols
mode in each season (Fig. 4, right side).
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Table 1 gives the average of AOD, Al,
and AE as well as their elevation for each
aerosol mode regions. In the first class,
representing the fine mode, the average of
elevation and API are much higher and
lower, compared to other regions,
respectively (e.g. the average elevation of
this class in summer reached to 1700.4
meters with an API of -0.15). Having a



Rezaei, M. et al.

with northwest-southeast trend, this region
closely coincide with Zagros mountains.

Similar to the first region, the second
one, representing the mixture mode, has a
good agreement with mountains and
foothills of Alborz and Zagros; however,
this region's elevation is less than the fine
mode one (summing up to 1328.93 m in
the summer). The coarse mode region can
be observed in lowland areas of eastern and
southern Iran with an elevation of 292.8 m
in autumn.

With regards to the results above, it
seems that the aerosols mode is well
associated with the topographical structures.
The fine aerosol (minimum value of API)
can be found in the highland areas, and the
coarse aerosol in the lowland regions. As
can be seen in Table 1, the maximum area
under fine aerosols mode is observed in
autumn (covered area= 84.15%, AOD=0.08
and AE=1.26) and winter (coverage area=
70.32%, AOD=0.12 and AE= 0.90).
Nonethelss, the percentage of the covered
area of fine aerosols mode plummets in
spring and summer, falling as low as 40.5%
and 40.98%, respectively.

The maximum area under coarse
aerosols mode is observed in the spring
(covered area= 53.5%, AOD=0.19 and

AE=0.55) and summer (covered area=
50.8%, AOD=0.19 and AE=0.54). By
considering these values and based on the
study of Kumar et al. (2015), dominant
type of aerosol in this region is desert dust.
The minimum percentage of coverage area
in coarse aerosols mode declines
significantly in autumn (coverage area=
12.5%, AOD=0.18 and AE=0.73) and
winter (coverage area= 15.9%, AOD=0.21
and AE=0.72).

The mixture aerosols mode is low in
comparison to the other two. Figure 5
shows the percentage of covered area,
related to each aerosol mode in Iran.

Based on the results above,
topographical structure has a close relation
with the aerosol type regions over Iran. In
addition, aerosol types have changed with
changes in season. The AOD values in the
coarse mode area are higher in warm
seasons (summer and spring) compared to
the cold ones (winter and autumn). High
area of coarse mode during summer and
spring is mainly due to to long-range
transportation of mineral dust from the arid
regions (Pathak et al., 2012), while
precipitation acts as a wet removal process
(Papadimas et al., 2008) during winter and
autumn.

Table 1. Three aerosol modes and their properties along with API, elevation, and percentage of coverage
area in all seasons in Iran

Season Modes AE AOD Al API Elevation (Meter) Coverage
area (%)
Fine 1.18 0.12 0.90 -0.14 14415 70.32
Winter Mix 0.89 0.17 1.04 0.32 589 13.7
Coarse 0.72 0.21 1.07 0.56 390.5 15.93
Fine 1.16 0.10 1.01 -0.05 1665.02 40.5
Spring Mix 0.89 0.10 1.13 0.34 1285.45 6
Coarse 0.55 0.19 1.37 1.02 772.2 53.5
Fine 1.16 0.07 0.93 -0.15 1700.4 40.98
Summer Mix 0.90 0.08 1.12 0.14 1328.93 8.19
Coarse 0.54 0.19 1.28 0.92 704.9 50.81
Fine 1.26 0.08 0.87 -0.3 1326.3 84.15
Autumn Mix 0.91 0.16 1.01 0.26 339 3.2
Coarse 0.73 0.18 1.00 0.45 292.8 12.56
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Since the geographical distribution of API
is closely related to topography, this section
attempts to investigate the relation between
elevation and API values, using GWR and
OLS models. In Figure 6, scatter diagram
shows the relation between predicted API
values and the observed one, using GWR
and OLS. As can be seen, GWR, in
comparison to OLS, shows a better
coefficient of determination in all seasons.
The maximum coefficient of determination
has been observed in the spring (R?=0.9)
from GWR model, while OLS shows lower
coefficient of determination (R?=0.56),
indicating that the APl geographical
distribution is strongly influenced by
topographic conditions. In other words, in
some regions a strong correlation (R*>0.8)
between API and elevation has been
observed, while in others, there is just a
moderate correlation (R*>0.4).

He et al. (2016) found that the highest
AOD values tended to be located in flat
areas with low elevation, while they were
generally low in mountainous and highland
areas, such as the Tibetan Plateau.

As seen in Figure 7, the maps of local R?
value represent the model's performance in
each pixel during all seasons. The overall
local R? for Iran during winter, spring,
summer, and autumn are 0.42, 0.46, 0.43,
and 0.44, respectively. In all seasons, the
maximum performance of the model (High
R? values) has been observed in the eastern
and western region, suggesting that in these
regions, height and API values are low and
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high, respectively. For example, in the spring
maximum local R? has been seen in the
western region (latitude= 33.5, longitude=
455, height= 56 m, API= 2.08) with an
amount of 0.96, whereas the minimum
values have been observed in the southeast
and northeast of Iran. In the northwest
region, despite the high elevation (height =
2045 m) relatively high API values (API= -
0.2) can be seen. This is probably due to the
transfer of aerosols from distant areas. For
example, in the spring, minimum local R?
(0.18) has been seen in the northwest
(latitude=37.5 longitude=47.5, height = 2045
meter, API=-0.2).

There has been little literature about the
relation between topography and aerosol
properties; however, our results are
consistent with the previous studies that
showed the association of topographical
structure and spatial distribution of aerosol
properties. Engelstaedter et al. (2003)
mentioned that in non-forested regions,
dust storm frequency increased as the
fraction of closed topographic depression
rose, likely due to the accumulation of fine
sediments in these areas. Luo et al. (2014)
reported that two low AOD centers were
located in China: the high-latitude region
in Northeast China with AOD of about 0.2
and the high-altitude region in Southwest
China with AOD from 0.1 to 0.2. They
mentioned that the Tibetan Plateau in the
west could be regarded an important large
topography in aerosol distribution over
China.
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CONCLUSION

The present study analyzed AOD, AE, and
Al dataset from MODIS and OMI sensors
for eleven years (2005-2015), in order to
evaluate the spatio-seasonal variability of
aerosol and spatial classification of their
dominant type over Iran. The main results
of this study are as follows:

e For both datasets (MODIS and OMI),
the  maximum and  minimum
concentration of aerosols were
observed during spring and autumn
seasons, respectively. High clusters
of AOD and Al (that indicate
maximum aerosol concentration)
were observed in the southwest and
east regions, while the low clusters
belonged to high mountainous areas
of Zagros and northwest Iran.

o Based on the AE values, Iran was
divided into three distinct regions,
i.e. fine, mixture, and coarse aerosol
modes in each season. Fine mode
aerosols were observed to cover a
maximum area of about 84.15% in
autumn, and a minimum one of
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40.5% in spring. In the case of coarse
mode, the maximum area had a
percentage coverage of about 53.5%
in spring and a minimum of 12.5% in
autumn. The different aerosol modes
regions greatly coincided with the
topographical structure.

The fine and coarse aerosol modes
were observed in the highland and
lowland areas, respectively, with the
APl having a negative correlation
with topography distribution. This
relation  varied in  different
geographic regions since the GWR
model, compared to OLS, showed a
higher coefficient of determination in
all seasons. In all seasons the high R?
values were observed in the eastern
and western regions of Iran, while
the minimum values belonged to the
southeast and northeast Iran, which
was probably because of the
relatively high and low values of API
in the highland and lowland areas,
respectively.
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