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1 INTRODUCTION

The use of earth-observing satellites in air-
quality management is although contemporary,
but first began nearly four decades ago. In the
late 1970s, satellite imagery from the GOES
and Landsat satellites was utilized to identify
haze (Lyons andHusar, 1976) and study popula-
tion exposure to air pollution (Todd et al., 1979).
However, the advanced scientific tools for shar-
ing and using satellite data have improved the
potential of satellite-retrieved information to
be used for assessment, forecasting, and man-
agement of air quality. The concurrence of satel-
lite and ground-based information is now
widely accepted for urban-scale air-quality
management among both the scientific and
the policy-making communities. The most
remarkable feature in applying satellite-derived
information enlists the downscaling of synoptic
45
and geospatial information to assess localized
phenomena. The foremost applications include
the measurement of gaseous pollutants, like
ozone (O3), sulfur dioxide (SO2), nitrogen diox-
ide (NO2), carbon monoxide (CO), formalde-
hydes (HCHO), etc. Airborne particulates are
also well explored by satellite remote sensing
due to their relevance to climate science, hetero-
geneous nature, and spatial variability. Fraser
et al. (1984) for the first time accomplished suc-
cessful retrieval of aerosol optical depth (AOD)
using GOES observations over land and applied
it to inspect a haze episode over the eastern
United States. A sharp rise in aerosol remote-
sensing information over the last decade has
been observed and has been utilized in multiple
ways including the estimation of ground-level
aerosols (Dey et al., 2012), mortality studies
(Hu, 2009; Corbett et al., 2007), crop simulations
(Fang et al., 2011), identification of extreme
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events (Kumar et al., 2014) and for air-quality
forecasting (Kumar et al., 2007). These multifac-
eted applications of remote-sensing technology
have opened up a wide scope for interdisciplin-
ary interventions in air-quality studies.

Themanagement of near-surface air quality is
essential due to its possible implications for pub-
lic health, agricultural output, visibility, and
aesthetic and cultural values. However, the
intricacy in the availability of ground-based data
makes the entire process of air-quality manage-
ment difficult and uneconomic. Satellite-based
observations reduce uncertainties in spatial dis-
tribution of air pollutants and the associated
phenomena affecting them over synoptic and
geospatial context. The estimation of ground-
level pollutant concentration using space-based
observations is one of the foremost applications
of remote sensing, which has recently been
used for air-quality management. Near-surface
aerosols with highly heterogeneous behavior
are being analyzed on various scales and
resolutions using satellite-based observations.
Researchers have exploited the dependence of
aerosol optical properties on their size distribu-
tions for estimating near-surface concentrations.
Improved associations were further assessed by
Wang and Christopher (2003) between AOD
and PM2.5 in Alabama. However, such a rela-
tionship is highly region-specific and depends
on various meteorological conditions. These
assessments made a firm basis for the develop-
ment of empirical relationships between
satellite-derived properties and their ground-
based counterparts. Studies reported the
improved relationship betweenMODIS-derived
AOD and near-surface PM2.5 with a specific set
of circumstances, including cloud-free condi-
tions, low boundary layer heights, low relative
humidity and with high aerosol loadings
(Gupta et al., 2007). Additionally, the inclusion
of time varying meteorological variables along
with the chemistry transport model are reported
to further improve the relationship.
Most of the epidemiological studies rely on
near-surface measurements of air pollutants as
human beings are subject to the toxicity of pol-
lutants, most of which are present at the breath-
ing level. However, sparse monitoring networks
limit the applicability of surface-measured pol-
lutant concentrations for exposure studies
(Kumar et al., 2015a). Spatially resolved esti-
mates of particulate matter using satellite AOD
provide a better scope for assessing pollution-
induced diseases and mortality. Hu (2009),
using a geographically weighted regression
derived near surface PM2.5 concentrations in
the eastern United States, inferred a significant
hike in coronary diseases with an increase in
PM2.5. Using geospatial emission inventories,
Corbett et al. (2007) revealed the mortality due
to shipping-related particulate emissions.
Evans et al. (2013) found distinctly high mortal-
ity estimates from satellite observations in com-
parison to the ground-based databases.
However, considerable collinearity was
observed between satellite-derived mortality
estimates and chemical transport model simula-
tions. Thus the regions with high susceptibility
to diseases induced by air pollution may be con-
veniently mapped using remote sensing and
geographic information systems (GIS) tech-
niques, leading to the formulation of suitable
mitigation plans. These techniques have been
successfully implemented in different parts of
the world.

The appropriateness of any air-quality man-
agement plan requires precise information
about emission inventories, considering infor-
mation on particulate sources, emission
strengths, and rates (Banerjee et al., 2011).
Satellite-based measurements of various aerosol
products are extensively used to examine possi-
ble sources and to develop a spatial emission
map. Additionally, with the advancement of
remote-sensing observation in the last decades,
techniques have been developed for using these
observations as constraints on pollutant sources.



FIG. 1 Transboundary movement of mineral dust over South Asia. Note: Both true color and AOD images are courtesy
of Terra MODIS. Modified from Kumar, M., Tiwari, S., Murari, V., Singh, A.K., Banerjee, T., 2015b. Wintertime characteristics

of aerosols at middle Indo-Gangetic plain: impacts of regional meteorology and long range transport. Atmos. Environ. 104, 162–175.
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Likewise, during summer and premonsoon
months, the transboundary movement of air-
borne particulates originating in Middle East
dry regions often causes dust storms over the
Indian subcontinent (Fig. 1). Inverse modeling
of MODIS AOD in conjunction with a few
advanced models such as GOCART have been
utilized by Dubovik et al. (2007) for the quanti-
fication of major aerosol sources. Wang et al.
(2013) combined satellite-measured radiances
and inverse modeling to spatially constrain
sources of dust emissions in the Taklimakan
and Gobi deserts. Wang et al. (2016) also
reported a new approach to integrate OMI-
retrieved SO2 measurements and GEOS-Chem
adjoint model simulations to constrain anthro-
pogenic emissions of SO2. Spatially resolved
information on backscatter characteristics and
classified aerosol types retrieved through the
CALIPSO satellite constructively helps in
apportioning its sources. Mazzoni et al (2007)
determined the heights of smoke plumes from
wildfires through MISR retrievals. Not limited
to aerosols, MODIS and MISR aerosol products
were also interpreted for annual growth rates of
sulfur emissions over China (van Donkelaar
et al., 2008).

The framework for managing air quality for a
regional or national interest includes a forecast-
ing mechanism that can take care of future emis-
sion scenarios and anticipated risks associated
with it. Recent advancements in remote-sensing
bring promising support to air-quality forecast-
ing. Assessments of satellite imagery of smoke
from MODIS, AIRS, and other fire detection
maps are beingmadewith the help of GIS to pro-
ject the effects of wildfire and biomass burning.
There are some specific web tools that collect all
relevant information together, such as Infusing
Satellite Data into Environmental Applications
(IDEA) and the Hazard Mapping System Fire
and Smoke Product (HMS). Also, some extreme
events including dust storms, haze episodes,
and smog become a serious nuisance to the
regional air quality, affecting health, visibility,
and climate. Several remote-sensing techniques
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have been documented in studies, which could
help air-quality managers in minimizing risks
associated with such extreme events.

Satellite remote sensing of aerosols does
have some limitations. Technical and scientific
issues such as cloud contamination, surface
reflectance, sensitivity of instruments, and other
atmospheric errors need to be considered while
using remote-sensing techniques for atmo-
spheric and climate science. Many satellites
have passive sensors that are used to retrieve
optical properties only during daytime and for
the entire column, which may not be relevant
to ground-level concentrations. Retrieving aero-
sol optical properties becomes additionally com-
plicated due to real-time variations in aerosol
microphysical properties influenced by existing
meteorology and the source profile. Therefore,
real-time measurement of aerosol properties
always remains a challenge. Additionally,
complexity in data retrieval methods, data
access, and a low level of understanding from
policymakers about the satellite data put limita-
tions on its use. Resolution—be it spatial, spec-
tral, temporal, or radiometric—regulates the
applicability of a particular data product, but
often there is a tradeoff between these. Likewise,
polar-orbiting satellites offer higher resolution
with less-frequent global coverage while geosta-
tionary satellites have lower resolution but
almost daily global coverage. Therefore, often
satellite data products are application-specific
and the user should consider the limitations/
quality of data products before the intended use.
2 AEROSOLS: HETEROGENEITY
AND CLIMATIC IMPLICATIONS

The climate-governing properties of atmo-
spheric aerosols have been well acknowledged
(Ramana et al., 2010; Schwartz and Andreae,
1996; Hansen et al., 1997; Banerjee et al.,
2017a). The complex aerosol chemistry medi-
ated through its surface additionally supports
multifaceted climatic implications. Among vari-
ous atmospheric entities, aerosols constitute a
major source of uncertainty in their role in
climate perturbations mainly due to the associ-
ated heterogeneities (Murari et al., 2015).

The degree of heterogeneity in aerosol proper-
ties highly depends on geological and topograph-
ical features (Ramanathan and Ramana, 2005),
source strengths, and meteorological factors
(Banerjee et al., 2015). The complicacy in
aerosol-climate interaction is governed by its
multidimensional heterogeneity,mainly in space,
time, chemical composition, size distribution,
sources, vertical distribution, and mixing states,
leading to different climatic impacts (Fig. 2).

Awide range of spatial heterogeneity has been
reported in the global distribution of aerosols,
which is responsible for the differential climatic
impacts (van Donkelaar et al., 2015). Owing to
their lower atmospheric residence time (typically
hours to a fewweeks), the distribution of aerosols
often remains in proximity to their sources. Addi-
tionally, local geography and meteorology are
the most influential factors in regulating aerosol
properties. Therefore, often the global distribu-
tion of aerosol loading is specifically linked with
isolated geographical regions. Likewise, some of
the major recognized regions—typically called
aerosol hotspots—are tropical Africa, Eastern
China, the Indo-Gangetic Plain (IGP) of South
Asia, the tropical region of Central America,
Southeast Asia, and Mexico. Fig. 3 depicts the
global distribution of columnar AOD (Fig. 3A)
and fine-mode fractions (Fig. 3B) retrieved from
the Terra-MODIS satellite for August 2015. The
heterogeneity in aerosol optical and microphysi-
cal properties over a wide range of spatial and
temporal scales obstructs the true estimates of
aerosol-induced climate change. Likewise, the
Sahara Desert in Northern Africa is fairly charac-
terized by coarser mineral dusts ( Jim�enez
et al., 2010) while the Southeast Asian region is
typically dominated by secondary aerosols
(Trivitayanurak et al., 2012). Singh et al. (2017a)
reviewed the predominate sources of airborne



FIG. 2 Aerosol heterogeneity and climate-governing properties.
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fineparticulates over SouthAsiaandreportedsig-
nificant contributions from vehicular and indus-
trial sources with significant variabilities, both in
terms of season and geography. The entire Indo-
Gangetic basin in SouthAsia is characterizedwith
mixedaerosolswithdominanceofcoarserdustsat
the upper basin while elevated proportions of
finer aerosols and soot over central and lower
parts (Fig. 9). Sen et al. (2017) concluded the pres-
ence of a very high particulate load, especially
over the IGP, which reportedly undergoes long-
range transport of aerosols from its source to the
Indo-Himalayan Range and Bay of Bengal.
Extremely high particulate loadings have also
been reported over themiddle IGP duringwinter
(Kumar et al., 2015b, 2017a; Sen et al., 2014) while
minimal concentrations were observed during
monsoon season (Murari et al., 2015, 2017). Das
et al. (2014) also observed a seasonality in dust
transport in the Indian region with an enhanced
dust loading (AOD>0.5) over the oceans during
monsoon season. Efforts were also made to char-
acterize theparticulate compositionand transport
over the IGP.Thecoarse transporteddust fromthe
great IndianTharandotherMiddleEast countries
is rich in iron, calcium, silicon, aluminum,magne-
sium, lithium, and phosphorus (Moreno et al.,
2012). Aerosols emitted from combustion sources
such as biomass/refuse burning, forest fires, and
vehicular emissions are characterized by soot,
black carbon (BC), sulfates, nitrates, and ammo-
nium ions (Murari et al., 2015).

The existence of aerosols in a wide-size spec-
trum (nm to μm) is another source of heteroge-
neity that influences the climate and is
reported to play a crucial role in cloud micro-
physical properties. Aerosols of natural origin
(mineral dust, sea salt) are usually coarser in size
except for sulfate and carbonaceous aerosols,
which are emitted from volcanic eruptions and
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FIG. 3 (A and B) Mean global aerosol loading for August 2015 retrieved from Terra MODIS (A) AOD at 550 nm (B) fine-
mode fractions (FMF).
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forest fires. In contrast, most of the anthropo-
genic sources such as vehicular emissions, bio-
mass burning, and fossil-fuel combustion
release particulates with dominance of finer par-
ticulates. The information on mixing states
of aerosols is one of the unresolved issues in
atmospheric sciences due to their highly hetero-
geneous behavior on spatial and temporal
scales. One of the peculiar impacts of varying
mixing states was reported on the modification
of radiative effects of sulfate and nitrate aerosols
in the presence of BC. Global chemistry models
have estimated that the net radiative impacts
over a region are regulated by relative amounts
of BC and sulfate (Ramana et al., 2010). Sulfate
aerosols strongly reflect solar radiation while
BC strongly absorbs it. However, the net
radiative impact of BC is considered to be well
amplified in the case of its internal mixing with
sulfate (Moffet and Kimberly, 2009). These het-
erogeneities in aerosol types, mass loadings,
composition, and transport make it extremely
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complicated for determining future projections
of climatic impacts.

The direct effects of aerosols on climate refer
to their interference with incoming solar radia-
tion, either through scattering (cooling) or absor-
bance (warming). The response of aerosols to
incoming solar insolation greatly depends on
their composition and size. The brighter aerosols
(SO4

2�) scatter the solar radiation while the dar-
ker aerosols (BC, Brown Carbon) tend to absorb
it. The direct effects of aerosols play significant
roles in modifying Earth’s radiation balance.
The properties of aerosols in modifying Earth’s
radiative budget through changes in cloud
microphysical properties come under indirect
climatic effects. The vital consequences of aero-
sol indirect effects are based on the fact that even
5% enhancements in shortwave cloud forcing can
recompense the increase in greenhouse gases
from 1750 (Ramaswamy et al., 2001). The fore-
most climatic implications of indirect effects of
aerosols result in suppressed precipitation with
increased cloud lifetime and the amount of
clouds (Albrecht, 1989). Further, an increase in
cloud coverage leads to an enhanced albedo
(Twomey, 1959), which in turn amends the
Earth’s radiation budget. With recent advance-
ments in both in situ and satellite-basedmeasure-
ments, significant progress in recognizing the
cloud-aerosol interaction has been made. How-
ever, quantification of the indirect effect still pose
uncertainties in comparison to the direct effects
(Schwartz and Andreae, 1996). With enhanced
concentrations of anthropogenic aerosols, the evi-
dence of reduced planetary albedo over clouds
has been inferred from satellite observations,
mostly in regions with high absorbing aerosols
(Kr€uger and Graßl, 2004). A reduction in the
albedo of light-absorbing species is recognized
as a semidirect effect (Hansen et al., 1997). These
collective impacts of aerosols, including direct,
indirect, and semidirect effects, on the climate
could have major socioeconomic concerns and
pose serious threats to the sustainability of the
planet (Banerjee et al., 2017a).
3 SATELLITE OBSERVATIONS FOR
AEROSOL MONITORING:

DEVELOPMENTS

Remote sensing has long been utilized for
monitoring airborne particulates using various
observational platforms. A complete historical
background on the development of aerosol
observations through remote sensing is avail-
able from Lee et al. (2009) and Kokhanovsky
and de Leeuw (2009). However, recent advance-
ments in satellite-retrieved aerosols have been
briefly discussed here, especially in terms of
polar-orbiting satellites. The polar-orbiting sat-
ellites are sun-synchronous satellites that regu-
larly cover the entire globe, providing
repetitive coverage on a periodic basis. Due to
the large spatial and temporal variability of
atmospheric aerosols, remote-sensing products
deliver precise information about global distri-
butions of aerosols. The very first of its kind
AOD was generated by space-borne spectral
measurement using the Multi Spectral Scanner
(MSS) onboard the Earth Resources Technology
Satellite (ERTS-1) (Griggs, 1975), while the first
operational aerosol product was generated in
1978 using the radiometer (Advanced Very
High Resolution Radiometer, AVHRR)
onboard the TIROS-N satellite. The series of
historical satellite sensors still in operation for
monitoring Earth’s atmosphere and climate
are TOMS (Total Ozone Mapping Spectrome-
ter, for ozone) and AVHRR (for weather sys-
tem). AVHRR, initially launched in 1978, had
multiple bands (0.63-11.5 μm) and was used
to retrieve AOD and AE. It was subsequently
improved and relaunched with NOAA-6�16.
The satellite Nimbus-7 was launched in 1978
having a Stratospheric Aerosol Measurement
instrument (SAM-2) which functionally initi-
ated retrieval of aerosol properties on a regular
basis. TOMS was also launched in 1978 (with
Nimbus-7) and in 1996 (with Earth Probe), it
was associated with the measurements of the
Absorbing Aerosol Index.
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Initially, due to lack of scientific understand-
ing on climatic implications of aerosols, limited
efforts were made to retrieve aerosol optical
properties from space. All satellite exploration
during the initial stages of development in
the 1990s was especially focused on retrieving
trace gases (like GOME, Global Ozone Monitor-
ing Experiment; SCIAMACHY, Scanning Imag-
ing Absorption SpectroMeter for Atmospheric
CHartographY) or land/sea surface tempera-
ture and reflectance (SeaWiFS, Sea-viewing
Wide Field-of-view Sensor; MERIS, MEdium
Resolution Imaging Spectrometer). GOME
launched with the ERS-2 satellite in 1995, associ-
ated with ATSR-2 (Along-track Scanning Radi-
ometer), which helped to retrieve the first
operational and reliable aerosol properties from
space. The sensor POLDER (with ADEOS)
launched in 1996 was a promising instrument
due to its capability for multiple-view measure-
ments for a varied band with spectral polariza-
tion for reflected radiation. The finest version
of POLDER (POLDER-3) was launched with
Parasol in 2002 to measure the polarization of
reflected light for identifying airborne fine par-
ticulates. It remained functional until 2013. This
was subsequently followed by the launch of
the Moderate Resolution Imaging Spectro-
Radiometer (MODIS) onboard Terra (1999, with
Multi-angle Imaging Spectro-Radiometer) and
Aqua (2002), AATSR (with ENVISAT, 2002),
and OMI (with Aura, 2004), providing multidi-
mensional information on aerosol optical
properties. The aerosol retrieval algorithms
were further developed for application-based
retrieval and to collocate both with ground-
based observations. One of the significant
inclusions for satellite-based retrieval of aerosol
optical properties is CALIOP. It is a typical
space-borne LIDAR onboard collocate CALIPSO
satellite, which was launched in 2006. The
CALIOP has two-wavelength (visible and IR
band) polarization-sensitive LIDAR and passive
imagers for retrieving the vertical distribution
of both aerosols and clouds from the surface to
40 km. Another LIDAR-based sensor, the Geos-
ciences laser altimeter system (GLAS), onboard
ICESat was launched in 2003 to determine the
elevation and position of each point measure-
ment on the Earth and to identify cloud and aero-
sols. Most recently, the Visible Infrared Imaging
Radiometer Suite (VIIRS) onboard the NPP-
Suomi satellite was launched in 2011. It is a suc-
cessor to MODIS andMISR in terms of retrieving
aerosol optical properties from space-borne
platforms.
4 SATELLITE RETRIEVAL
OF AEROSOL PROPERTIES

4.1 Aerosol Retrieval Algorithms

With consequent development in sensor tech-
nology, satellites are frequently being used to
obtain information on various products, both
on global and regional scales. The information
retrieved by satellites depends on the radiation
retrieved by the sensor at the top of the atmo-
sphere (TOA), mounted on the satellite on a spe-
cific orbit. Satellite-retrieved information may
have varying attributes. In terms of information,
the optical data may be useful for identifying
spatiotemporal variations as well as classifying
columnar properties and resolute vertical distri-
butions. Retrieval of aerosol properties from
remote-sensing satellites depends on the inter-
action of tiny airborne particulates with radia-
tion. Upon interaction with particles, radiation
is distributed in multiple directions, typically
based on particle morphology and chemical
composition. Aerosol retrieval algorithms use
angular distributions of radiation scattering
after proper isolation of various atmospheric
and surface interferences.

The retrieval process fundamentally poses
three constraints: cloud effects, surface reflec-
tance, and molecular scattering. In principle,
the retrieval of aerosol properties depends on
the reflected radiation. However, in the presence
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of clouds, such reflection is dominated by the
clouds themselves over aerosols. Any cloud
effects may thereby reduce the possibility of
retrieving minute variations in aerosols while
excessive cloud screening may remove areas
with higher aerosol loading. Thus, often cloud
screening is the first and most important step
in any aerosol-retrieval algorithm (Lee et al.,
2009). Cloud screening may be achieved by var-
ious means such as identifying wavelength
dependence in the visible to the thermal infrared
(IR), spatiotemporal analysis, using the O2

A-band ,or byusingmultiple concurrent observa-
tions (Ackerman et al., 1998). Contribution of
land surface reflectance radiation to the TOA is
the second important constraint in remote sens-
ing that needs to be isolated based on recognizing
land surface properties varying from a dark
surface (ocean, forest) to brighter ones (bare
soil, urban habitat, industrial area, permafrost).
Considering variations in surface reflectance,
it is essential to set a boundary uponwhich atmo-
spheric contributions are measured (Kokha-
novsky and de Leeuw, 2009). On this account,
retrieval of aerosol properties over oceans is
relatively easy and straightforward; upon land,
however, multiple corrections need to be made
to remove interference. The third significant step
in satellite retrieval is toaccount forpath radiance,
which considers both molecular scattering and
absorption by various atmospheric molecules
and gases. A Radiative Transfer Model (RTM) is
generally applied to account for path radiance
for a specific sun-satellite geometry.

An aerosol-retrieval algorithm uses the radi-
ance measured at the TOA and compares it to
that calculated by the RTM over a range of
aerosol models for recognizing the best model
to retrieve aerosol properties. Radiative transfer
calculations are made for a variety of discrete
situations, including a set of wavelengths
that are used in retrieval, viewing geometries
(viewing and solar zenith angle, relative
azimuth angle), surface pressure, and AOD
ranges (Kokhanovsky and de Leeuw, 2009).
The calculations are time-consuming; therefore
they are made outside the actual algorithm
and then stored in look-up tables (LUTs). Each
aerosol model has its own LUTs and contains
multiple parameters such as path reflectance
(Ra); total transmittance from the TOA to surface
(Ta) and surface to satellite (Tb); the spherical
albedo (r); AOD (τ); aerosol phase functions
(P(θ)); scattering angle (θ); and single-scattering
albedo (ω). The TOA reflectance (R), ratio of
radiance received by sensor over that reaching
to the TOA (E0) may be represented as:

R¼ πI

E0μ0
(1)

where, I is the intensity of reflected light and

μ0 is the cosine of the observation angle. The
TOA reflectance with albedo A and wavelength
λ is presented as:

R¼Ra +
ATaTb

1�Ar
(2)

Now, except surface albedo, all the other param-

eters depend on AOD (τ) which is, in fact, the
integral of the extinction of light (Kext

a z,λ; aerosol
extinction coefficient at height z for wavelength
λ) caused by airborne particulates over a vertical
column (height of TOA, H) through the atmo-
sphere. Therefore, AOD may be computed as:

τ λð Þ¼
ðH
0

Ka
ext z, λð Þdz (3)

The spectral dependence of AOD from satellite

measurements of spectral reflectance (R)
requires precise isolation. The surface albedo
needs to be retrieved or rejected using multi-
view observations (Kokhanovsky and de
Leeuw, 2009). For most atmospheric conditions,
the value of Ar remain <0.1, and therefore, for
the dark land surfaces (A!0) the product Ar

may be ignored. The choice of appropriate LUTs
for path reflectance, spherical albedo, and for Ta

and Tb either must be assumed or considered
based on the region of interest. The LUTs are
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typically made by the vector radiation transfer
equation for collection of aerosol models repre-
senting a specific area (Levy et al., 2007). The
algorithm selects the LUT for the appropriate
aerosol model that best fits the observed spectral
reflectance by the satellite sensor. However,
such consideration also depends on the climatol-
ogy (Levy et al., 2007) derived from observations
(Levy et al., 2007) or the transport model for a
particular area (Curier et al., 2008).

4.2 Aerosol Optical Properties

The optical properties of aerosols are impor-
tant for atmospheric visibility and climate-related
studies. Advancements in satellite remote sens-
ing havemade it possible to retrieve several aero-
sol optical properties from space with global
coverage. These remote-sensing techniques
include both passive and active sensors. Some
of the important optical properties of aerosols
include AOD, the Angstrom exponent (α), the
turbidity coefficient (β), the single-scattering
albedo (SSA), the refractive index, the absorption
and extinction coefficients, the phase function
P(θ), the asymmetry parameter (g), the phase
matrix, and the backscatter properties.

(i) Aerosol optical depth

AOD is defined as the integral of the
extinction coefficient over a vertical column
of atmosphere of the unit cross-section.
The extinction coefficient refers to the
depletion of radiance per unit path length
(also termed attenuation). AOD depicts the
extinction of solar radiation by aerosols in
open atmosphere. Typically, aerosols—
based on their morphology and chemical
composition—attenuate the solar radiation
either by absorbing or scattering. It is a
dimensionless entity and it relates the
amount of aerosols in the vertical column
of atmosphere. A typical value of AOD as
0.01 represents an extremely clean
environment while AOD values above 0.5
correspond to a hazy atmosphere, which
may be extended to 5.0 at certain cases. The
measurement of total optical depth is based
on the Beer-Lambert-Bouguer law
considering the following equation:
V λð Þ¼Vo λð Þd2 exp �τ λð ÞTOT*m
� �

(4)

whereV is the digital voltagemeasured at wave-

length λ; Vo is the extraterrestrial voltage; d is
the ratio of the average to the actual Earth-Sun
distance; τTOT is the total optical depth; and m
is the optical air mass (Holben et al., 1998).
The optical depth (τ) for wavelength λ with α
as the extinction coefficient of the atmosphere
having the path z as an inconvenient unit, can
be defined as:

τλ ¼
ð∞
z

α λ, z0ð Þdz0 (5)
At surface (z¼0), the τwill be τ* by definition
while at the TOA, τ¼0. Since radiation is
subject to attenuation due to other
wavelength-dependent trace gases, water
vapor, and Rayleigh scattering, AOD can be
obtained after subtracting the optical
depths from all other components from
the total optical depth.

So, the equation for computing AOD
turns to:
τ λð ÞAerosol ¼ τ λð ÞTOT�τ λð Þwater vapor�τ λð ÞRayleigh
�τ λð ÞO3�τ λð ÞNO2�τ λð ÞCO2

�τ λð ÞCH4 ð6Þ
where τ(λ) is the respective optical depths from

different atmospheric components.
The primary applications of AOD in
atmospheric and environmental sciences
include atmospheric correction of remotely
sensed surface features, monitoring of
sources and sinks of aerosols, monitoring
volcanic eruptions and forest fires,
monitoring air quality, health and
epidemiological studies, climate change
studies, and radiative transfer studies.
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(ii) Angstrom exponent (α)

The Angstrom exponent (α) is an optical
property of aerosols that provides the
information on aerosol size distribution.
The Angstrom exponent is estimated from
AOD, typically from 440 to 870 nm. It
is the negative slope of AOD for a particular
wavelength in logarithmic scale. It
can be calculated from two or more
wavelengths (like λ and λ0) using a least
squares fit.
τ¼ τλ0
λ

λ0

� ��α

(7)

α¼ ln τ1=τ2

ln λ2
�
λ1

(8)

where α is the Angstrom exponent; τ is the AOD;

and λ is the wavelength. The values of a above
2.0 designate finer aerosols such as smoke and
sulfates whereas values close to zero specify
the presence of coarser particles such as
desert dust.
(iii) Turbidity coefficient (β)
Turbidity coefficient (β) is a dimensionless
quantity that measures the opacity of a
vertical column of atmosphere (Utrillas
et al., 2000). The Angstrom turbidity
coefficient indicates the total aerosol
content of the atmosphere in the zenith
direction. It can be defined as the aerosol
optical thickness corresponding to a
wavelength of 1 μm. Since the Angstrom
formula is just an approximation, it may not
be valid over an extensive spectral range.
However, the Angstrom formula seems to
provide a good parameterization of
spectral AOD between 400 and 670 nm
bands (Martinez-Lozano et al., 1998). The
Angstrom turbidity coefficient can be
calculated as:
β¼ τ � λα (9)
where β is the turbidity coefficient; τ is the AOD;

λ is the wavelength in micrometers; and α is the
wavelength exponent representing the aerosol
size distribution (Angstrom, 1964). Turbidity
coefficients <0.1 are associated with a relatively
clear atmosphere while values >0.2 are associ-
ated with a relatively polluted atmosphere.
(iv) Asymmetry parameter and phase function
The asymmetry parameter (g) represents
the degree of asymmetry of the angular
scattering and is a measure of the preferred
scattering direction (forward or backward)
for the light coming across the aerosols. It
is equal to the mean value of μ (the cosine of
the scattering angle), weighted by the
angular scattering phase function P(μ). The
asymmetry parameter corresponding to +1
represents the scattering strongly peaked
in the forward direction (scattering by
larger particles) whereas �1 denotes
entirely backscattered light. Asymmetry
parameters equal to 0 represent an evenly
distributed scattering mostly from smaller
particles (Rayleigh scattering). Asymmetry
parameter may be defined as:
g¼ 1
�
2

ð1
�1

d cosθð Þp θð Þcosθ (10)

where θ is the angle between incident light and

scattering direction and P(θ) is the angular dis-
tribution of scattered light (the phase function).
The asymmetry parameter strongly depends on
the particulate size. Phase function is defined as
the energy scattered per unit solid angle in a
given direction to the average energy in all direc-
tions. Phase functions may be expressed as:

p θð Þ¼ 4π

Csca

dCsca

dΩ
(11)

Csca ¼
ð
4π
dΩ

dCsca

dΩ
(12)

where dCsca/dΩ is the differential cross-section

and Csca is total scattering cross-section.
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(v) Single-scattering albedo (ω)

A single-scattering albedo (SSA) is the
measure of effectiveness of light scattering
due to atmospheric aerosols relative to its
total extinction. It can be defined as the ratio
of scattering and extinction coefficients
(scattering+absorption) at a given
wavelength. SSA is a dimensionless entity
with values ranging from 0 (dominance
of absorbing aerosols) to 1 (light extinction
mostly due to scattering aerosols). It is an
important optical parameter for aerosol
radiative transfer studies for its use in the
calculation of scattering phase function
and as an input to the OPAC model for the
calculation of aerosol radiative forcing.
Not limited to this, SSA can be used to
characterize the type of aerosols. Eq. (13)
describes the mathematical expression
for SSA:
ω¼ σs
σs + σα

(13)

where σs and σa are the aerosol scattering and

absorption coefficients, respectively.
(vi) Mass extinction coefficient (Bext)
The mass extinction coefficient (Bext)
of aerosol represents how strongly
particulates absorb/scatter radiation at a
given wavelength per unit mass in a
constant volume. The mass extinction
coefficient depicts the area of extinction
for a unit mass of the aerosol (usually in
units of (m2/g)). Mathematically, it can
be expressed as:
Bext ¼ 3QM

4ρrMd
(14)

where Bext is the aerosol mass extinction effi-

ciency; Q is the extinction coefficient; M is the
total aerosol mass loading (dry mass+mass of
water taken by the aerosols); ρ is the particle
density; r is the particle effective radius; and
Md is the dry aerosol mass (Chin et al., 2002).
5 SATELLITE AEROSOL DATABASE

Recent advancements in space sciences and
remote-sensing technologies have endowed
enormous prospects for studying aerosol and
other atmospheric properties using satellite-
based measurements. Though these techniques
deliver a diverse range of information, retriev-
ing them for applications is complicated and
requires specific skills, tools, and computation
facilities. Additionally, due to extremely large
datasets, variation in data types, metadata, and
the availability of various platforms for data
access make the selection criteria even more
critical. Several web tools and Internet-based
resources are now available that offer ready-
to-use aerosol products to end users with differ-
ent resolutions, data types, and applications.
These tools provide information on global
aerosol distribution and properties in the form
of imagery, maps, and easily executable files
that can be processed further for different
air-quality applications.

The web tools for aerosol-related information
offer direct access to available satellite data
products of various resolutions (raw or fully
processed), time series, data analysis, software,
and programming tools. The satellite products
available from NASA are managed through
NASA’s Earth Observing System Data and
Information System (EOSDIS). This not only
provides data to the end users but also allows
spatial subsetting to large global data files. Var-
ious other platforms including the Goddard
Earth Sciences Data and Information Services
Center (GES DISC) and the Langley Research
Center Atmospheric Science Data Center
(LaRC ASDC) provide information about differ-
ent gaseous and aerosol products. Some specific
web tools for exceptional events like fire infor-
mation and hazard mapping are also available.
These are being used in collocation with the
information available through other tools. Also,
clubbing spatially resolved data with GIS has
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made data analysis relatively easy. Other
options for graphical representation of data are
also available through selected searches and
selection of required parameters on spatial and
temporal scales. NASA’s Fire Information for
Resource Management System (FIRMS) pro-
vides fire-related information in the form of
shaped files of predefined grids, which helps
in accessing, analyzing, and forecasting fire
events on a long-term basis. Some other popular
tools available are LAADSWeb,Worldview and
Giovanni. Table 1 presents different web-based
tools and resources for retrieving, analyzing
and applying satellite-retrieved aerosol data
products that are most commonly used by the
scientific communities.

In recent years the diverse applications of
multipurpose satellite data by several agencies
have led to the development of common plat-
forms for data access and use. NASA, NOAA,
and EPA have initiated a partnership for the
assessment, management, and prediction of air
quality by infusing various satellite measure-
ments for public benefit. All relevant informa-
tion has been provided on a common platform
known as IDEA (Infusing satellite Data into
Environmental air quality Applications). Along
with resources for data availability, there are
some specific web tools (like ARSET) that pro-
vide online training for the application of satel-
lite retrieval for aerosols and other air quality
parameters.
5.1 Retrieval of Aerosol Properties
From MODIS

The Moderate Resolution Spectroradiometer
(MODIS) sensor flew onboard the sun-
synchronous, near-polar satellites Terra and
Aqua from 1999 and 2002, respectively. The
MODIS instrument observed the earth from a
700-km altitude (�55 degrees view scan) with
a swath of about 2330 km. This means it had
nearly global coverage every 1–2 days on a daily
basis with 16 days of repeat cycle (http://modis.
gsfc.nasa.gov). The different orbital paths of
MODIS-Terra and MODIS-Aqua gives different
overpass times at morning (Terra descending
node 10.30 local time) and afternoon (Aqua
ascending node 13.30 local time) over the equa-
tor, which allows MODIS to observe the earth
two times during the day. MODIS instruments
measured in the 36-wavelength band
(0.4–14.4 μm), with ground spatial resolution at
nadir 0.25�0.25 km (bands 1–2), 0.5�0.5 km
(bands 3–7), and 1�1 km (bands 8–36). The data
retrieved by MODIS is organized into 5-minute
sections called granules. It is designed to be
spectrally stable (better than 2 nm) and ade-
quately sensitive related to aerosol properties
with absolute radiance calibrated to within 2%
(Guenther et al., 2002). Originally intended for
climatic applications, it has wide applicability
in air quality, especially in terms of aerosol
columnar optical depth and size distributions
(Fig. 3A and B).

MODIS uses three separate algorithms for
retrieving aerosol optical properties over land
and oceans: the Dark Target (DT) algorithm over
land (Kaufman et al., 1997; Levy et al., 2007), the
DT algorithm over ocean (Tanr�e et al., 1997), and
the Deep Blue (DB) algorithm over land (Hsu
et al., 2004). The DT algorithm is used to retrieve
aerosol optical properties over oceans and dark
land (vegetated area). It is based on the concept
that in the visible band within an atmospheric
window, aerosol tends to brighten while vegeta-
tion appears dark (Kaufman et al., 1997). Such
spectral contrast is purposefully used for
retrieving aerosol properties. It was originally
developed by Kaufman et al. (1997) over land
and by Tanr�e et al. (1997) over ocean. The prin-
cipal products for DT algorithms include the
total AOD (τ) at 0.55 μm with an estimate of
fine-mode fractions (FMF, η) to the total optical
depth. However, there are some basic con-
straints in using the DT algorithm by single-
view sensors (SeaWiFS, VIIRS, AVHRR, and

http://modis.gsfc.nasa.gov
http://modis.gsfc.nasa.gov


TABLE 1 Satellite Data Access, Visualization, and Analysis Web Resources for the End User

Database Type Agency Database/Resource Website

Online training and webinars NASA Applied remote sensing training http://arset.gsfc.nasa.gov/

Data, tools, and modeling NASA Air Quality Applied Sciences
Team

http://acmg.seas.harvard.edu/
aqast/

Search, access, and
downloading files, with
options for subsetting

NASA Reverb http://reverb.echo.nasa.gov/
reverb

Visualization and
downloading data

NASA Land Atmosphere Near-real-time
Capability for EOS

https://earthdata.nasa.gov/data/
near-real-time-data/

Data and imagery NASA Goddard Earth Sciences Data
and Information Services Center

http://disc.sci.gsfc.nasa.gov

Web-based interactive
visualization and analysis

NASA Giovanni http://disc.sci.gsfc.nasa.gov/
giovanni/

Worldview An interactive visualization and
analysis web tool

https://earthdata.nasa.gov/labs/
worldview/

Data and imagery NASA Mirador http://mirador.gsfc.nasa.gov

Data and imagery NASA Langley Research Center
Atmospheric Science Data Center

http://eosweb.larc.nasa.gov

MODIS and VIIRS data and
imagery

NASA Level 1 and Atmosphere Archive
and Distribution System

http://ladsweb.nascom.nasa.gov

True color imagery and smoke NOAA Hazard Mapping System Fire
and Smoke Product

http://www.ospo.noaa.gov/
Products/land/hms.html

data and imagery for fire
locations

NASA Fire Information for Resource
Management System

http://earthdata.nasa.gov/data/
near-real-time-data/firms

Data visualization NOAA-
NASA-EPA

Infusing Satellite Data into
Environmental Applications

http://www.star.nesdis.noaa.
gov/smcd/spb/aq/

Software package International MODIS/AIRS
Processing Package

http://cimss.ssec.wisc.edu/
imapp/ideai_v1.0.shtml

Data and modeling EPA Remote Sensing Information
Gateway

http://ofmpub.epa.gov/rsig/
rsigserver?index.html

Data Analysis EPA Exceptional Event Decision
Support System

http://www.datafed.net

Data Acquisition ESA Earth Online https://earth.esa.int/web/guest/
data-access

Browse and download
imagery of EOS satellites

NASA NASA Earth Observations http://neo.sci.gsfc.nasa.gov/

Modified from Duncan, B.N., Prados, A.I., Lamsal, L.N., 2014. Satellite data of atmospheric pollution for U.S. air quality applications: examples of

applications, summary of data end-user resources, answers to FAQs, and common mistakes to avoid. Atmos. Environ. 94, 647–662.
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http://neo.sci.gsfc.nasa.gov/


595 SATELLITE AEROSOL DATABASE
MODIS) over desert and semidesert regions. In
particular, TOA reflectances received by satellite
sensors at 620–850 nm (red to far red) are usually
overshadowed by surface reflectance, especifi-
cally over a bright land mass (desert area).
Further, AOD retrieved on the mid-visible
wavelength is mostly low around the world
(Hsu et al., 2004). This leads to aerosol retrievals
by single-view sensors (SeaWiFS, VIIRS,
AVHRR, and MODIS) using the DT algorithm
being practically unsuitable for scientific
exploration.

The DB algorithm was originally developed
for retrieving aerosol optical properties over
bright reflecting surfaces to fill the gaps in the
DT algorithm, which was especially designed
to retrieve aerosols over dark surfaces (Hsu
et al., 2004; Levy et al., 2007). The DB algorithm
used the blue channels (412 and 470 nm)
whereas the surface reflectance at shorter wave-
length channels is much lower than the longer
wavelength channels (Hsu et al., 2004). The DB
algorithm retrieves aerosol for cloud-free and
snow/ice-free pixels at nominal spatial resolu-
tion 1�1 km and before aggregate to 10 km. In
contrast, the DT algorithm aggregates pixels at
nominal 500 m–10 km (20�20 pixels) and
3 km resolution (6�6 pixels), and retrieves aero-
sol after screening for cloud and snow/ice (Levy
et al., 2013). The latest update of the aerosol
MODIS retrieval algorithms over land and
oceans known as collection 6 (C6) for all three
algorithms over land and ocean (Levy et al.,
2013; Sayer et al., 2013; Hsu et al., 2013). DT algo-
rithms over land and oceans were updated sev-
eral times, with the major update known as C5.
This is considered the second generation of DT
algorithms (Levy et al., 2007; Remer et al.,
2008). However, the DT algorithms were
updated without change in the principle of the
C5. Themajor changes include quality assurance
(QA) assignment, the assumption of Rayleigh
optical depth and gases, and updating the cloud
mask that allows the detection of thin cirrus
cloud over oceans (DT-ocean) and retrieving
heavy smoke over land (DT-land). In addition
to refinement and improvement of aerosol
retrieval over land and ocean, DT C6 algorithms
also include aerosol data products at 3 km reso-
lution in addition to the standard aerosol data
products at 10 km. The 3 km products have the
advantage in retrieving aerosols over a small
scale, which allows local variability in aerosols
(Kumar et al., 2015b, 2017). The first generation
of the DB algorithm known as C5was developed
to retrieve aerosols over only bright surfaces.
The second generation of the DB algorithm
known as C6 was extended to retrieve aerosols
over the entire land mass (except snow/ice sur-
faces), not only over bright surfaces. The
improvement in surface reflectance determina-
tion, cloud screening, and updated aerosol
model schemes allows the algorithm to increase
the spatial retrieval coverage to vegetated sur-
faces (Hsu et al., 2013). In order to fill the gaps
and improve visualizations of DT and DB algo-
rithms over land, C6 includes a new dataset
(Dark_Target_Deep_Blue_Optical_ Depth_550_-
Combined) based on merged DT and BD prod-
ucts at a standard resolution of 10 km. The data
merged based on the NDVI pixel value at spatial
resolution 0.25 degrees for each month. For the
pixel that has NDVI�0.2, DB data are used.
For the pixel having NDVI�0.3, DT data are
used. For the transition region (0.2�NDVI�0.3),
the data that has the higher QA flag are used, and
if both haveQA¼3 themean value of DT andDB
data are considered (Levy et al., 2013).

The MODIS algorithm products have been
evaluated and compared with ground-
measured AERONET aerosol data on a global
scale. Remer et al. (2013) evaluated DT 3 km
AOD and reported it to be 0.01–0.02 higher than
10-kmAODover landwhile retrieving a propor-
tionally higher number of very low AODs over
ocean. The expected error (EE) of the DT algo-
rithm over land at 3 km resolution is �(0.05
+0.20 AOD) and �(0.05+0.15 AOD) at 10 km
resolution (Levy et al., 2013; Remer et al.,
2013). The EE of DT algorithm at 10 and 3 km
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resolution over ocean is �(0.03+0.05 AOD)
(Levy et al., 2013; Remer et al., 2013). Sayer
et al. (2013) evaluated the highest quality
(QA¼3) DB AOD against AERONET at a global
scale and reported the EE of DB AOD is �(0.03
+0.15 AOD). Further, Sayer et al. (2014) com-
pared Aqua’s second generation DB, DT, and
merged dataset with respect to AERONET and
concluded that neither algorithm consistently
outperformed the other and, in many cases, all
the algorithms are equally suitable for quantita-
tive applications.

Multispectral sensing over a wide range of
wavelengths has made MODIS a popular
sensor among researchers with its extensive
applications, such as in air quality studies
(Kumar et al., 2017a), long-term climatology
(Gupta et al., 2013), meteorological applications
(Yu et al., 2013), and studying extreme events
(Youn et al., 2011; Kumar et al., 2016, 2017b).
Based on the interaction of the majority of aero-
sols in the visible range of solar spectra, MODIS
aerosol products have been widely used at
550 nm. Initial applications of MODIS data col-
lections for aerosol-related studies include dis-
tribution of aerosol load, size distribution, and
radiative impacts on various spatial and tempo-
ral scales. Gupta et al. (2013) using MODIS
FIG. 4 Comparative figure of Terra MODIS (A) mean AOD
collection 5 Level 2 observations reported
around 80% of days have unhealthy air quality
in Lahore. The alarming levels of pollution lead-
ing to unhealthy conditions greatly depend on
the seasonality of aerosol loadings over any
region. Based on 5 years of observations of
MODIS AOD and the Angstrom exponent,
Che et al. (2013) noted a clear enhancement of
aerosol load during spring and summer over
the Taklimakan desert in China due to dust
events.

Over the Indo-Gangetic Plain, the highest
aerosol loadings have been reported during
winter due to improved source strength and
stable meteorological conditions (Kumar et al.,
2015b; Murari et al., 2015; Sen et al., 2014,
2017). Fig. 4 represents the 5-years variations
(2011–15) of MODIS AOD and FMF over the
entire Indian subcontinent, which clearly iden-
tifies the spatial pattern of aerosol loading. Sen
et al. (2017) compared AOD both over the IGP
and the Indo-Himalayan Plain (IHP) during
the winter and summer monsoons of
2014–2015 at multiple locations and concluded
a continental outflow from the IGP to the Bay
of Bengal. Recent advancements in space tech-
nology have opened up its utility in multidisci-
plinary research, including the estimation of
(B) mean fine-mode fractions over South Asia for 2011–15.
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population exposure to air pollution andmortal-
ity assessments based on satellite retrievals. Hu
(2009), using collection-5 MODIS AOD data and
its collation with near surface PM2.5, reported an
increase in cancer-induced mortality with an
increase in PM2.5 concentrations over the United
States. The global estimates of mortality attrib-
uted to PM2.5 concentrations based on MODIS
were found comparable to the chemical
transport model simulations for anthropogenic
PM2.5 (Evans et al., 2013). MODIS-based
retrievals of aerosol properties have also been
used for crop modeling, vegetation, and other
climatological studies.

5.2 Aerosol Properties From MISR

The basic complication for a single-view satel-
lite sensor (like MODIS) is the requirement for
absolute reflectance or its spectral deviation at
multiple wavelengths (Hsu et al., 2006). How-
ever, flexibility increases for the multiview satel-
lite sensors (like MISR), which can scan a
particular scene with multiple viewing angles
and thereby reduce assumptions about surface
reflectance. MISR is one of five sensors onboard
the Terra satellite, which observes the earth from
apolar orbit approximately 700kmabove the sur-
face. The sensor has nine cameras, each one fixed
ataparticularviewingzenithangle ina long-track
direction with four spectral bands (446, 558, 672,
and 866 nm). The cameras are arranged in differ-
ent view angles, one at nadir and the other sym-
metrical views at 26.1 degrees, 45.6 degrees,
60.6 degrees, and 70.5 degrees aft. Each camera
in the MISR sensor measures the reflected radi-
ance in four different spectral bands (446, 558,
672, and 866 nm) in a cross-trackwith spatial res-
olution varying from 250 m (nadir) to 275 m (off-
nadir). MISR has a global coverage of nine days
with repeat coverage between 2 and 9 days based
on the latitude.Thesensor takesmeasurements in
two modes: local and global. In the local mode,
which is more of a specific type, each of the nine
cameras obtains images at the four spectral bands
(i.e., 36 channels) at a spatial resolution of 250–
275 m, having a swath width varying from 378
(nadir) to 413 km (off-nadir). In the global mode,
the nadir camera retrieves an image in four spec-
tral bands at a spatial resolution of 250 m while
the other eight cameras obtain images only by
the red band with 250–275 m resolution. MISR
products are further radiometrically calibrated,
geolocated, and averaged to uniform resolution
of 1.1 km (Level 1B2) and are available over both
land and ocean at 17.6�17.6 km resolution with
16�16 homogenous arrays.

The aerosol retrieval algorithm of MISR takes
advantages of the aerosol composition and
relates its physicochemical and optical proper-
ties more fundamentally with the TOA radiance
received by the sensor. It provides a generic rep-
resentation in terms of SSA, aerosol size, and
phase functions. This allows the user to directly
interpret information about aerosol sources and
enables comparison with various aerosol types
over a region (Fig. 5). The MISR aerosol algo-
rithm retrieves AOD and aerosol type by analyz-
ing MISR TOA radiances from 16�16 pixel
patches of 1.1-km resolution. To improve the
retrieval algorithm, a series of theoretical exper-
iments were carried out before its launch to
determine the acceptability of the retrieval pro-
cess under varying AODs and microphysical
properties (Kahn et al., 2001). The aerosol
retrieval process has three basic ancillary data-
sets: (1) the Terrestrial Atmosphere and Surface
Climatology (TASC) dataset for climatological,
meteorological, and ozone; (2) Aerosol Climatol-
ogy Product (ACP) consisting of the aerosol
physical and optical properties (APOP) file
and a tropospheric aerosol mixture file having
information on aerosol microphysical and scat-
tering characteristics of 21 different aerosol com-
positions; and (3) a Simulated MISR Ancillary
Radiative Transfer (SMART) dataset for large
dark water bodies (for oceans) and spectrally
black surfaces (for land). The fundamental pro-
cess in aerosol retrieval involves comparing
MISR-observed TOA radiances with modeled



FIG. 5 Global mean (2011–2015) aerosol optical depth retrieved from MISR.
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reflectance derived from a coupled atmosphere/
surface RTM. The MISR RTM is defined by its
base, top and scale heights, and optical depth.
The RT calculations are performed using a scalar
code based on a matrix operator technique
including a correction for Rayleigh polarization
effects. Further, within the SMART database
containing multiple RT parameters (function of
AOD, aerosol component, and view angles),
RT calculations are carried out for individual
aerosol components required to retrieve aero-
sols. The MISR under generic retrievals has
the capability of distinguishing aerosols in 3–5
size groups and 2–4 compositional groups (by
means of SSA; Kahn et al., 1998). It can also dis-
tinguish between spherical and nonspherical
particulates (Kahn et al., 1997). Under climatolog-
ical retrievals, MISR has the capability of identi-
fying sea salt, BC, and dust within 20% or more
of each component’s AOD fraction. Kahn and
Gaitley (2015) evaluated the MISR Version
22 aerosol-type self consistency in comparison
to the Aerosol Robotic Network aerosol-type cli-
matology and reported aerosol-type differentia-
tion decreases below 0.15 or 0.20 AOD.
Kahn et al. (2010) assessed the quality of
MISR version 22 (V22) aerosol products over
land and oceans, comparing the MISR data with
coincident observations from 81 globally distrib-
uted AERONET sites for 8 years. The study
reported that most of the MISR AOD retrievals
fall within 20% of AOD of the paired validation
data, and about 50%–55% are within 10%�
AERONET AOD, except sites where dust and
smoke dominate. Most of the validation studies
reported that MISR has greater accuracy in
retrieving aerosol optical properties. Other stud-
ies also compared MISR-MODIS AOD against
AERONET AOD and revealed that the MISR-
AERONET comparison shows strong correla-
tion compared to the MODIS-AERONET. Bibi
et al. (2015) observed a higher degree of associ-
ation with AERONET over oceans in compari-
son to land whereas Qi et al. (2013) reported
better performance of MISR data over selected
sites compared to MODIS. Additionally, MISR
aerosol products have been utilized for the
assessment of long-term global trends of aerosol
distribution. Mehta et al. (2016) reported
increasing trends in AOD over Asian and
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African land masses and surrounding regions
while declining aerosol trends were reported
over Europe, South America, and North Amer-
ica. A better predictability of near-surface
PM2.5 was observed by You et al. (2015) using
MISR AOD (72%) over MODIS AOD (67%),
opening up an improved scope for estimating
ground-level particulates using MISR aerosol
retrievals. In a unique approach to link MISR-
derived AOD with BC aerosols, Zeeshan and
Oanh (2015) reported a high capacity of MISR
AOD in estimating daily BC in Bangkok,
Thailand.
5.3 Aerosol Properties From AATSR

The Advanced Along-Track Scanning Radi-
ometer (AATSR) is a remote-sensing instrument
onboard the satellite ENVISAT (ENVIronmental
SATellite) of the European Space Agency (ESA).
The mission is the continuation of ATSR-1 and
ATSR-2 on the European Remote Sensing
(ERS) satellite. It has been enlisted as part of a
series of advanced instruments designed pri-
marily for the measurement of sea surface tem-
perature (SST), while products like AOD (at 555,
659, 865, and 1610 nm) andAE are also explored.
With a data resolution of 1 km at the nadir,
AATSR provides measurements of reflected
and emitted radiation for a wide range of wave-
lengths. The most peculiar feature of AATSR
includes the use of a conical scan for a dual view
of Earth’s surface, onboard calibrations, and
mechanical coolers for the maintenance of the
infrared detectors. AATSR was launched in
March 2002, following the ATSR-2, and was in
operation through May 2012. It was primarily
launched as a geophysical ocean sensor for the
measurement of SST. However, it was also uti-
lized for other land applications. AATSR pro-
vided information on SST, clouds, aerosols,
vegetation, and snow cover in addition to cali-
brated reference radiances and imagery. The
swath width of AATSR is approximately
512 km wide, assuring average global coverage
every five days over the equator with more fre-
quent at higher latitude. Although, AATSR does
not provide daily global coverage, it has an
extended data product of 20 years of aerosol
properties over land. At the nadir, retrieval is
made for single pixels (1�1 km) and subse-
quently groups of 10�10 pixels are averaged
to reduce noise and errors.

Two different aerosol retrieval algorithms
have been developed for AATSR, the first using
the single view over oceans (Veefkind and de
Leeuw, 1998) while the other uses the double
view over land (Veefkind et al., 1998). The
special dual-view algorithm is used for the com-
pensation of land reflectance over land. The
dual-view capacity of AATSR over land pro-
vides improved cloud screening (de Leeuw
et al., 2007). This algorithm has been validated
with AERONET data (Robles Gonzales et al.,
2000) and also from other aerosol-retrieval
instruments such as MISR and MERIS. The
retrieval algorithm is based on the construction
of an aerosol model with two different aerosol
types. The reflectance at the TOA is computed
using RTMand further comparedwith the reflec-
tancemeasured by theAATSRdevice. Themodel
that results in theminimumdiscrepancy between
the modeled and measured TOA reflectance was
used for the determination of aerosol optical
properties. The algorithm used for AATSR aero-
sol retrieval separates the surface bidirectional
reflectance from the atmospheric aerosols with-
out recourse to a priori information of the land
surface properties (North et al., 1999). The ratio
of surface reflectance at the nadir and forward
viewing angles is well correlated between
bands. North et al. (1999) further considered the
variation of the diffuse fraction of light with
wavelength. However, the algorithm is subject
todiscrepancies in retrievingAODsunder cloudy
conditions. Over the ocean, the aerosol properties
are directly retrieved using single view. The accu-
racy of the AATSR algorithms was estimated
at 0.03 over the ocean and 0.05 over land in com-
parison to AERONET (de Leeuw et al., 2007).
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AATSR observations have varying applica-
tions, especially over the regions with varying
aerosol compositions like the Indian Ocean
(Robles-Gonzalez et al., 2006). The main aerosol
products of AATSR are AOD and aerosol types,
while the aerosol mixing ratio is also available in
principle. Bevan et al. (2012) presented a long-
term (2003–2009) global dataset of aerosol
properties from the AATSR for a wide variety
of surfaces including ocean, vegetated land,
and desert. The AATSR datasets were compared
with AERONET and the Maritime Aerosol Net-
work (MAN), and with MODIS and MISR
aerosol products. Agreement with AERONET
(r¼0.80; Δτ¼�0.025�0.4τ) and MAN
(r¼0.97; Δτ¼�0.04) was reported to be high
while monthly AODs from MODIS and MISR
represented close agreement over most of the
regions. The global mean values of AOD at
550 nm over land and ocean were reported to
be 0.195 and 0.137, respectively. Bevan et al.
(2009) used 13 years (1995–2004) of AATSR
AOD over the Amazon forest to recognize the
role of aerosols in biosphere-climate interac-
tions. A decreasing trend in dry-season AOD
(1995–2000) and subsequent increase
(2000–2004) was explained in terms of deforesta-
tion practices over the region.
5.4 Aerosol Properties From CALIOP

The Cloud-Aerosol LIDAR with Orthogonal
Polarization (CALIOP) is a space-borne LIDAR
onboard the Cloud-Aerosol LIDAR and Infrared
Pathfinder Satellite Observation (CALIPSO) sat-
ellite. It retrieves the vertical distribution of
aerosols and clouds on a global scale (Winker
et al., 2009; Kittaka et al., 2011; Kumar et al.,
2016). The active laser provides a high vertical
resolution aerosol profile in cloud-free condi-
tions as well as above lower-lying clouds
and below optically thin clouds. It was devel-
oped within NASA’s Earth System Science
Pathfinder (ESSP) program in collaborationwith
the French space agency Centre National
d’�Etudes Spatiales (CNES) for observing global
distribution and properties of aerosols and
clouds. CALIPSO was launched in April 2006
with the CloudSat satellite as part of the NASA
A-train. It has a 705 km sun-synchronous polar
orbit with an equator crossing at 13:30 local time.
CALIPSO carries two sensors: (1) an active
LIDAR CALIOP; and (2) two passive sensors,
the Imaging Infrared Radiometer (IIR) andWide
Field Camera (WFC), which obtain data in the
infrared and visible spectral regions, respec-
tively. All the sensors work independently and
continuously except the WFC sensor, which
only works in daylight. The LIDAR provides
high-resolution measurements of aerosol and
cloud vertical distribution, which improves
understanding about the effect of aerosols and
clouds over climate (Winker et al., 2009). It has
a swath with practically zero width with a verti-
cal resolution of 30–60 m, having successive
footprints spaced by 333 m along the orbit track.
It measures the aerosol vertical profile with an
elastic laser backscatter at 1064 nm with a paral-
lel and cross-polarized return signal at 532 nm.
However, the daytime profile records a slightly
lower signal-to-noise ratio over nighttime due to
solar background illumination. Within �0.5 to
8.2 km altitude, both the 532 and 1064 nm
signals have a horizontal resolution of 330 m
and vertical resolution varying from 30 to
60 m, respectively. Above 8.2–20.2 km, both
profiles are averaged to 60 m vertical and 1 km
horizontal resolution. The level 0 data are recon-
structed, unprocessed with full resolution
while reconstructed, geolocated, and altitude-
registered Level 1 data are calibrated before
being processed for Level 2.

The CALIPSO aerosol-retrieval process is
derived on the basis of cluster analysis of a
multiyear (1993–2002) AERONET dataset. Six
AERONET aerosol clusters were considered
based on observed physical and optical proper-
ties (Omar et al., 2005). The AERONET-derived
parameters were further adjusted to develop a
more accurate LIDAR ratio related to actual



655 SATELLITE AEROSOL DATABASE
observations. Out of six, only three (biomass
burning, polluted continental, and polluted
dust) were further adopted as CALIPSO aerosol
models. Further, marine and background/clean
continental aerosol models were developed both
by direct measurements of particle size distribu-
tions and refractive indices or through adjusted
model parameters. The CALIPSO aerosol-
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(SCA) classifies the different layers of aerosols
by type. Further, particle backscatter and extinc-
tion coefficients are retrieved using a hybrid
extinction retrieval algorithm (HERA).

CALIPSO vertical profiles have been exten-
sively used in atmospheric sciences, especially
for studying various aerosol properties, their
transport, sources, and radiative impacts. Yu
et al. (2015) quantified trans-Atlantic dust trans-
port from long-term CALIPSO LIDAR measure-
ments. The study has estimated an outflow of
nearly 182 Tga-1 dust per annum from the coast
of North Africa. Observations taken by Ganguly
et al. (2009) from multiple satellite instruments,
including CALIPSO, confirmed the presence of
huge amounts of aerosol haze over the Gangetic
basin during winters. Over Bangkok, Bridhikitti
(2013) recognized a uniform layer of smoke orig-
inating from biomass burning, resulting in high
AOD over the entire region. Kumar et al. (2015a)
used CALIPSO altitude-orbit cross-section
profiles (level 2 version 3.30) to identify winter-
specific nonspherical coarse particulates at
relatively higher altitude and dominance of
spherical fine particulates at lower altitude
over the middle IGP (Fig. 6). In another study,
Kumar et al. (2016) recognized the firework-
specific emissions of aerosols and their vertical
distribution over the middle IGP, which is
reportedly dominated by smoke and polluted
continental aerosols, especially at high altitudes
(3.0–3.8 km).

5.5 Aerosol Properties From POLDER

Polarization and Directionality of the Earth’s
Reflectances (POLDER) is a passive optical imag-
ing radiometer developed by CNES in collabora-
tion with the LOA atmospheric optics laboratory
in Lille, France. POLDER was designed to study
cloud and aerosol properties in respect to climate
systems. The first POLDER instrument was
launched in August 1996 onboard an ADEOS-I
satellite, which failed due to a technical error
in June 1997. The next mission (POLDER 2)
was launched in December 2002 aboard an
ADEOS-II satellite; this, too, ended prematurely.
The third-generation instrument was launched
onboard PARASOL satellite in December 2004;
this continued to operate until 2013. It measures
the intensity, direction, and polarization of light
reflected by the Earth and its atmosphere. POL-
DER scans between 443 and 1020 nm. Shorter
wavelengths (i.e. 443–565 nm) are used to mea-
sure ocean color while longer wavelengths
(670–1020 nm) are applied for studying vegeta-
tion and water vapor. POLDER is comprised of
a two-dimensional CCD detector with a wide
field view in cross-track (�51 degrees) and
along-track (�43 degrees) directions
(Deschamps et al., 1994). Polarization measure-
ments are performed at 490, 670, and 0.865 nm.
With an altitude of 705 km, it provides images
of 2100 km�1600 km resulting in global cover-
age within two days (Tanr�e et al., 2011).

Aerosol parameters are retrieved at
18.5 km�18.5 km resolution using different
algorithms over oceans and land. The inversion
scheme developed by Deuz�e et al. (1999) and
Herman et al. (2005) was used to derive a num-
ber of parameters over oceans with dark sur-
faces in red and near IR spectral regions. The
aerosol-retrieving algorithm utilizes the total
and polarized radiances at 670 and 865 nm,
assuming the size distribution follows two log-
normal aerosol size distributions (reff<0.5 μm
and reff>1.0 μm) with consideration of nonab-
sorbing particles in both modes. The total radi-
ance (L) was given by:

L μs, μv, ϕvð Þ¼ ηLf μs,μv,ϕvð Þ+ 1�ηð ÞLc μs,μv,ϕvð Þ
(15)

where η is the radiance weighting factor; Lf(μs,

μv, ϕv) and Lc(μs, μv, ϕv) are the radiances of
the fine (f ) and coarse (c) modes, respectively;
μs¼cos(θs) with θs the solar zenith angle;
μv¼cos(θs) for the viewing zenith angle; and
ϕv the relative azimuth angle. The scattering
by finer spherical particles generates highly
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polarized light, which is better at estimating the
presence of aerosols in comparison to total radi-
ances. That is why only accumulation-mode
aerosols are considered for the algorithm and
coarser mode aerosols are ignored. Although
there is almost no polarization from coarser
aerosols, some misinterpretations could be
made during extreme events that must be taken
into account. The refractive index used is consid-
ered between 1.47 and 0.01 corresponding to
aerosols from biomass burning or pollution
events (Dubovik et al., 2002).

The aerosol retrievals from POLDER over
oceans include total AOD, aerosol effective
radius, the Angstrom exponent, finer AOD,
and nonspherical AOD.Huang et al. (2015) stud-
ied the aspect ratios of Saharan and Asian dust
using collocated MODIS Deep Blue product
and the PARASOL level 2 Earth radiation. The
mean aspect ratio for Saharan dust and two
branches of Asian dust were reported as 2.5,
1.25, and 2.5, respectively. Apart from aerosols,
POLDER data has also been widely used for
multilayered cloud identifications.
5.6 Aerosol Properties From OMI

The Ozone Monitoring Instrument (OMI) is
one of four sensors onboard the Aura satellite
launched in July 2004. The OMI project is a joint
effort by the Netherland Agency for Aerospace
Program (NIVR), the Finnish Meteorological
Institute (FMI), and NASA. It continues in the
footprint of NASA’s TOMS and ESA’s GOME
(Global Ozone Monitoring Experiment) instru-
mental records of atmospheric parameters and
generates hyperspectral images by retrieving
solar backscatter radiation in the visible and
ultraviolet (UV) bands. The sun-synchronous
orbit of OMI with a wide swath of 2600 km
allows global coverage each day with a spatial
resolution of 13�24 km at nadir and
28�150 km at the extreme of the view angle.
The OMImeasures the backscattering solar radi-
ation from the earth’s surface and atmosphere in
multiple bands (270–500 nm). The key feature
of OMI is the use of UV [UV-1 (270–314 nm),
UV-2 (306–380 nm)], and the visible channel
(350–500 nm) to measure backscatter radiation.
Different algorithms have been used to retrieve
data for various tropospheric air pollutants
including ozone (O3; both tropospheric and
columnar), nitrogen dioxide (NO2), sulfur diox-
ide (SO2) and aerosols with the capability of
distinguishing dust, smoke, and sulfates. It
helps to detect volcanic ash, BrO, formalde-
hyde, and OClO and, thereby, plays an
important role in understanding atmospheric
chemistry.

For retrieving aerosols through OMI, two
types of aerosol-retrieval algorithms are in use:
the Near-UV aerosol algorithm (OMAERUV)
and the Multi-Wavelengths Algorithm
(OMAERO) having a pixel resolution of
13�24 km at nadir. The OMAERUV uses two
UV wavelengths (354 and 388 nm) for retrieving
aerosol extinction and absorption optical depth
(AAOD), whereas the OMAERO is amultiwave-
length algorithm having 19 channels (330–500
nm). The benefits of using the near-UV band
include the ability to retrieve aerosol properties
over a heterogeneous land surface even for
highly bright surface areas. This primarily
occurs because of relatively less surface reflec-
tance over a bright land surface within the UV
band. Using the near-UV band also enables
OMI to retrieve absorbing aerosols (BC and
desert dust) by utilizing the large sensitivity of
these aerosols over the near-UV spectral band
(Torres et al., 2007; Kumar et al., 2016).
OMAERUV provides AOD, AAOD, and the
aerosol index (AI) at two wavelengths (354
and 388 nm). However, due to cloud contamina-
tion, OMI AOD is often more reliable near the
aerosol source under clear sky conditions while
the AAOD is less affected by cloud contamina-
tion and, therefore, more reliable. The
OMAERUV algorithm measures the Lambert
Equivalent Reflectivity (LER) (Rx388) at
388 nm under the assumption that only
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Rayleigh scattering occurs in the atmosphere
and is surrounded by an opaque Lambertian
reflector of reflectance Rx388 (Torres et al.,
2007). The primary step of the OMAERUV algo-
rithm is the calculation of the UV Aerosol Index
(UVAI) (Torres et al., 2007):

UVAI¼�100log10
Iobs354

Icalc354 R∗
354

� �
" #

(16)
FIG. 7 Global variation of Aura OMI AOD and AAOD (at 3
where I354
obs is the TOA at 354 nm as observed by
the sensor and I354
calc is calculated by assuming an

LER of (R354* ). A multiwavelength algorithm
(OMAERO) uses information over 19 spectral
channels over near-UV and the visible wave-
length to derive aerosol properties under
cloud-free conditions (Fig. 7). At these spectral
channels, Raman scattering and gas absorption
occur only for the O2-O2 absorption band at
88 nm) for 2015.
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477 nm. The absorption band at 477 nm is used
to enhance the sensitivity of the OMI reflectance
measurement to aerosol layer and cloud height
(Torres et al., 2007). Additionally, the inclusion
of the near-UV band helps to separate weak
and strong absorbing aerosols and therefore,
functions better over the aerosol product from
MODIS and MISR. The OMAERO algorithm
provides AOD, aerosol type, SSA, aerosol layer
height, and aerosol size distribution.

The OMI AOD and SSA retrievals have been
previously compared with AERONET observa-
tions (Torres et al., 2007; Ahn et al., 2014). Both
OMAERUV and OMAERO algorithms were
also compared against MODIS (Curier et al.,
2008) and MISR observations (Ahn et al.,
2008), which reveal good agreement in terms
of identifying major emission sources. Ahn
et al. (2014) compared OMAERUV AOD with
AERONET AOD at 44 sites globally and
revealed that 65% of OMAERUV AOD agrees
with AERONET AOD observations. The high
sensitivity of OMI near-UV measurements to
the absorption aerosols was used as comple-
mentary information on absorption aerosols
when compared to MODIS and MISR. Curier
et al. (2008) compared OMI-OMAERO and
MODIS-retrieved AOD over Europe and sur-
rounding oceans and concluded agreement
between scenes both over ocean and land.
Satheesh et al. (2009) used OMI-MODIS
joint retrievals to improve the accuracy of
retrieved aerosol products over the tropical
North Atlantic. The results showed a good
agreement between OMI and MODIS-predicted
AODs in the UV range. Additionally, OMI has
also been explored for retrieving trace gases
around the world, like Shukla et al. (2017) used
the Aura OMI-Differential Optical Absorption
Spectroscopy (OMI-DOAS) algorithm to iden-
tify consistent and clear seasonal trends in the
columnar ozone (2005–2015) with summertime
maxima and wintertime minima over the
middle IGP.
5.7 Aerosol Properties From VIIRS

The Visible Infrared Imaging Radiometer
Suite (VIIRS) is a remote-sensing cross-track
scanning radiometer onboard the Suomi
National Polar-Orbiting Partnership (Suomi
NPP) satellite. VIIRS was launched in October
2011 as a successor to AVHRR and MODIS,
enabling a new generation of moderate
resolution-imaging capabilities with high radio-
metric accuracy and spatial resolution. Using
its 22 imaging and radiometric bands covering
wavelengths from 0.41 to 12.5 μm, VIIRS accom-
plishes operational environmental monitoring
and numerical weather forecasting. A dual-gain
band allow VIIRS to retain high signal-to-noise
ratio (SNR) at low radiance, thus making it suit-
able for concurrent application over land, ocean,
and atmosphere. It has a scan width of about
3000 km (�56 degrees) allowing it to provide
daily global coverage. VIIRS has an equator
crossing time identical to MODIS (13:30 LT),
with 86 seconds granule size having pixel reso-
lution of 0.75 km at nadir and 1.5 km at edge
( Jackson et al., 2013). VIIRS uses three different
bands—imagery, moderate resolution (M-
bands), and the day-night band—and its main
products include clouds, sea surface tempera-
ture, ocean color, polar wind, vegetation, aero-
sol, fire, snow, and ice. The primary aerosol
data include AOD and aerosol type retrieved
mainly between 412 and 2250 nm. The VIIRS
retrieved AOD at 388 nm is shown in Fig. 8,
which closely resembles the MODIS-derived
AOD over the same region (Fig. 4).

VIIRS aerosol retrievals are made over
M-bands (0.412–12.016 μm)while AOD is specif-
ically retrieved at 550 nm. It has the capability of
retrieving the Angstrom exponent and aerosol
type over land and can distinguish aerosol
fine and coarse mode fractions over ocean
( Jackson et al., 2013). The level 2 product of
VIIRS available for end users is designated as
the environmental data record (EDR), which
includes aerosol optical thickness (AOT), the



FIG. 8 Winter-specific columnar AOD (at 388 nm) over South Asia retrieved from VIIRS.
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aerosol particle size parameter (APSP), and sus-
pended matter (SM). The SM EDR includes clas-
sification of aerosol types with categories
including crustal dust, smoke, volcanic ash,
and sea salt. However, aerosol retrieval is per-
formed only during daytime for cloud-free
pixels and over dark land surfaces. The aerosol
algorithm of VIIRSmostly resembles theMODIS
collection 3 algorithm (Kaufman et al., 1997;
Tanr�e et al., 1997) with specific changes over
land. The algorithms over ocean also have
some modifications in comparison to their
MODIS counterpart. The VIIRS algorithm pur-
sues an approximation of vector radiation
transfer model (RTM) version 1.1 (6S-V1.1)
(Kotchenova and Vermote, 2007). The spectral
reflectance measured at satellite level ρtoa(τA) is
calculated using the equation:
ρtoa τAð Þ¼TgogTgO3 ρA τAð ÞTgH2O UH2O=2ð Þ+ ρR Pð Þ+
h

TgH2O UH2Oð Þ � TR+A τA, θsð ÞðTR+A τA, θvð Þ
n

ρsurf
1�S , ρ

+ ðnonlambertian termsÞ
oi

(17)

R+A surf

where τ is AOT; θ and θ are the solar and view
A s v

zenith angles, respectively; P is surface pressure;
ρR and ρA denote the atmospheric path reflec-
tance due to molecular and aerosol scattering;
Tr+a is the total transmittance attributed to
molecules and aerosols; TgO3 and TgH2O are
transmittances from ozone and water vapor,
respectively; UH2O represents total columnar
water vapor; Tgog is the two-way transmittance
from O2, CO2, CH4, and N2O); ρsurf is the Lam-
bertian surface reflectance; and Sr+a is the spher-
ical albedo of the atmosphere.
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A number of assumptions have been made
for the calculation of spectral reflectance, which
can be found elsewhere ( Jackson et al., 2013).
The reflectance in 412, 445, 488, 672, and
2250 nm bands have been used for aerosol
retrievals over land. The land inversion
approach used for retrieving AOD utilized an
empirically derived relationship between sur-
face reflectance in 488 and 672 nm bands. Reflec-
tance in other bands is used for choosing an
appropriate model among a set of candidates.
The change in ratio of the TOA reflectance in
the blue and red bands from the surface value
in the presence of aerosols is the primary basis
of AOD retrieval over land.

The accuracy of global VIIRS AOD has been
evaluated in comparison to MODIS, AERO-
NET, and the Maritime Aerosol Network
(MAN) by Liu et al. (2014). A slight difference
between VIIRS global mean AOD at 550 nm
from MODIS AOD was recorded at 0.01 and
0.03 over ocean and land, respectively. Valida-
tion with AERONET and MAN measurements
experienced biases of 0.01 over ocean and 0.01
over land. Similar efforts of validating global
VIIRS AOD with AERONET AOD by Huang
et al. (2016) exhibited an overall bias of 0.02
over oceans and �0.0008 over land. Meng
et al. (2015) on the other hand reported the spa-
tiotemporal variability of VIIRS AOD over
China and observed a difference of –0.0032
from MODIS-derived AOD. Oliva and
Schroeder (2015) applied the VIIRS 375 fire-
detection product to assess its performance
for direct burned area estimation for different
ecologically sensitive areas. The results were
compared with Landsat-8 supervised burned
area classification and a higher accuracy was
observed in forests with fires of a lengthy dura-
tion. However, errors were reported over grass-
lands, savannas, and agricultural areas. The
limitations of MODIS AOD in terms of nona-
vailability of nighttime AOD for air-quality
studies can be compensated by using the VIIRS
day/night band. Wang et al. (2016) showed
quantitative changes in the intensity of light
during night that can reflect the variations in
surface PM2.5. Other prominent applications
of VIIRS-based retrievals include estimation
of chlorophyll-a based on ocean color index
(Wang and Son, 2016) as well as validation of
land surface temperature (Guillevic et al.,
2014) and sea surface temperature (Gladkova
et al., 2015).
5.8 Aerosol Properties From OCM

The Oceansat satellite was launched by the
Indian Space Research Organisation (ISRO).
The Oceansat-2 OCM (Ocean Colour Monitor)
sensor, launched in 2009, is the successor to
the Oceansat-1 OCM. The sensor details are pro-
vided in Table 2. The OCM sensor is designed
for ocean color studies. The spectral bands of
the Oceansat-1 OCM sensor were similar to
those of the SeaWiFS sensor, while the
Oceansat-2 OCM sensor is identical to the
Oceansat-1 OCM sensor except in bands 6 and
7. Band 6 of Oceansat-1 had an effective wave-
length at 670 nm, and for Oceansat-2, it shifted
to 620 nm. This change was made to improve
the quantification of suspended sediment con-
centration. Band 7 of Oceansat-1 had an effective
wavelength at 765 nm, which was shifted to
745 nm for Oceansat-2 in order to avoid oxygen
absorption. The overview of sensor details is
given in Nagamani et al. (2008). Oceansat-2
acquires the data every two days at a spatial res-
olution of 360 m. The OCM sensor has been used
for studying ocean phytoplankton, suspended
sediments, and AOD over the ocean by many
researchers (Nagamani et al., 2008; Mishra
et al., 2008). In addition to its capability of study-
ing the ocean surface, the OCM sensor also has
the potential to study land surface features.
Studies on coastal mangroves and NDVI have
been carried out using the OCM Sensor
(Nayak et al., 2001). The enhanced vegetation



TABLE 2 Oceansat-2 Bands, Effective Wavelength and Extraterrestrial Solar Radiation

Oceansat 2 (OCM)

Bands

Wavelength Range

(μm)

Effective

Wavelength (μm)

Extraterrestrial Solar Radiation

(Wm22μm21) (�E0)

Band-1 0.402–0.422 0.412 1728.15

Band-2 0.433–0.453 0.443 1852.11

Band-3 0.480–0.500 0.490 1972.10

Band-4 0.500–0.520 0.510 1866.97

Band-5 0.545–0.565 0.555 1827.81

Band-6 0.610–0.630 0.620 1657.65

Band-7 0.725–0.755 0.740 1289.70

Band-8 0.845–0.885 0.865 952.073
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index (EVI) has been retrieved from the OCM
Sensor (Mishra and Dadhwal, 2008; Mishra,
2014).

The first step for retrieval of AOD from
Oceansat-2 is to identify the high-reflecting
pixels like clouds and snow in the image. In
the absence of a thermal band, a threshold
approach can be adopted for identifying the
cloud-and snow-contaminated pixels. The sec-
ond step is to differentiate the pixel of the
image as vegetated and sparsely vegetated or
a sand-dominated pixel based on the NDVI
value. The surface reflectance of the pixel with
NDVI value >0.1 can be determined following
the approach by Hsu et al. (2013). The surface
reflectance values for the pixel having NDVI
values <0.1 can be determined following the
procedure provided by von Hoyningen-
Huene et al. (2003). However, surfaces having
sparse or no vegetation need further approxi-
mation using statistical interpolation and the
spectral relationship of white sand (Ouillon
et al., 2002). The AOD derived from the
Oceansat-2 can be used along with Terra- and
Aqua-derived AOD to study the diurnal varia-
tion. The AOD over densely populated areas
can be correlatedwith the concentrations of fine
particulate matter.
6 AEROSOL REMOTE SENSING
OVER THE INDO-GANGETIC

PLAIN, SOUTH ASIA

The Indo-Gangetic Plain (IGP) has always
been a center of discussion when it comes to
air quality. Being a highly populated and fertile
region starting from the plains of the Indus River
over Pakistan to the Bay of Bengal over India, it
covers an area of 255 million hectares of land.
The presence of a huge number of polluting
sources—industries (Banerjee et al., 2011),
domestic biomass burning (Murari et al., 2016;
Sen et al., 2016, 2017), high vehicular density
with limited emission control (Murari et al.,
2015), open refuse and waste burning practices
(Banerjee and Srivastava, 2012; Banerjee
et al., 2017b) and resuspension of crustal dusts
(Banerjee et al., 2015)—are some common
sources of air pollution. Additionally, the post-
harvest burning of agricultural residue
(Rastogi et al., 2016) and transboundary move-
ment of aerosols (Kumar et al., 2015b, 2017;
Sen et al., 2017) substantiate regional pollution
loading. Due to the limited ground-based aero-
sol monitoring network, satellite remote sensing
has long been used to measure the spatiotempo-
ral variation of aerosols and the climatic impact
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over the region. Fig. 9 represents the characteris-
tic variation of AOD for 2 years (2014–2015;
Fig. 9A) with corresponding FMFs over the
entire IGP (Fig. 9B). Both the upper and middle
IGP exhibit a high columnar aerosol loading
while the prevalence of FMF is quite diverse.
Relatively high coarser particulate loading was
recognized over the upper IGPwhile dominance
of fine particulates is only evident in the lower
region. Several case studies (Table 3) on aerosol
remote sensing over the IGP have documented
the contribution of crustal sources (Banerjee
et al., 2015) and biomass burning for aerosol
emission (Rastogi et al., 2016; Kaskaoutis et al.,
2014; Vadrevu et al., 2011), variation in aerosol
composition (Kumar et al., 2015b, 2017; Singh
et al., 2017a), estimation of surface PM2.5 using
satellite observation (Dey et al., 2012), and esti-
mating aerosol radiative forcing (Dey and
Tripathi, 2007; Kumar et al., 2017) over the
region. For the following subsection, emphases
were made to discuss some major conclusions
on aerosol properties retrieved through satellite
remote sensing over the entire IGP.



TABLE 3 Aerosol Remote Sensing Over the Indo-Gangetic Plain, South Asia

Location Type of Study

Satellite Aerosol

Parameters Used References

Lahore Trend analysis MODIS-AOD Gupta et al. (2013)

Patiala Biomass burning event MODIS-AOD, MODIS-Active
Fire Count, OMI-Aerosol Index

Sharma et al. (2014)

Hisar Source-specific radiative
forcing

MODIS-AOD Raman et al. (2011)

New Delhi AOD-PM relation MODIS-AOD Kumar et al. (2007)

New Delhi Aerosol characteristics
and radiative forcing

MODIS-AOD, MISR-AOD,
CALIPSO-Extinction Coefficient

Srivastava et al. (2014)

Agra AOD-PM relation MODIS-AOD Chitranshi (2015)

Kanpur Aerosol climatology MODIS-AOD, MISR-AOD Prasad and Singh (2007)

Allahabad Fog event MODIS-False color composite Badarinath et al. (2011)

Varanasi AOD-PM relation MODIS-AOD Kumar et al. (2015b)

Varanasi Temporal variation MODIS-AOD Tiwari and Singh (2013)

Varanasi Fireworks event MODIS-AOD, Fine-Mode
Fraction, CALIPSO-Extinction
Coefficient, Backscatter profiles

Kumar et al. (2016)

Patna Aerosol climatology MODIS-AOD Ramachandran et al. (2012)

Kolkata Temporal variation MODIS-AOD, MISR-AOD Mehta (2015)

Dhaka Temporal variation MODIS-AOD Mamun et al. (2014)
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A long-term decadal assessment of MODIS-
based aerosol distribution was made by
Ramachandran et al. (2012) throughout India,
including selected stations over the IGP. MODIS
Terra level-2 AOD was used to delineate their
season-specific trends. An increasing trend of
AOData fewstations suchasNewDelhidepicted
the upsurge of anthropogenic sources of pollu-
tion, including fossil fuel- and biomass-burning
activities. Prasad and Singh (2007) also reported
similar evidence of increasing satellite-derived
(MODIS and MISR) aerosol loading during
2000–2005 over major cities of the IGP. Studies
clearly indicate the impact of natural sources
and anthropogenic activities, especially biomass
burning, resulting in different climatic
implications. The long-term indirect effects of
the aerosol burden on water and the ice-cloud
effective radius were assessed by Tripathi et al.
(2007) using MODIS-derived AOD. The intensity
of indirect effects for clouds were reported high-
est during winter while its spatial extent was
reported maximum during monsoon.

Post-harvest specific agro-residue burning is
an important event that critically affects air qual-
ity over the IGP. Remote-sensing techniques
have been extensively used to study the biomass
burning evidence and its impact on regional air
quality. Vadrevu et al. (2011) highlighted the
remotely sensed fire products and their poten-
tial to characterize the agricultural residue
burning events and their impacts on air quality.
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The assessment of fire counts from MODIS
data revealed the bimodal activities in fire inten-
sity, fire radiative energy, and optical depths
pertaining to wheat and rice residue burning.
Kaskaoutis et al. (2014), using a synergy of both
ground-based and satellite observations
(MODIS andOMI), evaluated the impacts of rice
residue burning over northern India postmon-
soon and found evidence that it generated a
thick aerosol layer (below 2–2.5 km) over the
IGP. Strong AOD gradients during postharvest
were also observed before subsequently being
transported from the upper to lower Gangetic
basin. Sharma et al. (2010) established signifi-
cant impacts of crop residue burning on aerosol
properties using ground as well as multisatellite
data with high AOD and Angstrom exponent
values. In a recent review on organic aerosols
over the IGP, Singh et al. (2017b) concluded
the contribution of biomass burning, especially
crop residue burning over the upper IGP, which
contribute massive aerosol loading to both the
middle and lower IGP regions through long-
range transport. Similar findings have also been
reported by Sen et al. (2017) recognizing the
long-range transport of aerosols from the upper
IGP and IHP region to the Bay of Bengal, thereby
potentially intruding upon the cloud formation
process.

Estimation of near-surface particulates using
satellite-retrieved data is one of the foremost
applications of aerosol remote sensing. Based
on the highly heterogeneous nature of aerosols
over the IGP and uneven meteorological condi-
tions throughout the year, it is quite a challeng-
ing task for researchers. Dey et al. (2012), using
MISR-retrieved AOD, estimated surface PM2.5

for the Indian subcontinent accounting for both
composition and aerosol vertical distribution.
The study revealed the exposure of nearly 51%
of the subcontinent’s population to high air-
borne particulate concentration. Interestingly,
some rural areas were reported to have higher
aerosol loading compared to urban areas. Rela-
tion between MODIS AOD and surface PM2.5
in New Delhi was reported by Kumar et al.
(2007). The empirical estimation of near-surface
aerosol masses using satellite-based AOD
appears to be helpful. However, it is quite com-
plicated over the IGP with varying sources and
meteorological conditions. Exemplifying range
of association (r¼0.46–0.54) between AOD and
near-surface particulates was reported by
Kumar et al. (2015b) during winter.

Satellite-retrieved information has opened up
a new way of characterizing aerosol subtypes
with distinct spatial and vertical resolution. Sev-
eral studies have been reported over the IGP
using remote-sensing techniques to identify var-
ious aerosol types. Using CALIPSO-based mea-
surements, Kumar et al. (2015a,b) identified a
variety of aerosol layers at different altitudes
over the middle IGP. A sharp deviation and epi-
sodic nature were reported in the aerosol sub-
types that clearly indicate the dominance of
different sources. The application of prevailing
air masses for the classification of aerosol types
was made by Tiwari et al. (2015) at Varanasi on
the basis of cluster analysis of air mass. The con-
tribution of polluted dust, polluted continental,
and black and organic carbon-enriched aerosols
were mainly observed at the central part of the
IGP, which highlights the extent of human-
induced pollution over the region. Aerosol
extinction properties were used by Verma
et al. (2016) to categorize the possible aerosol
subtypes at the lower Gangetic basin. They
reported the influence of dust and polluted dust
during daytime whereas polluted continental
and smoke during nighttime. Srivastava et al.
(2014) reported the presence of dust over the
national capital of Delhi throughout the year,
with an aerosol layer mostly confined within
2 km during winter and postmonsoon before
elevating to 6 km during premonsoon and mon-
soon seasons.

Some extreme events like dust storms, haze,
and fog over the IGP are tracked using
remote-sensing techniques. Northern India usu-
ally experiences premonsoon dust storms that
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significantly modify the regional aerosol charac-
teristics for a shorter period of time. Kumar et al.
(2014), using WRF-Chem simulations based on
MODIS and AERONET retrievals, observed
an increase (>50%) in local-to-regional AOD
and a decrease (>70%) in the AE during a pre-
monsoon dust storm. The study on aerosol radi-
ative impacts during the dust storm showed a
cooling effect at the surface and top of the atmo-
sphere, while warming the atmosphere. Kumar
et al. (2016) used MODIS-AOD and CALIPSO
aerosol vertical profiles to identify fireworks-
induced particulate pollution over the entire
Indian region. These case studies referring to
the application of satellite remote sensing for
studying aerosol characteristics, distribution,
transport, and radiative impacts over the
IGP provide extremely useful information on
aerosol-induced climate and air quality changes
over the region.
7 CONCLUSIONS AND FUTURE
PROSPECTS

Retrieval of aerosol optical properties from
satellite-based remote sensing has been used
most efficiently to complement ground-based
measurements and to link aerosol properties
with climate change. Although retrieval of
aerosol microphysical properties from satellite-
based sensors is relatively new, it poses the
potential to provide a generic description of
existing atmospheric profiles. Application of
remote-sensing techniques has emerged with
several advantages like large spatial coverage,
real-time data, reliability, the use of multiple
platforms, and the identification of aerosol
properties with varying vertical resolutions.
With multiple validation and an intercompari-
son network, remote-sensing information
has emerged with much more reliability and,
thereby, provides a scope of extensive applica-
tions in multidisciplinary fields. There are
numerous examples of the successful application
of satellite-retrieved aerosol properties in identi-
fying transboundary movement, aerosol source
and receptors, variation in particle morphology,
physiochemical properties, and computing radi-
ative impacts both in the TOA and at surface.

Further, numerous satellites have been
launched with a diverse field of applications
under a common platform with near-
simultaneous observations to provide a holistic
view of the entire atmosphere. Likewise,
NASA’s international Afternoon Constellation
(A-Train), including OCO-2, GCOM-W1, Aqua,
CALIPSO, CloudSat, and Aura, provide near-
simultaneous observation of multiple parame-
ters related to cloud, aerosol, trace gases, and
other climate variables. Additionally, some
application-based satellites are also in line to
be launched. For example, ESA’s EarthCARE
satellite is scheduled to be launched in 2018
and is expected to advance our understanding
on aerosol-cloud interaction using high-
performance LIDAR and radar technology.
The Earth Explorer Atmospheric Dynamics
Mission (ADM-Aeolus) will provide global
observations of wind to improve weather
forecasts. The Sentinel series is focusing on
retrieving trace gas and aerosol properties with
improved near-real time monitoring. There
are few overambitious projects scheduled to be
launched under Earth observing system. Most
notably, the Stratospheric Aerosol and Gas
Experiment (SAGE III) on the International
Space Station; the Geostationary Coastal and
Air Pollution Events (GEO-CAPE) for identify-
ing natural and anthropogenic sources of aero-
sols; the Aerosol-Cloud-Ecosystems (ACE) for
measuring aerosol and cloud types and proper-
ties; the Global Atmosphere Composition Mis-
sion (GACM) for ozone and related gases for
intercontinental air quality; the Pre-Aerosol,
Clouds, and Ocean Ecosystem (PACE) for
extended data records on clouds and aerosols
(http://eospso.nasa.gov/future-missions): and
the Tropospheric Emissions: Monitoring of Pol-
lution (TEMPO) for ozone precursors, aerosols,

http://eospso.nasa.gov/future-missions
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and clouds. The TEMPO (for North America)
will further be a part of the global air quality
monitoring constellation, including GEMS
(Geostationary Environment Monitoring Spec-
trometer) for Asia-Pacific and Sentinel-4 for
Europe. The NEMO (Next-Generation Earth
Monitoring andObservation) buswill be the next
evolution to the Generic Nanosatellite Bus (GNB)
technology jointly developed by the Indian Space
Research organization (ISRO) and the Space
Flight laboratory at the University of Toronto to
provide information on aerosol and earth sys-
tems. Another flagship project called the Multi-
Angle Imager for Aerosols (MAIA) is scheduled
to be launched by NASA in January 2020. MAIA
is a multiview satellite sensor, currently under
development by NASA’s Earth Science Division.
It contains two push-broom spectropolarimetric
cameras capable of measuring radiance in
12 spectral bands. This will help to provide infor-
mation on aerosol loading, size, and composi-
tions at much finer scale and thereby has
potential for broader applications like assessing
the impact of aerosols on human health, agricul-
tural productivity, and hydrological cycles.

Therefore, it may well be projected that the
use of satellite-retrieved aerosol properties for
applications in climate and ambient air quality
will be further developed in near future. This
will further improve our knowledge on earth,
the atmosphere and climate. Observations of
atmospheric aerosols and trace gases from satel-
lite sensors will be combined with health infor-
mation to determine the toxicity of airborne
particulates and the subsequent development
of a sustainable habitat. Consequently, the avail-
ability of near real-time remote sensing data will
precisely help in air quality forecasting and
developing an effective health-advisory service.
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