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ARTICLE INFO ABSTRACT

Keywords: This study evaluates the performance of MODerate resolution Imaging Spectroradiometer (MODIS) Collection 6
AERONET (C6) AOD retrieval algorithms, including Dark Target (DT) aerosol optical depth (AOD) at 3 and 10 km spatial
AOD resolutions, Deep Blue (DB) AOD at 10 km, and the merged DT-DB AOD at 10 km across the Indo-Gangetic Plain
Fine particulates (IGP), South Asia. A total of 14,736 collocated Aqua MODIS C6 AOD at 550 nm were evaluated against AOD

rggﬁem oral comparison from six AERONET stations over IGP, measured during the satellite overpass ( = 1 h) from 2006 to 2015. The
IgP P P effects of aerosol heterogeneity, in terms of both aerosol loading and the aerosol type, on the uncertainty of the
Validation satellite-borne AOD retrieval were examined. The DT algorithm at both resolutions (3 km and 10 km) over-

estimated the AOD by 14-25%, with only 51.37-61.29% of the retrievals falling within the expected error (EE).
The DT 3 km algorithm underestimates the surface reflectance in comparison to the DT 10 km, with the latter
outperforming the former both in terms of number of collocations and retrieval accuracy, especially over urban
areas. The DB 10 km was able to retrieve AOD over both arid/desert regions and vegetated surfaces even under
low aerosol loading conditions. Yet, its performance was still poor, with retrieval accuracy of 53.76%, low RMSE
(0.214), and generally underestimated AOD across the IGP. The merged DT-DB AOD product was mostly
dominated by DT retrievals (73%-100%), except over bright land surfaces and 56.03% of the merged DT-DB
retrievals fell within the EE. The retrieval accuracy of MODIS C6 products was found to be strongly dependent on
the estimated surface reflectance and the aerosol type. Across IGP, DB predicted the surface reflectance better
while DT at both resolutions overestimated the surface reflectance at varying extent. For high aerosol loading
conditions with varying aerosol size, retrieval accuracy of DT 10 km poses lower sensitivity while DT at 3 km
exhibits larger uncertainty in estimating surface reflectance. In contrast, DB 10 km shows greater bias that
depends on the aerosol size. For very high aerosol loading conditions, dominated by fine or mixed aerosols, all
the algorithms have errors in the aerosol model. The DT 10 km, DB 10 km and the merged AOD performed
almost equally within the threshold level while the DT 3 km showed the poorest performance in terms of re-
trieval accuracy and RMSE. We conclude that across IGP, DB 10 km AOD has the highest accuracy in retrieving
fine mode aerosols while DT 10 km AOD has almost identical accuracy in retrieving varying aerosol types. For
coarse dominated aerosols, when the dissimilarity between DT and DB remains highest, the merged AOD is
found to have higher accuracy in retrieving AOD across IGP.

1. Introduction

Aerosol is an important component of the earth's climatic system
which contributes to the single largest uncertainty in Earth's radiation
budget (Boucher et al., 2013; Kumar et al., 2017a; Tripathi et al., 2007).
These multi-component substances evolve either through natural pro-
cesses (like biogenic and volcanic emissions) or by anthropogenic

activities (like combustion of fossil fuel, industrial processes, and bio-
mass burning) before being disperse horizontally and vertically by at-
mospheric circulation (Singh et al., 2017a; Banerjee et al., 2015). Nu-
merous studies have provided evidences of aerosols' influences on
lateral transfer of radiant energy within the atmosphere (Boucher et al.,
2013), radiative effects due to aerosol-radiation interactions (Ramana
et al., 2010; Chen et al., 2010), modifications of cloud microphysical
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Fig. 1. Study area of the entire Indo-Gangetic Plain and the location of AERONET stations.
Note: The background image of IGP is the 2015 surface reflectance at 0.55 pm from MODIS (MODO09) The dark shade shows higher vegetated area while light shade depicts brighter

surface.

properties (Seinfeld et al., 2016) and thereby influencing hydrological
cycle (Ramanathan et al., 2001; Creamean et al., 2013), affecting re-
gional food security (Burney and Ramanathan, 2014; Gupta et al.,
2017) and ultimately deteriorating human health (Apte et al., 2015;
Kumar et al., 2015a; WHO, 2014; Banerjee et al., 2017a, 2017b). The
emissions, micro-physical properties, mixing-states of aerosols and its
precursors provide unique evidences of its impacts on climate change.
However, precise quantification of the aerosols feedback on climate still
pose considerable uncertainties due to inconsistency across studies
(Boucher et al., 2013) and high spatio-temporal variations in physio-
chemical characteristics of aerosols (Kumar et al., 2017b; Sen et al.,
2017; Banerjee et al., 2015). Although, ground-based measurement
recognizes the optical and microphysical properties of aerosols, satellite
based retrievals mostly complement this information by providing
systematic retrieval on both local and global scales (Kaufman et al.,
2005; Kahn et al., 2010) and by constraining aerosol parameterization
in atmospheric models. Due to availability of diversified datasets, ap-
plications of satellite retrieved information has been exploited in nu-
merous researches for estimating ground-level particulate concentra-
tion (Sorek-Hamer et al., 2013a), exposure and mortality studies (Van
Donkelaar et al., 2010; Apte et al., 2015), crop yield/health simulation
(Fang et al., 2011), recognizing pollution episodes (Kumar et al., 2016,
2017a) and forecasting of climate extremes (Sorek-Hamer et al., 2013b;
Dey et al., 2004). However, satellite based information includes some
fundamental errors due to instrumentation and retrieval algorithms
which necessitate extensive validation against ground-based measure-
ments (Li et al., 2014a, 2014b). Possible validation of satellite products
will therefore help in reducing various uncertainties for recognizing
aerosol ground-level concentrations, and for simulating aerosol-climate
interactions and to forecast air quality at both the local and regional
scales.

Among various sensors that routinely provide aerosols columnar
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properties throughout the globe, Moderate Resolution Imaging
Spectrometer (MODIS) on board the Terra and Aqua satellites are re-
cognized as the most extensively studied and validated one (Remer
et al., 2008; Levy et al.,, 2010; He et al., 2017). The MODIS sensor
observe the earth from 700 km altitude with + 55° view scan, having a
swath of about 2330 km and covering nearly the entire globe in every 1
to 2 days, with 16 days of repeat cycle. It employs three separate op-
erational algorithms for retrieving aerosol properties over land and
oceans: the Dark Target (DT) algorithm over land, the DT algorithm
over ocean and the Deep Blue (DB) algorithm over land. Both collection
5 (C5) and 5.1 DT and DB algorithms have been evaluated extensively
on the regional scale (Li et al., 2007; Sayer et al., 2014), over IGP (Bilal
et al., 2016) and on the global scale (Remer et al., 2008; Levy et al.,
2010). The evaluation of MODIS Collection 6 (C6) data is still limited
(Sayer et al., 2014; Bilal and Nichol, 2015; Nichol and Bilal, 2016).
Recently launched C6 products contain refinements in terms of re-
trieving high radiometric quality of MODIS top-of-atmosphere (TOA)
radiance and observations of reported contextual biases of the previous
algorithms (Levy et al., 2010; Shi et al., 2013). Additionally, in order to
recognize the aerosol climatology in a finer scale, a new daily global DT
AOD data product with 3 km spatial resolution (MYDO04_3K; Remer
et al., 2013) is available in addition to standard DT (Levy et al., 2013)
and DB (Hsu et al., 2013) AOD at 10 km resolution. The 3 km DT
product is expected to perform better, especially in severely polluted
atmosphere and for identifying exposure gradients over urban regions
(Remer et al., 2013; He et al., 2017). To date, very few attempts were
performed to evaluate the 3 km AOD products on a global scale (Remer
et al., 2013), in urban/semi-urban regions (Munchak et al., 2013), and
over specific regions (He et al., 2017; Nichol and Bilal, 2016; Ma et al.,
2016). All these studies emphasized the need to evaluate the new
product for other geographical regions. Further, C6 is also unique in
merging scientific data sets (SDS) by including a ‘best of’ both DT and



A. Mhawish et al.

DB (merged DT-DB) AOD products at 10 km resolution for all geo-
graphical regions, even for brighter surfaces like desert where DT is
unable to retrieve AOD (Levy et al., 2013; Bilal and Nichol, 2015;
Sorek-Hamer et al., 2015). However, all these data sets require explicit
validation with respect to ground observation due to varying aerosol
loading, aerosol sub-types, and land surface reflectance before being
explicitly used in air pollution studies.

The present comparative analysis of MODIS aerosol products was
made over the Indo-Gangetic Plain (IGP) in South Asia considering
existing diversity of aerosol types and aerosol loading that prevails
throughout the year (Fig. 1). The region is especially unique in terms of
having diverse aerosols that varies over the seasons (Sen et al., 2017;
Sayer et al., 2014) and has most often been associated with an aerosol
induced impact on climate change (Ramanathan and Feng, 2009),
agriculture and food security (Burney and Ramanathan, 2014), human
health (Apte et al., 2015; Chowdhury and Dey, 2016) and thereby on
sustainability of the region (Banerjee et al., 2017a, 2017b). Ad-
ditionally, retrieval of high quality aerosol information is often chal-
lenging mainly due to significant inter-seasonal variation in surface
reflectance across the IGP. Presence of dense vegetation with/without
dark or bright soil surface, variation in aerosol SSA by influence of
severe dust storms especially during pre-monsoon, and presence of fine
particles especially during post-monsoon to winter, also induce un-
certainties in retrieval of AOD (Tripathi et al., 2005; Bilal and Nichol,
2015). Therefore, recognizing the necessity of assessing the MODIS C6
products for its appropriateness in retrieving varying aerosols loading
and aerosol types across IGP, and specifically for evaluating the MODIS
C6 3 km DT products; this study provides a first comparative analysis of
MODIS C6 DB at 10 km, DT at 3 and 10 km and merged SDS at 10 km
(merged DT-DB) against each other and against the Aerosol Robotic
Network (AERONET) ground-truth data available over the IGP for the
years 2006 to 2015. Even, the study employs a broader perspective by
evaluating AOD data by considering varying aerosol loading (AOD: <
0.3; 0.3-1.2 and > 1.2) and aerosols sub-types (Angstrom Exponent,
a: < 0.7; 0.7-1.3; > 1.3), thus accounting for vast aerosol hetero-
geneity that prevails over the region. Emphases are also made to re-
cognize the retrieval uncertainty within different seasons and to com-
pare the spatiotemporal uncertainties among the products. To our
understanding, such comparative analysis of MODIS C6 AOD products
including the DT at 3 km and merged DT-DB are reported for the first
time over IGP, and will help potential end users to identify the appro-
priate database for retrieving AOD over the region.

2. Study domain, data set and methods
2.1. Description of the study domain

Among the globally identified major aerosol hotspots, IGP is often
considered to be the most diverse in terms of particulate compositions
and properties (Mhawish et al., 2018; Sen et al., 2017; Kumar et al.,
2015b). Satellite based images of the global distribution of aerosol
loading clearly identifies this region as most distinct due to the pre-
valence of high AOD throughout the year with considerable seasonality.
The region typically spread across most of the northern and eastern
India, Pakistan, and virtually all of Bangladesh (Fig. 1). Being a tropical
to sub-tropical region, IGP also experiences deep convective layer,
which occasionally lift fine aerosols to elevated atmosphere, thereby
increased its residence time. Emissions from fossil fuel combustions are
the most dominating source of fine particulates over IGP, followed by
industrial emissions, secondary particulate formation and natural
sources (Singh et al., 2017a). In contrast, coarser particulates originate
mostly from re-suspensions of crustal materials (Banerjee et al., 2015).
The physio-chemical and thereby, optical characteristics of aerosols are
extremely diverse over the IGP (Singh et al., 2017a), with aerosols
predominately of anthropogenic in nature during winter (De-
cember-February) and post-monsoon seasons (September—-November).
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These aerosols are composed primarily of organics that are emitted
from biomass burning and vehicular emissions (Rajput et al., 2011;
Kumar et al., 2017a; Singh et al., 2017b). In contrast, minerogenic
crustal materials predominate during summer (pre-monsoon,
March-May) and in monsoon (June-August; Tripathi et al., 2007;
Murari et al., 2016, 2017). Further, the region is susceptible to airborne
particulates of trans-boundary origin, primarily from middle-east Asia
and central and western dry regions of India, which result in additional
regional aerosol heterogeneity (Sen et al., 2016, 2017; Kumar et al.,
2015b, 2017a). The comparison of Aqua MODIS retrieved AOD and
ground data were made especially over the AERONET sites located
across IGP, like in Karachi and Lahore (Pakistan); Gual Pahari (urban
station close to New Delhi), Kanpur and Gandhi College (India) and
Dhaka (Bangladesh). Detailed individual site characteristics may be
found in the works of Bilal and Nichol (2015, Karachi and Lahore),
Hyvarinen et al. (2011, Gual Pahari), Nichol and Bilal (2016, Kanpur
and Gandhi College), Tripathi et al. (2005, Kanpur), and Singh et al.
(2017a, 2017b).

2.2. AErosol RObotic NETwork (AERONET) AOD products

The AERONET is a global, ground-based network of calibrated Sun
photometers (Holben et al., 1998) which provide cloud screened and
quality assured spectral AOD within a range of 0.340 to 1.060 um
(Smirnov et al., 2000) in every 15 min with a very low level of un-
certainty (0.01-0.02). This ground-based aerosol network provides
long-term, continuous and high-accurate spectral properties of aerosols,
and was therefore extensively applied to validate satellite-based ob-
servations retrieved from various sensors (Li et al., 2007; Sayer et al.,
2014; Bilal and Nichol, 2015; He et al., 2017). For the validation of the
MODIS AOD products, AERONET Level 2.0 quality assured cloud
screened data were collected every 15 min within 1 h of the MODIS
overpass time over all the available stations across the IGP, namely
Karachi (24.87°N, 67.03°E), Lahore (31.54°N, 74.32°E), Gual Pahari
(28.43°N, 77.15°E), Kanpur (26.51°N, 80.23°E), Gandhi College
(25.87°N, 84.13°E) and Dhaka (23.73°N, 90.40°E, Fig. 1, Table 1). Se-
lection of AERONET sites across the IGP was made based on availability
of minimum one-year level 2.0 AOD data, to recognize seasonal var-
iations. Aqua MODIS AOD was also spatially averaged over each
AERONET site for collocated observations. Ground-based AERONET
AOQOD retrieved at 500 nm were further interpolated to 550 nm using the
Angstrom power law, with wavelength pair of 440 to 675 nm. The SSA
at wavelength 440, 675, 870 and 1020 nm used in this study was ob-
tained from AERONET Level 2 version 2 inversion algorithm, which is
cloud screened and quality assured product (Dubovik and King, 2000;
Dubovik et al., 2002). Information on aerosol size distribution
(Qi440-870) is retrieved from AERONET Level 2.0 Version 2 Direct Sun
Algorithm. The angstrom exponent (o) gives information on the dis-
tribution of aerosol size in the atmosphere. Low a (< 0.7) indicates
larger particles, like dust, a within 0.7 to 1.3 indicates mixture of coarse
and fine aerosols, and a > 1.3 is typically characteristic of fine aero-
sols (Sayer et al., 2014). The single scattering albedo (SSA), defined as
the ratio of scattering to total extinction, varies from 0 (purely ab-
sorbing aerosols) to 1 (purely scattering aerosols). The spectral de-
pendence of SSA gives information on the abundance of light absorbing
and scattering aerosols in the atmosphere.

2.3. Aqua MODIS AOD products

Algorithms used to retrieve AOD from MODIS on board Aqua and
Terra satellites have most frequently updated to make use of improved
knowledge on cloud-masking processes, aerosol models, and the surface
reflectance throughout the globe. Recently released MODIS C6 has
several advantages over C5 and C5.1, including additional availability
of AOD products at a 3 km resolution. For the present analysis, daily
overpass time (~13:30 local time, + 60 min) mean Aqua-MODIS C6
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Table 1
Summary of data sets used for the comparative analysis from 2006 to 2015.

Remote Sensing of Environment 201 (2017) 297-313

File Name  SDS Discerption Resolution & QA
AERONET Aerosol Optical Depth (V2) & AE (a) Version 2 Direct Sun Algorithm Data considered: Karachi (2006-14), Lahore (2007-15), Gual
Single Scattering Albedo(SSA) Version 2 Inversion Algorithm Pahari (2008-10), Kanpur (2006-15), Gandhi College (2006-15)
and Dhaka (2012-15)
MYD04_3K  Optical Depth_Land_and_Ocean DT AOD at 550 nm over land and 3 km
ocean QA =3
MODO04.12 Optical Depth Land_and_Ocean DT AOD at 550 nm over land and 10 km
ocean QA =3
Deep_Blue_Aerosol Optical Depth_550_Land_Best_Estimate DB AOD at 550 nm over land 10 km
QA > 2
AOD_550_Dark_Target_Deep_Blue_Combined Combined DT, DB AOD at 550 nm 10 km

AOD_550_Dark_Target_ Deep_Blue_Combined_Algorithm_Flag

for land and ocean

QA for DT = 3, DB > 2

Combined Dark Target, Deep Blue
AOT at 0.55-micron Algorithm

Flag

AOD at 550 nm with recommended quality assurance (QA) for DB at
10 km, DT at 3km and 10 km and merged DT-DB at 10 km are si-
multaneously considered. All these products are principally based on
three algorithms: the DT algorithm over land (Kaufman et al., 1997;
Levy et al., 2013) and DT algorithm over ocean (Tanré et al., 1997), and
the enhanced DB algorithm over land (Hsu et al., 2013).

The MODIS DB algorithm was originally developed to retrieve AOD
at 10 km resolution over bright surfaces using deep blue wavelength
(470 and/or 412/650 nm, depending on surface type), assuming loca-
tion and season specific aerosol optical model (Sayer et al., 2013). The
DB algorithm retrieve aerosol in cloud-free and snow-free pixels at
nominal 1 km spatial resolution before aggregating it into 10 km re-
solution products. This is in contrast to the DT algorithm, which actu-
ally retrieves aerosol after aggregating radiance to 10 km. The “second
generation” C6 version of the DB product has been further updated by
Hsu et al. (2013) considering an improved assessment of NDVI-depen-
dent surface reflectance, improved cloud screening and identification of
dust. This helped to extend the applicability of the DB algorithm from
arid/desert region to the entire land surface except for snow/ice cov-
ered areas. The expected error (EE) of the DB algorithm over land is
reported as + (0.05 + 20%) (Hsu et al., 2013; Sayer et al., 2013).

The MODIS C6 DT algorithm in C6 has better assumptions than the
C5 algorithm, especially in terms of updated cloud mask, thin-cirrus
cloud and detection of heavy smoke. The C6 DT algorithm consists of
two separate AOD products with different resolutions: 3 X 3 km and
10 X 10 km, both at Level 2. The DT algorithm was originally devel-
oped for dark vegetated surface area, where measured TOA reflectance
at 500 m resolution is initially corrected for absorption by various gases
before being organized within a 10 x 10 km (400 pixels, for 10 km) or
a 3 X 3km (36 pixels, for 3 km) retrieval box. The pixels are then
processed to remove cloud, desert, snow/ice, inland water and the
darkest 20% and brightest 50% pixels over land are arbitrarily dese-
lected. Finally, at most 11 (for 3 km) and 120 (for 10 km) pixels remain
to perform the aerosol retrieval by averaging their spectral reflectance.
The inversion continues identically for the 3 km and the 10 km products
based on combination of fine and coarse mode aerosol models (Remer
et al., 2013). The DT algorithm at both 3 km and 10 km resolution was
developed using identical aerosol inversion methods, LUT (Look-up
table), surface reflectance and scattering angle. Yet, DT at 3 km is re-
ported to be noisier compared to 10 km products (Munchak et al., 2013;
Remer et al., 2013). The LUT in DT C6 assigns a moderately-absorbing
fine-mode dominated aerosol to the IGP region (SSA ~0.91 at 550 nm)
for all seasons except winter, while a strongly-absorbing fine-mode
dominated aerosol (SSA ~0.87 at 550 nm) is only assigned to winter. In
contrast, LUT in DT C6 only considers a single coarse model weakly
absorbing aerosol (SSA ~0.95 at 550 nm) over the IGP region (Levy
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et al.,, 2013). The DT 10 km aerosol products were evaluated ex-
tensively over the global (Levy et al., 2013) and the regional scales
(Bilal et al., 2016; Bilal and Nichol, 2015; He et al., 2017), with a re-
ported expected error (EE) over land of + (0.05 + 15%) (Levy et al.,
2013). The DT 3 km aerosol products were evaluated both on the global
(Remer et al., 2013) and the regional scales (He et al., 2017; Nichol and
Bilal, 2016), with a reported expected error (EE) over land
of + (0.05 + 20%) (Remer et al., 2013).

However, DT over land is not designed to retrieve AOD over bright
surfaces while it is considered more accurate compared to DB (in C6)
over dense vegetation (Levy et al., 2013). Furthermore, both DT and DB
algorithms exclude snow-covered surfaces but have potential to be
applied for all vegetated/transition areas with variable brightness.
Therefore, a ‘best-of’ MODIS AOD products for all the transition regions
was further included in the C6 as merged DT-DB AOD (AOD_550 -
Dark_Target_Deep_Blue_Combined) which is developed considering DT
over vegetated/dark-soiled land, DT over ocean, and DB over desert/
arid land (Levy et al., 2013). This is essentially developed considering a
map of climatology data from MODIS NDVI product to determine the
priority algorithm for retrieving AOD (Levy et al., 2013). In case the
NDVI for a given month of specific area < 0.2 the algorithm selects DB
AOD, and in case the NDVI > 0.3, DT AOD are selected. For NDVI
between 0.2 and 0.3, the higher quality of both DT and DB AOD is
selected, or in case of both DT (QA = 3) and DB (QA = 2), the mean of
both AOD is considered. Recently, Bilal et al. (2017) have validated the
merged DT-DB AOD product at global scale, and proposed a method
independent of NDVI, for increasing the spatial coverage and de-
creasing the error. However, the merged DT-DB AOD still requires ex-
tensive regional validation. Considering the spatio-temporal variation
of vegetation coverage and surface reflectance over the IGP, it seems
that the merged DT-DB product has better applicability over the region,
and therefore considered for comparison against AERONET.

2.4. Methodology

For the present analysis, Aqua-MODIS C6 AOD at 550 nm with re-
commended quality assurance (QA) for DB at 10 km (corresponding to
retrievals flagged QA = 2), DT at 3 and 10 km (retrievals flagged
QA = 3) and merged DT-DB at 10 km products are simultaneously
considered. The MODIS AOD was retrieved over AERONET sites within
a sampling window with 3 x 3 pixels centred on the AERONET site. In
order to increase the number of collocations between AERONET AOD
and MODIS AOD, the average AERONET AOD measurement, obtained
daily within + 60 min of Aqua overpass time (approximately ~13:30
local time) is considered. To identify the spatial and temporal accuracy
of MODIS retrieval against AERONET, all the collocated AOD
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observations across the IGP, regardless of the retrieval algorithm were
considered (N: 14,736). However, in order to study the effect of aerosol
loading and type on the MODIS retrieval accuracy, a matched collo-
cation between all the four MODIS products for same day and location
were considered (N: 2416). To compare the performance of individual
algorithms, the criteria proposed by Sayer et al. (2014) that the per-
formance difference should exceeds some threshold (0.1 in R, 0.1 in EE,
20% in number of collocation or 0.03 in RMSE) was used.

The statistical tools and techniques which were used for quantifying
the accuracy and precision of the different MODIS algorithms in re-
trieving AOD are: an orthogonal regression technique (Y = a + bX) used
to estimate the slope (b) and intercept (a) between MODIS AOD
(AODop1s)) and AERONET AOD (AODg)). The intercept is used as an
indicator of uncertainty of the surface reflectance estimation, and the
slope is associated with the error in the assumptions of the aerosol
model. The correlation coefficient (R), root mean squared error (RMSE,
Eq. (1)), mean absolute error (MAE, Eq. (2)), relative mean bias (RMB,
Eq. (3)), and the expected error (EE, Eq. (4)) have been further used to
evaluate the retrieval accuracy.

r

| 1 n
RMSE = \/; >’ (AODsopis): — AOD(ug);)?

pt (@]
1 n
MAE = — Z |AODoprsyi — AODE);!
n & ()]
1 n
RMB = — Z AODopis)i / AODg)i
s )
EE = +(0.05 + 0.15A0D,z) )

3. Results and discussion
3.1. Evaluation of MODIS retrieval accuracy against AERONET

The MODIS Collection 6 AOD products like DT AOD at 3 km re-
solution, DT AOD at 10 km, DB AOD at 10 km and merged DT-DB AOD
at 10 km are plotted against AERONET AOD measured over six
AERONET sites across IGP (Fig. 2, Table 2). A total of 14,736 collocated
MODIS aerosol retrievals (AOD at 550 nm) spanning within year 2006
to 2015 with recommended QA are compared to recognize the quality
of C6 aerosol retrieval accuracy over varying land surfaces reflectance
and aerosol types. The number of collocation vary within the products
with the merged DT-DB AOD having the highest collocation (N: 4360)
over the IGP followed by DB AOD (N: 4059). The DT 3 km appears to
have the lowest collocation (N: 2850) because of its inability to retrieve
AOD over sparsely vegetated, dry and bright surfaces that are char-
acterized by a very high surface reflectance (Levy et al., 2013). This
reduced collocation of DT 3 km products over IGP is identical to pre-
vious findings over Asia (Bilal and Nichol, 2015; Nichol and Bilal, 2016;
He et al., 2017) and global wise (Remer et al., 2013).

The evaluation of MODIS AOD was considered both in terms of the
retrievals falling within the estimated uncertainty of one standard de-
viation from the average (Fig. 2a—d, Levy et al., 2010; Remer et al.,
2013) and the distribution of MODIS AOD bias as a function of
AERONET (Fig. 3). Both DT 10 km and 3 km resolutions appear to
overestimate AOD by a margin of 14-25% (RMB, DT 10 km: 1.144; DT
3 km: 1.248) with 61.29% and 51.37% of retrievals falling within the
EE, respectively. The DT 10 km provides a better agreement (R: 0.832)
with AERONET AOD across the IGP, with comparatively lower RMSE
(0.218), relative to the DT 3 km AOD (R: 0.743, RMSE: 0.280). Both C6
DT AOD products use similar aerosol inversion methods, LUT, and land
surface reflectance, and are therefore expected to perform identically.
However, the larger intercept of DT 3 km (0.122) compared to DT
10 km (0.062) indicates higher uncertainties in estimating the surface
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reflectance at visible wavelength. The DT AOD at both 3 km and 10 km
resolutions show positive bias at low and high AOD values. Overall, the
DT AOD 10 km outperformed in term of retrievals falling within the EE,
and the bias tends to be positive for both low and high AOD values
(RMB: 1.144), indicating errors in selection of the aerosol model. The
DT 3 km showed lower performance and higher positive bias than DT
10 km, signifying underestimation of the surface reflectance, which is
similar to the observations reported by Remer et al. (2013), Nichol and
Bilal (2016) and He et al. (2017). The DB 10 km AOD product represent
almost similar agreement with AERONET (R, DB: 0.83; DT: 0.83) but
has larger N, poorer retrieval accuracy (EE, DB: 53.76%; DT: 61.29%),
almost identical RMSE (0.214) and largely underestimated AOD (RMB:
0.825) as compared to AOD by DT 10 km (RMB: 1.144). The DB AOD
also shows negative bias at all AOD values (Fig. 3), while at low AOD
the negative bias indicates the overestimation of surface reflectance. In
contrary, at high AOD values, the DB shows significant negative bias
which is due to the effect of overestimation of the surface reflectance
and aerosol SSA (Sayer et al., 2014). Overall, the DB algorithm un-
derestimated AOD while the DT algorithm overestimated AOD, sug-
gesting that both have limitations in estimating the surface reflectance
and in selecting appropriate aerosol model across the IGP (Bilal et al.,
2016). The merged DT-DB AOD also exhibits a poor performance, with
56.03% retrievals falling within the EE, an equivalent MAE (0.153), and
RMB close to one (1.002). In principal, since the merged product
combines DB, DT-land and DT-ocean, it increases the spatial coverage
of the individual algorithms over dark and bright surfaces. Further, due
to the opposing bias of DT and DB, the merged AOD showed about zero
mean bias at low AOD values and mostly a negative bias at high and
very high AOD values. Namely, in spite of the fact that the merged DT-
DB AOD product is dominated by DT AOD, the negative bias at high and
very high AOD is due to the significant negative bias of the DB AOD and
the DT AOD bias tend to be negative at very high AOD values. None-
theless, the merged DT-DB AOD product does not meet the require-
ments of the EE (= 68%). In fact, all the MODIS AOD products failed to
achieve the target of 68% retrievals within the EE bound in comparison
to AERONET. This led us to examine the spatial variation of the re-
trieval accuracy of each product.

3.2. Spatial variation of retrieval accuracy of MODIS AOD products

In order to understand the spatial variation of the retrieval accuracy
of different MODIS algorithms, MODIS AOD products with AERONET
AQD for the six stations across the IGP were compared.

3.2.1. Evaluation of DT 3 km (MYD04 3 km) AOD

Fig. 4 shows the comparison between DT 3 km and AERONET AOD
across the IGP while the distribution of the DT 3 km AOD bias as a
function of the AERONET AOD is depicted in Fig. S1 (Supplementary
Information). It is evident that the performance of DT 3 km is site
specific and mainly depends on the surface characteristics and the
dominating aerosol type over each site (Table S1). The overall agree-
ment of DT 3 km with AERONET is positive and significant (R = 0.8)
throughout the IGP except for Dhaka (R: 0.5), which is located at the
lower IGP. DT 3 km fails to retrieve AOD especially over highly bright
surfaces like Karachi, with very few collocations (N: 56) compared to
the same algorithm at a lower spatial resolution (DT 10 km, N: 471).
Karachi is urban build up area with much bare land, which is domi-
nated by mixed type of aerosols such as coarse minerogenic materials,
marine and anthropogenic aerosols (Singh et al., 2017a; Bilal et al.,
2016). Over Karachi, 98.21% of the retrievals fall above the EE, and the
high positive bias of the DT 3 km AOD retrievals at low and high AOD
values (Fig. S1) indicates underestimation of the surface reflectance as
well as uncertainty in selection a proper aerosol model.

Over the rest of IGP (western part of upper IGP, middle and lower
IGP), with relatively darker land surface and dominated by either mixed
(coarse and anthropogenic aerosol) and/or fine (industrial pollutions
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Fig. 2. Evaluation of Aqua MODIS (a) DT 3 km, (b) DT 10 km, (¢) DB 10 km and (d) merged DT-DB 10 km AOD against AERONET AOD for all sites across IGP from 2006 to 2015. The red
solid line represents regression line, the dash lines are the EE lines, and the black solid line is 1:1 line. The red, green and blue dots represent the collocation points falling above, within
and below the EE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and smoke) mode aerosols, the DT 3 km performs better. Over both the
urban cities of Lahore and Kanpur, the DT 3 km showed significant
overestimation of AOD. The DT 3 km retrievals significantly over-
estimated AOD over Lahore (RMB: 1.488), with only 29.40% of the
retrievals falling within the EE. The retrieval accuracy over Kanpur is
comparatively better (% within EE: 57.34) than in Lahore, with lower
RMB (1.261). This is mainly due to higher uncertainty in the estimation
of the surface reflectance over Lahore compared to Kanpur, which is
evident by having higher bias at low AOD. Further, the highest AOD
retrieval uncertainty is mainly evident during coarse dominating

Table 2

aerosol episodes in the monsoon season. Over Gual Pahari, the DT 3 km
shows good agreement with AERONET AOD (R: 0.854), with 63.64% of
collocations falling within the EE. However, the DT 3 km under-
estimated the AOD over Gual Pahari (RMB: 0.916). Dhaka, a typical
Asian megacity that is located at the lower IGP and is dominated by fine
absorbing aerosols throughout the year (Singh et al., 2017a). The re-
trieval of DT 3 km AOD over Dhaka showed almost zero mean bias at
low AOD, while for increased AOD the retrievals tend to result a more
negative bias, indicating low absorption in the selected aerosol models,
especially during the winter and post-monsoon. The decrease in SSA

Evaluation summary of DT 3 km, DT 10 km, DB 10 km, and merged DT-DB 10 km AOD products against AERONET AOD over the IGP region for the years from 2006 to 2015.

Algorithm N AOD AODug R RMSE RMB MAE =EE % > EE% < EE%
DT 3 km 2850 0.704 0.586 0.743 0.280 1.248 0.187 51.37 40.67 7.96
DT 10 km 3467 0.653 0.584 0.832 0.218 1.144 0.147 61.29 29.94 8.77
DB 10 km 4059 0.468 0.567 0.827 0.214 0.825 0.153 53.76 6.06 40.18
merged DT-DB 4360 0.566 0.568 0.811 0.219 1.002 0.153 56.03 20.09 23.88
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with increasing wavelength indicates the abundance of absorbing
aerosols (e.g. BC) in the fine and mixed dominated aerosol (Table S2).
The SSA is affected by high BC loading from vehicular emissions,
household energy practices and waste/biomass burning. Furthermore,
DT 3 km performed poorly over Dhaka also in terms of having only
37.63% of the observation within the EE, revealing a high RMSE
(0.377), and the poorest agreement (R: 0.501) with AERONET AOD.
The Gandhi college, a rural site over the middle IGP, is characterized by
vegetation and green coverage and the aerosol profile is dominated by
coarse particles during pre-monsoon, mixed type particles during
monsoon, and by fine particles in the post-monsoon and winter (Table
S2). DT 3 km performed very well at this site as the algorithm is
especially tuned towards dark (vegetated) surfaces. The DT 3 km re-
trieved AOD over Gandhi college with 74.12% falling within the EE,
showing low RMB (1.018), RMSE (0.194) and MAE (0.111). Overall, as
shown in Table S1, retrievals of AOD by DT 3 km varies within region
and the algorithm does succeed to identify spatial variation. Overall,
the DT 3 km failed to achieve satisfactory AOD retrievals over urban
cities like Lahore and Kanpur having positive bias compared to
AERONET AOD and negative bias over Dhaka. In general, the DT 3 km
failed to achieve satisfactory AOD retrievals across the IGP except in
Gandhi college, and exhibited poor performance compared to DT 10 km
throughout the IGP.

3.2.2. Evaluation of DT 10 km (MYD04 L2) AOD
Overall, the DT 10km product shows better agreement with
AERONET (R = 0.8) across the IGP, with improved retrieval accuracy
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and collocated observation (N: 3467) compared to DT 3 km (N: 2850).
The number of retrievals by the DT 10 km algorithm is considerably
higher compared to DT 3 km, especially over bright surfaces like
Karachi (N, DT 10 km: 471, 3 km: 56) (Fig. 5). The highest disagree-
ment between these two algorithms occurs especially over the bright
surfaces like in Karachi. The retrieval accuracy of DT 10 km over
brighter surfaces is significantly higher (% within EE: 59.45) compared
to DT 3 km, while the mean bias decreased from 2.336 (RMB, DT 3 km)
to 1.064 (RMB, DT 10 km). The uncertainty in the estimation of the
surface reflectance by DT 10 km (bias at low AOD) over urban area is
smaller compared to that obtained by DT 3 km (Fig. S2). This is mainly
due to the elimination of bright pixels in the deselection process within
a larger retrieval box (10 x 10 km), which are possibly selected during
the 3 km deselection process. Thus, the DT 3 km is considered to be
noisier compared to the DT 10 km product (Remer et al., 2013).
Overall, the DT 10 km product outperformed DT 3 km across IGP,
particularly over urban areas.

The retrieval accuracy of DT 10 km was better than of DT 3 km over
two urban areas, Lahore (% within EE: 45.04) and Kanpur (% within
EE: 65.37). Over Lahore, DT 10 km is found to overestimate AOD (RMB:
1.284) compared to Kanpur (RMB: 1.176). Similar to the DT 3 km, the
positive bias of DT 10 km at low AOD values (< 0.5) was higher over
Lahore than over Kanpur, indicating underestimation of the surface
reflectance over both sites but more severely over Lahore. In contrast,
the underestimation of the AOD over Dhaka suggests large uncertainty
in selecting the aerosol model, which shows negative bias at high AOD
values. Nevertheless, the DT 10 km outperformed the 3km with
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62.72% of the retrieval falling within the EE compared to the DT 3 km
(37.63%). The DT 10 km product performed satisfactorily over Gual
Pahari (% within EE: 77.32) and Gandhi college (% within EE: 74.63),
showing relatively low bias (RMB: 1.04 and 1.042, respectively) and
RMSE (0.153 and 0.18, respectively). Conclusively, the DT 10 km al-
gorithm is found to perform better than the DT 3 km, but to generally
overestimate the AOD across the IGP.

3.2.3. Evaluation of DB 10 km (MYD04_L2) AOD

Fig. 6 shows comparison of DB 10 km AOD against AERONET AOD.
The MODIS C6 DB algorithm was expected to retrieve AOD over both
arid/desert region and vegetated surfaces, even during low aerosol
conditions (Hsu et al., 2013). The DB AOD has a total collocation of N:
4059 across the IGP, with station specific collocation well comparable
to the merged DT-DB product. Moreover, it also appears to have a good
agreement (R = 0.8) with AERONET, with overall underestimation of
AOD by 6-40% (RMB: 0.608-0.936) over all the AERONET sites across
the IGP.

Interestingly, in comparison to DT 10 km, the number of collocation
over bright areas like Karachi has almost doubled (N: 892) but with
more than two third of these points falling below the EE (% within EE:
27.47). The significant underestimation of DB 10 km AOD for all
aerosol conditions (Fig. S3) indicates a considerable overestimation of
the surface reflectance and of the aerosol SSA for coarse mode aerosol
dominated regions. Our findings are similar to those reported in pre-
vious studies (Sayer et al., 2014; Bilal et al., 2016) over Karachi. The
performance of DB 10 km considerably improved over Lahore (RMSE:

0.243; MAE: 0.171) and Kanpur (RMSE: 0.177; MAE: 0.116), with
53.4% and 70.73% of the collocations falling within the EE. Further,
relatively low bias at low AOD indicates that the estimation of surface
reflectance is comparatively better in the DB than in the DT algorithms,
especially over Lahore which showed large positive bias at low AOD.
The increasing negative bias with AOD values in both cities indicates
that the aerosol model lacks absorbing particles, especially over Lahore.
Additionally, the scatterplots (Fig. 6) show that the most of retrieved
AOD during fine aerosols dominated seasons (post-monsoon and
winter) fall within the estimated error. Likewise, during post-monsoon
and winter, improved retrieval accuracy was achieved for both Lahore
(% within EE: 60-76%) and Kanpur (72-77%), while retrieval accuracy
deteriorates during dominance of coarser aerosols in monsoon and pre-
monsoon (Lahore: 18-48% and Kanpur: 52-68%). Interestingly, in spite
of having almost identical AE (0.64-1.26) and SSA (0.86-0.91), DB
10 km performs differently over Lahore and Kanpur. This may possibly
due to low absorption in aerosol model over Lahore, as with the in-
crease in AOD, the negative bias increases sharply over Lahore in
comparison to Kanpur, suggesting an overestimated surface reflectance
and/or overestimated aerosols SSA. Nonetheless, the DB retrieval ac-
curacy over Lahore is the best among all the other algorithms although
it failed to achieve the targeted EE to be considered successful aerosol
retrieval. In contrast, DB 10 km AOD performed satisfactorily over
Kanpur owing to 70.73% of its AOD retrievals falling within the EE.
Over Dhaka, both the DT and the DB algorithms significantly un-
derestimated the AOD (RMB: 0.807, % within EE: 50.0), which could be
explained by overestimation of the SSA by the aerosol model. The DB
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Table 3
Contribution of DT and DB AOD to the merged DT-DB AOD over the six AERONET sta-
tions across the IGP from 2006 to 2015.

Site Total DT contribution DB contribution Mixed (mean
Merged DT &DB)
AOD

Karachi 2060 636 (30.8%) 1425 (69.2%) 0

Lahore 2274 2009 (88.3%) 99 (4.4%) 331 (7.3%)

Gual Pahari 2110 1577 (74.7%) 235 (11.1%) 298 (14.2%)

Kanpur 1946 1434 (73.7%) 387 (19.9%) 249 (6.4%)

Gandhi 1888 1382 (73.2%) 310 (16.4%) 196 (10.4%)

college
Dhaka 1308 1308 (100%) 0 0

10 km AOD achieved poor performance also over the rural station of
Gandhi College (% within EE: 56.27) and over the semi-urban station of
Gual Pahari (% within EE: 64.36), which is surrounded by vegetation.
In comparison to DT 10 km, DB 10 km performed poorly over both
stations and considerably underestimated the AOD (RMB, Gandhi
College: 0.851, Gual Pahari: 0.863), primarily due to overestimating of
the SSA of the coarser particles (Sayer et al., 2014).

The DB 10 km showed negative bias in retrieving AOD for all the
stations over IGP especially during coarse aerosols dominated pre-
monsoon and monsoon seasons, while in case of Dhaka and Karachi, the
negative bias was persistent throughout the year. Conclusively, the DB
10 km AOD significantly underestimated the AOD at all sites across the
IGP regardless of the aerosol columnar loading, with RMB varying from
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0.608 to 0.936. This indicates that the absorption in the aerosol models
in the LUT needs to be modified over the IGP. However, it should be
noted that AERONET observations are quite limited in some of the
stations, in particular Gual Pahari and Dhaka, which may also con-
tribute to the poor comparisons against the AERONET AOD.

3.2.4. Evaluation of merged DT-DB 10 km (MYD04.1L2) AOD

Fig. 7 shows the comparison between the merged DT-DB 10 km
AOD and AERONET AOD at the six sites across the IGP. In principle, the
uncertainty of the merged AOD product depends on the relative con-
tribution of DT 10 km and DB 10 km AOD. The overall trend of the DT
algorithm across the IGP is to overestimate AOD while the DB algorithm
is generally found to underestimate the AOD. Thereby, the merged
product is expected to overestimate AOD in the region that is domi-
nated by DT retrievals and to underestimate AOD where DB retrievals
dominate. Table 3 shows the relative contribution of the DT and DB
algorithms to the merged product for 10 years of data across the IGP.
Merged retrievals are found to be dominated by DT, with contribution
varying from 73 to 100% (except for Karachi, 31%). Overall, the
merged product exhibits better agreement with the AERONET AOD
(R = 0.8) with higher collocated retrievals compared to the other al-
gorithms and lower bias.

Over Karachi, the general trend of AOD retrieval by the merged
product is to underestimate the AOD (RMB: 0.718), with 38.94% re-
trieval accuracy within the EE. Due to the relatively bright land surface
(NDVI < 0.2), the merged DT-DB used the DB 10 km product (69%)
over Karachi, while for the rest of the IGP the trend is almost reversed.
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Fig. 8. Spatial distribution of 10 years (2006-2015) average AOD over the IGP for (a) DT 10 km, (b) DT 3 km, (c) DB 10 km and (d) merged DT-DB.

The retrieval accuracy slightly improves over Lahore (% within EE:
45.68; RMB: 1.237) relative to DT 3km (29.4%, 1.488) while the
performance is almost identical to DT 10 km (45.04%, 1.284) and in-
ferior to the DB 10 km (53.44%, 0.870) AOD products. Furthermore, as
the merged DT-DB product follows completely the DT 10 km over
Dhaka (%within EE: 62.72), the retrieval statistics match exactly those
of the DT 10 km (Fig. 5). In Gual Pahari and Gandhi College, the
merged DT-DB AOD is almost similarly dominated by DT retrievals
(73-75%), produced identical results with minor underestimation of
the AOD (RMB: 0.979-0.994), and had satisfactory retrieval accuracy
within EE (68-74%). Over Kanpur, the merged product showed rela-
tively lower bias than DT 10 km and identical retrieval accuracy (%
within EE: 66.75%). In summary, the merged product improves the
spatial coverage over the IGP and reduces the bias due to the opposing
DT and DB bias.

Fig. 8 explains the geographical distribution of AOD across IGP re-
trieved by all four MODIS C6 algorithms from 2006 to 2015. Both DT,
DB and merged products appear to have varying level of uncertainties
in retrieving AOD over varying land surfaces. It is clear that the DT
10 km retrievals have more missing/no data pixels across IGP, parti-
cularly over Baluchistan region (upper IGP) compared to DB 10 km,
with 10,442 pixels (97.2%) available for DT 10 km compared to 10,732
for DB (99.9%). The Baluchistan region is mostly dry and bright having
very high surface reflectance (Fig. 1) with dominance of coarser air-
borne particulates. DT algorithm excludes pixels with surface re-
flectance > 0.25 in the mid-infrared channel (2.12 ym) and also dis-
cards 50% of the brightest and 20% of the darkest pixels, therefore it
was expected to retrieve less number of pixels over these surfaces (Levy
et al., 2013). Further, within upper IGP, DT especially failed to retrieve
over low AOD condition with sparsely vegetated surfaces upon bright
land mass. Further, both DT (3 and 10 km) and DB 10 km AOD re-
trievals exhibit different spatial pattern in columnar aerosol with
comparatively high AOD retrieved by DT with a multiyear average of
0.697 for DT 10 km and 0.704 for DT 3 km, across IGP. In contrast, DB
recognized a slightly reduced spatial variation of columnar aerosols
with a multiyear average AOD of 0.502. Multi-year mean difference
between these two AOD products varies differently over IGP and 80% of
differences lies within < 0.20.

3.3. Temporal variation of retrieval accuracy

The retrieval accuracy of MODIS AOD over the IGP indicates con-
siderable temporal variation within seasons. The fundamental reason
behind the intra-seasonal variation is varying aerosol loading across the
IGP. Seasonal variation results from changing synoptic pattern in me-
teorological conditions that affect in aerosol optical and microphysical
properties, as well as from changes in the surface reflectance due to
vegetation growth phases, especially agricultural crops.

Fig. 9 shows the seasonal variation in aerosol size distribution
(Angstrom Exponent a) and spectral dependencies of SSA obtained
from AERONET measurements across the IGP. The pre-monsoon and
monsoon seasons over IGP show domination of coarse mode aerosol
with a ranging from ~ 0.3 (over Karachi) to 0.68 (over Gandhi college,
Table S2) except over Dhaka, which reported a higher a (a > 1)
throughout the seasons. The SSA found to increase with wavelength
over all sites (except Dhaka) due to dominated coarse scattering par-
ticles in the atmosphere. The high a value and decreasing SSA with
wavelength over Dhaka can be attributed to dominating fine and ab-
sorbing aerosol types over all the seasons.

Table 4 shows the seasonal variation of AOD retrieval accuracy for
the four MODIS AOD products in comparison to AERONET AOD. The
performance of the MODIS retrieval algorithms was relatively improved
during pre-monsoon compared to the monsoon season. During pre-
monsoon conditions, DT 10km is found to perform satisfactorily,
overestimating AOD by only 8% (RMB: 1.082) and with 69.75% of the
retrievals falling within the EE range. Moreover, the number of collo-
cations was somewhat lower for DT 10 km (N: 1167) in comparison to
the merged DT-DB (N: 1630) and the DB 10 km (N: 1552) algorithms,
showing higher agreement with the AERONET AOD (R: 0.813) and can
undoubtedly be considered as the best product during pre-monsoon.

The highest uncertainty of all MODIS AOD products is found during
the monsoon months, with RMSE varying from 0.361 to 0.494 among
the AOD products (Fig. S2, in supplementary file). The monsoon season
experiences the lowest number of collocation for all the products (11%
of total collocations) due to extended cloud coverage. All algorithms
show a significant deviation in retrieving AOD during monsoon, with
22.12% to 32.71% of the retrievals falling within the EE. Both resolu-
tions of DT and the merged DT-DB products indicate significant
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overestimation of AOD and poor retrieval accuracy. The largest dis-
agreements between the DT (RMB: 1.447) and DB (RMB: 0.644) algo-
rithms are found during the monsoon, where DT 10 km results in 44.7%
overestimation in AOD and DB 10 km results in 35.6% underestimation.
The high dissimilarity between DB and DT AOD in the monsoon season
has been in accordance to Sayer et al. (2014) and Bilal et al. (2016).
Slight increase in the SSA with wavelength and increase in a during
winter suggest the presence of mixed-size absorbing aerosols over the
upper IGP (Karachi and Lahore). The AERONET stations over middle
and lower IGP exhibit decrease in SSA with wavelength during winter
and increase in a, indicating dominance of absorbing fine mode aero-
sols. During post-monsoon, the spectral dependence of SSA is low over
all sites across IGP except Dhaka, indicating the presence of mixed
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aerosol (Dubovik et al., 2002). Over Dhaka, the lower and high spectral
dependence of the SSA is due to the presence of high absorbing aerosol
types in the atmosphere. Both during post-monsoon and winter, not
even a single AOD algorithm emerged to have satisfactory performance.
However, the overall trends are similar, with the DB under predicting
the AOD by 7-16% and the DT 10 km overestimating the AOD by
12-13%. The merged DT-DB product follows the behavior of the DT
algorithm and overestimates the AOD in all seasons except pre-mon-
soon. In all the seasons, the merged product achieved the lowest bias in
comparison to either DT or DB products due to the tendency of the DB
to underestimate and of the DT to overestimate the AOD when com-
pared to ground-truth measurements. The high temporal variation in
AOD retrieval accuracy across the IGP indicates the associated
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Seasonal summary of error statistics for the DT 3 km, DT 10 km, DB 10 km, and merged DT-DB 10 km AOD products against AERONET AOD over the IGP.

Algorithm Season N a440-870 R RMSE RMB MAE : EE% > EE% < EE%
DT 3 km Premonsoon 1078 0.786 0.766 0.196 1.181 0.143 58.35 32.10 9.55
Monsoon 330 0.613 0.745 0.494 1.582 0.383 22.12 76.06 1.82
Post-monsoon 760 1.161 0.750 0.265 1.249 0.188 45.79 46.18 8.03
Winter 682 1.247 0.753 0.268 1.192 0.159 60.7 30.94 8.36
DT 10 km Premonsoon 1167 0.697 0.813 0.157 1.082 0.110 69.75 20.65 9.60
Monsoon 363 0.505 0.814 0.401 1.447 0.317 31.13 67.49 1.38
Post-monsoon 912 1.095 0.836 0.200 1.122 0.148 58.33 32.02 9.65
Winter 1025 1.149 0.864 0.201 1.128 0.130 64.98 25.37 9.66
DB 10 km Premonsoon 1552 0.774 0.765 0.206 0.785 0.151 52.96 2.84 44.20
Monsoon 368 0.597 0.826 0.311 0.644 0.269 24.18 4.89 70.92
Post-monsoon 1021 1.124 0.877 0.191 0.843 0.134 59.84 5.00 35.16
Winter 1118 1.177 0.857 0.204 0.925 0.134 59.03 11.90 29.07
Merged DT-DB Premonsoon 1630 0.699 0.751 0.188 0.930 0.134 60.18 11.10 28.71
Monsoon 483 0.543 0.740 0.361 1.131 0.282 32.71 41.61 25.67
Post-monsoon 1067 1.079 0.832 0.202 1.015 0.154 51.27 25.49 23.24
Winter 1180 1.134 0.872 0.193 1.036 0.125 64.15 18.81 17.03

uncertainties within all the AOD algorithms in selecting appropriate
aerosol model and surface reflectance. This led us to further examine
the retrieval accuracy of each algorithm for different aerosol loading
and aerosol type conditions across IGP and discussed in following sec-
tion.

3.4. Comparison of MODIS AOD products against AERONET: Influence of
aerosol loading and types

Previously, we compared MODIS AOD products against ground-
truth measurement obtained by six AERONET stations that are dis-
tributed across the IGP. The results indicated that the all the algorithms
vary in their retrieval performance metrics. The retrieval accuracy was
found to vary considerably in terms of both the spatial and temporal
scales. Accounting for the aerosol heterogeneity across the IGP, the
performance of each algorithm is further evaluated with respect to the
varying aerosol loading (in terms of AOD) and the dominant particle
size (Table 5). For this, only the matched collocations (N: 2416) be-
tween all algorithms were used. The collocated AERONET AOD
(AOD,g) was divided into three subsets based on the aerosol loading.
For the first subset, scenarios with low aerosol loading (AODag < 0.3)
are used to examine the contribution of the surface reflectance to the
AOD retrievals. Next, two cases are examined: relatively high
(0.3 < AODjg < 1.2) and very high aerosol loading (AODg > 1.2).
These scenarios are used for evaluating the effects of varying aerosol
size on the performance of aerosol retrieval algorithm. The aerosol
loading scenarios, except for the low loading condition
(AODpg < 0.3), are further complicated by considering the dominance
of aerosol types and explored to identify the best retrieval algorithm for
each case. Angstrom Exponent (a, Fig. 9) over the wavelength range of
440 to 870 nm is retrieved from AERONET Level 2 to determine the
relative dominance of fine or coarse mode aerosols in the atmosphere
(Eck et al., 1999; Reid et al., 1999). Subsequently, three aerosol type
scenarios are considered: (1) coarse particles (e.g. dust, a < 0.7), (2)
mixed mode (e.g. mixture of coarse and fine aerosols, 0.7 < a < 1.3),
and (3) fine particles (e.g. mainly anthropogenic-like industrial emis-
sions, biomass burning, etc., a > 1.3).

Since the contribution of aerosol to the TOA reflectance is small in
low AOD scenarios (AODpg < 0.3; Levy et al., 2013), the estimation of
the surface reflectance by MODIS algorithms is possible. Results show
that the DT 10 km, DB 10 km and merged DT-DB 10 km algorithms
performed almost equally in terms of retrieval accuracy (~67%). The
dissimilarity between these algorithms is in the bias, likewise DT 3 km
and DT 10 km algorithms showed positive bias at low AOD conditions,
which indicates that the algorithms underestimate the surface re-
flectance across the IGP. Such an underestimation of the surface
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reflectance also induces overestimation of the retrieved AOD (RMB, DT
3km: 1.446, DT 10 km: 1.255) with only 51.74 and 66.56% of the
collocations falling within the EE, respectively. The lower bias of DT
10 km compared to DT 3 km also indicates the better estimates of the
surface reflectance by DT 10 km. In contrast, under the same conditions
the DB algorithm shows low negative bias that induces small under-
estimation of the retrieved AOD (RMB: 0.976) across the IGP, which
indicates better estimation of the surface reflectance. However, in spite
of underestimating AOD, the DB 10 km AOD retrieval process out-
performed other algorithms and achieved a satisfactory retrieval ac-
curacy (% within EE: 68.77), with a low deviation of RMB from unity.
The merged DT-DB AOD showed lower positive bias at low AOD value
as it underestimated the surface reflectance across the IGP, over-
estimating the AOD (RMB: 1.234) and obtaining 67.51% of retrieval
accuracy. As the merged product mainly follows the DT algorithm
across the IGP (Table 5), underestimation of surface reflectance was
expected.

Fig. 10 shows the distribution of the AOD bias as a function of
aerosol size (0440-870) for high aerosols loading conditions
(AODug > 0.3). The distribution of the bias across the range of parti-
cles gives an idea of the dependency of the retrieval accuracy on aerosol
particle size. For DT 3 km and 10 km AOD, the relative bias tends to
remain large and positive for coarse mode aerosols and low and positive
for fine particle dominated aerosol. However, the extent of variation is
smaller for DT 10 km than for DT 3 km AOD, signifying that the re-
trieval accuracy of DT 10 km has lower sensitivity for varying particle
size. This results in almost comparable retrieval accuracies for DT
10 km and 3 km AOD for varying particle size, although DT 3 km re-
trievals appear to be noisier (Remer et al., 2013) and to have larger
uncertainty in the surface reflectance estimation throughout IGP
(Nichol and Bilal, 2016). In contrast, the DB 10 km AOD shows large
negative bias for coarse particle dominated scenarios and the bias tends
to reduce significantly with the increase in the fine particles. This in-
variably suggests that the DB AOD bias has a larger dependence on the
particle size. The merged AOD product shows very little bias in coarse-
dominated aerosol type, the lowest among all other products, and the
bias tends to be positive for mixed and fine-dominated aerosol.

Table 5 shows the error statistics of the four MODIS AOD for fine,
mixed and coarse-dominated aerosol at high and very high aerosol
loading. For fine-dominated aerosol, the DB performs the best among
all other algorithms in terms of RMB (0.982), RMSE (0.134) and the
fraction falling within the EE (76.02%). The DT 10 km performs better
than DT 3 km for all aerosol types, and identically to the merged DT-DB
AOD. For mixed-dominated aerosol all the algorithms performed
identically within a threshold of 10% of EE and a correlation coefficient
or a difference in the RMSE < 0.03. For coarse mode aerosols the
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=l elBlo55523Y9 | ¥ thus may be important for future improvements in retrieval algorithms.
= g It also calls for cautious when using the AOD, e.g. in environmental
N OO . . . . . .
'fg z RRRBRLY . i epidemiology studies. Our major findings are:
Q -
= 9 g 9 Q 3
g |2 e £ £ g £ £ | 5 1. The performance of MODIS C6 AOD products varies between the
R o . =} = .
g = IS ESEES ‘; products across the IGP. The number of collocated observation
% ~ 3 varies within products and the merged DT-DB AOD has the highest
—
'g v ’§ number of collocation across the IGP (N: 4360) while DT 3 km
n § o oh N it appears to have the lowest one (N: 2850). Further, all the products
o o = . .
2 E § v A - o appeared to have a fair amount agreement (R: 0.7-0.8) with
&3 2 AERONET AOD.
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Fig. 10. Box plot of Aqua MODIS DT 3 km, DT 10 km, DB 10 km and merged DT-DB 10 km match up AOD bias (MODIS — AERONET AOD) as a function of AERONET angstrom exponent
(o 440-870) over the IGP. The black horizontal dashed line represents zero bias.

2. The DT 3 km, DT 10 km and merged DT-DB AOD overestimate the 7. The retrieval accuracies are also compared in terms of varying

AOD across the IGP, with 51-61% of retrievals within the expected
error envelope. They also exhibit significant spatio-temporal var-
iation of the retrieval accuracy across the IGP. In comparison, the
DB AOD consistently underestimates the AERONET AOD, with 54%
retrieval accuracy within the expected error bounds. Conclusively,
none of the C6 products appear to achieve the satisfactory retrieval
accuracy within EE (68%) across the IGP while having considerable
seasonality and geographic variability.

. The retrieval accuracy of C6 products was found to be strongly
dependent on the surface characteristics and the aerosol type. The
DT 3 km algorithm shows lower retrieval accuracy over all the
urban-background sites, while over rural site it performed reason-
ably well. The DT 10 km algorithm outperformed the DT 3 km with
a higher retrieval accuracy, especially over urban areas. Overall,
the DT 3km product is found to underestimate the surface re-
flectance more in comparison to the DT 10 km, and thereby to over
predict the AOD across the IGP.

. The DB 10 km algorithm is able to retrieve AOD over arid/desert
regions and vegetated areas even for low aerosol conditions, and
generally underestimate the AOD over all the surface. In spite of the
higher retrieval over bright surfaces, it significantly underestimates
AOD due to overestimates of the surface reflectance and aerosol
SSA, especially over coarse aerosol dominated region.

. Across IGP, the merged DT-DB product was found to be dominated
by DT retrievals (73 to 100%) except over bright land surfaces, like
in Karachi. In term of bias, the merged product shows lower bias
over all the sites due to opposite tendency of DT (positive bias) and
DB (negative bias). In terms of retrieval accuracy, it performed as
good as the DT and DB products except over the upper IGP.
Therefore, the merged product may be considered better suited for
recognizing seasonality and/or aerosol sub-types across the IGP
while it still lacks extended validation over heterogeneous land
surfaces.

. MODIS products showed seasonal variations in retrieval number
and accuracy due to the seasonal change in aerosol characteristics
and NDVI throughout the IGP. The lowest retrieval number and
accuracy was found during the monsoon season. DT 10 km had
higher number and showed better accuracy during the pre-mon-
soon and winter, while DB retrievals were better during winter and
post-monsoon periods.

aerosol loading (low, high and very high) and dominance of aerosol
sub-types (fine, mixed and coarse) based on data from the six
AERONET stations. For relatively cleaner environment
(AOD < 0.3), DT at both resolutions overestimated the surface
reflectance while DB better predicted the surface reflectance across
the IGP and outperformed all the other algorithms in terms of
achieving satisfactory retrieval accuracy and lower deviation of
RMB from unity.

8. The effect of high aerosols loading and size were diverse for dif-

ferent algorithms across IGP. For varying aerosol sizes, the retrieval
accuracy of DT 10 km has lower sensitivity while DT 3 km appears
to have large uncertainty in estimating the surface reflectance. In
contrast, DB 10 km exhibits larger dependence of the bias on the
particle size, and it has the best performance among all the other
algorithms for fine-dominated aerosols. For mixed aerosol sce-
narios, all the algorithms performed almost identically within the
threshold level. For coarse aerosols, the merged DT-DB AOD and
the DT 10 km product outperformed the DB and DT 3 km algo-
rithms with the merged AOD appearing to have lower RMSE and
satisfactory retrieval accuracy.

9. In the case of AOD,g > 1.2 and dominant fraction of fine and

mixed aerosols, all the algorithms except DT 3 km performed al-
most equally in terms of retrieval accuracy, RMB and RMSE. When
absorbing aerosols are dominant (e.g. BC and mineral dust), DB
undoubtedly agrees better with AERONET although there is an
indication of error in the aerosol models in all the algorithms. For a
large fraction of coarse aerosols, the disagreement between the DB
and DT retrievals increases, and none of the algorithms except the
merged DT-DB product showed satisfactory performance.

10. Based on our results, we conclude that DB is more accurate in re-

trieving fine mode aerosols while DT 10 km algorithm shows an
almost identical performance when retrieving all aerosol size. The
merged DT-DB AOD was found to have higher accuracy for coarse-
dominated aerosol conditions, when the dissimilarity between DT
and DB is highest.
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