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In the present study, the first systematic performance evaluation of aerosol optical
depth (AOD) products retrieved using two satellite sensors i.e., Visible Infrared
Imaging Radiometer Suite (VIIRS) and Aqua-Moderate-Resolution Imaging
Spectroradiometer (MODIS) is carried out over India. We have used ground-
based AOD from AERONET at 550 nm wavelength for inter-comparison with
MODIS Aqua version C6.1 (C061) Deep Blue (DB) aerosol product and VIIRS/SNPP
collection version 1.1 (V1.1) DB aerosol product over the time span of 7-year
(2014-2020) observation periods. For validation, the average value of satellite
pixels falling within the box of 50 Km x 50 Km keeping the AERONET station at the
center is retrieved. The average daily data from the AERONET sun photometer
(2014-2019) were obtained within +15 min of satellite overpass time. Statistical
parameters like correlation coefficient (R), RMSE, MAE, and RMB were calculated.
The uncertainty of satellite AOD is evaluated using an envelope of Expected Error
(EE = £0.05 + 0.15 AOD for land). Statistical analysis shows that the MODIS AOD
product outperforms VIIRS-retrieved AOD. The AOD retrieved from both sensors
yields a high correlation (0.86—Jaipur, 0.79—Kanpur, 0.84—Gandhi College, and
0.74—Pune for MODIS and 0.75—Jaipur, 0.77—Kanpur, 0.49—Gandhi College,
and 0.86—Pune for VIIRS) and low MAE (0.12—Jaipur, 0.20—Kanpur, 0.15—Gandhi
College, and 0.09—Pune for MODIS and 0.13—Jaipur, 0.13—Kanpur,
0.26—Gandhi College, and 0.10—Pune for VIIRS). Other statistical measures
such as RMSE, RMB, and P also suggest similar performance. More than 66% of
the total data fall within the range of EE for both the satellite products at each
station. Spatial comparison exhibits the same AOD pattern seasonally as well as
annually having a minimum bias from —0.3 to +0.3 between MODIS and VIIRS.
Slight underestimation and overestimation are observed in all the stations by
MODIS, whereas VIIRS continuously underestimates AOD with increase in optical
depth, suggesting improvements in the aerosol model and surface reflection in
retrieval. Overall, the comparison of ground AERONET AOD reveals better
accuracy of MODIS AOD with that of VIIRS satellite datasets over India.
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1 Introduction

Aerosols are solid or liquid particles such as smoke,
particulate matter, volcanic dust, and liquid droplets that are
suspended in air having a diameter of up to several micrometers
(Choi et al.,, 2019). These particles are emitted from natural and
anthropogenic sources (Wang et al., 2017a). Aerosol particles
scatter and absorb sunlight and the light scattering from the
Earth surface affecting atmospheric radiation balance (Lang-
Yona et al, 2010). These particles can survive in the
atmosphere from days to weeks and can travel from one
region to another (Winker et al., 2013). Multispectral aerosol
optical properties are provided by ground measurement
instruments (sun photometers) such as AErosol RObotic
NETwork (AERONET) (Holben et al.,, 1998). Though having
high temporal resolution and accuracy, these instruments are
limited to a particular location. To overcome this problem,
various satellites were launched for measurement of aerosol
optical depth (AOD) at high to low spatial and temporal
resolution. AOD is a measure of light extinction caused by
aerosols with the atmospheric column from sensors to the
Earth’s surface (Van Donkelaar et al., 2010). Assessment of
aerosol column loading in the atmospheric column is
(Filonchyk et al., 2019).
Aerosol retrieval algorithms have been developed for universal

extensively examined by AOD

distribution of AOD using various satellite sensors, like the
(MODIS)
(Levy et al., 2010), Multi-angle Imaging SpectroRadiometer
(MISR) (Kahn et al, 2009), Ozone-Monitoring Instrument
(OMI) (Torres et al, 2007), INSAT 3D (Mishra, 2018),
Advanced Very-High-Resolution Radiometer (AVHRR) (Gao
et al,, 2016), and Visible Infrared Imaging Radiometer Suite
(VIIRS, Sayer et al., 2013).

Recently, various studies were carried out over India using

Moderate-Resolution Imaging Spectroradiometer

satellite remote sensing and ground-observed aerosol data.
Satellite instruments like MODIS and VIIRS are extensively
used for monitoring AOD at both global and regional scales
(Yao et al.,, 2018; Sawyer et al., 2020; Su et al., 2022). These
satellites provide continuous and long-term datasets for the
study. MODIS is one of the most widely used satellite sensors
for measuring the properties of atmospheric aerosols, containing
36 spectral bands retrieving information at various wavelengths
ranging from 0.41 to 15 um (Xiao et al.,, 2016). VIIRS is a new-
generation satellite sensor on board Suomi National Polar-
orbiting Partnership (SNPP)
properties at a wavelength of 0.55um (Mann et al, 2016).
VIIRS was developed with similar specifications as MODIS,

platform providing aerosol

having similar resolution (spatial and temporal), spectral
channel (VIS/NIR/IR), orbit (polar orbit), and algorithm
(Dark Target-DT and Deep Blue-DB) for AOD retrieval (Levy
et al., 2015). Therefore, MODIS and VIIRS are considered
significant aerosol detection tools for monitoring the global
distribution of aerosols with high spatial and temporal
resolution.

As for India, uncontrolled vehicular emission, coal burning,
biomass burning, industrial emissions, road dust, and dust
emission from construction are the primary causes of air
The increase  in  urbanization,

pollution. rampant
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transportation, and industrial activities has reduced the air
quality to a critical level (Wang et al., 2017a). Therefore,
spatial and temporal studies of air pollution are of utmost
importance to enhance the awareness of exposure duration
risk. MODIS and VIIRS are
considered powerful tools for monitoring aerosol at a large
scale with high spatial resolution (10km and 6km,
respectively) (Zhang et al, 2016; Wei et al,, 2020). Aerosol
products from both satellite sensors are validated with
ground-observed AOD is different
AERONET stations over India. Furthermore, MODIS
Collection 6.1 (C061) AOD deep blue product and VIIRS
version 1.1 (V1.1) deep blue AOD product are compared.
Although  VIIRS-acquired products are widely
validated throughout the globe such as China (He et al,
2021), Vietnam (Tran et al., 2018), eastern parts of Asia (Choi
et al, 2019), and Southeast Asia (Nguyen et al., 2019), over both
land and ocean (Huang et al., 2016), further validation of VIIRS
products over India is required to check the validity of retrieved

and potential increased

archived from four

aerosol

aerosol properties and implementation in future air pollution
studies. Although the VIIRS AOD retrieval algorithm is based on
the MODIS algorithm, the accuracy and stability of the aerosol
products derived by VIIRS is reported to be lower than that of
MODIS (Liu et al., 2014; Wei et al., 2018; Su et al., 2021). Thus,
further study is needed to check the performance of aerosol
products of both the satellites MODIS and VIIRS.

The objective of this study is to evaluate the performance of aerosol
products of both satellite sensors [Aqua-MODIS AOD (C061) and
VIIRS AOD (V1.1)] and investigate their spatial distribution annually
as well as seasonally over India. The entire study has been carried out
over the time period of 7 years (2014-2020). The AOD product of both
the satellites is compared with ground-observed AOD data from four
different stations, namely, Jaipur, Kanpur, Gandhi College, and Pune
AERONET.

The work thus intercompare and validate VIIRS and MODIS
AOD over a region of India known for its complex aerosol properties
and high air pollution levels, making it a region of notable
environmental concern. This is the first study to determine how
VIIRS AOD performs across India. This is particularly important
because AOD measurements play a key role in observing and
quality and Detailed
description about datasets is discussed in Section 3. The study

understanding  air climate change.
area is explained in Section 2. Methodology is described in
Section 4. Validation of both the sensors is described in Section
5. Further statistical analyses have been performed, which are shown
in Section 5.1. Spatial distribution and intercomparison between
both satellites are explained in Section 5.2. Finally, conclusion drawn

from the study is summarized in Section 6.

2 Study areas

The entire study focuses on validation and intercomparison of
AOD products obtained from two satellites, namely, MODIS and
VIIRS, over India using AERONET sites, namely, Jaipur, Kanpur,
Gandhi College (Bihar), and Pune, as shown in Figure 1. India
extends from 8° 4’ N latitude to 37° 6’ N covering Kanyakumari to
Kashmir, and from 68° 7' N to 97° 25'E covering the Rann of Kutch
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FIGURE 1
Study area.
of Gujrat to Arunachal Pradesh (Yadava et al, 2020). average temperature 45 °C during summer and 15 °C during winter

Geographically, India covers 2.4% of the total landmass of the
Earth, providing habitat to 16.7% of the total population of the
world (Nautiyal et al., 2015). The total area of India is approximately
3.28 million km® Indian stands at the 7™ position in terms of
geographical extent and 2" in terms of population in the world. The
southern part of India is a peninsula, as it is bounded by the Indian
Ocean on the south, the Arabian Sea on the west, and the Bay of
Bengal on the east. The northern frontier of India is surrounded by
Himalayan mountains. The great Thar Desert is located at the
western part of India (Rajasthan), whereas the eastern part shares
the border with China, Bangladesh, and Myanmar. India
experiences diverse climatic conditions, varying from arid desert
region at the west, tundra and glacier in the north, and tropical
humid regions at the south. According to the Indian Meteorological
Department (IMD), seasons in India are prominently divided as
follows. January and February (JF) are marked as winter months;
March, April, and May (MAM) are classified as the pre-monsoon
season; June, July, August, and September (JJAS) form the monsoon
season; and October, November, and December (OND) are termed

as the post monsoon season. Four different AERONET sites (Jaipur,

Kanpur, Gandhi College (Bihar), and Pune) are considered for the

ground observation datasets. Jaipur (26.91 °N; 75.78 °E) is the capital

city of Rajasthan located at the western part of India and the eastern

boundary of the Thar Desert (Verma et al., 2013; Payra et al., 2015).

Jaipur is a semi-arid zone having a tropical climate, with maximum
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(Soni et al,, 2018). Kanpur (26.45° N, 80.33° E) is the most populated
industrial area situated in Uttar Pradesh, India (Gupta, 2008).
Kanpur falls within the IGP region of India having subtropical
climate. Gandhi University (25.87°N; 84.13°E) is located in the Ballia
district of Uttar Pradesh. It is a rural site in the IGP region of India,
rich in fertile alluvial soils, and the area often remains flooded by the
Ganga and Ghaghara rivers (Choudhry et al., 2012). Pune (18.54°N;
73.80°E) is located in the leeward side of the Western Ghats
(Sahyadri Range) in Maharashtra. The city is at a distance of
100 km from the Arabian Sea and has a cool, dry tropical climate.

3 Datasets
3.1 Aqua-MODIS collection 6.1 (C061)

MODIS was launched by NASA (National Aeronautics and
Space Administration) on 18 December 1999 and on 4 May
2002 on boarded on Earth Observing System (EOS) satellites,
namely, Terra and Aqua (Barnes et al., 2003). MODIS consists of
36 spectral bands with the spatial resolution ranging from
250 m to 1 kilometer with a revisiting period of 1-2 days.
Both Terra and Aqua are polar orbital satellites passing over
the equator at the same local time of 10:30 am moving from north
to south (descending) and 01:30 pm moving from south to north
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(ascending), respectively (Sandu et al., 2010). The newly
launched MODIS collection 6.1 (C061)
contains three different aerosol inversion algorithms such as
the Dark Target (DT) algorithm for land and ocean
(Filonchyk & Hurynovich, 2020), the Deep Blue (DB)
algorithm for land (Remer et al., 2005; Sayer et al., 2019), and
the combined DT and DB (DTB) (Wei et al., 2019a; Wei et al,,
2019b) for AOD retrieval. MODIS collection 6.1 (C061) is the
updated level 1B radiometer, and all aerosol algorithm calibrated

aerosol product

products include the top of atmospheric radiance correction by
NASA’s MCST (MODIS Characterization Support Team) (Wei
et al,, 2019a). Satellite-based aerosol algorithms involve several
processes 1) selection of pixels, 2) cloud masking, 3) conversion
to surface reflectance, and 4) AOD estimation (radiative transfer
models); complete details of the AOD retrieval process of MODIS
is explained in Remer et al. (2006). DT algorithms of MODIS
retrieve AOD over dark targets, at 10 km spatial resolution using
TOA (Top of Atmosphere) reflectance at 0.47, 067, and 2.11 um
channels (Levy et al., 2013). Approximately, 400 pixels undergo
the process of masking associated with ice/snow, clouds, or any
other brighter pixels as the DT algorithm is not capable of
retrieving AOD over brighter surface. An Expected Error (EE)
of = (0.05 + 0.15,4p) over land and + (0.03 + 0.5,0p) Over ocean
is estimated (Remer et al., 2005). The expected error can be
defined as an envelope of standard deviation around the retrieved
AOD. Similarly, the DB algorithm of MODIS retrieves AOD over
the dark surface as well as bright surface (desert, Urban) (Bilal
et al.,, 2017). The Deep Blue aerosol product is used in the study.
MODIS/Aqua DB aerosol 5 min level 2 swath 10 km, collection
6.1(C061) (MYDO04_L2) at a wavelength of 550 nm, is obtained
from the Earth Data active archive center (Level-1 and
Atmosphere Archive & Distribution System (LAADS)
Distributed Active Archive Center (DAAC)) (https://ladsweb.
modaps.eosdis.nasa.gov/search/).

3.2 VIIRS version 1.1 (V1.1)

VIIRS is an instrument onboard under the joint mission of
NASA and NOAA Soumi NPP (Zhou et al., 2016). It was launched
into space on 28 October 2011 to revolve around the Earth in a sun
synchronous, polar orbit (Xiong et al., 2013). A total of 22 spectral
channels were used by the VIIRS sensor ranging from 0.412 um to
12 pm (Moyer et al.,, 2018). Spatial resolution of VIIRS varies from
375 m to 750 m and covers the entire Earth twice a day (Oudrari
et al,, 2014). Soumi NPP crosses the equator at 1:30 am (nighttime
overpass) and 1:30 pm (daytime overpass) at the same local time
(Miller et al., 2012).

Like MODIS, VIIRS also works on DT and DB algorithms for
AOD retrieval, and both the algorithms (DT & DB) are explained
briefly in Section 3.1. In the present study, VIIRS/SNPP Deep Blue
(DB) aerosol product collection version 1.1 (V1.1) (“Aerosol
Optical_Thickness_550_Land_Best_Estimate”) L2 6-Min Swath
6km at 550nm wavelength is used for validation and
intercomparison with MODIS AOD products. The VIIRS_SNPP
aerosol 6-Minute level 2 Swath 6 km product is obtained from the
Level-1 and Atmosphere Archive & Distribution System (LAADS)
Distributed Active Archive Center (DAAC) (https://ladsweb.
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modaps.cosdis.nasa.gov/search/). A detailed explanation of VIIRS
AOD retrieval is illustrated in Wang et al., 2017.

3.3 Ground observation (AERONET)

AERONET (AErosol RObotic NETwork) is a network of
ground-based solar and sky radiometer (sun photometer)
remote sensing aerosol monitoring instruments developed by
international federations NASA and PHOTONS (PHOtométrie
pour le Traitement Opérationnel de Normalisation Satellitaire)
(Che et al., 2009). It measures aerosol properties at a point
location at every 15 min using the CIMEL Electronique 318A
sun photometer and provides AOD values at eight different
wavelengths ranging from 380 nm to 1,020 nm (Holben et al,
1998; Wang et al, 2017). The estimated uncertainty in
AERONET AOD is 0.01-0.02 (Eck et al., 1999; He et al.,
2018). The AOD retrieval algorithm is explained in Smirnov
etal.,, 2000. AOD level 2 at 500 nm along with 440-870 angstrom
is acquired from AERONET (https://aeronet.gsfc.nasa.gov/cgi-
bin/data_display_aod_v3) over all four different active locations,
namely, Jaipur (26.906 N; 75.806 E), Kanpur (26.513 N; 80.
232 E), Gandhi College (25.871 N; 84.128 E) and Pune (18.
537 N; 73.805 E) (Choudhry et al.,, 2012; Payra et al., 2015;
Singh et al., 2017; Mangla et al., 2020).

4 Materials and methods

Validation of satellite AOD is first performed (Ichoku et al.,
2002; Liu et al., 2014; Ogunjobi & Awoleye, 2019) using several
steps for data collocation and correlation estimation. Satellite-
retrieved AOD data, considering each tile of each day falling
within the boundary of the study area, are used for processing.
Preprocessing steps such as image correction using scale factor
and removing null values were performed over satellite AOD as
per requirement. Satellite-acquired AOD is extracted over four
different spatial windows 20 Km x 20 Km, 50 Km x 50 Km, 80 Km
x 80 Km, and 100 Km x 100 Km centered on the AERONET
ground site. These satellite-acquired AODs are validated with the
average AERONET sun photometer daily data (2014-2019)
within the buffer time of different temporal windows in
discrete combination of spatial windows of 20, 50, 80, and
100 Km with temporal of +15, +30, =60,
and 120 min from the overpass time. This
experiment aimed to to find the balance spatiotemporal size of
windows to have good correlation and number of match-up

windows
satellite

points. Statistical analysis is made to find the best performing
temporal and spatial windows for validation of satellite AOD. As
AERONET does not provide AOD at 550 nm, therefore, we have
converted AERONET AOD at 500 nm-550 nm using a quadratic
fit on a log-log interpolation. It was found that the Angstrom
exponent varies with wavelength because of deviations that occur
due to power law size distribution of aerosols (Kaufman, 1993;
Sorek-Hamer et al., 2020). These deviations often instigate in
In AOD) versus In) relationships (King and Byrne, 1976; Eck
etal., 1999). Therefore, a second-order polynomial (Eq. 1) is used
to interpolate AOD values.
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Aeronet AOD (550nm)

20Km + 15min.

Aeronet AOD (550nm)

50Km + 30min

Aeronet AOD (550nm) Aeronet AOD (550nm)

80Km + 60min 100Km + 120min

Correlation between satellite AOD (550 nm) (MODIS and VIIRS) with AERONET (550 nm) at all four spatiotemporal window (A) 20 km + 15 min (B)
50 Km + 30 min (C) 80 Km + 60 min (D) 100 Km + 120 min.

InAOD, = By + B, In) + B, (In1)*

where By, Bj, and B, are constant coefficients and A is the
wavelength. The AOD at three different wavelengths (440, 500, and
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675nm) is taken to estimate coefficients. After converting the
AOD at 550 nm, further calculations were performed to examine
the accuracy of satellite-derived AOD. Statistical analyses like
correlation coefficient (R, Eq. 2), root-mean-square error
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TABLE 1 Statistical chart for different spatiotemporal windows.

10.3389/fenvs.2023.1158641

MODIS VIIRS
20 Km + 50 Km + 80 Km + 100 Km + 20 Km + 50 Km + 80 Km * 100 Km +
15 min 30 min 60 min 120 min 15 min 30 min 60 min 120 min
RMSE 0.213 0.218 0.237 0.236 0.15 0.155 0.167 0.158
R 0.858 0.846 0.831 0.759 0.822 0.824 0.806 0.819
Jaipur MAE 0.170 0.176 0.197 0.20 0.095 0.098 0.104 0.102
RMB 0.627 0.641 0.593 0.591 0.914 0.877 0.888 0.86
Slope 0.885 0.931 0.864 0.839 0.606 0.576 0.554 0.566
Intercept | —0.108 -0.126 -0.121 -0.112 0.137 0.137 0.154 0.135
RMSE 0.816 0.209 0.233 0.231 0.239 0.239 0.229 0.263
R 0.869 0.869 0.807 0.759 0.704 0.722 0.706 0.701
Kanpur MAE 0.135 0.134 0.142 0.146 0.165 0.163 0.159 0.185
RMB 0.906 0.955 0.95 0.934 0.968 0.959 0.973 0.885
Slope 0.973 0.929 1.005 0.945 0.441 0.454 0.458 0.415
Intercept | 0.047 0.017 0.035 0.007 0.346 0.338 0.325 0.325
RMSE 0.871 0.229 0.266 0.288 0.593 0.372 0.509 0.406
R 0.881 0.879 0.836 0.759 0.521 0.485 0.487 0.486
goa“u;i;’e‘ MAE 0.148 0.151 0.165 0.176 0.265 0.262 0.286 0.298
RMB 1.097 1.094 1.084 0.992 0.76 0.784 0.712 0.700
Slope 1.08 1.073 1.042 0.999 0.292 0.294 0.286 0.271
Intercept | 0.009 0.012 0.025 0.005 0.284 0.295 0.275 0.284
RMSE 0.126 0.109 0.098 0.112 0.136 0.135 0.134 0.156
R 0.881 0.885 0.875 0.759 0.772 0.742 0.747 0.666
Pune MAE 0.103 0.087 0.075 0.081 0.099 0.096 0.095 0.109
RMB 1.256 1.162 1.038 1.074 1.114 1.029 0.986 1.021
Slope 0.951 0.966 0.919 0.957 0.660 0.627 0.699 0.63
Intercept | 0.104 0.068 0.043 0.043 0.161 0.146 0.105 0.145

(RMSE, Eq. 3), mean absolute error (MAE, Eq. 4), and root mean
bias (RMB, Eq. 5) were performed. The uncertainty of the satellite-
retrieved AOD over land is evaluated based on the expected error
(EE), as shown in Eq. 6.

Here, Cov = covariance, Sat = satellite, Aero = AERONET, and
SD = standard deviation

AODg,AOD
R = Cov ( Sat Aero) (2)
(SDAOD(Sat) *SD oD (Aero))
1o 2
RMSE = \/;Zi:l (AOD (atyi = AOD (ser0)) 3)
1o
MAE = - (AOD su; = AOD (seron) (4)
AOD

RMB = — % (5)

AODAero:
EE =+ (005 + 0.15AOD(A”U)) (6)
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5 Results & discussion
5.1 Correlation plot

Retrieved satellite AOD is compared with ground-based AOD
observation over all four prominent AERONET stations (Jaipur,
Kanpur, Gandhi College, and Pune) at all four spatiotemporal
windows, as shown in Figure 2. Figure 2 demonstrates correlations
at all four different discrete combinations of spatial and temporal
window (A) 20 Km + 15 min, (B) 50 Km * 30 min, (C) 80 Km +
60 min, and (D) 100 Km + 120 min. Black dotted lines within
the plot represent EE (+£0.05 + 0.15 AOD), and red lines denote the
best fit of the given datasets. Analysis of all discrete spatiotemporal
windows is validated statistically to find the best window size
having the maximum number of matchup points along with
high correlation. The size of spatial and temporal windows to
be used depends on the homogeneity scale of the AOD field and the
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FIGURE 3
Seasonal variation of AOD (550 nm) against AERONET AOD (550 nm).

spatial resolution of the AOD product. From the calculated
statistics, it was analyzed that the most suitable spatiotemporal
window is 50 Km * 30min showing high correlation and
least error among all. Statistical values calculated are shown in
Table 1.

All the pixel values within the area of 50 km centered on the
AERONET site and +30 min for satellite overpass time is
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considered for correlation. More than 1,000 points were
collected upon which total valid matchup points with ground
observations were 396, 602, 316, and 298 over Jaipur, Kanpur,
Gandhi College, and Pune for MODIS, respectively, and 631,
691,418, and 383 over Jaipur, Kanpur, Gandhi College, and Pune
for VIIRS, respectively, considering the best quality flag data
from both the satellites. Statistical analysis has been performed
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Box and whisker plot representing the seasonal variation of AERONET AE.

on matchup datasets over each station. Figure 2 represents the
comparison between MODIS- and VIIRS-retrieved AOD and
AERONET AOD over all four AERONET sites. MODIS-
acquired AOD shows correlation coefficients (R) 0.846 and
0.869 over Jaipur and Kanpur, respectively, with 68.5%
(Jaipur) and 78.6% (Kanpur) of total sample points falling
within the expected error (EE). This indicates that the
MODIS Aqua 10Km level 2 product is having good
correlation with ground-observed AERONET AOD and meets
the minimum criteria of the percentage [66%, (Levy et al., 2010)]
of data falling within the EE. RMSE values 0.218 at Jaipur and
0.209 at Kanpur are calculated, which explain the distance of the
residuals from the regression line. Therefore, lower RMSE shows
better results. RMB 0.641 and 0.955 over Jaipur and Kanpur,
the

statistical

indicated overestimation or
Other like MAE
(0.176—Jaipur and 0.134—Kanpur) are calculated, where

respectively, significant

underestimation. parameters
MAE represents errors between satellite AOD and ground-
observed AOD. Hence, higher the precision value, lower the
precision will be (Li et al., 2019). Similar statistics were carried
out for the comparison between VIIRS-retrieved AOD with
AERONET AOD. Good correlation can be observed with the
R values 0.824 and 0.706, with 75.5% and 76.1% of total sample
points falling within the EE for Jaipur and Kanpur, respectively.
Remaining statistical matrices (RMSE = 0.155, MAE = 0.098, and
RMB = 0.877 over Jaipur and RMSE = 0.229, MAE = 0.159, and
RMB = 0.973 over Kanpur) also suggest that VIIRS is highly
accurate and precise with the ground observation with low
RMSE, MAE, and RMB. Very bad slopes for linear regression
can be observed for VIIRS (0.576 for Jaipur and 0.454 for
Kanpur) as compared to MODIS (0.931 for Jaipur and
0.929 for Kanpur). This indicated an underestimation by
VIIRS against AERONET, suggesting requirement for refining
the aerosol model. Overall results exhibit that both the satellite-
retrieved AOD products are strongly correlating with ground-
measured AOD, mentioning the fact the MODIS 10 Km
L2 product is showing better results than that of VIIRS.
Statistical analysis has been performed over Gandhi College

Frontiers in Environmental Science

08

and Pune for both the satellites. MODIS-acquired AOD shows
a correlation coefficient (R) of 0.879 and 0.885 over Gandhi
College and Pune, respectively, with 77.67% and 78.68% of total
sample points satisfying the criteria of EE. RMSE and RMB were
calculated to be 0.229 and 1.094 at Gandhi College and 0.109 and
1.162 at Pune, respectively. RMSE explains the distance of the
residuals from the regression line. Therefore, lower RMSE shows
better results. On the other hand, RMB values indicate the
significant overestimation or underestimation by the model.
Other statistical parameters like MAE (0.151—Gandhi College
and 0.087—Pune) were calculated to estimate the error between
satellite AOD and ground-observed AOD. The higher the
precision value, the lower the precision will be (Li et al., 2019).

Similar statistical analysis was carried out for comparison
between VIIRS-retrieved AOD with AERONET AOD. A positive
correlation with the R value of 0.485 along with and other
statistical parameters (RMSE = 0.591, MAE 0.262, and
RMB 0.784 over Gandhi College) were calculated for
comparing VIIRS observations with the ground observations
of AOD. For VIIRS, only 60.67% of the total sample points
fall within the expected error (EE), which fails to meet the
minimum criteria of 66% of data falling within the EE (Levy

et al, 2010). Furthermore, a lower slope value for linear
regression was obtained for VIIRS (0.294) than for MODIS
(1.073). Both the sites (Kanpur and Gandhi College) located at
the IGP region show less correlation and high error. Significant
factors are the presence of a variety of aerosol types, including
fine and coarse aerosols, and their mixing (Kumar et., 2017).
These aerosols have different optical properties, and their mixing
can lead to errors in AOD estimation as the satellite retrieval
algorithms may not accurately account for the mixing of different
aerosol types. This indicates an underestimation by VIIRS against
AERONET, suggesting requirement for refining aerosol models.
Pune shows good correlation, with the R value of 0.7441,
satisfying the EE criteria, and other statistical parameters
(RMSE = 0.135, MAE = 0.096, and RMB = 1.029). Overall
results indicate that both the satellite-retrieved AOD products
strongly correlate with ground-measured AOD, mentioning the
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fact that the MODIS 10 km L2 product shows better results than

that of VIIRS.

Similarly, the seasonal correlation obtained to study the size

distribution of aerosols (i.e., fine, mixed, and coarse-mode

dominance) may vary with different seasons; thus, seasonal
validation statistics of MODIS and VIIRS AOD is acquired on
the basis of size dominance. Figure 3 shows seasonal validation
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80
Longitude

85 90 95

of MODIS and VIIRS with AERONET AOD at 550 nm on the
spatiotemporal window of 50 Km + 30 min over all four sites. Black
lines denote the Expected Error (EE) envelope where the trend line is
shown in red within the figure. In all seasons, both the satellites show
good correlation with AERONET by low errors. Very few matching
points were found for both the satellites during monsoon (JJAS) due
to heavy cloud cover in this season. Both the satellites show good
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MODIS spatial distribution for post monsoon season (OND, 2014-2020).

correlation with ground-observed AOD in all seasons. It can be seen
that MODIS is overestimated over Jaipur in winter (JF) and pre-
monsoon (MAM) as most of the values are above the trend line
because in winter and pre-monsoon, dust storms are more frequent
because of reduction in transparency by the Thar Desert, that results
in lower reflectance (Payra et al, 2015). Similarly, it is slightly
underestimated (OND) over post monsoon, showing more values
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below the trend line. Similar trends can be seen over Gandhi College
in all the seasons. It was noted that VIIRS shows poor slopes as
compared to MODIS over both Gandhi College and Kanpur (IGP),
that suggests the requirement for refining aerosol models used in DB
retrievals as satellites (VIIRS) underestimate areas having high
aerosol loading. Very slight underestimation is observed over
Pune in all the seasons by both the satellites, which may be due
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to the dominance of anthropogenic fine-mode aerosol particles
(Gawhane et al., 2019). To check the size dominance of AOD, a
seasonal distribution of AE has been studied, as shown in Figure 4.
The box and whisker plot represent seasonal variation of AE. Green
dots within the plot (Figure 4) indicate the mean value of the sample
space, and the black horizontal lines represent the median of the
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distribution. An angstrom is a quantitative indicator having a higher
value for fine-mode dominated aerosols and a lower value for
coarse-mode dominated particles (Deep et al., 2021). It is found
that pre-monsoon (MAM) and monsoon (JJAS) are showing low AE
(AE < 1), indicating the presence of coarser mode of aerosols over all
the sites, except over Gandhi College for both the satellites. Gandhi
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College is showing fine-mode aerosol types throughout the year. 52 Spatial distribution

This is most likely, due to open burning of crops (wheat) in the pre-

monsoon season, as agriculture is the major activity in this region. For a period of 7 years (2014-2020), the spatial distribution of
This produces very fine aerosol biomass in the region (Sharma etal.,  both satellites (MODIS and VIIRS) has been studied both seasonally
20105 Srivastava et al.,, 2011). During the months of winter (JF) and  as well as annually. According to the Indian Meteorological
post monsoon (OND), the AE value remains more than 1, showing ~ Department (IMD), seasons over India are classified into winter
the presence of fine-mode particles. season JF (January-February), pre-monsoon MAM (March-May),
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southwest monsoon season JJAS (June-September), and post
monsoon season OND (October-December) (Singh et al., 2021).
Figures 5-8 display the spatial heterogeneity in AOD retrieved
from Aqua-MODIS for all four different seasons (JF, MAM, JJAS,
and OND) from 2014 to 2020. Similarly, Figures 9-12 represent
VIIRS-derived AOD for the respective season at the same given
period of time. Both satellites depict almost similar spatial
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distribution patterns in almost all the seasons. Concentration of
AOD in winter (JF, Figures 5, 9) and post monsoon (OND, Figures 8,
12) seasons in both the satellites is high over India, especially over
the Indo-Gangetic Plain (IGP). This is due to interference of
planetary boundary layer (PBL) fluctuation that stays low during
the winter and post monsoon season forming inversion layers,
which limit the vertical mixing of columnar aerosol and avoid
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FIGURE 16

Scatter plot of AE (440-870 nm) against satellite AOD at 550 nm for both the satellite MODIS (A-D) and VIIRS (E—H).

dispersion (Ramachandran et al., 2012; Murari et al., 2015). The  in lower concentration of AOD loading (Figures 6, 10). India
reverse phenomenon is observed in pre-monsoon season (MAM),  experiences most of the rainfall in months of JJAS when the
where the PBL moves up due to high insulation, providing a  southwest monsoon strikes the Indian landmass. It is expected
favorable condition for vertical mixing and dispersion, resulting  that precipitation during these months results in reduction of the
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mass concentration of AOD, resulting in lower AOD loading in JJAS
(Prasad et al., 2004), though both the satellites were found to be
overestimating the AOD concentration during these months
(Figures 7, 11). Figure 3 justifies that JJAS coarse-mode particles
are dominant over fine mode (AE >1). In these months, the
atmosphere is less transparent due to the presence of huge
amount of water vapor and relative humidity that decrease the
surface reflectance, resulting in overestimation of AOD. It should be
emphasized that overestimation is most probably due to hindrance
in AOD retrieval because of cloud cover (Ramachandran & Cherian,
2008). The other possible reason of detecting high AOD
concentration in the presence of high amount of water vapor or
relative humidity during these seasons leads to condensation of
water vapor on the aerosol particle surface, which affects the aerosol
optical properties by changing the effective refractive index and size
of particles. This increase in the extinction coefficient (scattering and
absorption) results in large optical depth.

Overall comparison of annual mean of AOD for MODIS
(Figure 13) and VIIRS (Figure 14) has been performed to check
the spatial heterogeneity from years 2014-2020. Both the satellites
exhibit almost similar spatial variability ranging from 0 to 1. Aerosol
loading over the IGP is high in all the years from both satellite
products. The IGP region consists of several states, like Punjab,
Haryana, Uttarakhand, Uttar Pradesh, Bihar, and West Bengal
(Saud et al,, 2012), which are the major sources of anthrophonic
air pollution such as transportation, construction activities,
household pollutants, and biomass burning, as these states are
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highly industrialized and densely populated (Kedia et al., 2014).
Another reason is that the IGP is highly influenced under the desert
dust coming from the western part of India (Thar Desert, Rajasthan)
due to advection from the arid to semi-arid zone during spring and
summer (Eck et al., 2012). Figure 15 shows the bias between VIIRS
and MODIS (VIIRS-MODIS). A systematic bias has been observed
among all the years between VIIRS and MODIS ranging from
minimum —-0.3 to maximum 0.3 (30% approximately). VIIRS is
found to be overestimating in the western part of India covering
states like Rajasthan and Gujrat. This overestimation is due to higher
albedo over the desert part of India. Similar patterns can be observed
over parts of the Southern Peninsula in India. On an average, the
bias between VIIRS and MODIS ranges between —0.15 and 0.15.
Different aerosol types are known to significantly affect the
accuracy of satellite-derived AOD products. Furthermore, to
investigate the effects of different aerosol types, satellite-derived
AODs have been documented. AE derived from AERONET is used
to investigate the size and aerosol types, as shown in Figure 16 for
both the satellites MODIS (A-D) and VIIRS (E-H) over all the four
stations. AE < 0.6 is classified as the Coarse mode, 0.6< AE<1.2 is
considered as mixed-mode aerosol, and AE > 1.2 is classified as the
fine mode (Logothetis et al., 2020; Ali et al., 2020). All the stations,
except Jaipur, in both the satellites are found to be dominated by
fine- and mixed-mode aerosol particles. Fine-mode aerosols, which
are typically smaller in size and more abundant in urban and
industrial areas, tend to scatter and absorb light more efficiently
at shorter wavelengths in the visible spectrum (Yang et al., 2009).
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Pair plot correlation coefficient for MODIS, VIIRS, and AERONET.

Mixed-mode aerosols are those that have both fine- and coarse-
mode particles in their size distribution. These aerosols can have a
significant impact on satellite-derived AOD estimates due to their
complex optical properties and size distribution (Levy et al., 2007).
As a result, the presence of fine- and mixed-mode aerosols can cause
satellite-retrieved AOD values in the visible spectrum to be
underestimated. This underestimation is more prominent in
VIIRS as compared to MODIS for the entire IGP region, as
15—bias between VIIRS and MODIS).
However, VIIRS overestimates AOD for Jaipur, which is

shown in Figures
dominated by coarse-mode particles, likely due to dust from the
Thar Desert. Coarse-mode aerosols, which are typically larger in size
and more abundant in desert regions, tend to scatter and absorb
light more efficiently at longer wavelengths in the near-infrared
spectrum (Ma et al., 2019). This can lead to satellite-retrieved AOD
values in the near-infrared spectrum to be overestimated in the

Frontiers in Environmental Science

16

presence of coarse-mode aerosols. Overall, MODIS performed better
than VIIRS, indicating that VIIRS AOD retrieval is significantly
affected by aerosol type. This suggests the need for proper
incorporation of aerosol type information into the retrieval
algorithm by refining aerosol models. By taking into account the
effects of different aerosol types, we can better understand the
sources and impacts of aerosols on the atmosphere and improve
the accuracy of satellite-retrieved AOD estimates.

Figure 17 represents the box plot between satellite-derived AOD
biases (AODg,enite—AOD sprongT) With respect to ground-observed
AOD. The presented data in Figure 17A through 17D depict MODIS
observations over Jaipur, Kanpur, Gandhi College, and Pune,
respectively, whereas data in Figure 17E to 17H illustrate VIIRS
observations over the same locations. EE is shown in the black
dotted line, whereas the red line within the box is the median. The
box plot represents the 2"! and 3™ quartile, and whiskers are the

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1158641

Payra et al.

minimum and maximum (1* and 4" quartile) AOD errors.
Numbers above each box represent the total sample point falling
within the range of the respective box. Total collected sample points
were taken from 2014 to 2020 of both the satellites against
AERONET AOD. Graphs suggest that most of the satellite-
derived AOD fall within the range of 0-1. Figure 17A shows that
MODIS AOD VIIRS
underestimates AOD >0.2. (Figure 17E). However, an opposite

overestimates over Jaipur, while
trend is observed over Kanpur (Figures 17B, F), where MODIS is
overestimating at AOD <0.6, and VIIRS is overestimating at
AOD<0.4. For Gandhi College, MODIS (Figure 17C)
overestimates AOD (except for AOD = 0.6-0.8), while VIIRS
(Figure 17G) underestimates AOD >0.4. An opposite trend is
observed over Pune (Figures 17D, H), where MODIS
underestimates AOD and VIIRS overestimates AOD <1.6. A
that both the

underestimate AOD >1 on both the stations. Numbers above

common trend is emphasized satellites
each box represent that the total sample point falls within the
range of ground-observed AOD. Most of the points fall within
the range of 0.2-0.8 and were within the EE. The results indicate that
MODIS is showing better accuracy than that of VIIRS over Jaipur,
Kanpur, and Gandhi College, while VIIRS performs better over
Pune. Graphs also depicted that the data over Pune have low and
systematic bias compared to those over Gandhi College. MODIS
indicates very slight fluctuation from the observation of positive and
negative bias at all stations (Figure 17A-D) with very low
overestimation and underestimation. On the other hand, VIIRS is
consistently moving toward the negative bias with increasing optical
depth. VIIRS has been found to significantly underestimate high
aerosol loadings in all the stations (Figures 17E, F), indicating that
the aerosol model used may not be appropriate and that there could
be errors in the estimated surface reflectance. The underestimation
of aerosol loadings by satellites can be attributed to errors in the
retrieval of aerosol optical depth (AOD), which can be influenced by
the of

Overestimation of surface reflectance can lead to underestimation

uncertainties  in estimation surface  reflectance.
of AOD, introducing biases in the retrieval of aerosol loadings and
contributing to uncertainty in the estimates (Ali et al., 2020; Bilal
et al, 2018). The findings suggest that there is a need for
improvements in the VIIRS algorithm to enhance the accuracy of
aerosol loading estimates. This could include refinement of the
aerosol models used in the algorithm, as well as improvements in
the calibration and validation procedures to reduce uncertainties
and biases due to surface reflectance in the retrievals.

Figure 18 represents the pair plot, also known as a scatter plot
matrix, which is a graphical representation that displays the
relationships and distributions between MODIS, VIIRS, and
AERONET AOD for all the stations. The diagonal subplot
contains the baseline AOD kernel density estimate, while the
scatterplots provide insight into the relationship between AOD
The results show that the

correlation between all three instruments in Jaipur is almost the

values of all three instruments.

same, ranging from 0.82 to 0.84. However, at Kanpur, Gandhi
College, and Pune, MODIS AOD was observed to be well-
correlated with AERONET AOD, with correlation coefficients of
0.82, 0.88, and 0.85, respectively. These results indicate that MODIS
has better agreement with AERONET AOD compared to VIIRS at
these stations.
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6 Conclusion

This work involved validating the VIIRS AOD (550 nm) DB
product and Aqua-MODIS AOD DB product with ground-observed
AOD over India. To examine the performance of both satellite AOD
products, the study was conducted for a period of 7 years
(2014-2020). VIIRS is a new-generation polar orbital satellite
developed on the MODIS and AVHRR heritage. Both the
satellites use the similar AOD retrieval algorithm.

The study suggests that both the satellites provide good AOD
products with a higher correlation range of 0.75-0.85 with ground
observation over India. The evaluation and statistical comparison
between satellite-retrieved AOD and ground-measured AOD
exhibit that MODIS provides better AOD products with high
correlation (0.86—Jaipur, 0.79—Kanpur, 0.84—Gandhi College,

and 0.74—Pune) along with low RMSE (0.16—Jaipur,
0.31—Kanpur, 0.23—Gandhi College, and 0.11—Pune), MAE
(0.12—Jaipur, 0.20—Kanpur, 0.15—Gandhi College, and
0.09—Pune), and RMB (0.83—TJaipur, 1.01—Kanpur,

1.09—Gandhi College, and 1.16—Pune). Slightly low correlation
is evaluated for VIIRS (0.75—7Jaipur, 0.77—Kanpur, 0.49—Gandhi

College, and 0.86—Pune), having RMSE (0.22—Jaipur,
0.28—Kanpur, 0.37—Gandhi College, and 0.14—Pune), MAE
(0.13—Jaipur, 0.13—Kanpur, 0.26—Gandhi College, and
0.10—Pune), and RMB (0.97—TJaipur, 0.91—Kanpur,

0.78—Gandhi College, and 1.03—Pune) with respect to MODIS
over Jaipur, whereas the opposite trend is observed over Kanpur.
The expected error envelope (+0.05 + 0.15 AOD) is used over both
the satellite products where more than 66% of total sample points
fall within the EE over both the AERONET sites.

Approximately equal spatial homogeneities have been
observed between the two satellites, indicating high AOD
values in winter and post monsoon, with low AOD reported
in summer. Fine-mode particles are more common during the
months of October, November, December, January, and
February, than coarse-mode particles, which dominate during
the months of March to September. This is due to the change in
optical properties of aerosol due to dust storms (MAM) and
high-water vapor content (JJAS). There is a systematic bias that
has been reported with a range of —0.3 to 0.3 where the AOD
value is ranging from 0.2 to 0.8. Furthermore, different aerosol-
type studies explain that VIIRS needs refinement aerosol
models, which underestimate fine-mode and overestimate

MODIS
overestimation,

decent
VIIRS
underestimates high aerosol loading. Overall, the study
concludes that both satellites offer high-quality AOD
products, while MODIS shows slightly better performance
than that of VIIRS over India. Both high-resolution satellites
play an important role in monitoring and evaluating accurate

coarse-mode  aerosols. displays a

underestimation and whereas

and precise air quality information.
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