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ARTICLE INFO ABSTRACT

Keywords: Delhi National Capital Region (NCR) of India is one of the most polluted regions in the world, yet only two
AOD ground-based monitoring sites under the AEROsol RObotic NETwork (AERONET) measuring Aerosol Optical
MODIS C6.1 Depth (AOD) are operational in this region. Here, we assessed the performance of Terra and Aqua MODIS
SERONET collection 6.1 AOD product to understand their applicability for studying seasonal and spatial variations of AOD
BT over Delhi-NCR. We compared Deep Blue AOD at 550 nm retrieved at 10 km resolution (DB;¢k), and Dark Target

NCR AOD retrieved at 3 km (DTsg) and 10 km (DT;0x) resolutions against AOD from these two AERONET sites (Gual
Pahari and Amity University) during 2010-2019 keeping in mind the uncertainty range represented as expected
error (EE) envelope [EE = + (0.03 + 20% AODagrongT) for DBk, EE = + (0.05 + 20% AODaggroner) and EE = +
(0.05 + 15% AODagroner) for DTsk and DTjox respectively]. Our evaluation reveals the following statistics:
correlation coefficients (R) of 0.44, 0.74, and 0.77 for DB;og, DT3g, and DT1ox AODs from TERRA and 0.7, 0.79,
and 0.72 from AQUA, respectively and root mean square errors of 0.26, 0.01, and 0.17 for AODs from TERRA and
0.24, 0.20, and 0.24 for AODs from AQUA, respectively. Our results demonstrate better reliability of the DT AOD
products relative to DB over urbanized areas in North India. Emission from industries, power plants, brick kilns,
enhances aerosol loading after a light precipitation event.

1. Introduction

Aerosols alter the weather and climate through direct and indirect
effects (Boucher and Haywood, 2001; Kaufman et al., 2002). The fore-
most requirement to minimize aerosol forcing’s uncertainty is spatially
and temporally continuous data of aerosol properties, such as aerosol
optical depth (AOD), aerosol size distribution, and their ability to scatter
and absorb radiation. In the early part of the last decade of the 20th
century, a network known as Aerosol Robotic Network (AERONET) was
developed by NASA to systematically measure columnar aerosol optical
properties using a sunphotometer (Holben et al., 1998). Parallel efforts
led to the development of Skynet (Campanelli et al., 2015; Sano et al.,
2003) and the multi-wavelength radiometer network of the Indian Space
Research Organization (Kompalli et al., 2010; Moorthy et al., 1989).
Though these networks gradually expanded over the years, covering
diverse geographical regions, a substantial spatial gap still exists,

especially in developing countries.

Satellite remote sensing evolved to complement the surface-based
measurements of aerosol characteristics and fill the spatial gap. In the
20th century, passive sensors were only capable of measuring aerosols
over the oceans. Long-term data from Global Aerosol Climatology
Project (Mishchenko et al., 2007) revealed a declining trend in global
AOD during 1991-2005, in agreement with an increasing trend in sur-
face solar irradiance (Wild et al., 2005). The aerosol monitoring from
space experienced a paradigm shift (Kaufman et al., 2002) with the
launch of NASA’s Earth-observing satellite Terra that carried two sen-
sors -Moderate Resolution Imaging Spectroradiometer, MODIS (Sai
Suman et al., 2014) and Multiangle Imaging Spectroradiometer, MISR
(Mukherjee and Vinoj, 2020), and Aqua that carried MODIS capable of
retrieving aerosol properties over land and ocean. These sensors
continue to provide aerosol data over 20+ years that helped (i) under-
standing the global patterns of AOD and their temporal trends (Alpert
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et al., 2012; Tong et al., 2020); (ii) reducing the uncertainty in aerosol
radiative forcing (Kahn, 2012); (iii) improving our understanding of the
aerosol-cloud interaction (Bender et al., 2019) and (iv) examining the
environmental impacts of aerosols (Colbeck and Lazaridis, 2010;
Ren-Jian et al., 2012).

The aerosol retrieval algorithms of MODIS and MISR have been
updated several times during the mission to improve upon the limita-
tions of the previous versions of the algorithm. For example, MODIS
aerosol product has changed from the collection, C4 to C6.1 (with in-
termediate versions C5, C5.1, and C6 in between). In addition to the
global validation routinely carried out by the MODIS science team (e.g.,
Christopher and Gupta, 2020), regional validation is also important to
understand such products’ utility for local applications (Bilal et al.,
2019; Huang et al., 2019; Tian et al., 2018; Tuna Tuygun et al., 2020).
Satellite aerosol products have been proven to be highly useful in aerosol
studies over the Indian subcontinent (Dey and Di Girolamo, 2010;
Mangla and Chakra, 2020; Mhawish et al., 2017; Tripathi et al., 2005)
where ground-based observations are scanty.

The majority of the previous satellite-based aerosol studies in India
analyzed the older versions of the aerosol products; only a handful of
studies validated C6.1 aerosol products (Mangla et al., 2020; Mhawish
et al., 2017; Sayer et al., 2013). Most importantly, none of the previous
studies focused on the Delhi National Capital Region (NCR) except one
study (Srivastava et al., 2014) that used the older MODIS C5 aerosol
product. Delhi NCR has been identified as one of the most polluted
metropolitan areas globally (WHO, 2016). However, in such a dynamic,
highly urbanized, and polluted region, only two AERONET sites are
available (Fig. 1), which reinforces the need to apply satellite-based
aerosol products for a range of applications, including the use of AOD
for estimating surface fine particulate matter, PMy 5 (Dey et al., 2012;
Chowdhury et al., 2019). Therefore, the present study aims to carry out a
rigorous evaluation of MODIS AOD C6.1 products with AERONET ob-
servations within Delhi NCR for ten years (2010-2019) and apply it to
understand the spatio-temporal variations of the aerosol properties in
the region.

2. Study area, data, and methodology
2.1. Study area

Delhi NCR covers the entire National Capital Territory (NCT) of
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Delhi and 13, 8, and 2 districts of the adjacent states of Haryana, Uttar
Pradesh, and Rajasthan, respectively, with a total area of 53,600 km?
(Jalan, 2019). It is a region of mixed urban and rural land covers with an
urbanization level of 62.6% and a population of 46 million (Census of
India, 2011). In the present study, four Delhi NCR districts (Gurugram,
Ghaziabad, Faridabad, and Gautam Buddha Nagar) are chosen (Fig. 1).
These four districts share similar climatic characteristics with four
distinct seasons - pre-monsoon/summer (March-May), monsoon
(June-September), post-monsoon (October-November), and winter
(December-February). The average temperature varies from 25 °C to 49
°C during summer and from 22 °C to 2 °C during winter. Dust storms
from Rajasthan and snowfall near Kumaon and Garhwal affect the
weather significantly of the study area.

Gurugram (28.45° N, 77.02° E) ranks as the 6th most polluted city in
the South Asian region (2018 World Air Quality Report, 2018; Dahiya
et al., 2017). It is one of the leading financial and commercial hubs with
the highest Human Development Index of 0.88 in India (SDG Vision
Haryana, 2030, 2017). Ghaziabad (28.66° N, 77.45° E) has experienced
extensive deforestation due to the construction and highway projects
and was declared the second most polluted city by the world air quality
report of 2018 (2018 World Air Quality Report, 2018). Faridabad
(28.40° N, 77.31° E), the fourth most polluted city in 2018 (2018 World
Air Quality Report, 2018), is the most populous city of Haryana and also
is a leading industrial centre. Gautam Buddha Nagar (28.33° N, 77.60°
E) is also equally polluted (2018 World Air Quality Report, 2018; Dahiya
et al., 2017). Despite having such enormous urbanization and high air
pollution level, aerosol characteristics in the area are still less explored
to the best of our knowledge.

2.2. Satellite aerosol products

In the present study, we analyzed MODIS Terra (MODO04C6.1) (with
10:30 equatorial overpass time) and MODIS Aqua (MYD04C6.1) (with
13:30 equatorial overpass time) C6.1 AOD observation (AODyopis) and
ground-based AERONET data (AODagrongr) from January 2010 to
December 2019. MODIS level-2 AOD products over land are retrieved by
two algorithms: Deep Blue (DB) and Dark Target (DT). These AOD
products are updated over time to reduce uncertainty and enhance AOD
retrieval quality based on improved cloud mask, better surface reflec-
tance estimation, and aerosol model schemes. Thus, C6.1, the most
recent version of the product, was released in 2017 (Gupta et al., 2016;
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Fig. 1. Location of the study area and AERONET sites. LU/LC is extracted based on MCD12Q1 product of MODIS Land Cover at 500m resolution.
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Levy et al, 2007, 2013bib_Levy_et_al 2013bib_Levy_et_al 2007; Remer
et al., 2013). DB algorithm retrieves AOD at 10-km (DBj¢k) resolution.
DB algorithm was developed to retrieve aerosol properties over bright
desert surfaces using deep-blue wavelength (0.47, or 0.412, 0.65 pm). In
this algorithm, retrieval is performed at a 1-km resolution for the
clear-sky pixels and then aggregated into a 10-km resolution (Hsu et al.,
2006). Surface reflectance is assigned to the clear-sky pixels depending
upon location, season, and the land cover type, from the look-up table
(LUT) in visible bands (0.412, 0.47, 0.65 pm) at 10-km resolution. This
algorithm’s expected error envelope is + (0.03 + 20% AODAERONET)
(Bilal et al., 2018).

DT algorithm retrieves AOD at 10 km (DTjox) and 3 km (DTsgk)
resolution. Dark Target provides a better insight over the densely
vegetated area. In a retrieval box of 10-km x 10-km, a group of 20 x 20
pixels with a resolution of 500 m at 0.47, 0.65, and 2.13 pm channels are
organized. All the pixels with a reflectance of cloud, desert, snow/ice,
and inland water and the remaining 20% darkest and 50% brightest
pixels are discarded. Parametrization of two visible channel surface
reflectance is done by a dynamic relationship between visible (0.47,
0.68 pm) and IR (2.13 pm) channels. According to geolocation and
season, the aerosol model and LUT are employed for DT retrievals. After
the matchup of radiance values in the LUT, spectral AOD can be ob-
tained. Unlike DTk, the retrieval box is 3-km x 3-km and 36 pixels are
organized for DTsk. The expected error envelope for the 3-km product is
+ (0.05 + 20% AODjgroneT) (Levy et al., 2013), whereas, for the 10-km
product, it is + (0.05 + 15% AODagroneT) (Remer et al., 2005). The
DTsk, DT10k, and DBygx AOD products are downloaded from https://la
dsweb.modaps.eosdis.nasa.gov/for the present study. C6.1 DT AOD
product has provided better insight for urban areas (urban area
coverage > 20%) by using visible and SWIR band relationships for
surface characterization in different parts of the world (Gupta et al.,
2016).

2.3. AERONET aerosol product

Satellite aerosol products are validated using coincident AERONET-
retrieved AOD data. The AERONET provides AOD data in 8 spectral
bands with a high temporal resolution of 15 min by measuring spectral
solar irradiance and sky radiance (Holben et al., 1998). AODAERONET
level 2.0 cloud screened and quality assured data has been processed for
two sites - Gual Pahari and Amity University (locations shown in Fig. 1)
in the study area from 2010 to 2019.

AODggroneT is not available at 550 nm; therefore, the measurements
are interpolated to 550 nm using Angstrom Exponent. Angstrom Expo-
nent () is provided along with AODagroneT and defined as:
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Here, 11 and 73 are the measurements of AOD at wavelengths A, and
Ay, respectively. The wavelengths used for the angstrom exponent are
675 nm and 440 nm.

Apart from aerosol data, MCD12Q1 land cover product with 500 m
resolution has been used to obtain the diverse urban and rural land cover
of the present study area. Details of all the data used in the present study
have been provided in Table 1.

a= —

€8]

2.4. Methodology

The current methodology can be divided into i) Processing of AOD-
MODIS, ii) PI‘OCCSSing of AODagrongT & iii) Validation of AODyopis
against AODpgroneT- After evaluating the products, we have assessed
the spatial and seasonal variations of AOD and examined the trends. All
three - DTsg, DTqok, and DBjogx AOD retrievals have been validated
against the two AERONET sites in the current study. For DBk, the
parameter “Deep_Blue_Aerosol Optical Depth_550_Land_Best_Estimate”
with the highest quality assurance flag (QAF>2) in the AOD product was
analyzed. Likewise, we only processed the parameter “Opti-
cal Depth_Land_And_Ocean” with the highest quality assurance flag
(QAF = 3) for DT3kx and DTyox AOD products.

AODyopis is available at a wavelength of 550 nm, whereas the
nearest available wavelength for AODagrongT is 500 nm. Therefore, for a
proper comparison and validation of AODyopis, AODagroNET at 500 nm
is converted to AODagrongT at 550 nm using equation (2) (Cesnulyte
et al., 2014):

550\ ¢
AOD:ssy,, =AODsy, — 2
ODss ODsopum X (50()) 2

where a = angstrom exponent in 440-675 nm wavelength range (Sayer
et al., 2013). Moreover, AODagrongT Measurement took place for a point
at an average interval of 15 min. However, AODyjopjs is @ measurement
of average aerosol for a particular area around the AERONET site twice a
day. It is inappropriate to directly match the pixel value of AODyopis
with point-based AERONET measurements. Therefore, for the matchups,
AODyopis is spatially averaged in a 30 km x 30 km square box by taking
AERONET locations as a central pixel to cover the heterogeneous
landmasses and aerosol types (Xie et al., 2011). The AERONET instru-
ment needs at least 1-h time to collect similar air mass monitored by the
satellite data for accurate aerosol information in the dynamic

Table 1
Details of satellite and AERONET station data used.
Data Scientific Data Sets (SDS) Description Resolution Location Time Period Source
AERONET Aerosol Optical Depth (V2) Version 2 Direct 500 nm Amity University 2010, 2016, http://aeronet.
Sun Algorithm 2017, 2018 gsfc.nasa.gov/
Gual Pahari 2017, 2018,
2019
MODO04_L2, Optical_Depth_Land_And_Ocean DT AOD at 550 3 km,10 km Gurugram, 2010-2019 https://la
MODO04_3K nm over land (QAF = 3) Faridabad, 2010-2019 dsweb.modaps.
and ocean Ghaziabad, Gautam eosdis.nasa.
Deep_Blue_Aerosol_Optical Depth_550_Land_Best_Estimates DB AOD at 550 10 km (QAF Buddha Nagar gov/
nm over land =2)
MYDO04 L2, Optical_Depth_Land_And_Ocean DT AOD at 550 3 km,10 km
MYDO04_3K nm over land (QAF =3)
and ocean
Deep_Blue_Aerosol_Optical Depth_550_Land_Best_Estimates DB AOD at 550 10 km (QAF
nm over land =2)
MCD12Q1 International Geosphere-Biosphere Programme (IGBP) Land Cover 500m Around AERONET 2019 https://la

Classification

Product

Sites dsweb.modaps.
eosdis.nasa.
gov/
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atmosphere. AODpggongT is provided in UTC (Coordinated Universal
Time). Therefore, according to Indian standard time, the UTC has been
converted to local time by adding 5.5 h to UTC for regional analysis.
Temporal averaging of AODagroner at the AERONET site has been
performed around Terra’s overpass time window (10:00 am-12:00 pm)
and Aqua (12:00 pm-2:00 pm) satellite. (Habib et al., 2019; Jiang et al.,
2007; Zhang et al., 2016).

Due to the scarcity of the AERONET sites and limited ground mea-
surements, statistical validation of AODyop;s has been possible for 2010,
2016, 2017, 2018, and 2019. Statistical analysis and matchups of
AODyopis With AODagroner has been performed using the concept of
expected error by calculating Matchups (N), Correlation coefficient (R),
Mean Absolute Error (MAE), Mean Bias (MB), Root Mean Square Error
(RMSE), and Expected Error (EE) (Bilal et al., 2018; Levy et al., 2013;
Mhawish et al., 2017; Remer et al, 2005, 2013bib_Remer_et_al_2013bi-
b_Remer et _al 2005). Details of equations used have been provided as
Eq. no. 3-8.

1

N
MAE = N Z|AOD(MODIS)i - AOD(AERONET)i' 3
=1
N
MB =1 / N Z(AOD(MODIS)i *AOD(AERONET)I') (@)
i1
1 )
RMSE = N Z (AOD(MODIS)i *AOD(AERONET)i) (5)
i1
EEpg,,, = * (0.03 +0.20A0D sgroner) 6)
EEpr,, = £ (0.05+0.20A0D sgroner) @)
EEpr, = % (0.05+0.15A0D sgroner) (8)

The matchups are categorized into three different types: i) above EE
indicating overestimation; ii) within EE representing correct estimation,
and iii) below EE exhibiting underestimation. According to previously
published research, 66% of MODIS retrieved AOD falling within the EE
envelope confirms the product’s accuracy (Levy et al., 2013; Remer
et al., 2005).

After the validation, we averaged daily DTjox AOD to estimate the
10-year (2010-2019) mean values and assess the spatial and temporal
variations over the study region. A 30 x 30 km buffer has been used
considering AERONET sites as a central pixel to extract mixed land cover
of the present study area from MCD12Q1 to get the variation of C6.1
derived AOD over different land cover types. The median values have
been used to minimize the impact of outliers on the trend. The linear
trend has been calculated by determining the slope for each grid point
obtained from the linear fit. The statistically significant linear trends are
determined using Student’s t-test at a 95% significant level. Statistically
considerable regions have been stippled for each season. Fig. 5, Fig. 6.
The confidence levels of the trends have been calculated using Student’s
t-test:

N-2
t=ry - ©)]
xy

where ry, = correlation coefficient between the original time series and
linear time series.

n = matchups.
3. Results

3.1. Validation of Aqua and Terra AOD (DBjog, DTsk, DT10x) products

Considering the individual evaluation of DB and DT AOD products of
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Terra and Aqua satellite for each AERONET station, it can be remarked
that DT has performed satisfactorily for the current study area with a
larger number of matchups than DB and have a higher correlation with
the ground measurement. The highest correlation between satellite and
ground-based data at Amity University is found for the DT3k product,
with R ~ 0.72 (AERONET-Terra) and 0.70 (AERONET-Aqua). At Gual
Pahari station, the highest correlation is found for the DT;ox product
with R =~ 0.70 and 0.85, when comparing AERONET with Terra and
Aqua, respectively. 63% (DTyox) and 74% (DTs3k) of the total Terra
AODyopis retrievals and 58% (DTjox) and 100% (DTygk) of the total
Aqua AODyopys retrievals exist within the EE envelope at Amity Uni-
versity and Gual Pahari, respectively. For Amity University, Terra DT,
and for Gual Pahari, Aqua DTk exhibits the highest number of AOD-
mopis retrievals within EE envelope (Table 2) indicating the very satis-
factory performance of the aforementioned MODIS algorithms. For semi
urbanized areas, the DT algorithm has a good performance along with
the rural site of Amity University, where agricultural land is predomi-
nant. It is evident from the calculated MB, overall, both DB and DT al-
gorithms underestimated AOD in the present study area for the
examined period (2010-2019). Such observation contradicts the earlier
findings that DT overestimated and DB underestimated AOD in the
current study area from 2006 to 2015 (Mhawish et al., 2017). Compared
to DT, the prominent underestimation of DBjgx AOD is evident from
significant negative bias.

Considering the validation of AODyopys using collective AODAgRONET
from both the AERONET stations (Fig. 1), it has been observed that the
correlation coefficient is higher for Aqua, with higher percentages of
data samples falling within the EE envelope. Although the total number
of matchups for the Aqua satellite is lesser than Terra (Table 3). Such
results have confirmed the applicability of Aqua AODyopis compared to
Terra AODyjopjs on the regional scale, which was reported earlier in the
previously published research (Bright, and Gueymard, 2019); Tong
et al., 2020; Wei et al., 2019). For both Terra and Aqua, DT;ox has
retrieved AODs primarily within the EE compared to DBjox and thus
DTjok has been accepted as a reliable algorithm for the current sites over
other algorithms (Table 3). Comparing DT;ox AOD products of Terra and
Aqua, it has been observed that Terra DTjgk slightly underestimated
AOD while there is an equal proportion (12.9%) of Aqua DTox AOD
lying above and below the EE envelope (Table 3). Such estimation error
occurred due to the surface reflectance values and aerosol model
assumption error for the current version of data C6.1 (Li et al., 2007; Xie
et al., 2011). Moreover, such estimation error could be attributed to the
less availability of AODagroneT for validation.

Considering the upper and lower range of AOD, AODyop;s has been
validated against AODagroner for three bins (i) AOD<O0.5, (ii)
0.5<AO0D< 1, and (iii) AOD>1. A linear relationship has been observed
between AODyopis and AODagroneT (Fig. 2). Observations are obtained
mostly in the 0.5-1.0 AOD bin. Aqua AODyops is strongly correlated
with AODagroner (R = 0.79). In the correlation analysis between
AODyopis and AODagroner (Fig. 2, Table 3), the slope is linked with
systematic uncertainties, e.g., assumptions in the aerosol model and
intercept show a deviation in surface reflectance estimation (Choudhry
etal., 2012; Sayer et al., 2013). For the DT retrieved AOD, the high slope
and intercept have specified infelicity in the aerosol type assumption
and thereby estimated surface reflectance caused an error in retrieving
AOD (Choudhry et al., 2012). In the 0.5-1.0 bin, more than 70% of AOD
retrievals by Terra DT are falling within EE. On the other hand, less than
66% of AOD observations by Terra DB are falling within EE. Finally, it
has been observed that DT performs better than DB, ok and DT AODyopis
between 0.5 and 1.0 are more correlated with the AODpgrongT than the
rest (Table 4).

3.2. Spatial and seasonal variation of AOD

Seasonal variation of AOD could be attributed to the diverse mete-
orological conditions, aerosol sources, vegetation coverage, and crop
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Table 2
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Statistical summary of validation for DBk, DT3x and DT;ok Terra and Aqua AODyoprs C6.1 using AODpgroner Of Amity University and Gual Pahari, Gurugram (N:
Matchups, MB: Mean Bias, PWE: Percent Within Expected Error, PAE: Percent Above Expected Error, PBE: Percent Below Expected Error, MAE: Mean Absolute Error, R:

Correlation coefficient).

N MB PWE PAE PBE MAE R Equation of Linear Regression

Amity University Terra DBjok 40 —0.026 57.5 12.5 30 0.15 0.61 Y = 1.29*X-0.19
DTsx 59 —0.045 57.62 13.56 28.81 0.14 0.72 Y = 1.42%X-0.28

DT,k 49 —0.025 63.27 12.24 24.49 0.11 0.68 Y =1.19*X-0.13

Aqua DBjox 20 —-0.121 55 5 40 0.15 0.67 Y = 0.86*X-0.04

DTsk 39 —0.00018 53.85 23.08 23.08 0.16 0.70 Y =1.36%X-0.22

DTk 38 0.022 57.89 21.05 21.05 0.16 0.68 Y = 1.52%X-0.29

Gual Pahari Terra DBk 29 —0.24 41.38 24.14 34.48 0.26 0.34 Y = 1.03*X-0.26
DTk 31 —0.08 74.19 9.68 16.13 0.18 0.67 Y = 1.48%X-0.45

DTk 33 —0.0317 54.55 18.18 27.27 0.18 0.70 Y =1.36%X-0.33

Aqua DB;ok 18 —-0.23 38.89 0.00 61.11 0.23 0.69 Y = 0.81*X-0.09

DTk 26 —0.03 76.92 3.85 19.23 0.15 0.85 Y =1.30%X-0.27

DTk 24 —0.08 100 0 0 0.17 0.80 Y = 1.38%X-0.39

Table 3

Statistical summary of validation for DBk, DT3x and DT;ox Terra and Aqua AODyop;s using collective AODagrongr from both the AERONET stations (Amity Uni-
versity + Gual Pahari, Gurugram) (N: Matchups, PWE: Percent Within Expected Error, PAE: Percent Above Expected Error, PBE: Percent Below Expected Error, R:

Correlation coefficient, RMSE: Root Mean Square Error).

Terra AOD Aqua AOD

DBiok DTsx DTk DBi ok DTsk DTk
N 69 90 82 38 65 62
PWE 50.72 52.22 53.66 47.37 63.08 74.19
PAE 17.39 6.67 12.20 2.63 15.38 12.90
PBE 31.88 17.78 18.29 50.00 21.54 12.90
R 0.44 0.74 0.77 0.70 0.79 0.72
RMSE 0.26 0.01 0.17 0.24 0.20 0.24

EQUATION OF LINEAR REGRESSION Y = 1.06*X-0.15

Y = 1.30*X-0.24

Y = 1.20*X-0.15

Y = 0.78*X-0.03

Y = 1.06*X-0.15 Y = 1.35*X-0.25

a 2 — a 2 —
o Y=0.78*X-0.03 Q. .| Y=1.06x-0.15
f‘ 1.6} R=0.70 g =<1- R=0.44
S , 5| N=38 S, | N=69
E 4 P 5 . ?’,,v ',w“”
Q 08 e S o8 - ° =
= > 5
S 04 2 e . 4 S 04 o R “
> o @ o (d)
= (1] s 0 =7 [ J
0 0.4 0.8 1.2 1.6 2 0 0.4 0.8 1.2 1.6 2
AODAERONET AODAERONET
2 a2 —
8 16lY=1.06"x-0.15 O , 6l Y=1.30"x-0.24
< . R=0.79 <x . R=0.74 “‘, e
X 12| N=66 5 1.2 N=90 8, -
= a LI A
o 08 " < 0.8f o e -
< p
o 0.4 ! - 8 L ®
a . £ o) 0.4 = *
Z okZZ = L= | . . (e
0 0.4 0.8 1.2 1.6 2 0 0.4 0.8 1.2 1.6 2
2 AC)DAERONET a 2 AODAERONET
Q ,
o Y=1.35X-0.25 A 2 Y=1.20"X-0.15
: - . - 1.6} Rp= e o
<¥ 1.6 R= 072 f; - ‘w“‘ v R:077 'Y A_,/ ““_,»'
S 4| N=62 o = S 12| N=82 i
= . . = o8~ A
Ly A 0 o8} o -
g os S 2 2 S 3 w e,
S 04} u P TNe g o4l BIPe
z . i ) 2 = ()
% 0.4 0.8 12 1.6 2 0 0.4 0.8 12 16 2
AODAERONET AODAERONET
[« AOD<05 e 05<A0D<1.0 4 AOD>1.0|

Fig. 2. Validation of AODyop;s against AODagroner OVer Amity University and Gual Pahari, Gurugram. MODIS AQUA (MYDO04C6.1) (a, b, ¢) and MODIS TERRA
(MODO04C6.1) (d, e, f). The green line represents a regression line, the dashed red lines shows expected error, and the solid black line is 1:1 line.

69



V. Sharma et al.

Table 4

Statistical summary of validation for DByok, DT3x and DTyox Terra and Aqua
AODy0pis using collective AODagroneT from both the AERONET stations (Amity
University + Gual Pahari, Gurugram) in each bin (N: Matchups, PWE: Percent
Within Expected Error, PAE: Percent Above Expected Error, PBE: Percent Below
Expected Error).

Terra AOD Aqua AOD
<0.5 0.5-1.0 >1 <0.5 0.5-1.0 >1
N 29 37 3 20 18 0
DBiox PWE 44.82 56.75 33.33 35 50 0
PAE 3.44 24.32 66.66 0 5.55 0
PBE 51.72 18.91 0 65 44.44
N 40 42 8 21 34 10
DTsk PWE 57.5 73.80 37.5 57.14 70.58 50
PAE 2.5 11.90 62.5 0 11.76 50
PBE 40 14.28 0 42.85 14.70 0
N 30 44 8 21 31 10
DT1ok PWE 46.66 70.45 25 71.42 80.64 60
PAE 6.66 13.63 37.5 4.76 9.67 40
PBE 46.66 15.90 0 23.80 9.67 0

growth phases, dominant in the present study area (Dey et al., 2020; Dey
and Di Girolamo, 2010; Mangla et al., 2020; Mhawish et al., 2017).
Subsequently, varied surface reflectance affects the retrieval of aerosol
optical properties. Through seasonal distribution, it has been observed
that AOD is high in the monsoon and the pre-monsoon season as well.
Being in the semi-arid climatic zone, the present study area is affected by
dust storms during the pre-monsoon season, which could be one of the
prominent factors leading to high AOD during this season (Bilal et al.,
2017; Dey et al., 2004; Mangla et al., 2020; Mhawish et al., 2017).
Although, the notion is that cloud and precipitation may remove aero-
sols via washout and rainout, still, aerosol-precipitation linkage could
not be conclusively established over Indian scenario because of the
erratic rainfall (Kharol et al., 2013). Due to the light rain, aerosols
particles become more concentrated because of increased humidity in
the air. Large emission strength (from large to small scale industries,
thermal power plants, brick kilns, vehicular emission, construction dust,
road dust, household emissions, diesel generators, etc.) causes a rapid
build-up of aerosol loading after a precipitation event (Chowdhury et al.,
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2016). Most importantly, AOD retrieval during the monsoon is biased
towards dry days (Dey and Di Girolamo, 2010) as the passive sensor
cannot retrieve AOD in presence of clouds. Therefore, the relatively
clean condition is not captured in the climatology. Multiyear 2010-2019
average has depicted that both Terra DT1gx and Aqua DTk retrieved
high AOD during monsoon and pre-monsoon season. While during the
post-monsoon and winter season, low AOD has been observed (Fig. 4).

In Fig. 3, seasonal AODyjopis has been matched against AODpERONET-
A much greater number of matchups have been observed for pre-
monsoon and monsoon compared to winter and post-monsoon
(Fig. 3). Unfortunately, during post-monsoon and winter, because of
the deficit of AERONET observations, there are not enough statistics to
remark about the AOD variation in those seasons. Contrary to the pre-
vious studies carried over the IGP region, where during monsoon
retrieved AODs are mostly outside the error envelope (Tripathi et al.,
2005), in the present study, more than 60% of retrieved AOD by DBk,
DTk, and DTsk are within the EE envelope for the monsoon season.
More than 20% of retrieved AOD by DBjox (28%) are below the EE
envelope. Unlike DB, for DT3x and DTk, 21% and 22% of retrieved
AOD are above the expected error envelope, respectively. During
pre-monsoon, 43%-63% of AODyop;s observations have been retrieved
within expected error for DBjog (43.18%), DTok (54.34%), and DTsg
(62.26%) respectively. AODyopys retrieved by DTsy is highly correlated
with AODpgrongT for monsoon (0.78) as well as for pre-monsoon (0.85).
Overall, DT3k has a good performance for pre-monsoon and monsoon
seasons with the highest percentage of observations within EE and high
R-value (Table 5).

However, detailed seasonal-wise validation of AODyopis and
thereby conclusive judgment about the performance of the product
cannot be confirmed with full confidence as limited AERONET obser-
vations are available for the present study area. Availability of AERO-
NET observations at regular intervals could improve the accuracy of the
season-wise correlation analysis between AODyopis and AODagRONET-
Although, a genuine effort has been put forth to generate information in
this data-scarce region which could highlight the need for imple-
mentation of a good network of AERONET stations and thereby sys-
tematic monitoring of AOD.
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Fig. 3. Inter-seasonal variation and comparison of AODagroner and AODyops.
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3.3. Trend analysis

To recognize the inter-annual variation of AOD, the annual trend has
been analyzed for MODIS Aqua and MODIS Terra DT;ox AOD products

during different seasons as DTyox has performed well for the present
study area compared to other algorithms. Furthermore, the Student’s T-
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test has been used to calculate the statistical significance of the observed
trend (Dey and Di Girolamo, 2011). The observed AOD trends are



V. Sharma et al.

Table 5

Atmospheric Pollution Research 12 (2021) 65-74

Statistical summary of validation for DB;ok, DT3kx and DTyox AODwmopis (Terra + Aqua) using collective AODagroner from both the AERONET stations (Amity Uni-
versity + Gual Pahari, Gurugram) for each season (N: Matchups, MB: Mean Bias, PWE: Percent Within Expected Error, PAE: Percent Above Expected Error, PBE:
Percent Below Expected Error, MAE: Mean Absolute Error, R: Correlation coefficient).

Algorithm Season N MB PWE PAE PBE MAE R
DBiok Pre-Monsoon 44 -0.19 43.18 2.27 54.54 0.22 0.72
Monsoon 58 —0.08 62.06 10.34 27.58 0.18 0.40
Post-Monsoon 4 -0.13 0 0 100 0.13 0.06
Winter 7 -0.15 57.14 0 42.85 0.01 0.88
DTsk Pre-Monsoon 53 -0.12 62.26 1.88 35.84 0.16 0.85
Monsoon 92 0.01 66.3 20.65 13.04 0.15 0.78
Post-Monsoon 3 —0.11 66.66 0 33.33 0.11 -0.23
Winter 7 0.01 71.42 14.28 14.28 0.02 0.92
DTiox Pre-Monsoon 46 —0.13 54.34 2.17 43.47 0.14 0.73
Monsoon 88 0.03 61.36 21.59 17.04 0.15 0.77
Post-Monsoon 3 —0.09 66.66 0 33.33 0.09 0.64
Winter 7 0.02 57.14 28.57 14.28 0.02 0.92

considered statistically significant at the 95% confidence level when the
p-value is < 0.05 according to Student’s T-test. It should be mentioned
that the trends for Aqua and Terra DTjok retrieved AOD have been
analyzed individually because of the overpass time difference of the two
satellites causing an imbalance in AOD pattern during morning and af-
ternoon timings. Therefore, the observations from Terra and Aqua could
not be alike and comparable (Bright, and Gueymard, 2019)(.

In the current study, compared to other seasons, Aqua AOD has
exhibited a stronger increasing trend during monsoon (Figs. 5 and 6).
Unlike monsoon, comparatively weaker increasing trends have been
observed during other seasons. The regionally averaged linear trend in
MODIS Aqua AOD, is 0.0050 year !, 0.0352 year ! & 0.0131 year ’,
0.0043 year’l, for pre-monsoon, monsoon, and post-monsoon, winter,
respectively. For Terra AOD, a significant increasing trend has been
observed for monsoon whereas a relatively weaker decreasing trend has
been observed during pre-monsoon and post-monsoon. The regionally
averaged linear trend in MODIS Terra AOD, trend is, —0.0010 year’l,
0.0235 year_l & —0.0011 year‘l, 0.0064 year‘1 for pre-monsoon,
monsoon, and post-monsoon, winter, respectively. Although, it has
been established from the validation results that Aqua AODyopis has
performed better compared to Terra in the present study area. Even the
previously published research has also highlighted the superiority of
MODIS Aqua AOD over Terra in explaining the annual AOD trend,
especially in the land areas. MODIS Aqua AOD has taken that lead
because of the different overpass time of Terra, Aqua. Therefore, the two
platforms have encountered the imbalance of AOD pattern during af-
ternoon/morning. Moreover, rapid degradation of the Terra instrument
has affected the quality of data (Bright, and Gueymard, 2019); Wei et al.,
2019).

Increasing aerosol trend during monsoon observed in the present
study has been reported in earlier studies also for Indian regions (Jin and
Wang, 2018; Wei et al., 2019). Over the past decade, NCR has witnessed
unexpected spatial growth with an urbanization level of 62.5% in 2011
expecting to touch 71% by 2021, multifarious increase in the vehicle,
development of a total of 53 industrial hubs with large-medium-small
scale industries, and 1509 brick kilns (Kumar and Nivit, 2018; Na-
tional Capital Region Planning Board, 2015; Verma, 2017). Apart from
the urban area, the rural area of north-western India adds substantially
to aerosol loading especially during the monsoon (Kharif season-June to
September) by intensive conventional cultivation and application of
fertilizer (Campbell et al., 2017; Kuttippurath et al., 2020). Due to such
dominant anthropogenic factors, even after the prominent increase of
green cover and monsoonal rainfall in the Northwest Indian subconti-
nent since 2002, a declining AOD trend has been observed only in the
dust source region rather than in entire north-western India (Jin and
Wang, 2018). Hence, a detailed analysis of driving forces responsible for
a substantial increase in AOD can be considered as the future scope of
the study.
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4. Discussion and conclusions

A vast country like India is not equipped with a robust network of
ground-based measurements of columnar aerosol properties (that are
freely disseminated for scientific applications), which has been consid-
ered as a limitation of aerosol studies. Such limitations could be com-
plemented with satellite measurement. Here we evaluated the latest
(C6.1) Terra, Aqua, DTsk, DTyok, and DBjok aerosol products with
ground-based AERONET measurements over 10 years (2010-2019) for
the data-scarce region of Delhi, NCR.

Although underestimation of AOD has been observed for all the al-
gorithms, a prominent underestimation of DB;gx AOD has been observed
compared to DT. Updated collection 6.1 DT AOD products have worked
well for both the sites of Amity University (rural site) and Gual Pahari
(semi-urban site) by retrieving AOD within expected error and having a
strong correlation with ground measurement. Aqua AOD shows a higher
correlation within expected error than Terra AOD in this region. The
possible reason for Aqua’s best performance could be due to the flight
timing difference between the two sensors and rapid degradation of the
Terra instrument. Significant emission from different sources in the
highly urbanized study area, overutilization of fertilizer in intensive
conventional cultivation during Kharif season causes an abrupt escala-
tion of aerosol loading after light rainfall. Despite the greening in the
northwest region, unplanned urbanization and resultant anthropogenic
activities have played a vital role to increase the aerosol concentration in
the present study area. Although, the inability of the passive sensor to
capture AOD in cloudy days could be considered as a limitation of AOD
monitoring during monsoon.

Such a study would provide a base for air quality assessment in the
highly urbanized cities to grab the attention of planners or policymakers
working towards climate adaptation and mitigation for achieving sus-
tainable development goals. The present study can further help to
identify locations with a high aerosol load that needs continuous
monitoring by installing AERONET stations. Such studies can benefit
society by keeping them aware of long-term pollution levels in their
surroundings. Although satellite remote sensing has played a dynamic
role in compensating data scarcity, there is still a need to validate sat-
ellite observations with ground measurements. The scarcity of ground
observation has been observed as the limitation, and the installation of
AERONET stations at regular intervals can improve the work’s accuracy.
Therefore, the present study has recommended establishing a more
significant number of AERONET sites and the systematic recording of
the long-term AOD in the study area.
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