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ABSTRACT
Aerosols are an inextricably linked component of the atmosphere. 
Nowadays the study of aerosols has attracted the attention of the 
world community due to the increasing concerns over air pollu
tion and climate change. Aerosol optical depth (AOD) is the meas
ure of aerosols distributed within the atmospheric column from 
the Earth's surface to the top of the atmosphere. This study was 
conducted to examine the trend in AOD between latitudes 22° 
and 24.62° N, and longitudes 83.26° and 87.01° E, covering the 
entire part of the Indian state of Jharkhand. Mann-Kendall (MK) 
trend test and Sen's slope estimator model were used to examin
ing the trend over 18years (period: 2000-2017) AOD data 
obtained from satellite-based sensor namely MODIS. The highest 
AOD was observed in the north-eastern part, while the lowest 
was observed in the state's southwestern part. The mean relative 
percentage change (RPC) analysis showed that the AOD increased 
from 20 to 60%. Jharkhand State comprises various sub-regions; 
all the sub-regions, including major cities, have shown a remark
able positive trend. In particular, Dhanbad, Sahibganj, Chaibasa, 
Jamshedpur, Ranchi, and Hazaribagh demonstrate statistically sig
nificant positive trends (99% confidence level). It was observed 
that the highest positive trend (0.1228) and the lowest negative 
trend (—0.02587) were in Sahibganj and Gumla districts, respect
ively. This study revealed a statistically robust significant 
correlated pattern of AOD with the variability of meteoro
logical factors.
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Abbreviations: AOD: Aerosol optical depth; DT-DB: Dark Target & 
Deep Blue; ECL: Eastern Coal Limited; FIRMS: Fire Information for 
Resource Management System; GDP: Gross Domestic Product; 
HPIs: Highly polluting industries; IGP: Indo-Gangetic Plain; LAADS: 
Atmosphere Archive & Distribution System; MAM: March, April & 
May; MK: Mann-Kendall trend test; MODIS: Moderate Resolution 
Imaging Spectroradiometer; NDVI: Normalized Difference 
Vegetation Index; NTPC: National Thermal Power Corporation; ON: 
October & November; RCM: Rajmahal Coal Mines; RH: Relative 
humidity; RPC: Relative Percentage Change; TPPs: Thermal 
power plants

1. Introduction

In the last three decades, India has experienced extraordinary economic growth, 
Gross Domestic Product (GDP) increased by 20 times (Ministry of Statistics and 
Program Implementation, India 2017). Rapid economic recovery improved the living 
standards of Indians but resulted in environmental degradation with significant aero
sol emissions (Lu et al. 2011; Provenęal et al. 2017). Aerosols are solid, liquid, or gas
eous phase particles that float in the air with a diameter ranging from 0.001 to 
100 lm, and particles with a diameter of less than 0.1 lm are usually called ultrafine 
particles (Ramanathan, Crutzen, Kiehl, et al. 2001; Ramanathan, Crutzen, Lelieveld, 
et al. 2001; Kaufman et al. 2002; Menon et al. 2002; Evgenieva et al. 2011; Pandolfi 
et al. 2011; Kulmala et al. 2013; Lelieveld et al. 2015; Stachlewska et al. 2017; 
Obregon et al. 2020). Aerosols ranging from 0.001 to 100 im are special areas of 
interest because of their multidimensional effects on climate and health (Kumar and 
Guleria 2017; Guleria and Chand 2020). Fine and coarse particulate matters (PM2.5 
and PM10), with an aerodynamic diameter less than 2.5 and 10 lm, respectively, can 
reach the human body through the respiratory system and cause human diseases like 
lung cancer, asthma, etc. (Fraser et al. 2003; Englert 2004; Kappos et al. 2004;Ho 
et al. 2006;G€otschi et al. 2008; Zhang and Cao 2015). The size of aerosol particles is 
an important parameter to describe their optical properties. The AOD is one of the 
most important parameters that determine aerosols' optical properties, which meas
ures the amount of incoming sunlight that the aerosol scatters and absorbs (Charlson 
et al. 1991, 1992). AOD value less than 0.1 indicates a crystal-clear sky with max
imum visibility, while a value of one specifies hazy conditions (NASA Earth 
Observations 2021). The AOD value greater than two indicates heavy atmos
pheric pollution.

Ground-based and satellite-based remote sensing are the two most fundamental 
approaches being widely deployed for measuring AOD (Guleria et al. 2011, 2012; 
Ramachandran et al. 2012; Kaur et al. 2020; Mehta et al. 2021). Although ground
based aerosol remote sensing techniques cannot provide a global analysis of AOD, 
whereas satellite-based aerosol remote sensing techniques can provide a comprehen
sive global analysis (Dubovik et al. 2002; Kaufman, Koren, et al. 2005; Kaufman, 
Boucher, et al. 2005; Kahn et al. 2010; More et al. 2013; Alam et al. 2014). However, 
satellite observation also has limitations like snow-covered surfaces, cloud masks, 
bright land surfaces. Because of these limitations, the error in AOD measurement
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varies from region to region and is one of the challenging issues. Due to the rapid 
change of geographic land features, the error in the retrieval of MODIS AOD over 
land (±0.05 ± 0. 15_AOD) is higher than the error (±0.03±0.05_AOD) over the oceans 
(Remer et al. 2005; Guleria et al. 2012; Alam et al. 2014).

Aerosols are extremely unpredictable in time and space. Some of the most signifi
cant uncertainties in climate models are due to the quantification of their effect on 
Earth's radiation budget (Kaufman et al. 2002; Tripathi et al. 2007; Boucher et al. 
2013; Biswas et al. 2017; Kumar, Raju, Singh, Banerjee, et al. 2017; Kuniyal and 
Guleria 2019; Bandyopadhyay et al. 2021). Despite advancement in aerosol research, 
there are still major uncertainties in the reliable quantification of aerosol climate 
response (Boucher et al. 2013) and the high spatio-temporal disparities in the phys
ico-chemical characteristics of aerosols (Banerjee et al. 2015; Sen et al. 2017; Kumar, 
Raju, Singh, Singh, et al. 2017). There is a need to reduce quantitative uncertainties 
associated with aerosols. The accurate measurement and critical evaluation of a three
dimensional global chemical transport model may reduce uncertainty (Srivastava and 
Bran 2017; Sheel et al. 2018). The direct radiative effects of aerosols (scattering and 
absorption of solar energy and heat), as well as indirect/semi-direct effects (affecting 
cloud formation, leading to changes in the water cycle (Ramanathan, Crutzen, Kiehl, 
et al. 2001; Ramanathan, Crutzen, Lelieveld, et al. 2001; Ramanathan et al. 2005; 
Kaufman, Koren, et al. 2005; Kaufman, Boucher, et al. 2005; Su et al. 2008; Biswas 
et al. 2017). In addition, the improvement in cloud microphysical properties and this 
inducing hydrological cycle (Ramanathan, Crutzen, Kiehl, et al. 2001; Ramanathan, 
Crutzen, Lelieveld, et al. 2001; Creamean et al. 2013; Seinfeld et al. 2016), affecting 
regional food security (Burney and Ramanathan 2014; Gupta et al. 2017) and ultim
ately impairing human well-being (WHO 2014; Kumar, Singh, et al. 2015; Kumar, 
Tiwari, et al. 2015; Apte et al. 2015; Banerjee et al. 2017a, 2017b). Emissions, micro
physical characteristics, aerosol mixing state, and its precursors provide the only evi
dence of its impact on climate change (IPCC 2013; Kuniyal and Guleria 2019; 
Mondal et al. 2022).

The area between the Chotanagpur Plateau and Jodhpur is the Monsoon Trough 
Zone. From the point of view of the Indian Monsoon, Jharkhand has strategic 
importance over the rest of the country. Nowadays, developmental activities like min
ing and mineral extraction in Jharkhand are of great concern due to large aerosol 
emissions. Because aerosol influences the regional and global climate (IPCC 2013; 
Mehta 2015). To better understand aerosol's impact, substantial knowledge of their 
spatio-temporal distribution is needed (Kaufman et al. 2002; More et al. 2013; Alam 
et al. 2014). Therefore, in this study, we have focused on examining the trends in sea
sonal variations and AOD (period: 2000 — 2017) over Jharkhand using Mann-Kendall 
(MK) trend test and Sen's slope estimator. Also analysed the correlations between 
AOD and meteorological factors like temperature, relative humidity (RH), wind 
speed, and wind direction. The study also focused on aerosols' seasonal characteristics 
and geospatial patterns' extraction over the entire Jharkhand state using geospatial 
techniques. Therefore, there is a need to understand the overall atmospheric aerosol 
environmental phenomenon, especially the pre-monsoon (March, April, and May) 
and post-monsoon (October and November) seasons from the point of view of state 
sensitivity.
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Figure 1. Geographical map of the study area, Jharkhand state and its major cities, India.

2. The study area

The state of Jharkhand came into existence on 15 November 2000 as the 28th state of 
India after being separated from the state of Bihar. The geographical area of 
Jharkhand is about 79,714 sq km (Bhatt 2002). Most of it lies in the periphery of the 
Indo-Gangetic Plain (IGP), which is considered one of the aerosol hotspots 
(Srivastava and Ramachandran 2013; Kumar, Tiwari, et al. 2015; Sen et al. 2017; 
Mhawish et al. 2017, 2018; Ramachandran et al. 2020). Jharkhand is at the centre of 
the Chotanagpur Plateau, about 160 km north-west of Kolkata and about 770 km 
south-east of Delhi. Chaibasa, Jamshedpur, Ranchi, Dhanbad, Hazaribagh, and 
Sahibganj are some of the major cities taken for a rigorous analysis of the variation 
of AOD in the context of space-time. Figure 1 covers the study area between latitudes 
22° and 24.62° N and longitudes 83.26° and 87.01° E.

3. Materials and methodology

3.1. Data used

MODIS is a satellite-based global imager that can measure visible and infrared radi
ation in the 0.4 — 14.4 mm spectral range for land, atmosphere, and ocean applica
tions. The data set has 36 spectral channels, and nine bands are the visible and near
infrared (NIR) spectral regions, and have wavelengths of 412 — 869 nm, and have the 
enhanced radiation sensibility essential for ocean colour applications (Esaias et al. 
1998; Franz et al. 2007). MODIS data takes measurements at three spatial resolutions, 
the MODIS imagery has a spatial resolution of 250 m, 500 m, and 1 km (Kahn et al. 
2009; Zhang and Reid 2009; Shi et al. 2012; Acharya and Sreekesh 2013), it takes 
measurements every day, and it has a wide-ranging field of view. This repetitive, 
widespread coverage allows MODIS data to create a widespread electromagnetic 
image of the world every 2 d (Miller 2003). The MODIS aerosol data products 
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monitor the ambient aerosol stacking and some other cloud-free aerosol properties 
on the ocean and land surfaces. It is provided by the different types of spectral bands, 
and spatial observation in different algorithms have been used to retrieve the aerosol 
properties over the atmosphere (Kaufman et al. 1997; Levy et al. 2013; Hsu 
et al. 2013).

For this study, the daily transit time (—10:30 local time, ±60 min), of average 
Terra-MODIS C6 AOD at 550 nm with recommended quality assurance (QA), for 
DT is at 10 km, DB is at 10 km, and merged DT-DB at 10 km are at the same time 
considered. All these products are mainly based on three algorithms: the DT algo
rithm over the land (Kaufman et al. 1997; Levy et al. 2013; Mhawish et al. 2017) and 
the DB algorithm over the ocean (Tanre et al. 1997), and the improved DB algorithm 
over the land (Hsu et al. 2013; Mhawish et al. 2017). Terra MODIS level 2 Dark 
Target aerosol data (MOD04_L2) at a spatial resolution of 3 km resolution from 2000 
to 2017 were obtained from NASA's Atmosphere Archive & Distribution 
System (LAADS).

The different ground-based data were used for the rigorous analysis of variation of 
AODs over the entire study area, such as spatial distribution of cement industries, 
thermal power plants (TPPs), highly polluting industries (HPIs) from Jharkhand State 
Pollution Control Board (Jharkhand State Pollution Control Board 2017), mines map 
from Indian Bureau of Mines and Google Earth Pro, forest fire from Fire 
Information for Resource Management System (FIRMS) (NASA 2017), road density 
from Open Street Map (Openstreetmap 2017), Normalized Difference Vegetation 
Index (NDVI) (Rouse et al. 1973; Bandyopadhyay et al. 2017; Mondal et al. 2021), 
and also population density from Census of India (Census of India 2011). We have 
considered meteorological parameters from POWER Data Access Viewer, NASA 
(POWER 2022), such as temperature, RH, wind speed, and wind direction, for the 
detailed spatial distribution and temporal trends of AOD and their correlations. 
Wind speed is expressed in meter per second (m/s), wind direction in degree from 
the north, the temperature in degree Celsius (°C), and RH in percentage (%).

3.2. Methodology

For this analysis, Terra-MODIS C6 AOD at 550 nm with recommended QA, for DT 
is at 10 km (corresponding to retrievals flagged QA = 3), DB is at 10 km (retrievals 
flagged QA > 2), and merged DT-DB at 10 km are at the same time considered. 
AOD is derived from the MODIS Datasets (MOD04_L2) using the 
AOD_550_Dark_Target_Deep_Blue_Combined Algorithm. Though DT over land is 
not considered to retrieve AOD over bright exteriors, it is designed more accurately 
related to DB (in C6) over dense vegetation (Levy et al. 2013; Mhawish et al. 2017). 
Moreover, both DT and DB algorithms eliminate snow-covered areas but are pro
spective to be useful for all vegetated/transition surfaces with inconstant brightness. 
Therefore, a ‘best -of' MODIS AOD products for all the transition areas was further 
comprised in the C6 as merged DT-DB AOD (AOD_550_Dark_Target_Deep_ 
Blue_Combined), which is recognized considering DT over vegetated/dark-soiled 
land, DT over the ocean, and DB over desert/arid land (Levy et al. 2013; Mhawish
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Figure 2. Flow chart of the methodology for assessing spatio-temporal trends of variation of AOD 
over Jharkhand state, India from 2000 to 2017.

et al. 2017). We have extracted a spectral signature of 550 nm from the MODIS Terra 
aerosol dataset (MOD04_L2), after being geo-referenced and extracted using the 
ENVI/IDL 5.2 software format. From these extracted AOD, we have generated an 
averaged AOD for pre-monsoon and post-monsoon using ERDAS IMAGINE 2014 
software. Figure 2 represents the flowchart of the methodology for this study. We 
have extracted the level of AOD from 2000 to 2017 in pre-monsoon and post-mon
soon and evaluated the space-time variation of AOD. We computed the spatial trends 
of AOD using the Mann — Kendall trend test (Equations (2)-(6)), Sen's slope estima
tor (Equation (7)-(9)), and performed the spatial relative changes (Equation (1)), 
which revealed the pixel-based dynamics from a space-time perspective.

3.2.1. Relative change analysis
To assess the variation of mean AOD in a space-time context, we have adopted the 
relative percentage change (RPC) statistical technique. The RPC reveals the change in 
AODs between the initial observations (AOD1) and the final observations (AOD2) in 
percent terms. The RPC is defined as:

AOD2 — AODA
AOD1

RPC 100 (1)
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where RPC is relative percentage changes, AOD1 is the initial mean values of AOD, 
and AOD2 is the final mean values of AOD for the conferred period.

3.2.2. Mann-Kendall (MK) trend test
Trend analysis of AOD has been investigated using the Mann-Kendall test. Mann 
(1945) initially used this test, and Kendall (1975) subsequently derived the test statis
tics distribution. Its benefit is that it is distribution-free and does not accept any 
unique structure for the distribution capacity of the information, including blue-pen
cilled and missing information and has been suggested generally by the World 
Meteorological Organization for public application . Subsequently, different research
ers discovered the MK test to be a fantastic instrument for pattern identification in 
comparative applications. For the time series X1,.,Xn, the MK Test uses the following 
statistic:

n—1 n

S - sgn(Xj + Xi) (2)
i=i j=i+i

where n is the number of observations, xj is the jth observation, and sgn(.) is the sign 
function which can be computed as:

{
1 if (Xj — xi) > 0
0 if (xj — xi) = 0 (3)

— 1 if (Xj — xi) < 0

Under the assumption that the data are independent and identically distributed, 
the mean and variance of the S statistic in Equation (2) are given by Kendall (1975) 
as:

E(S) = 0

V S} = n■:n 1 )<:2n i 5) 121)(2/.,. i 5)
k 18

(4)

(5)

where m is the number of groups of tied ranks, each with ti tied observations. The 
original MK statistic, designated by Z, was computed as:

S1

Z
^var(S)

0 S
S + 1

(6)

^var(S)

S > 0
0
S < 0

If — Z1—a/2 < Z < Z1—a/2, then the null hypothesis of no trend was accepted at the 
significance level of a. Otherwise, the null hypothesis was rejected, and the alternative 
hypothesis was accepted at the significance level of a (Figure 2).
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3.2.3. Sen's slope estimator
Sen (1968) derived a method for estimating the Kendall Tau. This method has its 
application in the estimation of the slope of a linear trend, which arises from a linear 
equation as:

f(t) = Qt + B (7)

Here, f(t) is a function of time representing the time series, t is the time, B is con
stant, and Q is the slope. Q can be contracted by the equation.

xj xk
Qi=■ (8)

Here at time j and k, j > k and i = 1,2 ..., N, the values of the data pairs are rep
resented by xj and xk. We can determine the median of the N values of Qi by 
Rahman and Dawood (2017);

Q=
2

1

Q N + 1'

1 if

2Q N + Q N + 2'

2 2

N is odd

; if N is even
(9)

When the value of Qi is positive, one can discern that there is an increasing trend, 
and similarly, a decreasing trend shows that the value of Qi is negative. A zero value 
indicates no trend (Salmi et al. 2002; Rahman and Dawood 2017).

4. Results and discussion

4.1. Evaluation of spatio-temporal trend of AOD

The spatio-temporal trends in AOD for the whole Jharkhand and its six major cities 
were assessed using the non-parametric Mann — Kendall test and Sen's slope estima
tor model for the period 2000 — 2017. Here we have focused on both spatial and tem
poral patterns of the trend, estimated as far as changes in AOD, and further 
evaluated for each city area of interest. It was also assessed the correlations between 
aerosol emissions and meteorological factors like temperature, RH, wind speed, and 
wind direction. It was demonstrated a strong positive correlations were observed 
among these meteorological factors with aerosol emission. AOD was positively corre
lated with temperature (r2 = 0.65), RH (r2 = 0.79), wind speed (r2 = 0.62), and wind 
direction (r2 = 0.35).

4.1.1. Annual spatial trend analysis
The geographical distribution of the observed trends in the AOD time series is shown 
in Figure 3. It is observed that each pixel exhibits an upward trend in this AOD time 
series analysis. The slope values of trends in AOD for the period from 2000 to 2017
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Figure 3. Annual Spatial trends of aerosol optical depth over Jharkhand state from 2000 to 2017.

are not identical over the state, it was altered between 0.0013 and 0.0176 over differ
ent places across the state. The high magnitude of the trend (Sen's slope > 0.0135) 
was observed in the northern part of the state, near Satgawan, the south-western part 
of Sahibganj, the western part of Giridih, and the Jamshedpur region and surround
ing areas. The presence of a TPP near the Satgawan region exhibits the highest AOD 
trend, even though the plant is located in Bihar and is closest to the Jharkhand state 
boundary. The south-western part of the Shibganj region demonstrates a strong posi
tive trend of AOD for the Eastern Coal Limited (ECL) and other TPPs in relation to 
wind speed and wind direction which pick up the aerosol particles from the sources 
of aerosols and represent towards this region (Figures 10(b) and 14) (Bandyopadhyay 
et al. 2021). The Giridih and Jamshedpur region depicts a high level of trends due to 
major mining activities, TPPs, other anthropogenic activities, etc. The lower AOD 
trends (Sen's slope < 0.0053) occurred over the Ganga River in the north-eastern 
part of the state, as the inland water body works as a sink for aerosols. The nearby 
Gumla, Netarhat, and Ketar regions, on the other hand, show lower AOD trends due 
to dense vegetation, lower population density, and very low anthropogenic activities. 
The remaining regions, Ranchi, Chaibasa, Balumath, Daltonganj, Hazaribagh, and 
Dhanbad, show moderate (Sen's slope of 0.0053 — 0.0135) trends in AOD.

However, Table 1 and Figure 4 summarize the results of the Mann — Kendall test 
and Sen's slope test to determine the temporal trends and magnitude of trends of the 
annual AOD for six major cities in Jharkhand (Chaibasa, Jamshedpur, Ranchi, 
Dhanbad, Hazaribagh, and Sahibganj). It is observed that all cities have stimulated
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Table 1. Result of Mann-Kendal trend test and Sen's slope estimator of annual AOD over 
Chaibasa, Jamshedpur, Ranchi, Dhanbad, Hazaribagh, and Sahibganj of Jharkhand state from 2000 
to 2017.

City name
Kendall's 

tau
p Value 

(two-tailed)
Sen's 
slope

Std. 
deviation

Std. 
error Z- values

Significant 
levels

Chaibasa 0.582 .00000 0.011 0.080 0.004437 3.3332 ♦ ♦♦
Jamshedpur 0.686 .00000 0.015 0.092 0.005103 3.9393 ♦ ♦♦
Ranchi 0.556 .00000 0.009 0.064 0.003578 3.1817 ♦ ♦♦
Dhanbad 0.542 .00190 0.010 0.072 0.004014 3.106 ♦♦
Hazaribagh 0.660 .00000 0.011 0.072 0.004004 3.7878 ♦ ♦♦
Sahibganj 0.569 .00112 0.012 0.087 0.004848 3.2575 ♦♦

Showing Kendall's tau, p value (two-tailed), Sen's slope, Std. deviation, Std. Error, Z-Statistics, and Significant levels 
**Statistically significant trends at the 99% confidence level;
♦ ♦♦Statistically significant trends at the 99.9% confidence level.

Figure 4. Time series and trend lines for annual AOD over Chaibasa, Jamshedpur, Ranchi, 
Dhanbad, Hazaribagh, and Sahibganj of Jharkhand state from 2000 to 2017.

notable positive and significant trends in this period. Both Dhanbad (p value: .00190, 
Sen's slope: 0.01, and Z-statistics: 3.106) and Sahibganj (p value: .00112, Sen's slope: 
0.01, and Z-statistics: 3.257) exhibit statistically significant trends at the 99% confi
dence level. Whereas, Chaibasa (p value: .00000, Sen's slope: 0.011, and Z-statistics: 
3.333), Jamshedpur (p value: .00000, Sen's slope: 0.015, and Z-statistics: 3.939), 
Ranchi (p value: .00000, Sen's slope: 0.009, and Z-statistics: 3.182) and Hazaribagh (p 
value: .00000, Sen's slope: 0.011, and Z-statistics: 3.787) demonstrate statistically sig
nificant trends at the 99.9% confidence level. As evident from the temporal pattern of 
AOD in Figure 4 and Table 1, it can be representative of AOD loading, which has a 
statistically significant pattern with temporal variability.

4.1.2. Seasonal spatial trend analysis
The variant of AOD is very dynamic in Jharkhand, mostly associated with seasonality, 
which is connected with both anthropogenic and natural emissions sources. In par
ticular, seasonal dynamics in aerosol properties are associated with local agricultural 
practices, livelihood, and meteorological factors like wind speed, wind direction,
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Pre-Monsoon Post-Monsoon

Figure 5. Annual distribution of aerosol optical depth over Jharkhand state from 2000 to 2017 in 
pre-monsoon and post-monsoon season.

temperature, and precipitation. Moreover, considering such seasonal variation, aerosol 
loading was extracted for pre-monsoon (MAM) and post-monsoon (ON). The 
detailed Spatio-temporal trends of aerosol loading over Jharkhand from 2000 to 2017 
by dividing them into 3-time series were analysed, which were 2000 to 2005, 2006 to 
2011, and 2012 to 2017 for the pre-monsoon and post-monsoon seasons. Though it 
sometimes revealed increasing and decreasing trends in different short periods, over 
the long-term study period (2000 — 2017), the AOD loading depicted an increas
ing trend.

4.1.2.1. Trends of AOD in pre-monsoon. Figure 5 shows the Spatio-temporal distribu
tion of AOD over Jharkhand state in the pre-monsoon season from 2000 to 2017. It 
is observed that the AOD level over the state is increasing over time due to unsus
tainable development in and around Jharkhand state. In 2004, the AOD level 
increased by 32% from the previous year in Sahibganj and it occurred again in 2008 
and 2009 (Figures 5, 6(a,b), and 9(f)). Moreover, the highest AOD (0.82) was 
observed in the pre-monsoon over Sahibganj, and the surrounding areas in 2015, 
which occurred over the most densely populated area, nearest to the ECL, Rajmahal 
Coal Mines (RCM), nearest to the forest fire-prone area and many other local mines 
were validated (Figure 14(e)) (Bandyopadhyay et al. 2021) in this study. Another 
aspect of high AOD level over this area is there are many stone crushers, brick kilns 
beside the Ganga River and closest to the National Thermal Power Corporation 
(NTPC, Kahalgaon Power Station), which is situated near the boundary of Jharkhand 
(Sahibganj district) and Bihar (Figure 14(d)) (Bandyopadhyay et al. 2021). The AOD
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Figure 6. Box and Whisker plots showing the variation of mean AOD for pre-monsoon (a) and 
post-monsoon (b) seasons from 2000 to 2017 of 6 major cities of Jharkhand state; Chaibasa, 
Jamshedpur, Ranchi, Dhanbad, Hazaribagh, and Sahibganjrepresented by A-F, respectively.

level is very high, which is thoroughly connected to the high level of coarse particles 
directly emitted from a series of stone crushers, besides being attributable to vast 
amounts of above-ground dust. It is also observed that, in case of Dhanbad and 
Jamshedpur regions are having much higher aerosol concentration relative to sur
rounding areas, due to harsh mining activity, forest fire-prone areas, highly industri
alized areas, and areas close to TPPs (Figure 14(a-h)) (Bandyopadhyay et al. 2021). 
Figure 7 shows a thorough understanding of the AOD variants, the RPC is computed 
across the entire state. In conjunction with the Spatio-temporal distribution of AOD, 
the RPC of AOD in these regions revealed increased changes (20 — 60%). Whereas 
Figure 7(a-c) is represented the Sahibganj region, the RPC revealed the highest 
(>120%) enhancement in the AOD. The lowest AOD (0.0018) occurred in the pre
monsoon season over the middle-south-western part of the study area in 2000 
between 2000 and 2017. It is covered by the eastern part of the Gumla District. In 
this area, vegetation cover is high (NDVI values > 0.5), less population density ( < 
277 per square km), low road density ( < 3.5 km per square km), and there is a lack 
of mining activities, TPPs, and any other HPIs. These areas depicted reduced RPC 
(—10 to —50%) values (Figure 7(a-c)). It is also observed that the Jamshedpur region 
had the highest mean AOD during this period, though the Sahibganj region revealed 
the highest AOD in 2015. Ranchi and Hazaribagh region continuously have a low 
level of AOD other cities (Figures 5 and 6(a)), as these cities are far from min
ing activities.

To reflect the detailed pattern of spatial changes in AOD and to explain the overall 
trend of AOD in the pre-monsoon season, we have performed the MK trend test 
(Equations (2)-(6)) and Sen's slope estimator (Equations (7)-(9)) based on the mean 
seasonal AOD. Figure 8(a-c) indicates the calculated slopes of trends were statistically 
significant and provides important information relating to the long-term changes of 
AOD in each pixel over Jharkhand. In the case of pre-2005 (Figure 8(a)), the trends 
of AOD over Jharkhand in the pre-monsoon season are upward (slope > 0.025) in 
Jamshedpur, Dhanbad, Hazaribagh, Balumath, Giridih, and in Sahibganj the trend of 
AOD is maximum 0.079 (Table 2). It indicates the highly increased AOD of this area.
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Figure 7. Pixel-based relative change of AOD for pre-monsoon (a-c) and post-monsoon (d-f) sea
sons over Jharkhand state for the periods between 2000 and 2017.

The high upward trend illustrates that the amount of AOD is increasing with time in 
the Sahibganj area. As the cause of this upward trend of AOD, we can say that within 
this period (2000-2005), they established a lot of stone crushers coal mines (Figure 
14(e)) (Bandyopadhyay et al. 2021), and brick kilns, etc. (Govt. of India, Ministry of 
MSME 2021). Most areas, including Daltonganj, Netarhat, Gumla, Chakradharpur, 
Chaibasa, Kormia, Noamundi, and others, experienced upward or positive trends dur
ing this period. Due to fewer anthropogenic activities, low population density, and 
dense vegetation cover, downward trends also appeared in the eastern part of the
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Figure 8. Seasonal Spatial trends of Aerosol Optical Depth of Pre-monsoon and Post-monsoon sea
sons over Jharkhand state; (a) Trends of AOD in Pre-monsoon season during 2000-2005, (b) Trends 
of AOD in Pre-monsoon season during 2006-2011, (c) Trends of AOD in Pre-monsoon season dur
ing 2011-2017, (d) Trends of AOD in Post-monsoon season during 2000-2005, (e) Trends of AOD 
in Post-monsoon season during 2006-2011, and (f) Trends of AOD in post-monsoon season 
during 2011-2017.

Table 2. Summary of Sen's slope of aerosol optical depth for pre-monsoon and post-monsoon 
season of Jharkhand state.

Study periods

Pre-monsoon Post-monsoon

Highest Lowest Highest Lowest
2000 to 2005 0.0794 —0.07058 0.09821 —0.05002
2006 to 2011 0.09484 —0.08291 0.10809 —0.03288
2012 to 2017 0.12288 —0.02587 0.11344 —0.09406
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Figure 9. Seasonal time series and trend lines (Mann-Kendall Trend Test) of aerosol optical depth 
(AOD) for six major cities of Jharkhand state from 2000 to 2017 in Pre-monsoon (a-f) and post
monsoon (g-l); (a and g) Chaibasa, (b and h) Jamshedpur, (c and i) Ranchi, (d and j) Dhanbad, 
(e and k) Hazaribagh, and (f and l) Sahibganj.

state during this period, namely Dumka, Pakur, and the eastern part of Dhanbad. In 
the case of the 2006-2011 time period (Figure 8(b)), the upward trends (> 0.012) of 
AOD dominated over the North and North-West parts of Jharkhand, like Borrio, 
Pakur, Satgwan, Ketar, Daltonganj, and surrounding areas. Furthermore, in the 
Southern and slightly in the Eastern parts, like Jamshedpur, Chaibasa, Noamundi, 
Dhanbad, and Kormia have the positive trends of AOD. This is due to the occurrence 
of various anthropogenic and industrial activities in these regions. From the middle 
part of the state, the trends gradually increased towards the north and south of the 
state. Moreover, in the central part of the state, i.e. Hazaribagh, Ranchi, and sur
rounding areas, there are apparent negative (slope values up to —0.0705) trends in 
AOD. Figure 8(c) represents the periods of 2012-2017; the trends of AOD over 
Jharkhand are different from the previous patterns. In this period, the highest trend 
(0.1228) occurred in the northern part of the Sahibganj district, which is mainly cov
ered by a lot of mining activities and stone crushers (Figure 14(e), Table 2) 
(Bandyopadhyay et al. 2021). These are the primary sources of aerosols. In this 
period, most of the area (90%) was covered by positive trends and within the very 
small part of the state occurred negative trends mainly covered by the North-Western 
part and some portions of Latehar, Lohardaga, Pakur, and Sahibganj district.

4.1.2.2. Trends of AOD in post-monsoon. The spatial distribution of AOD is shown 
in Figure 5 for the post-monsoon season from 2000 to 2017 over the Jharkhand state. 
Over the whole study period, the mean AOD distribution illuminated a less or more 
similar spatial pattern to pre-monsoon season. Although some portions have different 
patterns and values for AOD, A significant rise in AOD was observed over the entire 
state from 2008 and onwards. However, 2001, 2003, and 2006 revealed a higher level 
of aerosols over the Sahibganj region. It may be due to the extensive industrial activ
ity in this region. It also observed the declining value of the AOD in 2017 (Figure 
9(l)). In the post-monsoon season, the highest AOD (0.95) occurred over the western 
part of Godda district in 2015, which is located nearest to the ECL, RCM, and many 
other local mines and stone crushers (Figure 14(e)) (Bandyopadhyay et al. 2021). 
Another aspect of this areas high AOD is that there are a lot of brick kilns beside the
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Figure 10. Scatter plot matrix and wind rose showing the correlation between AOD and meteoro
logical parameters of Jharkhand state from 2000 to 2017; (a) correlation between AOD, tempera
ture, relative humidity (RH), wind speed, and wind direction; (b,c) Wind rose plot of pre-monsoon 
and post-monsoon season, respectively, over Jharkhand state.

Ganga River and close to the NTPC (Kahalgaon Power Station). It is situated near 
the boundary of Jharkhand (Sahibganj district) and Bihar, which are strongly related 
with high wind speed (7.52 m per second) and wind direction (towards south-south 
east) over this region (Figure 10(c)). The composition of all of these is responsible for 
the high AOD over this part of the state. The second-highest AOD level that occurred 
over the Dhanbad district (Figures 5 and 6(b)), which is located in the most densely 
populated ( > 770 per square km) area and is covered by many coal mines (Figure 
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14(e)) (Bandyopadhyay et al. 2021). Low NDVI indicates low vegetation cover, TPPs, 
and high road density ( > 16 km per square km). Over Dhanbad and the surrounding 
areas, all of these have high AODs. That's why most of these areas have manifested 
increased RPC values (10 — 100%). However, between 2006 and 2011, the RPC 
revealed a huge rise in AOD (Figure 7(e)) in conjunction with the spatial trends 
within this period (Figure 8(c)). However, the lowest AOD (0.08) occurred in post
monsoon over the Western part of the Gumla district in 2006, which is mainly cov
ered by highly dense vegetation cover (NDVI > 0.5), less population density ( < 277 
per square km) and there is the absence of any mines, TPPs, low road density 
( < 3.5 km per square km) and any other HPIs. Figure 6(a,b) shows the temporal vari
ability of AOD over six major cities. It is demonstrated that the AOD level, as well as 
AOD variations, are higher in the post-monsoon season than in the pre-monsoon 
season. When compared to Jamshedpur and Dhanbad, the Sahibganj region has the 
highest mean AOD. These regions have huge mining as well as industrial activities. 
Like in the pre-monsoon season, Ranchi and the Hazaribagh region showed a low 
mean AOD during the time series analysis.

Figure 8(d-f) depicts the detailed spatial trends of the AOD in the post-monsoon 
over Jharkhand from 2000 to 2017. For rigorous analysis, we have considered three dif
ferent periods, which are 2000-2005 (Figure 8(d)), 2006-2011 (Figure 8(e)) and 
2012-2017 (Figure 8(f)). The period from 2000 to 2005 revealed positive trends, which 
occurred mainly in the northern part of the state and also in the north-east and south
east parts, which are covered by stone crushers, HPIs, etc. (Figures 8(d), 14(c,f)) 
(Bandyopadhyay et al. 2021). Table 2 shows the highest positive trend (0.0982) has 
occurred in the southeast of the Sahibganj region. Positive trends in Jharkhand covered 
most of the areas (75%) during this period. And the lowest trends occurred in the 
south-western part of the state, which is mainly covered by dense vegetation cover and 
rural areas of Jharkhand. Gumla, Ranchi, Torpa, and the western part of Kormia's 
Noamundi block were all affected by negative trends during this period. In the period 
from 2006 to 2012, the spatial pattern of the trends of aerosol optical depth (AOD) was 
different from the previous periods. Table 2 shows the highest trends (0.108) in AOD in 
the Pakur region. Due to the presence of stone crushers and other HPIs (TPPs, massive 
mining activities, etc.), the temporal slope value of trends of AOD loading is higher 
than in other places. In this period, most of the areas (98%) are covered by the positive 
slope of trends due to anthropogenic activities. Only the areas which the Ganga River 
covers have a negative slope trend. As a result, we can conclude that the peak of 
anthropogenic activity occurred in the post-monsoon season across the entire state of 
Jharkhand during this period. Nevertheless, within the period from 2012 to 2017, the 
trends of AOD (Figure 8(f)) have revealed a contrasting picture to the previous (Figure 
8(d,e)) patterns of trends. Positive trends were observed primarily in the state's north
western region, including the Ketar, Daltonganj, Hazaribagh, Satgwan, Balumath, and 
Netarhat regions. And also covered by Dhanbad, Chakradharpur, and the surrounding 
area. These areas exhibited a high level of mining and different industrial activities dur
ing this period. On the other hand, the decreasing trends of AOD are observed in the 
whole eastern part ofthe state, namely, Bokaro, Ramgarh, Ranchi, Jamshedpur, Dumka, 
Jamtara, Dewghar, Giridih, Gumla, Khunti, Topra, Chaibasa, and surrounding areas.
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Table 3. Result of Mann-Kendal trend test and Sen's slope estimator of AOD of pre-monsoon sea
son over Chaibasa, Jamshedpur, Ranchi, Dhanbad, Hazaribagh, and Sahibganj of Jharkhand state 
from 2000 to 2017.

City name
Kendall's 

tau
p Value 

(two-tailed)
Sen's 
slope

Std. 
deviation

Std. 
error Z- values

Significant 
levels

Chaibasa 0.399 .02305 0.008 0.079 0.018705 2.2727 *
Jamshedpur 0.451 .01000 0.009 0.070 0.016616 2.5757 **
Ranchi 0.137 .44872 0.003 0.058 0.013749 0.75755 H0

Dhanbad 0.111 .54449 0.002 0.054 0.012614 0.60604 H0

Hazaribagh 0.163 .36332 0.004 0.066 0.015651 0.90906 H0

Sahibganj 0.359 .04082 0.008 0.085 0.020105 2.0454 *

Showing Kendall's tau, p value (two-tailed), Sen's slope, Std. deviation, Std. error, Z-Statistics, and Significant levels 
*statistically significant trends at the 95% confidence level;
**Statistically significant trends at the 99% confidence level;

Table 4. Result of Mann-Kendal trend test and Sen's slope estimator of AOD of post-monsoon 
season over Chaibasa, Jamshedpur, Ranchi, Dhanbad, Hazaribagh, and Sahibganj of Jharkhand 
state from 2000 to 2017.

City name
Kendall's 

tau
p Value 

(two-tailed)
Sen's 
slope

Std. 
deviation

Std.
Error Z- values

Significant 
levels

Chaibasa 0.516 .00313 0.014 0.103 0.024186 2.9545 **
Jamshedpur 0.634 .00028 0.021 0.133 0.031407 3.6363 ***
Ranchi 0.595 .00065 0.017 0.112 0.026512 3.409 ***
Dhanbad 0.582 .00086 0.021 0.136 0.032005 3.3332 ***
Hazaribagh 0.647 .00021 0.020 0.128 0.030123 3.712 ***
Sahibganj 0.477 .00639 0.017 0.145 0.034229 2.7272 **

Showing Kendall's tau, p value (two-tailed), Sen's slope, Std. deviation, Std. error, Z-Statistics, and Significant levels 
**statistically significant trends at the 99% confidence level;
***statistically significant trends at the 99.9% confidence level.

The slope of the AOD is decreasing towards the southeast and increasing towards the 
northwest in the middle portion ofthe state.

Tables 3and4showtheresults oftheAODtrendtestbytheMKtestandSen'sslope 
test for the pre-monsoon and post-monsoon seasons, respectively, in six major cities 
(Chaibasa, Jamshedpur, Ranchi, Dhanbad, Hazaribagh, and Sahibganj) of Jharkhand 
state from 2000 to 2017. In this long-term time series analysis, it is observed that all the 
cities depicted positive trends in the AOD in both the seasons, pre-monsoon and post
monsoon which represented in Figure 9. Though in the pre-monsoon season (Table 3, 
Figure 9(a-f)) all the cities depicted upward trends, only Chaibasa and Sahibganj 
revealed statistically significant trends at the 95% confidence level with the slope values 
of 0.008, and Jamshedpur city exhibited statistically significant trends at the 99% confi
dence level with the slope value of 0.009. On the other hand, Ranchi, Dhanbad, and 
Hazaribagh showed non-significant trends, even though the trend slope of these three 
cities showed a positive (0.003, 0.002, and 0.004) trend in the Sen's slope test. However, 
in the case of the post-monsoon season (Table 2, Figure 9(g-l)), it demonstrates a sig
nificant positive trend slope. At the 99% confidence level, Chaibasa (Sen's slope: 0.014), 
and Sahibganj (Sen's slope: 0.017) show statistically significant trends. While the MK 
and Sen's slope tests revealed statistically significant trends at the 99.9% confidence level 
in Jamshedpur (Sen's slope: 0.021), Ranchi (Sen's slope: 0.017), Dhanbad (Sen's slope: 
0.021), and Hazaribagh (Sen's slope: 0.020).
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Figure 11. Multi-year average AOD of Terra MODIS sensor for pre-monsoon and post-monsoon 
seasons over Jharkhand state from 2000 to 2017.

4.2. Seasonal characteristics of AOD

In this study, Figure 11 highlights that in assessing the seasonal characteristics and 
spatial distribution of AOD, we have considered only two primary seasons, pre-mon
soon and post-monsoon. The multispectral MODIS time-series data over Jharkhand 
from 2000 to 2017 depicts the spatial distribution pattern in multi-years and is aver
aged with the AOD during the pre- and post-monsoons. The average spatial distribu
tion pattern of AOD over Jharkhand is closely related to meteorological factors, such 
as wind direction, wind speed, temperature, and RH (Figure 10(a-c)) as well as the 
industrial activities, like the cement industry, mines, TPPs, forest fires, road density, 
brick kilns, vegetation cover (NDVI) population density, etc. (Figure 14) 
(Bandyopadhyay et al. 2021). The average highest AOD (0.596) is observed near the 
ECL, RCM in the north-eastern part of Jharkhand in pre-monsoon, whereas it has 
increased by 23% (AOD: 0.731) in post-monsoon. On the other hand, the lowest 
AOD (0.158) was observed near the Gumla in the Southwestern part of the study 
area in pre-monsoon, whereas in post-monsoon, it increased by 3% (AOD: 0.163).

In the pre-monsoon season, the high AOD ( > 0.3) is observed mainly in the 
North-western part of the Godda and Sahibganj district, which is covered by HPIs, 
coal mines, brick factories, low vegetation cover, and other anthropogenic activities in 
this area. In addition, the depicted average wind pattern in pre-monsoon season over 
the state revealed a major wind direction towards north-east (resultant vector: 49 
degree, 40%) (Figure 10(b)). This north-east ward wind transports the major aerosols 
to this region. And in the south-eastern part of the Sahibganj district, near Farakka 
in the Murshidabad district of West Bengal, the AOD is high, which is also nearest to 
the NTPC (Farraka) and the high population density ( > 1334 per square km). The 
eastern part of Jharkhand along the state's boundary, including most of the portions 
of Bokaro, Dhanbad, Jamtara, Ramgarh, Eastern Ranchi, Sarikela-Kharsawan, and 
Purbi-Singhbhum covered by the higher level of aerosols. The medium AOD 
(0.2-0.3) level is observed vertically (North to South) in the middle portion of the 
state, which Kodarma covers, Hazaribagh, Giridih, Ramgarh, Ranchi, Gumla, Khunti, 
Northern part of Chaibasa, Simdega district. The lowest AOD (0.2) was found in the 
Middle Western part of Jharkhand, which includes the southern parts of Daltonganj, 
Chatra, Garhwa, and the entire Gumla district.
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Figure 12. Comparative analysis of seasonal variation of AOD between pre and post-monsoonal 
seasons 2000, 2005, 2010, 2015, and 2017 over (a) Chaibasa, (b) Jamshedpur, (c) Ranchi, (d) 
Dhanbad, (e) Hazaribagh, and (f) Sahibganj of Jharkhand state.
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In the case of post-monsoon, high AOD ( > 0.6) occurred along with the state of 
the Eastern and Northern boundaries of the state. The northern boundary is formed 
by the western parts of the districts of Sahibganj and Godda, as well as the north
ern parts of the districts of Giridih, Chatra, Kodama, and Palamu. The eastern 
boundary is covered by the eastern part of Sahibganj, Dhanbad, Bokaro district. 
Medium AOD (0.4-0.6) occurred in the maximum area of the state and covered by 
Ramgarh, Deoghar, Dumka, Garhwa, and Eastern part of Chaibasa, Ranchi, 
Hazaribagh, Giridih, Latehar districts, and Southern part of Palamu, Chatra, 
Kodarma and Northern part of Lohardaga and Eastern part of Khunti district. The 
area with the lowest AOD ( < 0.4) observed in the South-Western part of the state, 
which is covered by Gumla, Lohardaga, Simdega, Khunti and the Western part of 
the Chaibasa, Ranchi, Hazaribagh and Southern part of Latehar, Garhwa, and 
Chatra district.
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Table 5. Averaged AOD of the year 2000, 2005, 2010, 2015, and 2017 over Chaibasa, 
Jamshedpur, Ranchi, Dhanbad, Hazaribagh, and Sahibganj of Jharkhand state in pre- and post- 
monsoonal periods.

Year AOD 2000 AOD 2005 AOD 2010 AOD 2015 AOD 2017
City name Season Mean ± SD Mean ± SD Mean± SD Mean ± SD Mean ± SD
Chaibasa Pre-monsoon 0.24±0.04 0.36±0.04 0.35 ± 0.05 0.36±0.04 0.33 ± 0.03

Post-monsoon 0.22 ± 0.02 0.25 ± 0.03 0.38 ± 0.04 0.54±0.05 0.37 ± 0.04
Jamshedpur Pre-monsoon 0.28±0.02 0.38±0.04 0.39 ± 0.06 0.40±0.03 0.38±0.03

Post-monsoon 0.32 ± 0.04 0.35 ± 0.02 0.53 ± 0.03 0.67 ± 0.04 0.55 ± 0.03
Ranchi Pre-monsoon 0.23 ± 0.04 0.29±0.03 0.27 ± 0.07 0.25 ± 0.03 0.29±0.03

Post-monsoon 0.26±0.06 0.24±0.06 0.36 ± 0.07 0.52 ± 0.07 0.36±0.07
Dhanbad Pre-monsoon 0.33 ± 0.03 0.38±0.01 0.40 ± 0.05 0.31 ± 0.03 0.38±0.04

Post-monsoon 0.38±0.04 0.34±0.04 0.55 ± 0.04 0.71 ± 0.03 0.55 ± 0.04
Hazaribagh Pre-monsoon 0.22 ± 0.02 0.32 ± 0.02 0.24 ± 0.04 0.28±0.03 0.28±0.03

Post-monsoon 0.28±0.01 0.25 ± 0.03 0.40 ± 0.03 0.59±0.04 0.45 ± 0.07
Sahibganj Pre-monsoon 0.32 ± 0.08 0.26±0.09 0.33±0.13 0.34±0.13 0.44±0.08

Post-monsoon 0.49±0.09 0.52±0.11 0.58±0.14 0.88±0.10 0.53±0.12

Figure 12 shows the variation of AOD in two seasonal periods (pre- and post
monsoon), i.e. 2000, 2005, 2010, 2015, and 2017. In order to understand the seasonal 
characteristics of AOD, we performed a temporal analysis of AOD levels over 
Chaibasa, Jamshedpur, Ranchi, Dhanbad, Hazaribagh, and Sahibganj of Jharkhand 
state. Increased trends are observed throughout the year in all locations. In the case 
of Chaibasa, it is observed that the level of AOD is always less than 0.4 in both the 
seasons (i.e. in pre-and post-monsoon), except in the post-monsoon season in 2015 
(AOD: 0.54). Figure 12(a) is also observed that AOD is less in post-monsoon than in 
the pre-monsoonal period in 2000 and 2005. The Spatio-temporal pattern recurs in 
the case of Ranchi and Hazaribagh. Moreover, the seasonal disparity between pre
monsoon and post-monsoon is relatively less in Chaibasa, Ranchi, and Hazaribagh 
region due to coequal continuous activities throughout the year (Figure 12(a,c,e), 
Table 5). However, in the case of Jamshedpur and the Dhanbad region, the Spatio
temporal pattern is less or more similar due to similar anthropogenic activities (min
ing activities) and industrially developed areas (Figure 12(b,d), Table 5). Therefore, it 
is observed that the level of AOD level is high in these regions of the Ranchi and the 
Hazaribagh region. The level of AOD is depicted in pre-monsoon and post-monsoon 
over the Sahibganj region in Figure 12(f). A notable temporal pattern over the 
Sahibganj region was observed. A positive trend from 2000 to 2015 was observed in 
the post-monsoon, although after 2015 it declined. But in the case of the pre-mon
soon season, it continuously revealed a positive trend from 2005 to 2017. Although 
there is some evidence, the AOD level was highest in each location during the post
monsoon season in 2015 and lowest during the pre-monsoon season in 2000, except 
the Sahibganj region (AOD: 0.26 in 2005).

4.3. Geospatial pattern of AOD over Jharkhand

The geographical distribution of the 18years (2000-2017) of average AOD over 
Jharkhand is shown in Figure 13. The multi-year average spatial distribution of AOD 
over Jharkhand is highly correlated to this area's physical and cultural characteristics. 
Such industrial zones, like the cement industry, mines, TPPs, forest fires, road
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Figure 13. The geospatial pattern of average aerosol optical depth over Jharkhand state from 
2000 to 2017.

density, vegetation cover (NDVI), population density, etc., are the primary regulators 
of the AOD (Figure 14) (Bandyopadhyay et al. 2021). Furthermore, we analysed the 
meteorological factors and their effects on aerosol dynamics over Jharkhand state. 
The high AOD loadings were found in northeast Jharkhand's industrially and eco
nomically developed areas, which are strongly correlated with the wind speed (r2 = 
0.62) and wind direction (r2 = 0.35) (Figure 10). While the low-slung aerosol load
ings were found in rural areas and a few developing areas in western and southwest
ern Jharkhand. The highest averaged aerosols (AOD ±SD; 0.606±0.13) were found in 
the Northern part of Sahibganj district, which is surrounded by mining activities and 
HPIs (Figure 14(e)) (Bandyopadhyay et al. 2021), whereas the lowest aerosols 
(AOD ±SD; 0.16±0.08) were found in the Western part of Gumla district, which has 
a lower population density (191 per square km), dense vegetation cover ( > 0.5), and 
an existing forest. The average distribution of AOD over Jharkhand is higher on the 
Northern and Southern boundaries of Jharkhand. And from these two different boun
daries towards the South and West, the AOD is decreasing successively.

5. Conclusions

In this study, the long-term spatio-temporal trends of MODIS AOD observed in the 
Indian state of Jharkhand are analysed from 2000 to 2017 using the MK trend test 
and Sen's slope estimator. It was also analysed the correlations between aerosol emis
sions and the meteorological factors, which demonstrated strong positive correlations
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Figure 14. ‘Most important parameters for the identification of sources of aerosols: (a) spatial dis
tribution of average NDVI; (b) forest fire (constant occurrence from 2011-2017); (c) cement indus
tries; (d) thermal power plants; (e) mines; (f) highly polluting industries; (g) road density; and (h) 
population density over Jharkhand state and surrounding areas (Census of India 2011)' 
(Bandyopadhyay et al. 2021).
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were observed among these meteorological factors with aerosol emission. AOD was 
positively correlated with temperature (r2 = 0.65), RH (r2 = 0.79), wind speed (r2 = 
0.62), and wind direction (r2 = 0.35). The highest average AOD was observed in the 
north-eastern part of Jharkhand, which is attributed to mining activities and indus
trial emissions. Instead, the lowest average AOD was observed in the southwestern 
part of Jharkhand. A remarkable change was observed between the pre-monsoon and 
post-monsoon seasons.

Due to seasonal anthropogenic activities throughout the state of Jharkhand, the 
concentration of aerosols was higher in the post-monsoon period as compared to the 
pre-monsoon period. The study reported a significant change in AOD from 20 to 
60%. The highest increase in AOD was recorded in Sahibganj area, where the RPC 
was more than 120%. All the major cities like Dhanbad, Sahibganj Chaibasa, 
Jamshedpur, Ranchi, and Hazaribagh exhibited a notable positive trend at ~99% con
fidence level. It was observed that during the pre-monsoon season, there was an 
upward trend in Sahibganj and the lowest in Gumla. The temporal variation of aero
sol trends was divided into three periods, namely 2000-2005, 2006-2011, and 
2011-2017, revealing a remarkable transition to dominate longer-term overall trends. 
Interestingly, lowering of AOD on the western and southwestern borders from higher 
AOD on the eastern and north-eastern borders of the state was a major geospatial 
pattern observed in the state. Thus, this study provides an alternative approach to 
uncover the spatio-temporal pattern of AOD over the state of Jharkhand. In future 
study, it may focus on the impact of aerosol dynamics on environmental as well as 
human health in regional scale.
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