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The proper functioning of the river ecosystem has been symbolised by healthy aquatic life. The river
Ganga has shown signs of rejuvenation due to lockdown. In this study, an attempt has been made to
analyse the change in river water quality using Sentinel-2 and Landsat-8 imageries. The quantitative
analysis has been performed for temperature and normalised difference turbidity index (NDTI). The
qualitative analysis has been performed for pH, dissolved oxygen (DO) and total suspended solids (TSSs).
Ghagzipur, Varanasi and Mirzapur stretches have been selected for this study. In the Ghazipur stretch, the
river temperature decreased by 7.14% in May 2020 (lockdown period) as compared to May 2019 (1 year
before lockdown). Similarly, in the Varanasi stretch, this decrease has been by 8.62%, and in the Mirzapur
stretch, this decrease has been by 12.06% in May 2020 compared to May 2019. For the same period, NDTI
in the Ghazipur, Varanasi and Mirzapur stretch has been decreased by 0.22, 0.26 and 0.24, respectively.
The pH and DO of the river increased, and T'SS decreased for the considered time period. The lockdown
during the second wave of the coronavirus disease 2019 was not helpful for river rejuvenation. This study
elicited how the behaviour of the parameters changed during the lockdown.

Keywords. Lockdown; Varanasi; Ganga; Sentinel-2; Landsat-8; water quality.

1. Introduction

The mapping of the river or the inland water
quality using remote-sensing technology was not
new for the scientific community, and this
activity has been practiced since the 1970s with
the launch of the Landsat series of satellites
(Klemas et al. 1971; Ritchie et al. 1976). The
conventional procedures for testing the water

Published online: 20 April 2022

quality parameters are expensive as well as time-
consuming, and it provides information only for
the point(s) under measurement. The remote-
sensing technology can be utilised as an advan-
tageous alternative option for the measurement
of the water quality parameters. The remote-
sensing-based satellite images can provide sys-
tematic and periodic coverage of an area. More
information can be deduced for a place because of
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the periodic nature of the satellite revisit (de
Moraes Novo et al. 2006; Lamaro et al. 2013).
Every feature of the earth’s surface behaves
uniquely while interacting with electromagnetic
(EM) radiation. This distinctiveness generates in
the form of the spectral signature from each
surface feature, and this signature has been uti-
lised to identify the surface feature through
satellite images (Elachi 1987; Joseph 1996).
When a slight change in the composition of a
feature occurs, it simultaneously changes the
spectral signature (Moore 1980). Several factors
accompany the change of the spectral signature
for a feature, and the same can be valid for the
water feature. Some of the factors responsible for
generating the different spectral signatures of
water are the incidence angle of the sun, the
season of the year, water surface roughness,
turbidity, depth of the water and vegetation
growth on the water surface (Garg et al. 2020).
By studying these different spectral signatures,
the qualitative and sometimes the quantitative
assessment of a particular component can be
accomplished (Chander et al. 2019; Luis et al.
2019). Several water-quality parameters such as
temperature, turbidity, dissolved oxygen (DO),
pH, total dissolved solids and total suspended
solids (TSSs) can be studied with the help of
remote-sensing technology (Lamaro et al. 2013;
Khattab and Merkel 2014; El Din and Zhang
2017; Garg et al. 2020; Patel et al. 2020).

The temperature of the water is one of the
significant parameters because it helps regulate
the rate of chemical reactions in the river, and it
also controls the DO concentrations along with
the nutrient cycle of the aquatic creatures; thus,
it influences the freshwater ecology (Caissie
2006; Wawrzyniak et al. 2012). The continuum
concept of the river signifies that any change in
the river temperature can intensely impact the
longitudinal distribution of organisms in the
fluvial ecosystem (Vannote et al. 1980;
Wawrzyniak et al. 2012). The rise of the river
temperature above a specific threshold hampers
the biological processes such as growth, repro-
duction and survival rate of the aquatic species
(Eaton et al. 1995; Xin and Kinouchi 2013).
According to Vant’s Hoff theory, it can be sta-
ted that for every 10°C rise in the temperature
of water, the biological activity nearly doubles
within the temperature range of 0-40°C under
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normal situations (Gillooly et al. 2001; Caissie
2006). In comparison with the in-situ measure-
ments, the remote-sensing techniques provide
alluring possibilities for estimating and observ-
ing the river temperature as well the spatial
thermal pattern of the river (Ling et al. 2017).
Several researchers are now using remote-sens-
ing technology for estimating the temperature of
river water. The thermal bands present in the
Landsat satellite system have been used for this
purpose (Lamaro et al. 2013; Wawrzyniak et al.
2016).

Turbidity is another essential water quality
parameter where suspended sediments, instead of
transmitting the light along the water column
they scatter light (Sebastid-Frasquet et al. 2019).
When the concentration of suspended solids or
sediments in water increases, the turbidity is also
enhanced, and higher turbidity values hamper
the aquatic ecosystem (Ritchie et al. 1976; Garg
et al. 2017; Quang et al. 2017). Change in the
river turbidity concentration can occur because of
the variation in the weather and climate patterns
and also due to human activities near the bank
of the river (Luis et al. 2019; Garg et al. 2020).
pH is another critical water quality parameter
very vital for the true sustainability of the
aquatic and marine ecosystem. It is a non-bio-op-
tical parameter (Sharma et al. 2019). The aquatic
species may die if there is too much fluctuation
occurring in the fluvial system. The optimum range
of pH for freshwater aquatic animals lies between
6.5 and 9.0 (Wurts and Durborow 1992). DO is one
of the most significant parameters of water quality
for a sustainable aquatic ecosystem (Poole and
Berman 2001; Null et al. 2017). The decreasing
effect of the DO in the river shows negative con-
sequences on aquatic ecosystems and biogeochem-
ical processes (Middelburg and Levin 2009). DO
has an inverse relationship with the temperature
(Viswanathan et al. 2015; Null et al. 2017). TSS is
another vital parameter that measures suspended
sediments. Suspended sediments or solids are very
problematic for the survival of aquatic species
because they diminish the light, which is very
much essential for aquatic life, and they also indi-
cate eutrophication of the water bodies (Doxaran
et al. 2002; Garg et al. 2017; Sebastia-Frasquet
et al. 2019).

The satellite imageries can estimate all the
above-mentioned water quality parameters. The
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satellite images consist of spectral bands, which
can be helpful for the determination of these
parameters (Pavelsky and Smith 2009; Khattab
and Merkel 2014; El Din and Zhang 2017; Garg
et al. 2017; Sharma et al. 2019).

The coronavirus disease 2019 (COVID-19)
global pandemic is caused due to the novel
coronavirus strain has been considered one of
the most virulent diseases that affect human
lives in around 210 countries (Chauhan and
Singh 2020; Patel et al. 2020). To protect the
population from this deadly disease, the gov-
ernment of each country had declared lockdown
in a phased manner (Chauhan and Singh 2020).
Similarly, the Indian government had also
implemented a complete lockdown from mid-
night of 24th March 2020 (The Lancet 2020).
Several studies have reported that due to the
lockdown effect, the environmental conditions
of major cities have been improved in terms of
pruning in pollution of either air or water
(Braga et al. 2020; Collivignarelli et al. 2020;
Dantas et al. 2020; Lal et al. 2020; Muhammad
et al. 2020; Otmani et al. 2020). The air and
water quality of the major Indian cities had
been improved because the lockdown brought
about halting of work in factories, closure of
the transport system and sealing of the com-
mercial activities (CPCB 2020; Mahato et al.
2020). Due to this lockdown effect, the possible
cleansing of the rivers occurred as a natural
process (Shukla and Srivastava 2020), along
with the cleansing of the river Ganga as well,
which is one of the most polluted rivers
(Hamner et al. 2013). The pollution level of
river Ganga has been reduced, and it has
become much cleaner now (Garg et al. 2020).

In this study, an attempt has been made for ana-
lysing several water-quality parameters such as
temperature, turbidity, pH, DO and TSS for the
river Ganga at different stretches. The temporal
study of the Landsat-8 and Sentinel-2 data has been
performed for the pre-lockdown, lockdown and post-
lockdown time frame. Cloud-free satellite images
have been considered for this study. For the pro-
cessing of the image Google Earth Engine (GEE)
platform has been used. GEE is a cloud-based
technology operated by a massive number of servers
worldwide, and it is freely available through the
internet (Dong et al. 2016). Furthermore, as no field
data were present for this time period, the results are
represented in qualitative terms except for river
temperature and normalised difference turbidity
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index (NDTI) values. Existing algorithms for cal-
culating the river water temperature (Avdan and
Jovanovska 2016) and NDTT (Lacaux et al. 2007)
have been used in this analysis.

2. Materials and methods

2.1 Study area

The selected stretch area lies between Ghazipur
and Mirzapur and is located in the northern part
of India in southeastern Uttar Pradesh between
the coordinates 82.52-83.60°E and 25.16-25.58°N
(Yadav et al. 2020). This segment of the river
comes under the geomorphological unit of central
Ganga plains. In this region, the Ganga river
plain is flat alluvial in nature, having a shallow
depression and a small eastward gradient. The
width of the river varies between 700 and 750 m
in the study stretch, and the average height of
this region is 76.19 m above the mean sea level
(Rai et al. 2010; Pandey and Singh 2017). In this
part, the summer season usually has a longer
duration as compared to the winter season. The
summer temperature varies between 32 and
47°C, whereas the winter temperature mostly
hovers around the range of 5-15°C. The average
annual precipitation in this region is 1110 mm
(Das et al. 2020). Varanasi is a very famous city
that lies in this region, and it is also called the
spiritual capital of India. This city is also famous
for silk products, ivory and sculptures (Garg
et al. 2020). This study has been performed on
the river stretch situated near the three cities
that lie in the study area. The three stretches
have been marked with red colour where the
study was carried out as shown in figure 1. The
red colour stretch for Mirzapur city lies between
Ganjia (82.52°E, 25.16°N) and Kirtartara
(82.59°E, 25.16°N). The colour stretch for the
Varanasi region is situated between Ramna
(83.02°E, 25.23°N) and Tatepur (83.06°E,
25.33°N). For the Ghazipur region, the stretch is
located between Gorabazar (83.56°E, 25.55°N)
and Jamalpur (83.60°E, 25.58°N).

2.2 Conceptual framework of the water quality
indices

The term ‘water-quality’ was first coined by
Horton, a US scientist, in 1965. This appeared as
the most effective means to represent the overall
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Figure 1. Geolocation map of the study area from Mirzapur to Ghazipur. The blue vector represents the entire river stretch. Red

patches illustrate the river stretch considered for this analysis.

nature of water (Tyagi et al. 2013). Water qual-
ity has been defined in terms of the physical,
chemical and biological parameters of water
(Kachroud et al. 2019). Several agencies across
the world such as the European Union, WHO
(World Health Organisation) and some of the
Indian agencies such as Central Pollution Con-
trol Board (CPCB) and ISSDW (Indian standard
specification for drinking water) have prepared
their standards regarding the acceptable limits of
measured parameters for rating a sample as
good/suitable for specific use (Sargaonkar and
Deshpande 2003; Rout 2017). In this study, the
water quality parameters such as temperature,
turbidity, pH, DO and TSS have been consid-
ered. Among these parameters, some of them,
such as pH and DO, have also been considered by
CPCB for deriving the suitability of the water
usage in different applications such as industrial

application, agricultural application and domes-
tic household usages (Patel et al. 2020).

2.3 Meteorological datasets

The data used for meteorological parameters (air
temperature and precipitation) have been derived
from The Prediction of Worldwide Energy
Resource (POWER) datasets of NASA. The
meteorological data/parameters in POWER
Release-8 are based on a single assimilation model
from Goddard’s Global Modelling and Assimilation
Office. These datasets (interannual and daily time-
series format) are provided on a global grid having
a spatial resolution of 0.5° x 0.5° (Suarez et al.
2005). The POWER Data Access Viewer (DAV) is
a web mapping application, and it contains
geospatially  enabled parameters. POWER
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Table 1. Time period for meteorological data.
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Table 2. List of the satellite image datasets used.

Time duration

Satellite sensor Date of the image acquisition

28th January-12th February 2019
20th April-19th May 2019

1st November—15th November 2019
20th January—15th February 2020
15th April-5th May 2020

14th October—28th October 2020
18th April-24th May 2021

provides various texts’, tabular, geospatial data-
sets and files that users can download and integrate
into custom software and applications for further
processing, analysis and visualisation. The time
duration for which meteorological datasets have
been prepared is presented in a tabular form in
table 1.

2.4 Satellite imagery datasets
2.4.1 Landsat-8 datasets

Landsat-8 is the eighth member of the Landsat
series, which is the joint mission of NASA and
USGS. This satellite had been sent to the earth’s
orbit in February 2013, and the first image from
this satellite was made available as of March 2013.
This satellite consists of two independent working
sensors: the operational land imager (OLI) and the
other one is the thermal infrared (TIR). The OLI
sensor has been used to gather information from
the visible, near-infrared (NIR) and SWIR range of
the EM spectrum. The TIR sensor is active on the
thermal range (10.6-12.51 pm) of the EM spec-
trum. Landsat-8 satellite system consists of 11
bands of different wavelengths. There are two TIR
bands in this satellite: band 10 (10.60-11.9 pm)
and band 11 (11.50-12.51 pum). Band 8 of this
satellite is panchromatic (PAN) band. Except for
TIR and PAN band, all the bands have the spatial
resolution of 30 m (Reuter et al. 2015). The TIR
bands have a resolution of 100 m x 100 m, and the
PAN bands have a resolution of 15 m x 15 m and
the rest of the bands have a resolution of 30 m x 30
m. The TIR bands have been resampled to 30 m
(Sekertekin and Bonafoni 2020). Both the TIR
bands have excellent noise stability performance,
but band 11 is affected more by stray values as
compared to band 10 (Montanaro et al. 2014). In
this analysis, band 10 has been used for the river
temperature calculation. For the assessment of the

Landsat-8 11 February 2019
Landsat-8 18 May 2019
Landsat-8 14 November 2019
Landsat-8 14 February 2020
Landsat-8 4 May 2020
Landsat-8 27 October 2020
Landsat-8 7 May 2021
Landsat-8 23 May 2021
Sentinel-2 6 May 2019
Sentinel-2 10 February 2020
Sentinel-2 3 May 2020
Sentinel-2 27 October 2020
Sentinel-2 4 May 2021
Sentinel-2 23 May 2021

river temperature, ‘Surface Reflectance Tier 1’
datasets of the GEE domain have been used. These
datasets are atmospherically corrected, and the
correction has been carried out by using LaSRC
(land surface reflectance code) algorithm (Vermote
et al. 2016). The Landsat images used in this study
have path 145/row 42 and 43.

2.4.2 Sentinel-2 datasets

Sentinel-2 (S2) satellite is a part of the Copernicus
Sentinel 2 mission. S2A and S2B were commis-
sioned in orbit in 2015 and 2017, respectively. The
important usage for S2 images has been in studying
lake ecology and water quality parameter estima-
tion at a finer scale (Bresciani et al. 2018; Bhat-
tacharjee et al. 2020). The temporal resolution of
the S2A imager is 10 days, but it gets reduced to 5
days when both the sensors are operational. The
spatial resolution of blue, green, red and NIR bands
of the S2 satellite is 10 m as compared to the 30 m
resolution of the same bands in the Landsat-8
satellite (Roy et al. 2014; Gorji et al. 2020). Level 2
products of S2 images are available in the GEE
platform (Li et al. 2019), and these images have
been used in this analysis.

The list of the satellite image datasets used from
the two sensors (Landsat-8 and Sentinel-2) has
been given in table 2.

2.5 Methodology adopted for this analysis

Flowchart for the spatio-temporal analysis of the
water quality parameters during the pre-lockdown,
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Figure 2. Flowchart of the methodology for the analysis of the
water quality parameter fluctuations.

lockdown and post-lockdown scenario has been
drawn in figure 2. The water pixels have been
delineated before applying the satellite-derived
algorithms for estimating the water quality
parameters.

2.5.1 Masking out the water pizels

Some of the water quality parameters such as
temperature, turbidity, pH, DO and TSS have
been analysed during the pre-lockdown, lockdown
and post-lockdown time period. Sentinel-2 and
Landsat-8 datasets have been used. Firstly, the
water pixels have been identified for each of the
satellite imagery used in this study. Delineation of
the water pixels has been done by using normalised
difference water index (NDWI). This technique
was first proposed by McFeeters in 1996 (Garg
et al. 2020). The NDWTI formula has been given in
equation (1):

Rg — Bnir

NDW[ = —"———.
R¢ + Rair

(1)

In equation (1), the Rg and Rnigr represent the
reflectance in green and NIR bands, respectively.
The value of NDWI varies between —1 and +1.
For theoretical purposes, if NDWI is more than
zero for a particular pixel, then that pixel should
be considered as a water pixel. But for practical
purposes, NDWI values may vary for different
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places. After the calculation of the NDWI value, the
pixels containing water will get highlighted. These
highlighted pixels have been masked out so that only
water pixels remain for further analysis.

2.5.2 Estimation of the river water temperature

The water temperature has been calculated
by the given formula (Avdan and Jovanovska
2016) as

T BT
> {1+ [(BT/p)lney]}

where Tg is the calculated water temperature in
°C, BT is the atmospherically corrected brightness
temperature, and the value of BT has been calcu-
lated in Kelvin, A is the peak emitted radiance, and
its value has been considered as 10.895 um. The p is
a constant which has a value of 1.438 x 10 > mK.
The ¢, is the emissivity of the water, and the
emissivity has been considered 0.988 (Ling et al.
2017) for this study. The water temperature has
been calculated for the Landsat images only
because the Sentinel-2 sensor does not contain the
thermal bands, and the emissivity has been
assumed to be a constant for the entire study
stretch.

—273.15,  (2)

2.5.3 FEstimation of the river water turbidity

The analysis of turbidity with the help of sin-
gle-band algorithms sometimes procure results
in underestimation and overestimation of
sediment concentration in water (Kuhn et al.
2019; Pahlevan et al. 2019). Some extent of the
radiometric inconsistency can occur even in the
temporal remote-sensing data of the same
sensor, so relying on single-band information
for turbidity calculation is not always a pre-
ferred choice (Pahlevan et al. 2019; Garg et al.
2020).

The turbidity has been calculated by using
NDTI for this study. The NDTI formula uses red
and green bands, and its values vary between —1
and +1 (Lacaux et al. 2007). The formula for
NDTT is

Rr — Rg

NDTI = ,
RR + Rq

(3)

where Rgr and Rg are reflectances in the red band
and green band, respectively. For low, moderate



J. Earth Syst. Sci. (2022)131 102

and high turbidity wvalues, average and SD
(standard deviation) were calculated as follows:

Low turbidity = Average turbidity — SD,
Moderate turbidity = Average turbidity + SD,
High turbidity = more than moderate turbidity.

For pure water, it generally has been found that
reflectance has been more in the green band as
compared to the red band, but for the turbid water,
the red band has more reflectance in comparison
with the green band (Ritchie et al. 1976; Moore
1980; Gholizadeh et al. 2016; Garg et al. 2020).
When the value of turbidity becomes high, then the
NDTT value also increases and vice versa.

2.5.4 FEstimation of the pH, DO and TSS

Water quality parameters (pH, DO and TSS) have
been calculated by using both the Landsat and
Sentinel-2 satellite imageries. Due to the lockdown,
sampling for the water quality parameters has not
been possible. The value of the water quality
parameters has been derived from satellite-based
indices. The following indices have been calculated
with the help of Landsat imageries.

The pH has been determined by using the fol-
lowing formula (Sharma et al. 2019):

Rnir

pH = 8.35 — 2( ) +184Rym. (4

Blue

The DO has been computed by using the
following formula (Sharma et al. 2019):

RBIue) (RGreen>
DO =8.2-0.15 —0.32 . 5
<RNIR Rnir (5)

The TSS has been calculated (El Din and Zhang
2017) as follows:

R oaste ue R X
TSS = 13.068 (u> + 70.19( R"“‘)
RRed Blue

— 66.034. (6)

The following indices have been enumerated
using Sentinel-2 imageries.

The pH has been calculated by (Torres-Bejarano
et al. 2020)

RRedEdge? >
H=4925-0.03739| ————=—
P <RRcd — Rnr

RRed Edge 3)

+ 2.478
<RRod Edge?2
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The DO have been determined (Torres-Bejarano
et al. 2020) as follows:

R
DO = —1.687 + 13.65< Red idge 1 >

RRed + Rxarrow NIR

RRed > . (8)

RRedEdge3 — RNR

— O.3714<

The TSS has been quantified by using the
formula (Ouma et al. 2020):

2
TSS = 46505.5 (RM 4 };NIR>

Red

R
- 41386.5(RRed + NIR) +18442. (9)

RRed

3. Results

3.1 Statistical representation of river
temperature and NDTI values

The result has been presented in the form of a box
plot for river temperature and NDTI during the
time period of pre-lockdown, lockdown and post-
lockdown. For the temperature representation,
February 2019 and 2020, May 2019 and 2020,
November 2019 and October 2020 have been
considered. Different months (October and
November) have been chosen for this study
because of the cloud cover issue associated with
Landsat-8 imageries. River temperature in the
Ghazipur region during February 2019 lies
between 18 and 21°C, with a majority of the
values situated between 19 and 20°C. However,
for the period of February 2020, the temperature
is situated between 19 and 21°C with most of the
values falling within 20-20.5°C. Amid May 2019,
the temperature lies in the range of 27.5-29°C,
and for May 2020 (during lockdown), the tem-
perature hovers between 25.5 and 26.5°C.
November is relatively colder than October, so
November 2019 (22.2-23.8°C) has a lower tem-
perature as compared to October 2020
(24.4-26°C). For the Varanasi region, the tem-
perature range for February 2019 (19-20.8°C) is
lower as compared to February 2020 (22-23°C).
In the season of May 2019, the temperature
hovers from 28.4 to 31°C, and during May 2020
(lockdown period), the temperature lies in the
range of 26-27°C. The month of November is
relatively colder as compared to October, so
November 2019 had a temperature range between
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24 and 24.8°C, and October 2020 has a tempera-
ture range between 26 and 27°C. The Mirzapur
region also shows a similar trend to that of Var-
anasi and Ghazipur. The significant temperature
range of February 2019 (19-20°C) is lower than
that of February 2020 (20-21°C). The tempera-
ture range of May 2019 (28-30.4°C) is more as
compared to the lockdown period during May
2020 (25-27°C). The November 2019 temperature
range (22.6-24°C) is lower than that of October
2020 (25-26°C) (figure 3a).

The NDTT values have been calculated for the
time period of May 2019, February 2020, May 2020
and October 2020 using Sentinel-2 datasets. The
NDTT trend for all three stretches shows a similar
pattern that NDTI shows a slight downward trend
in February 2020 as compared to May 2019. Then
in May 2020 (during lockdown), the NDTI shows a
significant decrease as compared to February 2020
(pre-lockdown time). Again, in October 2020, the
NDTTI parameter indicates an upward trend. Dur-
ing the period of February 2019, the NDTT values
for all three stretches lie primarily within the range
of 0.03-0.1. For February 2020, the Varanasi
region indicates the highest NDTT range from 0.025
to 0.06 among all the stretches. The Mirzapur
stretch exhibits a higher NDTT range (0.025-0.05)
compared to the Ghazipur region (0.02-0.045).
During the time of lockdown (May 2020), the
NDTTI range for Varanasi stretch hovers between
—0.25 and —0.15. In the same time period, Ghazi-
pur and Mirzapur indicate NDTI range between
—0.24 to —0.1 and —0.23 to —0.12, respectively.
For the period of October 2020, the NDTI range of
Ghagzipur, Varanasi, and Mirzapur are —0.25 to
—0.05, —0.23 to —0.08 and —0.2 to —0.049,
respectively (figure 3b).

During the period of the second lockdown, the
river temperature shows a steady increase for the
region of Ghazipur, Varanasi and Mirzapur. In
early May 2020, the river temperature in Ghazi-
pur river stretch ranges between 25.5 and 26.5°C.
In early May 2021, at the same place, the tem-
perature varies between 27 and 28.8°C. In late
May 2021, the temperature further increased
from 28.7 to 31.5°C. In the Varanasi as well as
Mirzapur river stretch also the same pattern has
been followed. In comparison with early May
2020, early May 2021 shows an increment of
approximately 2°C rise in the median river tem-
perature for the Varanasi stretch. The median
temperature rises by 4°C in later May 2021 as
compared to early May 2021. The river
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temperature value for the Mirzapur stretch ran-
ges from 27.5 to 30°C in early May 2021 as
compared to the 25 to 26.8°C in early May 2020.
The river temperature further increases in the
later period of May 2021. In that period, the
river temperature ranges between 29.5 and 32°C
(figure 3c).

The turbidity value also increases in the later
part of May 2021 as compared to early May 2021
for the considered stretches. For all the considered
stretches, the river turbidity shows a high value in
early May 2021 period as compared to early May
2020. For the Ghazipur stretch, the median NDTT
increases by 0.22 in early May 2021 as compared
to early May 2020. In later May 2021, the median
NDTT value further increased by 0.02 in com-
parison with early May 2021. In the Varanasi
stretch, in early May 2020, the NDTI ranges
between —0.25 and —0.15, and in early May 2021,
the NDTI value hovers between 0.02 and 0.08.
The NDTI shows a slight increase in the later
May 2021 period when it ranges between 0.04 and
0.10. For the Mirzapur stretch, the NDTI depicts
an almost similar range in the early and later
period of May 2021. For early May 2021, the
NDTTI ranges between 0.02 and 0.08, and for the
later May 2021 period, it ranges between 0.03 and
0.09. In early May 2020, the NDTI value was
considerably less, and it varies between —0.23 and
—0.12 (figure 3d).

3.2 Relation between river temperature
and water quality parameters for Varanasi
stretch

The correlation graphs have been plotted for the
Varanasi region for the period of May 2019 (a year
before the lockdown time period) and May 2020
(lockdown time period). The river temperature
decreases during the lockdown.

The clustering of the pH values have occurred
between 7.4 and 7.8 during the lockdown, but in
the previous year (May 2019), the pH clustering
occurs at two places, i.e., between 6.3 and 6.5 and
nearby 8.0. Similarly, the DO also shows the two
clusters for the pre-lockdown time period (May
2019) and almost a single cluster during the
lockdown time period (May 2020). NDTI has
formed the cluster within the range of —0.25 to
—0.17 for the lockdown period. For May 2019, the
NDTT has been clustered between 0.05 and 0.07
(figure 4).



J. Earth Syst. Sci. (2022)131 102 Page 9 of 28 102

(a)

-
28

8 26 1%1
o
=
©
5 24
Q.
§ %‘
) °
()
=
4
20
o
18
o o) ) Q Q Q
S s s o s ¥
N N N N ¥ N
; S i "
N N N NS J 4
Dates
(i)
30
O 28
<
o =L ==
=1
§ 26
3
£ ==
= 8
g ==
T 22

=

(iii)
30

. =

)
()
5% %’ %
o=
©
g 24
5 ]
}_.
5 22
=
o4
20
18
o o o o o o
& & N v v v
v v v v v W
NZ & N N © N
3 N Ny NS Ng q
Dates

Figure 3. (a) Box-plot representation of the river temperature (°C) using Landsat-8 datasets for the stretch of (i) Ghazipur, (ii)
Varanasi and (iii) Mirzapur. (b) Box-plot representation of the NDTI values using Sentinel-2 datasets for the stretch of
(i) Ghazipur, (ii) Varanasi and (iii) Mirzapur. (c¢) Box-plot representation of the river temperature (°C) for the analysis of the
second wave COVID-19 lockdown effect using Landsat-8 datasets for the stretch of (i) Ghazipur, (ii) Varanasi and (iii) Mirzapur.
(d) Box-plot representation of the NDTI values for the analysis of the second wave COVID-19 lockdown effect using Sentinel-2
datasets for the stretch of (i) Ghazipur, (ii) Varanasi and (iii) Mirzapur.
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3.3 Map representation

3.3.1 Qualitative representation of the water
quality parameters at different stretches

The water quality parameters have been repre-
sented in qualitative terms for Ghazipur, Var-
anasi and  Mirzapur  stretch. For this
representation, the difference maps have been
generated using Sentinel-2 imageries. The differ-
ence map (May 2020-May 2019) of pH shows
high and very high differences for all the con-
sidered stretches. The difference map of ‘May
2020-February 2020’ for Ghazipur and Varanasi
stretch depicts low and medium fluctuation for
pH, but the Mirzapur difference map for the
same timestamp has some changes as well. For
the difference map of ‘May 2020-October 2020,
the fluctuation of pH remains mostly low and
very low for the Varanasi stretch. Mirzapur
stretch also follows more or less the same pattern
except for some places where pH fluctuation
becomes high. The Ghazipur stretch during the
same timestamp mostly has a medium and low
change of pH, and sporadically high pH change
has also been noticed (figure 5a).

The difference map (May 2020-May 2019) of DO
shows high and very high fluctuation for all the
stretches. The DO difference map of ‘May
2020-February 2020’ shows mostly medium and
low alteration for the Varanasi stretch and mostly
medium variation for the Mirzapur stretch. The
Ghagzipur stretch also has mostly medium varia-
tion, but there has been very low and high varia-
tion at some patches. From the difference map of
‘May 2020-Oct 2020°, it can be depicted that for
the Varanasi and the Mirzapur stretch, DO fluc-
tuation mostly remain low, and for the Ghazipur
stretch, the alteration in the DO is very low
(figure 5b).

The difference map (May 2020-May 2019) of
TSS shows high and very high fluctuation for the
Varanasi stretch. Fluctuation becomes mostly very
high for the Ghazipur and the Mirzapur stretch.
The TSS difference map of ‘May 2020-February
2020’ show mostly medium variation for the Var-
anasi stretch. Even for the Ghazipur and the
Mirzapur stretch, mostly medium variation persist,
but at some patches, high and very high variation
also show their presence. The difference map ‘May
2020-Oct 2020’ of TSS shows mostly low and very
low alteration for all considered study stretches
(figure 5c¢).
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Qualitative analysis has been presented only
because the field sampling for the water quality
parameters has not been possible due to the lock-
down scenario over the entire country. Therefore,
the validation procedure cannot be performed.
Therefore, only qualitative work has been con-
ducted for this study.

3.3.2 Changing patterns of the river
temperature and NDTI values
for Varanasi stretch

The temperature map has depicted the change in
the river thermal pattern for the Varanasi stretch.
For the time period of February 2019 and
February 2020, the river temperature shows an
upward trend for the considered stretch for the
timestamp of February 2020. During the lock-
down time (May 2020), the river temperature
portrays a considerable decline compared to May
2019 temperature. The temperature mostly lies
between 28.5 and 29.5°C during May 2019, but in
May 2020, temperature mostly ranges between
26.5 and 27°C. November usually becomes colder
as compared to October in this part of the world,
so the temperature of November 2019 (mostly
ranges between 23.8 and 24°C) is less than that of
October 2020 (mostly ranges between 26.2 and
26.8°C) (figure 6).

The NDTTI values have been represented for the
period of May 2019 (before the lockdown period),
February 2020 (before the lockdown period), May
2020 (the lockdown period) and October 2020 (the
post-lockdown period) for the Varanasi stretch.
During May 2019, NDTT primarily lies in the range
of 0.05-0.07. In February 2020, NDTI decreased as
compared to May 2019. During lockdown time
(May 2020) NDTT value reduced significantly, and
it mainly lies in the range of —0.21 to —0.17. In the
post-lockdown period (October 2020), NDTI
showed an upward trend as compared to the lock-
down period (figure 7).

The two dates have been considered for May
2021. The river temperature lies mainly in a similar
range for early May 2021 and May 2019. In May
2019, the temperature ranged between 28.5 and
30.7°C. In early 2021, the range of the temperature
is from 28 to 30°C. In the later part of May 2021,
the river temperature hovers between 32.5 and
34.5°C. The later May 2021 period has the highest
temperature among all the considered time frames
(figure 8).
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Figure 5. (a) Qualitative difference maps [(May 2020-May 2019), (May 2020-February 2020), (May 2020-October 2020)] of pH using
Sentinel-2 datasets for the stretch of (i) Ghazipur, (ii) Varanasi and (iii) Mirzapur. (b) Qualitative difference maps [(May 2020-May
2019), (May 2020-February 2020), (May 2020-October 2020)] of DO using Sentinel-2 datasets for the stretch of (i) Ghazipur, (ii)
Varanasi and (iii) Mirzapur. (c) Qualitative difference maps [(May 2020-May 2019), (May 2020-February 2020), (May 2020-October
2020)] of TSS using Sentinel-2 datasets for the stretch of (i) Ghazipur, (ii) Varanasi and (iii) Mirzapur.
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The NDTTI value for the time period of May 2019
and May 2021 lies in the range of 0.03-0.10. The
NDTTI for early May 2021 lies between 0.03 and
0.08. The range for the period of May 2019 and late
May 2021 was almost similar. The NDTI value has
been considerably low in May 2020, and it hovers
between —0.25 and —0.15 (figure 9).
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4. Discussion

4.1 Analysis of the spatio-temporal change
in rwer temperature and NDTI

The quantitative analysis has been carried out for
the river temperature parameter for the considered
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Figure 6. River temperature (°C) variation for the Varanasi stretch using Landsat-8 datasets during the time period of

(i) February 2019 and February 2020, (ii) May 2019 and May 20

20 and (iii) November 2019 and October 2020.
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stretches and for the stipulated period. The tem-
perature estimation formula is a well-known for-
mula and has been already applied by several
researchers across the globe, including India
(Avdan and Jovanovska 2016; Orhan and Yakar
2016; George et al. 2017; Barbieri et al. 2018;
Rongali et al. 2018). The river temperature is one
of the essential parameters for the sustainable
development of the aquatic ecosystem (Wawrzy-
niak et al. 2012; Ling et al. 2017). Fishes are one of
the important pillars of the aquatic ecosystem
because they act as contributors of nutrients to this
ecosystem (Layman et al. 2013). At Varanasi and
nearby (Ghazipur and Mirzapur) stretches, 82
different varieties of fish species were recorded in
the river Ganga (Dwivedi et al. 2016). Change in
the river temperature can affect the fish network
structure in the river (Brown and Krygier 1970).
For all of the considered stretches, the tempera-
ture has been more in February 2020 as compared to
February 2019, and global warming can be one of the
causes for this increase in the river temperature
(Wawrzyniak et al. 2016). The river temperature
shows a declining trend in the lockdown period (May
2020) in comparison with that of May 2019. The
decrease in the river temperature can be attributed
to the fact that the river temperature reduces
because of the dwindling effect of air temperature.
The air temperature has a direct relationship with

the river water temperature (Webb 1996; Poirel
et al. 2009). The air temperature gets reduced
because the lockdown has forced to shut down the
industries, due to which the carbon emissions get
depleted. Concentrations of PM;, and PM, 5 have
witnessed the maximum reduction (Mahato et al.
2020). The region of Mirzapur and Varanasi is an
industrial belt. Mirzapur is rich in metalware and
utensil manufacturing industries (Sharma et al.
1992). In Varanasi and the nearby regions, several
industries such as textile, chemical and metal pro-
cessing are situated (Rai and Tripathi 2008; Rai
et al. 2010). Heavy metals such as Zn, Cu, Cd, Pb, Cr
and Ni have been found in the river among these
stretches (Sharma et al. 1992; Rai et al. 2010). These
heavy metals are very harmful to the aquatic
ecosystem (Baby et al. 2010). Heavy metals can
increase the electrical conductivity of the river,
which can enhance the river temperature (Kefford
1998). However during lockdown, the industries
were closed, so there has been less discharge of heavy
metals into the river, which could also be another
factor for low river temperature during the lockdown
period. The strict lockdown had been implemented
in India from the last week of March 2020 to July
2020 (Saravanan 2020). Several industries in this
region still have not become fully functional even
after July 2020. The river thermal pattern during
post-lockdown (October 2020) has shown an
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Figure 8. River temperature (°C) variation for the Varanasi stretch using Landsat-8 datasets during the time period of (a) May

2019, (b) May 2020 and (c) and (d) May 2021.

increasing trend as compared to November 2019.
This is a natural phenomenon as the air temperature
in the month of October is more as compared to
November, and the river temperature also follows
the same pattern.

In the Indian subcontinent region, it has been
already estimated that NDTI varies from —0.2 to
0.0 in the case of clear water and from 0.0 to 0.2 in
the case of moderately turbid water. For highly

turbid water, NDTI values go beyond 0.25
(Subramaniam and Saxena 2011). During the pre-
lockdown time (May 2019 and February 2020), the
considered stretches have been moderately turbid.
The NDTT value has been highest for the Varanasi
stretch. It can be attributed to the fact that it is the
most populated city in this entire stretch. The
anthropogenic activities near the riverbank of
Varanasi are also high compared to the other two
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Figure 9. NDTI values for the Varanasi stretch using Sentinel-2 datasets for the time period of (a) May 2019, (b) May 2020 and

(c) and (d) May 2021.

cities (Mirzapur and Ghazipur). The industrial and
domestic waste discharge can also inflate the tur-
bidity of the river. The Assi and Varuna rivers
have a confluence with river Ganga in the Varanasi
stretch. These two rivers increase the microbial
load in this stretch (Trombadore et al. 2020), so
this can also act as an additional factor for more
turbidity (Tornevi et al. 2014) in the Varanasi
stretch, as compared to other stretches. Discharge
of the heavy metals from the industries in this
entire study stretch is also a factor for the turbid
river water in this region (Nasrabadi et al. 2016).
Turbidity is a significant optical property of water
that diminishes the energy required for aquatic
growth. An increase in turbidity can hinder the
growth of aquatic flora and fauna. Photosynthesis
will be reduced, and that, in turn, will deplete the
productivity of the aquatic flora system. Turbidity
in the river can also cause a disruption of the
mating system among fishes (Jdrvenpad and
Lindstrém 2004). This region is the home of nearly
80 different fishing species (Dwivedi et al. 2016), so
an increase in turbidity can disrupt the fish net-
work structure of this region. This can eventually
collapse the aquatic environment of the study
stretch under consideration. The effect of lockdown
has become a blessing in disguise for aquatic
ecosystems. Due to this, the anthropogenic activi-
ties become very minimal on the river bank, and
domestic waste discharge in the river has also
drastically reduced. The majority of the industries

remained closed during the lockdown and very
minimal amount of industrial waste was discarded
into the river. These kinds of unusual scenarios
decrease river turbidity (May 2020), which in turn
immensely enhance the aquatic ecosystem of this
region. Even during the post-lockdown period
(October 2020), most of the industries remained
closed, and significantly fewer anthropogenic
activities took place, therefore river Ganga was
non-turbid. The additional meteorological effects
(rainfall and air temperature) have also been
analysed. The average precipitation and average
air temperature of the stretch have been considered
for this study. There is not much variation in the
meteorological parameters for 2019 and 2020.
During April-May 2020, a considerable amount of
rainfall (>10 mm) occurred on one day, however,
for other days rainfall was less than 4 mm
(figure 10).

4.2 Analysis of the qualitative difference maps
of the water quality parameters

Qualitative maps for the water quality parameters
(pH, DO and TSS) have been prepared. The lock-
down period (May 2020) has been considered the
base time period. In comparison with that, the
change in scenario for water quality parameters
over the study stretch has been analysed. For the
pH, it can be seen that the difference map (May
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2020-May 2019) shows a high fluctuation of the
pH for all the study stretch. This can be because,
in May 2019, everything was normal; the indus-
tries were running at their full capacity, wherein
industrial ~waste discharges, anthropogenic
activities along with domestic wastes in the river
Ganga made the river acidic. Due to lockdown,
all these activities came to a grinding halt

(i) 008
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partially or entirely, so there was a stark change
observed between the difference map (May
2020-May 2019) concerning pH. Similarly it can
be said for the DO difference map (May
2020-May 2019) also. During normal times due
to the excessive waste discharge into the river
and anthropogenic activities alarmingly diminish
the DO. The variation in the pH for the
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Figure 10. Graphical representation of the meteorological parameters (air temperature and rainfall) for the time period (i) 28th
January-12th February 2019, (ii) 20th April-19th May 2019, (iii) 1st November—15th November 2019, (iv) 20th January-15th
February 2020, (v) 15th April-5th May 2020, (vi) 14th October—28th October 2020 and (vii) 18th April-24th May 2021. Note:
Air temperature has been represented in the form of dots and dotted lines. Rainfall has been denoted in the form of bar diagrams.
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difference maps (May 2020-February 2020) of
the study stretches shows medium and low fluc-
tuations. It can be due to coronavirus disease
2019 (COVID-19) during February 2020 that
slowly started to take its toll in the entire
country, and the anthropogenic activities near
riverbanks had begun to decrease, therefore pH
of the river begun to show signs of improvement.
However in the Mirzapur region, some of the
industries still remained open during February
2020, continuously discharging their industrial
effluents into the river, which decreased the pH,
so the difference map (May 2020-February 2020)
showed some patches of high pH fluctuations.
Even the difference map (May 2020-October
2020) of pH for Mirzapur stretch also shows some
patches of high pH fluctuations, and the reason
remains the same that during the post-lockdown
period (October 2020), some of the industries
again started to operate, and waste from indus-
tries caused a decrease in pH of the water. In the
Ghazipur stretch, the difference map (May
2020-October 2020) shows some places to have
high fluctuations in pH. In this region, illegal
sand mining activities have been carried out at
some places after lockdown, and sand mining can
increase the metal concentration in the river
(Duncan et al. 2018), which in turn can decrease
the pH of the river water (Li et al. 2013). The
DO difference map (May 2020-February 2020)
for the considered stretches depicts that fluctu-
ation of the DO has been in the range of mostly
medium and high only at some sporadic places.
These fluctuations can be attributed to the fact
that during February 2020, people avoided vis-
iting crowded places such as ghats (river banks),
so the anthropogenic activities had begun to
diminish, and thus enhanced the river DO grad-
ually. From the difference map (May 2020—
October 2020), it can be seen that DO fluctua-
tion has become low and lower for all the areas of
study because there were almost negligible
anthropogenic activities and very less amount of
industrial waste discharged into the river. After
lockdown, the unlock process started in India in
a phased manner, but most industries were still
closed.

The suspended concentration or TSS has been
closely related to turbidity, and they are treated on
similar lines in the field of remote sensing (Ritchie
et al. 2003). The difference map (May 2020-May
2019) of TSS depicts high fluctuation for all the
study stretches. This can be attributed to the fact
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that during the lockdown (May 2020), turbidity
has been reduced considerably as compared to May
2019, when everything was normal. For the dif-
ference map (May 2020-October 2020), the TSS
fluctuation is very low. It is because due to lock-
down and in the post-lockdown stage, the indus-
tries mostly remain closed, and even the
anthropogenic activities were very minimal, so
there is a little change in the suspended solid level
of the river. The difference map (May
2020-February 2020) of TSS depicts the medium
and high fluctuations. This is because some of the
industries were still open in February 2020, and
some anthropogenic activities had taken place on
the riverbank, so there is some variation in the

TSS.

4.3 Analysis of the water quality parameter
fluctuations due to lockdown imposed
in the second wave of COVID-19
in summers of 2021

In mid-March 2021, the second wave of COVID-19
had begun to spread its tentacles throughout the
country. Then in the upcoming months, the situ-
ation turned from bad to worse. The major affected
states in the second wave were Maharashtra, Ker-
ala, Karnataka, Andhra Pradesh, Tamil Nadu,
Delhi, Uttar Pradesh (UP) and West Bengal. In
March 2020, the Indian central government had
imposed a nationwide lockdown. However, health
being a state issue as per the constitution of the
country, in 2021, the central government had given
the responsibility of lockdown to the respective
states (Kar et al. 2021). As such, the UP govern-
ment did not impose complete lockdown; instead, it
opted for the weekend lockdown rule starting from
24th of April to 24th of May (YKA post 2021). Due
to weekend lockdown, the industries were func-
tional, and even the anthropogenic activities con-
tinued on the ghats of the river. The river turbidity
value for the three considered stretches had been
high in May 2021 as compared to May 2020. The
industrial waste discharge and the anthropogenic
activities near the ghats were some of the reasons
for the inflated turbidity value. The temperature of
the river had also been high in May 2021 as com-
pared to May 2020. In the second half of May 2021,
the river temperature increased further than first
half of May 2021. This region received high pre-
cipitation from 18th to 20th May 2021, as shown in
the meteorological parameter graph (figure 10vii),
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but still, the river temperature on 23rd May 2021
has elevated values in comparison with 7th May
2021.

4.4 Special emphasis for the Varanasi stretch

Varanasi is one of the most populated cities and
very famous for Vedic culture. The correlation
graph, absolute thermal difference maps and the
NDTI maps have been drawn specifically for this
region only. This region is worst affected by pol-
luted water of the river since a huge number of the
population in this region depends on the river for
numerous purposes. The aquatic ecosystem in this
region has been hampered heavily due to anthro-
pogenic and industrial activities. Moreover, in this
stretch, two rivers Varuna and Assi, join the river
Ganga and these rivers carry immense waste along
with them. If the river restoration work is ade-
quately performed in this region, then for the other
areas of the considered stretch, it would not be a
very tedious and a challenging task.

5. Conclusion

Satellite imageries have been used for the spatio-
temporal analysis of the river water quality
parameter in the considered study stretch for the
pre-lockdown, lockdown and post-lockdown time
period. A significant impact of the lockdown had
taken place on the water quality of river Ganga in
Varanasi and its nearby regions. In the Mirzapur
stretch, the temperature of river Ganga decreased
by 12.06% in May 2020 as compared to May 2019.
Similarly, in Varanasi stretch, the temperature
reduced by 8.62%, and in Ghazipur stretch, this
decline of river temperature was noted as 7.14% in
May 2020 as compared to May 2019. The decrease
in the NDTI value showed a different trend. Var-
anasi showed the most significant decrease by 0.26
in May 2020 compared to that of May 2019. The
reduction in the NDTT value was calculated by 0.24
in the Mirzapur stretch in May 2020 compared to
May 2019. For the Ghazipur stretch, the decline of
NDTT value was by 0.22 in May 2020 compared to
May 2019. Several polluting industries had been
closed, and the anthropogenic activities have also
been reduced to a great extent due to the lock-
down. After 4 weeks since the lockdown had begun,
the production of essential items had been allowed
by the government, and other industries were
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closed. So obviously, there had been less discharge
and effluent generation. This situation has taken
off the vast chunk of toxic load from the river. The
water quality parameters have shown improve-
ment, especially around the industrial clusters and
urban areas. During the lockdown, the water
quality of the river has shown progress, and it is
evident that the leading cause of water quality
degradation is anthropogenic factors. A significant
reduction in the river turbidity was also very
apparent. Grossly polluting industries in the river’s
catchment areas need to be regulated at the earliest
because the water quality improvement due to the
lockdown phenomenon is just a temporary repri-
eve. The river rejuvenation, observed during the
first lockdown in the summer of 2020, had been
deteriorating during the second wave lockdown
(summer of 2021) in the UP region. In the second
wave lockdown, the industries were not closed, and
anthropogenic activities were also carried out,
which increased the pollution level of the river.
Necessary regulations should be implemented to
reduce further deterioration of the water quality
while considering the increasing rate of urbanisa-
tion and pollution load into the river. One of the
biggest challenges will be to keep the river under
similar conditions when life limps back to normal.
The COVID-19 global pandemic is a once-in-a-
generation occurrence that is currently plaguing
the world. Nevertheless, it presents a similarly
once-in-a-lifetime opportunity to redesign the
existing frameworks and implement a robust as
well as a dynamic mechanism to clean one of
India’s most polluted rivers and the other similarly
afflicted watercourses of the nation.
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