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Abstract: River Ganga in India has tremendous self-purification capacity due to its dynamic, turbulent and
meandering characteristics. In addition due to the presence of anti-bacterial agents such as Bacteriophages virus
killing bacteria and its medicinal properties, the refinement capacity increases. In the present work, water quality
samples of river Ganga at Kanpur, Prayagraj, Varanasi, Patna and Bhagalpur were collected and analysed for the
years 2017-2019 to assess the change in water quality of the river Ganga in terms of total suspended solids (TSS)
and turbidity through remote sensing data and ground observations. The change in spectral reflectance of water
along the river in the visible region has been analysed using the Landsat-8 multispectral remote sensing data and
water quality samples have been collected from all the sites on the date of pass of Landsat-8 satellite. The results
obtained shows that the satellite based remote sensing approach can be effectively used to make qualitative and
quantitative estimates of total suspended solids and turbidity using nonlinear equations with high accuracy, even

in the absence of field observations.
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Introduction

Remote sensing approaches to measure inland water
quality data has been done since the beginning of the
satellite era (Jha et al., 2008a, 2008b, 2008c; Johnson,
1975; Ritchie et al., 1976; Sahoo et al., 2019; Singh
and Jha, 2018, 2020). Over this time span, hundreds
of peer-reviewed publications have shown promising
remote sensing models to estimate the biological,
chemical, and physical properties of inland waterbodies
(Moore, 1980).

Among all the water quality parameters, total
suspended solids (TSS) particles are the most common
problem in inland waters such as rivers, lakes, and
estuaries (Ritchie et al., 1974). It attenuates the light
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below the water surface required for aquatic life
(Doxaran et al., 2002; Garg et al., 2017; Ritchie et al.,
1974). The total suspended solids (TSS) refer to both
inorganic as well as organic particles that persist in
suspension throughout a river system, especially during
the monsoon period. The monitoring of TSS fluctuations
has strong implications for biogeochemical cycling in
terms of nutrient transport, heavy metal loading, global
carbon budgets and light conditions (Riigner et al.,
2013). The TSS attenuates the light below the water
surface and its spectral signatures can vary significantly
based on the particle size and composition of organic
to inorganic materials (Novo et al., 1989; Spyrakos
et al., 2017). The organic-dominated systems derive
their spectral signatures from algae concentrations



48 Kamakshi Singh and Ramakar Jha

and can share the pronounced absorption features and
backscatter peaks described above for chlorophyll (Shi
et al., 2013). The location of the spectral maximum
moves from around 550 nm into the red or near-infrared
wavelengths due to an increase in inorganic TSS
concentrations within a waterbody. TSS concentrations
can be correlated with various optically inactive
water quality parameters such as the concentration of
phosphorous, mercury, and other metals at local scales
(Telmer et al., 2006).

Moreover, turbidity is another important optical
property of water, which increases with an increase in
the concentration of suspended solids or sediments in
water (Garg et al., 2017; Ritchie et al., 1976; Sebasti_a-
Frasquet et al., 2019). Turbidity enhances the opacity
of water, which again hampers aquatic life (Geuttler et
al., 2013; Sebasti_a-Frasquet et al., 2019; Quang et al.,
2017). The turbidity regulates freshwater ecosystems
through light attenuation and control over depth
(Mazumder and Taylor, 1994). Most commonly, Secchi
Disk depth is used as relative measure of turbidity. The
concept of Secchi Disk depth was developed more than
150 years ago to quantify the maximum visible depth
of a white and black disk lowered into a waterbody
(Wernand, 2010). In comparison, turbidity is an explicit
measurement of light scattering within a water column
caused by suspended and dissolved particles.

In the past, a number of studies have been carried out
to examine the role of turbidity in thermal stratification,
lake metabolism (Obrador et al., 2014; Schwarz and
Hawes, 1997), and biodiversity (Bilotta and Brazier,
2008). Remote sensing analysis of turbidity uses band
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ratios and wavelengths that include the red spectrum
as main input data (Baban, 1993; Bayley et al., 2007;
Hicks et al., 2013; McCullough et al., 2012; Nelson et
al., 2003; Rose et al., 2017; Wu et al., 2008).

The remote sensing satellite data reflectance in the
visible region (red region) increases with an increase
in sediments in the water or turbidity and can be used
to assess the water quality of inland water (Caballero
et al.,, 2019; Doxaran et al., 2002; Garg et al., 2017;
Gholizadeh et al., 2016; IOCCG, 2000; Moore, 1980;
Pavelsky and Smith, 2009; Ritchie et al., 1976; Toming
et al., 2016; Sebasti_a-Frasquet et al., 2019).

In the present study, an attempt has been made to
use satellite based remote sensing approach effectively
to make qualitative and quantitative estimates of total
suspended solids and turbidity using the different
commonly used non-linear models.

The Study Area and Data Collection

The study area includes the Ganga river basin extending
from Kanpur to Bhagalpur (Figure 1), which includes
the cities of Kanpur, Prayagraj, Varanasi, Patna and
Bhagalpur. The sampling in Kanpur is done at Balu
ghat and Gola ghat. In Prayagraj, the sampling is done
at the Sangam mela ground having three points, i.e.,
Ganga river and Sangam. At the holy city of Varanasi,
two points of sampling were selected, one being the
downstream (Dashashwamedh Ghat) and the second
being the upstream (Assi Ghat). In Patna, Digha ghat
and Gandhi Ghat was selected. For Bhagalpur, two
points were selected for sampling i.e. Kuppa Ghat and
Barrari Ghat.
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Figure 1: The location map of the study area.
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The water quality samples were collected from
Kanpur, Prayagraj (Allahabad), Varanasi, Patna &
Bhagalpur on monthly basis on the dates coinciding
with the satellite pass dates (+2day) of LANDSAT-§ for
the year 2017-2019. The Landsat-8 satellite data were
collected from the USGS website (http://earthexplorer.
usgs.gov/) and atmospheric correction, as well as
reflectance correction, were made before processing
of the image. Earth Explorer is an online interface to
collect the satellite data developed by USGS. Data of
the study region were collected according to the path
and row of the Landsat-8 satellite for the following
dates (Table 1):

Methodology

FLOW CHART

Analysis of data

Non-linear Model development

I Validation of the Model I

Water Quality Data Collection and Analysis
Procedure
The sampling was done on monthly basis on the dates
coinciding with the satellite pass dates (£2 days) of
LANDSAT-8 from Kanpur, Prayagraj, Varanasi, Patna &
Bhagalpur. The grab sampling method was applied for
collecting the samples. Samples were collected within
5 m from the river bank at a depth of ~0.5 m in Teflon
bottles of 2 L. The samples were transported and stored
at 4°C until analysis. The water quality parameters, total
suspended solids (TSS) and turbidity were measured in
the laboratory by the standard method (APHA, 2017).
The nylon membrane filter papers were incubated
under cool and dark conditions for 5 hrs at 100°C

and weighted before filtering. Water samples from
each sampling site are filtered through Whatman GF/F
filters of pore size of 0.4 um and diameter 47 mm. The
filtrates were then again incubated under cool and dark
conditions for 5 hrs at 40°C and weighed.

To measure the turbidity, a Nephelometric Turbidity
meter was used. The instrument was first calibrated
with a known sample each time and then the samples
collected from upstream and downstream locations of
Kanpur, Prayagraj, Varanasi, Patna and Bhagalpur were
tested to measure turbidity in NTU units.

Satellite Data Collection and Analysis Procedure
In the present work, Landsat 8§ satellite data collected
from the USGS website were used for obtaining
NDWI, NDTI and multiple linear correlations for total
suspended solids and turbidity.

Water Reflectance (R,,) of Band 8 (0.842 um) for TSS
estimation

To create the best band ratio model for SPM estimation,
2-B/3-B/4-B models incorporating all possible
combinations of Bl to B8 of Sentinel-2 were tested
using linear, quadratic, logarithmic, power, and
exponential functions. Finally, the best model, i.e.,
the 1-B model of Band 8 (NIR) with higher R* were
selected.

Landsat — 8 (0.842) = Rrs (NIR) (1)

Normalised Difference Turbidity Index
It has been reported that the red region reflectance
increases with an increase in turbidity. Therefore, the
red and green bands were used to enhance the image
for turbidity and the normalised difference turbidity
index (NDTI) is an index of Red and Green Bands
indicating turbidity.
(Red (0.61-0.68 um)- Green(0.5- 0.59 um))
(Red (0.61-0.68 pm)+ Green(0.5- 0.59 um))

Landsat 8 (Band4 — Band3)/(Band4 + Band3)
()

NDTI =

Table 1: Landsat-8 satellite data collection details at each sampling stations

Sampling Station (Path/row) Dates for Satellite Data collection
Kanpur 144/42 29/04/2017, 06/05/2017, 07/06/2017, 15/10/2017,
Prayagraj 143/42 13/11/2017, 29/12/2017, 23/01/2018, 15/02/2018,
Varanasi 142/42 19/03/2018, 21/03/2018, 15/04/2018, 08/05/2018,
Patna 141/42 07/06/2018, 25/06/2018, 15/10/2018, 16/11/2018,
Bhagalpur 140/42 16/12/2018




50 Kamakshi Singh and Ramakar Jha

The higher value of turbidity provides a high value
of NDTI and vice versa.

Non-Linear Models

Many non-linear and linear models were tested for
their performance to estimate Total suspended solids
(TSS) and turbidity. However, the five models, namely
the Weibull model, MMM model, exponential model,
power model and rational model, provided the best
results. The governing equations used in the model are
as given below.

Weibull Model

(—chd)

Y=a-bxe 3)
Sigmoid Function (MMM Model)

o axb+ex X9 @

b+ X9

Exponential Model

Y=ax P9 5)
Power Model

Y=axx (6)
Rational Model

v a+bxX ;

Clt+ex X+dx X2 )

Results and Discussion

In the present study, an effort has been made to study
total suspended solids and turbidity using remote sensing
data, and develop a relationship between the satellite
data and water quality samples collection during satellite
pass from the field. For the analysis, two locations at
the bank of river Ganga at Kanpur, Prayagraj, Varanasi,
Patna and Bhagalpur were identified and water quality
samples on monthly basis were collected on the date
of pass of Landsat-8 satellite. River Ganga is the most
sacred river in India, and the samples of this river
collected from these cities show that the water quality
in the river is not fit for drinking purposes. Moreover,
it is not suitable for bathing as well at certain locations.
The results obtained using different remote sensing
indices discussed above and the non-linear equations
are given below.

Water Reflectance (R,,) of Band 8 (0.842 pm) for
TSS Estimation

The total suspended solids (TSS) is a primary measure
of water quality (European Union, 2008) and is of
interest to the bio-optical community (Nechad et al.,
2010). Obtaining TSS data from high-resolution remote
sensing satellites offers a cheap and regular data source.
Eq. (1) has been used to obtain the TSS values using
Landsat-8 satellite data for the years 2017, 2018 and
2019 for all the cities as shown in Figure 2.

For Figure 2, the change in reflectance in each NIR
band was observed. Maximum TSS was observed at
Kanpur in the year 2019 followed by Bhagalpur. At
Patna and Varanasi, TSS was moderate; whereas at
Prayagraj, it is found to be minimum in comparison
to other cities.

Normalised Difference Turbidity Index

Eq. (2) has been used to assess the NDTI values using
the red and green bands satellite data of Landsat-8. The
higher value of turbidity provides a high value of NDTI
and vice versa.

As shown in Figure 3, significant turbidity was
noticed in Kanpur area. The river stretches at Sangam
and Prayagraj showed major changes in turbidity. At this
location, Ganga is shallow as compared to the Yamuna,
and brings more sediments along with it. Furthermore,
heavy pilgrimage activity at this location keeps water
turbid. The river stretch analysis near Varanasi, again
showed turbidity, as reflectance throughout the visible
and NIR region due to pilgrimage activities and disposal
of pollutants in the river Ganga without prior treatment.

At Patna, the turbidity is found to be very high due to
the influx of sediment from Ghaghra, Sone and Gandak
river systems in addition to the sediments and pollutants
coming from Kanpur and Varanasi. The same situation
is found at Bhagalpur too.

Non Linear Models

Four non-linear models, namely the Weibull model,
MMM model, exponential model, power model and
rational model, were tested for their applicability to
assess the TSS and turbidity at Kanpur, Prayagraj,
Varanasi, Patna and Bhagalpur. The results obtained
are discussed below.

Total Suspended Solid (TSS) Estimation

Using Eqgs (3), (4), (5), (6) and (7), the TSS was
assessed by considering Landsat NIR data (remote
sensing reflectance) as input. The developed equations
for all five models are given below.
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(a) November 2017 (b) November 2018
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Figure 2: (Contd.)
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Figure 2: Water reflectance of Landsat-8 Band 8 for TSS observation.

Weibull Model
TSS = 6637.29 — 6605.91 x 000000969 K> (3)

Where TSS= Total suspended solids, and Rrs=
Remote sensing reflectance of NIR
Sigmoid Function (MMM Model)

(13.0655x199.076 + 421.26 x R>")
(199.076 + R>:")

7SS = ©

Exponential Model

7SS = 6.179 x 0775 * Rrs) (10)
Power Model

TSS = 5.67 x x>~ Rrs (11)

Rational Model

o 289861-75977 <R,
C1+2.341xR, —.715x R2,

(12)

Using Egs (8), (9), (10), (11) and (12), the results
obtained from Kanpur, Prayagraj, Varanasi, Patna and
Bhagalpur were combined to increase the number of
data sets in addition to individual analysis. The results
obtained are shown in Figure 4. It is observed that for
estimating TSS, all the non-linear models developed
using Eqgs (8) to (12), provide a high coefficient of
determination (R?) values, except rational model. Any
of the methods can be used to estimate the TSS if
reflectance values are obtained using Landsat-8 NIR
data.
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Turbidity Estimation

Using Egs (3), (4), (5), (6) and (7), the turbidity was
assessed by considering Landsat-8 data by developing
normalised difference turbidity index (NDTI) as input.
The developed equations for all five models are given
below.

(a) November 2017

Weibull Model
Turbidity = 28.482 — 17.511 x e 2872NDTI27) 13y

Sigmoid Function (MMM Model)

11.445 x 203 + 28.538 x NDTI>?%
203+ NDTI 2%

Turbidity = (14)

(b) November 2018

(c) November 2019

Prayagraj

Figure 3: (Contd.)
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Figure 3: NDTI using Landsat-8 satellite for turbidity observation.
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Figure 4: Estimating total suspended solids using NIR remote sensing satellite data.

Exponential Model

Turbidity = 21.275 x (0991 * NDTD (15)
Power Model
Turbidity = 18.6 x x(2:6* NPT (16)
Rational Model
.. (31.865 —1.865x NDTI)
Turbldlty - 1+0.43xNDTI —.042 x NDT12 (17)

Using equations (13), (14), (15), (16) and (17), the
results obtained for Kanpur, Prayagraj, Varanasi, Patna

and Bhagalpur were combined to increase the number of
data sets in addition to individual analysis. The results
obtained are shown in Figure 5. It is observed that for
estimating turbidity, all the non-linear models developed
using Eqgs (13) to (17), provide a high coefficient of
determination (R?) values, except the Exponential
model. Any of the methods can be used to estimate
the turbidity, if reflectance values are obtained using
Landsat-8 NDTI data sets.

Conclusions

TSS and turbidity are two very important optical
variables of remote sensing applications, which provide
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useful information on the water quality of inland water
bodies on real time basis.

Both the variables reduce the energy required for
aquatic growth, respiration and photosynthesis.

In the present study, the spatial and temporal change
in turbidity has been analysed along the Ganga River
during the years 2017 to 2019 through remote sensing
and ground observations. The major cities located along
the river Ganga were selected for the study. They are
Kanpur, Prayagraj, Varanasi, Patna and Bhagalpur.

Initially, the change in total suspended solids (TSS)
has been analysed in terms of change in reflectance in
the NIR region of Landsat-8 data. It has been reported

in the literature that with the increase in TSS the
reflectance increases and vice versa. Similar results were
found in the present study at all five cities. Moreover,
the temporal change study showed that reflectance

in the NIR region the values have increased at each
location from the year 2017-2019. Maximum TSS
was observed at Kanpur in the year 2019 followed by
Bhagalpur. At Patna and Varanasi, TSS was moderate
whereas at Prayagraj, it is found to be minimum in
comparison to other cities.

The results obtained using NDTI band ratio technique
also confirmed that the turbidity is high at Kanpur,
Bhagalpur, Patna and Varanasi. The river stretch at
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Figure 5: Estimating turbidity using NDTI of remote sensing satellite data.
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Sangam and Prayagraj showed major changes in
turbidity. At this location, Ganga is shallow as compared
to the Yamuna and so brings more sediments along with
it. Further, heavy pilgrimage activity at this location
keeps the water constantly turbid. The analysis at the
river stretch near Varanasi, again showed turbidity, as
reflectance throughout the visible and NIR region due
to pilgrimage activities and disposal of pollutants in
the river Ganga without prior treatment. At Patna, the
turbidity is found to be very high due to the influx of
sediment from Ghaghra, Sone and Gandak river systems
in addition to the sediments and pollutants coming from
Kanpur and Varanasi. The same situation is found at
Bhagalpur too.

It is observed that for estimating TSS and turbidity,
all the non-linear models developed in the present work
are very useful for planners and field engineers with
high accuracy. The rational model was showing poor
estimates of TSS, where as exponential models showed
poor results in estimating turbidity.

The methods used are very promising and can be
used for water quality monitoring and modeling using
satellite data.
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