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ABSTRACT ARTICLE HISTORY
The Himalayan regions are vulnerable to all kinds of natural Received 4 April 2021
hazards. On 7 February 2021, a deadly disaster occurred near the Accepted 12 June 2021
Tapovan, in Uttarakhand, Himalayas. During the event, large

volume of debris along with broken glacial fragments flooded the

Rishi Ganga River and washed away the nearby hydropower plants

(Rishi Ganga and Tapovan), which was revealed from detailed

analysis of multi spectral and bi-temporal satellite data. We present

the impact of the Chamoli disaster on the flood plains and water

quality of Himalayan rivers, Rishi Ganga near Tapovan, Alaknanda

near Srinagar and Ganga near Haridwar and Bijnor. We used four

locations along four sections of Himalayan rivers and have analysed

various indices, modified normalized difference water index, nor-

malized difference chlorophyll index, and normalized difference

turbidity index, to study the changes in water quality and flood

plains. On comparison of the spectral and backscattering coeffi-

cients derived from Sentinel-2 optical and Sentinel-1 synthetic

aperture radar data, changes in the water quality and flood plains

of the rivers were found.

1. Introduction

The glaciers in the higher Himalayas are the source of several rivers, which cross the
Indo-Gangetic Plains (IGP). The dynamic nature of these rivers is controlled by the
melting of glaciers and monsoonal precipitation. The sediments load in the rivers vary
seasonally and yearly depending upon the meteorological parameters. Several small
and large dams exist along the Himalayan rivers to regulate water levels, to protect
from the floods and for power generation. New dams are being constructed and
being planned for construction in the future (Tahbildar and Singh, 2005). The river
waters are also connected with the long canals for irrigation purposes during poor
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monsoon. The discharge of water from the Himalayan rivers is accumulated in large
dam reservoirs Bhakra Nangal and Tehri dams in the Himalaya. Some of the large
dams, which were built for longer life of more than 100 years, but due to fast erosion
of young Himalayan mountains, the volume of sediments discharge has enhanced,
thus, the dams have lost their capacity due to sediment depositions. The cleaning of
sediment deposit in the reservoir suffers lack of cleaning facilities. The Himalayan
region is prone to all kinds of natural hazards, such as earthquakes, snow avalanches,
landslides, flash foods, landslide lake outburst foods (LLOFs), glacial lake outburst
foods (GLOFs), rockslides, and debris flows (lves 2004; Singh 2005a, 2005b; Bookhagen
and Burbank 2010; Ziegler et al. 2014; Bhardwaj et al. 2021)

In the Himalayan region, frequent landslides induced from extreme precipitation and
small earthquakes (Dash, Singh, and Voss 2000; Pradhan, Singh, and Buchroithner 2006;
Roback et al. 2018; Gupta et al. 2019). Such landslides cause river damming (Fan et al.
2017), the flow of river gets affected due to blockage of rock mass and debris in the river,
affecting the water quality. Along the rivers, many cities and villages are located, where
the river water is the source for drinking, irrigation, washing and day to day works. The
Ganga River water cross the IGP and the river water falls in the Bay of Bengal. The water
quality of the river water and dynamics of the flow have strong seasonal characteristics
associated with the change in meteorological parameters (rainfall, temperature), and
construction activities, which sometimes induce rockslides causing volume of debris
that block the water flow in the rivers (Paul et al. 2019; Peters, Meybeck, and Chapman
2005; Sun et al. 2016).

On 7 February 2021, Chamoli Glacial landslide caused huge rock falls and debris
causing gushing volume of water in the river close to the source of the disaster. The
inflow of the amount of water is still a mystery and scientists are making efforts to find the
cause and source of huge volume of water flow. Large amount of water gushed in the
Himalayan rivers, causing flash flood, change in the flood plains, and change in the water
quality. The gates of dams were opened to allow water to flow to prevent flooding in the
river close to the source and in the Ganga River. We have carried out analysis of satellite
data near the source of the Chamoli event and along different sections of the Himalayan
rivers, showing qualitative changes in the flood plains and water quality due to fall of rock
mass and sediment debiris.

The remote-sensing techniques are being used for monitoring water quality since the
early 1970s (Ritchie, Zimba, and Everitt 2003). The spectral reflectance is widely used to
monitor qualitative and quantitative water quality (Jupp et al., 1994)). The substances in
the water can change the spectral characteristics of surface water, the wavelength
characteristics are being used to monitor the type of organic sediments present in the
water. With the advent of remote sensing, it is possible to detect these changes by
assessing the spectral signatures from the water. The work reported by Ritchie, Zimba,
and Everitt (2003) has clearly shown importance of remote-sensing data to map spatial
and temporal variations in water quality parameters that are not easily or readily available
from in situ data. Particularly, during disastrous events like flooding, where the possibility
of site visits becomes dangerous, remote sensing offers a great alternative to assess
information about the water quality. Furthermore, it promotes and encourages stake-
holder participation to develop management plans for various natural resource and
disaster management applications.



6986 (&) S.R.MEENAET AL.

2. Chamoli disaster

On 7 February 2021, between 10:00 to 10:15 am (IST, local time), the disaster occurred;
and the Rishi Ganga River was dammed and flooded due to the large amount of rockfall.
As the landslide occurred, massive volume of water started flowing in the river that
impacted the river flood plains. The satellite images clearly show the scar from where
the glacier rock mass fell. Some of the ground and airborne photographs show fall of
debris in the valley. Satellite images taken on 7 February 2021 at 05:01 am UTC and
7 February 2021 05:28 am UTC show dust in the valley (Meena et al. 2021a, 2021b) that
was caused from the fall of glacial blocks and associated with the huge flow of water at
the source. The sudden flow of huge amount of water washed out dams in the Chamoli
area and took hundreds of lives. Soon after the disaster, the water appeared to be muddy
near the origin (Meena et al. 20213, 2021b), and with time, the quality of the river water
considerably changed. In the present study, we have carried out analysis of flood plains
and water quality using various indices based on optical data and comparing optical and
SAR data along four sections of the Himalayan rivers. The water quality changed con-
siderably over time depending upon the time of the disaster and muddy water reach at
different sections in the river. We have analysed the pre-and post-Sentinel data to
examine changes in water quality along four sections of the rivers (Figure 1): (1)
Tapovan, (2) Srinagar, (3) Haridwar, and (4) Bijnor, all of which lie downstream from the
source region. Along the Ganga River, location of Haridwar city is considered one of the
religious locations, where Hindu religious people take a dip in river and plan all kinds of
rituals and ceremonies in the river. Efforts have been made (Dwivedi, Mishra, and Tripathi
2018; Kamboj and Kamboj 2019) to monitor the quality of water since the river water is
used for drinking purposes by people living along the river.

3. Data and methods

Sentinel-2 MSI level-1 C images were downloaded through Google Earth Engine’s (GEE)
open satellite image archive to investigate the water quality along the course of Ganga
River and its tributaries (Gorelick et al. 2017). We have considered four locations to study
the change in the water quality associated with the Chamoli disaster and the inadvertent
effect of the sediment load in the river channels. We strategically chose locations near the
disaster affected dam in the upper stream and sand bar areas on the flood plains in the
lower stream areas to study the abrupt changes with the increase of large amount of
water flow (by flooding) and increasing turbidity and chlorophyll concentrations along
the rivers.

With the help of the GEE's JavaScript coding library, it was possible to address
common issues of selecting and filtering of clouds-free optical and radar images for
VV polarizations. We have used several indices and backscattering coefficient values for
a qualitative assessment of the quality of water along the rivers and close to the disaster
location.

Factors affecting water quality can change the surface signatures of water, among
which suspended sediments, chlorophyll content, and others are easily detected with the
indices. Flooding also has similar effects on water quality as it carries sediments and debris
from the upper stream, increasing the turbidity of the flood plains. Moreover, by looking
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Figure 1. Study area locations: (a) overview of the study area; (b) Tapovan; (c) Srinagar; (d) Haridwar;
and (e) Bijnor.
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at river landscapes like sand bars, we can witness the changes in flood plains caused by
increased water level. Hence, the use of these indices was employed in this research. The
acquisition dates of the satellite images of Sentinel-1 and -2 are given in Table 1.

3.1. Modified normalized difference water index (MNDWI)

Remote-sensing techniques provide the ease to analyse the changes over the earth
surface. The mapping, monitoring, and dynamics of river water can be analysed using
the spectral water index, various mathematical operations, ratios, differences, and normal-
ized differences of two or more bands. Such arithmetic spectral operation also helps in
cancelling out large portion of noise. The concept of the normalized difference water
index (NDWI) was first developed by McFeeters 1996, which is defined as

(R — Rwir)

NDW| = ———=
(Rs + Rnir)

M

where Rg is the reflectance in green band (band 3 for Sentinel-2, Table 2) and

Rnir is the reflectance in the near-infrared (band 8 for Sentinel-2, Table 2)

The NDWI (Equation (1)) values greater than 0 indicates water cover and less than 0
indicates non-water surfaces, and also, a negative shift in NDWI is possible for muddy
water or land region (Xu 2006). Based on trial-and-error method, we have found the
threshold values for the water pixels. The NDWI normalized using a mid infrared (MIR)
band instead of a NIR (near infrared) band enhances the detection of open water features
and is found to be suitable for water bodies as it efficiently reduced noise from the
background such as urban features (Xu 2006). Hence, in order to distinguish properly

Table 1. Information of image type (optical and SAR) and their respective

dates.
Remote-sensing data Image date
Optical image: Sentinel-2 5 February 2021 05:27 am UTC
10 February 2021 05:03 am UTC
SAR image: Sentinel-1 VV polarization 5 February 2021

10 February 2021

Table 2. Sentinel-2 image band information and their details.

Bands (wavelength region) Central wavelength (nm) Resolution (m)
Band - 1 (coastal aerosol) 443 60
Band - 2 (blue) 490 10
Band - 3 (green) 560 10
Band - 4 (red) 665 10
Band - 5 (vegetation red edge) 705 20
Band - 6 (vegetation red edge) 740 20
Band - 7 (vegetation red edge) 783 20
Band - 8 (NIR) 842 10
Band - 8A (vegetation red edge) 865 20
Band - 9 (water vapour) 945 60
Band — 10 (SWIR - Cirrus) 1375 60
Band - 11 (SWIR) 1610 20

(
Band - 12 (SWIR) 2190 20
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between the sedimentation load and the existing water content in the river channels, we
have considered modified NDWInormalized (Equation (2)) proposed by (Xu 2006).

(R — Rswir)
(Rs + Rswir)

where Rg is the reflectance in green band (band 3 for Sentinel-2, Table 2) and
Rswir is the reflectance in the shortwave-infrared (band 8 for Sentinel-2, Table 2)

MNDWI = v

3.2. Normalized difference chlorophyll index (NDCI)

Chlorophyll concentration of the water depends on the level of nutrients in water along
with the temperature. The flood water can change the chlorophyll concentration of the
river. The NDCl is computed using Equation (3) (Mishra and Mishra 2012)

(Rvr — Rr)
(Rvg + Rg)

where Ryg is the reflectance in vegetation red edge band (band 5 for Sentinel-2,
Table 2) and

Rg is the reflectance in red band (band 4 for Sentinel-2, Table 2)

NDCI (Equation (3)) can be used to calculate the Chl-a concentration (ug L™') using
following Equation (4)

NDCI = 3)

Chl — a(ugL™") = 194.325 x NDCP* + 86.115 x NDCI + 14.039 (4)

Higher values of NDCI reflect higher Chl-a and nutrient concentrations, which are con-
sidered as poor quality of water (USEPA 2008). The lower reference limit of Chl-a is 20 ug
L™" corresponds to 0.06 NDCl and higher NDCl values (>0.06) represent poor water quality
as the Chl-a is greater than 20 ug L™'(USEPA 2008). The negative NDCI values show the
overflow conditions with lower Chl-a concentration.

3.3. Normalized difference turbidity index (NDTI)

The NDTI combines the red and green bands to classify the water quality. Water shows
weak reflection in green, small in red and quasi-nell in near-infrared bands (Lacaux et al.
2007). The sedimentation in water affects the reflection due to the higher turbidity. The
spectral information from the turbidity is similar to bare soils (Guyot 1989), and the
reflection is higher in the red band compared to the green band. The radiometric
calculation of NDTI is computed from the following Equation (5):

(Rr — Rg)
(Rs + Ro)

where Ry is the reflectance in red band (band 4 for Sentinel-2, Table 2) and Rg is the
reflectance in green band (band 3 for Sentinel-2, Table 2).

The positive values of NDTI indicate a higher level of turbidity, whereas the negative
values indicate clean water. NDTI values vary in the range (—0.03) - (0.03) are similar to
those of arable land with a vegetation cover (Solovey 2019).

NDTI = (5)
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3.4. Sentinel-2 and Sentinel-1derived information

The sensors on board the Sentinel-2 satellite measure the surface reflectance in different
wavelengths (nanometres) (Table 2). The Sentinel-1 sensor sends out microwave signals
that, upon touching the different land surfaces, get reflected as backscatter containing
information about reflective strength (Perrou, Garioud, and Parcharidis 2018). The normal-
ized measure of the radar return is known as the backscatter coefficient, defined per unit
area on the ground (expressed in decibels) (Singha et al. 2020):

dB = 10.Log;o (Energy Ratio) (6)

One of the essential features and advantage of radar is the microwave signals passing
through gases and clouds, making it very suitable to detect water during monsoon
periods that bring about thick cloud cover. The range of backscatter coefficient in
different surfaces is given in Table 3.

4. Results and discussion

Various water quality indices derived from the Sentinel-2 optical data and Sentinel-1
synthetic aperture radar (SAR) data have been used to evaluate the changes in the
Himalayan rivers water quality after the Chamoli disaster. Huge debris and glacial frag-
ments were deposited into the Rishi Ganga River near Tapovan that affected the water
quality and flood plains along the downstream rivers near Srinagar, Haridwar and Bijnor,
thus affecting the changes in the flood plains (as seen in Figures 2 and 3) and water
quality.

4.1. Changes in indices derived from Sentinel-2 data set

We analysed the changes in the water quality indices with the modified water index
(MNDWI), turbidity (NDTI), and chlorophyll concentration (NDCI) at four locations (Table 4)
in Tapovan, Srinagar, Haridwar and Bijnor. Our analysis is based on Sentinel-2 optical
imageries before and after the Chamoli disaster.

Comparison of MNDWI index maps in Tapovan (Figure 4(a)) with Figure 4(b) show a drop in
the MNDWI values, which can be attributed the presence of fresh snow particularly at two

Table 3. Backscatter coefficients range from Sentinel-1 (Stendardi et al.
2019).

Backscatter coefficients range Different surfaces

Very high backscatter (above —5 dB)

Man-made objects (urban)
Terrain slope towards the radar
Very rough surfaces

Steep radar angle

Rough surfaces

Dense vegetation (forest)
Medium level of vegetation
Agricultural crops
Moderately rough surfaces
Smooth surfaces

Calm water

Roads

Very dry soil (sand)

High backscatter (—10 dB to 0 dB)

Moderate backscatter (—20 dB to —10 dB)

Low backscatter (below —20 dB)
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Figure 2. Changes in water quality indices and flood plains seen at four locations at Tapovan (a, ¢, e:
pre-event and b, d, f: post-event).
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Figure 3. Changes in water quality indices at various locations for Srinagar (a, ¢, e: pre-event and b, d,
f: post-event).

locations (points 1 and 2). The surface reflectance of snow or glacier ice is very low in SWIR
band, resulting in a low MNDWI values (Equation (2)). But at locations (points 3 and 4) close to
Tapovan in downstream, there is an increase in the MNDWI values, which relate to the increase
in the water level. This characteristic is properly witnessed in Srinagar as the MNDWI values
increase at points 1-3 showing a sudden increase in the level of water as well as flooding of
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Table 4. Coordinates of the point locations in Tapovan,
Haridwar, Srinagar, and Bijnor.

Tapovan
Locations Longitude Latitude
1 79.73 30.41
2 79.73 30.47
3 79.69 30.49
4 79.63 30.49
Srinagar
Locations Longitude Latitude
1 78.87 30.25
2 78.84 30.24
3 78.79 30.23
4 78.76 30.22
Haridwar
Locations Longitude Latitude
1 78.31 30.12
2 78.29 30.08
3 78.26 30.03
4 78.23 29.98
Bijnor
Locations Longitude Latitude
1 78.05 29.46
2 78.05 29.44
3 78.04 29.38
4 78.09 29.33

nearby embankments. A decline was also witnessed at point 4 as it was taken in the canal, and
after the event, the flood gates were closed so the water in the canal depleted. However, if we
look at the other downstream regions of Haridwar and Bijnor, the MNDWI values does not
change much (except for point 4 in Haridwar), which can be indicative of sediments clearing
out because of travel distance of about 300 km from the Tapovan origin. At point 4, the water
level decreased as a result of closure of the floodgates near Rishikesh, where the MNDWI values
decrease. Locations in Bijnor indicates an increase in the flood plains at points 2 and 3 where
the MNDWI increased from negative to positives values depicting the change in flood plain.
Point 4 also witnessed intensive increase in water level as MNDWI values increased from 0.25 to
0.62 (Figure 5).

The chlorophyll index (NDCI) shows the change in chlorophyll concentrations in water. In
Tapovan, the NDCl values decreased throughout the four locations due to the influx of debris
into the river channel in the post-event. However, different instances of NDCI values were
witnessed in the downstream regions of Srinagar, Haridwar, and Bijnor. In the case of Srinagar,
NDClI levels increased at points 1, 2, and 3 could be due to transport of vegetation as debris
(Figure 5). Most of the locations within Haridwar and Bijnor did not witness noticeable changes
in the NDCI values due to distance of 300 km from Tapovan. However, the water quality
reflected by the NDCI shows positive values depicting higher concentrations of chlorophyll
due to the flow of vegetation. This might give mixed impressions if the role of NDCl is solely for
assessing water quality and not accounting for debris as factor for water quality assessment
after such a disaster. Similarly, as we look at the turbidity content (NDTI) in the river channels,
throughout the four sections in downstream locations of Srinagar, Haridwar, and Bijnor, the
turbidity level increased in the post-event image (Figures 2—4, 6) attributing to the addition of
the sediment loads in the river water. However, close to the origin of Chamoli disaster at points
1 and 2, the NDTI values are low in the post-image. Accordingly, after the event, debris with
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Figure 7. Changes in spectral signature in Tapovan (a), Srinagar (b), Haridwar (c), and Bijnor (d), and
backscatter (e) in Sentinel-1 SAR data.
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bare soil and glacial fragments deposited along the points 1 and 2, which led to a decrease in
the surface reflectance of bands red and green. At points 3 and 4, which are further down-
stream near Rishi Ganga River, the NDTI values enhanced as in pre-event imagery, clear water
can be seen and in post-imagery sediments concentration increased due to debris deposition
into the river.

4.2. Changes in spectral reflectance in each band of Sentinel-2 and backscattering
coefficients from Sentinel-1 SAR data

The effects of debris on the water quality can be comprehended straightforward when
studying the changes in the spectral reflectance values and the backscatter coefficients. In
Figure 7, the solid (pre-event) and dotted (post event) lines show the surface reflectance values
(Figure 7), respectively. At Tapovan (points 1 blue colour and 2 yellow colour), there is a sharp
decrease in the reflectance values in the post-event snow-covered area, which indicates that
debris from broken fragments from the glaciers and soil were transported in the river, showing
low reflectance values. At points 3 and 4, the reflectance curves are higher in the post-event,
which is attributed to influx of sediments into the river.

Similarly, at Srinagar, in the pre-event imagery, clear water can be seen in comparison to the
post-event image where the surface reflectance at all the points increased due to the influx of
debris (Figure 7(b)). Likewise, in Haridwar, points 1-3 show the same behaviour as Srinagar
except in point 4, where the pre-event imagery shows higher surface reflectance compared to
the post-event imagery. This could be due to the increase in the water level from the flooding
of the Ganga River which absorbs most of the reflectance. Points 1 and 2 in Bijnor in the pre-
event show higher surface reflectance as we considered points over sand bars which were later
flooded in the post-event imagery (Figure 7) showing low reflectance values. Similarly, points 3
and 4 in the post-event have higher reflectance due to the increase in the flood plains.

Point 1 at Tapovan witnessed a sharp decrease in the backscatter values (10 decibels to —12
decibels), which indicates the steep terrain being flooded with debris and rock fragments, thus,
reducing the backscatter information. The increase of backscatter signal from points 1 and 2 in
Srinagar indicates the rise of water as backscatter values from water bodies show low values.
Point 4 at Tapovan witnessed a decrease in the backscatter coefficient, relating to the increase
in the flood water as water reflects less signal to the sensor, thus attributing lesser backscatter
values. Similarly, the backscatter information from the other regions provides similar charac-
teristics. Srinagar (points 1, 2, and 3), Haridwar (points 1, 3, and 4) and Bijnor (point 3) show
decline in backscatter coefficient, indicating the rise of floodwater in the plains. At the same
time, the other points have witnessed an increase in the backscatter, which can be related to
presence of debris in the river channel.

5. Conclusions

In this study, we have studied the spectral reflectance characteristics of Sentinel-2 images to
compute the water quality indices maps such as MNDWI, NDCl, and NDTI to evaluate the
quality of water and changes in the flood plains over four study areas of Tapovan, Srinagar,
Haridwar, and Bijnor, before and after the Chamoli disaster event. We also analysed the
backscatter coefficient from Sentinel-1 data to study changes in water quality and flood plains
along the Himalayan rivers. Changes were observed in the water flow from the source
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(Tapovan) until the downstream location of Bijnor. The visual comparison of pre- and post
maps clearly show increase in the sediment concentrations qualitatively in the rivers after the
event. The sharp changes at the several locations clearly show the increase in the flood plains
and water quality parameters. We attributed these changes to the increase in the water level
after the Chamoli disaster, likely due to a slope failure and associated with the large volume of
debris in the river.
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