FINAL REPORT

MORPHOLOGICAL STUDY OF GANGA
RIVER USING REMOTE SENSING
TECHNIQUES

Prepared by Prepared for
Indian Institute of Technology Morphology Directorate
Roorkee Central Water Commission

Uttarakhand New Delhi



PROJECT TEAM

Dr. Z. Ahmad, Professor (PI)
Dr. P.K. Garg, Professor
Dr. Deepak Kashyap, Professor
Dr. R.D. Garg, Assoc. Professor
Dr. P. K. Sharma, Assoc. Professor
Dr. Rajat Agarwal, Research Associate
Mr. Suresh S. Dodamani, Project Associate
Ms. Tanushree M ukherjee, Project Associate
Mr. Rajeev Ranjan, Project Associate
Mr. Sandeep Chauhan, Project Assistant

Department of Civil Engineering
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE

June 2018

(i)



Executive Summary

River morphology deals with the plan form, cross-section and its dimension,
bed forms, aggradation, degradation etc. Such morphology changes due to
river hydrodynamics. Indian rivers experience large seasonal fluctuations in
discharge and sediment load resulting in significant changes in their
morphology. Shifting of the river course is generally accomplished by
erosion of habitated and pricey agricultural area that cause tremendous
losses. The sediments deposited and eroded in the river have a tremendous
effect on the river cross-section and its gradient, sediment transport rate,
discharge etc. Understanding of changes in the morphology of the rivers is
required in the engineering projects for their planning, design and
execution. With this in mind, CWC, New Delhi desires to carry out
morphological study of the major Indian rivers. In this direction, CWC
awarded a project entitled "Morphological study of rivers Ganga, Sharda
and Rapti using remote sensing techniques" to IIT Roorkee.

Following were broad objectives of the study
@) Compilation of river drainage map in GIS; changes in Land Use/Land
Cover, flood affected areas, rainfall-runoff, Geology etc.
(1)  Hydrological analysis: Probability curve and flow rates corresponding
to return period of 1.5 year and 2 year.
(ii)) Decadal stream banks shifting and also changes in its Plan form
(Sinuosity & Plan-form Index) from the base year 1970 to till 2010.
(iv)  Work out erosion and siltation based on the banks shifting.
(v)  Evaluate the impacts of major hydraulic structures on the river
morphology.
(vi)  Identification of critical and other vulnerable reaches and to suggest
suitable river training/protection works.
(vii)  Identification of islands/diyaras in the river and their status.
(vii) Reconnaissance survey for ground validation of outcomes of the
study.
(ix) Recommendations in the respect of actionable points.
(x)  Suggestions for the further study.

The Ganga is the biggest river in the Indian subcontinent in terms of water
flow. The length of the Ganga river is 2,510 km while the drainage area
lying in India is 8,62,769 km? which is nearly 26.2% of the total geographical
area of the country. The tropical zones and subtropical temperature zones
are most dominant in the entire Ganga basin. The hydrologic cycle in the
Ganga basin is governed by the southwest monsoon. About 84% of the total
rainfall occurs in the monsoon from June to September. Annual and

(i)



monsoon season precipitation, evapotranspiration, surface water
availability (surface runoff) have declined in the period 1948-2012 compared
to the period 1901-1947, while temperature has gone up.

The reach of Ganga river studied herein is from Devprayag to Farakka
barrage that lies between longitudes 78°05'00" E to 88°36'30" E and
latitudes 24°19'29" N to 30°10'10” N. The total length of the Ganga river
studied in this project is 1,824 km.

Hydrological data of Ganga river that comprises of annual maximum and
minimum discharges and water levels; ten daily average discharge,
sediment, and gauge at different gauging stations and were obtained from
CWC, offices while relevant satellite images were procured from the
National Remote Sensing Centre (NRSC), Hyderabad and downloaded from
United States Geological Survey (USGS) website. SOI toposheets were
obtained from SOI, Dehradun.

Available discharge and water level data at the various gauging sites of the
Ganga river have been analysed. Exceedance probability curves have been
drawn at each gauging site with the use of the available 10-daily average
discharge data. Peak discharge for different return periods have also been
estimated using frequency analysis.

River Morphology

7.

10.

Planform: Planform of the rivers may be described as straight, meandering
or braided. Straight and meandering channels are described by sinuosity
which 1s the ratio of channel length to valley length. Sinuosity ratios in the
reaches 200-250 km, 600-700 km, 800-900 km and 1750-1824 km are
relatively higher than the other reaches. As the average value of the
sinuosity ratio for whole reach of the river is 1.38, therefore, the Ganga
river i1s considered as sinuous river except the reaches identified above
which can be classified as meander reach. A negligible progressive change
in the sinuosity ratio has been found from the year 1970 to 2010.

Meanders in the river have been identified and found that except the
meanders located upstream and downstream of Sultanganj and Munger, all
other meanders (20 in number) are stable and no noticeable change in their
geometry has been noticed from year 1970 to 2010.

Ganga river 1is prominently braided downstream of Haridwar,
Garhmukhteswar, Ramghat (d/s of Narora), Kachchla bridge, u/s of
Farrukhabad, upstream of Allahabad, Balia, Raghopur and Krusela

Stream Bank Shifting: Shift of both banks and center line in either
directions has been computed for the years 1970, 1980, 1990 and 2000 with
respect to year 2010 in GIS software. From the consideration of river bank
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11.

12.

shifting, the Ganga river from Devprayag to Farakka barrage may be
divided into following five reaches:

a) Devprayag (ch. 1824 km) to Haridwar (ch.1740 km ): Being in hilly
area, the river bank shifting is very low in this reach except for
upstream of Bhimgoda barrage (Chilla) where river has shifted to the
right side of the order of 1.5 km.

b) Haridwar (ch.1740 km) to Allahabad (ch. 924 km): Noticeable shifting
of the river bank in the period of 1970 to 2010 has been noticed
primarily at Sajanpur (Downstream of Haridwar), Dahirpur,
Niranjanpur, Chhachhrauli, upstream and downstream of CCS
barrage. Kamalpur, Nagla Goshain, Chhuchai, Khailwai, Moharka,
Palwara, Gangwar (downstream of Anupshahr), Madkawali,
Haranpur, Nanakhera, Nardauli, Kaimganj, Birpur, Yaqut Ganj,
Kannauj, Bilhaur, Palhepur, Mirzapur, Shankarpur, Alipur, Arkha,
and Benti lake

c) Allahabad (ch.924 km) to Revelganj (ch. 465 km): The river is more or
less stable in this reach except for 50 km reach of Ganga river near
Balia where mild shifting of river bank has been noticed.

d) Revelganj (ch. 465 km) to Mokamah(ch. 310 km):- The river is too wide
and stable except at upstream and downstream of Digha bridge and
upstream of Mokamah bridge, where major shifting of the river has
been noticed.

e) Mokamah(ch. 310 km) to Farakka barrage (ch. 0 ):- Major shifting of
river bank upto 12 km has been noticed in this reach. The river is also
too wide and having meandering pattern at some locations. Prominent
river bank shifting has been noticed at Khutha, Munger, Fatehpur,
Madhurapur, Bhagalpur, Shahpur (upstream of Kahalgaon) and
upstream of Farakka barrage.

River Width & Shifting of Confluence Point: Width of the active channel

and river width based on the extreme banks have been estimated using the

satellite images of years 1970-2010. From Devprayag to Haridwar, average
width of the active channel is of the order of 70 m while from Haridwar to
confluence of Ramganga river, the average width is about 315 m. However,
downstream of the confluence of Ramganga river, the width of the active
channel increases downstream non-linearly and reached to about 1636 m at
Farraka barrage.

The average width of the river based on the extreme banks is about 4000 m
from Buxar to Farakka barrage, while it is about 900 m from Allahabad to
Buxar. From the foothill i.e, Haridwar to Allahabad, the average width is
about 1150 m. Being in hilly area from Devprayag to Haridwar, the river
width is about 130 m.
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13.

14.

15.

Two year return period discharge is considered as discharge that governs
the morphological changes. The estimated discharge, Q for the two year
return period at various gauging sites on the Ganga river is related with the

average width, P of the active channel. The fitted equation is P = 5.26\/6 Q

in m%/s and P in m), which is close to Lacey equation.

There are about 30 major tributaries of Ganga River between Devprayag
and Farakka. Details of shifting of confluence points of Ganga river and its
tributaries from the years 1970, 1980, 1990, and 2000 to year 2010 have
been worked out. Decadal changes in the location of the confluence point are
high (>2 km) for the tributaries: Ramganaga, Garra, Ghaghara, Sone,
Gandak, Burhi Gandak, and Kosi.

The confluence point with Ramganga river has shifted by about 2.5 km
downstream from the year 1980 to 2010, however, since the year 2000, the
confluence point is stable. The confluence point of Garra river has moved
about 6.6 km upstream from year 1990 to year 2010, and since then the
confluence point is stable. In year 1990, the confluence point of Ghaghra
river shifted upstream by about 12 km and since then it is more and less
stable. Prior to year 1980, there was an acute meandering bend in the
Ganga river near Munger. The Burhi Gandak was joining with the Ganga
river from left side to the developed bend, however, after year 1980 the
Ganga river took a straight path by abandoning the bend which resulted in
shifting of confluence point of Burhi Gandak downstream by about 13.5 km.
This confluence point is stable from year 1990 to till date. Kosi river joins
the Ganga river from left side near Krusela.

Erosion and Siltation

16.

17.

Erosion and siltation studies have been carried out for the Ganga river from
Devprayag to Farakka using SOI toposheets and post-monsoon decadal
images from years 1970 to 2010. Based on the shifting of the extreme left
and right banks, erosion and deposition have been estimated for duration
from year 1970 to year 2010 and is expressed in the terms of area in km?2.
Erosion and deposition maps for each reach have been prepared. Quantified
erosion and siltation during the period 1970-2010 are as follow:

Total eroded area = 44,700 ha

Total deposited area = 1,07,094 ha

Total eroded plus deposited area = 62,354 ha

Net deposited area = 62,393 ha.

Total drainage area of Ganga river =108 million ha.
Deposited area per ha catchment area = 62393/108000000x100 = 0.06 %.

Ganga river is subjected to deposition in almost whole reach during the
period 1970-2010. The deposition is pronounced and is of the order of 2000
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20.

21.

22.

23.

ha per 50 km length of the river upstream of the Kanpur. From Kanpur to
Mokamah, the deposition is of the order of 800 ha per 50 km. In the lower
reach of the Ganga i.e., chainage 50 - 250 km, heavy sediment deposition of
the order of 6000 ha per 50 km reach has been estimated.

From the consideration of the suspended sediment load, Ganga river may be
divided into three distinct reaches a) Devprayag to Allahabad, b) Allahabad
to Buxar, and c¢) Buxar to Farakka. Average suspended sediment load in the
monsoon period in these reaches are 26, 108 and 189 MT/yr, respectively.
Maximum SSL has been observed at Gandhighat which can be attributed to
inflow of sediment from Ghaggra, Sone and Gandak rivers to Ganga river
upstream of the Gandhighat.

Ghaggra river contributes about 130 MT/yr sediment to the Ganga river -
about three times more sediment than the Kosi river. Gandak river
contributes about 35 MT/yr sediment to Ganga river which is comparable to
Kosi river.

Siltation has been observed in the Ganga river from Hathidah to Farakka.
This may be due to low sediment carrying capacity of the river which can be
attributed to wideness and shallowness of the river in this reach. Siltation
in the upstream of the Farakka barrage up to its pondage fetch may be due
to back water effect of the barrage, however, this aspect is to be investigated
through modelling. Total siltation of the sediment in the reach from Buxar
to Farakka is estimated as 250 MT per year.

Available measured cross sections of the Ganga river at the gauging
stations indicate that there is no progressive aggradation or degradation in
the river bed of the Ganga river from Garhmukteshwar to Farraka barrage.
However, remarkable changes in the river bed over the years have been
noticed at many stations. Deep section of the river has subjected to
degradation at most of the stations of the Ganga river except at Hathidah
where aggradation has occurred in the deep section over the years.

Out of 31 identified islands in Ganga river from Devprayag to Farakka
barrage six 1islands, namely Ramchandipur, Dayalchak, Panapur,
Raghopur, Madhurpur and Gobrahi are permanent in nature at least from
year 1970. Other islands, like Gotani Kachar, Fatehpur Pershakhi, Jirat
Lawaen Gariabad, Khuthun and Umarpur Diyara are moderately stable.
Habitated islands are Kheri Kalan, Ramchandipur, Dayalchak, Panapur,
Raghopur, Ratipur, Gobrahi Diyara, Baijnathpur, Saidpur Ramnagar,
Rambari, Begamabad, Jalbalu and Darijayrampur.

Habitated islands pose major resistance to the river flow due to construction
of the pucca houses which protrude significantly and results in major
obstruction to the flow. Major morphological changes in the river occur near
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such islands in the form of erosion, shifting of the main course, rise in water
level, inundation in nearby areas during flood etc.

Major Structureson Ganga River

24.

25.

26.

27.

28.

There are about 66 major structures such as railway & road bridges and
barrages on Ganga River from Devprayag to Farakka. Out of which,
barrages are six in number namely, Pashulok, Bhimgoda, Choudhary
Charan Singh (CCS), Narora, Kanpur, and Farakka.

No major changes in the plan form of the river have been seen near the
Pashulok, Bhimgoda, CCS and Kapur barrages from 1970 to till date. There
was an island upstream of the Bhimgoda barrage of area of 0.33 km?
approximately in 1970, however, it is eroded by the flowing water which has
resulted in gradual reduction in the area of the island. Major changes have
been noticed in the shifting of main course of the river at about 7 km
upstream of the CCS barrage. Such shifting has resulted in heavy erosion
and deposition in those areas.

Ganga river has been jacketed in a length of 6.5 km between railway bridge
(u/s of Narora) and Narora barrage with the provision of series of spurs. The
width of the channelized river is greater than the Lacey perimeter, which
has resulted in heavy deposition in the form of islands. Looseness factor of
the barrage is 1.63 - this high value of the looseness factor has aggravated
the problem of silting upstream of the barrage.

Silting has occurred upstream of the Farakka barrage from 1970 to till date.
Severe lateral shifting of the river upstream of the barrage has been
observed in this period. The width of the active channel of the river has
increased from year 1970 onwards, however, no remarkable change in the
width of the river based on the extreme banks has been noticed from 1970
to 2010 upstream of the barrage. Area of islands located from Farakka
barrage to Krusela has continuously increased from the year 1970 to 2010.
Silting upstream of the barrage may also be attributed to high looseness
factor of the barrage which i1s equal to 1.7.

There are about 49 bridges on the Ganga river from Devprayag to Farakka
barrage. Morphological changes in the river have been noticed near the
major bridges. Provided river training works at some of such bridges are
working satisfactorily. Additional and/or repair of the existing river training
works have been suggested at some of the bridge site to minimize
outflanking of the bridge, erosion to the approach road etc.

Critical Reaches & Suggested Works
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30.

Thirty five reaches/locations are identified as critical in Ganga river,
however, in twenty seven critical reaches of the Ganga river either the river
1s protected using spurs, embankments etc. or being in agricultural area,
protection works are not economically viable. At the remaining eight critical
reaches/locations near Haripur Kalan, Kangri, Sidholia Kham, Saharpur
Rajmahal to Maharajpur and

Makanpur Kham, Gunir, Bhagalpur,

Manikchak, protection measures are suggested.

Methodology for the design of various river training works has been
discussed and based on the morphological changes of the river, it is
suggested to provide river training works in the following critical reaches of

the river.
S.No. Chainage Location Suggested River Training Works
a) 1745-1749 5 km upstream of the Series of spurs are recommended for the
km Bhimgoda barrage near protection of left bank in a length of 4.15 km to
Haripur Kalan control the cutting of the forest area
b) 1725-1731 8 km downstream of the Series of spurs are provided, some more spurs
km Bhimgoda barrage near are required in a length of 6 km towards left
Kangri village
©) 1436 km  Sidholia Kham Spurs are suggested to be provided along with
existing embankment in a length of 0.6 km at
chainage 1436 km
d) 1446 km  Saharpur Makanpur Kham  grpankment along with spurs are suggested to
be provided in a length of 1.0 km at chainage
1446 km
e) 1092-1108 Downstream of Baksar- Protection to right bank is required in a length
km Muradipur road near Gunir of 14.5 km using boulder revetment and/or
provision of series of spurs
f) 180 km  Bhagalpur Protection measures in the form of embankment
with boulder revetment and launching apron be
provided near Raghopur area over a length of
about 4 km to control lateral shifting towards
left side
g 36-78 km  Rajamahal to Maharajpur  Embankment along with launching apron may
be provided to control the erosion of left bank
in this reach in about 33 km length and lateral
shifting towards left side
h) 24-34km  Near Manikchak Embankment along with launching apron may

be provided to control the erosion towards left
side in this reach in about 10 km length and
lateral shifting towards left side




31.

32.

33.

34.

In addition to the above, the river training works shall also be provided
near the a) Railway Bridge, Balawali, Laksar (Ch. 1696.5 km); b) Railway
bridge, Rajghat, Narora (Ch. 1495.1 km); c¢) Railway & Road bridges,
Kachhla (Ch. 1452.2 km); d) Ara-Chhapra road Bridge, Doriganj, Chhapra
(Ch. 450 km) and e) Road Bridge - Gandhi Setu (NH 19) (Ch. 404.8 km).

Earthen embankments are mostly provided from Haridwar to Kanpur and
from Buxar to Farrakka barrage. Major embankments are located towards
right side downstream of the Haridwar; towards left side upstream of the
Garhmukteswar, Narora barrage, and Farrukhabad; downstream of Buxar
towards right side; towards left side downstream of the Mokama and
confluence of Burhi Gandak; and downstream of the Krusela towards left

side. In the lower Ganga basin, the embankments are mostly provided along
left bank.

Design methodology of conventional river training works and also flexible
system are described in the report that can be used for the design of a
particular work. Sample design of guide bund and embankment/levees
using conventional and flexible system are also given in the report.

Field reconnaissance survey was conducted at various locations like
Devprayag, all the six barrages, Kanauj, Allahabad, Mirzapur, Varanasi,
Revelganj, Patna, Mokamah, Begusarai, Munger, Sultanganj, Bhagalpur,
Kahalgaon, Sahibganj, Rajmahal, Farakka etc. to assess the present
condition of the river. The observations made during the site visits have
been examined in the perspective of the outcomes of the morphological
study carried out in this study.

Recommendations-

1.

It is recommended to implement the suggested measures in the identified
eight critical reaches of the Ganga and in the vicinity of the identified
bridges. It is further suggested that such reaches/locations be studied in
more details based on ground survey and analysis of high resolution
satellite data.

Suggested measures are prioritized as follow:

a) Railway Bridge, Balawali, Laksar (Ch. 1696.5 km): a) Suggested to
provide nose to each guide bund and b) boulder revetment be provided
to the right embankment of the railway track over a length of 1.5 km.

b) Railway bridge, Rajghat, Narora (Ch. 1495.1 km): Suggested to provide
nose to the left guide bund.

c) Railway & Road bridges, Kachhla (Ch. 1452.2 km). Both the guide
bunds should be extended downstream.
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d) Ara-Chhapra road Bridge, Doriganj, Chhapra (Ch. 450 km). a) A
truncated guide bund be provided towards right side and b) right bank
u/s of bridge is to be protected to control the shifting of the river.

e) Road Bridge - Gandhi Setu (NH 19) (Ch. 404.8 km). Suggested to repair
washed out portion of launching apron towards Hajipur side.

f) About 8 km downstream of the Bhimgoda barrage near Kangri village
(Ch.1725-1731 km): Series of spurs are provided, some more spurs are
required in a length of 6 km.

g) About 5 km upstream of the Bhimgoda barrage near Haripur Kalan
(Ch.1745-1749 km): Series of spurs are recommended for the protection
of left bank in a length of 4.15 km to control the cutting of the forest
area

h) Bhagalpur (Ch. 180 km): Protection measures in the form of
embankment with boulder revetment along with launching apron be
provided near Raghopur area over a length of about 4 km.

1) Sidholia Kham (Ch.1436 km) & Saharpur Makanpur Kham (Ch. 1446
km): Spurs are suggested to be provided along with existing
embankment in a length of 0.6 km at chainage 1436 km and 1.0 km at
chainage 1446 km

j) Downstream of Baksar-Muradipur road near Gunir (Ch.1092-1108 km):
Protection to right bank is required in a length of 14.5 km using boulder
revetment and/or provision of series of spurs

k) Rajamahal to Maharajpur (Ch. 36-78 km): Embankment along with
launching apron may be provided to control the erosion of left bank in
this reach of about 33 km length.

1) Near Manikchak (Ch. 24-34 km): Embankment along with launching
apron may be provided to control the erosion towards left side in this
reach of about 10 km length.

It is recommended to site hydraulic structures like barrage, bridge etc. at

the identified nodal points (wherein minimum morphology of the river has

occurred) on the Ganga river to avoid outflanking of the river and to
minimize protection works.

Large scale de-silting from the rivers is not recommended. Efforts shall be
made to manage the sediment in the river through deploying suitable river
training works. However, from the utility consideration like siltation at
water intake, minimum draft requirement for navigation, skewed
distribution of flow across bridges/barrages etc., it is recommended to desilt
the sediment from that location.

Habitation shall not be allowed on the islands/diyaras that have formed in
the rivers irrespective of whether they are permanent or temporary in
nature. However, such islands may be used for the agricultural purpose
with crops of low height.



10.

11.

Adoption of high looseness factor in the design of the barrages leads to
siltation upstream of the barrage as it is noticed for the Narora and
Farakka barrages. Therefore, it is recommended that looseness factor close
to unity shall be adopted to control silting upstream of the barrage.

Formation of the Madhurapur diyaras upstream of the Mokama bridge may
be attributed to backwater effect resulted due to high afflux caused by the
construction of the bridge by narrowing down the width of the river to 1.6
km by deploying a guide bund towards left side. Therefore, it is
recommended that length of the bridge shall be fixed keeping nominal
afflux.

It is suggested that from Haridwar to Revelganj (Chhapra), the length of
the bridge/spacing of embankment should be close to three times the Lacey
parameters, however, in the reach from Revelganj to Farakka, it should be
from bank to bank. Final decision in this regard is to be taken considering
other factors and site conditions.

River training works or any other structure shall be designed in such a way
that it should not encroach the flood plains of the river or it should not
delink the lakes, depressed areas, wetlands etc. as such bodies provide

additional storage to the river and that results in lowering the peak
discharge that controls the flood.

Sediment management in the vicinity of a barrage shall be explored by
operation of the barrage gates. For an example, gates of the barrages shall
be operated such that incoming sediment can be passed downstream during
the flood time, to maintain the sediment equilibrium. Further, it should be
ensured that the concentrated sediment flux passed downstream should not
cause major morphological changes in the downstream reaches.

It i1s further suggested that a detailed survey of the area and data
collection/analysis 1s to be carried out before implementing the
recommendations, so as to incorporate the current ground conditions and
river behaviour.

Suggested Further Study:

1.

Unauthorized, unscientific and unplanned mining of sand and gravel from
the river has resulted in major morphological changes in river in the terms
of stream bank shifting, bed degradation, bank erosion, disrupting the
sediment mass balance, danger to the hydraulic structures etc. It has been
seen downstream of Haridwar where Ganga river has shifted towards left
side due to excessive mining. Therefore, there in a need to carry out
replenishment study so that quantity of the sand and gravel to be mined
can be estimated and morphological changes can be controlled.
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2. Erosion and siltation in the Ganga river has been studied herein on the
basis of the shifting of the banks of the river except in the reach from Buxar
to Farakka in which study has been carried out based on sediment mass
balance approach. This approach of the study is an indicative and does not
provide the eroded/silted sediment in the terms of volume/weight. In view of
this, it is suggested that the eroded/silted sediment shall be quantified on
the basis of the sediment mass balance study i.e., quantity of eroded/silted
sediment in a reach of the river is equal to mass of the sediment entered
into the reach minus mass of the sediment gone out from the reach during a
period. Collected sediment and flow data of the Ganga river and its
tributaries by CWC at its H.O. can be used for this study and some data in
this respect should also be collected.

3. Flood zones of the river should be identified and delineated along both the
banks of river. Based on flood zone boundaries, habitation and development
activities may be prohibited in such areas.

4. This study indicates that silting has occurred in almost whole the reach of
Ganga river from Devprayag to Farakka barrage. This has resulted in
formation of sand bars, islands, etc. and also aggravated the problem of
flood. It is suggested that appropriate study should be carried out in generic
basis or case to case basis to dredge out such islands/bars through non-
structural measures like pilot channel, channelization etc.

5. In future, morphological studies are required to be carried out using 3D
data of the terrain, as topography and slope of the region play an important
role to study the morphological behavior and flood situation of the river.
Laser based surveying and mapping techniques are now available which
can provide 3D data with greater accuracy and speed to identify the critical
regions affected by the flood due to meandering of the river.

For the dissemination of outcomes of the study carried out under the project to
the potential users, a workshop on Morphological Study of Rivers Ganga, Sharda
and Rapti Using Remote Sensing Technique was organized by Indian Institute of
Technology Roorkee in association with Central Water Commission at Library
building, CWC, New Delhi during 18-19 Sept. 2017. A brief note on the workshop
is given in Annexure-C,

: (Z. Ahmad)
Date:

are Professor of Civil Engineering

Place: Roorkee ITT Roorkee
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View of Raghopur island on LISS IV image of year a) 1970; b)1980; c) 1990;
d) 2000; e) 2010 and f) 2015

View of Madhurapur island on LISS IV image of year a) 1970; b)1980; ¢)
1990; d) 2000; ) 2010 and f) 2015

View of Ratipur island on LISS IV image of year 2015

View of Gobrahi island on LISS IV image of year a) 1970; b)1980; ¢) 1990,
d) 2000; e) 2010 and f) 2015

View of Baijnathpur island on LISS IV image of year 2015
View of Saidpur island on LISS IV image of year 2015

View of Rambhari island on LISS IV image of year 2015
View of Begamabad island on LISS IV image of year 2015
View of Jalbabu island on LISS IV image of year 2015

View of Darijayrampur island on LISS IV image of year 2015

Erosion and deposition in Ganga river based on shifting of extreme right and
left banks during the period 1970 to 2010
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GIS layers of the Ganga river for the year 1970, 1980, 1990, 2000 and 2010
on the satellite image of year 2015 at the Pashulok barrage

(a-f) Images of Ganga river of the year 1970, 1980, 1990, 2000, 2010 and
2015 at the Pashulok barrage

a Upstream of the Pashulok barrage

b Downstream of the Pashulok barrage

GIS layers of the Ganga river for the years 1970, 1980, 1990, 2000 and 2010
on the satellite image of year 2015 at the Bhimgoda bararge

(a-f) Images of Ganga river for the year 1970, 1980, 1990, 2000, 2010 and
2015 at the Bhimgoda barrage

Temporal variation of area of island formed upstream of the barrage

A small silted island upstream of the Bhimgoda barrage

GIS layers of the Ganga river for the year 1970, 1980, 1990, 2000 and 2010
on the satellite image of year 2015 at the CCS barrage

(a-f) Images of Ganga river for the year 1970, 1980, 1990, 2000, 2010 and
2015 at the CCS barrage

a Upstream of the CCS barrage

b Downstream of the CCS barrage

GIS layers of the Ganga river for the year 1970, 1980, 1990, 2000 and 2010
on the satellite image of year 2015 at the Narora barrage

(a-f) Images of Ganga river for the year 1970, 1980, 1990, 2000, 2010 and
2015 at the Narora barrage

a A pilot channel upstream of the barrage in year 2010
b Silted pilot channel in year 2015
a Silted island upstream of the Narora barrage

b Downstream of the Narora barrage

GIS layers of the Ganga river for the year 1970, 1980, 1990, 2000 and 2010
on the satellite image of year 2015 at the Luvkhush barrage

(a-f) Images of Ganga river for the year 1970, 1980, 1990, 2000, 2010 and
2015, respectively at the Luvkhush barrage

Google Earth image as on 26/3/2003 showing marginal bund and pilot
channel near the Luvkhush barrage

Google Earth images in year 2005, 2006 and 2007
a Silted island upstream of the Luvkhush barrage
b Downstream of the Luvkhush barrage

GIS layers of the Ganga river for the year 1970, 1980, 1990, 2000 and 2010
on the satellite image of year 2015 at the Farakka barrage

(a-f) Images of Ganga river for the years 1970, 1980, 1990, 2000, 2010 and
2015 at the Farakka barrage

Shifting of center line of the river from Farakka barrage to Kursela

(a)Temporal variation of width of deep channel of Ganga river from Farakka
barrage to Krusela
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(b)Temporal variation of width of Ganga river based on extreme banks from
Farakka barrage to Krusela

Temporal variation of area of Islands from Farakka barrage to Krusela (Ch.
138 km)

Images of the right side island located at 0.5 km upstream of the Farakka
barrage as in year 2010 and 2015

Images of the left side island as in year 2010 and 2015
Active floodplain area of Ganga river basin (Tare et al., 2010)

Aggregated flood map of Ganga Basin from 2003-2013 (Source: NRSC
Portal)

Flood Hazard Zone Map of Ganga river from Devprayag to Bijnor (Source:
NRSC Portal)

Flood Hazard Zone Map of Ganga river from Bijnor to Narora (Source:
NRSC Portal)

Flood Hazard Zone Map of Ganga river from Narora to Farrukhabad (Source:
NRSC Portal)

Flood Hazard Zone Map of Ganga river from Farrukhabad to Kanpur
(Source: NRSC Portal)

Flood Hazard Zone Map of Ganga river from Kanpur to Allahabad (Source:
NRSC Portal)

Flood Hazard Zone Map of Ganga river from Allahabad to Varanasi (Source:
NRSC Portal)

Flood Hazard Zone Map of Ganga river from Varanasi to Arrah (Source:
NRSC Portal)

Flood Hazard Zone Map of Ganga river from Patna to Munger (Source:
NRSC Portal)

Flood Hazard Zone Map of Ganga river from Munger to Farakka (Source:
NRSC Portal)

Marked Lacey width (3P), existing embankment and extreme banks of the
Ganga river on satellite image of year 2015 in the reach of Chainage 1500-
1824 km

Marked Lacey width (3P), existing embankment and extreme banks of the
Ganga river on satellite image of year 2015 in the reach of Chainage 1250-
1500 km

Marked Lacey width (3P), existing embankment and extreme banks of the
Ganga river on satellite image of year 2015 in the reach of Chainage 1000-
1250 km

Marked Lacey width (3P), existing embankment and extreme banks of the
Ganga river on satellite image of year 2015 in the reach of Chainage 750-
1000 km

Marked Lacey width (3P), existing embankment and extreme banks of the
Ganga river on satellite image of year 2015 in the reach of Chainage 500-750
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Chapter-1: Introduction

Chapter 1 INTRODUCTION

1.1 Introduction

The river morphology is concerned with the shapes of river channels and how they change
over time. The morphology of a river channel is a function of a number of processes and
environmental conditions on multiple spatial and temporal scales. Watershed features that
control river morphology include topography, discharge, sediment supply and vegetation.
River stability and response to changing environmental conditions are highly dependent on
local context (channel type and associated degrees of freedom; the nature of the imposed
sediment, hydrologic and vegetation regimes; imposed anthropogenic constraints; and the
legacy of past natural and anthropogenic disturbances). Alluvial streams (rivers) are dynamic
landforms subject to rapid change in channel shape and flow pattern. Water and sediment
discharges determine the dimensions of a stream channel (width, depth, and meander
wavelength and gradient). Characteristics of stream channels and types of pattern (braided,
meandering, straight) are significantly affected by changes in flow rate and sediment
discharge, and by the type of sediment load in terms of the ratio of suspended to bed load.
Dramatic changes in stream bank erosion within a short time period indicate changes in

sediment discharge.

River bank erosion is a natural geomorphic process which happens in all streams as
modifications of channel size and shape are made to carry the discharge and sediment
provided from the drainage basin. The sediments deposited and eroded in the river have a
tremendous effect on river cross-sectional area, gradient, vegetation and its discharge.
Therefore, due to morphological change, there is an overflow in river which causes flood in
the neighbourhood. With the remote sensing- GIS integrated approach, morphological
mapping of the river for the pre and post monsoon images can be easily done. Data supplied
by the optical and radar satellites can be employed to invoke maps of morphological changes
and flood inundation in a short period of time which is cost effective. Radar images can be

used in all type of weather conditions as they can penetrate clouds, they are quite beneficial
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in mapping flood and are an ideal for flood monitoring, especially in complex hydraulic

conditions .

Plan form of the rivers may be described as straight, meandering and braided. There is in fact
a great range of channel patterns from straight through meandering to braided. Straight and
meandering channels are described by sinuosity which is the ratio of channel length to valley
length (Schumm, 1977). Braiding pattern of the rivers is characterized in different ways;

however, most common is Plan Form Index (PFI).

The river geomorphology is the knowledge and interpretation of river processes, which
generate and modify landscape’s shapes (Marchetti, 2002). By flowing in a river bed
composed of non-cohesive loose substances, the current modifies shape of the sections and its

planimetric and altitudinal structure, thus originating morpho-dynamics processes.

The preservation of morphological shape, the change of an already-existing balance or the
tendency to establish a new shape of the watercourse are the result of both varied and
different river processes (erosion/deposition, sedimentation) and geological, climatic,
hydrologic, hydraulic, vegetative and biological factors that could trigger, control or wipe out
various river phenomena. Such processes characterize every type of river bed, therefore are
not typical of any particular morphological configuration. In fact, there are varied river forms
in nature corresponding to different stability conditions of beds. Tendency of river beds to
have different forms relates to the geometric characteristics of the valley, response to a
certain hydrometric status, flow conditions and particle size of material transported that forms

the bed and on soil composition forming the banks (Lenzi et al., 2000).

Indian rivers always divulge certain special features since they experience large seasonal
fluctuations in discharge and sediment load. The rivers are accustomed to a range of
discharges and most rivers exhibit morphologies that are related to high-magnitude floods.
The key themes in Indian river geomorphology include the hydrology of monsoonal rivers,
and its forms and processes in alluvial channels; causes of avulsion, channel migration;
anomalous variations in channel patterns; dynamics of suspended sediments; and the
geomorphic impacts of floods. Researches indicate that the Himalayan Rivers are occupying
a highly dynamic environment with extreme variability in discharge and sediment load.
Earthquakes and landslides also have a great impact on these rivers from time to time.
Consequently, the rivers are characterized by frequent changes in shape, size, position and

planform.
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There are no clear limits among the various morphological typologies but there is a

continuous shift from one form to the other. For this reason, in order to be able to define the

morphology of a watercourse and the typologies it is made of, one single parameter is not

enough, therefore different factors must be examined and taken into consideration, such as:

Sinuosity: it expresses the ratio between the length of the river and the length of the
valley axis (Leopold et al., 1964);

Grain distribution: it pertains to analyzing the particle size of the material forming
the bed;

Total sediment transportation: defined as the sum of two components, i.e. bed load

and suspended load transportation;

Braiding: it is the number of bars or islands situated along a given reach. It is defined
as the ratio between the main channel width under flood conditions (when bed

sediments are completely flooded) and its width under standard flow conditions;

Vertical running off: it specifies whether the stream flows deeply incised in the
valley’s plain or in its sediments. It is normally expressed by the ratio between the
width of the flooded area and the width of the open channel, which corresponds to the

bankfull discharge (Kellerhals et al., 1976; Rosgen, 1994);

Width-Depth ratio: it describes the size and the form factor as the ratio between the
bank width of the channel, and the corresponding mean depth (Rosgen, 1994);

Planimetry: it explains how a watercourse flows into its drainage area;

Gradient: it is a very important aspect in the determination of the hydraulic,

morphological and biological characteristics relating to a watercourse;

Longitudinal section: it is the change in height of a stream which explains how the

river can be divided into morphological categories according to the gradient;

Cross section: it indicates the incision degree of a channel and the extent of the most

important hydraulic variables.

A stream can have various channel patterns as shown in Fig. 1.1, such as braided channels,

meandering channels, and straight channels. These various patterns are a response to above
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variables, in particular the slope/gradient and the friction in the channel (related to grain

sizes).
Straight Channel
RIFFLE SEDWEMT BAR
kcross wﬂ\
F e e,
i

POOL

Meandering
Channel

Figure 1.1 Channel patterns

1.2 Objectives& Terms of Reference

The specific objectives of works are:

i.  Compile complete river drainage map in GIS by integrating available secondary
maps in WRIS of CWC. Collect additional required information on major flood
protection structures, existing water resources projects, important cities/ towns,
CWC H.O. sites, airport, island etc., and to be integrated with final river drainage

maps.
ii.  Study shifting of river course and also changes in its Plan form from the base year
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iii.

1v.

V1.

Vii.

Viil.

IX.

Xi.

Xii.

(say 1970) till 2010, by collecting 4 sets of satellite imageries at 10 years interval
in addition to one set of Survey of India toposheets for the base year on a scale of
1:50,000. In case toposheets are available for older period say 1950, the base year
may be shifted accordingly.

Compile Changes in Land Use/Land cover, and study of its impact on river

Morphology.

Channel Evolution Analysis to describe the status of the river channel.
The analysis of the channel dimension, pattern, and longitudinal profile identifying
distinct river reaches i.e. channel in upper reaches, channel in flood plain with bank
erosion etc. This segregation of the reaches is to be determined by using Channel

Evolution Analysis.

Work out the rate of bank erosion/deposition in terms of erosion length & erosion

area w.r.t. base year at 50 km interval.

The present condition of critical reaches of the main channel of river may be
assessed by conducting ground reconnaissance. Field recon trips may be taken, if

required.

Evaluate the impacts of major hydraulic structures on morphological behavior of

river course and its impacts on river morphology.

Evaluate braiding pattern of river by using Plan Form Index (PFI) criteria along

with its threshold classifications.

Compile information (if any) on flood affected areas in the vicinity of river course
prepared by NRSC using Multi-temporal satellite data of IRS WiFS (188 m) &
Radarsat ScanSAR Wide & Narrow (100 m & 50 m) for flood images for Bihar.

Plot probability curve (Exceedance Probability vs. Flow rate) and show flow rates
corresponding to return period of 1.5 year and 2 years for different CWC H.O.

locations. The observed flows need to be normalized before using for analysis.

Relate the morphological changes in river on the basis of available peak discharges
of different years in the time domain considered in this study. Study impact of

changes in annual rainfall in the basin on river morphology.

Identify critical and other vulnerable reaches, locations. Analysis of respective rate
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of river course shifting and based on it, future predication of river course behaviors.

xiil. Suggest suitable river training works for restoration of critical reaches depending on

site conditions.

1.3 Need/Scope of Study

Following are the scope of the intended study:

1.

il.

1il.

1v.

Vi.

The required inventory of one set of Survey of India (SOI) toposheets in respect of
reference time datum on a scale of 1:50,000 are to be procured from SOI by the
Consultant. The inventory of satellite imageries having spatial resolution of 23.5
m , IRS LISS-I, LISS-II, LISS-III may be worked out covering the study area, and
to be procured from NRSC.

One set of SOI toposheets (say year 1970) and digital satellite imageries of IRS
LISS-I, LISS-IT and LISS-III sensors, comprising scenes for the years 1980, 1990,
2000 and 2010 are to be used for the present study. In case of non-availability of
above data, the foreign satellite data of similar resolution may also be used. The
maps and imagery are to be registered and geo-referenced with respect to Survey of
India (1:50,000 scale) toposheets w.r.t. to base year by using standard technique &
GIS tool.

Delineation of River Bank Line, River Centre Line alongwith generation of
important GIS layers of river banks, major hydraulic structures, embankments/
levees, railway bridge line, island, airport, cities/towns/villages, and important
monuments etc. located in the vicinity of river banks for the selected years of the

studies are to be part of studies.

Estimation of left & right bank shifting amount(s) w.r.t. base year & appropriate
graphical plotting of these shifting.

Evaluation of braiding of different river course reaches by using Plan Form Index

(PFI) criteria along with its threshold classification, wherever required.

Estimation and comparison of each bank erosion for different reaches in term of
erosion length & erosion area of the river w.r.t. base year by using appropriate GIS

tool, accordingly vulnerability index for different reaches may be evolved &
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Vii.

Viii.

IX.

Xl1.

Xii.

Xiil.

prioritized along with causative factors detail for this erosion may be worked out.

Comparison of delineated different river courses on the same graphical plot on A0

size, and all plots may be arranged in a separate volume.

The most critical reaches may be shown separately with appropriate suitable stream
reach(es) restoration with a recommendation of suitable bank stabilization

technique(s) depending upon the channel planform and condition.

The cross section data available may be used for identifying riffle locations, and
measure topography changes. The cross sectional data provided may be used to
extract necessary information to analyze the channel, which ultimately led to

identifying the channel stage or condition.

The plan view of various stream patterns may be used to define the geometric
relationship that may be quantitatively defined through measurement of meander
wavelength, radius of curvature, amplitude, and belt width. It may be done by
separating river reaches based on change in valley slopes into different RDs,
estimation of sinuosity, no. of bends for different RDs, average radius of curvature
for each segment of the rivers defined. Based on this channel pattern analysis,

proper interpretation may be given.

River Channel Dimension; river channel width and the representative cross section
are a function of the channel hydrograph, suspended sediments, bed load, and bank
materials, etc. The future river channel dimensions may be evaluated based on the

available cross-section detail for vulnerable/critical reaches of the rivers.

Maximum Flow Probability curves at CWC H.O. sites located on concern river,
may be developed to predict the channel discharge corresponding to 1.5 year and 2
year Return Interval (RI). These values ie. 2 year Return Interval is widely
accepted as the “Channel Forming Discharge” or “Bankfull”. These are the flows
that contribute most to the channel dimension. These parameters may be used to
determine the Channel Evolution Stage based on the Channel Evolution Analysis.
Comparison of channel forming discharge and the maximum channel capacity may
be done; accordingly interpretation about the channel carrying capacity is to be

presented.

Channel profile; channel profile is commonly referred to channel slope or gradient.
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X1v.

XV.

XVL1.

XVil.

XViil.

XiX.

The channel profile may be developed for river reach under consideration. The
proper interpretation w.r.t. bed formations, aggradations, degradation etc. may be

made part of studies.

Impaired stream analysis; as part of the scope of work, part of impaired streams to
be identified along with the causes and sources by the consultant. Based on the
causes of stream impairment, stream restoration mechanism/methods to be
recommended. While stream restoration and bank stabilization techniques do
improve water quality, land use practices may also be discussed, which is typically

the main culprit of chemical pollution.

Results & Recommendations is to be separate chapter. A proper discussion about
results in respect of different reaches i.e. upper reach, middle reach & lower reach

of river along with appropriate suggestions to be given.

Collection of additional information like Topography, Climate, Soils, Geology and
Hydrology etc. required to be incorporated in the Morphological report.

Analysis of shifting of left and right banks of the rivers at about 50 kilometer
interval as well as covering critical reaches of the river irrespective of

river RDs interval.

Identification of flood affected areas in the vicinity of river course which have
experienced frequent flooding in the past and suggesting suitable remedial
measures for flood proofing for the river reaches. It was informed by NRSC
representatives that NRSC derived inundation from 10 years of multi-temporal
satellite data (1998-2007). Based on the frequency and extent of inundation, the
flood hazard is categorized into 5 classes - Very High, High, Moderate, Low and
Very Low. This helps the concerned authorities in planning developmental works
in these areas. NRSC used Multi-temporal satellite data of IRS WiFS (188 m) &
Radarsat ScanSAR Wide & Narrow (100 m & 50 m) for flood images. The flood
hazard alongwith flood annual layers mapping has been done for Assam & Bihar.
It includes complete flood hazard statistics district wise. This published
information can be utilized by IIT Roorkee to cover flood affected aspects in the

study.

The entire satellite data used in the study by the IIT Roorkee, all analysis, results,
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XX.

XX1.

maps, charts etc. and the subsequent report prepared shall be the exclusive property
of CWC and the IIT Roorkee has no right whatsoever to divulge the

information/data to others without the specific written permission of CWC.

In order to ensure the desired quality of the generated outputs as well as to ensure
that the GIS layers are hydrologically, hydraulically, and scientifically reasonable
approximations. It was decided that the standards used for WRIS, as well as
“Standards for Geomorphological Mapping Project” and “Standards for Land
Degradation Mapping Project” given in manuals of NRSC may be referred.

The compilation of Changes in Land Use/Land cover, and study of its impact on
river Morphology is to be incorporated in the study report. The NRSC’s published
information about land use and land cover maps under NRSC Bhuvan thematic
service on a scale of 1:50,000 as well as 1:2,50,000 for all states can be used for

this purpose.
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Chapter 2 LITERATURE REVIEW

21LITERATURE REVIEW

The dynamics of river and associated problems like erosion/deposition, floods in particular
have been studied by many researchers around the world. Physical based research in the area
of river geomorphology has pointed out the historical trends in river processes and flooding.
Pioneering study in river geomorphology by Leopold and Wolman (1957) is the most
noteworthy along with the work of Schumm (1963), Chorley (1969), Gregory and Walling
(1973), Brice (1981) and Hooke (2006). The following section deals with the literature

survey to streamline the present work.

Leopold and Wolman (1957) grouped the alluvial rivers into straight, braided and
meandering on the basis of their planform, and calculated the characteristics of each of these
patterns. Braided river was found to be the one that flows into two or more anastomosing
channels (anabranches) around alluvial island, and in a winding course. The continuum of
channel patterns from unbranched to highly braided has been quantified by the braiding index
introduced by Brice (1974), which is the ratio of twice of the channel length of the islands in
the reach of stream divided by the length of the reach.Channels have also been classified
based on the relative percentage of bed load and suspended load they transport (Schumm,

1969).

Brice (1981) studied the meandering pattern of three reaches of the white river, Indiana. He
demarcated the centroid of each bend to find out the movement in the meanders. To find out
the potential of erosion in each meander bend a plot was created between angular movements
of centroids and meander length. Further, he plotted the eroded area and the meander length
on a scatter diagram to find out the average meander length which triggers erosion. He

concluded that the erosion along straight segments of a highly sinuous channel is negligible.
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Hooke (1987) stated that channel planform changes by erosion of the banks (growth of
meanders), by deposition within the channel (braiding), or by cutoffs and avulsions that
involve switching of channel position. Hooke (2006) elaborated the spatial pattern of
instability and the mechanism of change in an active meandering river, the Dane. Nearly 100
meandering bends of the Dane river have been analyzed using historical maps and aerial
photographs for the period 1981-2002. More than 20 years of monitoring of these bends

provided a unique insight into the link between erosion, deposition and maximum discharge.

Mirza (1997) examined the hydrological changes that have occurred in the Ganges system in
Bangladesh in the post-Farakka period (1975-1992) using relevant discharge and water level
data. They developed stage-discharge relationships downstream of Farakka barrage for
1974/75, 1984/85 and 1992/93 (Figure 2.1). Their results showed that water level was
continuously rising for same discharge, which signified decreasing longitudinal slope and
rising bed level resulting from continuous sediment deposition on the river bed. They also

found that the diversion caused considerable hydrological changes in the Ganges system in

Bangladesh.
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Figure 2.1 Stage-discharge relationship downstream for year 1974/75, 1984/85 and 1992/93
(Mirza 1997)
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Banerjee (1999) mainly emphasized on the amount of sedimentation on the upstream and

downstream of Farakka barrage. The river is severely eroding left bank in the Malda town on

the upstream and right bank in the downstream in Murshidabad. The land eroded from left
bank of Ganga in Malda and right bank in Murshidabad is shown in Tables 2.1 and 2.2.

Table 2.1 Ganga Bank erosion on left bank in Malda District (Banerjee 1999)

Year Total length affected | Maximum width of | Approximate loss of
(km) Erosion (m) land (ha)

1979 5.0 200 60
1980 7.0 150 105
1981 11.0 400 260
1982 5.0 150 65
1983 5.0 200 90
1984 7.0 100 70
1985 6.0 150 90
1986 6.0 200 105
1987 8.0 300 240
1988 7.0 100 70
1989 10.0 150 150
1990 8.0 200 160
1991 11.0 150 170
1992 9.0 150 130
1993 7.0 200 145
1994 7.0 1250 160
1995 8.0 200 145
1996 15.0 250 310
1997 6.0 100 60
1998 10.0 900 330
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Table 2.2 Ganga Bank erosion on Right Bank in Murshidabad District (Banerjee 1999)

Year Total length affected | Maximum width of | Approximate loss of
(km) Erosion (m) land (ha)

1979 5.0 200 100
1980 6.0 250 100
1981 4.0 200 80
1982 5.0 200 90
1983 5.0 250 105
1984 22.0 700 635
1985 10.0 250 245
1986 10.0 200 180
1987 8.0 150 105
1988 9.0 300 255
1989 12.0 150 175
1990 10.0 150 120
1991 9.0 200 115
1992 6.0 400 270
1993 10.0 200 145
1994 33.0 1400 2585
1995 8.0 150 270
1996 10.0 1000 465
1997 4.0 100 40
1998 40.0 250 500

Parua (2002) studied the fluvial geomorphology of the river Ganga between Rajmabal in
Bihar and Jalangi Bazar in West Bengal.,a length of about 190 km, before and after the
Farakka barrage was built. The morphological characteristics of the river reach with changes
between pre-barrage and post-barrage situation near Farakka were briefly described. He
found that the changed flow pattern in post-barrage situation in this mighty river invited a
new morphological environment and the same would take considerable time for adjustment

and for attaining a dynamic stability of the river reach as was prevailing in pre-barrage days.
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Rudra (2004) mainly emphasized changes in water level in dry and monsoon season in the
pre and post Farakka period and concluded a continuous rise in water level on the upstream

as shown in Table 2.3.

Table 2.3 Changes in water level (Rudra 2004)

Year | Approx. max. discharge | Approx. max. Increase in height (m)
(10° cumec) water level (m) {(Original pond level: 21.95 m)
1979 | 42.80 22.90 0.95
1981 ] 57.0 23.70 1.75
1983 | 60.5 24.90 2.95
1985 | 57.30 24.30 235
1988 | 68.0 25.10 3.15
1991 | 69.70 25.30 335
1993 | 54.20 24.10 2.15
1996 | 71.0 25.10 3.15
1998 | 75.90 25.40 3.45
2001 | 45.08 24.00 2.05
2003 | 57.52 24.78 2.83

Sarma and Phukan (2004) studied the origin and geomorphological changes of Majuli Island
of the Brahmaputra River in Assam, India using SOI toposheets (1917, 1966 and 1972) and
satellite data (IRS-1B LISS II data of 1996 and IRS-1D LISS III data of 2001). This study
reveals that erosion is predominant in the southern boundary of Majuli Island owing to the
river Brahmaputra while rate of erosion is more prominent in the south western part of the
island. Increase in rate of erosion is noticeable during 1917-2001, due to this Brahmaputra
has widened its channel by eroding both of its banks, particularly after the Great Assam
earthquake of 1950. An increase in channel width from 35.8% to 61.2% has been measured
around Majuli during the period from 1917 to 1996 due to overall northward migration of the

Brahmaputra.

Lauer and Parker (2008) stated that erosion from the banks of meandering rivers causes a
local influx of sediment to the river channel. Most of the eroded volume is usually replaced in
nearby point bars. However, the typical geometry of river bends precludes the local
replacement of all eroded material because (i) point bars tend to be built to a lower elevation
than cut-banks and (ii) point bars tend to be shorter than the eroding portion of cut-banks
because of channel curvature. In a floodplain that is in equilibrium (i.e., neither increasing
nor decreasing in volume), sediment eroded from cut banks must be replaced elsewhere on

the floodplain. The local imbalance caused by differences in bank height should be balanced
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primarily by overbank deposition, while the local imbalance caused by curvature should be

balanced primarily by deposition in abandoned stream courses or oxbow lakes.

Nicoll and Hickin (2010) examined the planform geometry and migration behavior of
confined meandering rivers at 23 locations in Alberta and British Columbia. Relationships
among planform geometry variables are generally consistent with those described for freely
meandering rivers with small but significant differences because of the unique meander
pattern of confined meanders. Migrating confined meandering rivers do not develop cutoffs,

and meander bends appear to migrate downstream as a coherent waveform.

Luchi et al. (2010) stated that high spatial resolution of the topographical survey allows
capture of significant variations in the cross sectional morphology at the meander wavelength
scale. The width-curvature behavior is correlated with the pattern of bed and banks
morphology, which is different in bend apices and in meander inflections. The survey shows
that the bed-form morphology can be characterized by a mid-channel bar pattern that is
initiated at the inflection section and that the bed-form dynamics can be closely associated

with channel width variations.

Rozo et al. (2014) stated that bank erosion is essential in the proper functioning of river
ecosystem and it also happens in densely forested system. The identification of pixel class-
change was carried out and the following changes were acknowledged: a) Deposition: when
there is formation of island or floodplain from water feature; b) Erosion: when floodplain or
island changes to water body; ¢) Erosion-Deposition: when there is change from floodplain or
island to water and again to recent deposition; d) Changes between various land forms; and e)

No change.

Ghosh (2014) quantifies planform of the river Teesta after Gazaldoba barrage using satellite
images of years (1997, 1990, 1999 and 2008) in the GIS environments and found that the
river braiding has drastically increased in the year 1999 just after the dam/barrage operation.
His study highlights that Gazaldoba barrage is not solely responsible for altered river flow but
the several other upstream factors are also responsible for this changes. Thus the river Teesta
planform pattern has been changed from low braided to highly braided after the human

induced changes in the river.

Hazarika et al. (2015) quantified the planform and land use changes of Gai and Simen
tributaries of the Brahmaputra River, Assam, India for last 40 years using remote sensing and

GIS techniques. Quantification of bank line migration shows that the river courses are
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unstable. A reversal in the rate of erosion and deposition is also observed. Land-use change
shows that there is an increase in settlement and agriculture and a decrease in the grassland.
The area affected by erosion—deposition and river migration comprises primarily of the
agricultural land. Effect of river dynamics on settlements is also evident. Loss of agricultural
land and homestead led to the loss of livelihood and internal migration in the floodplains. The
observed pattern of river dynamics and the consequent land-use change in the recent decades
have thrown newer environmental challenges at a pace and magnitude way beyond the

coping capabilities of the dwellers.

Dewan et al. (2016) used geospatial techniques to quantify the channel characteristics of two
major reaches of the Ganges system in Bangladesh over 38 years. It has covered the section
of the Ganga River, from the India—Bangladesh border and the Padma, from Aricha to
Chandpur. They also examined the nature and extent of bankline movements of the Ganges
and Padma rivers and estimated the volume and location of both erosion and deposition in the
river channel. Channel planform maps of the Ganges over 38 years revealed that the river
experienced contraction and expansion as well as adjustment to its planform. Analysis of the
left and right bank movement showed that each bank has particular stretches where

movement is high and low.

Fluvial geomorphological studies in India have mostly focused on the river response to
climate and tectonic forcing at Quaternary time scale (Chamyal et al., 2003; Juyal et al.,
2006; Sinha et al., 2007). Recently, studies of the hydro geomorphic behavior of river
systems at modern time scale have also been initiated to understand the impact of
anthropogenic forcing on geomorphic processes for some of the Indian river systems. Such
studies at modern time scale have not only highlighted anthropogenic impacts on river
systems but have provided significant insights to river hazards, particularly flooding and river

dynamics.

Jain et al. (2012) reviewed the major geomorphic studies on the Indian rivers and highlighted
various research questions. One of the major research concerns is the development of
hydrology morphology ecology relationship in the river system and the assessment of the
anthropogenic disturbances on this or a part of this relationship. Anthropogenic disturbances
cause flux or slope variability in the channel, which alter the morphology and ecology of the

river system.
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Channel morphology is a manifestation of the river characteristics and river behavior
(Gregory and Lewin, 2014). Its spatial variability not only represents the variability in
hydrology and channel processes but also governs the ecological diversity in the channel. In
order to understand the spatial variability, a geomorphic diversity framework has been
developed for the Ganga River and its tributaries (Sinha et al., 2016). The geomorphic
features at different spatial scales were used in a hierarchical framework to divide the Ganga

River system into different reach types.

Rivers support human population in villages and are therefore of significant interest to

different workers.

The Majuli Island has been shrinking with an average erosion rate of 3.2 km*/yr. A recent
study showed that the erosion trend closely correlates with the various geomorphic
parameters of the Brahmaputra River, which includes channel belt area (CHB), channel belt
width (W), braid bar area (BB), channel area (CH), thalweg changes and bank line migration,
which highlights the role of channel processes on the evolution and erosion of the island
(Lahiri and Sinha, 2014). It was also suggested that subsurface tectonic processes also
governed its evolutionary trajectory. This new understanding of the evolutionary trajectory of
the Majuli Island highlights the complexity in the management of this mega- geomorphic

feature.

A recent study on the stream network connectivity structure in longitudinal and lateral
dimensions had shown its utility for the prediction of inundation areas in the scenario of
avulsion driven flooding (Sinha et al., 2013). The connectivity structure was quantified by a
connectivity index (Ic) defined as a function of the length and slope properties of the channel
network. This topography-driven connectivity model was successfully used to simulate the
avulsion pathway of the Kosi River during the August 2008 breach (Sinha, 2009). In general,
avulsion prone reach of the Kosi River is characterized by different palaco channels, which
makes it difficult to predict the inundation zone due to avulsion event. However, such an
approach provides a priori information about possible inundation zones and could be used to
predict flood risk in populated and vulnerable regions. This study demonstrated that the
mapping of connectivity structure for a stream network on a part of a fan surface can be used

as an important tool in the management of flood hazards.

Formation of various barriers across the rivers like dams and barrages has also caused

significant disconnectivity in the system. A number of major dams constructed on the
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Himalayan and Peninsular rivers in India have disturbed the water and sediment fluxes. In the
Mahanadi River basin, the time series data of the rainfall at different monthly and seasonal

scales show that the rainfall trend is spatially variable (Panda €t al., 2013).

Large dams have caused more pronounced disconnectivity on the sediment fluxes. The
Peninsular rivers were characterized by significant decrease in sediment supply during the
last few decades. Using hydrological data from 1986 to 2006, Panda et al. (2011) had shown
that all the Peninsular rivers were characterized by decrease in sediment supply to ocean in
response to decrease in rainfall and anthropogenic impact. The source-sink disconnectivity
was more explicit in the highly regulated Narmada and Krishna rivers, where climate (rainfall
variability) had no significant control on sediment flux variability. The sediment supply in the

ocean had decreased by 70% in these regulated river basins.

Gupta and Subramanian (1994 and 1998) analyzed water and sediment samples collected
from the Gomti river during the post-monsoon season. The results indicated almost
monotonous spatial distribution of various chemical species, especially because of uniform
presence of alluvium Dun gravels throughout the basin. The river annually transports
0.34x10° tonnes of total suspended material (TSM) and 3.0x10° tonnes of total dissolved

solids (TDS), 69% of which is accounted for by bicarbonate ions only.

Shukla and Ashthana (2005) studied the inter linking of river in India. The interlinking river
project was separated into two primary components i.e. Himalayan and Peninsular Rivers.
The Himalayan component proposes 14 canals and the Peninsular component proposes. In
the Himalayan component, many dams are slated for construction on tributaries of the Ganga
and Brahmaputra in India, Nepal and Bhutan. The project intends to link the Brahmaputra
and its tributaries with the Ganga and the Ganga with the Mahanadi River to transfer surplus
water from east to west. The scheme envisages flood control in the Ganga and Brahmaputra
basins and a reduction in water deficits for many states. In the Peninsular component, river
interlinks were envisaged to benefit the states of Orissa, Karnataka, Tamil Nadu, Gujarat,
Pondicherry and Maharashtra. The linkage of the Mahanadi and Godavari rivers was
proposed to feed the Krishna, Pennar, Cauvery and Vaigai rivers. Transfer of water from
Godavari and Krishnaentails pumping 1,200 cusecs of water over a crest of about 116 meters.
Interlinking the Ken with the Betwa, Parbati, Kalisindh and Chambal rivers was proposed to
benefit Madhya Pradesh and Rajasthan.
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Latrubesse et al. (2005) presented an overview of tropical river systems around the world and
identifies major knowledge gaps. They focused particularly on the rivers draining the wet and
wet—dry tropics with annual rainfall of more than 700 mm/year. The size of the analyzed river
basins varies from 104 to 6x106 km®. They also computed the intensity of floods and
discharge variability in tropical rivers. The relationship between sediment yield and average
water discharge for orogOenic continental rivers of South America and Asia was also plotted.
Insular Asian rivers show lower values of sediment yield related to mean annual discharge
than continental orogenic rivers of Asia and South America. Rivers draining platforms or
cratonic areas in Savanna and wet tropical climates are characterized by low sediment yields.
Tropical rivers exhibit a large variety of channel form. In most cases, and particularly in large
basins, rivers exhibit a transition from one form to another so that traditional definitions of

straight, meandering and braided may be difficult to apply.

Thakur et al. (2012) studied the river bank erosion hazard which occurred due to
morphometric change of the Ganga River in the upstream of Farakka Barrage up to
Rajmahal. Morphometric parameters, such as, Sinuosity, Braiding Index, and percentage of
the island area to the total river reach area were measured for the years 1955, 1977, 1990,
2001, 2003, and 2005 from Toposheets, LANDSAT and IRS satellite images and it is shown
in Table 2.4.

Their analysis showed that there was a drastic increase in all of those parameters such as
sinuosity, braiding index and river island area over the period of time (Table 2.4). The change
in river course of Ganga during 1955, 1977, 1990 and 2005 were shown in Figure 2.2.They
also found that the bank failure was occurred due to soil stratification of the river bank,
presence of hard rocky area (Rajmahal), high load of sediment and difficulty of dredging and

construction of Farakka Barrage as an obstruction to the natural river flow.
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Table 2.4 River morphometric Parameters (Thakur et al. 2012)

Year Braiding Index Sinuosity Island Area
1955 0.12 1.09 2.09
1977 0.82 1.12 24.86
1990 1.07 1.10 71.13
2001 1.31 1.14 90.21
2003 2.08 1.21 119.11
2005 2.17 1.25 116.87

Figure 2.2 Changing course of river Ganga (Thakur et al. 2012)

Das et.al. (2012) analyzed the river bank erosion due to morphometric changes of the river
Ganga in Malda district. They used logarithmic extrapolation technique to predict future
scenario of river Ganga in year 2020, 2030 and 2040 as shown in Figure 2.3.

2-11|Page



Chapter- 2: Literature Review

.......
e

e,

Figure 2.3 Future Statistical Scenario of Ganga in 2020, 2030 and 2040 (Das et al. 2012)

Sinha and Ghosh (2012) compared 1971 and 2004 maps which showed more remarkable
changes in the study area. Immediately upstream of Farakka, the narrow, straight channel of
1971 was transformed into a very broad channel by 2004 encompassing numerous mid
channel bars. Significant changes were also noticed downstream of Rajmahal where
meandering became more pronounced by 2004. As a result, significant deposition occurred
on the concave side of the channel producing a large point bar complex. Significant amount
of sediments started to get trapped upstream of the barrage perhaps soon after the
construction started in 1961 and large sand bars formed just upstream of Farakka barrage
particularly along the western margin. In consequence to bar growth, the river started to
migrate further towards the east and developed a conspicuous bend towards north-east which
continues till date. This bend raised the concern for the river flanking the barrage and has led
to extensive bank protection measures in recent years both upstream as well as downstream
of the barrage.

Gain and Giupponi (2014) studied the impact of Farakka barrage on the Lower Ganges River
flow by comparing threshold parameters for the pre-Farakka period (1934-1974) and the
post-Farakka period (1975-2005). Their results demonstrated that due to water diversion by
the Farakka barrage, various threshold parameters, including the monthly mean of the dry

season (December—May) and yearly minimum flows, have been altered significantly.
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Schwenk et al. (2016) studied the planform changes of large, active meandering rivers at
high spatiotemporal resolutions. Through mapping of annual planforms at Landsat-pixel scale
of 30 m, their results provided a basis for determining controlling factors on local planform
changes and contextualizing them within the broader reach. They also introduced the
RivMAP toolbox, which provides intuitive, easily-customized, and parallelizable Matlab
codes for analyzing meandering river masks derived from satellite imagery, aerial
photography. Based on estimates of uncertainty associated with classifying and compositing
Landsat data, their techniques can provide meaningful annual morphodynamic insights in
large rivers from Landsat imagery. With current Landsat data, over a dozen large, tropical
meandering rivers, e.g. the Mamoré¢, Beni, Jurua, Fly, and Sepik Rivers, were ideal
candidates for quantifying morphodynamic changes and identifying process controls on

planform adjustments from Landsat imagery.

The Ganga River, India’s national river, drains 2,525 km long distance and the basin covers
an area of about 10,60,000 km® which is 26.2% of the total surface area of India (Singh
1971). The hydrology of the Ganga River is largely controlled by monsoon season rainfall
and seasonality over the centuries and the river carries high discharge throughout the
monsoon season but remains with low discharge during the non-monsoon period. Flood is
another very common hydrological event of the river and has a key role in shaping the river
hydrology along with the morphological structure (Singh 2007; Singh et al. 2007). However,
the hydrological scenario of the river was modified abruptly particularly in the down-stream
of the barrage after the commission of Farakka barrage in 1975. Since then the distribution of
discharge of the Ganga River has become both a morphological as well as a political issue

between India and Bangladesh (Rudra 2010).

Sinha (2005) reported that Gangetic plains exhibit remarkable geomorphic diversity, which
characterized the rivers to be dominantly aggradational in the Eastern Gangetic Plains (EGP)
and degradational in the Western Gangetic Plains (WGP). Data available from the Ganga
river in the WGP suggest that Qmar (mean annual flood) generally does not exceed the bank
full discharge and therefore rivers rarely flood in this region. Flood damage reports also
suggested that the area affected by floods in the WGP was almost half (~20%) of that in the
EGP (~39%). Data on sediment yield of different rivers of the EGP and WGP (Figure 2.4)
also indicated that the sediment supply from the upstream Himalayan catchment was variable

from west (UP plains) to east (Bihar plains). The WGP rivers such as the Ganga (at
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Haridwar) and Yamuna (Allahabad) were characterized by low sediment yield of 150-350
t/km?*/yr, while the EGP rivers such as the Kosi (at Barakshetra) and Gandak (at Triveni)
rivers are characterized by much higher sediment yield of 1500-2000 t/km®/yr.
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Figure 2.4 Comparison of (&) Unit stream power and (b) sediment yield of the rivers of the
WGP and EGP. Unit stream power was computed using both average annual discharge and

bank full discharge (Sinha 2005).

The rivers in the WGP have an order of magnitude higher stream power and have a much
lower sediment yield, and this has resulted in degradation of their channel bed and
development of incised channels with stable banks. With continued aggradation due to higher
sediment supply, channel slope would tend to decrease, thereby decreasing stream power.
Incised rivers in a degradational setting such as in the western Gangetic plains were confined
and stable and showed no significant channel movements. Except some localized channel
movements in Ghaghara, Rapti and Sarda in the UP plains, no large scale channel movements
were reported from this area. These rivers are also not prone to flooding due to deep and
incised valleys which seldom allow the water to overtop the banks. On the other hand, in
areas of high sediment supply and aggradational setting, channels are prone to avulsions due

to sediment logical readjustments often triggered by neotectonic movements.

Roy and Sinha (2007) analysed the confluence dynamics in the Ganga—Ramganga valley in
the western Ganga plains using multi-date remote sensing images and topographic sheets for

a period spanning nearly 100 years (1911-2000) indicating that new confluences were
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created during this period and that the confluence points had moved both upstream and
downstream on a historical time scale. Major processes influencing the movement of
confluence points were avulsion, local movements by cut-offs, river capture and
aggradations. While the river capture has moved the confluence point upstream, the
aggradations in the confluence area had moved the confluence point downstream. Avulsion
moves the confluence point both upstream as well as downstream. Hydrological variability in
terms of flood magnitude was recognized as one of the most important factors triggering
avulsions of river channels into pre-existing channels thereby moving the confluence points.
Several cut-offs and a local river capture event through lateral erosion just upstream of the
confluence was identified in the study area and influenced the upstream movement of the

confluence point.

Chakrapani and Saini (2009) studied the temporal variation in sediment in Alaknanda and
Bhagirathi rivers (forming Ganga) and found large variation in suspended sediment load in
monsoon and non-monsoon season. However, sediment load contribution from Alaknanda

was greater than that from Bhagirathi.

Roy and Sinha (2014) analysed thirty years of mean monthly discharge data from various
sites of the Ganga river (Garhmukteshwar, Fatehgarh, Ankinghat and Kanpur) and found that
less than 40% of the flow causes effective sediment transport in the Ganga, and this can be
considered as the effective discharge for suspended sediment transport. Alternatively, 50% of
the sediment load for all studied sites was moved by a discharge varying between 14 and 40%
of the total discharge. They observed that mean annual discharge (RI = 2.33 year) can
transport only 0 to 10% of the total available sediments. A high ratio of bank full to effective
discharge (Qw/Q.) forces the flow lines to be concentrated to the thalweg position and

channels were incised.

Densmore et al. (2015) investigated the timing and volumes of sediment storage and release
in the Dehradun, a piggyback basin developed along the Himalayan mountain front in
northwestern India. Based on Optically Stimulated Luminescence (OSL) dating, they showed

evidence for three major phases of aggradation in the Dun.

Pal and Pani (2016) studied the impacts of seasonality, floods and the construction of Farakka
barrage on hydrology of Ganga River and it has been executed with the help of Landsat

satellite images, satellite based discharge data and Gumbel’s flood frequency analysis. Their
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results show that the magnitude of the floods in terms of their maximum daily discharge and

flood volume is higher in the up-stream than in the downstream of Farakka barrage.

Dingle et al. (2016) studied the basin-wide variability in incision and aggradation of the river
systems across the Ganga Plain from digital topography using a swath based technique to
map relative elevation of channels above or below their floodplains. They also generated new
basin-wide data on subsidence rates and grain size fining rates from the proximal foreland
basin near to the mountain front. Their result showed that the degree of channel entrenchment
increases from east to west across the Ganga Plain, and also decreases with distance
downstream. First-order subsidence velocity estimates suggest a more rapidly subsiding basin
in the east Ganga Plain with rates of up to 1.6+ 0.6mm/yr. Further west, subsidence velocity
estimates decrease to as little as 0.3 = 0.4 mm/yr. Grain size fining rates are also found to
closely reflect these patterns of subsidence, with the highest fining rates observed in the east
Ganga Plain and lowest in the west. Furthermore, data currently available did not support a
strong west to east variation in sediment flux at the thousand year timescale. Assuming that
90 % of sediment delivered into the foreland basin is bypassed downstream, it also seems
more likely that the relative fraction of bed load delivered to the basin, which is trapped
upstream of the gravel-sand transition, may have a more direct role on channel morphology
than the total sediment flux. They proposed that higher subsidence rates are responsible for a
deeper basin in the east with perched, low gradient river channels that are relatively

insensitive to climatically driven changes in base-level.

2.2 CONCLUDING REAMRKS

Review of the available literature related to morphology of the rivers indicates that various
investigators have investigated the morphology of the rivers in respect of its planform
change, river shifting, changes in land use and land pattern, erosion and siltation, impact of
the structures on the morphology, measures for training the rivers etc. However, a
comprehensive morphological study of Ganga river is not available in the literature. In view

of this gap, this study has been taken up.
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Chapter 3 RIVER BASIN

3.1 GANGA RIVER BASIN

The Ganga, is the biggest river in the Indian subcontinent in terms of water flow. The length
of the Ganga is 2,510 km. The river has its origin in the western Himalayan ranges in the
state of Uttarakhand. The followers of Hindu religion regard the Ganges to be the most sacred
of all the rivers in India. The river is revered as the deity Ganga in Hindu religion. The river
also has significant historical values — a number of colonial or royal capitals like Kannauj,
Patliputra (modern day Patna), Allahabad, Kara, Baharampur, Murshidabad, and Kolkata are

situated on the riverbanks of the Ganges.

The Ganga river catchment basin covers an area of 390,000 sq miles and supplies to one of
the maximum populated areas in the world. The average depth of the Ganga river is 16 m or
52 feet and the maximum depth is 30 m or 100 feet. The river has been proclaimed as the
national river of India. Ganga basin falls in four countries, namely India, Nepal, Tibet (China)
and Bangladesh with major part in India. The drainage area (Fig. 3.1) lying in India is
8,62,769 km® which is nearly 26.2% of the total geographical area of the country. Fig. 3.2
shows sample map of Ganga river basin basic layers procured from WRIS. The salient

features of the basin are given in Table 3.1.

Table 3.1 Salient features of the Ganga basin (Source: CWC, 2014)

Features of the Basin

1 |Basin Extent 73°2°t089° 5’ E
21°6’to 31° 21’ N

2 | Area (Sq.km) 10,86,000 (Total)
8,61,452 (within India)

3 |Length of Ganga river (km) 2525

4 |States in the basin Uttar Pradesh (28.02%)

Madhya Pradesh (21.02%)
Rajasthan (13.06%)

Bihar (10.86%)

West Bengal (8.3%)
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Uttarakhand (6.15%)
Jharkhand (5.85%)
Haryana (3.99%)
Chhattisgarh (2.08%)
Himachal Pradesh (0.5%)
Delhi (0.17%)

5 |Districts (Census 2011) 252

6 |Parliamentary Constituencies (2009) 239

7 | Average Annual Rainfall (mm) 1,059.74

8 |Average Maximum Temperature (°C) 32.05°

9 | Average Minimum Temperature (°C) 18.44°

10| Total Population 32,91,55,760

11| Number of villages 2,886,557

12 | Highest Elevation (m) 7,512

13| Average Annual Water Potential (BCM) 525.02

14| Live Storage Capacity of Completed Projects 4,2060.2

(MCM)
15| Live Storage Capacity of Projects Under 18,600.18
Construction (MCM)

16| Total Live Storage Capacity of Projects (MCM) 60,660.38

17| Utilizable Surface Water (BCM) 250

18 | Number of Sub Basins 19

19 | Number of Watersheds 980

20 | Number of Water Resources Structures Dams - 784
Barrages - 66
Weirs - 92
Anicuts - 1
Lifts - 45

Power Houses - 56

21

Highest Dam

Tehri dam - 260.5 m

22

Longest Dam

Nanak Sagar dam (Uttar Pradesh) -
19.2 km

23 |Highest Barrage Banbasa barrage (Uttarakhand) -
603.5 m
24 | Longest Barrage Giri barrage (Himachal Pradesh) -

619.35m

25 | Number of Irrigation projects Major - 144
Medium - 334
ERM - 63

26 | Number of HE projects 39

27 |Number of Ground Water Observation wells 5745

28 | Number of Hydro-Observation Sites 318

29 | Number of Flood Forecasting Sites 87

30 | Water tourism sites 336
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Figure 3.2 Ganga river basin basic layers (Source: WRIS)
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3.2 TOPOGRAPHY

The Ganga basin comprises of three large topographic divisions of the Indian subcontinent,
namely the Himalayan Young Fold Mountains, the Gangetic Plain and the Central Indian
highlands. The Himalayan Fold Mountains comprise the Himalayan ranges including their
foot hills with numerous snow peaks rising above 7000 m. Each of these peaks is surrounded
by snow fields and glaciers. All the tributaries are characterized by well regulated flows and
assured supply of water throughout the year by these glaciers. The Gangetic plains, in which
the main stem of Ganga lies, situated between the Himalayas and the Deccan plateau,
constitute the most of the sub-basin ideally suited for intensive cultivation. It consists of

alluvial formation and is a vast flat depositional surface at an elevation below 300 m.

The Central highlands lying to the south of the Great Plains consists of mountains, hills and
plateaus intersected by valleys and river plains. They are largely covered by forests. Aravali
uplands, Bundelkhand uplands, Malwa plateau, Vindhyan ranges and Narmada valley lies in
this region. The Gangetic plains are mostly divided into three parts, Upper Ganga plains,
Middle Ganga plains and Lower Ganga plains. The Upper Ganga plain is the part of the Great
Plains lying approximately between the Yamuna in the west covering the parts of
Uttarakhand and Uttar Pradesh. The region is delimited in the north by 300m contour which
separates it from the Garhwal - Kumaun Himalaya west of Sharda while the International
boundary of Nepal marks the limit towards the east. In the south, the Yamuna demarcates its

border with the Bundelkhand.

The axis of the topographic trough paradoxically lies nearer the peninsular block or along the
Ganga which traverses the area in a south-southeasterly direction. Thus there is, though not
perceptible, a tract adjacent to the foot hills where the slope is higher and has resulted in the
preponderance of numerous small streams, assigning a somewhat medium to fine texture to
this part. The southern counterparts, particularly north of the Ganga are characterized by the
sluggishly-flowing streams like the Ramganga and the Ghaghara studded with ox-bows,
sandy stretches (the Bhurs) etc. The topographic diversities produced by the changing river
courses are predominantly observed in the Ramganga and the Ghaghara valleys, particularly
in their flood plains. The streams such as the Kali, the Hindan, and the Pandu etc. have to go

a long way parallel to their master streams to empty themselves.
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Distinct, though areally insignificant, in topographic expressions is the Yamunapar or the
Yamuna-lower Chambal tract. The deep valley separated by sharp spurs and buttresses are
the main features of Upper Ganga Plain. Topographically most significant and complex part
of the region is the submontane belt, running at the foot of the Siwaliks from west to east
across the area on the northern border consisting of the two parallel strips, the piedmont zone,
the Bhabar (the Doab region) and the adjoining relatively gently sloping Tarai belt. The
Middle Ganga Plain is the largest among the three plains of the Ganga. It covers the Bihar
plains and the Eastern Uttar Pradesh lying on the either side of the Ganga and the Ghaghara

within the Himalayan and the peninsular ramparts on the north and the south respectively.

Structurally the region is the segment of the great Indo-Ganga trough; however it has some
marginal portions of the other two major formations that are Siwaliks in the northern part of
the Champaran district and the fringes and the projections of the peninsular block in the
south. In general, it is below 100 m above the sea level, except that is gradually rises from
Domariaganj in Basti up to 130 m in the north west and up to 150 m in the south incoperating
the projections of the southern uplands; in the east the Kosi plain ranges between 30 m in the
south to 75 m in the extreme north. A more pronounced relief is occasioned when the plain
meets the hilly area in the north bearing the stamp of their loosely-set gravelly nature,
particularly in the extreme north, where the surface appears to be broken by large rivers like
the Ghaghara, the Rapti, the Gandak, the Bagmati, the Kosi etc., which comb the region with

their effluents in an intricate pattern.

The Lower Ganga Plain includes the Kishangan;j district of Bihar, whole of West Bengal
excluding the Purulia district and the mountainous parts of Darjeeling district and most of the
parts of Bangladesh. The region embraces the area from the foot of the Darjeeling Himalayas
in the north to the Bay of Bengal in the south and from the edge of the Chottanagpur
Highlands in the west to the border of Bangladesh and Assam in the east. Topographic
expressions in the region hardly speak of any well defined stage of their evolution. The
monotonous surface is dissected frequently by the channels of the tributaries or distributaries
of the main stream, the Ganga. There are (i) the Malda west Dinajpur tract where the inliers
of the lateritic alluvium are sufficient to break the general monotony of the plain, (ii) the tract
bordering the Chottanagpur Highlands, (iii1) the Midnapore Coast where the sand dunes on the
terraces appear to be more significant element of landforms, (iv) the Duars of Jalpaigurl and

Darjeeling.
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To the east of the shoreline lies, bulge of the Ganga (Sundarbans) where the depositional
activity of the stream is prominent and new surface is being continuously added. As per
Digital Elevation Model (DEM) obtained from Shuttle Radar Topographic Mission (SRTM
90 m), the elevation of Ganga basin ranges from 8000 m to 0 m (near Coast) and its
variations are shown in Fig. 3.3. The terrain of the basin is very rugged in the north-eastern
part and flat towards downstream side. The Himalayan region of the basin contains nine of
the fourteen highest peaks in the world over 8,000 m in height, including Mount Everest
which is the highest point of the basin. The other peaks over 8,000 m in the basin are
Kangchenjunga, Lhotse, Makalu, Cho Oyu, Dhaulagiri, Manaslu, Annapurna and
Shishapangma. The Himalayan portion of the basin includes the southeastern portion of the
state of Himachal Pradesh, the entire state of Uttarakhand and the extreme north-western
portion of the state of West Bengal. Major area of the basin falls within 300-500 m elevation
zone (CWC, 2014).

Ganga Basin Elevation Zone

9°E 80°E BI'E 82°E 83°E 84° E

(] Basin glevation (m) MM 50-100 [ 400-500 [ 1,500 -2,000 S 5,000 - 6,000
<5 B 100-200 [ ]s00-750 [ 2,000-3,000 [ > 6,000
s B 200-300 ] 750- 1,000 [ 3,000 - 4,000
B 1050 [ 300-400 ] 1,000- 1,500 [H 4,000 - 5,000

Figure 3.3 Elevation zones (Source: CWC, 2014)
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3.3 CLIMATE

In India, four distinguishable temperature zones exist: tropical, sub-tropical, temperate and
alpine. Among these, the tropical zones and subtropical temperature zones are most dominant
in the entire Ganga basin. The tropical zone in the basin has a mean annual temperature over
24°C and mean temperature of the coldest month over 18°C and subtropical temperature zone
has a mean annual temperature over 17°C - 24°C and mean temperature of January over 10°C
- 18°C. The hydrologic cycle in the Ganga basin is governed by the southwest monsoon.
About 84% of the total rainfall occurs in the monsoon from June to September.
Consequently, stream flow in the Ganga is highly seasonal and the seasonality of flow is so

acute that it even causes flood situation in the plains.

3.3.1 Temperature

The Ganga basin forms an extensive bowl of warm air, especially during the day-time. The
mean maximum daily temperature even in the coldest month (January) does not fall below
21°C, except in the higher hills, whereas the air temperature starts rising rapidly all over
Ganga basin from March onwards, beginning a hot season that prevails from April to June.
Usually, May is the hottest month in most part of the basin, except in lower Bengal. As per
IMD grid data analyzed under this project, the average annual mean temperature of Ganga
basin of 35 years (1969-2004) is 24.8°C. The average annual maximum temperature of
Ganga basin of 35 years (1969-2004) is 31.2°C and annual maximum temperature was noted
on 1987 is 32.05°C. The average annual minimum temperature of Ganga basin of 35 years
(1969-2004) is 18.44°C and annual minimum temperature was noted on 1971 is 17.68°C. The
average of daily minimum, maximum and mean temperature from January to December of 35

years is shown in the Fig. 3.4.
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Figure 3.4 Monthly average temperature (1969-2004) (Source: CWC, 2014)

3.3.2 Rainfall-Runoff

The weather in the Ganga basin is characterized by a distinct wet season during the period of
south west monsoon (June to September). The southwest monsoon causes rainfall at the
mouth of the Ganga around the first week of June and advances upstream. By the end of July
the monsoon reaches the western end of the Ganga basin. In the majority of the basin, the
rainy season spreads over three months (July, August and September) and usually 70-80% of
the total annual rainfall occurs during this period. In the eastern part of the basin, such as in
West Bengal and Bihar, the wet season is longer, usually starting in June and continuing until
the end of September or early October.

The average annual rainfall for Ganga basin varies from 400 - 2000 mm as is depicted in the
Fig. 3.5. Based on the value of rainfall received in the area for 34 years (1971-2005), the
Ganga basin can be broadly classified into 11 zones. About 27.31% of total area of Ganga
basin receives a rainfall of 1000-1200 mm, 23.14% area receives 800-1000mm, 15.51 percent

area of the basin receives 600-800 mm and 14.29% of basin area receives 1200-1400 mm.
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Ganga Basin Annual Average Rainfall
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Figure 3.5 Annual average rainfall (Source: CWC, 2014)

Shah and Mishra (2016) estimated water budget in the Indian sub-continental river basins for
the pre and post 1948 periods. They also highlighted the influence of large-scale climate
variability on surface water availability in the sub-continental River basins. The details of
surface water availability, mean precipitation and water budget for Ganga river basin are

given below:

(a) Changesin the M onsoon Season surface water availability

Figure 3.6 shows mean and trends in the monsoon season surface water availability/runoff in
the Indian sub-continental river basins. Mean monsoon season surface water availability
varied between 50 to 1500 mm with higher values in the northeastern and Western Ghats
regions and lower values in the peninsular India and western part of the Indian sub-continent
(Figure 3.6a). During the monsoon season, mean surface water availability was relatively
lesser in the lower Indus, western Ganges, Sabarmati, and peninsular river basins while
higher in the Brahmaputra and river basins (e.g. Mahanadi, Brahmani, eastern Ganges, and

Krishna) located in the core monsoon region (Figure 3.6a).
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A significant decline in surface water availability was noticed in parts of the Ganges basin

during the period of 1948-2012 (Figure 3.6¢ and 3.6e) (Shah and Mishra, 2016).
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Figure 3.6 (a) Mean total runoft/surface water availability for the monsoon season during the
period of 1971-2000, (b) trend (mm/year) in total runoff during the period of 1901-1947
estimated using the Mann-Kendall test, (c) same as (b) but for the period of 1948-2012, (d)
trend in the monsoon season total runoff for the selected river basins for the period of 1901-
1947, and (e) same as (d) but for the 1948-2012. Hollow bars in (d, e) show non-significant
trends while solid bars represent significant trends for the selected periods of 1901-1947 and
1948-2012 (Shah and Mishra, 2016)
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(b) Changesin basin averaged mean in the post-1948 period

They estimated changes in basin averaged mean monsoon season precipitation,
evapotranspiration (ET), and surface water availability for the pre and post 1948 periods are
shown in Figure 3.7. The Ganges basin experienced decline of 8% in mean monsoon season
surface water availability during the post 1948 period. They found that mean monsoon season
changes in (ET) and surface water availability were strongly related to the changes in
precipitation rather than air temperature. For instance, mean monsoon season changes in air
temperature did not show a strong association with the changes in evapotranspiration for
most of the sub-continental river basins. However, a strong relationship between changes in
precipitation and changes in ET was found in the sub-continental river basins. These results
highlight that the historic changes in ET and surface water availability were largely driven by

the changes in precipitation rather than changes in air temperature.

(c) Annual and the monsoon season water budget in the Ganga River

Annual water budget components are as follow:

Period 1901-1947

Period 1948-2012

Precipitation P (mm) : 1166.4 mm 1112.9 mm
Evapotranspiration ET (mm) 578.7 mm 569.2 mm
Total runoff/surface water availability, TR (mm) 571.4 mm 532.7 mm
Evaporative (ET/P) % 49.60 51.10
Runoff (TR/P) ratios % 49.00 47.90

The monsoon season water budget components are as follow:

Period 1901-1947

Period 1948-2012

Precipitation P (mm) : 971.7 mm 923.0 mm
Evapotranspiration ET (mm) 327.7 mm 320.9 mm
Total runoff/surface water availability, TR (mm) 462.7 mm 426.0 mm
Evaporative (ET/P) % 33.7 34.8
Runoff (TR/P) ratios % 47.6 46.2
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Figure 3.7 Change in the monsoon season mean air temperature, precipitation,
evapotranspiration, and total runoff/surface water availability during the 1948-2012 period
with respect to the 1901-1947 period. Solid bars show significant changes in mean during the
recent periods at 5% significance level estimated using the two-sided Ranksum Test (Shah
and Mishra, 2016)
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During the period of 1948-2012, mean monsoon season and also annual precipitation

declined in the Ganga river.

Changes in mean monsoon season water budget components during the 1948-2012 periods

with respect to 1901-1947 periods.

Precipitation = -5.0%

Air Temperature = 0.1 °C

Evapo-transpiration = -2.1 %

Total runoff/surface water availability = -7.9 %
Declining trend in the monsoon season precipitation has been reported in several studies
(Mishra et al. 2012; Bollasina et al. 2011), which may be attributed to warming in the Indian
Ocean and due to the atmospheric aerosols (Bollasina et al., 2011). Mishra et al. (2012)
reported a prominent pattern of year-to-year variability in the Indian summer monsoon
rainfall in which declining trend in the Ganges basin is linked with positive sea surface
temperature anomalies in the Indian Ocean. Increasing trend in the monsoon season
precipitation during the period of 1901-1947 and decline afterward might be also linked with
the multi-decadal variability (Krishnan and Sugi 2003). Ganges basin showed significantly

declining trends in the monsoon season precipitation during the period of 1948-2012.

34 SOILS

Soil is composed of minerals, mixed with some organic matter, which differ from its parent
materials in terms of its texture, structure, consistency, color, chemical, biological and other
characteristics. Information on the soil profile is also required for simulating the hydrological
character of the basin. The Ganga basin consists of a wide variety of soils. While soils of the
high Himalayas in the north are subjected to continuous erosion, the Gangetic plain provides
a huge receptacle into which thousands of meters of thick layers of sediments have been
deposited to form a wide valley plain. The broad soil types in the upper Ganga basin are

discussed on the basis of three broad group of landforms found in the area (Pande et al.,

1999):

(a) Soilsin Lesser Himalayas: The soils of this region vary according to aspect, altitude and
climate. On the whole, soils are generally young and with thin cover. However, the

considerable depth of the soil may be observed in the valleys or on the gently inclined hill
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slopes. Due to sharp variations in geo-ecological conditions, the soils of this region do not
form a complete group. This part is conspicuous for its wide range of parent material, vegetal
cover, eco-climatological conditions, relief and topography which have given rise to a
number of soil characteristics in this region. The vegetal cover is one of the most influencing
factors characterizing the soil types in a particular region or locality. Soils on the slopes
above 30°, due to erosion and mass-wasting processes, are generally shallow and usually
have very thin surface horizons. These are skeletal soils and have medium to coarse texture
depending on the type of material from which they have been derived. Valley soils are
developed from colluvium and alluvium brought down from the upper slopes and, thus, is
deposited in the valleys and low-lying tracts or river terraces as a process of aggradation. The
southernmost zone, immediately below the foothills, has generally clay loam, loam and sandy

loam solils.

Climatic differences in respect of temperature and water supply leads to development of
distinct soil types in northern and southern aspects of the hills. These soils are deep to very
deep and excessively drained. The soils of northern slope under forest cover are characterized
by moderately deep to deep and excessively drained. These soils are gravelly loam to clay
loam in texture and dark grayish brown to strongly brown in colour. The structure is poorly

developed due to gravels and stones.

(b) Soilsin Siwalik Structural Hills: Siwalik hills lies in the southern side of the arca. These
hills are located between lesser Himalayan mountain and Siwalik hills. They are moderate
sloping to strongly sloping under dense to moderately dense forest cover. The soils are dark
brown to very dark grayish brown in colour. The soils are moderately deep to deep and loam

to clay loam in texture. These soils are excessively drained and highly eroded.

(c) Soilsin Piedmont/ Flood plains. Sediments are deposited in River Ganga, and form the
fluvial regions, known as flood plains. The soils vary considerably in soil moisture
characteristics and sedimentation patterns. These areas are mostly under cultivation. The soils
are very deep, pale brown to grayish brown developed from alluvium on very gentle to gently

sloping terraces. The soils have fine loamy texture and are moderately well drained.

The Deccan plateau in the south has a mantle of residual soils of varying thickness arising out
of weathering of ancient rocks of the peninsular shield. In certain parts of the Ganga basin,
the soils are already showing signs of salinity (as in Haryana), alkalinity (as in western U.P.),

calcareousness (as in north Bihar) and acidity (as in West Bengal) due to overuse, long
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occupation and continued application of inputs like excessive irrigation water and toxic agro-

chemicals of various types.

Among the soil types within Ganga basin, the alluvial soil covers more than 52 percent of the
basin. The alluvial deposits of the basin not only cover the great Gangetic trough, but also
extend over a sizable portion of the peninsular foreland in the form of a layer less than 3 m
thick. The entire alluvial formation is endowed with rich soil nutrients. The alluvial deposits
of the Ganga and its tributaries, coming down the Himalaya and the peninsular foreland, have
yielded annual harvests of crops for the past thousands of years with little significant
deterioration. It was noted that the soil texture of most parts of the Ganga basin is fine texture
but some parts of Uttarakhand and Bihar has a rocky texture and a course texture is noted in
the parts of Haryana and Rajasthan. In the Upper Ganga plains, the soils are by and large
homogeneous. The alluvial soils with the variants, the Usar and Bhur, depending on the
drainage conditions, mechanical and chemical constituents and climatic characteristics
observed. The two common types, the Khaddar and the Bhangar with different local names,

with minute variations in properties, are quite widespread.

The khaddar soils, relatively rich in plant nutrients, occupy the narrow frequent siltation
tracts in the flood plains of the rivers. Neutral to alkaline in reactions, these are deficient in
organic materials especially phosphorous, and are sandy to loamy in texture. In the proximity
of the Ganga these are loamy to sandy loam in texture i.e. Fine to medium texture while near
the Yamuna the silt contents decreases giving sandy to sandy loam texture possibly due to
excessive drainage. Another variant, the bhur, the sandy river deposit, is highly localized in
Ramganga tract and in the narrow belt along the Ganga. The soil is more sandy in texture and

workable economically only with irrigation.

Apart from the undifferentiated soils of the Siwalik fringe zone in Champaran district of
Bihar, the Middle Ganga plain has broad alluvial soil. Being a common origin and almost
identical ecological environment, they show in general minor variation in color, texture and
moisture content etc. Because of the better drainage, except in the river beds, newer alluvial
soil contains a low percentage of humus and nitrogen and little lime and consists of fine silts
but may be sandy in the places as along the Ghaghara, the Gandak, and the Sone. Being more
sandy or silty, it is highly friable and is rich for the rabi, zaid crops and such as annuals as
sugarcane. The Bhat or calcareous soil of the eastern Saryupar and central-western North

Bihar plains in the lower Gandak valley is a chemical variant of the alluvial soil. It is white in
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color, riverine and low lying but well drained, good for tilth and highly fertile and having

high productivity.

The soil of the Lower Ganga plain has wide variety and can be groped as Laterites, red earths
soils, alluvial soils and the Coastal soils. The laterite soils found in the undulating well-
drained tract along the Chottanagpur highlands and possess low water-holding capacity and
usually Sal forests thrive. The transported laterites deposited on the eastern flanks of the
lateritic stretch are known as red soil or lateritic alluvium and are found in eastern margins of
Maldah and Dinajpur districts of West Bengal. Mostly they have been brought under
cultivation after deforestation which has accelerated the process of erosion. In the riverine
tract of the Damodar and the Kasai have alternating sand beds and immature and irregular
stratification and hence ill-developed profiles. The soils in these regions are neutral and
relatively poor in plant nutrients and organic matter. The coastal soils are the outcomes of the
interactions of rivers and tides and have developed in the districts of South and North 24
Parganas and Midnapore of West Bengal. The soil is saline and alkaline and contains deposits

rich in Calcium, Magnesium, and half- decomposed organic matter.

The soil erosion characteristic of Ganga basin is having a general pattern of slight erosion;
however some of the soils are highly susceptible to erosion. Mountain soils, submontane soils
and alluvial soils, covering 58 percent of the basin area, have very high erodibility; red soils
seen in the parts of Jharkhand, Chhattisgarh, Madhya Pradesh and West Bengal covering 12
percent of the basin area have severe erodibility, red & yellow soils and mixed red and black
soils of Madhya Pradesh, Bihar, Chhattisgarh and Rajasthan covering an area of 8 percent
have moderate erodibility, and deep black soils and medium black soils covering an area of
14 percent have low erodibility. Shallow black soils and lateritic soils mostly seen in
Chottanagpur highlands covering an area of 6 percent have very low erodibility. Broadly, it
can be said that soils in Haryana, Uttarakhand, Uttar Pradesh, Bihar, Jharkhand and West
Bengal, through which is the main stem of Ganga and all its tributaries flow, have very high

erodibility.

The basin is mostly having homogeneous terrain in plains leading to a level plain or a very
gentle slope in general. But some parts of Uttarakhand, Madhya Pradesh are having a steep
slope because of the lesser Himalayas and Siwalik ranges. The lower parts of the basin like

Jharkhand, Chhattisgarh and parts of Rajasthan and West Bengal is having a gentle slope.
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The productivity in the basin varies in a large extent. The soil productivity is very high in
parts of Uttar Pradesh and the parts of Madhya Pradesh, Haryana and Rajasthan have seen
less productivity compared to the others. The parts of Uttarakhand are mostly non-productive
because of its hilly terrain and steep slope and gigantic drainage system. Besides paddy, this
tract produces a wide variety of crops including wheat, jowar, bajra, small millets, pulses of

different kinds, maize, cotton, jute and many other food and commercial crops.

3.5 RIVER VALLEY PROJECTS

Various river valley projects existing in study reach are Pashulok barrage, Bhimgoda barrage,
CCS barrage, Narora barrage, Luvkhush barrage and Farakka barrage project and their brief
description are given in Table 3.2.

Table 3.2 River valley projects

River valley project Brief description

Pashulok barrage Pashulok barrage also known as Rishikesh barrage is constructed
across Ganga river at Rishikesh, Uttrakhand. This is the first barrage
across Ganga river and constructed in 1980 to divert the water into a
power channel from its left side which feeds water to Chilla power

plant for power generation of 144 MW.

Bhimgoda barrage Bhimgoda barrage is located at about 17 km downstream of the
Pashulok barrage across Ganga river at its foothills. The length of the
barrage is 453.5 m. Built as the headworks of the Upper Ganga Canal,
an initial barrage was completed by 1854 and replaced twice, the final
one was completed in 1983. Two canal systems offtake from this

barrage - the Upper Ganga Canal and Eastern Ganga Canal.

CCS barrage The Chaudhary Charan Singh (CCS) barrage is constructed across
Ganga river near Jansath (Uttar Pradesh) in 1984. The barrage is
constructed to feed Ganga water into two canals namely Madhya
Ganga Canal (MGC) Phase-I (right) and MGC Phase-II (left). MGC
Phase-I is functional, however, construction of the MGC Phase-II is

underway
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Narora barrage

Narora barrage is constructed across Ganga river near Anupshahr
(UP) to divert water into two canals namely Parallel Ganga Canal and
Lower Ganga Canal. Both canal offtake from right side of the river.
Construction of the barrage commenced in year 1963 and completed

in 1966.

Luvkhush barrage

LuvKhush barrage also known as Ganga barrage is constructed across
Ganga river at Nawanganj Kanpur. The construction of barrage was
started in 1995 and completed in May 2000. The purpose of barrage
was to supply water to Kanpur city for domestic uses, in addition to
bring the main course of Ganga river towards the main township of

Kanpur.

Farakka barrage

Farakka barrage is constructed across Ganga river at about 16.5 km
upstream of the border of India-Bangladesh near Jangipur,
Murshidabad, West Bengal. The construction of the barrage was
started in 1961 and completed in 1975. The length of barrage is 2.24
km and number of the spillway gates are 123. A canal named as
feeder cannel off takes from the right side of the barrage which is 40
km long and its designed discharge is 40,000 cusec. The purpose of
canal is to feed water from Ganga river to Hooghly river for flushing
out the sediment deposition from the Kolkata harbor to avoid frequent

mechanical dredging.

3.6 CONCLUDING REMARKS

The following points are to be noted:

1) The tropical zones and subtropical temperature zones are most dominant in the entire

Ganga basin. The tropical zone in the basin has a mean annual temperature over 24°C

and mean temperature of the coldest month over 18°C and subtropical temperature

zone has a mean annual temperature over 17°C - 24°C and mean temperature of

January over 10°C - 18°C.
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2)

3)

4)

The hydrologic cycle in the Ganga basin is governed by the southwest monsoon.
About 84% of the total rainfall occurs in the monsoon from June to September.
Consequently, stream flow in the Ganga is highly seasonal and the seasonality of flow

is so acute that it even causes flood situation in the plains.

Annual and monsoon season precipitation, evapotranspiration, surface water
availability (surface runoff) have decilned in the period 1948-2012 compared to the
period 1901-1947, while temperature has rised.

Changes in mean monsoon season water budget components during the 1948-2012
periods with respect to 1901-1947 periods are as follows:

Precipitation = -5.0%

Air Temperature = 0.1 °C

Evapo-transpiration = -2.1 %

Total runoff/surface water availability = -7.9 %
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Chapter 4 STUDY REACH

41 THE STUDY AREA

The Ganga river studied in this project work from Devprayag to Farakka barrage lies between
longitudes 78°05'00" E to 88°36'30" E and latitudes 24°19'29" N to 30°10'10"” N (Fig. 4.1).
The total length of the Ganga river studied in this project is 1,824 km approximately.

The entire length of Ganga river in India can be divided in three stretches, as follows:
e Upper reach from the origin to Narora;
e Middle reach from Narora to Ballia, and
e Lower reach from Ballia to its delta.
In this project, the river course from Devprayag to Farakka Barrage has been studied.
The main physical sub-divisions of the whole Ganga basin are
e The northern mountains, comprising the Himalayan ranges including their foothills
e The Gangetic plains between the Himalayas and the Deccan plateau
e The central highlands, lying to the south of the Great Plains consisting of mountains.

The major part of the geographical area of the Ganga basin lies in India and it is the biggest
river basin in the country draining an area of 8,61,452 km® which is slightly more than one-
fourth (26.3 %) of the total geographical area of the country. In India, it covers states of Uttar
Pradesh, Madhya Pradesh, Rajasthan, Bihar, West Bengal, Uttarakhand, Jharkhand, Haryana,
Chhattisgarh, Himachal Pradesh and Delhi. However the GIS calculated area of the basin is
8,08,337.11 km® (CWC, 2014).
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Figure 4.1 The study area
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The important tributaries of Ganga river, habitation and water resources projects lying in the

study reach (Devprayag to Farakka) are given in Table 4.1.

Table 4.1 Important tributaries of Ganga river, habitation and water resources projects

Song Garra Duar Gangi Son
Solani Kali Yamuna Besu Gandak
Malin [san Tons Karamnasa Punpun
I mportant Baia Morahi Ojhala Thora Nala Burhi Gandak
tributaries Mahawa Pandu Khajuri Chhoti Sarju Kosi
Ramganga Loni Gomati Ghaghara Kalindri
Rishikesh Narora Allahabad Buxar Begusarai
Haridwar Farrukhabad Mirzapur Ballia Munger
Important Bijnor Fatehgarh | Mughal Sarai | Chhapra | Bhagalpur
habitat i g g p galp
Garhmukteshwar Kannauj Varanasi Patna Rajmahal
Anupshahr Kanpur Ghazipur Mokama | Farakka
Pashulok barrage
Water Bhimgoda barrage
resources Chaudhary Charan Singh (CCS) barrage
projects
) Narora barrage
(Fig. 4.2)
Luvkhush barrage
Farakka barrage
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Reach

Origin: Gangotri Gladers , Uttarakhand

LSC:2614.9 MCM
Power {IC): 1000 MW +3000(55) (U/C)

4

Rishikesh Barrage
{Chilla HE Project)
Barrage Length:312 m
Power {IC): 144 MW
Bhimgoda Barrage
(€astern Ganga Canal System,
Upper Ganga Canal System) NI
Barrage Lergth:455 m
Power (IC): 29.7 MW
(Madhya Ganga Canal Stage-J,
Barrage Length:621 m
G v‘-'* ject) Eamgangs Aves
Barrage Length: 9224 m ;
3 Banbassa Barrage
Vemung Bew (Sarda Canal Project - UP, Nepal,
! Khatima ME Project)
Rangwan e Sagat Oama Barrage Lergth 603.5 m
; (mmmr:mn 3 (Sarda Sagar Stage-1 & Il Ire. Project) Power [IC): 41.4 MW
e, 8| PRI i o -
Welr GSC: 165.0 MCM o mhm 2330,
{Betwa Canal Project , LSC: 1574 MCM E -
Rajghat Project-M?, Rangwan Project-UP) Lower Sarda Barrage Barrage
Soandar st Pveac) R E—— (Sharda Sahayak ir. Project) (Sharda Sabopak . Proec
Weir Leagth 31783 m Sasne Komr Barrage Length: 408 m Sarju Project)
Barrage Length: 716 m
Ghaghaes Rver

Ohukwa Welr
(Rajghat Canal Project ~

MP, UP)
Weir Length: 1171.9m

Matatsla Dam (MP,UP)
(Matatita Project = MP, UP)
GSC: 96390 MCM
15Cgs063men .
Powee (IC): 30.6 MW

Rajghat Dam (MP,UP)

Power (IC): 4 MW

Thaiya Dam
{ONC System)
GSC: 217.0 MCM
ASC: 1420 MOV
Power (iIC): 4 MW

i
i

GSC: 81378 MCM
8L 607.26 MCM
Power (1IC) 63.2 MW

g

(Bansagar ), Inderpari Barrage

Bansagar Canal Project-UP) (Sone Canal Project,
GSC: 6370 MCM Sone HLC project)
15C: 5166 MOM Barragelength: 1047 m

Powes (iC): 425 MW

L~

Saryu Barrage
(Sarju Nahar lrr. Project}
Barrage Length: 2435 m

Thpars Sarrage
(Mayurakshi irr. Project)
Barrage Longth:308.8 m

Duargapur Barrage
(Barrage and Irrigation
Systemn of DVC)
Barrage Length:692.2 m

Panchet Hill Dam
(OVC System)
GSC: 486,45 MCM
L5C: 184.0 MCM
Pomer {IC); 40 MW +40 MW (PSS}

Kargsbatth Dam
{Kangsbatt irc. Project)
GSC: 1053,5 MCM
LSC: 917.0MEM

Dammodar River
Yooghly River

Meghna Fover

v

Figure 4.2 Major water resources projects (Source: INDIA-WRIS, 2012)
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4.2 CONCLUDING REMARKS

Study reach of the Ganga river which is considered in the present morphological study
starts from Devprayag and ends at Farakka barrage. The total length of the reach is 1,824
km and elevation varies from 500 m to 35 m. Ganga river is in hilly area from Devprayag
to Haridwar with an average bed slope of 3 m/km. However, the reach from Haridwar to
Farakka is flat with an average slope of 0.14 m/km. Being in the hilly area, remarkable
morphological changes in the Ganga river from Devprayag to Haridwar is not anticipated,

however, it would be pronounced from Haridwar to Farakka.
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Chapter 5

5.1 HYDRO-METEOROLOGICAL DATA

INPUT DATA
& METHODOLOGY

The various gauging sites on Ganga river from Devprayag to Farakka barrage were identified

as given in Table 5.1 and shown Fig. 5.1 and requisition was sent to concerned Chief

Engineers of CWC for the procurement of the data comprising 10-daily water level, discharge

and silt data and also cross-section data.

Table 5.1 Hydro-meteorological data

S.No. Gauging Site Type State Division

1 Deoprayag (Devprayag) ((}}II))S(’) Uttarakhand Himalagzﬁrgggfa Div.,

2 Rishikesh GDSQ | Uttarakhand | '1™malayan Ganga Div.

3 Haridwar GD | Uttar Pradesh | M Ganga Div. II, Lucknow
4 Garhamukteshwar HO 606 GDSQ | Uttar Pradesh | M Ganga Div. II, Lucknow
5 Narora Barrage HO 1039 GD | Uttar Pradesh | M Ganga Div. II, Lucknow
6 Fatehgarh HO 605 GDSQ | Uttar Pradesh | M Ganga Div. II, Lucknow
7 Ankinghat GD | Uttar Pradesh | M Ganga Div. II, Lucknow
8 Kanpur HO 621 GDSQ | Uttar Pradesh | M Ganga Div. I, Lucknow
9 Dalmau GD | Uttar Pradesh | M Ganga Div. I, Lucknow
10 Kachlabridge HO 616 GDSQ | Uttar Pradesh | M Ganga Div. II, Lucknow
11 Bhitaura HO 595 GDSQ | Uttar Pradesh | M Ganga Div. I, Lucknow
12 Phaphamau (Allahabad) GD | Uttar Pradesh | M Ganga Div. III, Varanasi
13 Chhatnag (Allahabad) HO 579 | GDSQ | Uttar Pradesh | M Ganga Div. III, Varanasi
14 Mirzapur HO 628 GDSQ | Uttar Pradesh | M Ganga Div. III, Varanasi
15 Varanasi HO 654 GDSQ | Uttar Pradesh | M Ganga Div. III, Varanasi
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16 Ghazipur HO 609 GD | Uttar Pradesh | M Ganga Div. III, Varanasi
17 Ballia HO 584 GD | Uttar Pradesh | M Ganga Div. III, Varanasi
18 Shahjadpur HO 646 GDSQ | Uttar Pradesh | M Ganga Div. III, Varanasi
19 Azamabad GDSQ Bihar M Ganga Div. V, Patna
20 Buxar HO 940 GDSQ Bihar M Ganga Div. V, Patna
21 Gandhi Ghat HO 959 GDSQ Bihar M Ganga Div. V, Patna
22 Hathidah HO 967 GDSQ Bihar M Ganga Div. V, Patna
23 Farakka HO 956 GDSQ | West Bengal | L Ganga Div., Berhampur
24 | Farakka (Feeder Canal) HO 957 | GDSQ | West Bengal | L Ganga Div., Berhampur

Rudraprayag
Teturi) . @ o
agarRudraprayag /‘J
H?{d\nr {/
{
D!}anmnagan [;
.
Gathamuktosbhwar N N
\\) \\‘

Namr.-i‘ \\_

Kach 0 \/‘\

atehgarh

Legend x.l\
Bhitaura
SITE_TYPE s
® ¢
Shabjadpur
GD
A GDo
@ cbsa

\,“‘Kamlu; {Gurnatia)

Anthqgal

Garga River_2010

Figureb5.1 Location of gauging sites

\V\w-/'-.\.-._f‘v‘“-/

_Khagaria
n S - .[
- Bhagalpur 7
Mankatha Rajma
Farakia

Hydro-meteorological data that have been received from the regional offices of the CWC are

given

in Table 5.2.
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Table 5.2 Hydro-meteorological data received from the regional offices of the CWC

S. Gauging Annual max. & min
No. i W.L Dischar ilt D . X - ion n
o] Site scharge Silt Data Water level Discharge Sectio Seaso
1 Devprayag - - - - - - - -
2 Rishikesh - - - - - - - -
3 Haridwar - - - 1972-2015 - - -
1990-2015 minimum
4 Narora - - - n. a. between 1990- - - -
1999
Ten Daily . .
) Ten Daily Average Ten Daily Average } }
5 Fatehgarh Averazl(%elsl973 19732015 19782015 1973-2015 1973-2015 2010 Pre M | Post M
Ten Daily . .
. Ten Daily Average Ten Daily Average
6 Ankin Ghat Averezlﬁe1 51 969- 19692015 1978-2015 1969-2015 1969-2015 2010 Pre M | Post M
Ten Daily . .
Ten Daily Average Ten Daily Average
7 Kanpur Averggeisl%l— 19612015 19762015 1961-2015 1961-2015 2010 Pre M | Post M
1990-2015 minimum
8 Dalmau - - - n. a. between - - -
1990-1999
Ten Daily . .
9 Kachlabridge | Average 1973- | 1onDaily Average | Ten Daily Average 1972-2015 1972-2015 2010 Pre M | Post M
2015 1973-2015 1973-2015
Ten Daily Ten Daily Average Ten Daily Average
10 | Garhmukteshwar | Average 1968- 19 68}-]201 5 & 1974-2015 except 1968-2015 1968-2015 2010 Pre M | Post M
2015 2004-2011
Ten Daily Ten Daily Average Ten Daily Average
11 Bhitaura Average 1972- y Averag 1978-except 1998- 1971-2015 1971-2015 2010 Pre M | Post M
1972-2015
2015 2000
Max. 1972-2015,
12 Phaphamau ; ; - Min. 19762015 - - -
Ten Daily . . 1971-2014 except 1984 in Pre
13 Chatnag Average 1971- | 1¢n Daily Average | Ten Daily Average 19712015 1971-2015 | Monsoon and 1974, 1975, 1984 | Pre M | Post M
(Allahbad) 1971-2015 1973-2015 .
2015 &1993 in Post Monsoon
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Ten Daily Ten Daily Averaze | Ten Daily Average 1997-2014 except 1998, 1999
14 Mirzapur Average 1980- Y & Y g 1977-2015 1977-2015 in Pre Monsoon and 1997in | Pre M | Post M
1980-2015 1980-2015
2015 Post Monsoon
Ten Daily . . 1973-2014 except 1974,1976
15 Varanasi Average 1961 | " Daiy Average | Ten Dally Average 1961-2015 19612015 | &1994 in Pre Monsoon and | Pre_ M | Post_M
2015 1973-1976 in Post Monsoon
16 Ghazipura - - - 1970-2015 - - - -
17 Ballia - - - 1971-2015 - - - -
Ten Daily 1983-2014 except 1983,1992 in
Ten Daily Average Ten Daily Average Pre Monsoon and 1985-1993,
18 Shahzadpur Averezl%)eli%o- 1960-2014 1963-2014 1960-2014 1960-2014 2003, 2004 & 2014 in Post Pre M | Post M
Monsoon
Ten Daily Ten Daily Average Ten Daily Average 129090%-%9? 12%) le)l(ciflplgrlegls/ls(;nls?)?)?l_
19 Azamabad Average 1960- y & 1986-2015 except 1960-2014 1960-2014 M| Pre M | Post M
1960-2014 and 1994, 1997, 1999-2013 in
2014 1989,1993 &1995
Post Monsoon
20 Buxar Average 1960- 1;’60_5‘013’ f VErage 1 1986-2015 except 1960-2014 19602014 | 200 le 20‘1’ 45‘;‘(’)1 ;‘in Post Pre M | Post M
2014 1989,1993 &1995 S
Monsoon
1988, 1991,1994,1999, 2002-
Ten Daily Ten Daily Average Ten Daily Average 2004, 2006, 2007, 2009, 2011-
21 Gandhi Ghat Average 1965- 19 65}—]201 5 & 1986-2013 except 1965-2014 1965-2014 | 2013 in Pre monsoon and 1990, | Pre M | Post M
2014 989,1993 &1995 1996, 1998, 2000 in Post
Monsoon
. . 2005 in Pre Monsoon and
Ten Daily . Ten Daily Average
22 Hathidah Average 1961- | 1°m B?}%ZAOYZrage 1986-2013 except 19612014 19612014 19293%938’114‘99296%2%’;&23' Pre M | Post M
2014 1989, 1993 & 1995 A
Monsoon
Daily 1975- .
Daily 1975-2014 .
23 Farakka 2014 (une-Oct.) |y 0" 0cr) & 2015 | Daily 1995-2014 - - 2007-2015 Pre M | Post M
& 2015 (June- (June -Oct.)
(June-July)
July)
Daily 1961- Daily 1961-1963,
Farakka 1963, 19702014 | 1970-2014 (June - Ten Daily 1995-
24 | (Feeder Canal) | (June-Oct)& | Oct) & 2015 (June- | 2014 (June -Oct.) . . 2005-2015 Pre M| Post M

2015 (June-July)

July)

Pre_M:- Pre Monsoon, Post_M:- Post Monsoon
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5.2 FLOW PROBABILITY CURVES

Flood frequency analysis has been carried out for the recorded discharge data at various CWC
gauging sites on the river for the estimation of discharges for 1.5 to 2 year return periods.
Discharge for higher return periods has also been estimated using frequency analysis to correlate
the peak discharges with the morphological parameters of the rivers. Details of the frequency

analysis are given below:

Frequency analysis of recorded maximum stream flow data is an important flood-runoft analysis
tool. The objective of flood frequency analysis is to infer the probability of exceedance of all
possible discharge values (the parent population) from observed discharge values (a sample of
the parent population). This process is accomplished by selecting a statistical model that
represents the relationship of discharge magnitude and exceedance probability for the parent

population. The parameters of the models are estimated from the sample.
Commonly used methods for the frequency analysis are-
(a) Graphical methods

In this method, the annual maximum flood data are arranged in descending order and rank is
assigned to each data. The highest flood data is assigned a rank 1 and second highest 2 and like-
wise others. This arrangement of data gives an estimate of the exceedence probability, that is, the
probability of a value being equal to or greater than the ranked value. The probability of a data
being equal to or exceeded is calculated by Weibull formula

. mm
N+1 (5.1)

where m is the rank of the data and N is the total number of the data. The return period for the
event

T=1/P (5.2)
A plot of discharge Q vs time T yields the probability distribution. Return period for any
discharge can be read from the fitted data on the probability plot.
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(b) Analytical methods

Commonly used frequency distribution functions for the prediction of extreme flood values
analytically are

a) Gumbel’s extreme value distribution method

b) Log-Pearson Type-II distribution

¢) Log normal distribution
The best fitted probability distribution shall be used to estimate the discharge for higher return

period.

(a) Gumbel’s Extreme Value Distribution method

The annual maximum discharge for T year return period Qr is defined as
QT = 6 +Ko
Where Q = average of annual maximum discharge

o = standard deviation of available annual maximum discharge data

K = Frequency factor and expressed as

K yT _yn

S

n

yr = reduced variate and function of return period T

T
=—In.l
Yr {n nT IJ

Y, = mean and function of sample size, N

S, = reduced standard deviation and function of N

T = Return period in year
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(b) Log-Pearson Typelll Distribution method

In this method, the variate is first transformed into logarithmic form and the transformed data is

then analysed. For any return period T
Z, =Z+K,o,
and Z =log (Q)
Where Q = variate of available flood data

(z-2)

oz= standard deviation of the Z variate = N_1

K, = Frequency factor and function of return period T and the coefficient of skewness, C; of
variate Z.

_ Nx(z-2y
* (N=1)(N-2)o’

Z= mean of the variate Z

N = number of sample, i.e. discharge data

(c) Log Normal Distribution method

Log-Pearson Type III distribution reduces to Log normal distribution when the coefficient of
skewness of variate Z is zero, i.e., Cs =0. Procedure for estimation of peak discharge would be
same as the Log-pearson Type III distribution method. The best fitted probability distribution

shall be used to estimate the discharge for higher return period.

In addition to the above, hydraulic structures constructed across and along the rivers like
barrages, bridges etc shall be identified from Google earth images and details of those structures
shall be collected from concerned department. The morphological changes of the river in the
vicinity of the structure shall be studied using high resolution images and changes in morphology
due to construction of the structure shall be assessed in the form of shifting of banks and

erosion/deposition of the sediments.
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5.3 TOPOSHEETS & SATELLITE DATA

For the present study, data have been procured from government agencies and organizations, like
National Remote Sensing Centre (NRSC), Survey of India (SOI) etc. Details regarding
topographical maps and remote sensing data used are given in Table 5.3 and the specifications of

sensors are given in Table 5.4.

Table 5.3 Data used and their sources

Toposheets
S. No. Data | | Data Source Scale
Toposheetsand Year SOI, 1:50,000
Dehradun
1 53 | G/-14 (1974), 15 (1977)

J/- 4 (1969), 8 (1967), 12 (1967)

K/-1 (1972), 2 (1970), 3 (1970), 4 (1974)
L/-1 (1976), 2 (1970), 3 (1970), 6, 7 (1970), 8
(1970),12 (1970), 16 (1970)

54 | 19,13

M/-1,2, 6,10,11, 12, 15 (1976), 16 (1976)
N/-13

63 | A4

B/-1,2,5,6,7,8, 11,12, 16

F/-4

G/-1,5, 6,10, 11, 14,15

K/-3 (1973), 4 (1972), 7 (1973), 8 (1973), 11
(1976), 12 (1978), 15 (1974),16 (1972)
0/-2,3,4,7,8, 10, 11,14,15

72 | C/-1,2,5,69, 10, 13, 14

G/-2,6,7,10,11, 14, 15

K/-3 (1984), 4 (1981), 7 (1980), 8 (1981), 11
(1980), 12 (1982), 15 (1980), 16 (1983)
0/-1 (1972),2 (1972), 3 (1974), 4 (1973), 7 (1974),
8 (1974), 11 (1974), 12 (1974), 15 (1974),16
(1974)

P/-13 (1975)
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Remote Sensing Digital Data
S. No. Sensor Data Source Year Path | Row Date
149 43 10/12/1977
150 |42

151 | 42 27/09/1980

152 |42 21/01/1980
153 42 17/10/1980
153 43 17/10/1980
154 41 30/09/1980
1 Landsat MSS GLCer]f‘S e 5651 1980 o Ta 23/11/1980
155 41 01/10/1980
155 42 12/12/1980
156 41 14/09/1980
157 | 39 14/12/1980
157 | 40 14/12/1980
157 |41 14/12/1980
19 50 21/11/1990
20 50 22/10/1989
21 50 23/11/1990
23 50 30/01/1991
IRS IALISS II 24 |50 18/12/1990
(Each Scene of LISS NRSC 25 49 05/10/1989
2 1I contains 4 satellite Hyderabad 1990 25 50 21/04/1990
images Al, A2, Bl 26 48 06/11/1990
and B2) 2% |49 06/10/1989
27 48 29/11/1990
28 46 08/10/1989
28 47 17/10/1990
28 48 17/10/1990
96 50 17/11/2000
97 50 15/11/2000
97 51 15/11/2000
98 52 27/10/2000
99 52 08/10/2000
NRSC 9 |53 08/10/2000
3 IRS 1C LISS III Hyderabad 2000 100 53 13/10/2000
101 54 18/10/2000
102 54 16/11/2000
103 54 15/12/2000
104 53 02/11/2000
104 54 02/11/2000
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105 54 25/12/2000
106 | 54 19/10/2000
107 | 54 17/11/2000
96 50 06/11/2010
97 50 05/12/2010
97 51 05/12/2010
98 52 23/10/2010
99 52 28/10/2010
99 53 28/10/2010
) NRSC 100 | 53 02/11/2010
IRS P6 LISS III Hyderabad 2010 101 | 54 14/10/2010
102 |54 12/11/2010
103 |54 24/10/2010
104 |53 29/10/2010
104 | 54 29/10/2010
105 |54 10/10/2010
106 |54 02/12/2010
107 54 13/11/2010
96 50 B | 23/10/2015
96 50 D | 23/10/2015
96 51 B | 23/10/2015
97 50 A | 15/12/2015
97 51 A | 15/12/2015
97 51 C | 15/12/2015
97 51 D | 04/10/2015
97 52 B | 04/10/2015
98 52 A | 02/11/2015
98 52 B | 09/10/2015
98 52 D | 09/10/2015
5 ResourceSat 2 LISS IV NRSC 2011, 99 52 C | 25/12/2015
Hyderabad 2015 99 52 D | 01/12/2015
99 53 A | 25/12/2015
99 53 B | 01/12/2015
100 | 53 c | 12/11/2015
100 | 53 D | 19/10/2015
101 | 53 c | 17/11/2015
101 | 54 A | 21/02/2015
101 | 54 B | 28/01/2016
102 | 54 A | 16/12/2015
102 | 54 B | 22/11/2015
102 | 54 Cc | 16/12/2015
103 |53 Cc | 03/11/2015
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103 33 D | 10/10/2015
103 54 A | 03/11/2015
103 54 B | 10/10/2015
104 53 Cc | 08/11/2015
104 53 D | 02/12/2015
104 54 A | 08/11/2015
104 54 D | 02/12/2015
105 54 A | 13/11/2015
105 54 B | 20/10/2015
106 54 A | 01/10/2015
106 54 B | 07/09/2015
107 54 A | 17/12/2015
107 54 Cc | 17/12/2015
107 54 D | 23/11/2015

Table 5.4 Sensor specifications

Specification L andsat IRS1A | IRSA1C IRSP6 | Resourcesat
MSS LISSII | LISSIII LISSIII 2 LISSIV
Spectral Bands 1-4 1-4 1-4 1-4 1-4
Spatial Resolution (m) 60 36.25 23.5 23.5 5.0
Swath Width (km) 185%x185 141 141 141 141
g)eil?sl)ometrlc Resolution ] 7 7 7 7

5.4 SOFTWARE USED

The following softwares have been used in this study and their details are given below:

ERDAS
IMAGINE 10.1

1. It is one of the world’s leading image processing software that is
developed by Leica Geosystems that work on geospatial data. It is
used to perform advanced remote sensing analysis and spatial
modeling to create new information. In addition, it is used to
visualize the results in 2D, 3D, movies, and on cartographic quality
map compositions. Optional add-on modules providing specialized
functionalities are also available to enhance your productivity and
capabilities. IMAGINE Virtual GIS is a powerful yet easy-to-use

visual analysis tool that offers GIS functions and capabilities in a

3D environment.
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2. | ArcGIS10.2

ArcGIS Desktop is GIS software that is developed by ESRI. It is a
group of modules that are used for different purposes

(a) ArcMap: it is used for editing, mapping, geo-processing and
visualization.

(b) ArcCatalog: it is used to create geodatabase and shapefiles as
well as for data management.

(c) 3D visualization with ArcGlobe and ArcScene,

(d) ArcSDE: It is used for creating online geo-database.

(e) ArcServer and ArcIMS: It is used to publish GIS layers on

web.

3. | Microsoft Office

Microsoft Office is a collection of software programs commonly
used in an office environment. It is used to type letters and
envelopes, create spreadsheets, make labels, and produce

presentations for home or office.

4. | Sigma Plot SigmaPlot is a scientific data analysis and graphing software
package with an intuitive interface for all your statistical and
graphical analysis.

5. | MATLAB MATLAB (matrix laboratory) is a multi-paradigm numerical

computing environment and fourth-generation programming
language. A proprietary programming language developed by
MathWorks, MATLAB allows matrix manipulations, plotting of
functions and data, implementation of algorithms, creation of user
interfaces, and interfacing with programs written in other

languages, including C, C++, C#, Java, Fortran and Python.
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5.5 ACQUISITION OF DATA AND GEO-REFERENCING OF IMAGES

Firstly, the Survey of India toposheets (1:50,000 scale) which covers the area of interest are
procured. Then, these toposheets are geo-referenced and ortho-rectified using first order
polynomial and Lambert Conformal Conic (LCC) projection type with the help of ERDAS
Imagine 2014 software, before initiating the analysis. After geo-referencing, clipping and

mosaicing have been done.

Relevant satellite images were procured from the National Remote Sensing Centre (NRSC),
Hyderabad and downloaded from United States Geological Survey (USGS) website. Pre-
processing of the satellite images have been carried out using filters such as histogram
equalization and matching etc. to improve and equalize the brightness levels of similar features
and to provide uniform information. After mosaicing the toposheets, all the satellite images were
geo-referenced using image to image method by selecting several control points. The RMS error
has been kept below the half pixel size. After geo-referencing, images have been mosaiced to
cover the entire study area. For mosaicing feather option of the software has been used to get the

seamless boundaries between different images of the same year.

5.6 METHODOLOGY FOR PLAN FORM CHANGES

Plan form of the rivers may be described as straight, meandering or braided. There is in fact a
great range of channel patterns from straight through meandering to braided. Methodology
adopted to fulfil the objective in respect of planform changes of the river is shown in Fig. 5.2 in

the form of a methodological flowchart:

In the present study of morphology of Ganga River, sinuosity ratio and PFI index of the rivers
have been estimated using the satellite images for different years. The temporal and spatial

variation of sinuosity ratio and PFI index with for different reaches are shown graphically.
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Figure 5.2 Flowchart of the methodology
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5.7 CONCLUDING REMARKS

The following tasks shall be performed in this study

Reach-wise temporal analysis of main (deeper channel), left and right bank of river.

Estimation of eroded/deposited area of the river, and their presentation in a graphical

form, with length of the river on x-axis and erosion & deposition on y-axis.

Length-wise variation of sinuosity ratio and Plan Form Index (PFI) for the evaluation of

meandering and braiding patterns of the river.
Identification of levels of braiding using plan form index threshold values.

Detailed analysis of the shifting of river in the critical reaches using high resolution

satellite images.

Plotting of probability curve for discharge at various gauging sites of the river using the

recorded flow data for 1.5 years and 2 years return period.

Flood discharge for higher return periods shall also be computed using the frequency

analysis.

After the identification of critical reaches, that will be characterized by major left and
right bank shifting inserting heavy erosion/deposition, river training works in the form of

flood walls, guide bunds, sparse submerged vanes, porcupines etc shall be suggested.

Reconnaissance survey shall be carried out near the major hydraulic structures and also
the critical reaches to assess the morphological changes of the river onset of the

construction of the hydraulic structures.
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Chapter 7 GEOLOGY

7.1 INTRODUCTION

The Indian subcontinent is subdivided into three major physiographic subdivisions, the
Himalaya, Indo-Gangetic Plain and Peninsular India. The Indo-Gangetic Plain is the
extensive alluvial plain of the Ganga, Indus and Brahmaputra rivers and their tributaries, and
separates the Himalayan ranges from Peninsular India. Traditionally, geological studies
concerned mainly the rock successions; hence the study of this vast alluvial plain was
ignored. The extreme flatness of the region and geomorphologically monotonous character
also did not attract the geomorphologists to undertake detailed investigations of this region.
In the classical literature, generalized views were expressed as to the nature of this vast
alluvial plain, often termed the Indo-Gangetic Trough. The vast alluvial plain was broadly
classified into Older Alluvium (Bhangar) and Newer Alluvium (Khadar), each with different

sediments.

River Ganga originates from Gomukh glacier in greater Himalaya region. After that it passes
through Gangotri which is considered as religious origin of the river. It has varied
physiographic and geologic set up from its origin to culmination point in sea. Geology
imparts more influence in the upper Ganga basin, where it flows through intricate

mountainous terrain.

The Ganga basin occupies a dominant position and is located in the northern and northeastern
part of the Indian subcontinent between latitudes 21°58’N and 31°30’N and longitudes
73°30’E and 97°50’E. It is a long, narrow basin surrounded by mountains on all sides except
for a low, unnoticeable watershed on the west, which separates the Indus basin from the
Ganges basin, and the southeastern tip where the rivers, after confluence, meet the ocean at

the Bay of Bengal.
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The Ganga rises in the southern Himalayas on the Indian side of the Tibet border. Its five
head streams the Bhagirathi, the Alakhnanda, the Mandakini, the Dhauli Ganga, and the
Pindar—all rise in the Uttarakhand division of the state of UP. of these, the two main head
streams are the Alakhnanda (the longer of the two) and the Bhagirathi. The Bhagirathi, which
is traditionally known as the source of the Ganga, rises in India from the Gangotri glacier in
the Himalayas at an elevation of about 7010 m above mean sea level. After its confluence
with the Alakhnanda at Devprayag, the river assumes the name Ganga. After draining the
middle ranges of the Himalayas, the river debouches into the plains at Hardwar. From
Hardwar down to Allahabad where the Yamuna joins it on the right bank, there is a distance

of about 720 km, it generally flows in a south—south easterly direction.

Lower down, the river flows eastward and past Varanasi, the Ganga is joined by a number of
tributaries on both banks. Of the left-bank tributaries in the upstream reaches, prior to
Varanasi, the Ramganga and the Gomti are the most important. The Yamuna has a number of
important tributaries like the Chambal, the Sind, the Betwa and the Ken joining it from the
south. The Tons and the Karamnasa are other right-bank tributaries in UP. After leaving Uttar
Pradesh (UP) the Ganga forms the boundary between UP and Bihar for a length of about 110
km and in this reach the Ghaghra, which flows down from Nepal, joins it near Doriganj,
Chhapra. The river then enters Bihar below Ballia and flows more or less through the middle
of the state. During its course of nearly 445 km in Bihar, the river flowing eastward is joined
by a number of major tributaries on both banks. The Great Gandak, the Bagmati and the
Kosi, and the Burhi Gandak join it on the left bank. The first three flow down from Nepal
into North Bihar. The Son, the Pun Pun, the Kiul, the Chandan, the Gerua, and others join the
Ganga on the right bank. In West Bengal, the last Indian state that the Ganga enters, the
Mahananda joins it from the north. The river then skirts the Rajmahal Hills to the south and

flows southeast to Farakka.

The delta of the Ganga can be said to start from Farakka. The river divides into two arms
about 40 km below Farakka. The left arm, known as the Padma, flows eastward into
Bangladesh while the right arm, known as the Bhagirathi-Hooghly, continues to flow in a
southerly direction in West Bengal. Two tributaries flowing in from the west, the Damodar
and the Rupnarayan, join the Hooghly itself. Until some 300 years ago, the Bhagirathi—
Hooghly constituted the main arm of the Ganga, carrying the bulk of the flow. Thereafter, the

Padma arm opened up more and more, leaving Bhagirathi a mere spill channel of the Ganga
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flowing mostly during high stages of flow. The river ultimately flows into the Bay of Bengal,

about 145 km downstream of Calcutta.

The length of the river (measured along the Bhagirathi and the Hooghly) during its course in
West Bengal is about 520 km. The Ganga (Padma) in Bangladesh flows past Kushtia and
Pabna until the Brahmaputra (locally called Jamuna) joins it at Goalkunda. The united stream
of the Brahmaputra and the Ganga beyond Goalkunda continues to flow south east under the
name Padma. At Chandpur, 105 km below Goalkunda, the Padma is again joined on the left
bank by the Meghna, whose source is in the high mountains, which are subjected to intense
rainfall. From this confluence downward, the river known as lower Meghna becomes a very
broad estuary, making its exit into the Bay of Bengal. Dacca, the principal city of
Bangladesh, stands on the Burhi Ganga, a tributary of Dhaluwari. Apart from the Hooghly
and the Meghna, the other distributary streams which form the Ganges delta are as follows: in
West Bengal, the Jalangi, and in Bangladesh, the Metabanga, the Bhairab, the Kobadak, the
Gorai (Madhumati), and the Arial Khan. The precipitation over the Ganga basin is brought
about by the southwest monsoon as well as by cyclones originating over the Bay of Bengal.
The average annual rainfall in India varies from 35 cm on the western end of the basin to
about 200 cm near the delta. The river drains an area of 106.96 m ha (excluding Tibet) and

the average annual flow of the Ganga at Farakka is about 55.01 M ha m.

7.2 TOPOGRAPHY

The Ganga basin comprises of three large topographic divisions of the Indian subcontinent,
namely the Himalayan Young Fold Mountains, the Gangetic Plain, and the Central Indian
highlands. The Himalayan Fold Mountains comprises the Himalayan ranges including their
foot hills with numerous snow peaks rising above 7000 m. Each of these peaks is surrounded
by snow fields and glaciers. All the tributaries are characterized by well regulated flows and
assured supply of water throughout the year by these glaciers. The Gangetic plains, in which
the main stem of Ganga lies, situated between the Himalayas and the Deccan plateau,
constitute the most of the sub-basin ideally suited for intensive cultivation. It consists of
alluvial formation and is a vast flat depositional surface at an elevation below 300 m. The
Central highlands lying to the south of the Great Plains consists of mountains, hills and

plateaus intersected by valleys and river plains. They are largely covered by forests. Aravali
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uplands, Bundelkhand upland, Malwa plateau, Vindhyan ranges and Narmada valley lies in

this region.

7.3 PHYSIOGRAPHIC SETUP

The upper Ganga basin has its major part in Lesser Himalayas which is bounded by the
‘Central Himalayan Thrust’ or Main Central Thrust (MCT) and the ‘Main Boundary Fault’
from the north and south respectively. It represents typical Synclinal hills and Anticlinal
valley topography. The area comprises of part of catchments of Bhagirathi, Alaknanda and
Ganga rivers (Kharkwal, 2001). Physiographically, it can be divided into two major units, as

shown in Fig.7.1.
e Piedmont/ Flood Plain

e Lesser Himalayan Relief
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Figure 7.1 Physiographic divisions of upper Ganga basin

Piedmont/ Flood Plain: It consists of approximately 15% of study area towards the west and
south-west. It generally consists of gravels and alluvium and is mainly restricted to the west
and south west of the study area near Rishikesh. This foothill zone is bordered by hilly/

mountainous areas towards north and east.

Lesser Himalayan Relief: It covers approximately 85% part of the study area. The hill
ranges trend mainly northwest-southeast and towards south-west trend changes to north-south
direction. The altitude ranges from 1200 to 2270 meters and both sedimentary and

metamorphic rocks are found in this zone. The hills are highly dissected making it a very
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rugged and undulating terrain. Relief in the region varies from low valleys to very high
mountains and between these extremes of elevation (high relative relief) are high valleys,
narrow plains, foothills and low mountains. Foothill zone forms the geographic boundary in

the southwest.

The denudational processes have been very active which have given rise to many fertile
valleys. The increased volume of water, combined with the high velocity of rivers in the
flood-time, multiplies their erosion and transportation power to an unconceivable extent. The
huge boulders and blocks, several meters in diameter, are rolled along their beds, and carried
in this manner to distance of 50 km or even 120 km from their source, causing much erosion
to the banks and riverbeds. The hilly region abruptly ends close to Rishikesh where fans and
fluvial material of Ganga river have formed an alluvial plain with regional slope towards

south-west direction (Dey et al., 1991, Kumar €t al., 1996).

7.4 GEOLOGY

Geological map of the Ganga basin as obtained from India-WRIS is shown in Fig. 7.2.
(a) Lithology

By virtue of being in Lesser Himalayas, a whole group of rocks from low grade metamorphic
to meta-sedimentary, sedimentary and unconsolidated material are present in upper Ganga
basin. These have been categorized into different formations (Rupke, 1974), viz. Damta,
Chandpur, Nagthat, Blaini, Krol and Tal belonging to Cambrian and pre-Cambrian age.
These are overlain by sandstone, shale sequence of Subathu (lower Eocene-tertiary age). The
alluvial plain area and narrow valley fills of major rivers are of recent age and mainly
composed of gravels, pebbles, sand and silt. Though various names have been given to the
rock formations, their main constituents invariably are quartzite, slate, phyllite, limestones

and shales.

(b) Structure

Structurally, the Ganga basin comprises of three large divisions of the Indian subcontinent,
namely: the Himalayan fold mountains, the Central Indian highlands and the Peninsular
shield, and the Gangetic plain. The Himalayan Fold Mountains include numerous snow peaks

rising above 7000 meters. Each of these peaks is surrounded by snow fields and glaciers. All
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the tributaries are characterised by well regulated flows and assured supply of water
throughout the year. The Gangetic plain, in which the main stem of Ganga lies, consists of

alluvial formation and is a vast flat depositional surface at an elevation below 300 m.

As is known from geological literature, the Himalayas have undergone at least five phases of
uplift and mountain building. Therefore the rocks are highly folded, faulted, jointed and
fractured. These fold trend NW-SE as per the regional strike of the formation. A minimum of
4 broad plunging synclines separated by narrow, tight anticlines occur in the area. Because of
these plunging nature of folds, rock outcrops show closures near Narendranagar, Chamalgaon
at the confluence of Ganga and Nayar river. Besides a few major faults also occur in the
region, for example, faults trending N-S near Rishikesh, Devprayag (along the course of
Bhagirathi and Ganga rivers). Another major fault runs NW-SE partially parallel to Nayar
river and partially parallel to Hiyunl river (Dey et al., 1991).

A nappe structure occurs south of Hiyunl river (south) as an isolated (detached) outcrop of
low grade metamorphics on the top of Subathu formation (which is one of the youngest
formation in the area), due to large scale thrusting from the north. More than 3 sets of joints
are seen in brittle rocks, for example, quartzites, limestones. The presence of fractures,
lineaments or major joints is inferred from the straight courses of streams/channels at various

places.

The Ganga Plain extends from Aravalli-Delhi ridge in the west to the Rajmahal hills in the
east; Himalayan foothills (Siwalik hills) in the north to the Bundelkhand Vindhyan plateau -
Hazaribag plateau in the south, occupying an area of about 250,000 km?, roughly between
long. 77°E, and 88°E, and Lat. 24°N and 30°N. The length of Ganga Plain is about 1000 km;
the width is variable, ranging between ~50-200 km, being wider in the western part and
narrower in the eastern part. The southern margin of Ganga Plain is irregular, and shows at
many places outcrops of rocks protruding out of the alluvium. The northern margin of the

Ganga plain is marked by the exposure of Siwalik rocks.

Most of the rivers in the northern Ganga Plain follow a southeasterly trend; some of the rivers
initially flow in the SW direction but then also swing to the southeasterly direction. The
rivers of the southern part follow a northeasterly trend; and only those in the axial part follow
the easterly slope. The Ganga River is the trunk river of the Ganga Plain into which the large
Himalayan rivers join from the north; except for the Yamuna river w