Proc Indian Natn Sci Acad 82 No. 3 July Spl Issue 2016 pp. 747-761
O Printedin India. DOI: 10.16943/ptinsa/2016/48482

Review Article

River Systems in India: The Anthropocene Context

VIKRANT JAINL*, RAJIV SINHAZ, L P SINGH andS K TANDON

IDiscipline of Earth Sciences, 11T Gandhinagar, Gandhinagar, Gujarat 382 355, India
’Department of Earth Sciences, |1T Kanpur, Kanpur 208 016, India

3Geological Survey of India, GS Complex, Bandlaguda, Hyderabad 500 068, India
4Earth and Environmental Sciences, 11SER Bhopal, Bhauri, Bhopal 462 066, India

(Received on 25 May 2018ccepted on 15 June 2016)

TheAnthropocene represents the time since human impacts have become one of the major external forcings on natural
processes. The present review provides a synthesis of studies on the Indian rivers at modern time scale. These studies
highlight the significant impact of anthropogenic forcing on modern day river processes and betianamis aspects of

river systems at modern time scale and their possible future trajectories have been analysed. The integration of data from
modern rivers and their archives are critical for defining sustainable stream management practices. Our synthesis suggests
that the multi-disciplinary river studies at modern and historical time scales need to be pursued vigorously for securing the
health and futures of the Indian rivers.
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Introduction 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.

Humans have interacted with rivers from the time of
ancient civilizations. The Indian sub-continent, which
hosts many large and perennial rivers with significant
hydrological and geomorphic diversity is also home to The current understanding of river systems at
an ancient civilization, and is currently one of the most modern time scale has placed more emphasis on
populated regions on the globe (Fig. 1A). The river spatial variability and has led to new conceptual
basins in India are characterised by significant understanding that includes hierarchyagnitude-
variability in human population and nature of frequency equilibrium, threshold, sensitivity
disturbances, which poses a number of challenges irconnectivity non-linearity complexity and multi-

the sustainable management of these rivers (Fig. 1A)disciplinarity (Jairet al., 2012; Gregory and Lewin,
Despite this situation, the impact of anthropogenic 2014). Jainet al. (2012) reviewed the major
forcing on natural geomorphic systems has not beergeomorphic studies on the Indian rivers and highlighted
analysed in detail. Fluvial geomorphological studies in various research questions. One of the major research
India have mostly focused on the river response toconcerns is the development of hydrology-
climate and tectonic forcing at Quaternary time scale morphology-ecology relationship in the river system
(Chamyaket al., 2003; Jain and Sinha, 2003; Jain and and the assessment of the anthropogenic disturbances
Tandon, 2003; Juyat al., 2006;Tandoret al., 2006; on this or a part of this relationshfnthropogenic
Sinhaet al., 2007). Recentlystudies of the hydro- disturbances cause flux or slope variability in the
geomorphic behaviour of river systems at modern timechannel, which alter the morphology and ecology of
scale have also been initiated to understand the impadhe river system. Howevethese relationships are

of anthropogenic forcing on geomorphic processesrouted through different threshold conditions and
for some of the Indian river systems. Such studies atsensitivity to external responses. Hence, sensitivity
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5.Mo. Basin Name Total Population (M} Areafsg.km)
1 [Subarparekha Basin ' 65.30 74051
2 Brahmani and Baitarni Basin 30.90 556,58
3 Mahanadi Basin 61.23 1,469,37
4 East flowing rivers between Mahanadi and Godavari 26,43 453,19
5 Godavari Basin 141.81 3,207,18
6 Krishna Basin 134.95 2,652,41
7  Pennar Basin 37.43 753,28 ]
8  East flowing rivers between Pennarand Cauvery 63.43 643,61
9  Cauvery Basin 73.23 795,72
10 East flowing rivers South of Cauvery Basin 54 85 519,02
11 West flowing rivers (Western Ghat) 109.35 394,16
12 TapiBasin 47.93 719,46
13 Marmada Basin 67.60 978,82
14 Mabhi Basin 3391 406,69
West flowing riversof Kutch,5aurashtra including
15 Sabarmati and Luni Basin 72.35 2,627,70
16 Indus {Up to border) Basin 89.47 11,207,991
17 Ganga hasin 558.72 10,618,48
18 Brahmaputra Basin and Barak and athers Basin £9.24 6,608,786
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Fig. 1: (A) Major river basins of India. The Indian landscape has been classified into 18 major river basins (Source: http://
www.india-wris.nrsc.gov.in/). These river basins are characterised by variable population.The shades in the figues
represent district wise population distribution after 2011 census.The Table presents the basin population within the
Indian part of the basin, while basin area represents the total basin area of the river system. (B) The Ganga River is the
most studied river basin among all the basins. It is drained by a number of tributaries in various landscape settings. The
location or reaches related with different case studies documented in this paper have also been marked

connectivity and threshold are considered to be someodf the morphological processes and their controls,
of the most important parameters to analyse rivernature of hydrological and geomorphological
response at modern time scale and also to define theonnectivity in anthropogenically altered systems and
future trajectory of river systems. its implications, role of inherent geological and
climatological controls on modern day river systems,

Such _mvestlgatlons will lead to a NEW  and the impact of social diversity on the river studies.
understanding about the present status of the river

systems and will help to “project the future behaviour Rjver Processes and Channel Morphology in the

and form of rivers in the scenario of uncertainties Anthropocene

associated with climate change and the ever growing _ _ _ ]
impacts of anthropogenic activities” (Jaghal., Channel morphology is a manifestation of the river
2012). Some of these issues have been recenmf;haracteristics and river behaviouts spatial
studied on different kinds of river systems in India. Variability not only represents the variability in
This review provides a summary of these studieshydrology and channel processes but also governs
carried out during the past few years (2012-16) onthe ecological diversity in the channel. In order to
the Indian rivers at the ‘Anthropocene’ time scale; it Understand the spatial variabilitg. geomorphic

is an exemplar and does not intend to be diversity framework has been developed for the Ganga

comprehensive. The work includes an understandingRiver and its tributaries (GRBMRO010; Sinhat al.,
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2016) (Fig. 1B). The geomorphic features at different depth and flow volumes necessary for channel

spatial scales were used in a hierarchical frameworkmaintenance (GRBMR010). Computation for the

to divide the Ganga River system into different reach Ganga River suggested that monthly E-flows for the

types. This protocol aims to understand the wet period (mid-May to mid-October), at various sites

morphological controls on biodiversity and to suggest vary from ~23% to ~34% of the gin flows; however

the long-term sustainable river management strategiesthe recommended E-flows for the dry period (mid-
October to mid-May) vary significantly from one site

Anthropogenic d|sturl_)ances on char_mel to another (GRBMP2010) A preliminary estimation
morphology due to changes in water and sediment

of flow requirement for the full sediment mobilization
fluxes have been highlighted in tfi@muna River from q

) _ in the low energy ‘Anthropogenically disturbed’
the mount_aln front té\llahabad (Fig. 1B) through stretch of the&/amuna River around Delhi (Fig. 1A,B)
systematic stream power based channel

suggests 50% of virgin monsoon flood and 60% of
morphological study (Bawet al., 2014). The alluvial 99 ° g °

hes of th Ri divided | virgin flow in non-monsoon period (Sostial., 2014).
reaches of theamuna River were divided into seven Such sediment transport driven approach for e-flow

distinct geomorphic classes that represent the broadeéstimation is required for most of the anthropogenically

variability in Ch??;‘/el behal\?n_or Emou?h three main impacted river systems, where the decrease in flow
groczss zones oftiamuna é\_/er ¢ e?l re?m pc;V\r/]er volume is responsible for insignificant morphological
ased process zones are a direct reflection of human | .o<ces in the channel.

interference on the river system, and these zones ar ] ) ) ) )
named as (a) high energy ‘natural’ upstream reaches, _ 1he Damodarriver basin (Fig. 1A) in peninsular
(b) ‘anthropogenically altered’, low energy middle India represents one of the oldest Indian examples

stream reaches, and (c) ‘rejuvenated’ downstreamwhere basin scale anthropogenic disturbances
reaches again with higher stream power (Fig. 2).occurred through construction of series of dams,

Stream power and sediment flux variability explains Parrages and embankmentsiydrogeomorphic study

the geomorphic variability in the ‘natural’ high-energy aftgr 5_0_ years of dam construction suggests significant
reaches; however it fails to explain the spatial variability Variability in channel behaviour and processes (Ghosh
of river characteristics in the anthropogenically &nd Guchhait, 2014). The flow regime of the Damodar
disturbed reaches, which is characterised by differentVer has changed with temporal shift in flood peak
barriers (barrages). This work highlights the major @nd decrease in discharge in downstream reaches,
challenges in understanding the geomorphic processe¥/Nich has caused significant aggradation in the

in ‘anthropogenically’ affected river systems, where downstream reaches and a decrease in bankfull
traditional cause-effect relationship may not be capacity Furthersedlm_ent starvation condition has_
suficient to understand the variabilityis suggested also caused bank erosion at selected reaches, which

that the incorporation of human controlled flux has further changed the channel sinuosity and eroded
variability and the role of barriers in the understanding & Significant part of the floodplain along the river
of morphological processes is important. Furttier channel. Ghosh and Guchhait (2014) have suggested
concept of Maximum Flow Efficiency (after Huang that sustainable solutions will require better use of
and Nanson, 2000) was used to define the thresholdlood water and sediment, while considering the basin
condition related with major morphological change, '€S0urces as ecological resources rather than as
and to assess the impact of human disturbances ofCONOMIC resources.

channel processes. Sediment transport is considered as a

The low energy ‘Anthropogenically disturbed’ fundamenta! geomorphic process in a_river channel.
stretches in any river requires significant increase in Recent studies have analysed the sediment load data
discharge for proper geomorphic and ecological to get r_1eW|n_S|ghton sgdlment_transport process. The
functioning of the channel. Such estimates of e-flows nalysis of thirty years time series of hydrological data
are crucial for the sustenance of rivers and theirWas carried out for a stretch of the Ganga River to
habitats The consortium of 11§ recommended the Understand the suspended sediment transport process
integration of geomorphological and ecological @nd major controls on channel processes (Roy and

parameters with hydraulic modeling to estimate flow Sinha, 2014; in press). This mid-stream stretch of the



River Systems in India: The Anthropocene Context 751

35 | Natural Reaches Anthropogenically Altered Reaches  Rejuvenated Reaches | 350000
30 |\ R R2 R3 R4 RS R e o
Cl C2 c3 C4 5 O C6 = 300000E
“a =
E 25 - 2500007
=20 £
s 200000 5
815 , &
- 150000 €
2 10 g
a 1100000 &
g | (5]

50000
0 0
W Channel Bar 4 Tributary R Reach No. C Class No.
Stream Power ™ TDams and Barrages S Sub-Reach No. === Reach boundaries

Fig. 2: Three major process domains of the alluvial @ach of the Yamuna River with their characteristic stream power
distribution patterns. The ‘Anthropogenically altered’'midstream reach is characterised by very low value of stream
power, which makes it amorphologically inactive each (modified after Bawa et al., 2012)

Ganga River around Kanpur (Fig. 1A) is efficientin (Gaurawtal., 2014). The understanding of threshold
terms of sediment transport at around 40% of condition to distinguish meandering and braided rivers
discharge. The ‘effective discharge’ is generally less is a significant question in fluvial geomorphologie
than the bankfull discharge, but it is sufficient to cause Kosi megafan provides an ideal locale for such a study
maximum transportation of the suspended sedimentwhere the main Kosi River channel is braided and a
load. The channel needs flooding event(s) to transporlarge number of palaeochannels on the fan surface
its sediment load, as its mean annual discharge (RI =are meandering (Fig. 3A). This work has shown that
2.33 years) cannot transport more than 10% ofthe hydraulic geometry relationship for a meandering
sediment load. Downstream variability in ‘effective river behaves in a similar fashion as that of a single
discharge’ values was also used to explain thechannel of a braided river although the dimensionless
dominant aggradational or degradational processes aslope values were 3 times higher for the braided river
channel reach scale. It has been suggested that am comparison to the meandering rivers. The
understanding of spatial variability in ‘effective morphologically comparable forms of braided and
discharge’ and sediment dynamics are importantmeandering suggest similar sensitivity of channel form
parameters to understand the spatial variability in fluvial to dischage variability Hence, anthropogenic
landscape variability (Roy and Sinha, in press) anddisturbances on different channels will have similar
also to analyse the impact of external factors on riverimpact. Furtherthe understanding of channel form
systems. sensitivity can also be used to estimate channel

A h he basis of hiah \uti discharge from satellite data, which may provide muilti-
. newapproac ont' € basis orhigh-reso ution point data to analyse the human impact on channel
field data has also been initiated on Indian rivers to

_ ) rocesses.
understand the morphological dynamics at reach ando

site scales. High-resolution field measurements of Large scale morphological features of large river
hydro-morphological parameters usiAgoustic systems such as the Majuli Island of the Brahmaputra
Doppler current profiler (ADCP) integrated with River support human populations in villages and are
Differential GPS provided new insights on the therefore of significant interest to different workers
threshold condition of braided and meandering rivers (Sarma and Phukan, 2004; Lahiri and Sinha, 2014).
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The Majuli Island has been shrinking with an average example, which is known for its dynamic river
erosion rate of 3.2 kffyr. A recent study shows that behaviour due to frequent avulsion events (Gole and
the erosion trend closely correlates with the various Chitale, 1966Wells and Dory1987; Chakrabortgt
geomorphic parameters of the Brahmaputra River al., 2010). Channel shifting process on the megafan
which includes channel belt area (CHB), channel beltsurface has also resulted in a number of palaeo
width (W), braid bar area (BB), channel area (CH), channelsAt present, the main river is flowing along
thalweg changes and bank line migration, which the western margin of the megafan, while the rest of
highlights the role of channel processes on thethe megafan surface is drained by a number of palaeo
evolution and erosion of the island (Lahiri and Sinha, channels (Fig. 3A). These palaeo channels are
2014). It was also suggested that subsurface tectonicesponsible for the redistribution of water and
processes also governed its evolutionary trajectory sediment flux across the megafan surface. However
This new understanding of the evolutionary trajectory the same megafan surface is also characterised by a
of the Majuli Island highlights the complexity in the dense network of rail-road transport, which is at a
management of this mega- geomorphic feature. few meters higher elevation on the surface, so that
S these transport structures could remain unaffected in
Humans and the Nature of Connectivity in River  flooding condition (Fig. 3B). The higher elevation of
Systems these structures is responsible for creating a ‘barrier

The connectivity structure of a landform is one of the for palaeo channels and hence controls the distribution

fundamental characteristics used to define the proces8f Water and sediment fluxes on the megafan surface.

dynamics and to assess the risk associated with an§* CONNectivity analysis on the megafan surface has
fiver hazard. Connectivity is defined as a three Shown that both water and sediment distribution on

dimensional entity (\Atd, 1989; Brierlegt al., 2006; the surface has been severely impacted by these rail-

Jain andrandon, 2010), which includes longitudinal, "@d transport barriers (Kumat al., 2014). The
lateral and vertical connectivith recent study on  density of transport network has increased with time,
the stream network connectivity structure in Which has enhanced the disconnectivity on the

longitudinal and lateral dimensions has shown its utility Megafan surface (Fig. 3BThe study shows that
for the prediction of inundation areas in the scenario@nthropogenic “barriers’ have causeds%

of avulsion driven flooding (Sinhet al., 2013). The dlsgonnectlwty on the megafan surface during the
connectivity structure was quantified by a period of_study (1955-2_010). Itwa'ls'also demonstrated
connectivity index (Ic) defined as a function of the that the increase in disconnectivity represented by
length and slope properties of the channel network the density of the m_tersectlon points between th.e rail-
This topography-driven connectivity model was road network and river channels corresponds directly

successfully used to simulate the avulsion pathway!© the increase in waterlogging on the fan surface
of the Kosi River during théugust 2008 breach caused by drainage congestion (Kurta., 2014).

(Sinha, 2009). In general, avulsion prone reach ofthe  Formation of various barriers across the rivers
Kosi River is characterised by different palaeo |jxe gams and barrages has also caused significant
channels, which makes it difficult to predict the gisconnectivity in the systed.number of major dams
inundation zone due to avulsion event (Fig. 3C,D). constructed on the Himalayan and Peninsular rivers
However such an approach provides a priori iy |ndia have disturbed the water and sediment fluxes.
information about possible inundation zones and could|, the Mahanadi River basin (Fig. 1A), the time series
be used to predict flood risk in populated and gatg of the rainfall at different monthly and seasonal
vulnerable regions. This study demonstrated that thegcgjes show that the rainfall trend is spatially variable
mapping of connectivity structure for a stream (pandaet al., 2013). Increasing or decreasing trend
network on a part of a fan surface can be used as agharacterizes the annual rainfall at different locations,
important tool in the management of flood hazards. \yhereas the annual water flow at the basin outlet is

Also, the connectivity structure of networks at consistently characterized by a decreasing trend. This

alandscape scale is impacted by human disturbancedlisconnectivity between rainfall and stream flow trend
The megafan of the Kosi River provides one such in the Mahanadi river basin is governed by the storage
of water in the Hirakund dam.
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Fig. 3: (A) The Kosi megafan with braided channel of the

main Kosi River on its western part and number of

meandering channels on the main megafan surface.

The meandering channels, which represent different
palaeochannels of the main Kosi River are drawn
from 1983 Survey of India toposheet, (B) Intersection
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points between river
structures, which are responsible for creating

transport

disconnectivity on the Kosi megafan surface.
Transport structures on the Kosi megafan surface
have enhanced the disconnectivity by 45% (modified
after Kumar et al., 2012), (C)A major avulsion event

in 2008 caused flooding in the central part of the
Kosi megafan affecting ~40 lakhs of population. This
event caused major destruction as this area was not
flooded from the last 100 years and people were not
from prepared and (D) Palaeochannels near avulsion
prone reach suggest that future avulsion events may
cause inundation in several parts of the basin as
demonstrated by Sinhaet al. (2014) using connectivity

index as a tool to predict the future inundation area

after an avulsion event
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Large dams have caused more pronouncedregime in downstream reaches, enhanced siltation has
disconnectivity on the sediment fluxes. The Peninsularincreased the flood hazard in the downstream reaches
rivers are characterized by significant decrease in(Ghosh and Guchhait, 201Agditionally, the damming
sediment supply during the last few decades. Usingof rivers by landslides and glacier deposits in the
hydrological data from 1986 to 2006, Panda and Himalayan terrain creates potential conditions for
Mohanty (201) have shown that all the Peninsular outburst flooding (Vssonet al., 2013a). Recently
rivers are characterized by decrease in sedimensignificant progress has been made towards
supply to ocean in response to decrease in rainfallunderstanding of processes and impacts of these flood
and anthropogenic impact. The source-sink hazards, which have been discussed in the following
disconnectivity is more explicit in the highly regulated sections.

Narmada and Krishna rivers, where climate (rainfall

variability) has no significant control on sediment flux _ _ _
creates another river hazard. River dynamics occurs

ariability. The sediment supply in the ocean has
variarry ! HPRY | because of meander migration through cutoff

decreased by 65-70% in these regulated river basins:; o )
y ’ g processes, or shifting of channel through avulsion

This is so despite the fact that the anthropogenicprocess (Fig. 4). In places, bank erosion driven bank
disturbances have caused significant decrease ifine migration also forms a major hazard in high-energy
forest cover from 89 million ha to 63 million ha and an braided rivers (Fig. 4B).The understanding of river
increase in agricultural area from 92 million ha to 140 dynamics not only provides an important insight for
million ha (Tianet al., 2014) This should instead have
favored an enhanced sediment supply in the river-

ocean systems. Howevethe source to sink

disconnectivity due to large dams is so strong that ¢ OOO
sediment supply from rivers to oceans has decrease N - v
around 70-80% in most of the Indian river basins > OO

The dynamic nature of the Himalayan rivers also

(Guptaet al., 2012). Decrease in sediment supply in
coastal area due to source-sink disconnectivity is
further responsible for a significant increase in the . tlV
coastal erosion processes (Paga., 2011). (A) Chanmel migration though cuoff (B) P2 e Lt "

Flood Hazard and River Dynamics

Flood is one of the most severe natural hazards, whicl
causes misery to a large section of human population
Jainet al. (2016) reviewd types, processes and s,
causative factors of floods in the Indian rivers and
suggested the need for the integration of hydrological  pivergence
and geomorphic data for better management of flood point
hazard. Floods could be broadly categorised into

overbank flooding, channel shifting and outburst T et el et
flooding. The Himalayan rivers are some of the worst (D) Chanme siing through aviels'i'oi";f:c:fsz’“s“"g ahanns]
affected rivers in the world in terms of flood hazard

(Agarwal and Narain, 1996) and this has beenFig. 4: Different processes responsible for fluvial hazards
attributed to high monsoonal discharges and very high in a basin area (a) Meander cut-off driven river
silt load of these rivers (Sinha, 1998; Sinha and Jain, migration (b) Bankline migration due to bank

o . . . . erosion, which is a common process along high energy
1998; Sinhat al., 2005, 20144a). Extensive siltation is braided rivers (c) Overbank flooding is governed by

Convergence
Point

~» No Convergence
- -

responsible for reduction in the channel CapaCity hydrological condition and changes in bankfull
which creates potential conditions for channel avulsion capacity of the channel (d) Sudden change in flow
and flooding (Sinhaet al., 2014a). Even in the direction due to avulsion processes causes channel

shifting, which is governed by gradient change in

peninsular India, where dams have created low flow _
river channel
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river processes and associated hazards, but it alssectional profiles and planform parameters coupled
provides an understanding of the habitat dynamics inwith field surveys using kinematic GPS highlighted a
the river system. The availability of multi-temporal condition of super-elevation at downstream of
satellite data and maps has provided an important toomountain front (Fig. 1B, 3A), where the floodplain

to analyse the river dynamigsremote sensing based surface was observed to be around 2 m higher than
study on the Sharda River downstream of the mountairthe channel bar surface in several reaches. These
front (Fig. 1B) highlights major planform and bankline criteria were used to identify the future potential sites
changes in the alluvial reaches (Midha and Mathur for avulsion along the Kosi riveiThe authors
2013). Such baseline information provides an suggested anthropogenic controls such as increased
important dataset to assess ecological disturbanceshannel siltation due to embankments in creating the
due to hydromorphological variability in the channel. super-elevation condition and thereby triggering
Similar remote sensing based study in the Loweravulsion.

Ganga plains around Farakka (Fig. 1B) highlighted _ _ _

anthropogenic disturbances in the channel through High energy braided rivers are also

detailed study of river dynamidgariability in channel characterlzed' by r:he domlnance' c:; kéank_ ergglon
sinuosity braid-channel ratio, and bank-line position processes during the monsoon period. Erosion driven

has changed significantly in the wide Ganga River ]E)ankhllnerr]mgratllon.ls ac_:ommfon %roc%ss _rgsgorjsmle
valley. These changes have occurred due to or the channel migration of wider braided river

sedimentological readjustments, which are indirectly systemsThe Brahmaputra River ssam (Fig. 1A)

governed by the anthropogenic impacts (Sinha andS @ clas§|c example'of the_same, where extensive
Ghosh, 2012). bank erosion problem is a major threat to nearby towns

and villages in the area (Sarma and Phukan, 2006).

The downstream area of the Ganga Plains andThe trend of bankline migration has been used by
its deltaic region are also characterised by the shiftingvarious workers to get new insights about bank erosion
of meandering channels(Rudra, 2014; processes (Lawlerl993 and references therein;
Bandyopadhyagt al., 2015) (Fig. 1B). Neck cut-off  Nanson and Hickin, 2012). Recentlahiri and Sinha
process at decadal scale has caused significan2012) documented the bankline migration of both
changes in the location of the Ganga River channel.banks of the Brahmaputra River from 1912 to 2005.
Downstream reaches are characterised by extensiv&he frequency content of the bankline was also
coastal erosion in response to changes in the fluvialanalysed though application of fast Fourier transform
and coastal processes. The abandonment of westerfiahiri and Sinha, 2015) that highlighted different levels
distributary and interception of westward movement of surface and subsurface controls on erosion
of shelf sediments have reduced the sediment supplyrocesses.
and hence enhanced coastal erosion process _ ,
(Bandyopadhyat al., 2015). These observations Some major flood events in recent years hav_e
indicate that stream management strategies shoul&lISO become an important part of hydro-geomorphic

be based on an understanding of river processes iﬁtUd_'es' Flooding in thAIakngnda river ba§|n (Fig.
the area. 1B) in June 2013 was a major catastrophic outburst

event, which caused severe loss of property and life.
Further significant progress has been made in A number of studies have been carried out on different
recent years to develop process-based understandingspects of this event. The flood was caused by the
of channel shifting and avulsion. This will help to build outburst of a moraine-dammed lake and very high
new scientific tools for the management of river intensity rainfall in the area (Dobhel al., 2013).
hazards associated with dynamic rivefs/ulsions The river carried significant amount of sediments
are known to be promoted by super-elevation including boulders that destroyed the upper part of
condition, or by high ratio of cross-valley to down the Kedarnath town and buried most of the
valley slope (Mackey and Bridge, 1995; Bryaht  downstream area with few meters thick sediments in
al., 1995). Sinhat al. (2014a) presented a detailed the valley A geochemical and field based analysis
topographic analysis to highlight the causes of avulsionsuggested two different sediment sources in the
in the Kosi RiverA reach-scale analysis of cross- downstream reaches i.e. moraines and old landslides
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(Sundriyalet al., 2015). This study also highlighted Role of climate change on the flood events has
the role of anthropogenic disturbances in terms ofalso been analysed using the historical data. Kale
legacy sediment (James, 2013) generated by(2012) compiled the temporal distribution of extreme
hydroelectric power-projects that further enhanced flood events for the lge SouthAsian rivers, and
the flood damage at local scales. The authorshighlighted a major clustering of flooding events in
suggested that even though the flooding event waghree decades namely 1940s, 1950s and 1980s, which
climate driven, its impact on destruction and human were also the periods of above normal rainfall.
life was due to the random growth of towns in this comparison of historical floods and palaeoflood
Himalayan area. The study argues for a betterrecords further suggests that modern floods (post-
integration of geomorphic studies with human 1950) are characterized by higher magnitude in
disturbances in the ecologically sensitive Himalayan comparison to the late Holocene floods (Kale, 2014).
terrain. The floods are not only increasing due to enhanced
_ frequency of flood-generating extreme rainfall, but
Devrani et_ al. (.20.1.5) _have_observed a they have also become more destructive due to various
remarkable spatial variability in the impact of June human interventions (Kale, 2014). In a recent study

2?‘1?1’“ flogding event ir& _thAIaknanda_ River basin._ Choet al. (2016) have also suggested the increasingly
The flood wave caused intense erosion at some Sltes1arge summer rainfall in northern India since late

but sediment deposition and flooding atdlfferent3|tes.19805_ Interestinglythis variation in climatic

It was suggested that this variability was strongly parameters is also characterised by anthropogenic
controlled by the shape of the long profile. Channel footprint, as enhanced rainfall since late 1980s is

steepnesz_measurecri]_by ||nt§gra;|rr1]g lareas Of_\lleFelated to the increase in the concentration of
upstrgam |stanges (c I ana ygs) O_t € long profi egreenhouse gases and aerosols (€lab, 2016).
explains the spatial variability in the impact of flood

wave. This approach can be used as a predictive tooModern Rivers and the Role of Inherent Controls

to assess the geomorphic impact of flood wave in _ _
steeply sloping channel reaches. The form and behaviour of modern rivers are

governed by water and sediment fluxes and

The role of climate in the recurrence of such downstream channel slop¥l these parameters are
massive floods has also been analysed throughyoverned by inherent geological, climatic and landuse-
palaeoflood studies in the Himalaya. Extensive |andcover characteristics of the river basiAs.
sediment deposition in such catastrophic flood eventsiandform at modern time scale should not be considered
serves as an archive to study the palaeoflood historyas an isolated entity but it is hierarchically related to
in the area. The occurrence of various flood depositsthe inherent characteristics of the area. This impact
in the Higher Himalaya suggests that it was not anof landscape memory on landform processes is one
isolated event, but such major floods have alsoof the new focus areas in fluvial geomorphology
occurred in the pastassoret al. (2013a) analysed  (Brierley, 2009), which if integrated with existing
1000 years history of Ige floods in thé\laknanda  datasets would achieve scientifically sound
and Bhagirathi river valley (Fig. 1B) using the management strategies for any particular geomorphic
sedimentary archive, and suggested that highsystem.
magnitude impacts in the last 1000 years are o _
characterized by temporally variable frequemdyich ~ Mostof the Indian rivers fall under the tropical
follows the monsoonal variabilityMonsoon pllmatlpsenlng (Slnhdal.,2014b).Thetrop|(_:aI rivers
strengthening resulted in more landslides in the Highin India are strongly monsoon-driven with strong
Himalayan terrain and caused damming of rivers byseasonalitysignificant flooding, high sediment load
landslide debris, the bursting of which triggered major and with distinct biogeochemical signatures (Syvitski,
floods. Hence, the occurrence of major floods in the 2014). The flux characteristics of the tropical rivers
steeply sloping Himalaya is a natural process, though@re significantly different with respect to the low-

human impacts have made it more catastrophic inrunoff rivers. These climate driven tropical rivers are
nature. the main transporting agent for an extensive suspended

and dissolved load to the woddceans, while bedload
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availability may act as a limiting factor in the total inthe pond area directly correlates with the climatic
sediment transport. Such flux characteristics in tropicalfluctuations and with major anthropogenic activities.
rivers further govern the channel morpholpgy Anthropogenic disturbances caused landuse and
dynamics and flood hazard conditions. Hence, thelandcover changes that was assessed through pollen
climatic setting of these tropical rivers sets them apartrecordsAgricultural intensification in the area around
as typical river systems distinct from the better studied100-200AD is reflected as an increase in soil loss
temperate rivers. Some of the major research querieprocess in this part of the Ganga plains. Further
for tropical rivers include the impact of biogeochemical variability in soil loss since 1778D was related to
factors and temperature on sediment transport,major landuse changes driven by social unrest and
feedbacks of tropical rainforests on rainfall, and the partially due to dry climatic condition.

impact of excessive rainfall on deltas and their morpho

dynamics (Syvitski, 2014). River Futures

River futures in the scenario of climate change and
enhanced anthropogenic disturbances will always be

the older landforms such as river terraces and fanuncertaln due to its nonlinear response to external

surfaces may act as secondary sources of sedimenlfg reing (Jairetal., 2012) A few attempts_ have been .

in the river system. Intermontane valleys are made in recent years to assess the river futures in
prominent landforms in the Himalayan frontal zone. re;spog1se to C_“I:nﬁte cha?g_?f and alr_1thro|pogenl|c
These valleys have aggraded during different episodeg's'[ur ances_W|t the use of di erentc_lmfato ogical,

in the Late QuaternaryHowever most of the and hydrological models, and through its integration

depositional landforms like alluvial fans, and fill with social diversity

terraces in the intermontane valleyare presently going Whiteheadet al. (2015a) used a dynamic,
through the degradation phase (Sinha and Sinha, 2016hrgcess-based INCA model to simulate hydrology and
and contribute to sediment flux downstream river water quality for the Ganga basin for 2050s and 2090s
basin.A first order sediment budgeting of these and predicted an increase in monsoon flows and
deposits in the Dun valleW Himalaya shows that  jncreased availability of groundwater recharge, but
these secondary sediment sources are contributingjso more frequent flooding. Model results for the
only 1-2% of the modern suspended-sediment 20505 and the 2098"are similar to the climate driven
dischages of the Ganga andamuna rivers  prediction, which suggest a significant increase in the
(Densmoreet al., 2015) Another study of valley fill  monsoon flows and more likelihood of flooding during
terraces in the Lesser HimalayaAt@knanda River  monsoon period. Low non-monsoon flows are
basin suggests that they could be a significant sourceyredicted to fall with extended drought periods. These
of sediment supply in a river basin (Sirggll., 2012).  |ow flows events will have significant impacts on water
These fill terraces in the Himalayan region are and sediment supplirrigated agriculture and saline
extensively used for human settlement and agriculturalintrusion. In contrast, the socio-economic changes had
activities A preliminary estimation of the erosion rate relatively little impact on flows due to high volume
throughTotal Sation based field mapping was of flow in these river systems. Howeyarthe low flow
~3350 t/kn? (Singhet al., 2012). Such data sets are regimes, increased irrigation could further reduce

important in estimating the sediment budget of a river water availability and may cause significant impact
valley and for the assessment of the anthropogenicn river health.

impact on sediment supply

Sediment flux in a river system is governed by
the topography and lithology of the area. Besides this,

Mishra and Lilhare (2016) have used Swuéter
Sediment budgeting of a local area in the alluvial Assessmerifool (SWAT) hydrological model on the
plain region is mostly governed by climate and landusedownscaled and bias corrected future climate
pattern. Wassonet al. (2013b) used~6 ka projectons to get future scenarios of all the major
sedimentary records in a pond area (MiaB in the Indian rivers (Fig. 1A) in the Near- (2010-2039), Mid-
Ganga Plains near Lucknow (Fig. 1B) to assess thg2040-2069) and End- (2070-2099) term climate
role of climate and landuse-landcover change onchange scenarios. Climate projections suggest warm
erosion processeBemporal sediment yield variability —and wetter climate that may result in more runoff.
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Model results have shown that the surface runoff (Whiteheadet al., 2015a). The INCA-N was
displayed more sensitivity to changes in precipitation integrated with higher resolution 25 km Regional
and temperature than evapotranspiration (Mishra andClimate Model (RCM). The anthropogenic impacts
Lilhare, 2016). Hence, most of the basins will be were analysed through various parameters namely
characterised by more than 40% increase inl) Population change 2) Sewage treatment works
streamflow by the end of the 21st cenfuvizich may  capacity and design for water quality controh&jter
create major flooding condition along the river demand for irrigation and public supplydinospheric
reaches. In the Near- and Mid-term climate changenitrogen deposition 5) Land use change/\gter
scenarios, most of the basins are likely to witnesstransfer plans. Howevgthe impact of dams was not
increase in runoff except a few rivers in western India, considered in this analysis. Furtheater quality may
which may be characterised laydecrease in the be significantly impacted by different socio-economic
streamflow Howeverthese scenarios do notinclude scenarios. Model outputs suggest major alteration of
the glacial melt contribution due to climate warming, nutrient flux transfer into the delta region (Whitehead
which is yet another factor of uncertainty in the future et al., 2015a; 2015b). Howevehe increase in flow
projections. amount will also cause decrease in nitrogen and
ammonium concentrationWater quality will be

Kh_an gt al. _(2016) ha}ve .highlighted' th.e influenced by anthropogenic impact, as the model
uncertainty in glacial melt estimation and application output suggests that ‘less sustainable’ way of life will

of multi-proxy approach for its better estimation as have a sianificant impact on water qualit
part of their work on the Bhagirathi River (Fig. 1b). ¢ P a Y

The hydrological budget in the upstream Himalayan Conclusions

reaches is governed by glacial melt, groundwater _ _ . o
contribution and rainfall contributions. These Modernrivers in India have been studied in different
hydrological sources are characterised by significantdeographical and geological settings. Human imprints
seasonal variability and one method is not sufficient ¢ being manifested significantly in the processes
to get good estimation of glacial melt ruhokn and morphology of all the modern rivers. Such studies
integrated approach including remote sensing, field€quire multiple datasets, such as hydrological and
estimation, isotope analysis and hydrological data ismorphological data, remote sensing based spatial
used to reduce uncertainties in the glacial melt datasets, geochemical data, climate models and their
estimation (Kharet al., 2016). Such an approach projections, glacial runoff models and their outputs,
needs to be integrated with the hydrological model tofiéld observations and measurements, and the
achieve future projections of the glacial-fed rivers. application of different river models. Studies on
Senzebat al. (2016) analysed the response of smaller modern rivers in the background of fhethropocene
rivers with seasonal snow cover to climate changeContext are still in the initial stage in India, and there
scenario. They have integrated the Snowmelt runoffiS @ need to develop new inter-disciplinary approaches
model (SRM) output with projected temperature and © understand_feedback mechanisms in these large
precipitation for different emission scenarios. The and complex river systems. Such approaches are of
study suggested that future variations in streamflowconsiderable interest for designing sustainable

would be mostly governed by precipitation variations SCientific strategies for stream management in the
rather than by the change in snowmelt depth. scenario of climate change and human disturbances,

and will also help to gain insights on the future
Recently some studies have also tried to trajectories of river systems.

superimpose the complexity of human interference
on river systems on the output of climatic models. Itis also important to consider that a river is not
The future of Ganges-Brahmaputra-Meghna in terms@ closed geomorphic system. River processes are
of flow and water quality in the near future were 9overned by flux and energy transfers and it maintains
defined through Integrated Catchment Model (INCA- €quilibrium With the inherent cIimatiq, geological and
N) for the following three scenarios of socio-economic !@ndscape settings. Unless human impact on modern
pathways- (1) a business as usual future, (2) a moré!vers is documented in such complex framework,
sustainable future, and (3) a less sustainable futurdhreshold dynamics and sensitivity of the various
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components of large river basins cannot be are taken and implemented by the various Earth
understood. Given the importance of rivers as aScience organisations in India for strengthening the
fundamental resource for the large human populationdifferent facets of River Science, some of which have
of our countryit is imperative that suitable initiatives been elucidated in this review
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