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1. Introduction	

This	 project	 involved	 collaboration	 between	UCL	 and	 the	 Centre	 of	 Ecology	 and	Hydrology	

(CEH)	 in	 the	 UK	 and	 the	 Indian	 National	 Institute	 of	 Hydrology	 (NIH),	 with	 the	 aim	 of	

supporting	the	improvement	of	water-related	science	in	India.		

	

There	are	two	main	strands	to	the	project.	The	first	focussed	on	hydrological	modelling	in	the	

Upper	Narmada	Basin.	Hydrological	modelling	is	a	key	tool	for	improving	our	understanding	

of	water	 resources	 and	 assessing	 the	 potential	 impacts	 of	 a	 variety	 of	 scenario	 types	 upon	

water	resources,	 from	climate	 (e.g.	Thompson	 et	al.,	2013;	2014a;	Ho	 et	al.,	2015)	and	 land	

cover	 change	 (e.g.	 Kalantari	 et	 al.,	 2014;	 Wijesekara	 et	 al.,	 2014),	 to	 irrigation	 and	 dam	

regulation	 scenarios	 (e.g.	 Ahrends	 et	 al.,	 2008;	 Singh	 et	 al.,	 2011;	 Räsänen	 et	 al.,	 2012).	 It	

therefore	has	an	important	role	to	play	in	catchment	management	and	planning	(Loucks	and	

van	 Beek,	 2005;	 McCartney	 and	 Acreman,	 2009).	 However,	 uncertainties	 are	 inevitably	

introduced	 into	all	hydrological	scenario	 impact	assessments	(e.g.	Refsgaard	and	Henriksen,	

2004;	Gosling	et	al.,	2011),	and	it	is	important	that	the	resultant	uncertainty	in	the	modelling	

results	is	recognised	and	taken	into	account.		

	

One	source	of	uncertainty	that	has	been	relatively	under-studied	is	inter-hydrological	model	

uncertainty	 (Prudhomme	 and	 Davies,	 2009;	 Thompson	 et	 al.,	 2013).	 There	 are	 numerous	

hydrological	 model	 codes	 and	 these	 vary	 in	 terms	 of	 their	 representation	 of	 hydrological	

processes,	spatial	discretization	and	data	requirements.	Inter-hydrological	model	uncertainty	

arises	 because	 although	 different	 hydrological	 models	 of	 the	 same	 catchment,	 developed	

using	alternative	model	 codes,	may	all	perform	acceptably	 for	an	observed	baseline	period,	

they	 may	 still	 respond	 differently	 under	 scenario	 conditions	 (e.g.	 Gosling	 et	 al.,	 2011;	

Hagemann	 et	al.,	2013;	Thompson	 et	al.,	2013;	Velázquez	 et	al.,	2013).	One	objective	of	 this	

project	 was	 therefore	 to	 develop	 alternative	 models	 of	 the	 same	 catchment	 using	 two	

different	model	codes,	 in	order	to	enable	 future	 inter-model	comparisons.	More	specifically,	

these	models	will	 be	used	 for	 scenario	modelling	 as	part	 of	 ongoing	 collaboration	between	

UCL,	CEH	and	NIH,	and	use	of	alternative	model	codes	will	allow	a	more	robust	assessment	of	

the	range	of	potential	impacts.	This	ongoing	work	is	discussed	further	in	Section	2.3.	

	

The	Narmada	Basin	was	selected	as	a	suitable	catchment	 for	 the	application	of	hydrological	

modelling	 and	 subsequent	 inter-hydrological	 model	 uncertainty	 assessment.	 With	 a	

population	of	over	16	million	(Government	of	India	Ministry	of	Water	Resources,	2014)	and	a	
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drainage	area	of	98,796	km2	(India-WRIS,	2015),	the	Narmada	Basin	is	an	example	of	a	river	

basin	facing	numerous	management	challenges.	In	particular,	there	are	multiple	ongoing	and	

planned	dam	and	irrigation	development	projects	for	the	basin	(Government	of	India	Ministry	

of	Water	Resources,	2014).	At	the	same	time,	it	is	vital	that	environmental	flow	requirements	

(the	 flow	 needs	 of	 the	 river	 ecosystem;	 Richter	 et	 al.,	 1997;	 Acreman	 and	 Dunbar,	 2004),	

continue	to	be	met,	 in	order	to	sustain	the	economically,	socially	and	ecologically	 important	

ecosystem	services	provided	by	 the	river.	 	 Importantly,	NIH	were	able	 to	make	available	 to	

UCL	 and	 CEH	 observed	 river	 discharge	 records	 for	 multiple	 sites	 within	 the	 basin.	 Such	

records	are	a	prerequisite	for	hydrological	model	calibration/validation	and	access	to	records	

for	some	river	basins	in	India,	most	notably	the	Ganges,	can	be	problematical	(Johnston	and	

Smakhtin,	2014;	Masood	et	al.,	2015).	

	

The	second	strand	of	this	project	comprises	a	pilot	study	to	assess	the	ecological	state	of	the	

upper	Ganga	using	a	metagenomic	approach.	Only	few	microbial	datasets	of	the	Ganga	exist	to	

date,	 partly	 because	 it	 is	 difficult	 to	 sample	 eDNA	 (environmental	 DNA)	 under	 often	

unfavourable	 conditions	 (e.g.	 heat,	 long	 journey	 times	 to	 sampling	 points,	 inaccessibility,	

insufficient	 laboratory	 facilities)	 and	 partly	 because	 whole	 metagenome	 sequencing	 is	 a	

relatively	young	method.	This	bio-assessment	will	provide	a	snapshot	of	the	current	condition	

of	 the	 microbial,	 invertebrate	 and	 vertebrate	 components	 of	 the	 river	 ecosystem	 from	 its	

confluence	to	the	first	sizeable	urban	centres.	Over	and	above	that,	it	will	provide	a	context	for	

spatial	 and	 temporal	 studies	 in	years	 to	 come,	which	 is	 likely	 to	be	extremely	useful	 in	 the	

light	of	initiatives	such	as	the	Clean	Ganga	campaign,	launched	by	the	Indian	Government	last	

May.	 It	 will	 assess	 the	 potential	 of	 eDNA	 as	 a	 cost	 effective	 tool	 to	 biomonitor	micro-	 and	

macrobiota	 and	 investigate	 water	 quality	 issues	 (Tan	 et	 al.,	 2015)	 and	 ecological	 state	

(Thomsen	 et	 al.,	 2015)	 of	 the	 river	 and	 its	 tributaries.	 The	 pilot	 study	 involved	 four	 field	

campaigns	to	sample	13	sampling	sites	(or	a	subsample	thereof,	Figure	3.1)	from	the	river’s	

confluence	 at	 Devprayag	 past	 the	 cities	 Rishikesh	 and	 Haridwar,	 where	 discharge	 of	

pollutants	and	abstraction	of	water	increases,	to	the	Madhya	Ganga	barrage,	where	the	flow	of	

the	river	is	blocked	and	then	partly	diverted	into	a	canal	before	it	enters	the	plains.		This	will	

help	to	investigate	the	degree	of	ecological	deterioration	that	the	river	experiences	in	its	first	

100	km.	 	
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2. Hydrological	modelling	of	the	Upper	Narmada	Basin	

The	Narmada	River	is	located	in	central	and	western	India	and	is	the	largest	western	flowing	

river	 of	 the	peninsula	 India	 (Government	 of	 India	Ministry	 of	Water	Resources,	 2014).	 The	

basin	 largely	 falls	 within	 the	 State	 of	 Madhya	 Pradesh,	 but	 also	 covers	 parts	 of	 Gujarat,	

Maharashtra	and	Chhattisgarh	(Figure	2.1).	The	hydrological	modelling	strand	of	the	project	

focuses	on	 the	Upper	Narmada	Basin	down	to	Hoshangabad,	which	 lies	within	 the	States	of	

Madhya	 Pradesh	 and	 Chhattisgarh	 only.	 Hydrological	 models	 of	 the	 Upper	 Narmada	 were	

developed	using	two	different	model	codes:	MIKE	SHE	and	GWAVA.	The	development	of	these	

models	 is	discussed	in	Sections	2.1	and	2.2,	respectively.	Section	2.3	provides	a	summary	of	

the	outcomes	of	this	strand	of	the	project	and	an	outline	of	ongoing	work.	

	

	

Figure	2.1.	The	Narmada	Basin	(left)	and	the	Upper	Narmada	Basin	(right).	

	

2.1. MIKE	SHE	modelling	of	the	Upper	Narmada	Basin	
	

In	 consultation	with	NIH,	 a	MIKE	SHE	hydrological	model	 of	 the	Upper	Narmada	Basin	has	

been	developed	at	UCL,	using	approaches	developed	for	the	Mekong	River	Basin	(Thompson	

et	 al.,	 2013;	 Thompson	 et	 al.,	 2014a;	 2014b).	MIKE	 SHE	 is	 a	 comprehensive,	 deterministic,	

distributed	modelling	system,	capable	of	simulating	the	major	processes	of	the	land	phase	of	

the	hydrological	cycle	(Graham	and	Butts,	2005).	 It	has	a	modular	structure	and	although	it	

was	 originally	 designed	 as	 physically-based	model	 code,	many	 of	 the	modules	 now	 offer	 a	

range	of	process	descriptions,	some	of	which	are	conceptual	and	semi-distributed.	These	are	
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particularly	applicable	for	large	basins	such	as	the	Narmada	where	the	focus	is	the	simulation	

of	river	flow	and	where	detailed	data,	such	as	hydrogeological	characterisation,	required	for	

more	physically-based	approaches,	are	not	available	(Andersen	et	al.,	2001;	Stisen	et	al.,	2008;	

Refsgaard	et	al.,	2010).	

	

2.1.1. Model	development	
	

Table	2.1	summarises	the	components	of	the	MIKE	SHE	model	of	the	Upper	Narmada	and	the	

data	employed	within	them.	The	model	domain	was	specified	using	a	shapefile	based	upon	a	

catchment	shapefile	for	the	whole	of	the	Narmada	Basin	that	was	provided	by	NIH.	Watershed	

delineation	 was	 undertaken	 using	 topographic	 data	 (see	 below)	 and	 this	 shapefile	 within	

ArcSWAT	(Winchell	et	al.,	2013)	to	define	the	catchment	extent	of	the	Upper	Narmada	Basin	

to	 just	 downstream	 of	 Hoshangabad	 discharge	 station.	 This	 provided	 a	 catchment	 area	 of	

44,725	km2.	The	model	grid	size	was	set	to	2	km	×	2	km	in	order	to	retain	a	balance	between	

representing	catchment	characteristics	and	efficient	computation	time	(Vázquez	et	al.,	2002;	

Thompson	 et	 al.,	 2013).	 Consequently,	 although	 most	 spatial	 inputs	 to	 the	 model,	 such	 as	

topography	and	 land	cover,	have	a	 resolution	of	 1	km	×	1	km,	during	model	 runs,	 all	 input	

data	are	automatically	resampled	to	the	2	km	×	2	km	model	grid.	Topography	was	specified	

using	SRTM	(Shuttle	Radar	Topography	Mission)	based	data	 (Figure	2.2;	available	 from	the	

USGS	EarthExplorer:	http://earthexplorer.usgs.gov/).		

	

The	spatial	distribution	of	five	different	land	cover	classes	within	the	basin	was	obtained	from	

NIH	(Figure	2.2).	These	data	were	based	on	remote	sensing.	Leaf	Area	Index	(LAI)	values	for	

the	 different	 land	 cover	 classes	were	 based	 on	 a	 combination	 of	 those	 used	 in	 the	Mekong	

MIKE	 SHE	model	 and	 values	 from	 Jain	 et	 al.	 (1992),	 a	 study	 that	modelled	 the	 Kolar	 sub-

catchment	of	the	Narmada	Basin.	Root	Depth	(RD)	values	for	the	different	land	cover	classes	

were	based	on	those	used	in	the	Mekong	MIKE	SHE	model	(see	Table	2.2).	Overland	flow	in	

the	Upper	Narmada	model	 is	calculated	using	a	 finite-difference	approach	 to	solve	 the	 two-

dimensional	 Saint–Venant	 equations	 (Graham	 and	 Butts,	 2005).	 The	 land	 cover	 data	 were	

employed	to	spatially	distribute	Manning’s	M	(the	inverse	of	Manning’s	n)	values	for	overland	

flow	resistance	(Table	2.2),	with	values	based	on	Vieux	(2004).	 	
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Table	 2.1.	 Summary	 of	 key	 data	 (and	 data	 processing)	 required	 for	 each	 component	 of	 the	

coupled	MIKE	SHE/MIKE	11	model	of	the	Narmada.	

	

Model	
component	

Key	inputs/	
data	required	

Initial	data	format	 Processing	undertaken	
externally	to	MIKE	
Zero*	

Processing	
undertaken	in	
MIKE	Zero		

Model	domain	 Catchment	
extent	–	the	
basin	area	
upstream	of	
Hoshangabad	

ESRI	polygon	shapefile	
	
	

In	ArcGIS:	Converted	to	a	
different	coordinate	
system	(Projected	
coordinate	system	WGS	
1984	UTM	Zone	44N).	
Edited	the	edge	to	
prevent	gridding	errors	in	
MIKE	SHE.	

N/A	

Topography	 Topography	 ESRI	grid	raster	file	with	
a	resolution	of	
0.0008333°	×	
0.0008333°.	Data	
source:	SRTM	(Shuttle	
Radar	Topography	
Mission)	

In	ArcGIS:	Converted	to	
UTM	44N	coordinate	
system	and	to	a	spatial	
resolution	of	1	km	×	1	km	
to	match	the	initial	model	
grid.	Final	model	grid	
size:	2	km	×	2	km.	

Converted	to	
MIKE	Zero’s	dfs2	
grid	file	format.	

Land	use/	
vegetation	

Land	use	
distribution	

Imagine	image	raster	
file.	
There	are	five	land	use	
classes:	Forest,	Shrub,	
Water	bodies,	Bare	soil	
and	Agriculture.	

In	ArcGIS:	Converted	to	
UTM	44N	coordinate	
system	and	to	a	spatial	
resolution	of	1	km	×	1	km.	
Buffer	generated	around	
available	data.	

Converted	to	
MIKE	Zero’s	dfs2	
grid	file	format.	

Leaf	Area	
Indexes	

N/A	 Values	for	the	different	land	cover	classes	are	
based	on	those	used	in	similar	work	
undertaken	by	UCL	(Thompson	et	al.,	2013;	
Thompson	et	al.,	2014).	

Root	depths	 N/A	 As	above.	

Overland	flow:	
modelled	
using	the	2D	
finite-
difference	
method	

Manning’s	M	for	
overland	flow	
resistance	
	

N/A	 Manning’s	M	values	distributed	according	to	
land	use/	land	cover,	using	a	dfs2	grid	file	
based	on	the	land	use	dfs2	file.	Values	for	the	
different	land	cover	classes	based	on	Vieux	
(2004).	

Unsaturated	
zone:	
modelled	
using	the	two-
layer	water	
balance	
method	

Soil	classes		 ArcGIS	polygon	
shapefile	and	rasters	
that	provide	soil	class	
data	for	the	majority	
(~80%)	of	the	basin.		

In	ArcGIS:	Converted	to	
UTM	44N	coordinate	
system	and	to	a	spatial	
resolution	of	1	km	×	1	km.	
Buffer	generated.	

Converted	to	
MIKE	Zero’s	dfs2	
grid	file	format.	

Soil	hydraulic	
properties	

N/A	 Values	for	the	different	soil	classes	derived	
from	the	literature		(Clapp	and	Hornberger,	
1978;	Norman	and	Dixon,	1995).	
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Table	2.1.	(cont.)	

Model	
component	

Key	inputs/	
data	required	

Data	obtained/	
Received	from	NIH	–	
Data	format	

Processing	undertaken	
externally	to	MIKE	Zero	

Processing	
undertaken	in	
MIKE	Zero		

Saturated	zone:	
modelled	using	
the	conceptual,	
linear	reservoir	
method	

Spatial	
distribution	of	
ground-water	
sub-
catchments,	
interflow	
reservoirs	and	
baseflow	
reservoirs	

NIH	consulted	with	on	
the	number	and	
location	of	gauging	
stations	to	be	employed	
during	model	
calibration.	

Polygon	shapefile	has	
been	generated	in	ArcGIS.	
The	basin	was	divided	
into	five	groundwater	
sub-catchments	based	on	
topography	and	the	
locations	of	the	five	
calibration	gauging	
stations.	

N/A	

Catchment	
meteorology:	
Precipitation	
and	evapo-
transpiration	
modules.	

Spatial	
distribution	of	
precipitation	

N/A	 Polygon	shapefile	of	0.25°	
×	0.25°	grid	squares	
covering	the	basin	extent,	
generated	in	ArcGIS.	

N/A	

Precipitation	 0.25°	×	0.25°		gridded	
daily	precipitation	for	
India	for	the	period	
1901–2013.	Data	for	
each	year	is	in	a	
different	file,	in	a	
gridded	binary	format.	

Data	first	converted	to	
ASCII	file	format	using	C	
script	provided	with	data.	
Data	then	processed	in	
Matlab	into	the	necessary	
format	for	input	to	MIKE	
Zero.		

Data	converted	
into	MIKE	Zero’s	
dfs0	time	series	
file	format.	

Spatial	dist.		of	
PET	

N/A	 Generated	1°	×	1°	polygon	
shapefile.	

N/A	

Potential	
evapotrans-
piration	

Gridded	(1°	×	1°)	
temperature	data	
received	from	NIH	for	
the	calculation	of	PET.	

PET	data	calculated	in	
Matlab	–	for	the	cells	
covering	the	basin	down	
to	Hoshangabad	only.	

Data	converted	
into	MIKE’s	dfs0	
time	series	file	
format.	

MIKE	11	one-
dimensional	
hydraulic	model	
for	simulating	
channel	flow	
(using	Kinematic	
routing)	

Plan	of	the	
main	river	
channels	

An	ESRI	polyline	
shapefile.	This	dense	
river	network	is	divided	
into	seven	stream	
orders.	

In	ArcGIS:	Different	
stream	orders	extracted	
to	separate	shapefiles.	
New	field	generated:	
length	of	each	branch.	

River	network	
digitised	in	MIKE	
Zero	/	MIKE	11.	

Synthetic	
cross-sections		

N/A	 Synthetic	cross-sections	
generated	in	Excel.	

Data	input	to	
MIKE	11	model.	

Manning’s	n	for	
bed	resistance	

N/A	 Representative	value	based	on	the	literature	
(Chow,	1959)	and	previous	modelling	
experience.	

	 Reservoir	
regulation	
data/rules	

NIH	will	be	consulted	as	to	whether	reservoir/dam	regulation	data	can	be	
made	available	for	future	model	development.	Currently,	model	
calibration	has	been	undertaken	without	dams	included	in	the	model.	

N/A	 River	discharge	
time	series	for	
model	
calibration/	
validation.	

Data	for	the	
calibration/validation	
period	of	2002–2013	
received	for	five	
gauging	stations.	

Data	for	the	five	stations	
have	been	processed	in	
Excel	and	Matlab	into	the	
necessary	format	for	
input	to	MIKE	Zero.	

Data	converted	
into	MIKE	Zero’s	
dfs0	time	series	
file	format.	
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Figure	2.2.	Topographic	data	for	the	Upper	Narmada	Basin.	

	

Figure	2.3.	Land	cover	classes	within	the	Upper	Narmada	Basin.	

Table	2.2.	Summary	of	land	cover	classes	and	related	parameters.	

Code	 Land	cover	 Root	depth	(mm)1	 LAI2	 Manning’s	M3	
2	 Forest	 900	 1.0–6.0	 10	
3	 Shrub	 500	 2.6–3.8	 8	
4	 Water	bodies	 0	 0	 25	
5	 Bare	soil	 10	 0	 50	
6	 Agriculture	 500	 0.3–6.9	 29	

1	Based	on	the	MIKE	SHE	model	of	the	Narmada.	
2	Based	on	the	MIKE	SHE	model	of	the	Narmada	and	Jain	et	al.	(1992).	
3	Based	on	Vieux	(2004).	
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Following	 initial	 calibration	 attempts	 that	 revealed	 overestimation	 of	 discharge	 at	

downstream	 discharge	 stations	 (Barmanghat	 and	 Hoshangabad),	 irrigation	 was	 included	

within	 the	 model	 over	 two	 command	 areas:	 Bargi	 (1570	 km2)	 and	 Barna	 (579	 km2).	 The	

locations	of	the	command	areas	(see	Figure	2.4)	were	based	on	a	figure	from	Government	of	

India	Ministry	of	Water	Resources	(2014)	that	was	georectified	and	digitised	in	ArcGIS.	Data	

on	 the	 location	 of	 the	 culturable	 command	 area	 (land	 actually	 irrigated)	 within	 the	 gross	

command	area	(the	overall	region	containing	irrigated	land)	were	not	available.	However,	the	

acreages	of	the	command	areas	included	in	the	MIKE	SHE	model	were	made	to	match	those	

reported	 on	 the	 India-WRIS	 (Water	 Resources	 Information	 System)	 website	 (India-WRIS,	

2013a,	b)	and	 in	Government	of	 India	Ministry	of	Water	Resources	(2014).	 Irrigation	water	

for	 the	 Bargi	 and	 Barna	 command	 area	 was	 specified	 as	 being	 abstracted	 from	 the	 river	

sections	at	the	locations	of	Bargi	Dam	and	Barna	Dam,	respectively.	During	model	calibration,	

an	evapotranspiration	crop	coefficient	(Kc)	of	1.2	was	specified	over	the	command	areas	for	

the	months	of	May–September.	This	means	that	the	input	PET	over	these	areas	is	multiplied	

by	 1.2	 in	 these	 months.	 Crop	 coefficients	 are	 commonly	 employed	 to	 adjust	 potential	

evapotranspiration	estimates	specifically	for	cropland,	and	a	Kc	of	1.2	is	within	the	range	of	

normal	Kc	values	according	to	Allen	et	al.	(1998).	

	

The	 two-layer	 water	 balance	 method	 was	 employed	 for	 the	 unsaturated	 zone.	 For	 this	

module,	the	spatial	distribution	of	soil	classes	was	specified	using	a	1	km	×	1	km	grid	based	on	

a	 georectified	 and	 digitised	 version	 of	 a	 soil	 map	 that	 was	 provided	 by	 NIH.	 Soils	 were	

aggregated	 into	six	classes	 (Figure	2.5)	and	 the	required	hydraulic	parameters	 for	each	soil	

class	were	taken	from	the	literature	(Table	2.3).	

	

	

Figure	2.4.	Gross	command	areas	and	associated	dams	included	in	MIKE	SHE.	
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Figure	2.5.	Soil	class	distribution	within	the	Narmada	Basin.	

	

Table	2.3.	Soil	classes	and	associated	parameter	values.	

Soil_
code	

Soil_class	 Water	
content	at	
saturation*	

Water	
content	at	
field	
capacity+	

Water	content	
at	wilting	
point+	

Saturated	
hydraulic	
conductivity	
(m/s)	

1	 sand	 0.40	 0.14	 0.04	 0.00018	
2	 sandy	loam	 0.43	 0.26	 0.09	 3.5e-005	
3	 silt	loam	 0.49	 0.34	 0.16	 7.2e-006	
4	 clay	loam	 0.47	 0.34	 0.18	 2.5e-006	
5	 clay	 0.48	 0.42	 0.25	 1.3e-006	
6	 lithosol	 0.45	 0.30	 0.13	 7e-006	

*	from	Clapp	and	Hornberger	(1978)	 	 +	from	Norman	and	Dixon	(1995)	
	

For	modelling	 the	saturated	zone,	 the	conceptual,	 semi-distributed,	 linear	 reservoir	method	

was	 selected.	 Advantages	 of	 this	 method	 include	 lower	 data	 requirements	 and	 reduced	

computation	time	compared	to	physically	based	solutions	(Andersen	et	al.,	2001;	Stisen	et	al.,	

2008;	Thompson	 et	al.,	2013;	2014a;	2014b).	Using	 the	approach	employed	 for	 the	Mekong	

(Thompson	 et	 al.,	 2013),	 the	Upper	Narmada	was	 divided	 into	 five	 sub-catchments	 (Figure	

2.7)	based	upon	topography	and	the	location	of	the	discharge	gauging	stations	for	which	data	

for	 model	 calibration/validation	 were	 available.	 Within	 each	 sub-catchment,	 the	 saturated	

zone	is	represented	by	a	shallow	interflow	reservoir,	and	two	baseflow	reservoirs	to	simulate	

faster	and	slower	baseflow	storage.	Exchanges	between	reservoirs,	and	ultimately	the	MIKE	

11	hydraulic	model,	are	controlled	by	time	constants	(DHI-WE,	2009).	The	two	time	constants	

(interflow	and	percolation)	 for	 each	 interflow	reservoir	 and	 the	baseflow	 time	 constant	 for	

each	baseflow	reservoir	were	varied	during	model	calibration.	
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Figure	 2.6.	 Conceptual	 structure	 of	 the	 sub-catchment	 based	 linear	 reservoir	 saturated	 zone	

module.	Source:	Graham	and	Butts	(2005).	

	

	

	

Figure	2.7.	Sub-catchment	distribution	and	river	discharge	gauging	station	locations.	
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Daily	 gridded	precipitation	 data	 for	 the	Upper	Narmada	were	 derived	 from	 the	 IMD	 (India	

Meteorological	Department)	/	NCC	(National	Climate	Centre)	High	Spatial	Resolution	(0.25°	×	

0.25°)	Long	Period	(1901–2013)	Daily	Gridded	Rainfall	Data	Set	Over	India	(Pai	et	al.,	2014),	

obtained	 from	 the	 IMD.	During	model	 calibration	 (see	 Sections	 2.2.2–2.2.3),	 a	 precipitation	

lapse	 rate	was	 introduced	 over	 the	 spatial	 extent	 of	 sub-catchments	 1,	 2	 and	 4,	which	 are	

upstream	 sub-catchments	 located	 at	 higher	 elevations.	 The	 three	 lapse	 rates	 were	 then	

subject	to	calibration.	For	the	calculation	of	daily	gridded	potential	evapotranspiration	(PET),	

IMD/NCC	high	 resolution	 (1°	×	1°)	 gridded	daily	 temperature	data	 (Srivastava	 et	 al.,	 2009)	

were	used.	PET	was	calculated	using	the	Hargreaves	method,	as	this	method	is	recommended	

by	 the	 FAO	 for	 use	 in	 situations	 where	 there	 are	 insufficient	 data	 to	 calculate	 Penman-

Monetith	 (Allen	 et	 al.,	 1998).	Parameters	 for	 the	 equation	were	based	upon	 those	obtained	

from	 ECALTOOL,	 a	 computer	 program	 that	 provides	 calibrated	 values	 for	 the	 CH	 and	 EH	

parameters	of	the	Hargreaves	equation	(Patel	et	al.,	2014).	The	parameters	vary	through	the	

year,	 with	 the	 values	 for	 some	months	 subjected	 to	 further	 calibration	 independent	 of	 the	

ECALTOOL.	The	spatial	distributions	of	precipitation	and	PET	inputs	are	shown	in	Figure	2.8.	

	

	

Figure	2.8.	a)	Spatial	distribution	of	a)	precipitation	inputs	and	b)	PET	inputs.	

	

For	the	simulation	of	channel	flow,	MIKE	SHE	is	dynamically	coupled	to	MIKE	11	(Havnø	et	al.,	

1995),	a	one-dimensional	hydraulic	model.	A	plan	of	the	main	river	network	was	digitised	in	

MIKE	11.	For	 the	generation	of	synthetic	cross-sections,	channel	width	measurements	were	

taken	 from	 satellite	 imagery	 in	 Google	 Earth.	 A	 generalised	 cross-section	 profile	 and	 a	

relationship	between	channel	width	and	maximum	channel	depth	were	based	on	limited	data	

available	 from	 NIH	 (a	 single	 cross-section	 for	 the	 river	 channel	 at	 Hoshangabad	 discharge	

station)	and	the	literature	(Rajaguru	et	al.,	1995;	Payasi,	2015).	Cross-sections	were	specified	

as	 depths	 relative	 to	 the	 bank,	 with	 bank	 elevations	 taken	 from	 the	 SRTM	 DEM	 (digital	

elevation	model).	The	kinematic	routing	method	was	employed.	

	

a)	 b)	
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2.1.2. Model	calibration	and	validation	
	

Model	calibration	was	undertaken	against	discharge	records	from	five	gauging	stations	for	the	

period	 2002–2008.	 The	 calibration	 parameters	 were	 the	 time	 constants	 of	 the	 saturated	

zone’s	interflow	and	baseflow	linear	reservoirs	and	the	precipitation	lapse	rates	over	selected	

sub-catchments	(see	below).	As	described	above,	irrigation	command	areas	were	added	to	the	

model	in	the	early	stages	of	calibration	and	a	Kc	of	1.2	was	specified	over	these	areas	for	the	

months	of	May–September.	Model	performance	at	each	discharge	station	was	evaluated	both	

qualitatively,	through	visual	comparison	of	graphs	of	observed	and	simulated	discharge,	and	

quantitatively,	 using	 model	 performance	 statistics.	 The	 indicators	 used	 were	 the	 Nash–

Sutcliffe	coefficient	(NSE;	Nash	and	Sutcliffe,	1970),	the	Pearson	correlation	coefficient	(r)	and	

the	 percentage	 deviation	 in	 simulated	 mean	 flow	 from	 the	 observed	 mean	 flow	 (Dv;	

Henriksen	et	al.,	2003).	NSE	can	vary	between	-1	and	1,	whilst	r	can	vary	between	0	and	1;	in	

both	 cases,	 the	 closer	 the	 value	 to	 1,	 the	 better	 the	 model	 performance	 according	 to	 that	

criteria.	In	the	case	of	Dv,	the	closer	the	value	to	0,	the	better.	Model	performance	according	to	

the	 NSE	 and	 Dv	 values	 was	 classified	 using	 the	 scheme	 of	 Henriksen	 et	 al.	 (2008).	 Model	

validation	was	 subsequently	 undertaken	 for	 the	 period	 2009	 to	May	 2013	 using	 the	 same	

stations	and	performance	statistics.	

	

2.1.3. Results:	Model	calibration	and	validation	
	

Table	2.4	summarises	the	optimised	values	of	the	calibration	parameters.	Precipitation	lapse	

rates	 were	 employed	 over	 sub-catchments	 1,	 2	 and	 4,	 following	 initial	 model	 runs	 that	

displayed	consistent	underestimation	of	discharge	at	 gauging	 stations	downstream	of	 these	

sub-catchments	(Dindori,	Manot	and	Gadarwara,	respectively).	Furthermore,	these	are	three	

upstream	 sub-catchments	 that	 are	 located	 at	 higher	 elevations	 and	 exhibit	 relatively	 large	

ranges	in	elevation.	Rain	gauge	networks	in	mountainous	regions	often	display	a	bias	towards	

stations	being	 located	at	 lower	elevations,	which	 can	 lead	 to	 systematic	underestimation	of	

precipitation	(e.g.	Frei	and	Schär,	1998;	Frei	 et	al.,	2003;	Li	et	al.,	2016).	Precipitation	 lapse	

rates	can	be	employed	to	try	and	address	this	issue	(e.g.	Immerzeel	et	al.,	2012b;	Wijesekara	

et	al.,	2012).	The	final	lapse	rate	values	are	within	the	range	of	those	previously	reported	in	

mountainous	regions	(e.g.	Immerzeel	et	al.,	2012a;	2012b).	
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Table	2.4.	Final	calibration	parameter	values.	

Sub-catchment	number	 1	 2	 3	 4	 5	
Sub-catchment	name	 Din	 Man	 Barm	 Gad	 Hosh	
Precipitation	lapse	rate	(%/100	m)	 6	 6	 	 7	 	
Interflow	time	constant	for	interflow	reservoir	 4	 6	 14	 4	 14	
Percolation	time	constant	for	interflow	reservoir	 4	 14	 14	 4	 14	
Time	constant	for	baseflow	reservoir	1	(days)	 35	 35	 65	 65	 65	
Time	constant	for	baseflow	reservoir	2	(days)	 250	 200	 1500	 120	 350	

	

Model	 performance	 statistics	 for	 the	 calibration	 period	 are	 provided	 in	 Table	 2.5.	 As	

indicated,	 a	 shorter	 period	 of	 2001–2006	was	 employed	 at	Manot,	 due	 to	 data	 availability.	

Observed	 and	 simulated	 daily,	 monthly	 and	 mean	 monthly	 discharges	 are	 presented	 in	

Figures	2.9,	2.10	and	2.11,	respectively.	The	annual	river	regime	is	represented	fairly	well	by	

the	model,	 as	 are	monthly	 discharges,	 with	 good	 sequencing	 of	 the	 annual	monsoon	 flood	

pulse	achieved	at	all	discharge	stations.		

	

Table	 2.5.	Model	 performance	 statistics	 for	 the	 calibration	 and	 validation	 periods	 (validation	

shaded).	Model	performance	indicators	are	taken	from	Henriksen	et	al.	(2008).	

Station	 Period	 Dv	 Daily		
NSE	

Daily		
r	

Monthly	
NSE	

Monthly		
r	

Dindori	 Cal:	01/02–12/08	 -10.22	 ***	 0.40	 **	 0.64	 0.83	 ****	 0.91	

	 Val:	01/09–05/08	 0.73	 *****	 0.58	 ***	 0.79	 0.84	 ****	 0.93	

Manot	 Cal:	01/02–12/06	 -8.98	 ****	 0.53	 ***	 0.73	 0.93	 *****	 0.97	

Barmanghat	 Cal:	01/02–12/08	 3.89	 *****	 0.60	 ***	 0.80	 0.82	 ****	 0.93	

	 Val:	01/09–05/10,		
								06/11–05/13	 10.39	 ***	 0.64	 ***	 0.82	 0.79	 ****	 0.92	

Gadarwara	 Cal:	01/02–12/08	 -6.77	 ****	 0.35	 **	 0.59	 0.64	 ***	 0.80	

	 Val:	01/09–05/10,		
								06/12–05/13	 -21.14	 **	 0.76	 ****	 0.89	 0.86	 *****	 0.97	

Hoshangabad	 Cal:	01/02–12/08	 6.66	 ****	 0.63	 ***	 0.82	 0.84	 ****	 0.95	

	 Val:	01/09–05/08	 23.16	 **	 0.66	 ****	 0.84	 0.77	 ****	 0.94	

Performance	
indicator	

Excellent	
*****	

Very	good	
****	

Fair	
***	

Poor	
**	

Very	poor	
*	

Dv	 <	5%	 5–10%	 10–20%	 20–40%	 >40%	

NSE	 >0.85	 0.65–0.85	 0.50–0.65	 0.20–0.50	 <0.20	
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Figure	 2.9.	 Observed	 and	 simulated	 daily	 discharge	 for	 the	 calibration	 and	 validation	 periods	

(separated	by	dashed	line).	
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Figure	2.10.	Observed	and	simulated	monthly	mean	discharge	for	the	calibration	and	validation	

periods	(separated	by	dashed	line).	
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Figure	2.11.	Observed	and	simulated	river	regimes	for	the	period	2002–2008.	

	

The	 simulated	 river	 regimes	 at	 Barmanghat	 and	Hoshangabad	 (Figure	 2.11)	 display	 a	 bias	

towards	 underestimation	 of	 dry	 season	 discharges	 and	 overestimation	 of	 peak	 monthly	

discharges,	 although	 year-to-year	 variation	 in	 the	 pattern	 and	 magnitude	 of	 monthly	

discharges	 is	well	reproduced	(Figure	2.10).	Observed	dry	season	flows	may	be	higher	than	

those	simulated	due	to	dry	season	releases	 from	dams	in	the	Upper	Narmada	Basin	such	as	

the	 Bargi,	 Barna	 and	 Tawa	 Dams.	 Similarly,	 observed	 wet	 season	 discharges	 at	 a	 monthly	

resolution	may	 be	 lower	 than	 those	 simulated	 due	 to	 these	 dams.	 Dams	 are	 not	 currently	

included	in	the	MIKE	SHE	model	due	to	a	lack	of	data	on	dam	regulation	and	releases.	Future	

work	will	seek	to	explore	the	potential	of	including	the	major	dams	using	the	range	of	control	

structure	approaches	that	are	available	within	MIKE	11,	with	dam	operation	being	varied	to	

improve	model	performance	 in	 the	absence	of	detailed	 records	of	 actual	operation.	Despite	

these	 issues,	mean	discharges	 are	well	 represented	by	 the	model,	with	Dv	 classed	 as	 “very	

good”	to	“excellent”	at	all	stations	(Table	2.5).	
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Model	 performance	 at	 a	 daily	 resolution	 is	 notably	 weaker	 compared	 to	 at	 a	 monthly	

resolution,	as	demonstrated	in	Figure	2.9	and	Table	2.5.	Using	monthly	discharges,	NSE	values	

for	the	calibration	period	are	classed	as	“fair”	to	“excellent”	and	r	values	of	0.80	and	above	are	

achieved.	In	comparison,	at	a	daily	resolution,	NSE	is	classed	as	“poor”	(four	stations)	to	“fair”	

(at	Hoshangabad	only,	 the	most	downstream	station)	and	 r	 values	 range	between	0.59	and	

0.82.	This	weaker	performance	at	a	daily	resolution	may	partly	be	related	to	the	quality	and	

spatial	resolution	of	the	gridded	precipitation	and	PET	data.	

	

Model	 validation	was	 undertaken	 using	 the	 period	 2009	 to	May	 2013.	 However,	 observed	

discharge	records	were	unavailable	for	the	station	at	Manot,	and	data	were	only	available	for	

three	and	a	half	years	at	Barmanghat	and	two	and	a	half	years	at	Gadarwara,	as	indicated	in	

Table	 2.5	 and	 demonstrated	 visually	 in	 Figure	 2.10.	 As	 for	 the	 calibration	 period,	 good	

sequencing	 of	 the	 annual	 monsoon	 flood	 pulse	 is	 achieved	 at	 all	 fours	 stations	 for	 the	

validation	period	(Figure	2.10).	Furthermore,	daily	r	is	close	to	0.8	or	higher	and	monthly	r	is	

over	 0.9	 at	 all	 stations	 (Table	 2.5),	 representing	 a	 strong	 positive	 correlation	 between	

observed	and	simulated	discharges.	

	

At	Dindori,	the	model	performance	statistics	for	the	validation	period	are	better	than	during	

calibration.	For	example	Dv	 is	 classed	as	 “very	good”,	 rather	 than	 “fair”	 (as	previously)	and	

daily	NSE	 is	 classed	 as	 “fair”,	 instead	 of	 “poor”.	 At	 Barmanghat,	Dv	 displays	 an	 in	 increase,	

representing	 greater	 overestimation	 of	mean	 discharge	 for	 the	 validation	 period.	However,	

the	 daily	 NSE	 value	 indicates	 an	 improvement	 in	model	 performance	 at	 a	 daily	 resolution,	

whilst	the	monthly	NSE	continues	to	be	classed	as	“very	good”	despite	a	small	reduction.	At	

Gadarwara,	although	mean	discharge	shows	greater	underestimation	for	the	validation	period	

(a	more	negative	Dv),	NSE	and	 r	 indicate	an	overall	 improvement	 in	model	performance	at	

this	station,	at	both	a	daily	and	monthly	resolution.	Finally,	at	Hoshangabad,	Dv	displays	an	

increase,	 leading	 to	 its	 classification	 falling	 from	 “very	 good”	 to	 “poor”.	 	 Despite	 this,	

performance	at	a	daily	resolution	according	to	NSE	improves	from	“fair”	to	“very	good”,	and	

the	monthly	NSE	value	remains	“very	good”.	At	Barmanghat	and	Hoshangabad,	the	tendency	

towards	 overestimation	 of	 peak	 monthly	 discharges	 and	 underestimation	 of	 dry	 season	

monthly	 discharges	 that	 was	 exhibited	 during	 the	 calibration	 period	 is	 repeated	 for	 the	

validation	period	(Figure	2.10).	This	is,	again,	likely	to	be	due	to	the	effects	of	large	dams.		
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Overall,	 performance	 of	 the	model	 is	 considered	 appropriate	 to	 allow	 use	 of	 the	model	 in	

further	investigations,	such	as	climate	change	scenario	simulation	(e.g.	Thompson	et	al.,	2013)	

and	the	assessment	of	the	impacts	of	climate	change	upon	environmental	flows	(Thompson	et	

al.,	 2014b),	 particularly	 as	 comparisons	 between	 baseline	 and	 scenario	 discharges	 would	

typically	 be	made	 at	 a	 temporal	 resolution	 lower	 than	daily,	 such	 as	monthly	 or	 annual.	 In	

addition,	 and	 as	 discussed	 above,	 the	 potential	 for	 including	 dams	 within	 the	 model	 to	

enhance	model	performance	can	be	explored.	

	

2.2. GWAVA	modelling	of	the	Upper	Narmada	Basin	
	

2.2.1. Model	development		
	

In	 consultation	with	CEH	 (with	 financial	 support	provided	by	 funds	 external	 to	 the	 current	

project),	a	GWAVA	model	of	the	Narmada	basin	has	been	developed	at	NIH.	This	process	was	

started	with	 a	 3-day	 GWAVA	 training	 given	 by	 CEH	 staff	 at	 NIH	 Roorkee	 (India)	 in	March	

2015.	This	was	followed	by	an	8-day	GWAVA	modelling	workshop	in	CEH	Wallingford	(UK)	in	

June	 2015	 during	 which	 CEH	 gave	 further	 guidance	 to	 NIH	 staff.	 Between	 and	 after	 these	

meetings,	GWAVA	was	set	up	and	calibrated	by	NIH	with	continued	support	from	CEH.	

	

Input	data	has	been	prepared	for	the	entire	basin,	although	modelling	is	currently	limited	to	

the	upper	basin.	The	Global	Water	AVailability	Assessment	model	(GWAVA)	was	developed	by	

CEH	and	the	British	Geological	Survey	in	order	to	provide	an	improved	methodology	for	the	

assessment	of	water	resources	at	the	global	scale.	The	model	has	the	capability	to	incorporate	

additional	water	 resource	components	such	as	 reservoirs,	 abstractions,	and	water	 transfers	

that	modify	water	 quantity	 and	 flow	 regime.	It	was	developed	with	 funding	 from	DFID	 (UK	

Department	 for	 International	Development).	The	model	was	 initially	developed	and	applied	

on	a	grid	with	a	resolution	of	0.5°	latitude	×	0.5°	longitude,	but	it	can	now	be	applied	at	finer	

resolutions.	The	choice	of	grid	size	is	a	compromise	between	the	need	to	represent	the	spatial	

variability	and	the	availability	of	suitable	data.		

	

GWAVA	provides	a	comparison	of	water	availability	and	demand	at	the	scale	of	the	grid	cell	

for	 the	 comprehensive	 assessment	 of	 the	 spatial	 and	 temporal	 variability	 of	 the	 water	

resources	 over	 a	 basin.	 Model	 outputs	 include	 simulated	 daily	 flows	 and	 a	 cell-by-cell	

comparison	 of	 water	 availability.	 The	 model	 is	 also	 capable	 of	 carrying	 out	 the	 combined	
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assessment	of	both	surface	water	and	groundwater.	Policy	makers	and	stakeholders	can	use	

model	 results	 for	 taking	 appropriate	 resource	 allocation	 decisions.	 GWAVA	 also	 has	 the	

capability	to	assess	future	water	resources	under	projected	changes	in	drivers	such	as	climate	

and	land	use.	The	model	is	a	FORTRAN90	program	and	runs	on	a	PC	under	Windows	7,	in	a	

MS-DOS	 box.	 GWAVA	 is	 based	 on	 the	 PDM	 (Probability	 Distributed	 Model)	 rainfall-runoff	

model	(Moore,	1985,	2007)	and	its	conceptual	structure	is	given	in	Figure	2.12.	

	

	

Figure	 2.12.	 Conceptual	 structure	 of	 the	 PDM-based	 GWAVA	 Rainfall-Runoff	module.	 Adapted	

from:	Moore	(2007).	

	

The	model	 is	comprised	of	three	components:	 i)	pre-processor,	 ii)	core	engine	and	iii)	post-

processor.	As	the	model	inputs	are	required	in	binary	format,	the	pre-processor	converts	the	

ASCII	 input	 files	 into	binary	 format	and	also	 simultaneously	 checks	 for	erroneous	values	 in	

the	datasets.	The	core	engine	is	the	main	component	of	the	model.	It	reads	the	pre-processed	

files	and	runs	the	water	balance	model.	The	core	engine	also	generates	the	water	availability	

indices	 and	 can	 be	 run	 both	 in	 normal	mode	 and	 in	 calibration	mode.	 The	 post	 processor	

interprets	the	data	produced	by	the	core	engine	and	gives	output	in	the	desired	formats.	

	

The	data	requirement	 for	 the	GWAVA	model	application	 includes	a	drainage	map	and	basin	

boundary,	 Digital	 Elevation	 Model	 (DEM),	 Land	 use/Land	 cover	 (LULC)	 map,	 soil	 map,	
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reservoir	 command	 area	 maps,	 crop	 type	 map	 in	 command	 areas	 and	 population	 and	

livestock	 maps.	 The	 required	 climate	 inputs	 include	 daily	 temperature,	 precipitation	 and	

potential	evapotranspiration	(PET).	Other	potential	inputs,	depending	on	the	water	resource	

components	 included	within	 the	model,	 are	 reservoir	 area-elevation-capacity	 data,	 average	

water	 consumption	 rate	 for	human	and	 livestock	population,	 industrial	demands,	 irrigation	

demands	 and	 inter-basin	water	 transfers.	 The	model	 is	 capable	 of	 simulating	 the	 effects	 of	

natural	 features	 such	as	 lakes,	wetlands,	 glaciers	 and	 snow	along	with	 the	 incorporation	of	

reservoirs	 and	 their	 impacts	 on	 the	 water	 availability	 scenario.	 Based	 on	 these	 data	

requirements	and	the	objectives	of	 the	modelling	exercise,	multiple	 input	 files	needed	to	be	

prepared	in	the	format	desired	by	the	pre-processor	of	the	GWAVA	model.	Two	major	types	of	

input	files	include,	i)	compulsory	input	files	and	ii)	optional	input	files.	Compulsory	input	files	

include	 the	 physical	 parameter	 file,	 general	 water	 demands	 file	 and	 the	 climate	 data	 file,	

whereas	 optional	 files	 include	 the	 sub-catchment	 calibration	 file,	 mountain	 region	

information,	 glacier	 information,	 groundwater	 information,	 daily	 water	 demands,	 water	

transfers	and	climate	scenarios.		

	

The	 physical	 parameter	 file	 contains	 the	 information	 pertaining	 to	 area	 of	 grid	 cell,	 flow	

direction	in	the	grid	cell,	soil	class,	land	cover,	grid	coordinates,	channel-routing,	percentage	

of	 lake/wetland	 and	 lake	 characteristics	 such	 as	 surface	 area	 capacity,	 shape	 parameter,	

outflow	 constant	 and	 value	 of	 the	 outflow	 power.	 The	 soil	 and	 land-use	 data	 are	 used	 to	

determine	the	major	parameters	of	the	model.	As	per	the	requirements	of	the	GWAVA	model,	

the	soil	map	has	been	reclassified	into	seven	major	classes:	sand,	sandy	loam,	silt	 loam,	clay	

loam,	clay,	lithosol	and	organic.	The	soil	map	of	the	study	area	is	given	in	Figure	2.13.	The	area	

under	the	various	soil	classes	is	given	in	Table	2.6.	Similarly,	the	GWAVA	model	considers	the	

effects	of	only	four	types	of	land	use	categories,	these	being	forest,	shrub,	grass	and	bare	soil.	

Although,	 for	 the	 simulation	of	 abstractions	 for	 irrigation,	detailed	 information	on	 irrigated	

crop-types	is	used.	The	LULC	map	of	the	study	area	has	been	reclassified	accordingly	into	four	

major	classes	and	is	given	in	Figure	2.14.	The	area	under	the	various	LULC	classes	is	given	in	

Table	2.7.		

	

The	 SRTM	 (Shuttle	 Radar	 Topography	Mission)	 Digital	 Elevation	Model	 (DEM)	 data,	which	

was	also	employed	in	the	MIKE	SHE	model	of	the	Narmada,	has	been	resampled	at	the	desired	

resolution	of	GWAVA	model	at	0.125°	latitude	´	0.125°	longitude.	The	flow	direction	map	has	

been	prepared	from	the	processed	DEM	and	is	given	in	Figure	2.15.	The	physical	parameter	
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file	for	the	Narmada	basin	has	been	prepared	based	on	the	information	extracted	from	these	

GIS	files	and	other	parameter	values	were	assigned	suited	to	the	study	area.	The	model	uses	

the	 Muskingum	 method	 of	 routing	 the	 channel	 flows	 between	 the	 cells	 and	 has	 two	

parameters	 ‘x’	 and	 ‘k’.	 The	 parameter	 ‘x’	 is	 fixed	 at	 0.5	 whereas	 the	 parameter	 ‘k’,	 which	

represents	the	time	delay	in	days,	can	be	assigned.	

	

	

Figure	2.13.	Soil	map	of	Narmada	basin	in	Madhya	Pradesh.	

	

Table	2.6.	Area	under	various	soil	classes	

Soil	type	 Area	(km2)	 Area	(%)	
Sand	 25333	 28.4	
Sandy	loam	 5650	 6.3	
Silt	loam	 13486	 15.1	
Clay	loam	 182	 0.2	
Clay	 44469	 49.9	

	

The	water	demand	file	contains	the	grid	cell	information	pertaining	to	total	population,	urban	

population,	cattle	population,	population	of	sheep	and	goats,	urban	water	demand	rate,	and	

rural	water	demand	rate,	in	the	appropriate	units	recognised	by	the	model.	The	information	

pertaining	 to	 crop	 type,	 crop	 area,	 planting	 month	 etc.,	 is	 also	 given	 in	 the	 general	 water	

demands	file.	The	model	has	the	capability	of	including	eight	types	of	crops	for	any	grid	cell.	
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Crop	 water	 demands	 are	 calculated	 based	 on	 the	 crop	 details	 and	 PET	 for	 the	 grid	 cell.	

Thereafter	the	crop	water	demands	of	all	 the	crops	are	summed	up	for	each	cell.	The	water	

demand	 file	 has	 also	 been	 prepared	 based	 on	 information	 extracted	 from	 the	GIS	 files	 and	

general	information	pertaining	to	the	crop	characteristics	in	the	study	area.	

	

	

Figure	2.14.	Land	use	land	cover	map	of	the	Narmada	basin	

	

Table	2.7.	Area	under	various	LULC	classes	

LULC	classes	 Area	(km2)	 Area	(%)	
Forest	 20551	 21.5	
Shrub	 22643	 23.7	
Water	bodies	 1523	 1.6	
Bare	soil	 3008	 3.1	
Agriculture	 47802	 50.0	

	

The	climate	data	file	to	be	used	in	the	GWAVA	model	can	be	of	two	types,	i)	monthly	climate	

normals	and	anomalies	or	ii)	daily	climate.	The	daily	climate	data	needs	to	be	in	binary	format	

whereas	the	monthly	climate	data	can	be	either	in	ASCII	or	binary	format.	As	with	the	MIKE	

SHE	model	 of	 the	Narmada,	 the	 high	 resolution	 gridded	 precipitation	 data	 set	 prepared	 by	

India	Meteorological	Department	 (IMD)	of	0.25°	 latitude	´	0.25°	 longitude	has	been	used	 to	

extract	the	precipitation	over	the	Narmada	basin.	Similarly,	the	gridded	temperature	data	of	
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IMD	at	a	resolution	of	1°	latitude	´	1°	longitude	has	been	used	to	extract	the	temperature	over	

Narmada	basin.	PET	has	been	computed	using	the	Thornthwaite	method.	Thereafter	the	daily	

climate	data	file	has	been	prepared	in	the	binary	format.	

	

	

Figure	2.15.	Flow	direction	map	up	to	Hoshangabad	of	the	Narmada	basin.	

	

The	 GWAVA	model	was	 run	 at	 a	 resolution	 of	 0.125°	 latitude	´	 0.125°	 longitude	 to	 have	 a	

detailed	 understanding	 of	 the	 spatial	 variability	 of	 the	 water	 availability	 in	 the	 basin.	 The	

Narmada	basin	up	 to	 its	 confluence	with	 the	Arabian	Sea	comprises	of	661	grid	cells	at	 the	

selected	resolution.	All	the	mandatory	as	well	as	the	optional	input	files	have	been	prepared	

at	 this	 resolution	by	 resampling	 the	original	datasets.	Even	 though	 the	 input	data	has	been	

prepared	for	the	complete	basin,	 the	modelling	exercise	was	 initially	be	 limited	to	Narmada	

up	to	 the	Hoshangabad	gauging	site.	The	Narmada	Basin	up	 to	Hoshangabad	contains	 three	

major	 dams:	 Bargi	 multipurpose	 dam,	 Tawa	 dam	 and	 Barna	 dam.	 Also	 many	more	 major,	

medium	and	minor	projects	are	being	planned	 in	 this	part	of	 the	basin.	 Subsequently,	 after	

gaining	 enough	 confidence	 in	 the	 model,	 the	 modelling	 exercise	 will	 be	 extended	 for	 the	

complete	Narmada	Basin,	comprising	of	many	more	water	resource	projects.	
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2.2.2. Model	calibration	and	validation	
	

The	GWAVA	model	can	be	run	 in	the	normal	mode	or	 in	the	calibration	mode.	The	optional	

sub-catchment	calibration	file	can	be	created	to	enable	the	use	of	calibrated	parameters	in	the	

user-selected	sub-catchments.	Some	of	the	critical	model	parameters	that	need	to	be	given	for	

the	 various	 sub-catchments	 in	 the	 sub-catchment	 calibration	 parameter	 file	 include	 the	

following:	the	PDM	parameter	of	power	law	probability	distribution	(b)	which	describes	the	

spatial	variations	 in	 soil	moisture	 storage	capacity,	 surface	 runoff	 routing	parameter	 (Srout),	

groundwater	routing	parameter	(Grout),	multiplier	to	adjust	rooting	depths	(fact).	

	

For	the	present	study,	the	model	has	been	run	in	the	normal	mode	to	understand	the	ability	of	

the	model	in	simulating	the	flows	in	the	basin	based	on	the	manual	calibration	by	fine	tuning	

the	parameters	of	the	model	within	the	prescribed	parameter	ranges.	The	manual	calibration	

has	 been	 carried	 out	 with	 the	 compulsory	 input	 datasets	 and	model	 simulated	 flows	 have	

been	compared	 to	observed	 flows	at	 the	Hoshangabad	gauging	 site.	 Several	 trial	 runs	were	

performed	and	 the	model	 results	have	been	 compared	with	 the	gauged	 flow	series	 and	 the	

model	parameters	adjusted	accordingly	to	obtain	better	results.	The	likely	ranges	of	the	major	

parameters	are	given	in	Table	2.8.		

	

Table	2.8.	Likely	range	of	the	key	parameters.	

Parameter	 upper	bound	 expected	value	 lower	bound	
b	 4	 1	 0.25	
fact	 4	 1	 0.25	
Srout	 12	 -	 0	
Grout1	 100	 	 	

1:	A	negative	value	of	Grout	is	allowed.	However,	this	means	that	there	is	no	routing	delay,	i.e.	all	water	

that	drains	from	the	soil	store	becomes	baseflow	immediately	without	being	temporarily	stored	in	the	

groundwater	store.	

2:	Srout	values	above	1	are	allowed,	however	then	surface	routing	is	modelled	as	if	Srout	is	1.	

	

The	model	was	initially	run	for	the	period	2001–2006	and	the	model	parameters	calibrated	

using	 the	manual	 calibration	 procedure.	 The	 post-processor	was	 run	 subsequently	 and	 the	

local	flows	as	well	as	the	total	flows	were	obtained	for	each	grid	cell	in	the	basin.	The	model	

performance	has	 been	 evaluated	 through	 visual	 comparison	of	 the	 observed	 and	 simulated	

discharge	 plots	 at	 the	 grid	 cell	 pertaining	 to	 the	 Hoshangabad	 gauging	 site.	 Model	

performance	has	also	been	evaluated	using	the	indicator	of	percentage	deviation	in	simulated	
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flow	 from	 the	 observed	 flow	 at	 various	 time	 steps	 (Dv;	 Henriksen	 et	 al.,	 2003).	 Model	

validation	was	subsequently	undertaken	for	the	period	2007–2010.	

	

2.2.3. Results:	Model	calibration	and	validation	
	

Table	 2.9	 summarises	 the	 optimised	 values	 of	 the	 calibrated	 parameters	 obtained	 by	 fine	

tuning	 the	 sensitive	parameters	using	 the	manual	 calibration	approach.	 	 Comparison	of	 the	

observed	and	simulated	daily	stream	flow	at	Hoshangabad	gauging	site	during	the	calibration	

is	given	in	Figure	2.16.	Similarly,	comparison	of	the	observed	and	simulated	monthly	stream	

flow	at	Hoshangabad	gauging	site	during	the	calibration	is	given	in	Figure	2.17.	These	graphs	

show	 that	 the	model	 has	 been	 able	 to	 simulate	 the	 flows	 at	 the	monthly	 scale	 with	 a	 fair	

degree	of	accuracy	compared	to	the	daily	flow	values.	The	model	is	able	to	simulate	the	peaks	

as	well	 as	 the	 recession	 curve	of	 the	daily	hydrographs	 reasonably	well	with	 the	minimum	

data	inputs	using	manual	calibration	by	considering	the	study	area	as	a	single	sub-catchment.			

	

Table	2.9.	Parameter	values	obtained	during	manual	calibration.	

Parameter	 Calibrated	parameter	values	
b	 0.0065	
Srout	 0.08	
Grout	 0.25	
bfpower	 4	
bfpower:	base	flow	recession	power	
	
	

	

Figure	2.16.	Comparison	of	the	observed	and	simulated	daily	flow	during	calibration	at	

Hoshangabad.	
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Figure	2.17.	Comparison	of	the	observed	and	simulated	monthly	flow	during	calibration	at	

Hoshangabad.	

	

The	performance	of	 the	model	has	been	evaluated	based	on	the	percentage	deviation	 in	the	

simulated	monthly	flows	from	the	observed,	the	results	of	which	are	given	in	Table	2.10.	The	

comparison	of	the	mean	monthly	stream	flow	during	calibration	period	2001–2006	is	given	in	

Figure	2.18.	

	

Table	2.10.	Difference	in	volume	in	the	observed	and	simulated	monthly	flows	during	calibration.	

Month	 Dv	calibration	(%)	
Jan	 -24.70	
Feb	 33.57	
Mar	 22.24	
Apr	 11.29	
May	 -4.53	
Jun	 -11.92	
Jul	 58.63	
Aug	 89.64	
Sep	 80.43	
Oct	 151.13	
Nov	 56.03	
Dec	 -9.18	
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Figure	2.18.	Comparison	of	the	observed	and	simulated	mean	monthly	flow	during	calibration	at	

Hoshangabad.	

	

Based	 on	 the	 visualisation	 of	 Figures	 2.17	 and	 2.18	 as	well	 as	 the	 percentage	 difference	 in	

volumes	given	in	Table	2.10,	it	is	very	clear	that	the	model	is	overestimating	the	flows	during	

the	months	of	the	monsoon	season.	The	reason	for	this	can	be	attributed	to	the	fact	that	the	

model	has	been	run	in	the	normal	mode	without	incorporating	the	reservoir	characteristics.	

As	 the	 three	 major	 dams	 store	 large	 volumes	 of	 water,	 the	 water	 ultimately	 reaching	 the	

gauging	site	at	Hoshangabad	only	comprises	of	the	dam	releases	into	the	river	and	the	flows	

from	the	intermediate	sub-catchments.	As	such,	the	observed	flows	are	always	less	than	the	

simulated	flows	which	considers	the	basin	to	be	virgin	without	the	impact	of	any	dams.	The	

same	pattern	is	observed	during	the	validation	period	2007–2010	as	depicted	by	Figure	2.19,	

which	 gives	 the	 comparison	 of	 the	 daily	 observed	 and	 simulated	 flows	 during	 validation;	

Figure	2.20,	which	gives	the	comparison	of	the	monthly	observed	and	simulated	flows	during	

validation;	 Table	 2.11,	which	 gives	 the	 percentage	 difference	 in	 volumes	 during	 validation;	

and	Figure	2.21,	which	gives	the	mean	monthly	flow	during	validation.		

	

The	model	results	are	encouraging	considering	the	minimal	data	inputs.	Furthermore,	there	is	

ample	 scope	 for	 substantial	 improvements	 in	 the	 simulation	 of	 stream	 flow	 in	 the	 basin,	

through	 the	 incorporation	 of	 reservoir	 characteristics	 and	 adopting	 the	 multi-site	 auto-

calibration	approach.			
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Figure	 2.19.	 Comparison	 of	 the	 observed	 and	 simulated	 daily	 flow	 during	 validation	 at	

Hoshangabad.	

	

	

	

Figure	 2.20.	 Comparison	 of	 the	 observed	 and	 simulated	 monthly	 flow	 during	 validation	 at	

Hoshangabad.	
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Table	2.11.	Difference	in	volume	in	the	observed	and	simulated	monthly	flows	during	calibration.	

Month	 Dv	validation	(%)	
Jan	 20.88	
Feb	 8.43	
Mar	 7.00	
Apr	 -31.63	
May	 -42.73	
Jun	 -48.81	
Jul	 32.94	
Aug	 185.73	
Sep	 93.97	
Oct	 262.93	
Nov	 135.05	
Dec	 85.14	
	

	

	

Figure	2.21.	Comparison	of	the	observed	and	simulated	mean	monthly	flow	during	validation	at	

Hoshangabad.	

	

2.3. Hydrological	modelling	of	the	Upper	Narmada:	Summary	and	ongoing	work	
	

A	MIKE	 SHE	model	 of	 the	 Upper	Narmada	 (up	 to	 the	Hoshangabad	 gauging	 site)	 has	 been	

developed	 that	 simulates	observed	 flows	 reasonably	well,	 following	a	multi-site	 calibration.	

Likewise,	 the	 GWAVA	 model	 has	 been	 applied	 over	 the	 same	 area,	 with	 the	 minimal	

compulsory	 inputs	 of	 physical	 parameters,	 general	 water	 demands	 and	 climate	 data.	 The	

manual	calibration	approach	has	been	used	by	varying	one	parameter	at	a	time	and	obtaining	
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a	best	fit	of	the	simulated	flows	with	the	observed	flows.	In	the	case	of	the	MIKE	SHE	model,	

ongoing	work	will	improve	the	representation	of	irrigation	within	the	model,	through	gaining	

more	detailed	information	on	irrigation	within	the	basin	from	CEH.	Information	pertaining	to	

the	irrigated	crops	in	the	command	areas	will	also	be	incorporated	within	the	GWAVA	model.	

In	both	models,	the	inclusion	of	reservoir	properties	pertaining	to	the	three	major	dams	will	

be	 investigated	 in	order	 to	provide	more	 realistic	 simulation	of	water	 resources	within	 the	

basin.	This	will	 also	 give	 an	 insight	 into	 the	 change	 in	 the	 flow	 regime,	 if	 any,	 due	 to	 these	

interventions	 in	 the	river	basin.	Further	 improvements	 to	 the	GWAVA	model	will	be	sought	

through	use	of	the	auto-calibration	approach.	Multi-site	calibration	of	the	model	will	also	be	

undertaken	for	the	better	simulation	of	flows	at	all	the	available	gauging	sites.	After	gaining	

confidence	in	both	the	MIKE	SHE	and	the	GWAVA	models	based	on	the	various	performance	

criteria,	 these	 models	 shall	 be	 used	 thereafter	 to	 assess	 the	 potential	 impacts	 of	 climate	

change	on	the	future	water	resources	of	the	Narmada	basin,	using	an	inter-model	comparison	

approach.	Depending	on	 the	availability	of	 resources,	 the	modelling	exercise	 can	be	 further	

extended	 to	 the	 whole	 of	 Narmada	 basin,	 which,	 however	 shall	 be	 a	 challenging	 task,	

considering	the	large	number	of	existing	and	proposed	large	dams	in	the	basin.	

	

3. Ganga	Metagenome	Pilot	Study	

The	Ganga	forms	in	Uttarakhand	as	the	confluence	of	Alaknanda	and	Bhagirati,	two	mountain	

streams	that	originate	at	Himalayan	glaciers.	It	travels	a	length	of	2525	km	through	the	North	

Indian	 plain	 to	 the	 Bay	 of	 Bengal	 (Jain	 et	 al.,	 2007)	 serving	 major	 urban	 centres	 such	 as	

Haridwar,	 Kanpur	 and	 Varanasi	 on	 its	 course.	 	 This	 metagenomic	 pilot	 study	 covers	 13	

sampling	 points	 (Figure	 3.1)	 on	 the	 first	 120	 km	 of	 the	 Ganga	 to	 capture	 four	 seasonal	

snapshots	 of	 the	 river	 ecology	 upstream	 and	 downstream	 of	 expected	 pollution	 hotspots.		

Methods	and	preliminary	results	are	described	in	Sections	3.1	and	3.2.	

	

3.1. Methods	
	

3.1.1. Sampling	
	

Sampling	points	(Figure	3.1,	Table	3.1)	were	located	up-	and	downstream	of	likely	pollution	

hotspots	such	as	villages	and	towns,	and	where	tributaries	join	the	main	river	channel.		
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Figure	3.1.	Sampling	points	on	the	Ganga.	

	

Water	column	samples	were	taken	at	four	points	in	time:	before	the	Monsoon	in	April	when	

the	river’s	water	 level	was	at	 its	 lowest,	after	the	Monsoon	in	October	when	the	water	 level	

was	at	its	highest	and	between	those	two	points	in	June	and	December.	In	April	and	October,	

all	 13	 sites	were	 sampled	 over	 three	 days.	 In	December	 and	 June,	 a	 subset	 of	 5	 sites	were	

sampled	on	one	day	for	technical	reasons.	 	Parallel	to	taking	water	column	samples	 in	April	

and	October,	the	sediment	was	sampled	at	all	13	sites.	

	

To	perform	the	water	column	sampling,	a	 low-cost	set	up	was	used,	comprising	a	pressure-

resistant	water	bottle,	pressurized	with	the	help	of	a	cycle	pump,	0.22μ	sterivex	filters	and	the	

preservative	RNAlater	(Thermo	Fisher	Scientific,	Loughborough,	UK	or	AMBION	Inc.,	Austin,	

Texas),	as	described	in	Lehmann	(2016).	The	filter	was	put	in	a	sterile	sampling	bag	(Thermo	

Fisher	Scientific,	Loughborough,	UK)	and	stored	in	a	cool	box.	
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Table	3.1.	Ganga	River	sampling	point	locations.	

River/	Sampling	Point	 Lat/Long	 Further	information	
River	Bhagirathi/	Dev	Prayag	 30.147319,	

78.597530	
above	confluence	

River	Alaknanda/	Dev	Prayag	 30.15222,	
78.60012	

above	confluence	

River	Ganga/	Bageshwar	 30.11375,	
78.58815	

below	confluence	

River	Hanvel/	Shivpuri	 30.133964,	
78.389662	

Ganga	tributary	

River	Ganga/	Shivpuri	 30.131812,	
78.390954	

below	Hanvel/	above	
Rishikesh	

River	Ganga/	Triveni	Ghat/	
Rishikesh	

30.102782,	
78.299777	

below	Rishikesh	

River	Ganga/	Shanti	Kunj	Ghat,	
Bhupatwala	

29.963564,	
78.180650	

above	Haridwar	

River	Ganga/	Bisanpour	 29.85628,	
78.14922	

below	Hardiwar	(left	
branch)	

River	Ganga/	Sheetal	Khedra	 29.82186,	
78.18161	

below	Haridwar	
(right		branch)	

River	Ganga/	Balawali	 29.64122,	
78.10194	

above	barrage	
(flowing)	

River	Ganga/	Madhya	Ganga	
Barrage	u/s	

29.37458,	
78.04128	

above	barrage	
(reservoir)	

River	Ganga/	Madhya	Ganga	
Barrage	d/s	

29.37227,	
78.04141	

below	barrage	

River	Solani/Mukeempur	 29.780465,	
77.961902	

comparison	river	

	

For	the	sediment	sampling,	sediment	was	retrieved	using	a	clean	bucket	attached	to	a	rope.	

The	bucket	was	thrown	into	the	water	and	dragged	along	the	river	floor	to	catch	and	retrieve	

surface	 sediment	 as	 described	 in	 Clark	 (2003).	 The	 sediment	 sample,	 pooled	 and	mixed	 in	

that	 way,	 was	 then	 scooped	 out	 of	 the	 bucket	 with	 a	 sterile	 spatula,	 placed	 into	 a	 sterile	

sampling	bag,	covered	in	RNAlater	and	stored	in	a	cool	box.	On	arrival	 in	the	laboratory	the	

samples	were	stored	at	-20°C	until	extraction.	

	

3.1.2. DNA	extraction	
	

To	extract	DNA	from	the	sediment	samples,	the	following	were	added	to	the	pooled	sample:	

300	μl	of	lysis	buffer	(100	mM	NaCl,	500	mM	Tris	(pH	8),	10%	(w/v)	sodium	dodecyl	sulfate,	

2	mg	ml-1	proteinase	K,	2	mg	ml-1	lysing	enzyme	mix	(both	Sigma-Genosys,	Gillingham,	UK))	

and	300	μl	of	NaH2PO4	(pH	8.0).	The	DNA	was	incubated	in	a	55°C	water	bath	for	30	min	and	

mixed	 every	 10	 min.,	 before	 adding	 80	 μl	 of	 prewarmed	 10%	 CTAB	 solution	 (65°C),	
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incubating	 at	 65°C	 for	 10	 minutes	 and	 adding	 680μl	 chloroform:isoamyl	 alcohol	 (24:1	

vol/vol).	The	tubes	were	centrifuged	for	5	minutes	at	14000	rpm.	The	aqueous	top	layer	was	

aspirated	into	a	new	tube	and	the	DNA	precipitated	by	adding	a	300%	(w/v)	PEG/NaCl	mix	

(30%	(w/v)	PEG	8000,	1M	NaCl),	 leaving	the	samples	on	the	bench	for	1h	(after	Paithankar	

and	 Prasad,	 1991).	 The	 samples	 were	 then	 centrifuged	 (12	 per	 treatment)	 for	 10	 min	 at	

14000	rpm.	The	supernatant	was	discarded	and	the	DNA	pellets	were	washed	by	adding	300	

μl	70%	chilled	ethanol.	The	tubes	were	centrifuged	again,	the	ethanol	was	discarded	and	the	

tubes	 were	 left	 to	 dry	 in	 a	 laminar	 flow	 cabinet	 until	 the	 ethanol	 had	 evaporated.	 50	 μl	

ultrapure	water	was	added	and	the	DNA	was	left	to	resuspend	for	1	h	on	the	bench.	For	the	

water	column	samples,	the	MoBio	Powerwater	DNA	extraction	kit	(MoBio,	Carlsbad,	US)	was	

used,	 following	the	protocol	but	adding	the	same	PEG	precipitation	step	as	described	above	

after	item	14	of	the	extraction	protocol,	to	clean	the	DNA	from	RNAlater	residues.	

	

3.1.3. Sequencing	
	

After	extraction,	the	samples	were	sent	to	LGC	Genomics	(Berlin,	Germany)	for	metagenomic	

shotgun	and	16S	sequencing	on	the	Illumina	NextSeq	platform.	

	

3.2. Preliminary	results	
	

The	 field	 sampling	 methods	 were	 successfully	 tested	 and	 all	 samples	 yielded	 sufficient	

amounts	 of	 high-quality	 DNA.	 The	 DNA	 is	 currently	 being	 sequenced.	 The	 DNA	 library	

preparation	was	without	complication.	

	

3.3. Summary	and	ongoing	work	
	

Sampling	has	been	undertaken	on	the	first	100	km	of	the	Upper	Ganga	basin	to	investigate	the	

impact	of	the	first	major	urban	centres	and	engineering	projects	on	the	ecology	and	microbial	

functioning	of	the	Ganga.	The	eDNA	sampling	campaign,	carried	out	using	low-cost	methods	

suitable	 to	 the	unfavourable	 conditions	encountered	 in	 India	due	 to	high	 temperatures	and	

remote	location,	yielded	good	results.	The	data	resulting	from	the	sequencing	that	is	currently	

underway	 will	 be	 pre-processed	 and	 analysed	 on	 the	 NERC	 EOS	 cluster	 with	 the	 Qiime	

(qiime.org)	 and	 Kraken	 (https://ccb.jhu.edu/software/kraken/)	 pipelines,	 followed	 by	

analysis	 tools	 such	 as	 MaAsLin	 (https://huttenhower.sph.harvard.edu/maaslin),	 LEfSe	
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(https://bitbucket.org/biobakery/wiki/lefse)	 and	 MEGAN	 (http://ab.inf.uni-tuebingen.de	

/software/megan/)	for	taxonomic	and	functional	profiling.	

	

4. Conclusions	

This	project	has	successfully	developed	 two	models	of	 the	Narmada	Basin	using	alternative	

hydrological	model	codes.	Performance	of	these	models	is	generally	good	although	on-going	

work	 will	 seek	 to	 fine	 tune	 performance	 through	 the	 incorporation	 of	 dams	 (although	 as	

noted	 above	 details	 of	 how	 existing	 dams	 operate	 are	 not	 yet	 available).	 The	 models	 are	

providing	 the	 foundations	 for	 subsequent	 work,	 already	 underway	 with	 additional	 NERC	

funding,	which	focuses	on	assessing	the	impacts	of	alternative	future	climate	change	scenarios	

using	the	CMIP5	GCM	ensemble.	Model	results	will	be	assessed	using	the	environmental	flow	

approach	 described	 by	 Thompson	 et	 al.	 (2014b).	 This	work	 also	 expands	 the	 geographical	

focus	to	include	the	Barak-Kushiyara	River	Basin	that	spans	the	Indian	/	Bangladeshi	border	

(using	 a	 modified	 SWAT	 model	 –	 Rahman	 et	 al.,	 in	 press).	 Both	 the	 Namada	 and	 Barak-

Kushiyara	(as	well	as	the	Mekong	and	Upper	Niger)	feature	in	a	proposal	 in	preparation	for	

the	current	NERC	call	“Understanding	the	Pathways	to	and	Impacts	of	a	1.5	°C	Rise	in	Global	

Temperature”.	This	proposed	project	will	use	existing	models	to	compare	future	projections	

of	 river	 flow	and	environmental	 flow	 characteristics	 for	 climate	 change	 scenarios	 involving	

1.5	°C	and	2.0	°C	changes	in	global	mean	temperature.		

	

The	eDNA	sampling	campaign	for	the	Upper	Ganga	is	the	first	of	 its	kind	and	has	developed	

approaches	that	are	suitable	to	the	Indian	context.	Metagenomic	shotgun	and	16S	sequencing	

are	currently	underway	and	results	will	inform	the	use	of	these	approaches	for	biomonitoring	

of	micro-	and	macrobiota	and	 investigate	water	quality	 issues	within	 this,	 and	other	 Indian	

river	systems.	
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