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DOI: 10.1039/x0xx00000x This study investigates the potential impacts of future climate samwio-economicchange

on the flow and nitrogen fluxes of the Ganga River Syst&his is the first basin scale
water quality study for the Gaagconsidering climate change at 25km resoluttogether

with socio-economic scenarios he reviseddynamic, proces®ased INCA model wassed

to simulate hydrology and water quality withime complex multibranched river basins. All
climaterealizatiors utilized in the studypredict increasein temperature andainfall by the
2050s with significant increase by the 2090s. These changes geresseiated increasén
monsoon flows and increased availability of water for groundwater recharge and irrjgation
but also more frequent flooding. Decreased concentrations of nitrate and ammonia are
expected due to increased dilutidpifferent future socieeconomic scenarios were found to
have a significant impact on water quality at the downstream end of the GAnbmss
sustainable future resulted in a deterioration of water qualitg to thepressues from
higher population growth, land use changencreased sewage treatment discharges,
enhancedatmospheric nitrogen deposition, and water abstractitowever, vater quality

was found tamprove under a more sustainable strategy as envisaged in the Gangaglean
plan.

www.rsc.org/

Introduction combine tocreate the GBM delta. v@r 670 million people
depend on the rivebasirs and the assaied delta for their
The latest Intergovernmental Panel on Climate Change (IPG&g¢lihood and wellbeing. Thus knowing how such river
Summary to Policy Maketsaddresses the global significanceystems might be impacted by future changes in climate and
of climate change driven by anthropogenic sources of carbgiticeconomisis important for he wide range of stakeholders
dioxide, and considers the likely positive and negative impadts the Delta region.This paper investigates the potential
on the natwl environment and people across thebe impacts of future climate andociceconomicchange on the
Potential changes in precipitation, temperature and sea legahga River Systemwhilst a second pap®rin this special
rise over the next century are evaluatdilizing an extensive issue considers the combined GBM River systend #me
evidence base. In addition, the IPCC report proposes a stratggyacts of environmental change on Bangladesh and the delta
for assessing futureh@red SocioeconomicPathways (SSPs) region.
and how these might interact with climate change to generate aThe Ganga River System (Fid) (also known as the
combined effect on people and livelihoods. This then provideganges)is the largest river in India and drains an area of
framework for addressing issues of mitigation and adaptatigfproximately 1,087,300 knin India and NepalOver the past
for national, regional and lat governments andrganizations few yeas, rapid population growth ithe Ganga basin has
to consider. resulted in agricultural development, urbanization and early
The IPCC report provides a backdrop #omajor new stage industrializatign with extensive use of water for
research project entitledEcosystem Services for Povertyirrigation, industry and public supply. Stretches of the Ganga
Alleviation in Deltas ESPADeltas see www.espadeltas.ngt River are polluted witheswvage, untreated industrial discharges
which is aimed at assessing health, livelihoods, ecosystaatl chemical runoff from agricultural fields. Furthrare the
services and poverty alleviation in populous deltas, with thgure climate change scenarios encompass melting headwater
focus on the delta systems in Bangladesh andiidTe large glaciers and changes in rainfall pattermehich pose serious
river systems of the Ganga, Brahmaputra and Meghna (GBM)
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threats to the availability ofiver water throughout the year, asvater. Such concerns hasgmulatedthe Indian Governmerio
well as alteed drought and flooding regimeEhere isgrowing developmanagement plans for the Ganga River system aimed
concern about water scarcity and river management under thegsa long term strategy to improve the environmental flod a
changing environmental conditions, especially given tlaldress water scarcity issfies

increased demand for domestic, agriadtuand industrial
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Fig. 1 Map of the Gang®asirs Draining into the Bay of Bengal

The main objectives of this study are to assess tbethe Yamuna Rivér on sediment fluxes and morphology of
magnitudeand variabilityin the flow of the GangeRiver as a the river®,
function of future changes in the climate, land use andic There have also been several climate change studiasthe
economic conditions and to determine the flux ofitrogen effects of changing precipitation and temperature on floods and
moving down the river The flow and nutrient fluss then low flows 2% There have alsbeen several studies utilizing
becomenput data foothermodelingteams in the ESPA DeltasRCMs 7 26 47 8and many of these considére climate impacts
projectwho are assessing the impacfsemvironmental change on higher alttude Himalayan catchmentslost previous RCM
on theGBM delta estuary sysm and the Bay of Bengalldww model studies over the region have used a resolution of
and nutrient flues canprovide critical informationthat can approximately 50 knt® ° 3¢ whereas in this studye have
assist the Indian and Bangladesh governm#@nitigate future made use o# higher resolution 25km RC¥ developed by the
impacts. This work also provides dathat enables the Met Office Hadley Centre. The maihaantage of the finer grid
investigation of impacts on the downstream delta. RCM is that the approach reduces the spatial and temporal
There are severalexisting modeling studies onthe Ganga uncertaintyin the projectionsAlso, this isthe first time the 25k
River, most of which were funded by either GovernmentRCM has been coupled with socioeconomic effects in the
departments or internationarganizations such as the World Ganga River System.
Bank Many of these studies are availalae peer reviewed In order to undertake aassessment of the ¢isology and
papers that capta the major findings and largeale inorganic nitrogen dynamicsthe semddistributed, process
macroeconomic @ectS ® 7 There have beeseveral water based INtegrate€Atchmentmodelfor Nitrogen (INCA-N)
quality studies ontributaries of the Gangaon nitrogen 18 1920 pas beenapplied to the whole of the Ganga Rive
dynamics in small Himalayabasirs®, on the pollution aspectsSystem. A set of climate andtrategic sociceconomic
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scenarios hm then been evaluated to assess the potentisler systems. This aréaa tidal zone and is consideradpart
impacts on both flows and water quality in the Ganga Rivef the estuarine modelling component of ESPA Deltas.
System.

The INCA model

Modeling complex riversystems such as the Ganga requires a
The Gangabasine xt ends bet ween t he distdbutedt nuiode thad €an ac2oAnt ®rotide spatiat variability
3 1A ,afdthélongitude of B A0 6 E t oFig819. Ahe Oarosk thévasin INCA is one such model that has been applied
basin covers an approximate area of 835,7442km India, extensively to heterogeneohasirs and has the advame that
encompassing the states of Uttarakhand, Uttar Pradesh, Madhyia dynamic, procesbased and integrates hydrology and
Pradesh (in parts), Bihar, Jharkhand and West Bengal. Weter quality. The INCA model has been developed over many
remaining 251,556 kfmof the basinare in Nepal. The basin isyears as part of UK Research Council (NERC) and EU funded

The Ganga River System

bounded by the Himalayt the north, the Aravallis on theprojects®’ 8 1%°,
west, the Vindhyas and Chhotanagpur plateauthe southand INCA simulates hydrology flow pathways in the surface
the Brahmaputra ridge on the east. and subsurface systemand traks fluxes of solutes/pollutants

The Ganga Riveoriginates from the Gangotril&cier in on a daily time step in both terrestrial and aquatic portions of
the Himalayasat an elevation of nearly 7010 m and traverseshasirs. The model allows the user to specify the spatial nature
length of about 2550 km (measured along the Bhagirathi asfda river basin, to alter reach lengths, rate coefficients, land
the Hooghly Rivers) before it flows into the Bay of Bengalse, velocityflow relationsips and to vary input pollutant
Along its way, the Ganga is joined by a number of tributaries deposition loads from point sources, diffuse land souraed
form the most flat feile alluvial plain in North Indid’. The diffuse atmospheric soues. INCA originally allowed
main sources of water in the rivers are rainfall, subsurface flosimulation of a single stem of a river in a seafstributed
and snowmelt water from the Himalayas. Average annuahanner, with tributaries treated as aggregabeputs. The
rainfall varies between 300 mm to 2000 mmith the western revised version now simulates nutrient dynamics in dendritic
side of the regiomeceivinglessrainfall in comparison with the stream networksas in the case of the Gangaver which has
eastern side. Rainfall is concentrated in the monsoon monthsnafy tributarie¥. The model is based on a series of
Junethroughto Octobey causing low flow conditions in the interconnected differential equations that are solved uaing
Ganga River and its tributarieduring the dry periods of numeical integration method based on the foustder Runge
Novemberto May. Kutta techniqu¥ ?°. The advantage of this technique is that it

Fertile Eutric Cambisal are the main soil type in the lowemllows all equations to be solved simultaneously.
basin, ideally suited for intensive cultivation. Shallow Luvisols Fig. 2 shows the main flow paths and processes in INCA
of low fertility dominate the upper basin of the Ganga River Nitrogen (INCAN). The modelperforms a mass balance for
Land use in the Indigart of the Ganga basin consists othe basin accounting for all inputs and outputs, with a daily
extensive agricultural land ti a wide variety of crops, time step. The key processeknitratenitrogen(NOs-N) and
expanding urban areas, aattas of scrub and bare soilhe ammoniumnitrogen (NH4N) input, transformation and
upperreachesonsist ofsnow and rock, some remaining forestemoval in the soil zone are shown in Fig. 3.
and urban areas. The major cities locatethariver basin are

INPUT

Delhi, Kolkata, Kanpur, Lucknow, Patna, Agra, Meeru conhagaer: U1

Varanasi and Allahabad. These cities are expanding a c

substantial ratas reflected in the rising population leveisd

extensive mdustrial growth. According tocensus datathe PR oioposi P —

avemge population density in tf@anga basin is of the order of e \g &
/.

520 persons per KmElectronics, leather, textiles, paper, jute
cement,and fertilizer production are some of the industrie:
situated along the cose of the river Disposal of untreated
urbanwastes and industrial effluents increase pollution loa
into the Ganga river system. According to the Central Polluti

Sub-catchment
boundary

Control Board Repof?, the total wastewater generation fror i W oo

222 towns inthe Ganga basin is 823dL/d, out of which 2538 :

ML/d is diredly discharged into the Ganga River, 449L/d is e e e 1 \
disposedf into tributaries of the River Gangand 1220ML/d e umcstehmentlevel \\_\ /\
is disposed aw land or low lying areas. Thuthe Ganga River BN ErTEe R ' 4
System is a very large drcomplex river system to model anc o + 3+ A g
becomes even moreomplex once it enters the Banglades Rst:t:m,',;'ehs;n:” iy /

Delta region with a complex network of channels and braid...
Fig. 2 The INCA model structure.
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Nt Beption Application of INCA to the Ganga River System

Ammonium + v Fixation
Nitrate Fertilizer ‘

l S v The INCA modelwasset up as a muftieach modelwith 70
,T» z reaches repreating the key locations and sdiiasinboundaries

i3 o rban waste 1 1 1 1
T”/J_f Yy ﬁﬁ? ) EHEIEE > v as_ shown in Fig. 5 and Fid. _Shuttl_e_Radar'l'opggraphlc
A ang e 7 Mission (SRTM) 90m resolution digital elevation model
Nitrate Plant deposits Ammonium Plant . R
l ason || ke " “caon”| | upite (DEM) datawasused to delineate the watershed boundaries for
| geninification _| orgaic (;J'_A inorgenle j%gﬁ?iau@ /'E\J g each reach, with 21 reaches covering the main Gaagh 10
4 - mmonIuim - " (Total min- S unlimited Zone . . . B
poot | pool | frommin WU reachs its main tributary,the YamunaRiver. All the other
Loaching Leacting _| l - main tributaries are shown in Fig. 5 and Fig. 6. The reach
- boundariesvereselected based on a number of fagtetxh as
L| niate-n | Ammenium - N ceoreea confluence point ith a tributary, a sampling or monitoring

— point, or an effluent input/abstraction point associated with a
- major irrigation scheme or a large cifjhe type ofland use is
important asit affects the hydrology, evaporation rates, flow
) o paths, and nutrient fluxes through fertilizer application fates
In a river reach, as shown in Fig. 4, the source 0&-NO Lard use data for the Ganga bagiasobtained from the Indian
and NH-N input are the previous upstream reach, the soil alr\‘lgtional Remote Sensing Centre (NRSQnd consisted
groundwater zore and the direct effluent discharge The uinally as 26 land use classes. In order to limit the parameter

important processes involved for nitrogen mass alteration "?nﬁut for INCA, these 26 landseclasses weraggregated into
reach are denitrification of NEN and the nitrification of Niz six similartypes of land use classdsr the Ganga basjrthese

N. The instream N alterations are controlled both by being Urban, Forest, Grassland, Double / Triple Crop, Kharif
temperature and residence tintegether with the appropriateCrOIQ and Rabi Crop, a#lustratedin Fig. 7. The Kharif crops
rate cefficients” * *° are cultivatedand harvested during the raimyonsoon period
with main Kharif cropsbeing millet andrice. Rabi cropsare
sown after the rains have goimeApril and May, with the main

Fig. 3 The soil and groundwater zones in INCA.

Denitrification

crops beingvheat barley,mustard, sesame and peas.
Sewage NO. NH, " Sgwage i R i A
discharges 3| “ithcation 4 discharges The data required, and their sources, for INCA are listed in
T T Table 1. Table Jists the Sewage Treatment Works (STWSs)
Runoff Runoff flows and their corresponding N@nd NH; concentration®n
gesontm) Gonchina) the main Ganga River and the Yamuna Rivestay. This data
wasincorporated into INCA at the relevant reaches so that the
Multi-reach structure correct discharge and loadswere accounted for. Within the
33: model, estimated abstractiofr public and irrigation supply
Heeching werealso accounted fat the relevant reaches.
== o | Leaching
y Leaching

=005 . Leaching
/ ‘%
T [ \w

Fig. 4 Theinstream component of INCA together with the key
processes operating
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Fig. 5 Map showing the mukbranch Ganga River System and the-babinand reach division.
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Fig. 6 Schematic network diagram showing reach divisiesesd in multbranch INCA model for the Ganga River System.

INCA Landuse-Landcover Map of Ganga Basin

Legend
Landuse-Landcover

- Urban

- Forest

E Grassland

[:] Double/Triple Crop
[: Khanf Crop

Rabi Crop

Fig. 7 INCA land use map with six land classes

6 | EnvironmentalScience: Porcesses & Impac¢t3012,00, 1-3 This journal i® The Royal Society of Chemistry 2012



Table1 Data Sources for the Ganga Modelling Study

Data Required Data Source .
Table 2 STWs flow data for the Ganga and Yamuna Rivers.

Digital Elevation Model SRTM 90 x 90 m resolution rastg . .
Flow Nitrate Ammonia
(DEM) of the Study Area data. Reach mé/sec mg N/L mg N/L
LanduseLand cover for National Remote Sensing Centr
Ganga basin (NRSC) 56 x56 Resolution Grid GAO2 0.58 9.0 226
raster data.
Sewage Treatment Plant Design  capacity, nitrate  an GAO4 0.35 11.6 23.6
ammonium concentration of outlet ( | GA05 0.08 15.0 25.0
STPs from the reports of Centr|| ga06 4.28 10.1 24.6
Pollution Control Board.
Crop growth data FAO and Ministry of Agriculture GAD8 2.41 2.0 152
Reports Kharif crops - Aprili || GAO9 2.67 5.3 21.6
September, Rabi Cropctober to| | GA10 0.12 15.0 25.0
March, Double/Triple Crops & | ga11 0.30 14.0 24.6
Plantation iroughout the year. GAL3 3.36 10.6 23.0
Fertilizer input data Fertilizer used for the diffent crops ' ' '
available from FAO an®epartmat || GAl4 0.49 11.0 234
of Fertilizers, Ministry of Gemicals GA15 0.71 12.8 24.1
and Fertilizers, Gav of India. GA19 0.65 79 17.3
Discharge 1. Observed dischaggvalue (1979 GA20 14.66 105 231
2000) at the HardingeBridge in|| GA21 0.28 25 20.0
Bangladesh is available from CEG| | YAMO02 1.96 5.4 19.9
in Bangladesh. YAMO3  37.13 6.3 205
2. Observed Dataf Mean Annual
Discharge (196&000) is available a YAMO4 3.06 9.7 221
5 Ganga rivestations YAMO5 3.59 8.8 22.2
Water quality Data Data available from the India|| YyaAMO06 0.33 9.7 228

Central Pollution Control Board
1. Annual maximum, minimum an|
meanNO;-N (20032011) at various
monitaing  stations along Gang
river. 2. Annual maximum, minimum
and meanNHs-N (20032007) at
various monitoring stationsalong
Ganga river.3.Monthly NOs-N and
NHs-N data (201€2013) for few
stations in West Bengal
Meteorological Daily Soil Moisture Deficit (SMD,
mm), Hydrologically  Effective
Rainfall (HER, mm), 1.5m Mean Ai
Temperature °C) and Atual
Precipitation (mm) data were
obtainedor derivedfrom the output
of the Met Office Hadley Center
HadRM3P RCM for the period 1971
2099%

This journal i®© The Royal Society of Chemistry 2012 Environmental Science: Processes & Impa@812,00, 1-3| 7



Climate drivers for the INCA Ganga model The perturbed physics ensemble of 17 members, repesent
range of possible future outcomes for the same siars
scenario (i.e. SRES Al1BJ)he individual ensemble members
%re referred to as @@6, where QO has the same parameter
'values used in the standalhdCM3 couptd GCM. Q1 to
Q16 are arranged in order of increasing global climate
sensitivity, with Q16 representing the ensemble member with

. - the highest climate sensitivity, though note that regional and
the chemical mass balances. However, obtaisinthdata & a

. o : ) ) . seasonal temperature responses should not be afstonme
large basinscale is difficult, especially given the wide spatlai

) . i _ ) ollow linearly*.
differences in topography, altitudand land use in India and

N | Theref lable s " | data f init Output from the perturbed phgs ensemble of the
epal. there or_e, avara e_ erva Io_na ata .rom +_a|u HadCM3 GCM wa used as lateral boundary conditions to
weather stations combined with  satellitederived

int ted into ob tiondat ts th tdrive a consistent tmember set of RCM simulationg.he
measuremen?smerem egrated into observationdatasets thal peom is the Met OfficeHadley CentreHadRM3P, a high
cover the regioft.

. . resolution limitedarea model which is used in the Providing
Globalscale general circulationadels (GCMs) have been

d to simulate climat th . dt Rt% ional Climates for Impacts Studies (PRECIS) regional
used 1o simulate climate across fhe region and fo assess iy eling systen’®. The resolution is 0.22°x 0.22°

impacts of increasing greenhouse gas concentrations on gglpeproximately 25km) with 19 vertical levels and 4 soil levels.

In order to run a set of hydrologicalmulations and climate
scenarios INCA requires a daily time series of climate dat
namely precipitation, hydrologically effective rainfall
temperatureand soil moisture deficit. INCAhen uses these
data to simulatéhe hydrological components of tiheodel that
generates #hsubbasinand river flows, which alsm turndrive

global climate system. However, GCMs typically have coarse

. . - . . n this case, the model domain coverstholisia (with rotated
spatial resolutionswith horizontal grid boxes of gew hundred . o . o .
. j . . . . pole coordinates of 260° longitude, and 70° latitude), which
kilometers in size, and cannot provide thieigh-resolution

. . . . . . . allows for the development of full mesoscale circulations over
climate information that is ¢én required for climate impact . . . .
the region of interest, and captures important regional

and adaptation studieS.he use of regional climate models .
dynamics.

(RCMs), which dynamically downscale the GCM simulations . .
. . i ) The monsoon provides a large proportiontbé annual
using baindary conditions from GCMs, can provide higher

uti ids (tvoically 50K i d bett ble t rainfall for the regiorover the month of June to Septemktsard
resolution grids (typically m or finerand are better able %50 it was particularly important to assess the ability of the

represent features such as local topography and coast Imesrﬁ‘ggel to simulate thenonsoon flowsThe RCM was validated

their effects on the regional climat&here have beeseveral b . o
. . 7 26 47 48 . y comparing model output temperature and precipitatith
studies utiling RCM output and these illustrate the . 537
observational datasét .

benefits of the RCM approachn the current study, we used an
existing set of GCM simulations to provide boundar
conditions for &25km RCM for the period 1972099 overthe
South Asia domaiff. The GCM is the third climate Hydrologically effective rainfall(HER) and soil moisture
configurationof the Met Office Unified Model (HadCM3’ 2  deficit (SMD) datawere estimatedor the Ganga River Basin

2 and wa run as a 17 member perturbed physics enséfblasing the Precipitation, Evapotranspiration and Runoff
driven by the Special Report on Emissions Scenarios (SRE®hulator for Solute Transpo(PERSIST model®®. PERSIST
A1B scenado®’. SRES A1B was developed for the IPCC Thiris a watershedcale hydrological model suitable for simulating
Assessment Report and still underpins much recesearch terrestrial runoff and streamflow across a range of spatial scales
into climate impactslt is a mediumhigh emissions scenario from headwaters taatge river basins. It is a conceptual, daily
and is based upon a future assummptiof strong economic time-step, semdistributed model designed primarily for use
growth and arassociated increase in thegatf greenhouse gaswith the INCA model. PERSIST simulates water fluxes from
emissions. To put this into context with the newerprecipitation through the terrestrial part obasinand uses an
Representative Concentration Pathways (RCPs) used in ¢kaporation mass balance determine the evapotranspiration,
IPCC Fifth Assessment Repbft, SRES A1B lies between theand fom this the HER and the SMD. detailed description of
RCP6.0 and RCP8.5 in terms of the end of' 2kntury this analysis for the Ganga miblished in a separate paper in
projected temperature increases and atmosphefiO, this volumé®. Fig. 8 shows the daily estimated precipitation,
concentration®. The purpose of a perturbed physics ensembHER, temperature and SMD for théver system overthe

is to explore the uncertainty in a single climate modbhseline period 1982000 used as input into INGN.

associated with a variety of model parameters using a range of

plausibe values®3. Whilst many model parameters are well

constraind by observations, there are oth#hatare subject to

uncertainty.Different combinations of model parameters may

give equally realistic simulations of present day climate, but

could result in different projections for the end of thet21

century.

K/Iodeling hydrology and water quality
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Discharge

6,000

s A n JUUL}LLM A KA ULM i

mm

1041241983 0811211887 081211881 0721995 0611211995
01/01/11981 06/07/11983 02/04/1986 28M2M988 25/09/1991 Z2/06M5994 19031597 151215959 Discharge
Air Temperature B KO
- - - : - E 2,000
0 d . " * ? " 3
g 20 b N S A W A A S W R B S W Ry B b 1041201983 0511211987 08121591 071211595 0611211995
g 10§ . Discharge
-

u u u u u u u
01/01/11981 06/07M1983 02/04/1986 28/12M985 25/09M991 22/06/1994 19031997 151215959 ; 5,000 -}
E

_ AAAARNL R MARALAAARARR
Soil Moisture Deficit 10121883 081218387 0281215851 07121885 08121588
Discharge
E B E ': - N w1U,UUD- AL
3 i 3 - R oy _E- B Al - B - -E ) E 5,000 l JL L \k
[|1.l'U1:l’1!?B1 UEJUT}1BB3 02304:1'1935 2&"12}1933 25:‘09:’1991 22.1'05:"1994 19."03:"1997 15:‘12:"1999 h 1UI£19‘BLS %91%1937 h‘lu&'@19%\1 }i'\ AE:?HZ:H:& ﬁ Uﬁf&ﬁ)ss
Fig. 8 Daily precipitation HER, ®mperature and SMD for gig 9 simulated (blue line) and Observed (red line) daily
the Gangaasinover the period 1982000. flows at 4 flow gauges on the Ganga River Systefiop graph

The INCA modelusedthe dailytime seriesmeteorological -Reach 3 (Garhmukteshwar), 4 (Kachlabridge), 5 (Ankinghat)
datatogether with allof the reach, land use ardsindata to and bottom graph Reach 6 (Kanpur).
simulatedaily flow and water quality atachreach along the
whole Gangasystem for theperiod of 19812000. The model | oScharee
outputswere then compared to the observed flow data for tt - ﬂ ,{
river during calibration and validatiorof the model(Fig. 9). o000 j\ ﬂ h MJ\ ﬂt m Lﬂh &
The observed flowdatais sparse on the Ganga River system 101211983 nen2i1eaT osnzi1eet 071121995 06/12/1999
although thereare some flow gauges on the main river_ ) ) ) )
upstream at reaches GA03, GAO4, GAOS, and GAllifserved Fig. 10 Simulated (bludlne)_ and opserved (purple line) daily
flow rates and water quality datre also available further flows on the Ganga at Hardinge Bridge, Bangladesh.

downstream at Hardinge Bridge in Bangladesh bhade been o ) ) o
included for model calibration and validati@fig.10). In addition to calibrating the flow modet is necessary to

Table 3shows thedegree of model fit to observed Olatgalibrate the water quality modeNutrients are critical for
showing theR? in those reaches where measured flow datar:}griculture, but arealso a primary pollutant conerm for the
available. The results for the model calibration period of 1981ESPA Deltas Project. When used in excess, theyropact on

1990 and for the validation period of 199000 are given and water quality, ecology, and fisheries, which directly affect
illustrate that the model fit is good in both data s8imulated human welbeing and resource availability for people in the

daily flow provided an acceptable reproduction of the observgalf[a region. Th(_arefore, a ke_y target of this stuﬂa§ to
flow, particularly giventhe multireach complex nature of theSStimate the nutrient load flowing down the Ganga River into

Garga River system (Table 3, Fig.eéhd Fig. D). In general the Bay of Bengal.. o .
the simulations capturehe main dynamics of the rise The water quality data is limited taonthly observations at

precipitation during the monsoon periaahd the recession 10 monitoring points along the riveplus the observations from
curvesat the enaf the monsoon period Hardinge Bridge in BangladeshFig. 11 illustrates the

comparison between observed and simulated monthly nitrate
Table 3 Statistics of comparison between observed ag@ncentrationst Hardinge BridgeFig. 12shows the simulated
simulated fows for calibration and validation periods and observed monthly nitrateoncentrationsat Farakka just
upstream of Hardinge Bridgandis representative ofeveral

Reach Calibration B Validation R _ ; ) . -

other locations along the river which yielded similar results.
Ganga 3 0.52 0.45 The degree of fit in terms of load with &3 of 0.96 is good and
Ganga 4 0.59 0.57 suggests the model can be used with some confidence in
Ganga 5 0.58 0.53 predicting nutrient loads
Ganga 6 0.58 0.48
Ganga 17 0.76 0.7
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08 - Table 5 Threeclimate scenarios from thklet Office Hadley

07 | Centre HadRM3P RCM for the Ganga basin area
0.6 - Ensemble
Mid Cent End of Cent
. 05 - Member id Century nd of Century
g \? 0.4 -
z ] e S T N T R
0.3 SI-mUIated . emp Preciptation |. emp Precipitation
0.2 | Nitrate increase |. increase .
Observed o increase (%) | o increase (%)
0.1 | Ni (G (°C)
itrate
0 — T T T Qo0 2.29 3.98 10.72 15.28
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Q8 2 40 3.87 523 2241
Month
Q16 2.70 4.85 18.11 33.30

Fig. 11 Simulated _(blue line) and_bserv_ed (purple line) Shared SociseconomicScenarios
monthly average nitrate concentratioftr in the Ganga at
Hardinge Bridge, Bangladesh. The IPCC SSP stratehy® '* considers soci@conomic

pathways as a means on integrating social aspects of future
change using the following 5 broad clagsifions for future

® - 80000 - R2 = 0.9656 conditions: SSP1 for Sustainability, SSP2 for Business as
S $ 60000 - Usual, SSP3 for Fragmented World, SSP4 for InétyuRlules

Z > and SSP5 for Conventional Development in terms of energy
2 § 40000 - sources. Within the ESPA dltas project we consided 3

% 5 plausible SSPs which have been adapted from the 5 proposed
2= 20000 1 SSPs, namely SSBaU for Business as Usual, plus two other
O 0 . . . . SSPs; an SSMIS for a more sustainable future, and an -8SP

0 20000 40000 60000 80000 for a less su.stainable future: In order to asstlaesimpgct of
) these scenariosn the Gang®iver flow and water qualitythe
Simulated N Loadlonnes/Year SSPshad to be quantifiedThere are many factors that affect
the socieeconomic onditions and potential futures in the
region from both a flow and a water quality perspectiaad
these include:
1 Population change
2 Sewage Treatment Works capacity and design for
water quality contragl
3 Water Demanddt irrigation and public supply;
A set ofclimate changeealizatiors andshared soci@conomic 4  Atmospheric Nitrogen Depositipn
scenarioswere developed for thistudy on the Ganga River 5 Land use changeand
Basin following the broad protocol established in the IPCC 6 Water Transfer Plans
analysi$ where these are namedoc®o-economic Scenario The construction of additiohdams are also likely to occuout

Fig. 12 Simulated and Observed Nitrogen Loadttie Ganga
River at Kanpur.

Scenario analysis for climate and shad socie
economicChanges

Pathway’ were not considered as part of this study as previousWbds
indicated that the majoyitof proposed hydropoer dams will
Climate not have a significant impact on peak flows. Whilst there is the

potential to have greater impact on low flows, this analysis was
| outside the scope of this studh summary of the three
scenarios based on the above six changes in -sgoioonic
conditions is provided as follows.

Three climate changesalizatiors were selected from a tdtaf
17 model variants from thé&let Office HadRM3P regional
climate model for south Asidahe three selected scenari@q,
Q8 and Q16 arsummarizedin Table 5 and show that the
temperature in@ases relative to current obgations are of the
order of 2.3°C by the 2050s and @°C by the 2090s.The
climate change scenariosiso provide three rages of Predicted population forecasts for India vary widely depending
precipitation change®recipitationincreasedy up t010.7% by on fertility rates. Based on fertility assumptions, UNDP
the 2050sunder scenario @ However, under th€8 scenario population projections for 2042060 and 208@099,
precipitationincreases 5.23%y 2050.Toward the end of the representing the midentury and end of century respectively,
century all three scem@s showincreasesn precipitationof were used ascenariosto evaluate the impact of population
15%, 22 and 3% respectively,in relation to current growth'® (Table 6).

observations, so these are quite significant increases.

Population
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abstractionswill increase by only 11.3% reflecting changed

. . . ieti di d irrigation.
Table 6 Percentage Population Change in India based ((:)rr(])p varieties and improved frrgation

UNDP estimates Atmospheric nitrogen deposition

. Fertility 20412060 20802099 Source o] Atmospheric nitrogen pollution has become an increasing
Scenario Assumptions % Change % Change Data problem aroundhe world, as industrial development, power
) . generation and ammonia release from intensive agriculture has
SSP-Bau Medium fertility - 34.1 315 UNDP expanded For example across Europea set of Nitrogen
SSP-LS  High fertility 54.8 94.4 UNDP Protocols have been established by the UN/ECE Commission
SSP-MS  Low fertility 15.3 -14.9 UNDP of Transboundary Pollution and theg®wotocol have been

agreed and implemented by all EU countries. Deposition can
be high with 15kg N per hectare per year being deposited in
certain parts of Europe such as the UK. The effect of high
Future scenarios from changes in STW discharge rates af@lospheric N is to alter the terrestrial ecology of slaand
concentrations of nutrients were developed based upon futysgural vegetatignand provide a baseline sourcé N to
changes in population (Table 6) and requirements for upgradiigundwaters and streams, which can then affegmatic

of STWs. This reflects the implementation of the Gangacology. Research in the Himalayas which INCA N was
Management Plan tonbance the capacity of all the STWs ompplied to a range ofbasirs, suggests generally low
the Ganga river system and treat effluents from a larggfncentratios of atmosphdc N8 but across northern India
population. The Ganga Management Plamlso aims to |evels are likely to be much higher, witreaterurban and
considerably upgrade the treatment processes. Assuming jilistrial sources of atmospherié®NIn the future increased
secondary treatment processes are introducederge industrial development and more intensive farming methods
ammonia discharge concentrations should fall from 1@mg/ will cause atmospheribl concentrationsgo increase. INCAN
5mgL. Nitrate is likely to stay much the same unless tertiagan incorporate these effects as deposition loads to the sub
treatment is implemented. However, thispresents thenore basirs, and thus N levels have been altered to reflect the
sustainable option, with nitrate concentrations falling to 4mg/lifferent socioeconomic scenariomto the futurelt has been
Under theBaU and MS options the STWs water quality stay alssumed that N deposition rates &rel0, and 6 kina/year for

the currenpbserved concentratioffsndicated in Table 2. the BaU, LS, and MS scenarios respectively

Sewage Treatment Works (STWSs)

Water demand for irrigation and public supply Land use change

The demand for public water supply has increased wiathpalia and Kapoor (2010) and the FAO (World Agriculture
populationgrowth, although much of theupply in rual areas Report 2013§* ** reviewed projected changes in agriculture in
is from groundwater. Changes imrigation water demand |ndia. Theirpredicted changes in agriculture translate irriap
reflect changes in agriculture and land use. Howeveiroductionandland use change across thesirs as indicated in
agricultural changes in India are difficult to predict as anyable 7 and these changes have been implemented in the
changes will depend on factors such as world food pric@SCA land use characteristics and applied to all three SSPs.
which are driven by increasing population, potential foophey have been apjgd to all 3 SSPss there is very limited

scarcity and how farmers react to changing crop prices. Othbrmation on how land use might change in the future.
key influentialfactorsincludetechnological developmenssich

as the introduction ohew crop varietiesadapted to changing
local environmental conditions.The Food and Agriculture
Organization of the United Nation$AQ) estimates a 22.7%
rise in Kcal/person/dayn food production in India by 2050
with much of this from increased production of dairy and meatiJrban 0.7 13
as well as additional cropsqafucing vegetable oils and su$far
Agricultural expansion and intensification will be required tp
feed a growing populationt is assumed in the BaU scenarid
that new improved crop yields and more efficient farming will
occur, and irrigation abstractionfrom the rivers and | Double/Triple Crop + Plantation 26.8 31.5
groundwaterwill i ncrease. For the purposes of tkisdy we

Table 7 Summary of Land use Change for the model land use
categories.

Landuse Current %  Future %

Forest 14.3 13.4

Barren land 11.4 7

have assumd that theabstraction from the Ganga River will Kharif Crop 30.7 30.7
increase by 2.2.7 %or thg BAU_ and the. LS scenarim | Rabi Crop + Zaid Crop 16.1 16.1
accordance with the predicted increase in food production.

Under the more sustainable scenario we assume that the
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Water transfers ammonia concentrationsdeaease by 14% and 21%

According to IWMETATA Water Policy Researé | n d i ée%ogctivelyand this reflects the enhancddution due to the

National River Linking Project (NRLP) has been proposed ltracreased river flows. Flgure4:lshows the flow (_juratlon curve
for the lower Ganga Riveat Farakkaunder climate change

join water surplusHimalayan rivers to water scarce West ] " .
scenario QOand illustrates that the high flow end of the flow

Indian and Peninsular river basins via canalseduce drought >~ <~ ; )
conditions in different parts of India and boost economﬂ:‘smbuuons are affected by the climate change scenario by the

growth. The water surplus basins identified by NRLP tae mid-century, suggesting the potentilr increased flooding.
Brahmaputra in the Himalayan compoteand the Mahanadi The low flow distributions do not appear significantly affected
and the Godavari in the peninsular componetould the with a small increase in Q95 levels, as indicated in Table 8.

interlinking project proceeth full it has the potential to impact

I . i ini isti o
upon water availability in BangladedHowever, it is likely that Table 8 Mean, Maxmum and Mlnlmum Statistics an_d %
Change for flow, nitrate and ammonium concentration at

some form ofreducedwater transfer will ocar from the Ganga )
River to the drought prone areas such as Rajasthan. In I%ﬁ\éakka for baseline 2090s, 2050s and 2090s under the three

INCA model set up forthe Ganga River basinwe have climate change realizations.
simulated two water transfers as part of the less sustainable
scenarig these being the water transfer from the Sarda river

sys.tem to the Yamunaand then the Yamuna transfe.r to ':If;/\g/ Flow Flow | Flow % | Elow %
Rajasthan. The exact amount qf watgr plaqned to be diveftgd oo Flow | (1881 me/s m¥s | change| change
f.rom the Sarda and Yamuna Rivers ig¢ awailable from the scenario 5000) (2041 | (2080 | (2041 | (2080
literature. \& havethereforeassumed that 20%f water .from ‘ 2060) | 2099) | 2060) | 2099)
the upper reaches of werivers will be abstracted during the Baseling
wet season (JWctober). Qo0 Mean| 14597 | 16877 | 17706 | 15.6 21.3

. . Q95 1805 1839 1842 1.9 2.1
Scenario results on flows and water quality

Q05 | 53384 | 65732 | 68684 | 23.1 28.7

With three climate scenarios and three SSPsine 3 Y 12221 | 15193 | 18643 54 293
combinations of scenariowere investigated in thisstudy. Q ean ’ )
Simulations were been run for the period 1972099 along Q95 1794 1829 1834 2.0 2.2

the 70 reaches of the Ganga Risgstem Thusfor the whole
catchment each set of runs generate over 89 million itemg_of
daily data coverindlow, nitrate and ammonieoncentations. |Q16 Mean| 9951 | 12679 | 15030 | 27.4 51.0
It is not possible to presemtl the results here and so key Q95 1789 1821 1827 1.8 21
results are presented for the Farakka Barrage location, as-this
is the crucial site where the major water diversion occurs rjear
the borer between India and Bangladesh.

Q05 | 56018 | 61504 | 72974 9.8 30.3

Q05 | 43028 | 54958 | 68258 | 27.7 58.6

Climate change effects

The effects of climate change fiows and water quality in the
Ganga Rivergstem are illustrated in Fig3, 14, 15 and16 and

in Table 8. Fig.13 showsthat under climate change scenario
QO, flow is predicted to increase by 2050 and 2090; a reflection
of increased rainfall during thmonsoon periodrigure 13 also
shows that, under the QO scenargimulated nitrate and
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Fig. 13 Effects of climate change on monthly melaarakka Gangflow, and nitrate and ammoniaoncentrationgor baseline
1990s (blue), 2050s (red) and 2090s (green) under cliscateariocQO0.

100000

10000 -

Flow m?/sec

1000

0.04 0.18 0.32 0.45 0.59 0.73 0.86 1.00
exceedence

Fig. 14 Flow duration curve for 1990s (blue), 2050s (green) and 2090s (fieedhe Lower Ganga Riveat Farukkaunder the
climaterealizationQO.
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Fig. 15 Monthly mean flow, nitrate and ammonium concentragifmm the 2090s under the three climate charegdizationsQO,
Q8 and Q16.
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Fig. 16 AnnualMean Q95 and QO5lows for baseline 1990s, 2050s and 2090s under the three clahatmge realization®O0,
Q8 and Q16.

increases in low flows are minimal and given the uncertainties

The effects of all three climatealizations Q0, Q8 and Q16 the GCM/RCM modelsould actually fall.

on mean flow gnd N@and NH concentrations by the ZOQOSShared Socieeconomic Pathways (SSPs)
are illustrated in Fig. 15 The future flows show some
differences reflecting thevariation in future projected The sociceconomic scenarios givedifferent perspedte on
precipitation and temperature patterns, with the Q16 scendriture change in the Ganga River Systd#ig. 17 shows the
suggesting a shorter monsoon peribdture simulatediitrate effects of thesociceconomicscenarios on the flongndnitrate
and ammonia concentratis alsoreflect the effects of the and ammoniaoncentrationdor the Ql6scenario In terms of
variable temperature patterns and flow dilution effectBows, there seems to be little difference betweensttenarios,
However, these are relatively smalanges in concentration.which is not surprising given that relatively dinehanges in
Fig. 16 shows the effects of the d#ifent climate scenarios onflow for irrigation and water transfers have been simulafée
flow, with mean flow high flows (Q5)and low flows (Q95nll 20% transfers at upper Sarda and Yamuna represent a small
increasing into the future under all three scenarios. Howeviow relative to the main flows in the lower Gangia.addition,
the flows showvariability between the QO, Q8 and Q16 climat&TWs flow will not change significantlin comparisorto the
realizations, reflecting the variabilityassociated withthe large flows of the Ganga. However, the water quality is
different climaterealizations as might be eected with the significantly affected, with large reductions in nitrate and
uncertainGCM/RCM model projections. Table &ummarizes ammoniaconcentrationsn the case of thenore sustainable
the results of the climate analyséd shows that in percentagescenario. This reflects the improved effluent treatment at the
terms there are expected to be significant increases in flowsSiiws assured to be implemented as part of tliganga
the River Ganga during the monsoon perjoddthough management plan and reduced atmospheric depositiofi

This journal i®© TheRoyal Society of Chemistry 2013 Environmental Science: Processes & Impa&8613, 00, 1-3| 14



Thesereductions inconcentrations would enhance the ecologgustainable scenario on phosphorus concentrations is
of the riverby reducing algal blooms in théver and reducing considered by Li et al (2015)
the loads entering BangladesiThe effects of the more
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Fig. 17 Mean monthly fow, and Nitrate and Ammoniaoncentrations 2050s means for the tH8&Ps (BlueBaU, Red MS,
GreenLS) compared to the baseline 1990s (dotted Jiaguming the Q1lélimate change scenario

higher in the warrar monthsand this is seen in both the model
Discussion and onclusions outputs and in the observed water quality data.

The GCM and RCMlimate models developed by the Met
The INCA model has succesdfulsimulatedthe spatial and P y

. . . Office Hadley Centrehave provided downscaled pigitation
temporal compleity of the flow and nitrate and ammonia - . S

trati in the G basi hich i biect to st and temperature data to dritteee climate change scenarios in
;:Ion;en radlc:jns mht € ;ng? asmlt_\;v o:C lls su Je(\:N't?\ s Orrrt:ﬁsé INCA model both over thbaseline period of 1982000,
oods and droughts and a large altitudinal range. With SUCh, &y re periods of 2042060 and 208@099. The three
high variability in precipitation, residencémes and flow

. . ) oo climate scenarioshave provided contrasting future hyedro
dynamics are constantly changi which affecs dilution P 9 y

. L . ) climatic conditions withan increase in precipitation nging
patterns and the reaction kinetics of chemical constituents. o .
) from 5- 33% and a2.3- 4.9 °C increase in temperature by the
The INCA model hasden shown to simulate the shtgtm

. end of the century.
dynamics from the upper reaches on the Gadgan to lower | . .
; n ?eneral, thancreased rainfall patterns generdhiacreased
reaches at the Farakka Barrage and into Bangladesh, a

. . ) } flows in the river system, with large increases in both mean
Hardinge BridgeThe available field data on flows and wate y g

lows and maximum flows by the 2050s. This suggests that
quality have been used to calibrate and validate the model a y 99

. . . ) aB‘cjiitionaI monsoon flows would be available for groundwater
provide statistical evidence that in genertle model does

recharge and irrigation, but also suggests that flooding may be
adequately represent the river system dynamics. The quality o? 9 9 99 g y

) . . 77 more frequentFurthe research is required to analyze the data

the observationaldata isproblem in the Ganga with limited . . -
. . . and evaluate thBooding behaviorand the low flow conditions
high frequencyobserved available for testing models and_, .. . .
. e at different locations along the Ganga River System
assessing modehcertainty®. - . .
. ) . A set ofsocioeconomic scenarios have been evaluated for a
The model accounts fahe mainsources of Nincluding

} . regional analysis of the Ganga c with a climatic
STWs effluent discharges, agricultural runoff and atmospherlcg 4 g e

. . assessment utilizing a dgmic process based model. The
deposition and thisfairly complete N budget allows for a
. . ) concept of SSPs has been proposed by the {R€@ means of
realistic assessment of nutrient fluxes, especially under futlére

L . . . . ssessing future soe@conomic impacts on environmental and
conditions of changing climate and changing N inpuyt

Yesource syems undergoing climate change. Whilst thdia
conditions The processes in the model alléov nutrient fluxes . ) . .
. . . ) o Governments encouraginglevelopment at a fast pace in India,
to alter according to biochemical processin the soilwhich . .
. o . . the Government is alsoommittedto a Ganga Management
control mineralization denitrification and nitrificationas well . .
. e .~ 7 Plan. The Planwill enable the river tdbe managed more
as instream processsuch a nitrification and denitrification.

The sil N ¢ . den@and al i effectively and provide improved STWs treatmeBtvaluating
s processes are temperatuiependenand aiso Soil o impact ofthesechangess an important but difficult task.

moisture dependent, so that the soil denitrification will be atda - . . . .
. ; . he majordifficulty is in quantifcation of the future socic
maximum during the wet monsoon period. Also, the stream

i ~~ _economic conditions such that they can d&ealuatedin a
processes are both temperatdependentind residence time . . ; .
. i o . hydrochemical modéhg study Adding an economic cost
dependent. This mea that in stream denitrification will be

component is the next step is such amalysis’. Assessing
what changes will occur by the middle of the century and the
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end of the century is subject moultiple uncertainies andthus ' Faculty of Engineering and the Environment, University of
all that is really possible is to propose plausible futures. Ea®buthampton, Southampton, UK SO17 1BJ,.UK

of the factors that could affect watbow or quality have been 9 GeoData, School of Geography and Environment, University of
considered in turnand then quantified in terms of potentiaBouthamptonUK SO17 1BJ, UK.

changes in flow and quality.

The sociceconomic scenarioeflect adBusiness as Usual 1 IPCC,2014: Summary for Policymakers, In: Climate Change
future, adore Sustainabfefuture and ad_ess Sustainabfe 2014, Mitigation of Climate Change. Contribution of Working
future. Each othesescenarioshave been established to reflect Group Il to the Fifth Assessment Report of the
changing conditions into the future that affect both water flows Intergovernmental Panel on Climate Change [Edenhofer, O.,
and water quality. In general, thdagh flows conditions are R. PichsMadruga, Y. Sokona, E. Farahia S. Kadner, K.
relatively insensitive tadhe sociceconomics due to the large Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B.
volumes of waterlbwing down the Gangadowever, the water Kriemann, J. Savolainen, S. Schlémer, C. von Stechow, T.
quality is certainly affected with the Less Sustainaddenario Zwickel and J.C. Minx (eds.)]. Cambridge University Press,
generating deteriorating water quality conditions, with higher N Cambridge, United Kingdom and New York, NY, USA.
fluxes moving down the river system. The Sustainable Future 2  Nicholls, R JWolf, J, Whitehead P G, Rahman M , Salehin,
generates lower N fluxess the cleaup of the Gagagenerates M, Hutton C, 2015 A Synthesis of Environmental Change
a positiveimpact by the middle of the century. impacts on the ESPA DELTA region (this volume])

This modeling study hasprovided a set of results on the 3 Nicholls R J and Goodbred S L 2004 Towards Integrated
likely future behavior of the Ganga Riversystem flow and Assessment of The GangBsahmaputra Delta, Proceedgf
water quality under climate am sociececonomic change 5th International Conference on Asian Marine Geology, and
scenarios.Simulated flow and water qualitydata has been 1st Annual Meeting of IGCP475 DeltaMAP and APN Mega
generatedat all reachesaind along all tributaries of the Ganga Deltas,

River Basin,and hence a wealth of data is still available for 4 National River Conservation Directorate, Ministry of
further analysis. For example, other key locations sach Environment and Forests, Government of India (2009). Status
Kanpur on the GangRiver, or the large cities such as Delhi on Paper On River Gamg- State of Environment and Water
the Yamunatributary can all bestudied using thelynamic Quality.

model outputs andould be the subject of futuranalysis The 5 Sadoff, Claudia, et al. Ten fundamental questions for water
implications of these changes in Ganga flows and water quality resources development in the Ganges: myths and realities,

on Bangladesh and the delta system has also been investigated Water policy 15 (2013): 14164.
as part of an extended analysis of the Ganga, Brahmaputra andé  Jeuland M, Harshadeep N, Escurra J, Blackmore D and Sadoff

Meghna River Systeffi C 2013 Implications of climate change for water resources
development in the Ganges basin, Water Policy Vol 15 No S1
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