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Executive Summary

The Ganga basin is the most populated river basin in the world and is home to half the
population of India including two-thirds of the nation’s poor people. The basin provides over
one-third of the available surface water in India and contributes to more than half the national
water use of which 90 percent is diverted to irrigation.

The ecological health of the Ganga river and some if its tributaries have deteriorated
significantly as a result of high pollution loads; high levels of water abstraction for irrigation as
well as for municipal and industrial uses; and flow regime and river modifications caused by
water resources infrastructure. The Government of India has committed itself to an ambitious
goal of rejuvenating the Ganga and has assigned significant funds to address the problem.

The World Bank has assigned Deltares and its partners AECOM India and FutureWater to
carry out the project “Analytical Work and Technical Assistance to support Strategic Basin
Planning for Ganga River Basin in India” in cooperation with the Government of India. The
objectives of the project are 1) to strengthen the capacity with respect to strategic basin
planning, 2) to develop a set of scenarios for the development of the Ganga basin, 3) to build
a strong and accessible knowledge base and 4) to establish a multi-stakeholder engagement
process to support strategic basin planning.

The preparation of a river basin model and a water information system for the Ganga basin,
jointly called GangaWIS, is an important project component. The aim of the Ganga river basin
model is to support strategic basin planning by assessing the impact of different scenarios.
The water information system serves to store and disseminate all relevant information for
planning, i.e. maps, measurements and input and output of the river basin model.

A model to support strategic planning should try to include all essential components of the
system and their interactions in order to be able to assess the impact of scenarios. However,
the amount of detail that can be included in a model is limited. The strength of the model is in
its schematic representation of reality. The Ganga river basin model has a wide scope that
allows an integrated assessment of impacts related to hydrology, geohydrology, water
resources management, water quality and ecology. Although the level of detail is limited to
keep the model manageable and the complexity understandable, the model contains
sufficient detail for meaningful assessment of strategies and scenarios. The model area
covers the Ganga river basin within India. Upstream parts of the basin in Nepal and China
have been included to calculate flows to the Indian part of the basin.

Figure 0.1 presents the workflow of the different model components. The report Ganga River
Basin Model and Information System describes the set-up, calibration and validation of the
different model components. The Appendices to the report provide a detailed description of
input data used and results produced, as well as documentation of the different model
components and the information system in the form of manuals, tutorials and answers to
frequently asked questions. The Ganga river basin model will be applied to the impact
analysis of scenarios, the assessment of environmental flows and the surface-groundwater
interaction. These applications are described in separate reports. All model components are
open source, or free, within India.
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Figure 0.1: Schematic representation of the workflow of the different model components that together form the

Ganga river basin model

The model can simulate the present situation with respect to water resources, infrastructure
and water demand. This can best be thought of as representing the year 2015. To account for
the hydrometeorological variation, longer time series for meteorological input were required.
The longest time series for which sufficiently reliable data could be constructed from a
combination of different sources is from 1959 to 2014. Model simulations have been limited to
the period 1985–2014 in order to let the simulations be representative for the current climate
and to avoid the possible impact of historic climate change.

Figure 0.2: Combination of the precipitation data from IMD for India with the WFDEI data set for parts of the model

area outside India as executed within the Ganga WIS to create input for the hydrological models

The simulation of the hydrology has been divided over two different models: SPHY and
Wflow. These are both fully distributed models working on a grid of square cells. SPHY is
used to describe the hydrological process in the mountainous areas in the Himalaya.
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This model has been selected because it is specifically designed for glacier and snow
hydrology and has previously been successfully applied to the Himalayas. The rainfall-runoff
processes for the non-mountainous part of the Ganga basin are simulated with the Wflow
model. This is a general purpose hydrological model. The river discharges calculated by the
SPHY model for the Himalayas are used as upstream boundaries for the Wflow model. Figure
0.2 presents the procedure used to derive the precipitation input by combining data from the
Indian Meteorological Department (IMD) for India with the public available WFDEI global data
set for parts of the model area outside India.

The water resources model RIBASIM simulates the use and distribution of water. It uses the
river discharges calculated by Wflow as input. The RIBASIM schematization consists of links
and nodes to describe the flow of water in the rivers, the storage in reservoirs, the diversion
into canals and the use and return flow by different functions. Water can be used from
precipitation, rivers, canals, or from groundwater. Conjunctive use of surface and
groundwater is also possible. Furthermore, return flows can be divided over rivers, canals and
groundwater. This is an important aspect for modelling the water system in the plains of the
Ganga basin, where extensive leakage from irrigation canals feeds the groundwater aquifers.
Therefore, the RIBASIM model is also linked to the groundwater model by the simulation of
extraction and infiltration rates and by the use of the flux between the river and the
groundwater as simulated by the groundwater model. Figure 0.3 shows the RIBASIM
schematization of the Ganga basin.

Figure 0.3: Schematization of the Ganga river basin in RIBASIM

The hydrological models have been calibrated and validated jointly with RIBASIM, since most
of the river flows are influenced by water use and the operation of water infrastructure. The
calibration period is 1995–2009 and the validation period is 1985–1994. Calibration and
validation focused on the Ganga river and its main tributaries. Figure 0.4 shows the results of
the calibration and validation for the Ganga river near Varanasi. The results show that
simulated and measured flows are quite similar, with some model overestimation of the peak
monsoon discharge. However, for a water resources study the very good fit of low flows is
more important. Results for other parts of the Ganga river and the downstream parts of the
main tributaries are comparable.
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Simulation results can differ significantly from the measurements for smaller tributaries and
locations further upstream in the basin due to the fact that it is not possible to include
sufficient detailed information for this scale level in a strategic basin model.

Figure 0.4: Validation (1985–1994, top) and calibration (1995–2009, bottom) results for the Ganga river at Varanasi

with the monthly discharges (left), mean monthly discharges (right bottom) and location of the station (red

dot on map right top)

Groundwater movement is simulated by the iMOD-MODFLOW model. The model uses the
same calculation grid as the Wflow model. It is only applied to the alluvial part of the basin,
since it is not possible to model groundwater in the hard rock areas due to a lack of data on
connectivity between different systems and because the contribution of groundwater in the
hard rock areas is relatively minor. The recharge to the groundwater is obtained from Wflow,
for the non-irrigated areas, and RIBASIM, for the irrigated areas. RIBASIM also provides the
data on water abstractions and river discharge. Based on river discharge, river water levels
are derived and used for the calculation of the flux between the river and the groundwater.
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Figure 0.5: Spatial distribution, histogram and scatterplot of differences between calculated and measured heads

(transient) in iMOD model calibration.

Water quality is assessed with the model DWAQ, combining RIBASIM’s discharges with
pollutant load estimates. Pollution loads are simulated based on domestic, industrial, and
agricultural factors and subsequently reduced depending on available waste water treatment
facilities. The model then simulates the river water quality based on the transport, dilution and
diffusion of pollutants as well as bio-chemical processes.
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Figure 0.6: Calibration results for DWAQ model showing biochemical oxygen demand (BOD5, mg/L) along river

Ganga. Measurements ( :10-, :50- and :90- percentile) and simulations (solid lines 10-, 50-, 90- percentile,

dashed lines are 50-percentile values for monsoon and winter) .

The impact on the ecology and ecosystem services of the changed discharges, water levels
and water quality, resulting from simulated interventions, is evaluated using knowledge rules.
These rules are site specific and have been developed jointly with stakeholders during the
project. For this purpose all rivers have been divided into ecozones based on their
ecologically relevant characteristics. Results are expressed in classes that express deviation
from the pristine situation. These range from Class A (0-20 percent deviation) to Class E (81-
100 percent deviation). Figure 0.7 shows and example of these results for the ecological
impacts for selected zones.

Figure 0.7 : Class distribution of all ecological indicators per selected ecozone (left panels) and the final weighted

ecological score (right panels). G = Ganges, Y = Yamuna, Go = Gomti, A = Alaknanda, Ram = Ramganga

and M = Mahananda. Numbering from upstream to downstream.
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All model input/output is stored in the water information system. A dashboard has been
created that depicts the stakeholder chosen indicators to judge the impact of the different
scenarios. The dashboard provides a comparison between two scenarios: for example, with
and without the implementation of a certain intervention at the level of the whole Ganga basin
within India or for a selected state in the basin. Figure 0.8 presents a screen capture of the
dashboard.

Figure 0.8: Screen capture of the Ganga river basin dashboard showing results for two scenarios

It is important to realize that model results may be more or less sensitive to different values of
input data and parameters, and that model results contain a certain level of uncertainty.
Figure 0.9 presents some results of the sensitivity analysis. It compares the result for the
present case with one in which all model input is chosen to reflect the pristine situation,
meaning without water infrastructure and anthropogenic water use, and with the assumed
pristine land-use and land-cover. This provides an indication of the sensitivity of the model to
land-use changes. The difference in simulated discharges is marginal for a catchment in the
Himalayas, upstream of current water demands and infrastructure. It shows that the
vegetation modifications have a limited impact on the flow. On the other hand, the results for
the Ganga near Kanpur and the Yamuna near Delhi show a large impact with a reduction of
nearly 60 percent in the average discharge compared to the pristine situation. This is caused
by the substantial diversion of water to the irrigation systems in the present situation. The
impact observed at Delhi and Kanpur is attenuated further downstream by the inflow from
other tributaries. Consequently, the result for Varanasi shows about a 50 percent reduction in
discharge.

The results of the calibration, validation and sensitivity analysis provide confidence that the
Ganga river basin model is capable of assessing the impacts of future developments and
measures at basin scale by comparison of simulation results. This makes the model a
valuable tool to support strategic basin planning.
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Results outside the Ganga river and its main tributaries and results for locations further
upstream in the basin are less reliable since the strategic nature of the model has limited the
amount of detailed information included at this scale level.

Figure 0.9: Comparison of average monthly simulated discharges for the period 2000–2014 for the Present and

the Pristine scenario for (clockwise from top-left) a catchment in the Himalaya, the Ganga near Kanpur,

near Varanasi, and the Yamuna below Delhi.

The Ganga River Basin Model uses input data from Indian sources as far as these are
available and reliable. This applies to the data used for precipitation, land use, water supply,
waste water treatment and statistical information to derive water demands and waste loads.
Information from global data sets have been used where no national information was
available or where this information was deemed not to be reliable. This applies to all
meteorological information outside India, temperature and the earth observation data for
actual evaporation. Although the quality of global data sets based on combinations of earth
observation, ground observation and global models continually improves, national data and
especially ground observations remain important for validation of global data sets as well as
for providing additional detail.

The reliability and accuracy of the Ganga river basin model for supporting strategic basin
planning can be further improved. It is recommended that there be a continuous effort to
improve the model using new data and knowledge. However, improvement of the model
should not delay its application for scenario analysis. Application will provide important
information on where model improvement is most urgently required.

Himalaya Kanpur

Delhi Varanasi
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Improvement of the river basin model should aim to improve its relevancy as a tool to support
strategic basin planning. Adding more detail to the model input does not automatically
improve the relevancy or accuracy. On the contrary, excessive detail will result in a model too
complex for strategic planning application and realistic result interpretation. Furthermore, the
improvement of the calibration and validation of the model does not by definition improve the
relevancy for supporting strategic basin planning.

The improvements should be sought in more reliable and accurate representation of the
impacts of scenarios and strategies and more insight into the value of the impact assessment.
Of course, improved calibration could contribute to this aim.

Based on the calibration and validation results, it is recommended that the following topics be
considered for improvement:
• Add missing data on important input items, such as the storage capacity of some

reservoirs;
• Improve the cropping calendar used to derive the water demand for irrigation;
• Add data on hydropower demand and generation;
• Add data on operation rules for dams and barrages;
• Calibrate the groundwater extraction from the inventory of installed pumping capacity

and depth;
• Add an economic valuation of the societal benefit of different uses of water that would

become input for a cost-benefit analysis of management strategies.

It is recommended that application and further development of the river basin model and the
GangaWIS be executed by staff of the relevant Indian organizations, such as CWC, CGWB,
CPCB, NIH and IIT in order to ensure that the system is maintained and utilized following
project completion.
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1 Introduction

The Ganga basin is the most populated river basin in the world and is home to half the
population of India including two-thirds of the nation’s poor people. The basin provides over
one-third of the available surface water in India and contributes to more than half the national
water use of which 90 percent is diverted to irrigation.

The ecological health of the Ganga river and some if its tributaries has deteriorated
significantly as a result of high pollution loads from point and non-point sources; high levels of
water abstraction for consumptive use, mostly for irrigation, but also for municipal and
industrial uses; and flow regime and river modifications caused by water resources
infrastructure, dams and barrages for diverting and regulating the river and generating
hydropower.

The Government of India has committed itself to an ambitious goal of rejuvenating the Ganga
and has assigned significant funds to address the problem. However, in addition to the
technical complexity and scale, the rejuvenation of the Ganga is an inherently “wicked
problem” given the wide diversity of stakeholder values and perspectives and the political and
institutional dimensions that come from distributed responsibilities across multiple jurisdictions
and institutions. The World Bank has assigned Deltares and its partners AECOM India and
FutureWater to carry out the present project “Analytical Work and Technical Assistance to
support Strategic Basin Planning for Ganga River Basin in India”.

The key objectives of the project are:
• Significantly strengthen the capability of relevant central and state government agencies

to undertake comprehensive evidence-based strategic basin planning for the Ganga
river basin;

• Develop, document and disseminate, through detailed analytical work and stakeholder
engagement, a set of plausible scenarios that balance significantly improving the health
of the river and maintaining an acceptable level of economic productivity;

• Build stronger and more accessible information and knowledge base to guide on-going
dialogue and management of the Ganga river basin; and

• Establish on-going multi-stakeholder engagement processes in the basin to support
strategic basin planning.

These objectives will be achieved by:
• Developing a detailed and robust water resources planning model for the entire Ganga

basin in India and training central and state government engineers and planners in its
use;

• Characterizing and analyzing surface-groundwater interactions across the basin, using
this information to refine the river modelling;

• Undertaking a multi-scale environmental flow assessment across the basin and using
these assessments to inform the scenario modelling;

• Developing, modelling and disseminating a series of plausible scenarios that explore
alternative options for improving water management including improving river health;

• Establishing and facilitating a multi-stakeholder consultation process, inside and outside
of government, to guide and share the work above; and

• Ensuring wide access to the models and analyses, with quality documentation.
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The main final deliverables of the project consist of:
• Report on river basin modelling and documentation of information systems;
• The software and data files of the river basin model and the water information system

for strategic planning of the Ganga basin, including the model input and output for the
plausible scenarios;

• Report on surface – groundwater analysis;
• Report on environmental flow assessment;
• Report on scenario modelling; and
• Final project management report including stakeholder engagement processes and

executive summaries of technical reports.

This report is the first deliverable listed above and describes the river basin model and the
water information system for strategic planning of the Ganga basin. Its starting points are the
previous reports on the conceptualization of the river basin model (Van der Vat et al, 2016)
and the design of the Ganga water information system (Deltares et al, 2017).

The river basin model describes the functioning of the water system of the Ganga basin within
India with respect to rainfall-runoff, flow storage and diversion, water use and water quality
and ecology. The interaction between surface and groundwater is included in the model
concept but is described in a separate report. The aim of the model is to support strategic
basin planning by analyzing the impact on basin scale of possible future developments, such
as climate change and socio-economic scenarios and possible management strategies. The
extent of the basin has required trade-offs to be made during the modelling between the
amount of detail to be included and the strategic purpose of the modelling.

Stakeholders have contributed extensively through a collaborative modelling process that has
provided information on the issues, future developments, possible measures and indicators to
aggregate simulation results. Furthermore, different versions of model schematizations and
results have been discussed during a series of stakeholder workshops to obtain feedback.
This process is described in detail in a separate stakeholder engagement report (Ottow et al.,
2017).

This report contributes to project milestone 5 and combines the following deliverables into
one report:
• Deliverable 12 River Basin Modelling Report; and
• Deliverable 14 Final documentation of information systems.

Chapter 2 outlines the components of the river basin model and describes component
interaction.

Chapters 3–7 describe a separate component of the river basin model:
• Chapter 3: Hydrology;
• Chapter 4: Geohydrology;
• Chapter 5: Water resources management;
• Chapter 6: Water quality;
• Chapter 7: Ecology.
For each of these components the following information is provided: concepts, input data, link
with other components, calibration and validation results and indicators. The GangaWIS is
presented in Chapter 8 and the Dashboard in Chapter 9. Chapter 10 describes how the river
basin model can be applied for scenario analysis and presents the results of a sensitivity
analysis of the model. The results of the scenario analysis are described in a separate report.
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The main report ends with conclusions and recommendations for further development of the
river basin model for strategic planning. All model results and all calibration data not
presented in this report, such as results for all subbasins, can be assessed through the
GangaWIS as explained in Appendix H.2.1.2.

The Appendices describe in detail the input data for each component, where the data are
stored in the system and references to data origin. Furthermore, detailed tutorials are
included with step-by-step descriptions of tasks to be performed with the system, such as
installation of the system, adaptation of the input, running of different simulations and
comparison of results to assess the impact of a scenario and/or strategy. These appendices
can be used as material for courses and self-study.
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2 Components of the Ganga River Basin Model and their
Interlinkage

2.1 Background and Context
The aim of the Ganga river basin model is to support strategic planning for the Ganga basin.
It enables strategic planning by supporting the impact assessment of different possible future
situations. To describe these future situations, scenarios and strategies are distinguished.
Scenarios consist of developments outside the scope of the decisions to be supported, but
that influence the impact of the decision. Examples are scenarios for climate change,
population growth, urbanization and economic growth. Strategies consist of combinations of
measures and interventions that are the object of the decision making process and that will
be incorporated in the strategic plan. Examples include construction of new infrastructure,
e.g. dams, barrages, canal and sewage treatment plants; operation modification of existing
infrastructure; efficiency improvements in water supply and demand management. The
impact assessment will be based on comparison of model results. For this purpose, the
results will be aggregated into quantitative and semi-quantitative indicators, such as minimum
flow, water shortage, water quality index and ecological state. The absolute values of the
model results are only used for calibration and validation.

A model to support strategic planning should try to include all essential components of the
system and their interactions in order to be able to assess the impact of scenarios and
strategies. However, the amount of detail that can be included in a model is limited. The
strength of the model is its schematic representation of reality. Therefore, the Ganga river
basin model has a very wide scope allowing for an integrated assessment of impacts related
to hydrology, geohydrology, water resources management, water quality and ecology. The
level of detail is limited to keep the model manageable and the complexity understandable.

The Ganga river basin is huge with a surface area within India of 860,000 km2 (FAO
Aquastat, assessed December 19, 2017) and a population of 485 million people (derived from
2011 census data, Office of the Registrar General & Census Commissioner, India, 2011).
Population is concentrated in the plains of the Ganga basin. Most of this area supports
irrigated agriculture. The plain has a very limited slope from some 250 m above sea level in
the east to approximately 25 m near Farakka at the border with Bangladesh. North of the
plain the Ganga and its tributaries flow from the Himalaya with elevations over 6000 m above
sea level. The Himalaya Mountains are covered by snow and glaciers, which has a significant
influence on the flow pattern of the rivers. The mountains and hills to the south are much
lower with an average elevation around 1000 m. There is a decreasing gradient in water
availability in the plain from west to east. The flow of the Ganga and Yamuna rivers from the
Himalaya supplies a large portion of the water supply. Conjunctive irrigation in the western
part of the plain using both surface and groundwater has locally led to decreasing
groundwater tables. Further to the east in the basin, precipitation increases as does the flow
in the Ganga river fed by its tributaries.

Figure 2.1 presents a schematic overview of the main interactions between surface and
groundwater and the use of water for irrigation in the plain of the Ganga. Irrigation water
supply depends on surface water delivered from rivers through canals and on pumped
groundwater. A large part of the irrigation water is not used for plant transpiration and will
return to the water system in the form of aquifer recharge and drainage to canals and rivers.
Furthermore, there is a direct exchange between surface and groundwater.
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Depending on the relation between the level of surface and groundwater, the flow will be
either from the groundwater to the surface water, ‘the river is gaining water’ or from the
surface to the groundwater, ‘the river is losing water’. Water quality and ecology of the river
and its floodplains depend strongly on the flows resulting from the interaction between
geohydrology and water resources management.

Figure 2.1: Schematic relations between hydrological models and groundwater model

2.2 Modelling Components and GangaWIS Database
Different models are combined in the river basin model to allow for the required integrated
impact assessment. These models have been selected because they cover the dominant
processes in the basin and allow for the assessment of the impact of future developments
and interventions. The following two Figures present the models in slightly different ways.
Figure 2.2 presents the workflow of the model components, i.e. the sequence in which the
models are run. Figure 2.3 presents an overview of the components and their interactions.

Figure 2.2 Schematic presentation of the workflow of the components of the Ganga river basin model
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Figure 2.3: Components of the river basin model and their interaction

The description of the hydrology has been divided over two different models: SPHY and
Wflow. They are both fully distributed models working on a grid of square cells. SPHY is used
to describe the hydrological process in the mountainous areas in the Himalaya. This model
has been selected because it is specifically designed for glacier and snow hydrology and it
has previously been successfully applied to the Himalaya. Section 3.1 provides a detailed
description of the concepts, set-up, input data and calibration and validation of the SPHY
model.

The rainfall-runoff processes for the non-mountainous part of the Ganga basin are simulated
with the Wflow model. This is a general purpose hydrological model. The river discharges
calculated by the SPHY model for the Himalayas are used as upstream boundaries for the
Wflow model. The application of the Wflow model is described in Section 3.2.

Groundwater movement is simulated by the iMOD-MODFLOW model. The model uses the
same calculation grid as the Wflow model. It is only applied to the alluvial part of the basin,
since it is not possible to model groundwater in the hard rock areas due to a lack of data on
connectivity between different systems. Groundwater recharge is obtained from Wflow for the
non-irrigated areas and from RIBASIM for the irrigated areas. Figure 2.4 presents a
schematic of the interactions between the models. RIBASIM also provides the data on water
abstractions and river discharge. Based on river discharge, river water levels are derived and
used for the calculation of the flux between the river and the groundwater. The application of
iMOD-MODFLOW is described in Chapter 4.

The water resources model RIBASIM describes the management and use of water. Its
hydrological input is derived from the river discharges calculated by Wflow. RIBASIM uses a
schematization of links and nodes to describe the flow of water in the rivers, the storage in
reservoirs, the diversion into canals and the use and return flow by different functions. Water
can be used from rivers and canals or from groundwater. Conjunctive use of surface and
groundwater is also possible. Furthermore, return flows can be divided over rivers, canals and
groundwater. This an important aspect for the description of the water system in the plains of
the Ganga basin, where extensive leakage from irrigation canals feeds the groundwater
aquifers, that are themselves used for irrigation water supply. Therefore, the RIBASIM model
is also linked to the groundwater model to provide extraction and infiltration rates and to
obtain the flux between the river and the groundwater.
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Water demand for hydropower has not been included in the RIBASIM model application for
the Ganga due to a lack of input data. The concept, set-up and input data, calibration and
validation results and output to the dashboard of the RIBASIM model are described in
Chapter 5.

Figure 2.4: Schematic representation of technical interaction between RIBASIM, Wflow and iMOD (interaction
between SPHY and Wflow has been omitted for reasons of clarity)

Water quality is assessed with the model DWAQ by combining RIBASIMs’ discharges with
pollutant load estimates. The DWAQ model is described in Chapter 6.

The impact of model results with respect to discharges, water levels and water quality on the
ecology and ecosystem services are evaluated using knowledge rules. These rules are site
specific and have been developed jointly with the stakeholders. A further description of this
component can be found in the report detailing the approach for the environmental flow
assessment. A description of the module used for evaluation of the knowledge rules and its
links with the other models is provided in Chapter 7.

All model input and all relevant output is stored in the database of the water information
system called GangaWIS. The exchange of information between the components of the river
basin model is done by the GangaWIS. The management of different versions of model input
and output, to represent different scenarios and strategies, is included in the GangaWIS.
Furthermore, the model results stored in the GangaWIS provide the input for the dashboard
presentation of results. GangaWIS is described in Chapter 8 and the dashboard in Chapter 9.
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Most of the components of the river basin model are open source. This applies to SPHY,
Wflow, iMOD, MODFLOW and DWAQ. This means that both the source code and the
executable form of the software is publicly available on the internet to all interested parties
and can be downloaded free of charge. The RIBASIM software is licensed software under
transition to become open source. Deltares as the owner of RIBASIM has agreed to make the
software available in an executable form free of charge for application within India during and
after execution of this project. The GangaWIS and the evaluator for the knowledge rules are
built entirely with open source components. Any new code prepared for this system during
this project is included in the delivery of the software.

2.3 Project Area and Model Area
The project area is defined in the terms of reference to “encompass the entire Ganga river
basin in India including all tributaries upstream of Farakka Barrage on the Ganga river”.
Furthermore, it is stated that “the modelling will need to ensure robust assessment of the
flows that enter the Ganga via the Nepalese tributaries”. Therefore, the combined application
of the hydrological models SPHY and Wflow covers the entire Ganga basin upstream of
Farakka Barrage including those parts of the upstream basin located in Nepal and China.
This permits robust assessment of the upstream flows. On request of the state of West-
Bengal, that part of the catchment west of the Hoogly branch below Farakka has also been
included in the model area.

The application of the models iMOD, RIBASIM and DWAQ is mostly limited to the Indian part
of the model area defined above, with the exception of the major reservoirs on the Nepalese
tributaries that have been included in RIBASIM to describe consistently their operation.

2.4 Setup of the Models
The setup of the models SPHY, Wflow and iMOD-MODFLOW is on a cell size of 1x1km. The
models RIBASIM and DWAQ work on a schematization of links and nodes.

The models have been applied for different periods. For calibration and validation this
depended on the length of the time series available for model input and for comparison of
model results with measurements. Calibration and validation periods are reported in the
separate chapters on the individual models. The potential application period of the model for
the impact assessment of scenarios and strategies depends only on the availability of
sufficiently reliable meteorological input and is 1959–2014. Model simulations have mostly
been limited to the period 1985–2014 in order to ensure that the simulations represent the
current climate and to limit the possible impact of historic climate change.

The time step of the calculations in SPHY and Wflow is one day and for RIBASIM and DWAQ
one month. The reasoning: the main hydrological processes take place within periods of days
and require calibration on this temporal resolution; the main processes regarding water
resources and water quality, on the other hand, can be dealt with on the larger time scale of a
month.

The aim of the river basin model is to support strategic planning on a basin level. Therefore, it
has been very important to keep the temporal and spatial schematization relatively simple
without including a high level of local detail, which does not support strategic level planning
and might even present results with a false sense of accuracy. During the collaborative
modelling process, trade-offs were made between the amount of detail to be included in the
models and the strategic purpose for which the models will be applied.
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3 Hydrological Models

The first step in the GangaWIS workflow is the rainfall runoff modelling, as indicated in Figure
3.1. The output of this step are the discharge values that are used in the RIBASIM model and
the recharge values that are used in the iMOD model.

Figure 3.1: Schematic representation of the workflow in the GangaWIS.

To simulate the runoff generating processes from rainfall, hydrological models are used. For
the snow and glacier dominated parts of the basin, the specialized SPHY model (Section 3.1)
is applied. For the main part of the basin, the Wflow-SBM model is used (Section 3.2).

Both models are distributed or gridded models. The models use gridded input and can
produce gridded output. Using gridded inputs, static maps for land-use and dynamic input
maps for model forcing, allows for using high resolution input data up to the model resolution.
The distribution of inputs adds more realism to the model, compared to lumped model
approaches in which the input data is often lumped at the subcatchment level. Lumping of
rainfall data generally introduces errors in the discharge simulation. The gridded inputs also
allow for easy spatially distributed adjustment of model inputs, e.g. changing land-use for a
certain district or state only.

Because the framework produces gridded outputs, in principle every grid-cell of the model
can generate output time series, as demonstrated in Figure 3.2. This makes the application of
the framework well suited for basin planning studies, since definition of output locations of the
model has not been determined in advance. New output locations, e.g. for calculating the
inflow into new surface water reservoirs, can be added later without the need to change the
schematization and revising the calculations.
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Figure 3.2: The hydrological models produces gridded outputs, meaning that at every location in the model, output

time series can be easily produced.

To quantify the agreement between the simulated and observed discharge a series of
correlation coefficients are calculated. These coefficients are used for the quantification of
model performance for the SPHY, Wflow and RIBASIM models. A well-known example is the
Nash-Sutcliffe Efficiency coefficient (NSE), (Nash and Sutcliffe, 1970)):

ὔὛὉ = 1
В (ὗ ὗ )
В (ὗ ὗ )

where ὗ  is the mean of observed discharge, and Qs is simulated discharge. Qo
t is observed

discharge at time t. The closer the value of NSE is to 1, the better the model performance
(Table 3.1).

Table 3.1: Description of fit linked to Nash-Sutcliffe model efficiency coefficient (Adapted from (Foglia et al., 2009))

Fit Nash-Sutcliffe efficiency

Observed mean is a better predictor than the model <0

Insufficient 0– 0.2

Sufficient 0.2–0.4

Good 0.4–0.6

Very good 0.6–0.8

Excellent >0.8

The NSE with logarithmic values (LOGNSE) is less sensitive to extreme values and
calculated with logarithmic values of observed and simulated discharge. Through the
logarithmic transformation of the runoff values, the peaks are flattened and the low flows
remain more or less at the same level.
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As a result, the influence of the low flow values is increased in comparison to the flood peaks
resulting in an increase in sensitivity to systematic model over/under prediction (Krause et al.,
2005).

The Coefficient of determination (R2) indicates the proportion of the variance in the
observed discharge that is predictable from the simulated discharge:
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with Qo being observed discharge values and Qs being simulated discharge values. A value
of zero means no correlation at all whereas a value of 1 means that the dispersion of the
prediction is equal to that of the observation.

The Relative Error in Volume (REV) is an indication for the correct simulation of the
volumes. The REV can be either positive, the model simulates more water than is observed,
or negative the model simulates less water than is observed. The REV score is calculated as
follows:
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Ideally, the REV values are on average 0 percent and preferably not exceed 10 percent.

3.1 SPHY

3.1.1 Concepts
The SPHY hydrology model is a spatially distributed hydrological model (Terink et al., 2015a).
The main terrestrial hydrological processes are included in the model so that changes in
storages and fluxes can be assessed adequately over time and space. Figure 3.3 shows a
schematic diagram of the simulated processes in the SPHY model.

SPHY is grid based and cell values represent averages over a cell. For glaciers, sub-grid
variability is taken into account: a cell can be glacier free, partially glaciered, or completely
covered by glaciers. The cell fraction not covered by glaciers consists of either land covered
with snow or land that is free of snow. Land that is free of snow can consist of vegetation,
bare soil, or open water. The dynamic vegetation module accounts for a time-varying
fractional vegetation coverage, which affects processes such as interception, effective
precipitation, and potential evapotranspiration.

The SPHY model provides output variables that can be selected based on user preference.
Spatial output can be presented as maps of all the available hydrological processes, i.e.
actual evapotranspiration, runoff generation separated by its components, and groundwater
recharge. These maps can be generated daily, but can also be aggregated at monthly or
annual time periods. Time series can be generated for each cell in the study area.

The most often used important results are streamflow, actual evapotranspiration and
groundwater recharge.
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For a more detailed description of the concepts of modelling high mountain hydrology in
SPHY, please refer to the inception report, the theoretical manual (Terink et al., 2015b), and
open access scientific journal publication (Terink et al., 2015a).

Figure 3.3: SPHY modelling concepts.

3.1.2 Set-up and Assumptions
The SPHY-model is set up for the upstream, mountainous part of the Ganga basin. This domain
covers large parts of Himachal Pradesh and Uttarakhand in India, a large part of Nepal and parts
of China on the Tibetan Plateau. The discharge generated in the SPHY model domain culminates
at the model’s nine outflow locations that form the input to the Wflow hydrological model. The
model extension and the nine outflow points are shown in Figure 3.4. The spatial resolution of the
model is 1x1 km. The model runs with a daily time step over a period of 57 years (1 January 1958
until 31 December 2014).

3.1.3 Input Data
SPHY requires static input maps as well as series of input maps for meteorological forcing. The
model input is briefly described in this section; a more detailed description will be found in
Appendix A.
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Figure 3.4: Simulated domain of the SPHY model, indicating the 9 outflow locations where SPHY is coupled to

Wflow.

For the delineation of the subbasins of the model, the HydroSheds SRTM DEM (Lehner et al.,
2006) is used and resampled to the model resolution, projection and extent. Based on the DEM a
local drain direction map is calculated, which indicates the drain direction of each grid cell. With
this procedure, the stream network of the model is defined, which is used to route water from
upstream to downstream. A slope map, which is derived from the DEM as well, is used for the
calculation of lateral flow of water through the soil layers.

Furthermore the model uses a land-cover map (Defourny et al., 2007) with associated
evapotranspiration coefficients assigned to each land-cover type, a soil map with quantitative soil
properties for the topsoil and subsoil (De Boer, 2015) and a map of glacier outlines and distinction
in debris-covered and debris-free glacier surfaces (Arendt and 87 others, 2015).

For the meteorological forcing, SPHY uses series of daily grids of precipitation (mm/day), and
daily mean air temperature, daily maximum air temperature and daily minimum air temperature, all
in ęC. After comparison of several forcing products, as described in  the Inception report and
Progress report, the SPHY model has been set up with a combination of forcing data from
WATCH Forcing ERA-Interim, WFDEI (Weedon et al., 2014) for 1979–2014, and EU-WATCH
(Weedon et al., 2011) for 1959–1978, since WFDEI data is not available before 1979.

The input data, their sources, preprocessing and their locations in the modelling system are
described in more detail in Appendix A.

3.1.4 Link with Other Components of the Ganga River Basin Model
As indicated in Figure 3.4, the SPHY model has nine connection points to the Wflow surface
hydrology model. This connection is one-way: daily discharge series from the SPHY model
feed into the Wflow model, but there is no feed-back coupling. A selection of SPHY model
outputs is connected to the GangaWIS for dashboard visualization. These simulated outputs
are:
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Daily, for 9 outlet locations:
• Total discharge (m3/s);
• Glacier melt runoff (m3/s);
• Snow melt runoff (m3/s);
• Rainfall-runoff (m3/s);
• Baseflow (m3/s).

Daily, as spatial maps covering the model domain:
• Total discharge (m3/s);
• Glacier melt (m3/s);
• Snow pack (mm).

Details on file formats and locations of the output files in the system are described in
Appendix A.

Figure 3.5: Discharge measurement locations used for model calibration and validation. Red dots indicate locations

in India, green dots indicate locations in Nepal. Upstream areas of the locations are indicated by colored

shading.

3.1.5 Calibration and Validation Results
The calibration and validation procedure is based on the visual comparison of simulated
discharge hydrographs to observed discharge hydrographs. SPHY model parameters are
optimized to reach a satisfactory agreement between the simulated and the observed
discharge. The SPHY model was calibrated and validated for locations in the Koshi river
basin, using data from the Department of Hydrometeorology for Nepal, and locations in the
Indian part of the upper Ganga, using data from the Central Water Commission (Figure 3.5).
For the Chatara and Pachuwarghat locations in the Koshi basin in Nepal, daily discharge
records for the period 1998–2007 were used. For the Rudprg-Alaknanda and Deopgr-
Bhagirathi locations in India, monthly discharge records for 1985–2009 were used, as no daily
values were available. The stations have been selected based on data availability, diversity of
catchment locations and sizes, completeness of records and confidence about the correct
locations of the stations. Because flow data records for India are not public, actual discharge
amounts cannot be indicated in any table or graph in this report.
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3.1.5.1 Calibration and Validation Criteria

Figure 3.6: SPHY model performance at Pachuwarghat (monthly comparison).

Figure 3.7: SPHY model performance at Chatara (monthly comparison).

3.1.5.2 Results Koshi basin
For the Koshi basin, data was available for 1998–2007 at daily time step. The Pachuwarghat
station was used to calibrate and Chatara station to validate the model for this period.
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Figure 3.6 and Figure 3.7 indicate the performance of the calibrated model at these locations
when monthly simulated flows are compared to monthly observations, with indication of the
correlation coefficients discussed earlier. In general, the model performs well. This is reflected
by the high correlation coefficients and low bias. The major weaknesses are the
underestimation of the low flows and the lack of coincidence of the highest discharges at
Pachuwarghat. At Chatara, low flows and peaks are captured somewhat better. Interannual
variability is captured quite well, but not for all years. The correlation coefficients can be
considered high, especially for complex mountainous catchments, where small scale climatic
variability is usually insufficiently represented in forcing data.

For the Indian part of the upper Ganga monthly data were used for 1985–2009. The Deopgr-
Bhagirathi station and the Rudprg-Alaknanda station were used to validate model
performance. For this part of the basin, the model was run with two different precipitation
datasets. The first consisted of only WFDEI precipitation (Figures 3-8 and 3-9), the second
replaced WFDEI precipitation with IMD precipitation when available in space and time. For
the model forced with WFDEI precipitation the bias is overall smaller for Deopgr-Bhagirathi
than for the model forced with WFDEI/IMD precipitation. For the location at Rudprg-
Alaknanda it is the opposite. NSE coefficients are significantly higher when the model is
forced with WFDEI precipitation. This leads to the conclusion that for the upper Ganga,
forcing of the model with WFDEI precipitation is the preferable choice, although the difference
in performance compared to the WFDEI/IMD forced model is acceptable.

Figure 3.8: SPHY model performance at Deopriag on the Bhagirathi for model run with WFDEI precipitation forcing

(monthly comparison).
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Figure 3.9: SPHY model performance at for model run at Rudraprayag on the Alaknanda with WFDEI precipitation

forcing (monthly comparison).

The comparison of the observed and simulated discharges can also be made for the
discharge regime, based on mean monthly discharge. The results of this comparison are
shown in Figure 3.10. The model performs well in the low flow situations although the model
tends to underestimates the low flows. The high flows are represented well in the calibration
period, with exception of the Rudraprayag station. Over the validation period, the
performance of the model for high flows is less accurate.

3.2 Wflow

3.2.1 Concepts
The hydrological modelling framework Wflow simulates the rainfall-runoff processes in the
lower parts of the Ganga basin, i.e. downstream of the basins modelled in SPHY. The Wflow
framework consists of different hydrological concepts, including the HBV and SBM concepts.
The Wflow framework is based on a raster-based dynamic framework, PCRaster that uses
gridded inputs and produces gridded outputs. Details on the setup and data requirements of
Wflow are given in Appendix B.

As stated earlier, the Wflow framework can work with different hydrological concepts, i.e.
different conceptualizations of the real world hydrology. For the purpose of the model, the
availability of the data and for an optimal connection to the groundwater model, the SBM
modelling concept is well suited for the Ganga model.
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Calibration period Validation period

Figure 3.10: Comparison of mean monthly discharges for 4 locations for calibration (left) and validation period

(right).
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Figure 3.11: Schematic overview of the hydrological processes that are taken into account in the Wflow-SBM

model.

The forcing of the model consists of time series of rainfall and potential evaporation. The first
process, from top to bottom, is the interception process.

The interception process determines how much water is captured in the canopy and
subsequently evaporates. Rainfall that evaporates from interception does not contribute to
runoff. Only the stem flow and through fall from interception contribute to the runoff.

The interception model is based on the analytical Gash model (Gash, 1979). A schematic of
this model is presented in Figure 3.12. The parameters in the Gash interception model
depend mainly on the type of land-use. Therefore, the parameters related to this process can
be linked to the land-use classes. For example, more rainfall is intercepted in forest areas
than in areas with mainly grass lands. Rainfall can also be intercepted from paved areas. For
these areas, mainly urban areas, rainfall that cannot infiltrate can either generate direct runoff
or is evaporated.

The output of the interception module is input for the soil module. The input consists of the
direct rainfall or direct through fall, the through fall from the canopy and the stem flow. The
soil module determines how much water infiltrates into the soil and how much of the rainfall is
generating direct runoff or saturation excess overland flow. The infiltration capacity is the
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main parameter that determines the process of infiltration and depends mainly on the land-
use.

Figure 3.12 : Schematic overview of the Gash interception model.

The soil module consists mainly of two stores, the unsaturated store and the saturated store.
The movement of the interface between the unsaturated part of the soil and the saturated part
of the soil is calculated at each time step. The main parameters controlling the behavior of the
soil module are the hydraulic conductivity, both vertically and horizontally, and the depth of
the soil. Both are strongly dependent on soil type.

These processes are calculated for each grid cell in the model. The movement of the water
from one cell to the other is determined from the elevation model and the derived drainage
network. The drainage network is calculated from the elevation of each cell. It is assumed that
water will flow towards the neighboring cell via the steepest path. The steepness of the path
or the slope is determined by the height difference between the cells, and the horizontal
distance between the cell centers. Figure 3.13 depicts the derivation of the drainage network.

The runoff that is generated in each cell, both direct runoff from the surface and subsurface
flow, is routed through the model via the drainage network. For the routing, a kinematic wave
module is used. The kinematic wave module is a simplification of the Staint-Venant
equations, or shallow water equations. The main parameters of the kinematic wave module
are the roughness parameter (Manning coefficient) and the slope. The Manning coefficient
can be set differently for river cells and non-river cells which normally have a higher
roughness value.
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Figure 3.13 : Example of a drainage network (right panel) derived from the digital elevation model (left panel).

The output of the Wflow model consists of discharge maps for each grid cell and for each
time step and maps showing groundwater recharge. Other outputs can also be generated
easily, if deemed necessary. A complete list of possible model outputs can be found in the
online documentation1.

3.2.2 Set-up
Although only the lower basins are used in the modelling, the Wflow model has been setup
for the complete Ganga basin.
The model covers the Ganga basin in India, Nepal and China to the boundary with
Bangladesh and also includes the Hoogly branch that flows through the Indian state of West-
Bengal to the Bay of Bengal. Focus is on the Indian part of the basin. The model is setup with
a resolution of 1x1 km, resulting in approximately 1.8 million grid cells.

The parameters of the model are defined either in maps or in tables. Two examples of map
defined parameters are shown in Figure 3.14, hydraulic conductivity, and Figure 3.15,
infiltration capacity of the soil.

All parameters and their calibrated values can be found in Appendix B.

1 http://Wflow.readthedocs.io/en/latest/Wflow_sbm.html#model-variables-stores-and-fluxes
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Figure 3.14: Map with the hydraulic conductivity values (KSAT in mm/day) derived from the FAO soil map of the

world.

Figure 3.15: Map with the infiltration capacity of the soil (mm/day) derived from the FAO soil map of the world.
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3.2.3 Input Data
The Wflow model needs static input maps as well as a series of input maps for meteorological
forcing. The model input is briefly described in this section, and a more detailed description
can be found in Appendix B.

Static Input
Elevation Data
The same Digital Elevation Model (DEM), based on the HydroSheds SRTM DEM (Lehner et
al., 2006), as incorporated in the SPHY model, is applied and resampled to the model
resolution, projection and extent. Based on the DEM, a local drain direction map is derived,
which indicates the drainage direction of each grid cell. With this procedure, the stream
network of the model is defined, which facilitates water routing from upstream to downstream.
The full extent of the DEM is shown in Figure 3.16.

Figure 3.16: SRTM Digital Elevation Model (DEM) for the project area.

River Layer
To make sure that the derived drainage direction follows the actual rivers accurately, a
shapefile of the river, based on Open Street Map, is used to force the drainage direction
derivation algorithm. This is especially needed for the shallow parts of the basin, in which the
digital elevation model is less accurate. The shape file, shown in Figure 3.17, is used to burn
the river network into the DEM before determining the drainage direction map (LDD), thus
overriding the drainage pattern derived from the DEM itself.

Land-use/Land-cover Data
The land-use or land-cover map is an important input map to the model. Many parameters in
the model do depend on the land-use. For example, the rooting depth varies greatly for
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different types of vegetation, e.g. grass versus trees. Also, the Manning coefficient, which
determines roughness, differs considerably between dense vegetation and urban areas.

Figure 3.17: River layer from Open Street Map, used as input layer for the derivation of the model.

The land-use map from the Indian Institutes of Technology (IIT), based on data from the
National Remote Sensing Centre (NRSC), is the basis for the Wflow land-use map. This map
covers the Indian part of the basin, but excludes the Nepalese parts of the basin. Since the
model needs a land-use map that covers the complete basin, the missing parts reflect data
from the GlobCover map (Defourny et al., 2007). The GlobCover map, covering the complete
globe, is resampled from 300x300 m to 1x1 km to fit the model requirements. Figure 3.18
shows the model’s combined land-use map. Land-use classes are itemized in Table 3-2.

Table 3.2: Land-use classes in the combined Wflow model land-use map.

ID Description ID Description
0 Water 9 Savannas
1 Evergreen Needle leaf Forest 10 Grasslands
2 Evergreen Broadleaf Forest 11 Permanent Wetland
3 Deciduous Needle leaf Forest 12 Croplands
4 Deciduous Broadleaf Forest 13 Urban and Built-Up
5 Mixed Forests 14 Cropland/Natural Vegetation Mosaic
6 Closed Shrublands 15 Snow and Ice
7 Open Shrublands 16 Barren or Sparsely Vegetated
8 Woody Savannas
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Soil Data
The soil map, containing information on the different soil types found in the Ganga basin, is
an important map input to the model. As with the land-use map, many parameters depend
strongly on the soil type. Examples are the saturated conductivity (KSAT) and the infiltration
capacity of the soil. The soil map in the Wflow model is adapted from the FAO soil map of the
world, as seen in Figure 3.19. There are 12 classes defined for the Wflow model, as
presented in Table 3.3.

Figure 3.18:  IIT land-use map, based on NRCS data.

Table 3.3: Classes in the Wflow soil map (based on FAO soil map).

ID Description ID Description
1 clay(heavy) 7 sandy clay
2 silty clay 8 loam
3 clay (light) 9 sandy clay loam
4 clay loam 10 sandy loam
5 silt 11 loamy sand
6 silt loam 12 sand

Leaf Area Index
The Leaf Area Index (LAI) indicates the canopy density. The LAI changes over time with
seasons, as shown in Figure 3.20. The density of the canopy has a direct relation with
hydrological processes such as interception and through fall. To take into account the
seasonal effect of the canopy density, the LAI is presented to the model as average values
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