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Abstract

Nepal is a landlocked country in the foothills of the Himalayan region in South Asia and a
country endowed with rich water resources. However, the country is unable to utilize and
manage the full potential of available water resources. One of the reasons for this is the
lack of an adequate network of river gauging stations necessary to collect hydrologic data.
Installation of hydrological stations is an expensive proposition and not financially viable
for small water resources projects (water supply, irrigation, mini and micro-hydro
projects). This research aims to address the challenges via an alternative strategy - i.e.
the use of a hydrological model which can reliably simulate runoff in ungauged
catchments even in the absence of adequate hydrologic data.

SWAT (Soil & Water Assessment Tool), a popular simulation model with ArcGIS and
QGIS interface, was chosen to simulate flow in an ungauged catchment in the mid-
western region of Nepal. The model was applied to the West Rapti River basin using five
years (1981-1985) of data from the Global Runoff Data Centre (GRDC). The GRDC was
the only source, and the dataset was incomplete, limiting the model calibration and
validation process. This limitation was addressed by using another simulation model,
HEC-HMS (Hydrologic Engineering Centre’s Hydrologic Modeling System), for
comparison. The results of the SWAT model were compared with those from HEC-HMS,
one of the most widely used rainfall-runoff simulation models. Comparative analysis
showed that both models generated comparable results. In general, HEC-HMS
overestimated the runoff volume and depth by about 7-20%, and the SWAT model
overestimated peak discharge by about 30-50%. SWAT also provided additional
information on ecology and water quality aspects. Therefore, SWAT was chosen for
additional study, including runoff simulation in the Jhimruk Khola sub-catchment. The
sub-catchment is one of the major drainage systems of the West Rapti river basin, and it
provides water for irrigation systems and possible locations for several micro-hydropower
projects.

Historical rainfall data (1979-2009) were extracted from the Global Weather Data for
SWAT to predict the rainfall trend in the West Rapti Watershed. This trend in rainfall
pattern was used to extract rainfall and simulate runoff for 2023 to 2026, considering
rainfall data of 2013 as a baseline. The simulated results showed a minor shift in time to
peak and increased peak discharge. Similarly, the simulated runoff trends matched
perfectly with the observed rainfall trend in SWAT. Thus, the results proved the reliability
of SWAT to simulate runoff in the West Rapti Basin. The conclusion was drawn that the
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SWAT model can be used reliably to predict runoff in ungauged catchments that assist
with managing water resources and contribute to the development of Nepal’s economy.
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Chapter 1: Introduction

Nepal is rich in water resources (WECS 1994). The country could derive huge benefits
from these resources if able to utilize them optimally. However, the utilization of water
resources through various hydropower and irrigation projects depends on the availability
of hydrological data. Unfortunately, obtaining hydrological data is expensive and difficult,
in the Nepalese context, due to the lack of adequate hydro-meteorological gauging
stations. As a result, several available water resources remained unexploited in Nepal
(Shrestha et al. 2010).

As stated above, establishing a comprehensive hydrological gauging station is an
expensive proposition. Being one of the poorest countries in the world, setting up dense
hydro-meteorological stations is not financially viable. Major water resource projects in
Nepal establish their own gauging stations. However, this is not feasible for small-scale
water resources projects such as water supply and irrigation. Thus, developing a method
that could predict reliable river flow conditions in the absence of detailed hydrological data
is essential in our ability to exploit and manage available rich water resources in Nepal.

1.1 Background

Water is a vital natural resource and a key component in socio-economic development.
It also influences every aspect of the environment supporting life on earth (Gohar &
Cashman 2016). However, water sources worldwide are under stress due to increased
demand and water availability limitations (Burek et al. 2016). Sustainable water
management, therefore, is essential to minimize the gap between demand and supply,
and it is also necessary to ensure a long-term stable and flexible water supply to meet
water demand for various purposes.

Managing water resources requires systematic approaches that include a good
understanding of hydrological components and the links, relations, interactions,
consequences, and implications among these components. Changes in land cover and
flow regulation of rivers, for example, significantly impact seasonal and annual
hydrological variations (Bonacci 2004). Therefore, thorough knowledge and
understanding of different hydrological components are essential for successful water
management for various purposes such as power generation, land irrigation and flood
control.



1.2 Streamflow Prediction/Simulation

Streamflow is the integrated results of all meteorological and hydrological processes in a
catchment (Peters 1994). Reliable continuous streamflow estimation, therefore, is an
essential factor in engineering design and water resource management (Parajka et al.
2013), planning water supply and irrigation projects (Jain & Singh 2003), delineating river
floodplains (Merwade et al. 2008), managing flow on dams and channels (Hirsch & Costa
2004), optimizing hydropower productions, designing hydraulic structures and others
(Swain & Patra 2017), and assessing hydrologic behaviors due to change in climate and
land-use practices (Patil & Stieglitz 2012).

Prediction of streamflow requires reliable long-term hydrological data, particularly
precipitation (Caracciolo et al. 2014; Singh & Saravanan 2020). However, many river
basins in the world lack hydrological data, and they are termed poorly gauged or
completely ungauged basins (Goswami et al. 2007; Sivapalan et al. 2003). The ungauged
basins also lack a series of streamflow and evapotranspiration data (Bléschl 2006).

Runoff estimation in ungauged basins is essential for obtaining a good knowledge of flow
variability in basins (Razavi & Coulibaly 2013) and understanding the hydrological
phenomena, which is the product of interactions between atmospheric and land surface
conditions (Rui et al. 2013). However, hydrological processes and their components in a
catchment area are highly variable in time and space (Bras 1999). Understanding these
phenomena requires adequate knowledge about hydrological theories, models, and
empirical methods (Sivapalan 2003a). However, the existing practical techniques and
theories are insufficient to recognize the links between the hydrological functions and
physical properties of ungauged or poorly gauged basins (Hrachowitz et al. 2013). Thus,
the prediction of runoff in ungauged basins has been attracting attention globally from
hydrologists and researchers.

According to Castellarin et al. (2007), ungauged basins often exist in mountainous regions
and rural or remote places (Makungo et al. 2010). The complex topography and harsh
climatic conditions make meteorological data collection difficult in these basins (Chalise
2002). In Nepal, most rivers originate in the mountainous region, which covers
approximately 86% of the country's total land area (Karki et al. 2016). These rivers are
ungauged or poorly gauged. As a result, the country has not been able to utilize available
water resources to their full potential, adversely impacting energy and irrigation sectors.
In the meantime, the country depends heavily on water resources for hydropower
generation and land irrigation purposes (Gurung et al. 2019; WECS 2005a, 2005b, 2011).
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Nepal's rivers possess the potential to generate 83,000 MW hydropower, out of which
42,000 MW is commercially viable (KC et al. 2011). However, of 42,000 MW commercially
viable hydropower generation capacity, only 689.3 MW (about 2%) of the total capacity
has been generated (KC et al. 2011).

Sustainable hydropower generation is also essential to balance the country’s electricity
supply deficit in the dry season and generate revenue through exports of electricity during
the wet season, when river flows are high (ADB & ICIMOD 2006; Bhatt 2017; Rai et al.
2020). Likewise, developing sufficient hydropower energy might control forest
degradation because fuelwood supplies about 80% of all household energy, and demand
for energy is growing consistently (Pokharel 2001). However, achieving tangible results
in hydroelectricity development is only possible with qualified human resources with
sufficient funds within the country (Pokharel 2001).

Similarly, approximately 18% (2,642,000 ha) of the total land area of Nepal is cultivated,
and about two thirds (66%) of the total cultivated area is potentially irrigable (Poudel &
Sharma 2012). However, only 17% of cultivated land gets water in all seasons, and 42%
gets irrigated intermittently only, leaving 41% of the potential irrigable area not receiving
any irrigation water. Thus, crop production in the majority of the hills and mountain areas
rely heavily on rainfall (WECS 2005a).

According to Chalise (2002), the improved knowledge of flow regimes in river basins may
help assess and exploit water resources more effectively to irrigate the land, generate
electricity, and even manage floods and droughts. However, it takes a significant time to
achieve success in understanding the flow regimes of Nepalese river basins due to the
lack of knowledge and resources.

Significant success has been achieved on ungagged catchments with the introduction of
PUB (Predictions in Ungauged Basins) by IAHS (International Association of Hydrological
Science) (Sivapalan et al. 2003). The PUB has developed a wide range of new data
acquisition technigues and methods to estimate accurate model uncertainty and predict
hydrological behaviour in ungauged basins (Emmerik et al. 2015). However, the current
understanding of basin response is not sufficient due to the global scale of anthropogenic
activities, land use and climate changes. Thus, new invention in data collection, process
knowledge and understanding hydrological behaviour is necessary for accurate runoff
simulation in ungauged basins (Sivapalan 2003a).

Understanding watershed response and behaviour because of climate change and
changes in land-use practices can be achieved with a hydrological model. Therefore,
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different hydrologic models have been developed and used for a variety of purposes,
such as managing water resources and estimating flood events (Bardossy & Singh 2008).
Each model has advantages and limitations; thereby, selecting a specific model is a
challenging proposition. However, Singh and Saravanan (2020) suggested that a
physically-based hydrological model is the best preference for streamflow estimation and
prediction.

This study, therefore, is conducted to select and calibrate a physically-based semi-
distributed hydrological model that can be used confidently for runoff simulation in an
ungauged catchment located in Nepal. Simulation of runoff in ungauged catchments is
essential to manage water resources for power generation, land irrigation, and flood
management, thereby contributing substantially to the country's economic development
and poverty alleviation.

1.3 Research Aim and Objectives

This research aims to select and calibrate a reliable physical-based hydrological model,
which can be used for runoff simulation in the ungauged basins in Nepal.

Some of the specific objectives of the study are:

1. To identify a suitable hydrological model that can be utilized to predict flow
characteristics in ungauged basins.

2. To calibrate the hydrological model that can be used confidently to simulate runoff
in ungauged basins.

The research questions of this study are:

Which hydrological models are available for runoff prediction in catchments?
Which model is applicable for the runoff estimation in ungauged basins?
Can the SWAT model be used reliably to simulate runoff in ungauged basins?

A

Can the SWAT model be implemented reliably in Nepal for runoff simulation in
ungauged basins?

1.4  Significance of the study

A dense spatial gauging station is necessary for obtaining hydrological data from
catchments. However, the installation of a well-developed gauging network involves huge
costs, which may not be financially viable for many developing countries like Nepal. This
constraint has resulted in many river basins in Nepal being ungauged or poorly gauged.
Estimating runoff generated in these basins requires understanding basin responses
resulting from anthropogenic activities and land-use changes.

4



This study will advance knowledge on runoff estimation in ungauged catchments by
selecting and calibrating a hydrological model that can assess a dynamic hydrological
system of ungauged basins. This knowledge will be significant in managing water
resources in ungauged basins for hydropower generation, land irrigation, and flood
management, contributing to economic development and reducing poverty.

The study may also help advance the runoff prediction knowledge in ungauged
catchments in Nepal. Nepal still depends on empirical methods such as WECS/DHM
(Water and Energy Commission Secretariat/ Department of Hydrology and Meteorology)
and MIP (Medium Irrigation Project) to assess the flow conditions of the ungauged
catchments for different medium-to-small scale water resource projects (Shrestha et al.
2010). While these methods have served the nation well for the last four decades (WECS
and MIP methods were developed in 1982). Implementation of new techniques that take
advantage of the development in technology can also benefit the flood estimation
process. Eventually, the research findings will help enhance the existing knowledge of
the scientific community in Nepal.

1.5  Scope and Limitations of the Study

The scope of the study is limited to identifying a method and finding a hydrological model
to predict runoff reliably in a rain-fed ungauged catchment. The study area for this project
was chosen from a developing country, Nepal, which is very rich in water resources.
However, the country is unable to utilize the full potential of water resources due to the
lack of knowledge to predict the hydrological behaviours of ungauged or poorly gauged
river basins.

The study uses the concepts of the regionalization approach integrated with a
hydrological model to estimate runoff in ungauged basins. The method assumes that the
catchment displays similar hydrological responses if climate, geology, topography, sail,
and vegetation are similar within a given region (Rees et al. 2004).

Although this research utilized scientific approaches to estimate streamflow in an
ungauged catchment, it has several limitations, including but not limited to:

i. Use of the SWAT Global Weather Data (https://globalweather.tamu.edu/) for
rainfall, temperature, solar, wind and relative humidity data to prepare and calibrate

the SWAT model. As the data is limited, all limitations resulting from a limited
dataset are carried within this study findings as well. Unfortunately, this was the
only source of data freely available.


https://globalweather.tamu.edu/

Use of the GRDC (Global Runoff Data Center) (https://www.bafg.de/) for observed
discharge data. Most of the GRDC data in the study area are monthly data; only

one station has daily observed discharge data, which is also only from 1976 to
1985. This data was used to generate other data sets; hence the reliability needs
to be further tested.

The study does not consider the climate change impacts on rainfall patterns and
its effect on flooding events.

The study also did not consider the land use impact due to anthropogenic activities
to estimate surface runoff.


https://www.bafg.de/

Chapter 2: Literature Review

2.1 Introduction

Runoff estimation without enough hydrological data was difficult before introducing PUB
(Decade on Predictions in Ungauged Basins). As a result, the PUB has developed and
analyzed various methods to predict runoff in ungauged basins. However, these methods
still are insufficient to thoroughly understand the complex relationship between rainfall
and runoff in ungauged basins.

This section, therefore, analyses the role of the PUB discusses the available and most
broadly used runoff prediction methods in ungauged catchments, including some
advantages and limitations. The chapter also highlights hydrologic modelling and its
importance.

2.2 Prediction of Ungauged Basins (PUB)

An accurate and reliable runoff estimation in ungauged basins is highly significant in
making an independent judgment about actions required for sustainable water
management and prevention of natural disasters (Sivapalan et al. 2003). However, the
current understanding of basin response to estimate accurate and reliable runoff is not
sufficient due to heterogeneity of the land surface conditions, soils, vegetations, land uses
and excessive anthropogenic activities (Sivapalan 2003a). Modern data collection
techniques, process knowledge, and understanding are required to solve these problems.
Hence, prediction in ungauged basins remains a challenging and unsolved problem
(Sivapalan 2003a).

Before introducing PUB, the subject of hydrology was divided into several other
disciplines. Therefore it lacked the solid scientific basis to explain the role of hydrology at
the interface of different disciplines (Hrachowitz et al. 2013; Sivapalan 2003b).
Furthermore, the PUB recognized the primary factors contributing to the resulting
predictive uncertainties. As such, (i) a lack of knowledge of the systems that support
hydrological responses and the catchment-scale feedbacks which results in an unrealistic
model with high predictive uncertainties; (ii) a lack of knowledge to understand the multi-
scale spatial-temporal heterogeneity of process across various landscapes and climate;
(iii) a lack of comprehensive studies to recognize appropriate technigues that can be used
to transfer hydrological response patterns from gauged to ungauged settings (Hrachowitz
et al. 2013).



In response to these challenges, PUB formulated and implemented suitable science
programs to engage and motivate the scientific community towards achieving advances
in conducting reliable predictions in ungauged catchments (Hrachowitz et al. 2013;
Sivapalan et al. 2003). Similarly, the PUB has researched various scientific fields and
developed various predictive tools (e.g. lumped models, empirical models, distributed
models, and statistical regionalization) to make an objective and quantitative decision for
water resources, water quality management, and natural hazards assessments
(Sivapalan et al. 2003). In general, the PUB has shifted the paradigm of hydrology from
the use of Nilometer (Sivapalan 2003a), the earliest hydrological model which predicted
the river flow without understanding the changes in river behaviour (National Research
Council 1991).

As shown in Figure 2.1, there was a lack of knowledge on various aspects before
introducing the PUB. For example, knowledge about obtaining data, understanding
processes, selecting suitable models, analyzing uncertainties, classifying catchment and
understanding theories.

Before PUB After
New observation techniques,
Lack of concurrentdataat L 5 Data ~—————1> Multiple open datasets, Assimilation

multiple time/space scales methods

Insufficent understanding of | > Processes L5 Better understanding of multi-scale

landscapes and emerging spatio-temporal heterogeneity
patterns

Merged flexible concepts, Process-
Empirical/calibration-based ———> Models ~> basgg, Systems und::r':landmg

OR physically based
Better understanding of uncertainty,
Catchment signatures, Multi-mode!
approaches

Low awareness —+» Uncertainty & Diagnostics —»

Fragmented case-studies ——» Catchment Classification _L, comparative studies, Regionalization

. techniques, Similarity frameworks
Isolated discipline, Lack of

understanding of organizing > New Theories L Interdisciplinarity, Co-evolution,
principles at various scales Systems approach
2000 2010

Figure 2.1: Outline of knowledge shifting in PUB (Source: Hrachowitz et al. (2013))

In response to these knowledge gaps, PUB exploited the working groups (WGs) network
globally to research the prediction of ungauged basins. The WG is a team of researchers
interested in predicting ungauged basins from any discipline (Hrachowitz et al. 2013).
PUB, therefore, mobilized the hydrologic communities globally through different
educational and research activities to achieve the objective — i.e. the prediction of
ungauged basins. Thus, the primary region for the success of the PUB initiative was a



movement of grassroots level activities and accommodation of the diverse interests of
hydrologists worldwide (Hrachowitz et al. 2013).

Regardless of the several years of effort, the runoff prediction in poorly gauged basins is
still challenging (Seibert & Beven 2009; Sivapalan 2003a) because not much success
has been achieved in predicting the ungauged basin. Therefore, more rigorous scientific
research, data sharing and promoting strategy, including global open-access databases,
are essential to enhance knowledge about the prediction of ungauged basins (Hrachowitz
et al. 2013).

2.3 Regionalization method

A regionalization method is one of the popular approaches that many researchers have
applied to predict runoff in poorly gauged basin areas (Zhang & Chiew 2009b). Therefore
it is a famous, fundamental and the oldest process that many developing countries still
rely on to estimate and simulate runoff in ungauged basins (Tamalew & Kemal 2016;
Tegegne & Kim 2018).

There is no exact definition of regionalization. However, it refers to transferring the
hydrological information from one catchment to another (Bloschl & Sivapalan 1995) using
different methods, such as simulating the hydrologic model, extrapolating hydrologic
information, integrating meteorologic and hydrologic model, and using remote sensing
observation data (Goswami et al. 2007).

The term regionalization has been used with almost identical concepts in the literature,
with some minor differences among researchers. Table 2.1 shows the different terms and
definitions used to explain the term regionalization.



Table 2.1: Definition of regionalization appears in the literature

Authors Used term Definition

(Riggs 1973) Regional analysis @ Extending records in space because a
few streamflow records are collected from
the many sites where information is
needed.

Gottschalk (1985)  Regionalization The ability to attach a label or number to
a hydrologically meaningful location.

Bloéschl and Regionalization Transferring hydrological information from

Sivapalan (1995) one catchment to another.

Young (2006) Regionalization Relating hydrological phenomena to
physical and climatic characteristics of a
catchment.

Oudin et al. (2010) Regionalization Transferring hydrological information from

gauged to ungauged locations.

Source: Extracted from He et al. (2011)

Regionalization generally used two approaches: (i) flow-based and (ii) parameter-based
approaches for runoff prediction in ungauged basins. The flow-based approach includes
flow components such as observed flood discharge, flood duration curve parameters, and
the peak time of flood periods. The parameter-based approach considers watershed
area, elevation, soil type, land covered area, slope, temperature and precipitation, and
length of the main river (Goodarzi 2019; He et al. 2011).

According to Wagener and Wheater (2006), a functional relationship between conceptual
model parameters and the catchment attributes may generally be expressed as:

éL = HR(HRld)) + UR (21)

Where

6, =ungauged locations’ estimated model parameter

Hy = functional relation for 8, using sets of catchment characteristics such as
physiographic and meteorological characteristics (@)

0z = set of regional hydrological variables of interest

vg = error (Wagener & Wheater 2006)

According to Razavi and Coulibaly (2013), there are about five essential phases in
regionalization. The first phase involves collecting and managing basin characteristics,
such as land use, soil type, topography, mean annual rainfall and temperature. The
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second phase includes determining and clarifying hydrological variables of interest, such
as collecting streamflow data of a similar gauged basin. The third step is developing the
relationship between the flow or model parameters and the properties of the basin. The
fourth step involves the model performance evaluation and validation before applying it
in an ungagged basin. The final step is uncertainty analysis due to uncertainties in
selecting basin characteristics and regionalization procedures.

The statistical test is inevitable in regionalization due to errors in parameter selection.
Standard statistical tests to evaluate the performance of the flow estimation are NSE
(Nash-Sutcliffe Efficiency), BIAS, PBIASr (Relative BIAS), RMSE (the root mean square
error) and V.E. (volume error) (Wagener & Wheater 2006).

Table 2.2: Validation tests used for regionalization

Common validation test Suggested equation
_ - - ;N2
Nash-Sutcliffe Efficiency NSE = 1- [, 0 = ¥i=0)" / T 0 = Ymean)?]
Volume Error V.E. = (Zliv=13’i’ - Iiv=13’i / Z?:ﬂ’i)
Bias BIAS =YX, (vi — v
Mean Relative Bias BIASr=YN.(y! = v) /v

Source: Razavi and Coulibaly (2013)

Where
y; = observed runoff values
yi = modelled runoff values

Ymean = Mean observed values
N = number of times

2.3.1 Classification of regionalization approaches

Several regionalization methods have been developed and analyzed for different climatic
conditions and contexts after the initiation of PUB. Several authors, such as Bloschl et al.
(2013), Hrachowitz et al. (2013), Parajka et al. (2013), Razavi and Coulibaly (2013) and
Guo et al. (2020), provided reviews of the development of regionalization approaches.
Studies suggested that distance-based approaches such as spatial proximity, physical
similarity and regression-based approaches are very popular among the available
regionalization methods (Kanishka & Eldho 2020; Yang et al. 2017). These methods have
been utilized in various landscapes, topographies and climatic regions to predict runoff in
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ungauged basins globally (Li et al. 2019; Razavi & Coulibaly 2013; Tamalew & Kemal
2016; Tegegne & Kim 2018; Zhang & Chiew 2009b).

Spatial proximity (SP) is an easy and simple method to use in practice (Arsenault et al.
2019). The SP was used in many studies because of its simplicity. For example, Oudin
et al. (2008) used SP in 913 basins in France. It performed better due to the high density
of the hydrological stations. Even with a relatively sparse hydrological network, Arsenault
and Brissette (2014) discovered that the SP method is slightly better than the PS method.

SP method is based on the assumption that basins in close proximity have similar
physical characteristics, such as land ad soil type, slope, elevation and climate data.
According to this theory, the adjacent basins are similar enough based on their proximity.
Thus, there is no need to search for the most similar catchment (Arsenault et al. 2019).
However, in terms of hydrological response, basins that are geographically close to each
other are not necessarily hydrological identical. Thus, identifying similar hydrological
watersheds with a similar hydrological response to precipitation is difficult when applying
the regionalization approach (Shu & Burn 2003).

Physical Similarity (PS) is another popular approach that uses similar characteristics of
different basins during the regionalization process (Merz & Bléschl 2004). The process is
based on the assumption that watersheds with similar climatic and land use conditions,
altitudes, soil characteristics, and climatic variables (such as mean annual rainfall) have
similar hydrological characteristics (Bloschl 2006; Guo et al. 2020; Oudin et al. 2010).

One of the advantages of the PS method over the SP is that PS can be used in a large
area. For example, Parajka et al. (2005) suggested that the PS method outperformed the
SP in 308 Austrian catchments. However, it requires some well-gauged catchments,
which must be in proximity to the ungauged catchment (Swain & Patra 2017), and
selecting physical characteristics upon which to base the similarity measure is difficult
(Pagliero et al. 2019). Therefore, the method may not be suitable for the region with
sparse gauging stations.

The regression method is less popular than SP and PS methods. The widely used
regression-based regionalization technique is the regression between model parameters
and physiographic characteristics of catchments (Parajka et al. 2005). In this method, the
relationship between the optimized parameter values of the gauged watershed and the
parameter values of the ungauged watershed are established. Afterwards, estimate the
parameter values of the ungauged watershed on its attributes and established
relationships to estimate parameter values (Zhang & Chiew 2009a).
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According to recent studies, the performance of the regression approach was poorer than
the SP and PS method (Parajka et al. 2007) because the interpretation of regressions is
not always straightforward. Therefore, careful attention is needed to interpret the physical
meaning of the parameter descriptor relationship produced by regressions (Parajka et
al. 2007).

A few studies have applied combined methods and compared them to a single
conventional regionalization method, and some improvements have been found. For
example, Yang et al. (2017) used a combination of spatial proximity and physical similarity
methods. The study's findings showed that the combined method performed slightly
better than other single approaches. Similarly, Li et al. (2019) compared ENS values
using a collaboration of PT (parameter transfer) and AR (area ratio) approaches. The
study concluded that the combined method produced better results than that of the single
method.

Selection of the most appropriate regionalization approach is still considered difficult in
hydrology (Oudin et al. 2008; Samuel et al. 2011; Sivapalan et al. 2003; Stoll & Weiler
2010) due to insufficient universal method for regionalization (Razavi & Coulibaly 2013).
However, Merz and Bloschl (2004) suggested that the spatial proximity outperformed the
process based on physiographic catchment attributes.

The advantages and limitations of some popular regionalization methods are shown in
Table 2.3.
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Table 2.3: Advantages and limitations of some regionalization methods.

References

Regionalization
methods

Positive aspects

Possible drawbacks

Tegegne and

Physical

PS uses catchment attributes to identify a

The ability to select properties for the similarity

Kim (2018) similarity (PS) = donor catchment. of catchments is critical to the success of the
project.
Samuel et al. Spatial SP predicts model parameters applying This method ignores catchment attributes. It
(2011) proximity (SP) | interpolation technique, considering that the considers that ungauged basins already exist in
neighbouring basins are in a "1lhomogeneous homogenous and geographically similar
region. regions.
Regression RG considers basin attributes as independent = The dependent variable may differ depending
(RG) and hydrological model parameters as on the catchment; therefore, the relationship
dependent variables. between the independent and dependent
variables may be weak.
Li et al. (2019) @ Area ratio Hydrological parameters are transferred from AR method ignores hydrological processes.
method gauged to ungauged basins on the assumption Thus, it cannot explain the characteristics of the

that the area of a watershed is a major
component that controls the amount of water
generated by precipitation.

hydrological model.

14



2.3.2 Importance of Regionalization in Nepalese context

In Nepal, very little research has been conducted on the regionalization of river flows
(Hannah et al. 2005; Kansakar et al. 2002). Regionalization refers to a grouping of
basins in similar hydrological areas (Mishra et al. 2008). Previous studies, such as
Rees et al. (2002), regarded the entire country as a single region due to limited data
availability. The Water and Energy Commission Secretariat (WECS 1982) derived
regional equations for estimating long-term mean monthly flows, flood- and low-flow.
The WECS (1982) approach further developed WECS (1990), where the entire
country is considered a single homogeneous region or divided based on traditional
physiographic or climate zones. Alford (1992) studied a linear relationship between
the specific runoff and altitude for Himalayan Basins. According to Kansakar et al.
(2002), previous studies did not consider the spatial and temporal complexities of
stream flows which are essential for estimating the hydrological behaviour of
catchments.

Regionalization of Nepal’s river flow is essential for assessing and utilizing water
resources in irrigation and hydropower generation (Kansakar et al. 2002).
Approximately 33% of Nepal's agricultural production currently depends on the
irrigation system, and about 91% of Nepal's electricity is produced by Hydropower
generation. The advancement of the irrigation system is necessary to meet the
country’s food security requirement (WECS 2005a). However, a significant land area
is barren, and only one-tenth of people have access to electricity. Progress toward
utilization of Nepal's water resources for economic growth is plodding due to the highly
seasonal nature of rainfall and discharge. This seasonal uncertainty creates complex
problems utilizing the regionalization approach and funding water development
projects in Nepal (Singh 2005).

Moreover, the regionalization approach is essential to introduce an advanced
technique in water resource projects in Nepal. The country's water resource projects
relied upon WECS/DHM (Water and Energy Commission Secretariat/ Department of
Hydrology and Meteorology) and MIP (Medium Irrigation Project), previously
developed empirical methods, for runoff prediction in ungauged basins. However,
these methods are not upgraded, and their reliability is not verified since their
development (Shrestha et al. 2010). Thus, these tools may not be reliable to predict
runoff in ungauged catchments. Therefore, regionalization might be the reliable and
advanced option to estimate runoff in ungauged basins in the context of Nepal.
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2.4 Hydrological modelling

The hydrological model allows hydrologists to understand hydrological processes and
predict the system behavior of catchments (Gao et al. 2017). Hence, a Hydrological
model is considered one of the most critical and necessary tools for water and
environment resource management. A hydrological model requires a set of rainfall
data and drainage areas as input data. Along with these, other data such as soil
properties, watershed topography, soil moisture data, vegetation cover and
groundwater data are essential to define the model's characteristics (Devia et al.
2015).

Many hydrologic models (Table 2.4) have been developed and applied for various
purposes; therefore, a model selection problem has existed in hydrologic studies for a
long time (Addor & Melsen 2019; Marshall et al. 2005). The best model tends to
produce results close to the real scenario with less model complexity and fewer
parameters (Devia et al. 2015). However, the literature discussed very little about the
theoretically and practically sound method that can broadly apply for best model
selection (Marshall et al. 2005). As a result, no single model can be selected as ideal
due to the range of possible hydrological processes and catchment conditions.
Therefore, the hydrological model selection primarily depends on the research's
objective, convenience, experience, and habit (Addor & Melsen 2019).

A list of hydrological models used for various purposes, including advantages and
disadvantages, is presented in Table 2.4.
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Table 2.4: Some hydrological models with advantages and limitations

Sources™

Model type

Advantages

Limitations

Singh (2018)

HEC-1 (Hydrologic
Engineer Center), which is
the current form of HEC-
HMS (Hydraulic Modelling
Simulation)

It is a widely used software that
simulates the rainfall process in a single
outlet watershed.

A helpful tool for designing reservoir
spillways and forecasting water quality,
erosion and sediment transport, and
streamflow.

The model cannot be used for
branching or looping stream networks
and backwater in the stream network.

SWMM (Stormwater
Management Model)

It simulates streamflow quality and
guantity. It also categorizes drainage
systems into the atmospheric, land
surface, groundwater, and transport
components.

It is more likely an analytical tool than a
design tool.

Devia et al. (2015)

SWAT model (Soil & Water
Assessment Tool)

It is used widely in hydrologic studies,
climate change studies, and water
quality studies.

It examines and forecasts the water and
sediment circulation in ungauged
catchments.

It also stimulates surface and
groundwater to predict environmental
impacts due to land-use change,

17

Spatial representation of Hydraulic
Response Units (HRUs) overlooks
routing within a sub-watershed.

The model formulas are empirical, and
the model is not helpful for 2D or 3D
hydraulic applications.

The model limited sediment transport
and erosion.



climate change, and change in land
managing methods.

The model can run on an array of GIS
platforms and is compatible with the
groundwater modelling software
MODFLOW.

HBV-EC model
(Hydrologiska Byrans
Vattenbalansavdelning-
Environment Canada

A useful model for mountainous
topography to transfer parameters from
gauged basin to another similar
ungauged basin using the Monte Carlo

Dam parameters are not included in the
development of the model.

It transfers flow data in a Comma
Separated Value (CSV) file.

model) analysis technique.
Pradhan et al. TOPMODEL A model simulates the hydrologic flux of The prediction of soil moisture
(2008) water in the shallow catchment with distribution is not possible with
homogeneous soils and negligible deep  TOPMODEL
groundwater.
Bloschl (2006) CART Model The model considers catchment It is not a stable method. A small

(Classification and
Regression Tree model)

attributes independent and the model
parameters dependent variables.

Regression trees divide the
heterogeneous domain into several
homogeneous regions by maximizing
the homogeneity of model parameters
and catchment attributes.

change in data can lead to a significant
change in the model structure.
Moreover, they are relatively often
inaccurate.

Preparing a decision tree is time-
consuming and complicated.
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2.5 Conclusion

Streamflow estimation in ungauged basins was difficult before PUB (Prediction of
Ungauged Basins). Thus, PUB has analyzed and developed several approaches, and
regionalization is the most popular approach to estimate runoff in ungauged basins.
The method allows transferring hydrological information from gauged to an ungauged
basin. The regionalization methods such as spatial proximity, physical similarity, and
regression approach are widely used in various climatic conditions. However, selecting
a single specific method is still difficult due to the absence of a universal method for
regionalization.

Understanding hydrological processes in watersheds requires a hydrological model.
A hydrologic model helps to predict the system behaviour of catchments. Many
hydrologic models have been developed for various purposes, but no specified
procedure is available for selecting a specific model. Therefore, selecting the most
appropriate model for the study area relies on research objectives and personal
interests.

Regionalization of Nepal’s river flow is essential for assessing and utilizing water
resources in irrigation and hydropower generation; however, very little research has
been conducted about the regionalization of river flows in Nepal. Moreover, seasonal
uncertainty creates complex problems utilizing the regionalization approach and
funding water development projects in Nepal. Therefore,

The water resource projects in Nepal rely upon the previously developed empirical
methods to predict runoff in ungauged basins. However, these methods are not
upgraded, and their reliability is not verified since their development; therefore, they
may not be reliable to predict accurate runoff in ungauged basins. Thus, research into
an improved and reliable approach is essential to estimate runoff in ungauged
catchments in Nepal.
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Chapter 3: Methodology

3.1 Introduction

Flow prediction in a catchment without hydrological data is one of the most challenging
tasks in hydrological science and engineering. In response to this challenge, various
hydrologic models have been developed with different underlying philosophies to
understand the nature of the hydrological behaviour that impacts streamflow in
catchments without hydrological data. Selecting the preferred model, however, is a
challenging task for many hydrologists. It has been widely accepted that the research
objective, personal interest, and experience are critical in selecting the most
appropriate model.

In this study, the SWAT (Soil and Water Assessment Tools) model was selected to
simulate runoff in the West Rapti River basin, which is a rainfall fed, and flood-affected
river basin in Nepal. In addition, SWAT-CUP (SWAT Calibration Uncertainty Program)
was utilized to calibrate the model analyze the sensitivity and uncertainty of the model
parameters. An overview of the adopted methodology is shown in Figure 3.1.

Hydrological Model
SWAT (Soil & Water Assessment Tool)

Data Acquisition

Topographic data, Weather data, Soil data, Land
use and Land Cover data, River discharge data

Data Preparation / Model Set UP
ArcGIS / QGIS

Model Comparison
HEC-HMS, Calibrated Volume, Water Balance

Calibration and Validation
SWAT-CUP, Calibration, Sensitivity Analysis,
Uncertainty Analysis

Runoff simulation
Rainfall trend, Linear Regression,
Runoff Simulation (2023-2026)

Figure 3.1: General methodological approach, extracted and modified from Magaju (2018)
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3.2 Hydrological Model

A hydrological model helps us understand the impact of natural and anthropogenic
disturbances on hydrological features, which is essential for the accurate prediction of
the hydrological processes. The hydrologic modelling also allows forecasting water
resource changes to support water resource management (Zhao et al. 2018).
However, the accurate prediction of watershed systems is challenging because of
many environmental factors such as changes in climate, changes in land-use practice
and other anthropogenic disturbances (Uniyal et al. 2015). The modelling process
consists of three stages: (i) model setup, (ii) model calibration, and (i) model validation
(McCuen 1973).

This study completed the model formulation and [partial] model calibration processes
successfully; however, the missing values of GRDC (observed runoff) data restricted
the model validation process. This was addressed through comparison with a second
simulation model.

3.2.1 SWAT Introduction

SWAT (Soil and Water Assessment Tool) is a public domain, semi-distributed and
process-based basin model (Abbaspour et al. 2019; Gassman et al. 2007) broadly
used for surface and groundwater simulation. The model was developed by the US
Department of Agriculture (USDA) Agriculture Research Service (ARS). It has been
successfully applied to predict the impacts of land management practices, land use,
nutrients, sediments, and chemicals (agricultural) in various basin sizes globally
(Neitsch et al. 2011).

SWAT is based on mathematical descriptions of “...physics, bio-geochemical and
hydro-chemical processes, combined with physical and semi-empirical nature...”
(Krysanova & White 2015). The major components of the model include weather,
hydrology, temperature, soil, and land management (Gassman et al. 2007).

Setting up and running the SWAT model involves three main processes (states) as
shown in Figure 3.2: (1) division of the basin into sub-basins using DEM,; (1) creation
of HRUs utilizing land and soil data; and (lI1) creation of geodatabase (files and tables)
based on weather data. The details of these stages are explained in section 3.5 Model

setup.
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Figure 3.2: Schematic flowchart of SWAT model (Source: extracted and modified from Bera
et al. (2019))

The primary data for SWAT includes DEM, land use, soil map, and climate data
(rainfall, temperature, solar radiation, relative humidity, and wind speed). However,
climate data in many places may not always be accessible and may have missing
values or poor quality (Shrestha et al. 2018). Therefore, the missing climate data are
generated and filled by a WXGEN, a built-in stochastic weather generator stochastic
weather model in SWAT. This makes SWAT attractive and useful for the simulation of
hydrology in ungauged or poorly gauged watersheds (Shrestha et al. 2018).

The process-based model contains spatial disaggregation structures, such as sub-
basins and hydrological response units (HRUs). Therefore, a basin is first delineated
into several small basins according to the quality of DEM. Further, the basin is split
into HRUs utilizing similar land use, soil types, and slops (Shrestha et al. 2016). As a
result, the homogenous characteristics and spatially distributed parameters are
preserved within a sub-basin (Srinivasan & Arnold 1994). The SWAT model uses land
use management information, soil data and elevation data to control the discharge
and manage routing in the sub-watershed (Easton et al. 2010). These attributes make
SWAT a semi-distributed simulation model.

The SWAT model is supported by online resources, multiple geographic information
systems (GIS) interface tools, and other supporting software (Gassman et al. 2014)
that allow adding additional digital information, topographical, land use and soil data.
The model can read recorded data directly or generate simulation results from
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provided daily or monthly observed data. Likewise, the model can simulate surface
discharge, lateral flow, evapotranspiration, infiltration, return discharge, redistribution
of water within the soil profile and recharge by seepage from surface water bodies,
including ponds and tributary channels in the basins (Arnold et al. 2012).

The SWAT model has been extensively used in various geographically variable places
across the globe to simulate a wide range of hydrologic processes (Jajarmizadeh et
al. 2014; Neitsch et al. 2011; Shrestha et al. 2018). For example, assessing water
resources in terms of water quantity (river flow, soil water, groundwater, snow
dynamics and water management) and determining environmental issues (the impacts
of climate change on river flow, groundwater recharge, water yield, and pollutant
transport) (Krysanova & Arnold 2008). However, because the SWAT model requires
a range of information to run, unskilled users may feel exhausted by the number and
range of inputs (Arnold et al. 2013).

The SWAT model's main flaw is its non-spatial representation of HRUs within each
sub-basin (Glavan & Pintar 2012) - hence the model is fully distributed. As a result,
the heterogeneity of soil, land use and the slope in this model is considered through
sub-basins, ignoring flow and pollutant routing between HRUs (Glavan & Pintar 2012).
The SWAT model also requires modifying numerous parameters during calibration,
which may discourage modellers from using the model. Similarly, conducting
sensitivity analysis using manual or automatic calibration tools in complex watersheds
with multiple HRUs takes a significant time to complete the process in SWAT (Glavan
& Pintar 2012).

3.2.2 SWAT Hydrology (Water Balance)

Water balance is essential in accurately predicting water movement in a basin. The
water balance in SWAT can be divided into two phases of the hydrologic cycle: the
land phase and the water phase. The land phase, depicted in Figure 3.3, controls the
amount of water following into each subbasin’s main channel. In contrast, water moves
through the basin channel to the outlet in the routing phase of the hydrologic cycle
(Neitsch et al. 2011).
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Figure 3.3: SWAT hydrologic system (Source: extracted from Neitsch et al. (2011))

The land phase of water balance can be calculated using either Penman-Monteith,
Hargreaves or Priestley-Tylor methods. The Penman-Monteith method gives a better
process description, yet it requires a large amount of input data, which is not easy to
achieve. Hence, Hargreaves or Priestley-Tylor method was applied in this study
because it requires fewer input data; consequently, it may be used under the minimum
data available condition (Heuvelmans et al. 2005; Stehr et al. 2008). According to Li
et al. (2018), the Hargreaves is the most widely used approach in hydrology to
estimate evapotranspiration rate under sufficient soil water availability conditions.

The water balance equation (3.1) (Arnold et al. 2012; Gassman et al. 2007; Neitsch et
al. 2011) in SWAT is expressed in terms of soil water content, as shown by

t
SWi = SW, + Z(Rday - qurf _ETdays — Wday — ng) (3.1)

=1
SW; = the soil water content after simulation (mm H20),
SW, =the soil water content at the beginning of the simulation (mm H20)
t = time of simulation (days),
Raqy = the quantity of rainfall (mm H20)
Qsurs = the quantity of surface overflow (mm H20)
ET44ys = the total evapotranspiration per day (mm H20)

Waqy = the quantity of infiltration (mm H20)

Qqw = the total return flow (mm H20) (Koutalakis et al. 2015; Neitsch et al. 2011).
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SWAT calculates total runoff for the basin by routing and estimating runoff separately
for each HRU. This process improves accuracy and provides a more accurate physical
description of water balance. Furthermore, SWAT estimates surface runoff using the
SCS-CN (Soil Conservation Service - Curve Number) and the Green and Ampt
infiltration method (Johnson 1998). The CSC-CN can be applied in ungauged basins
using daily rainfall values. However, the Green and Ampt Infiltration method require
finer-than-daily time resolution rainfall data (Johnson 1998), making it difficult to apply
in most studies where data is sparse. Thus, the SCS-CN was used to estimate the
amount of runoff under various land-use and soil conditions in the study.

The SCS curve number is determined by soil moisture and land use conditions in the
watershed area, as shown in equation (3.2).

(Rday - Ia )2
= 3.2
quTf (Rday _ Ia + S) ( )
Where,
Qsurr = the accumulated runoff or rainfall excess (mm),
Rqqy = depth of rainfall for a day (mm),
I, = the initial abstraction, which includes surface storage, interception, and

infiltration before runoff (mm),

S = the retention parameter (mm),

The parameter S changes in space and time due to soil, slope, land-use changes and
changes in soil water content. The retention value is determined from the following
equations (Neitsch et al. 2011).

1000
S = 25.4 (— E 10) 3.3
CN (3-3)
Where,
CN = the curve numbers
I, =the function of maximum potential retention S. Therefore,
I, = AS (3.4)

Where, 1 = 0.2, therefore, the Initial abstraction, I, is approximately 0.2S.

Using equations (3.4) in (3.2), we get;
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0~ (Raay — 0.25 )?
T (Rgay + 0.85)

(3.5)

The runoff occurs when R, > I, (Neitsch et al. 2011).

Equation (3.5) can now be used to estimate surface runoff.
3.2.3 SWAT Model in the Nepalese Context

SWAT model has been successfully used in different watersheds of Nepal for various
purposes. For instance, Shrestha et al. (2018) used the SWAT model for river
discharge simulation in eleven basins located in different climatic zones of Nepal and
other countries such as Vietnam, Myanmar, Cambodia and Laos. Similarly, the effect
of climate on water resources for irrigation and hydropower generation was
successfully conducted in various watersheds (Bajracharya et al. 2018; Bhatta et al.
2019; Gurung et al. 2013; Siddiqui et al. 2012).

The summary of the SWAT model used in various watersheds and climatic conditions
in Nepal is given in Table 3.1.

Using the SWAT model in this study aims to simulate runoff in ungauged basins in
Nepal. The country is unable to utilize the vast potential of water resources for
hydropower generation, irrigation land, and even to manage the flooding events due
to a lack of knowledge to understand the hydrologic behaviour of catchment when
adequate hydrologic data are not available. As shown in Table 3.1, not much research
has been conducted on runoff simulation in ungauged basins in Nepal. Hence, the
findings of this study may play a critical role in understanding basin response and
simulating runoff in ungauged basins using the SWAT model. Runoff simulation in
ungauged catchments contributes to managing water resources and developing the
country's economy.
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Table 3.1: Details of SWAT model used in different watersheds for various purposes in Nepal

SWAT
Study Study region Watershed(s) Area version Description of SWAT application
SWAT was used to simulate runoff, sediment
N . yield, and nutrient loading from the
Neupane and Narayani River basin )
. 31,986 km? SWAT 2005 Himalayan headwater watershed because of
White (2010) watershed, Nepal . . : N
climate change impacts in the Narayani River
basin.
_ : The model was used to determine the
Indrawati River basin, SWAT2005 o .
Shakya (2011) 1,228 km? availability of water resources Indrawati River
Nepal SWAT-CUP ,
basin.
, _ , SWAT was used to calculate water balance
Bharati et al. The Koshi basin, , _ , _
57,760 km? SWAT and the impact of climate change in the Koshi
(2012) Nepal .
basin's hydrology.
Siddiaui et al ArcSWAT was used to estimate the climate
(2%12) ' 135 watersheds, Nepal 81,484.20 km? ArcSWAT | change vulnerability due to sensitivity,
exposure, and adaptive capacity
Under current and future climate change
Gurung and Melamchi river basin, scenarios, SWAT was used to assess
330 km? SWAT

Bharati (2012)

Kathmandu, Nepal

downstream impacts of the Melamchi inter-
basin water transfer plan.
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Shrestha (2013) Kulekhani, Nepal SWAT SWAT was used to investigate the effect of
land-use change on hydrologic processes
and hydropower generation in Nepal.

. _ SWAT was used to assess water balances
Gurung et al. West Seti River basin, . . .
7,438 km? SWAT and crop yields in response to changing
(2013) Nepal . .
climate scenarios.
Melamchi river basin, SWAT was used to evaluate water supply
Shrestha (2014) 330 km? SWAT _ _
Kathmandu, Nepal and demand in the context of climate change.
Pradhan et al. Ind i R basi SWAT was used to assess the responses of
ndr r n . .
(2015) awa’\ll IVT asin, 1,228 km? SWAT farmers to the impact of climate change on
epa the availability of water resources.
_— . SWAT The model was set up to predict the effects of
Agarwal et al. Koshi River basin, ) L
(2015) Nebal 57,760 km? (Multi temperature and precipitation on hydrology
P modelled) and water resources of the Koshi River basin.
11 basins located in The model was applied to evaluate the
Shrestha et al. Nepal, Myanmar, 330 - 78,529 km? SWAT2009 sustainability of simulated river flow in Asia’s
(2018) Laos, Vietnam, and Himalayan and tropical regions.
Cambodia
The model SWAT was utilized to measure
Bajracharya et al. Kaligandaki basin, Approximately ArcSWAT  climate change impacts on water balance
(2018) Nepal 11,830 km? 2012 and flow patterns in a snow-dominated

watershed.
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Bhatta et al. (2019) @ Tamor River Basin in ArcSWAT The model was applied to examine the
the eastern Himalayas 4,377km?, SWAT-CUP @ impact of climate change on water resources
of Nepal 360-8,385m masl used for hydropower generation and irrigation
purposes.
Chinnasamy and Kaligandaki basin in Approximately SWAT The model estimated sediment loads in the
Sood (2020) Nepal 11,830 km? SWAT-CUP Himalayan rivers.
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3.3 Data Acquisition

Data acquisition strategies depend on the application and the available resources ranging
from global to local data sets, regional data sources of varying availability and accuracy,
and data measured from field observations. Use of local data that describe a specific
characteristic and behaviour of catchments play a significant role in obtaining the most
accurate runoff prediction results (McGlynn et al. 2013). However, getting local data is
not always possible; therefore, a global database was considered a source of data, and
it was used in this research. In fact, it is the only source of data freely available.

The necessary SWAT model set-ups data, such as terrain data (land and soil),
meteorological data (daily rainfall), temperature (minimum and maximum) and daily
discharge data, are analyzed and rearranged before being used as input in
ArcSWAT/QSWAT. In addition, the SWAT-CUP was used to calibrate the SWAT model,
perform sensitivity analysis, and assess uncertainty.

3.3.1 Topographic Data

The research attempts to use the latest and most comprehensive digital earth’s terrain
dataset, provided freely by ASTER 1-ARC (approximately 30-meter horizontal positioning
at the equator) global digital elevation model (DEM). The seamless mosaic of the dataset
consisted of about 1-degree x 1-degree tiles (Abrams et al. 2020). It was freely
downloaded from the Earthdata NASA or USGS website (Figure 3.4)
(https://earthexplorer.usgs.gov).
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Figure 3.4: DEM and shapefile of the West Rapti river basin
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DEMs are useful to obtain most of the characteristics of a basin, for instance, the
boundary of watersheds (basin area), drainage patterns, slope, and length of terrain. It is
also useful for obtaining physical characteristics of drainage configurations, e.g. slopes,
lengths, and widths.

DEMs of all countries are provided in GeoTIFF (raster image file type) format. Thus, it is
convenient for users to use ArcGIS, QGIS and other geographic information systems
(GIS) tools to process and analyze raster image files. The downloaded mosaic DEM files
were merged to obtain single raster data using ArcGIS/ArcMap and then clipped to get
the raster image of the selected area.

Applying ArcGIS or QGIS, the DEM data was projected in a rectangular (cylindrical
equidistant projection) format and referenced the Geographic Coordinate Systems as
World Geodic System 1984 (WGS84) ellipsoid. The WGS 1984 UTM Zone 44 was
selected as the Projected Coordinate System for the selected region and the country.
Similarly, standard built-in functions of ArcGIS/QGIS were used to fill the sinks and create
flow direction and flow accumulation map, as shown in Figure 3.4.

3.3.2 Weather Data

Weather data was downloaded from the Global Weather Data for SWAT webpage
https://globalweather.tamu.edu/. The webpage allows obtaining free CFSR (The Climate

Forecast System Reanalysis) data, a high-resolution oceanic and atmospheric data, for
any geographical region of the world from 1979 to 2014. The CFSR weather data consists
of rainfall, temperature, solar radiation, wind speed and relative humidity of any selected
region.

Details of stations from which the CFSR data for this research were obtained are shown
in Table 3.2

Table 3.2: CFSR weather stations details

. . o Latitude | Longitude | Elevation
Station ID Location/District i
(°N) (°E) (m)
wW283819 Banke 28.257 81.875 545
W279828 Dhungegadi, Pyuthan 27.944 82.813 637
WwW283828 Sirpa, Rolpa 28.257 82.813 1348

Source: https://globalweather.tamu.edu/
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The study conducted by Tomy and Sumam (2016) and Fuka et al. (2014) showed that
CFSR climate data for watershed modelling performed as good as, if not better, than the
data obtained from conventional meteorological stations. Furthermore, CFSR climate
data also has an advantage over conventional weather because it provides complete
climatic data sets that allow the flexibility to apply different functions relating to
hydrological models. As a result, when traditional data are not available, the CFSR
weather data may be a good choice for the hydrological forecast (Dile & Srinivasan 2014).

3.3.3 Soil Data

Processing the SWAT model needs different soil textures, physical and chemical
properties, such as the hydrological group of soil, the hydraulic conductivity, and the bulk
density of different layers of each soil type. The soil data used in the study was created
by merging and analyzing data from the SOTER (the Soil and Terrain) database for Nepal
at a scale of 1:50,000, prepared by the combined effort of Nepal’s Survey Department
and Food and Agriculture Organization (FAO) (Dijkshoorn & Huting 2009). The dataset
can be downloaded freely from https://www.isric.org/ (the International Soil Reference

and Information Centre (ISRIC) - World Soil Information website).
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Figure 3.5: Soil map of the study area. (Source: ISRIC)

In the SWAT model, the physical properties of soil texture, water content, hydraulic
conductivity, soil bulk density and organic matter content of the soils were evaluated and
analyzed for different layers. As a result, four types of soils shown in Figure 3.5 are
identified within the study area. Dystric Cambisols, Eutric Fluvisols, and Dystric Regosols
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soils are sandy clay loam textures belonging to hydrologic soil group (HYDGRP) C. The
fourth soil type Lithosols is clay loam texture belonging to HYDGRP D
(FAO/IIASA/ISRIC/ISS-CAS/JRC 2009; Neupane & Pandey 2021). Group C soils have
moderately high runoff potential when wetted thoroughly (USDA 2009).

3.3.4 Land use and Land Cover (LULC)

The LULC data is considered one of the most critical factors in hydrological modelling
because they affect surface runoff, infiltration, evapotranspiration, and soil erosion in the
land use type (Dhami et al. 2018).

The LULC dataset for the West Rapti River basin was extracted from Nepal's land cover
map developed by ICIMOD (International Centre for Integrated Mountain Development)
using ArcGIS (Figure 3.6). The extracted LULC dataset is the first and most complete
national land cover dataset prepared by using public domain Landsat TM (Thematic
Mapper) data.
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Figure 3.6: LULC map of the West Rapti River basin. (Source: ICIMOD)

3.3.5 Observed river runoff data

Daily recorded observed runoff data is essential for the SWAT model’s calibration and
validation. The observed runoff data were downloaded from the GRDC (Global Runoff
Data Centre) website https://portal.grdc.bafg.de/. GRDC operates the Global Runoff

Database. GRDC collects, stores and disseminates discharge data and associated
metadata from rivers around approximately 7,300 stations worldwide. Likewise, the
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GRDC provides in-situ river discharge data to scientific research and modelling
communities to improve their findings in water and climate-related programs substantially.
Moreover, the World Meteorological Organization (WMO) has approved the GRDC as
one of the initial datasets in the WMO Climate Data Catalogue.

Details of available GRDC stations in different locations of the West Rapti river basin are
presented in Table 3.3.

Table 3.3: Available GRDC stations in the study area

) _ Available data series | Latitude | Longitude | Altitude
River Station :
Daily Monthly (°N) (°E) (m)
Jhimruk Khola  Tigra Gaon 11%85' 1978-1985  28.05 82.83 634
Mari Khola Nayagaon - 1962-1985 28.07 82.80 536
Rapti River Bagasoti Gaon - 1976-1985 27.90 82.84 318
Rapti River Jalkundi - 1964-1985 27.95 82.23 218

Source: https://www.bafg.de/ (GRDC)
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SWAT requires daily runoff data to calibrate and validate the model. However, as shown
in Table 3.3, daily observed runoff data is only available in Jhimruk Khola, Tigra Gaon
station (Figure 3.7). Therefore, daily runoff data from 1981 t01985 was extracted from the
Tigra Gaon station for model calibration and validation purposes.
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The majority of the Jhimruk Kola sub-watershed is located in the Pyuthan district, mid-
western part of Nepal. Jhimruk Khola is one of the major drainage systems of the West
Rapti river basin. The elevation of the sub-basin ranges from 3,000m in the north and
410m in the south. The sub-watershed provides about 60 irrigation systems and possible
locations for numerous micro-hydropower projects. In addition, about 68% of the sub-
watershed area is covered by forest. Therefore, it is one of the valuable sources of
revenue for the communities in the sub-basin area (USAID 2018).

3.4 Input data of SWAT model

Input data such as DEM (digital elevation model), weather data, soil attributes, and land
use data (Srinivasan & Arnold 2012) are necessary to simulate runoff in the SWAT model.
All the required input data were obtained from the freely available sources, discussed in
Section 3.3. Furthermore, additional input parameters such as information on water
infrastructure and land management practices can also be integrated into the model.
Therefore, the model is useful to predict the impact of water resources due to changes in
land-use patterns.

3.4.1 DEM raster data

A DEM dataset is prepared using ASTER (Advanced Spaceborne Thermal Emission and
Reflection Radiometer). DEM is raster data that contains an array of pixels or cells that
consist of elevation values. First, the study area’s DEM with a resolution of 90m x 90m
(Figure 3.4) was obtained from the USGS website (https://earthexplorer.usgs.gov). Then,
a Project Coordinate System, World Geodetic System (WGS 1984 UTM Zone 45N), was
applied to the downloaded DEM based on the selected region and the country.

3.4.2 \Weather data

The SWAT model requires various weather variables data, for instance, rainfall, maximum
and minimum temperature, wind, solar and relative humidity of the selected area. The
weather data are downloaded from Global Weather Data for SWAT website
(https://globalweather.tamu.edu) based on the location of the interest and country. The

webpage allows downloading weather data in SWAT format, which can save data
preparation time.

Daily weather data for 11-years (1979-1989) was downloaded from different locations
within the West Rapti river basin. The detail of the weather stations is discussed in Section
3.3.2. Moreover, a weather lookup table is provided due to data from several weather
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stations. Therefore, what attributes in the lookup table correspond to the location (station)
and climate are defined.

3.4.3 Land use and Soil data

LULC (land use and land cover) data were retrieved from the regional dataset system of
the International Centre for Integrated Mountain Development (ICIMOD). The LULC was
classified into Agricultural area (AGRL), Barren area (BARR), Built-up area (URBN),
forest (FRST), grass (PAST), water body (WATR), and Shrubland (SURB).

Since there was no detailed soil map for the West Rapti basin or Nepal in general
(Dijkshoorn & Huting 2009), therefore, digital (FAO) soil data was obtained from the
International Soil Reference and Information Centre (ISRIC) - World Soil Information
website (https://soil.narc.gov.np/soil/soilmap/). Then, ArcGIS was used to extract the

necessary soil map, essential for model setup and calibration processes.

A user lookup table (soil and land-use) was created and loaded in the ArcSWAT/QSWAT
interface. It is necessary to define what attributes in the lookup table (Error! Reference
source not found.) correspond to land and soil types. This allows the interface to
recognize codes or names to assign according to categories and reclassify them
according to the lookup table.

3.5 SWAT Model setup

ArcGIS 10.7/ QGIS 3.10 platform was used to establish the SWAT model. Both (ArcGIS
and QGIS) models store geodatabases consisting of SWAT geographical data, text input
data, numeric, and outcomes (Olivera et al. 2006). ArcGIS is an advanced GIS program
containing an array of GIS tools that can be used for various purposes. However, some
tools may require a software license to use. In addition, Arc-SWAT output visualisation
requires an additional program such as SWAT Output Viewer. In contrast, QGIS is public
domain software that allows users to visualize the SWAT output in a graphical (linear,
column) representation.

There are three main steps involved in the SWAT model set-up; (i) Delineate Watershed,
(i) Build HRUSs, and (iii) Create Input files/tables. These are present next.

3.5.1 Watershed Delineation

Partition of the watershed into multiple sub-watersheds is the first step in the watershed
delineation process. Subbasins are geographically located in the catchment area, and
they are spatially linked to one another. Therefore, the subbasin partition can be
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performed using subbasin boundaries characterized by surface topography or grid cell
boundaries. (Arnold et al. 2013). Subbasin delineation using subbasin boundaries allow
water to flow to the outlet of the subbasin. The grid cell may be a suitable method for
watershed delineation because most spatial input data (DEM and land use) are grid-
based. However, the method does not maintain topographical flow paths and routing
reaches (Arnold et al. 2013). Therefore, a process of manual correction may need to be
used.
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Figure 3.8: Watershed delineation map of the West Rapti river basin
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The DEM is loaded in the ArcSWAT interface and projected to the UTM Zone 45N
projection system. A threshold area is given to identify the source of runoff in ArcSWAT
and generate the river network system. Therefore, the density of river networks depends
on the given threshold area. For example, the small threshold value produced dense and
extensive river systems in the catchment area. Likewise, additional outlet points can be
added to the basin as needed. However, no additional outlet point was added to create
river networks and subbasins in the West Rapti river basin.

3.5.2 HRU Creation

All-natural catchments are usually not heterogeneous because they are composed of
different land uses and soils. SWAT divides the watershed into smaller hydrologic
response units (HRU) depending on characteristics of soils, types of land use and classes
of slope in the catchment area (Koutalakis et al. 2015) — this maintains homogeneity
within each HRU. The SWAT creates a slope depending on DEM information. Therefore
various categories of slopes were provided to define HRU (Worku et al. 2017). As shown
in Figure 3.9, DEM was divided into four slope categories: i) 0-5%, ii) 5-15%, iii) 15-25%
and iv) >25%.

The main purpose for the creation of HRUs is to simplify the model runs; therefore, they
were used in most SWAT runs. Similarly, HRU is defined to reduce the heterogeneity of
hydrological response due to different climates, soil types, topography and geology within
the catchment area (Sisay et al. 2017).
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3.5.3 Inputs Files/Tables Creation and Run

The input file defines the watershed attributes, which control various physical processes
in the basin. The input file can be created after completing geoprocessing on topographic
maps, land and soil data and creation of HRUSs. Input files in SWAT can be categorised
into different files such as (i) basin, (ii) sub-basin, (iii) HRUSs, (iv) reservoir, and (v) point
source. These input files are described in Arnold et al. (2013).

The weather data input files were generated by assigning daily rainfall, minimum and
maximum temperature, solar radiation, wind speed, and relative humidity data for each
sub-watershed depending on the meteorological data for the stations. A lookup table was
used to provide statistics of weather stations in the research area. Users can change the
statistics and dynamics of lookup tables in ArcGIS-SWAT. After modification, a new set

of input files can be created.

A SWAT simulation was conducted after providing input files in ArcGIS-SWAT.
Successfully simulation resulted in SWAT generating five different text formatted output
files. A summary of SWAT output files is shown in Table 3.4, and details are provided in
Error! Reference source not found.. In addition, each output file contains detailed
information on a particular hydrologic element (Olivera et al. 2006).

Table 3.4: SWAT Output files

Objective Class

Output files Summary information type in Dynamic

Database
basins.sbs HRUs <sbs>
basins.bsb, Subbasins (bsb>
basins.rch Reaches <rch>
basins.wtr Pond, wetland and <wtr>

depressional area in the HRUs

basins.rsv Reservoirs <rsv>

Source: Extracted from Olivera et al. (2006)

Visualizing ArcSWAT output files is not a straightforward process. However, MS Excel
helps to visualize the SWAT results. For example, a command <TimeSeries> allows to
plot and visualize the desired variables (e.g., rainfall, runoff) and location (e.g., number
of sub-catchments, HRU, reach) with Excel in ArcSWAT.

In contrast, QSWAT allowed automatically visualize the time series of one variable with
respect to another by choosing SWAT output table (e.g., reach, subbasin, HRU), period

39



(e.g., start date, end date), variables (e.g., precipitation, inflow, outflow, sediment), and
summary (e.g., daily, monthly, yearly mean). Therefore, visualizing the time series
variables with QSWAT is an easy and time-saving process.

3.6 Model Comparison (SWAT and HEC-HMS)

3.6.1 Introduction

The GRDC data (observed runoff) limited model calibration due to missing values, and it
also restricted checking the model's reliability. Therefore, the SWAT model results were
compared with those from the HEC-HMS (Hydrologic Engineering Center - Hydrological
Modeling System) model to check the model reliability for application in the West Rapti
river basin. Hence, the calibrated runoff (volume and depth) and water balance results
were analyzed and compared prior to selecting the model.

3.6.2 HEC-HMS model setup

HEC-HMS, a physically based and conceptual lumped parameter hydrologic modelling
software, was developed by the US Army Corps of Engineers-Hydrologic Engineering
Center (HEC). The model was developed to simulate rainfall-runoff processes in various
geographical regions to solve a wide range of hydrological problems (Choudhari et al.
2014). Since its inception over four decades ago, the model has gained wide popularity
globally. For example, Deb and Kiem (2020) applied the HEC-HMS model in two different
climatic conditions in Western Australia to simulate runoff in catchments with a variable
relationship of rainfall and runoff. Similarly, Tassew et al. (2019) used the HEC-HMS
model in Ethiopia to study the rainfall and runoff relationship for runoff estimation
produced by precipitation.

HEC-HMS has two major model components: Basin Model and Meteorological Model.
Control Specification is then used to simulate scenarios. These features are essential to
identify sub-basin and hydrologic parameters such as the slope and reach length. In
addition, a few specific topography features, such as the elevations and streams, were
introduced in the model setup processes in the current study.

The Basin model was set up to calibrate rainfall-runoff in the Jhimruk Khola sub-basin
(Figure 3.7). The Basin model includes the hydrological components and their
connectivity, representing the movement of water through the drainage system (HEC
2016). The Meteorological model defines characteristics of daily precipitation in any
spatial or temporal form. The control specification in the meteorological model specified
the starting and ending date, including the input data interval (HEC 2016).
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The detailed methods, hydrological elements, and different calculation types, including
the selected processes in the HEC-HMS model, are shown in Table 3.5.

Table 3.5: HEC-HMS Model parameters including selected method

Hydrological Calculation Selected
Element Type Mgiiiod Method

Deficit and constant rate (DC)

Exponential

Green and Ampt
Gridded DC

Gridded SCS CN

Initial and constant rate
SCS curve number (CN) v
Soil moisture accounting (SMA)

Clark's UH v

Loss Rate

Sub-basin Kinematic wave
ModClark
Transformation | SCS UH
Snyder's UH

User-specified s-graph

User-specified unit hydrograph (UH)

Bounded recession

Constant monthly
Baseflow

Linear reservoir

Recession v

Kinematic wave

Lag
Modified Puls

Reach Routing

Muskingum v

Source: Extracted and modified from HEC (2016)
3.6.3 Data preparation for HEC-HMS

Relevant HEC-HMS model input parameters such as elevation map and SCS curve
number (CN) value were taken from the SWAT model. Other input values are either
calculated manually or taken as recommended in the literature. For example, the time of
concentration (tc), the time taken by a drop of water to travel from the most hydrologically
distant point to the outlet of a basin (Beven 2020), was calculated by using an empirical
equation of Bransby-Williams (1977). The empirical equation used for the calculation of

tc is
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tc == m (36)

Where,

t. = time of concentration (min)

L = mainstream length to the catchment divide (km)
A = area of the whole catchment (km?)

Se = Equal-Area slope (m/km)

A distance versus elevation graph was developed to calculate the value of Se, as shown
in Table 3.6 and Table 3.7. The data were extracted from ArcGIS.

Table 3.6: Distances and elevation along the most extended reach (point-to-point)

Poin_t-to- Distance point-to-point diffg]eeneclee\gtl\?vg o
rotir (km) point-to-point (m)
Oto1l 104.35 104
lto2 43.28 107
2t03 18.53 83
3to4 23.06 107
4t05 24.54 116
5t0 6 18.08 215
6to7 23.45 344
7t08 10 178

Length of longest reach = 265.29 km. Area of the catchment = 5953.60 km?

Table 3.7: Distances and elevation along the longest reach (from the outlet)

Point Distance from point O to 8 | Elevation
(km) (m)
0 0 134
1 104.35 238
2 147.63 345
3 166.16 428
4 189.22 535
5 213.76 651
6 231.84 866
7 255.29 1210
8 265.29 1388
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Figure 3.11: Equal-Area slope graph
From Figure 3.11, the Equal-Area Slope (Se) was taken 20 km/m.

The time of concentration (tc) was calculated using equation (3.6) and from the known
values of Se, including the basin area (4), and mainstream length to the catchment (L).

After the calculation (tc) is equal to 3543.76 (min), which is approximately two days (48
hrs). Therefore, tc = 48 hrs., and the storage coefficient was taken 24 hrs.

3.6.4 Basin Model Creation in HEC-HMS

Terrain pre-processing was carried out after refining and pre-processing the input terrain
data (DEM) in HEC-HMS. The process uses the construction of sub-basins and drainage
networks by completing different steps, such as filling sinks, creating flow directions and
flow accumulation, segmenting streams, delineating catchment grid, and processing
polygon drainage lines. As shown in Figure 3.12, a basin model was developed after
selecting the outlet point for the entire watershed at the end of the basin.

For the basin model creation, the initial values of loss parameters like curve number (CN)
and impervious percentage were estimated from soil data are taken from the SWAT
model. The time of concentration was calculated, and details are provided in the Data
preparation section. Baseflow initial values such as initial discharge and recession
constant were taken from the typical range of daily recession constant value (0.2-0.8) for
surface runoff recommended by Nathan and McMahon (1990) and Berhail et al. (2012).
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Figure 3.12: Basin model of the West Rapti river basin in HEC-HMS

Some significant characteristics of the basin model for the selected basin are shown in
the table below:

Table 3.8: HEC-HMS basin model characteristics

Name of watershed Basin area (km?) Number of sub-basins

West Rapti River basin 5,953.60 16

3.6.5 Basin Model Outputs in HEC-HMS

Simulation runs according to the defined and controlled specifications. The simulations
computed in the junction of the Jhimruk Khola sub-basin consists of sub-basins (S _5,S 6
and S_9), the junction (J_7) and reach (R_7), shown in Figure 3.12. The simulation results
were produced in the form of graphs and tables. All hydrologic elements are listed in the
global summary table, making it possible to observe each hydrologic element, drainage
area, peak discharge, time to peak, and volume data individually (HEC 2016).
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3.6.6 HEC-HMS Water Balance

Water balance provides a valuable framework for evaluating the hydrological responses
of a basin under changed land-use conditions. According to Sangwan (2016), water
balance in a basin can be achieved using a simple bucket model technique in a watershed
system. According to this method, the changes in water storage capacity of the basin
equals the net difference between the inlet and outlet (Sangwan 2016). Therefore, the
simple water balance equation can be written as shown below

IN — OUT = AS (3.7)

Precipitation (P) is the major input, and Streamflow (Q) and Evapotranspiration (ET) are
the major output parameters in a watershed system. Thus, the equation of water balance
for a whole catchment can be expressed as:

P =ET + Quyu, + A4S (3.8)

Where

P = precipitation (mm),

E = evapotranspiration (mm)

Q,un = total runoff (mm), (which is the sum of surface runoff, interflow, and baseflow)

AS = the change in catchment water storage (Zhang et al. 2004).

The value of A4S is usually considered negligible (equal zero) at an annual scale (Brutsaert
2005; Szilagyi 2020). From the known value of P and Q,.,,,, the annual watershed scale
Evapotranspiration (ET) rates are generally estimated by the lumped water-balance
equation, which is given as:

ET =P — Q. — AS (3.9)

According to Sokolov and Chapman (1974), water balance competitions in a region that
lack gaging stations or a poorly gauged region, such as the Jhimruk Khola sub-basin, can
be expressed as

Ryyn =P —E (3.10)

Where
R, = direct runoff (mm)
P = rainfall (mm)

E = Evaporation (mm) (Sokolov & Chapman 1974).
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As can be seen, equation (3.10) lumps evaporation and evapotranspiration together and
assumes no storage during the simulation period.

3.6.7 Model Comparison

The model comparison was conducted in two stages: (i) runoff volume and depth
comparison (ii) model performance evaluation.

The runoff volume, runoff depth, peak discharge and water balance were analyzed in the
firstinstance. Thus, simulated runoff data from SWAT and HEC-HMS were converted into

runoff volume (V) and runoff depth (D), which can be calculated as shown below

V = Qum X (24 * 60 x 60) (3.11)
Qsim
= 3.12
D == (3.12)
Where
V = runoff volume (m3) — using daily time step

Qsim = simulated runoff (m?/s)
D = runoff depth (m)
A =the catchment area (m?)

In the second step, model performance between SWAT and HEC-HMS model was
evaluated by estimating model prediction error in terms of Percentage Error (PE) due to
missing daily observed runoff values.

PE is determined by dividing the difference between HEC-HMS and SWAT model
simulated runoff by the sum of simulated runoff by HEC-HMS. It is expressed in
percentage (%) as shown in the equation (3.13).

M) 100 (3.13)

Where
Qy = HEC-HMS simulated runoff (m?3/s)
s = SWAT simulated runoff (m3/s)

The reliability of simulated runoff volume and depth in the HEC-HMS and SWAT model
was evaluated by estimating the differences (HEC-HMS and SWAT) expressed in
percentage (%).
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The difference (%) was determined by dividing the difference between HEC-HMS and
SWAT simulated runoff volume by the sum of HEC-HMS simulated runoff volume, as
shown in equation (3.14).

Vi — Vs
Vi

Difference (%) = ( ) * 100 (3.14)

Where
Vy = HEC-HMS simulated runoff volume (m?3)

Vs = SWAT simulated runoff volume (m3)

3.7 Calibration and Validation of SWAT

SWAT-CUP (SWAT Calibration Uncertainties Program), a program for SWAT calibration
(Khalid et al. 2016), was used to calibrate the SWAT model. The SWAT-CUP is a public
domain software that can be downloaded freely from https://swat.tamu.edu/. According

to Abbaspour (2012), the program is created to analyze the uncertainties of the SWAT
model results. The SWAT-CUP also enables sensitivity analysis and uncertainty of SWAT
model by using one of the inbuilt algorithms to SWAT models such as SUFI-2 (sequential
uncertainty fitting algorithm), PSO (Particle Swarm Optimization), MCMC (Markov Chain
Monte Carlo), GLUE (Generalized Likelihood Uncertainty Estimation), and ParaSol
(Parameter Solution).

In this study, the SUFI-2 was used to calibrate and analyse the sensitivity and uncertainty
of the SWAT model.

3.7.1 SWAT-CUP Model

The SWAT-CUP uses the TextinOut’ folder from the SWAT model as input data.
Therefore, the successful creation of the SWAT model is essential for setting up the
SWAT-CUP. After the successful setup of SWAT-CUP, determination of the most
sensitive parameters was carried out.

The SWAT-UP allows local and global sensitivity analysis. The local sensitivity analysis
process allows changing a single parameter in the input parameter keeping all other
parameters constant. Therefore, the negative aspect of local sensitivity analysis is that
the correct values of other fixed parameters will never be known. Whereas the global
sensitivity analysis allows changes to several input parameters at the same time; but, it
needs a large number of simulations, which may prove to be disadvantageous for global
sensitivity analysis (Arnold et al. 2012).
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In spite of this, the global sensitivity analysis was used to analyse the sensitivity of
parameters in this study, as it was a more robust process. Between 200 and 500
simulations and 5 to 6 iterations were used to get the best results in SWAT-CUP. The
parallel processing technology in SWAT-CUP was applied to reduce the model
processing time.

3.7.2 Sensitivity Analysis

Determining the most sensitive parameters is the first step of the SWAT calibration and
validation process (Arnold et al. 2012). Sensitive analysis (SA) is the process that
determines the rate of change in model output parameters for changes in model input
parameters (Arnold et al. 2012). The sensitive analysis also helps to determine the
variable that needs to adjust. The sensitivity of model components and parameters,
therefore, is useful in the formulation, calibration and validation of the hydrologic model
(McCuen 1973).

SA methods are classified according to their scope, applicability, and characteristics. The
most common and the simplest classifications are one-at-a-time (OAT) or local sensitivity
analysis and all-at-a-time (AAT) or global sensitivity analysis (Abbaspour et al. 2018; van
Griensven et al. 2006). Local SA is a method that changes values individually. In contrast,
the global SA allows changing values of all parameters at the same time (Arnold et al.
2012). According to Ma et al. (2000), the independent parameter perturbation (IPP) is the
most common form of sensitivity analysis, in which parameters are varied individually by
a fixed percentage around an essential value,

The sensitivity analysis procedures involve identifying parameters that dominate model
behaviour (Gan et al. 2014), verifying model parameter values (keeping realistic range),
and the final stage is running the model under dynamic conditions (Ma et al. 2000). The
sensitive parameters, including their rank, were identified through the global sensitivity
analysis. Since there is no uniquely defined set of parameters and ranges (Table 3.9),
they were selected after analyzing several resources, including the SWAT-CUP user
manual.

A list of parameters taken for sensitivity analysis, including their ranges, are shown in
Table 3.9.
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Table 3.9: Parameters for sensitivity analysis, including their ranges

Parameters
No Parameters Description range
Mini. | Max.
1  *r_ CN2.mgt SCS runoff curve number -0.2 ¢ 0.2
*v_GW_DELAY.gw Groundwater delay time (days) 30 450
3 | v._APPHA BF.gw Baseflow alpha-factor (days) 0 1
Threshold depth of water in the
4  *a GWQMN.gw shallow aquifer required for return 0 25
flow to occur (mm)
5 | v_GW_REVAP.gw Groundwater “revap” coefficient 0 0.2
6 r SOL AWC.sol Available water capacity of the first 02 04

soil layer (mm H20/mm soil)

Threshold depth of water in the
7  r REVAP_MN.gw shallow aquifer for “revamp” to occur 0 10

(mm)

8 | v RECHARG DP.gw : Deep aquifer percolation fraction 0 1

9 v ESCO.sol Soil evaporation compensation 0 1
= factor

10  r SOL K.sol Saturated hydraulic conductivity 08 0.8
= - (mm/hr)

11 : v_ALPHA BF.gw Baseflow alpha-factor (day) 0 1

12 v CH K2 rte Effgzctive hydraulic_conductivity in 0025 250
= main channel alluvium (mm/hr)

13 v CH N2.hru Manning'’s n value for the main 0 0.3
- o channel

14 i r_ SL_SUBBSN.hru Average slope length (m) 10 150

Source: Extracted from Shivhare et al. (2018)

Note:

*v_ “value” means the existing parameter value is to be replaced by a given value.
*a_ “addition” means the given value is to be added to the existing parameter value.
*r_“ratio” represents an existing parameter value is multiplied by (1 + the given value)
gw — groundwater parameter

sol — slope parameter

rte — channel parameter

hru — hydraulic response unit
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3.7.3 Uncertainty Analysis

Sequential Uncertainty Fitting (SUFI-2) algorithm was selected within SWAT-CUP to
verify uncertainty obtained from calibration parameters and model uncertainty.

SUFI-2 quantifies all the uncertainties in terms of two statistics: p-factor and r-factor.
Therefore, the degree of uncertainty and goodness of fit was assessed by the p-factor
and r-factor values (Neupane & Pandey 2021).

The p-factor, the percentage of measured data bracketed by the 95% prediction
uncertainties (95PPU), measures the degree of all uncertainties. In contrast, the r-factor
measures the strength of a calibration/uncertainty analysis (Khalid et al. 2016).
Theoretically, the p-factor and r-factor values range from 0-100% and O-« (infinity),
respectively (Khalid et al. 2016).

The value of the p-factor equal to 1 and the r-factor equal to O is considered the ideal
simulation condition. However, this is not always possible to achieve. Obtaining
reasonable values of these two factors, therefore, is always very important. Moreover, a
balance between p-factor and r-factor allows judging the calibration's strength
(Abbaspour 2013). According to Abbaspour et al. (2015), the P-factor greater than 0.7
and the r-factor around one is recommended for discharge calibration.

3.7.4 Evaluation of Model Performance

The model performance was carried out in SWAT-CUP using three objective functions:
i) NSE (Nash-Sutcliffe efficiency), ii) R? (coefficient of determination), and iii) PBIAS
(percentage of bias). General equations of these functions are given in equations
(3.15),(3.16) & (3.17) (Abbaspour 2013).

NSE is the most common objective function for model performance evaluation. The NSE
value ranges from -~ to 1, NSE =1 is the optimal value, and values between 0 and 1 are
generally regarded as acceptable performance levels. The NSE values < 0O indicate the
main observed value is a better predictor than the simulated values, indicating
undesirable model performance (Moriasi et al. 2007).

. Zi(Qm - Qs)lz

NSE =1 —
2i(Qm,i — Q,,)?

(3.15)

Where, Q is a variable such as discharge, m and s stands for measured and simulated,;
respectively, the bar stands for the average value.
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R? describes the proportion of the variance in measured data, ranging from 0 to 1. Higher
values indicate less error variance, and values > 0.5 are typically considered acceptable
(Kanishka & Eldho 2020). According to Henriksen et al. (2003), R? value > 0.85 is
considered as excellent for a hydrological models, values between 0.65 and 0.85 is
considered very good, 0.5-0.65 good, 0.2-0.5 poor and < 0.2 very poor.

o _ 120 = 0,0 Q)]

= __ e (3.16)
2i(Qm,i — Q)% Xi(Qs; — Q)?

Where R? is Coefficient of determination, Q is runoff, m and s are measured and simulated

values.

PBIAS measures the simulated data's average tendency to be larger or smaller than the
observations. The optimum value of PBIAS is 0. However, a positive (+) value indicates
model underestimation, and a negative value (-) indicates model overestimation (Gupta
et al. 1999).

n — .
PBIAS = 100 » 2=1(0m — C5): (3.17)

?:1 Qm,i

Where Q is runoff, m and s represent measured and simulated values

A recommended statistic for performance evaluation criteria for a watershed scale is
presented in Table 3.10.

Table 3.10: Recommended statistical performance evaluation criteria for a watershed-scale
model

Statistical Performance Evaluation Criteria
Indicator | very Good Good Satisfactory Not Satisfactory
NSE NSE>0.75 0.65<NSE=<0.75 0.50<NSE=<0.65 NSE=<0.50
R2 R?>0.85 0.75<R2<0.85 0.60<R2<0.75 R2<0.85
PBIAS PBIAS<+10 @ +10<PBIAS<+15 +15<PBIAS<+15 PBIAS>+25

Source: Extracted from Moriasi et al. (2015)
3.8 SWAT-CUP Calibration and Validation

Calibration of the watershed model is challenging due to various factors such as
uncertainties of the model, parameter, data and model operation (Tung 2011). The most
common uncertainties in SWAT hydrological modelling are associated with the input data,
model structure and model parameters (Yen et al. 2014).
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The input data such as rainfall, soil type and land use can directly affect the hydrologic
modelling procedures and simulation results (e.g., surface runoff). Model structure, on
the other hand, is primarily caused by the assumptions and simplification of the
hydrological model. In addition, parameter uncertainties are the most common sources
of uncertainties; however, they can be controlled easily by applying suitable calibration
processes (Zhao et al. 2018).

A warm-up phase (equilibrium time) is necessary to get a fully operational hydrological
cycle for the simulation period of interest. Therefore, it is recommended in the calibration
process. For example, a warm-up period of 2 to 3 years is recommended for less than
five years of simulation. However, the equilibrium period may not be necessary for a 30-
years simulation (Arnold et al. 2013). Therefore, two years ( 1979 - 1980) of the warm-up
period was given during the calibration process

3.9 Runoff simulation

Monthly time-series rainfall data for 30 years (1979-2009) were taken to analyze rainfall
trends and forecast rainfall in the study area using the linear regression method.

3.9.1 Data and method of rainfall trend analysis

Monthly precipitation data for 30 years (1979-2009) was obtained from the SWAT Global
Weather Data website https://globalweather.tamu.edu/ within the vicinity of the West

Rapti River basin. In addition, the website provides CFSR global meteorological dataset.
The dataset comprises a forecast of hourly weather dataset produced by the National
Weather Service’s NCEP Global Forecast System. The weather dataset contains
precipitation, temperature, wind, solar, and relative humidity, presenting real-time rainfall
estimates and temperature for hydrologic predicting (Fuka et al. 2014).

The CFSR dataset was used to analyze the rainfall trend using simple linear regression
analysis. The linear regression equation (3.18) has been used frequently for prediction
purposes in hydrology, such as annual or season rainfall-runoff relationships (Diskin
1970). The linear regression method allows predicting the trend of one variable with the
help of the values of the other (Altman & Krzywinski 2015) or a model with only one
independent variable (Zou et al. 2003).

Y=AX+B (3.18)
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Where the regression parameter B is the Y-intercept and A is the slope of the line (Diskin
1970; Zou et al. 2003). In the equation, X is the independent variable (time) and Y is the

dependent variable (rainfall).

Trend Analysis Plot for Rainfall_1
Linear Trend Model
Yt = 0.290 + 0.00655xt

|
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Figure 3.13: Rainfall trend analysis plot in Linear regression model

The linear equation (3.19) was used to extract daily rainfall for 2023 to 2026, considering
the daily rainfall data of 2013 as a baseline. The extracted rainfall data was used to
simulate runoff for 2023 to 2026 in the Jhimruk-Khola sub-basin in Nepal.

Yt = 0.290 + 0.00655¢ (3.19)

3.10 Conclusion

The SWAT model was used for runoff simulation in the West Rapti River basin in Nepal.
The model requires topographic, land-use, soil and weather data for model calibration.
These data were obtained from freely available resources, and they were processed and
used as input data in ArsSWAT/QSWAT. Rainfall data from the GRDC (observed rainfall)
limited the SWAT model calibration and validation process. Thus, the SWAT model output
and the HEC-HMS model output were compared to identify the reliability of the model
runoff simulation.

SWAT is supported by SWAT-CUP, a freely available program for SWAT model
calibration. SUFI-2 in SWAT-CUP was used for model calibration, sensitivity analysis and
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uncertainty analysis. In addition, different objective functions and watershed parameters
were selected to assess the SWAT model performance and identify the significance of

the parameters.

CFSR data for 31 years (1979-2009) were analyzed using the linear equation to predict
rainfall trends in the Jhimruk Khola sub-basin. The trend was later used to extract rainfall
and simulate runoff from 2023 to 2026 in SWAT, taking 2013 rainfall as a baseline.
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Chapter 4: Study Area

4.1 Introduction

This chapter describes the general characteristics of the study area. It presents general
information on Nepal, including the geography, climate, and river systems. In addition,
this chapter briefly discusses the West Rapti River basin's location, climate, and type of
data available.

4.2 Country Background

Nepal is a relatively small landlocked, and mountainous country located in South Asia.
The country borders the Tibet region of the People's Republic of China in the North and
the Republic of India in the East, West and the South (Figure 4.1).

| NEPAL MAP |
1 physical featurfs ] INDIA

| U
VS0 W

| ﬁ(osi river

Figure 4.1: Map of Nepal (Source: freeworldmaps.net)

The country's total area is 147,181km? and it extends from 26° 22' to 30° 27' N latitude
and 80° 04' to 88° 12' E longitude. The country stretches 885 km from east to west, and
the north-south width varies between 130km and 206km. The country's altitude varies
from 70m masl in the South to 8884m masl in the North within this range. As a result,
Nepal can be divided into five major physiographic regions, as shown in Figure 4.2: Terai
plain, Siwalik Hills, Middle Mountains (Middle Hills, Low Mountains) and High Mountains
(Gyawali 1989; Kansakar et al. 2004) and seven main climatic and ecological zones
(Nepal et al. 2019). As a result, land use and land cover, population density and livelihood
patterns, topography, climate, and water availability are highly variable within the country.
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Figure 4.2: Physiographic map of Nepal map including Ecological zones (Source: Nepal et al.

The Terai zone is relatively flat. The climate ranges from tropical to sub-tropical, with
considerable water resources and fertile land with high productivity. As a result, the region
has a high density of population. The Terai is surrounded by the low hills of the Siwaliks
in the Northern part, followed by the Middle Mountains (also known as Lower Himalaya).
Most of the Hydropower in the country is produced in this zone due to favourable
physiographic and climatic conditions such as the deep valleys and steep slopes,

In the North, the Higher Mountain (also known as Higher Himalaya) is dominated by a
sub-alpine to alpine climate, with glaciers and snow peaks (Karki et al. 2016). Thus, this
region has a low population density and anthropogenic activities (Nepal et al. 2019).



Approximately 86% of the total area of the country is mountainous (High Himalayas and
High Mountains) and hilly regions (Middle Mountains and Siwalik). The remaining 14% is
flatland represented by Terai (Karki et al. 2016).

Table 4.1: Geographic regions of Nepal

! : Elevation : Average
Region Geology and soil (masl) Climates Temp.
Terai plains = A gently sloping region, recently Below 300  Humid >25°C
deposited alluvium tropical
Siwalik hills = Steep slopes and weakly 300-1500 | Moist 25°C
consolidated bedrocks. Testing tropical
mudstone, siltstone, and
sandstone. Tendencies to the risk
of surface erosion despite thick
vegetation.
Middle Granite, limestone, quartzite, 1000-2500 @ Temperate @ 20°C
Mountains  schists, phyllite. Stony and coarse
texture soil. Conifer forests
commonly found associated with
quartzite
High Soils generally are shallow and 2200-4000 @ Cool to 5-15°C,
Mountains  resistant to weathering. Dominated sub-alpine < 0°C
by quartzite, schists and phyllite. (winter)
High Dominated by limestone and shale. >4000 Alpine to <0to
Himalayas  Stony soils, physical weathering arctic 5°C
predominates

Source: GFDRR (2011) (GFDRR: Global Facility for Disaster Reduction and Recovery)

Nepal is categorized as a medium human development country, according to the Human
Development Index (a development indicator based on life expectancy, adult literacy, and
GDP) (UNDP 2019). However, Nepal is one of the wealthiest countries regarding
renewable water resources. A vast amount of water is available in rivers, lakes, snow
covers, springs and groundwater. The country holds about 2.7% of the world's freshwater
resources (Bhatt 2017; Sapkota & Thapa 2014).

4.3 Climatic Characteristics and River systems

Nepal has two rainy seasons (Shrestha et al. 2000). The most prominent one lasts from
June to September, and about 80% of the total annual precipitation occurs due to the
southwest monsoon. The remaining rain occurs during the winter and accounts for 20%
of the yearly average rainfall. Precipitation occurs higher in the eastern region than in the
western part. Pre-monsoon thunderstorms occur from March onwards. As a result, they
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produce considerable rain in a short period of time in Terai (plain) and hills (Shrestha et
al. 2000).

Nepal is endowed with abundant water resources. The available water sources may act
and many of them originate from the snow-capped Himalayas. The total length of those
rivers, including creeks and tributaries, is about 45,000km. The rivers cover a 3,950km?
land area and offer multiple domestic benefits, irrigation lands and hydropower
development (Bhatt 2017).

Rivers in Nepal can be classified into three categories according to their origin. First-class
rivers originate from the Himalayas, second or medium class rivers originate from the
Midlands, and the third or smaller class rivers originate from Siwalik Range (Devkota
2014).

The first group of rivers is snow-fed; therefore, flow regimes are mainly dominated by the
melting snow and glaciers. Examples of these groups of rivers are Koshi, Gandaki,
Karnali and Mahakali. Flows in these rivers are perennial and sustainable during the dry
seasons. As a result, such rivers are a reliable source of water for hydropower generation
and land irrigation (WECS 2011). The second group of rivers originates from middle
mountains and hills; therefore, monsoon rainfall and groundwater are the primary
contributors to the flow regimes. The Bagmati, Rapti, Mechi, Kanaki, and Babia rivers are
examples of this rivers group. Finally, the third group of rivers originates from Siwalik. The
flow in these rivers primarily depends on monsoon rainfall; therefore, the flow level could
reduce substantially during the non-monsoon season (WECS 2011).

Table 4.2: Main river basin and discharge details

Catchment area
) Average Annual
River Basin in Nepal discharge discharge
(Estimated) g g
(m3/s) (km3/year)
(km2)
Rivers originated from the Himalayas
Koshi 27,863 1,409 45
Gandaki/Narayani 31,464 1,600 50
Karnali 41,058 1,397 44
Mahakali 5,188 573 18
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Rivers originated from the Middle

: . 17,000 461 14.5
Mountains and Hills
Rivers originated from Siwalik 23,150 1,682 53
Total 145,723 7,122 224.5

Source: Extracted from Pradhanang et al. (2017)

There are three substantial rivers systems in the country: Karnali in the west, Gandaki in
the central, and Koshi, also known as Sapta Koshi in the east (Alam et al. 2017; Gyawali
1989; Sapkota & Thapa 2014) divide the country into approximately three equal areas.
This division, along with the physiographic regions, is used to organize data to examine
regional precipitation variations (Kansakar et al. 2004). Of these, Koshi is the most
extensive river system, followed by Karnali and Gandaki (Figure 4.3).

The Koshi (Sapta Koshi) stretches 17,720km long, and the catchment area is 66,400km?.
The average flow rate of the river is 1409m3/s. The main tributaries are Sunkoshi,
Indrawati, Likhu, Dudhkoshi, Tamakoshi, Tamor and Arun.

i

4 \ufr\k chia

Figure 4.3: River basins of Nepal (Source: Siddiqui et al. (2012))

The mainstream length of the Karnali river is 338km. The catchment area of the Karnali
river basin is 43,679km? and the average discharge is 1397m?/s. The main tributaries of
the river are Bheri, Budi Ganga, Western Seti, Humla Karnali, Mugu Karnali, Thuli Bheri,
Tila (Alam et al. 2017; Sapkota & Thapa 2014).
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The catchment area of the Gandaki river basin is 34,960km?. The average flow rate is
1600m?3/s, and the length of the main channel is 338km. The main tributaries of the river
are Kaligandaki, Seti, Marsyangadi, Budigandaki, Daraudi, Madi and Trishuli. Other major
river basins include Mahakali, West Rapti, Bagmati, Babia and Kankai (Table 4.3)

Table 4.3: Characteristics of major river basins in Nepal

. . Area
River basin Streamflow source Remarks
(km?)
_ _ In Nepal: 27,863 km?
Koshi 60,400 Monsoon rain and snowmelt _
In China: 32,537 km?
_ _ In Nepal: 41,058 km?
Karnali 43,679 Monsoon rain and snowmelt _
In China: 2,621 km?
_ _ In Nepal: 29,626 km?
Gandaki 34,960 Monsoon rain and snowmelt _
In China: 5,334 km?
. _ In Nepal: 5,317 km?
Mahakali 15,260 Monsoon rain and snowmelt .
In India: 9,943 km?
West Rapti 6,500 Monsoon rain Whole catchment in Nepal
Bagmati 3,700 Monsoon rain Whole catchment in Nepal
Babai 3,400 Monsoon rain Whole catchment in Nepal
Kankai 1,329 Monsoon rain Whole catchment in Nepal

Source: Extracted from (WECS 2002) Gautam and Acharya (2012)

Hydrological and meteorological activities in Nepal is monitored by the Department of
Hydrology and Meteorology (DHM). The hydrometric network consists of 170 gauging
stations, of which 54 were established in 1999. Daily flow time series data are available
only for 36 river basins across the country. The hydrologic data records range from 5 to
31 years, with an average length of 17 years. More than 80% of gauging stations possess
more than ten years of data. These data span the period of 1963-1995. The large
numbers of gauging stations are located in the Middle Mountains and High Mountains,
and a few in the Siwalik hills area (Hannah et al. 2005).
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4.4  West Rapti River basin

4.4.1 Location and main features

West Rapti River basin (Figure 4.4) is a transboundary river basin. The basin originates
in the mid-western region near the Nepal-India border area. It is one of the major
tributaries of the River Ganga, located in the Republic of India.

The river basin extends from 27°56'50" to 28°02'30" North and 81°45'00" to 81°40'00" East
(Talchabhadel et al. 2015), and the area of the basin is 5,953.60km?. The elevation varies
from about 131m (at the Indian border) to 3,620m masl. The river originates in the middle
mountain and has no contribution from melting snow and glaciers. About 60% of the West
Rapti River catchment area is in the northern mountain region, which is further divided
into middle and high mountain zones. The basin's remaining area (about 40%) is situated
in the low southern part within the Siwalik and Terai (plain) zones. The northern and
southern zones are separated by a famous thrust fault known as Main Boundary Thrust
(MBT) (Pathak et al. 2007).
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Figure 4.4: Location map of the study area (Source: Devkota (2014))

West Rapti basin is considered to be one of Nepal's flood-prone rivers (Gautam & Phaiju
2013; Talchabhadel & Sharma 2014). The basin area receives about 80% of total yearly
precipitation during summer monsoons (June to September). The annual average rainfall
varies between 1151mm to 2489mm ((Devkota & Bhattarai 2018). The river's mainstream
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channel is 257km long, and the average slope of the basin is relatively steep at 16.8%

(Talchabhadel et al. 2015).
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According to the Hydrology Department of Nepal, four hydrological and seven

meteorological stations are located within the basin. The details of hydrological and

meteorological stations are presented in Table 4.4

Table 4.4: Hydro-Meteorological stations of West Rapti River basin

Station

SN
numbers

Station name

Purposes / Remarks

Meteorological stations

1 530 Swargdwari Rainfall

2 527 Sulichour Rainfall

3 504 Libang Gaun Rainfall & Temperature
4 505 Bijuwartar Rainfall & Temperature
5 537 Lamabhi Rainfall

6 438 Dhakeri Rainfall

7 420 Nepalgunj All parameters

Hydrological stations

1 339.3

Jhimruk at Cherneta

Water level
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2 330 Mari at Nayagaon Rainfall & Water level

3 350 West Rapti at Bagasoti Rainfall
4 365 West Rapti at Kusum Rainfall & Water level

Source: www.hydrology.gov.nep
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Figure 4.6: Major tributaries of the West Rapti river basin (Source: Devkota (2014))

4.4.2 Geography and Geomorphology

The physiographic region of the West Rapti River consists of Terai (plain), Siwalik,
Mahabharat ranges and Lesser Himalayan range. Like other parts of the country, the
significant changes in weather, geography and hydrology can be seen within a short
distance from the south to the northern parts of the basin.

Terai is primarily composed of sediments from the Gangetic plain such as sand, silt, and
clay. The groundwater level in the Terai area is shallow, located approximately 3m below
the surface level. However, water availability is limited in these aquifers (District Profile
2007). The Siwalik hills are the southernmost mountain range of the Himalayas (Devkota
2014). The region is usually characterized as rugged terrain with high peaks, steep
slopes, and thin soil cover. Lower Siwalik, however, has gentler topographic
characteristics with low terraces and alluvial fans backed by the considerable amounts of
silt carried by the rivers and creeks in the watershed area. Most rivers originate from lower
Siwalik discharge water only during the monsoon period (Devkota 2014).
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The riverbed materials in the watershed comprise a few medium-size boulders, different
sizes of coarse gravel and sediment at upper reach. In contrast, lower reach is dominated
by fine sediment. Round boulders and coarse gravel predominate the steep reach, and
coarse to medium-grained sand is also found throughout this reach (Devkota 2014).

The upper part of the river basin consists of hills and grasslands; hence, the area has
less settlement and agricultural land. However, the lower part is flat; thus, most of the
land is used for agriculture and settlement. As a result, the settlement is dense in this
watershed section (Devkota 2014).

4.4.3 Climate, Rainfall and Runoff

The climate varies significantly within the basin, dominated by the temperate and
subtropical climatic conditions. The northern part of the catchment has a temperate
climate. In contrast, the climate in the southern part ranges from tropical to sub-tropical.
The temperature along the basin varies from 46°C during summer in the southern region
to 2°C during winter in the northern mountain region (Gautam & Phaiju 2013). The
average annual temperature is 25°C; however, temperatures vary from 15°C in the winter
to 32°C in the summer. The temperature increases from March to June/July and
decreases from October to January (DHM 2008).

Rainfall varies considerably within the basin. The dry period extends from October to May,
and the rainy season extends from June to September. Precipitation is highly influenced
by the monsoons in the Rapti basin; therefore, more than 80% of rainfall occurs during
June-September. Figure 4.7 shows the monthly average rainfall and discharge of
Nayagaon (left) and Jalkundi (right) gauging stations. It shows that discharge and
precipitation significantly varied within the year.
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Figure 4.7: Average monthly precipitation and discharge (Source: DHM)
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Rainfall and groundwater are the primary water resource of the West Rapti river basin.
Snowmelt contribution is negligible; only a small portion of the basin lies above 3000m
masl| (Sharma 1993).

Water in the West Rapti river is mainly used for irrigation purposes. Traditional farmers
have utilized water in the main Rapti river and its tributaries for irrigation systems since
historical times (Shrestha 2016). According to the preliminary study of the West Rapti’s
multipurpose project, farmers built 26 irrigation systems that help irrigate around 10,680
ha (106.80 km?) of land.

4.5 Conclusion

Nepal is a small mountainous landlock country in South Asia, covering an area of 147,181
km?2. Despite its small size, the country can be divided into five physiographic zones and
seven climatic and ecological zones. As a result, the climate varies from alpine in the
Mountainous region to humid tropical in the plain area of the Terai zone. The mountainous
zone covers about 86%, and the plain area covers about 14% of the nation's total area.
Similarly, monsoon and winter monsoon are two distinct rainy seasons. About 80% of the
total annual rainfall occurs in the monsoon and lasts from June to September, and 20%
of total annual rainfall accounts for the winter monsoon. According to the origin, river
systems are divided into first-class (from mountains), second-class (from midlands), and
third-class (from Siwaliks).

West Rapti river originates in the middle mountain; therefore, rainfall and groundwater
are the river's primary water sources, with no melting snow and glacier contribution. The
river's mainstream length is 257km, and the average slope is 18.6%. Rainfall varies within
the basin, and the annual average temperature is 25°C. West Rapti river is regarded as
one of the flood-affected rivers basins in the country. The West Rapti river water is largely
used for irrigation purposes, and the river contributes to irrigating about 106.80 km? of
land.

65



Chapter 5: Results and Discussions

This chapter evaluates the reliability of the SWAT model for runoff simulation. The chapter
has four sections. The first section assesses the GRDC data for model calibration. In the
second section, SWAT model results were compared with that of the results from HEC-
HMS. In the third section, model calibration and validation are presented using SWAT-
CUP. The final section discusses the runoff simulation approaches.

5.1 SWAT Model Results

5.1.1 Watershed Delineation, land and soil types

Land use and soil data are processed and reclassified to match the SWAT model with
the land use and soil data code, and they were calibrated in ArcSWAT/QSWAT. The basin
is divided into 19 subbasins and 35 HRUs (Figure 3.8), the smallest spatial unit of the
hydrological model containing similar land use, soil and slope (Kalcic et al. 2015) based
on provided topography, land and soil data in ArcSWAT 2012.

The land and soil types, including the coverage area, obtained from the HRUs analysis
report in SWAT output files, are shown in Table 5.1 and Table 5.2.

Table 5.1: LULC types details including covered area different land-use type

Values | LULC code Description Computed | Watershed
area (km?) (%)

1 FRST Forest -Mixed 3,668.65 61.62

4 AGRL Agricultural Land -Generic = 1,935.00 32.50

2 SHRB Shrubland 117.42 1.97

3 GRAS Grassland 113.11 1.90

5 BARR Barren area 84.34 1.42

6 WATR Waterbodies 33.25 0.56

8 URLD Residential — Low density = 1.83 0.03

As shown in Table 5.1, the total watershed area is 5,953.60 km?. The current land use
data shows that the forest (mixed type) is the most dominant land use type, covering
61.62% of the total watershed area. The agricultural land is the second dominant land-
use type, covering 32.5%, followed by shrubland, which covers 1.97%. The residential
area covers only 0.03% of the total watershed area.
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According to Neupane and Pandey (2021), Dystric Cambiosols, Dystric Rogosols, Eutric
Fluvisols and Lithosols (Table 5.2) are the main soil types in the West Rapti River basin.

Table 5.2: Soil types detail including covered area

Soil type Computed area (km?) Watershed (%)
Dystric Cambisols 2,567.00 43.12
Dystric Regosols 1,542.00 25.90
Eutric Fluvisols 1,408.40 23.66
Lithosols - Lithic 436.23 7.33

The most dominant soil type in the study area is Dystric Cambisols, which covers about
43% of the watershed area. This is followed by Dystric Regosols 26%, Eutric Fluvisols
24%, and Lithosols - Lithic covers 7% of the watershed area.

5.1.2 GRDC (observed) data calibration

A relationship between simulated and observed discharge at the Jhimruk Khoal sub-basin
outlet point was established to check the reliability of GRDC (observed) data for model
calibration. Details of the Jhimruk Khola sub-basin in the West Rapti river basin is given
in Table 5.3.

Table 5.3: Details of Jhimruk Khola sub-basin

GRDS
. . . . . Area, | Year Year | No.
station River Station | Country | Latitude | Longitude )
km start end Yrs
no.
Jhimruk | Tigra
2548310 Nepal 28.05 82.83 885 1978 | 1985 8
Khola  Gaon

Source: GRDC

The area of the Jhimruk Khola sub-basin is 885 km?. Daily observed data from 1978 to
1985 are available in the sub-basin area. Four years (1981-1985) daily GRDC (observed)
data are taken for the SWAT calibration in this research. The outcomes of the SWAT
calibration are presented below.

Figure 5.1 shows a series plot of rainfall and runoff (simulated and observed). It illustrates
that the precipitation and simulated runoff trends perfectly matched for all years (1981-
1985). However, the simulated and observed runoff trend varies significantly. Similarly,
there were considerable variances in peak flow and time to peak in simulated and
observed runoff graphs.
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Figure 5.1: A series of rainfall, daily simulated and observed runoff pot in Jhimruk Khola sub-
basin. (a) 1981, (b) 1982, (c) 1983, (d) 1984, (e) 1985.

Note: Graphs are shown only for the monsoon season (July-September).

The initial SWAT calibration results showed that the GRDC data are not reliable for the
SWAT model calibration and validation. Therefore, the GRDC data was used in the
SWAT-CUP to verify the reliability and authenticity of SWAT results.

52 SWAT-CUP Model to validate observed runoff data

The SWAT calibration was limited due to missing values of GRDC observed data.
Therefore, the reliability of observed data was verified in the SWAT-CUP Sequential
Uncertainty Fitting Version 2 (SUFI-2). Four years (1979-1982) of GRDC daily data were
utilized, including the first two years (1979-1980) for model warm-up in the calibration
process.

521 SWAT-CUP model calibration and validation

The SWAT-CUP calibration results with 95PPU are presented in Figure 5.2. The model
evaluation statistics showed unacceptable model performance as per given objective
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functions, NSE and R? (NSE<0, R? < 0.5), but as per the PBIAS, it was acceptable
(PBIASt 2.5) (Ref. Table 3.10, performance evaluation criteria). Similarly, the fitted

values between simulation results and observation expressed in p-factor ( the percentage
of observed data) and r-factor (thickness of the 95PPU envelope) showed the acceptable
simulation result. p-factor greater than 70% and r-factor around 1 as recommended by
Khalid et al. (2016).

A 95°PU  /\ Observed /\ Best estimation

1000 +

p-factor  r-factor NSE R? PBIAS

1 0.09 0.00 -0.42 0.24 1.90
(@)

Discharge, m3/s

i - " b

0 S0 100 150 200 250 300 350 400 450 S00 S50 600 650 700
Daily Time Series (1981-1982)

A 95°PU /\ Observed /\ Best estimation

p-factor r-factor ~ NSE R? PBIAS

T 0.71 046 -020 032  -090
(b) ‘

Discharge, m%/s
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Figure 5.2: lllustration of model output uncertainty as 95PPU generated by SWAT-CUP. (a) before
calibration, (b) after calibration
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Note: 95PPU = 95% prediction uncertainties

However, significant variances in simulated (best estimation) and observed runoff trends
have been shown in the 95PPU graph. The findings showed that the GRDC observed
daily runoff data are considered unreliable to calibrate and validate the SWAT model.
Bothithe SWAT-CUP and SWAT calibration results showed that the GRDC data is
unreliable for calibration and validation.

According to Arnold et al. (2012), model validation shows the capability of the model to
make sufficiently accurate simulation results based on project goals. The model validation
in SWAT-CUP involves running the model with the same parameters used in the
calibration and comparing the prediction to observed data not used in calibration.
However, the SWAT model validation was not performed in this study due to missing
values of GRDC observed data.

Since observed data proved unreliable for model validation, the SWAT model was
compared with the Hydrologic Engineering Centre’s Hydrologic Modeling System (HEC-
HMS). The outcomes of model comparison (volume and depth, peak flow, time to peak
and water balance) are presented in Section 5.3.

5.2.2 Sensitivity Analysis

Sensitivity analysis aims to determine the critical parameters that significantly affect the
model performance. Thus, it plays a crucial role in model parameterization (McCuen
1973; Song et al. 2015). It also reduces the number of parameters that need to be
calibrated, thereby saving time and effort.

Twelve parameters associated with groundwater, surface runoff, HRUs and soil were
investigated, as shown in Table 5.4, regarding their sensitivity to streamflow by reviewing
the appropriate literature. The sensitivity of parameters was obtained by running between
200 to 500 simulations and from 5 to 10 iterations in SWAT-CUP using SUFI-2.

Table 5.4: Selected parameters for sensitivity analysis with range and fitted values

e Fitted
Parameter Description Rank | Range
Value
CN2.mgt SCS runoff curve number 1 (0, 50) 4.69
ALPHA_ BF.gw Baseflow alpha factor (days) 2 0, 1) 0.78
Groundwater delay time
GW_DELAY.gw (days) 3 (30, 450) 331.88
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Threshold depth of water in

GWQMN.gw the shallow aquifer required 4 ©, 2) 0.31
for return flow to occur (mm)
Groundwater “revap”

_GW_REVAP.gw - 5 (0, 0.2) 0.01

coefficient
Soil evaporation

ESCO.hru _ 6 (0.8,1) 0.98
compensation factor
Manning’s “n" value for the

CH_N2.rte _ 7 (0, 0.3) 0.22
main channel
Effective hydraulic

CH_K2.rte conductivity in main channel 8 (5, 130) 102.66
alluvium (mm/hr)
Baseflow alpha factor for

ALPHA_BNK.rte 9 ©, 1) 0.28
bank storage (days)
Available water capacity of

SOL_AWC.sol . . 10 (0.2,0.4) 0.28
the first soil layer (mm/mm)
Saturated hydraulic

SOL_K.sol . 11 (0, 0.8) 0.33
conductivity (mm/hr)

SOL_BD.sol Moist bulk density (Mg/m?3) 12 (0, 0.6) 0.36

The ranking of the most sensitive parameters was determined based on the t-test and p-

test values (Abbaspour 2012). The t-test and p-test values are necessary to measure and

identify the relative significance of the sensitivity. The larger absolute values indicate

more sensitivity than the lower one, while a value closer to zero indicates more

significance (Narsimlu et al. 2015).

Based on the global sensitivity analysis results (Table 5.5), the SCS runoff curve numbers

(CN) was among the most sensitive parameters. Similarly, parameters such as a base
flow alpha-factor (ALPHA_BF), groundwater delay time (GW_DELAY), threshold depth
of water required for return flow to occur in the aquifer (GWQMN), and groundwater revap

coefficient (GW_REVAP) also showed higher sensitivity.

Table 5.5: p-stat and t-state values of most sensitivity parameter

Sensitivity .
Parameters t-stat p-value _ Classification
ranking
CN2 -1.81 0.32 1 Surface runoff
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ALPHA BF 0.43 0.74 2 Groundwater
GW_DELAY -0.73 0.60 3 Groundwater
GWQMN 0.68 0.62 4 Groundwater
GW_REVAP -0.03 0.98 5 Groundwater
o 0.70 0.57 6 Bﬁirologic Response
CH_N2 0.79 0.79 7 Channel
CH_K2 3.41 0.18 8 Channel
ALPHA_ BNK 0.61 0.61 9 Channel
SOL_AWC -0.27 0.83 10 Soil

SOL K 1.71 0.34 11 Soll
SOL_BD -0.08 0.95 12 Soll

5.3 Model Comparison (SWAT and HEC-HMS)

HEC-HMS, a physically based and conceptual lumped parameter model, was developed
by the US Army Corps of Engineers- at the Hydrologic Engineering Center (HEC) in
Davis, California. The model was designed to simulate the rainfall-runoff processes in a
wide range of geographic areas to solve the broadest possible hydrological problems

(Choudhari et al. 2014).

5.3.1 HEC-HMS model setup

A basin model was created in HEC-HMS, as shown in Figure 5.3. The model divided the

basin intol6 subbasins and seven junctions, and it also created reaches and drainage

networks.
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(@)

(b)

Figure 5.3: HEC-HMS model for the West Rapti river basin, (a) DEM and watershed delineation,
(b) basin model

5.3.2 Runoff depth comparison in SWAT and HEC-HMS
In this study, the Jhimruk Khola sub-catchment outlet, as shown in Figure 5.4, was
selected to obtain simulated runoff volume, runoff depth, peak flow, time to peak and

water balance reports from SWAT and HEC-HMS models. The area of the sub-catchment
is 885 km?.
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Figure 5.4: Location map of Jhimruk Khola sub-basin

The simulated runoff comparison results between HEC-HMS and SWAT, including their

differences, are shown in Figure 5.5. The simulated runoff trends perfectly matched in
both SWAT and HEC-HMS models.
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Figure 5.5: Simulated daily streamflow using SWAT and HEC-HMS for the calibration period
(1981-1985)

However, the HEC-HMS model overestimated runoff in all cases, differences ranging
from 6.38 - 9.51%. The highest difference is shown in 1985 (19.51%) and lowest in 1985
(6.38%).

Details of peak discharge and time to peak is shown in Table 5.6. It shows that the SWAT
overestimated the peak discharge in all years (1981-1985). For example, the peak
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discharge difference between SWAT and HEC-HMS is ranges from 33-51%. The highest
peak discharge difference was shown in 1984 (51.55%) and the lowest in 1983 (33%).

Table 5.6: Details of peak discharge and time to peak comparison

_ Peak Discharge (m®/s) Time to Peak (d-m-y) Peak
Rainfall ,

Year runoff diff.

(o SWAT HEC-HMS | SWAT | HEC-HMS | (%)

1981 1,750.2 631.55 364.8 29-09-81 29-09-81 42.24
1982 1,612.7 1,279.18 786.70 23-09-82  23-09-82 38.50
1983 1,129.7 414,55 276.30 25-07-83  25-07-83 33.35
1984 1,435.0 1,120.46 542.9 09-08-84  09-08-84 51.55
1985 1,076.9 291.84 144.1 11-09-85  11-09-85 50.62

The time to peak occurrences was similar in the SWAT and HEC-HMS models. But it
varies each year. For example, the peak occurred in the same month (September) in
1981, 1982 and 1985. However, in 1983 and 1984, the peak occurred one month apart,
in July and August respectively. As the peak flow rate and time-to-peak provide more
information about flood estimation and forecasting (Ramirez 2000), the SWAT results are
crucial for flood management in the study area.

The model performance was evaluated in terms of percentage error (%). The percentage
error (PE) was highest in 1983 (19.51%) and lowest in 1985 (3.38%). PE in other years
ranged from 7-14%. Therefore, the range of PE below 20% is considered acceptable in
hydrology to evaluate the model performance.

The runoff volume and depth comparison results (Figure 5.6) showed the HEC-HMS
overestimated the runoff depth in all years.

Table 5.7: Summary of runoff volume and depth comparisons in SWAT and HEC-HMS

Rainfall

3 .
Year | (mm) Runoff volume (m") Runoff depth (mm) | Difference

HEC-HMS SWAT HEC-HMS | SWAT &

1981 1,750.2 1,175,238,720  1,004,771,520 @ 1,327.92 @ 1,135.34 14.50
1982 1,612.7 1,018,569,600 885,632,832 1,150.90 | 1,000.72 13.05
1983 1,129.7 623,220,480 501,637,536 704.19 566.82 19.51
1984 1,435.0 816,981,120 755,780,544 923.12 853.99 7.49
1985 1,076.9 504,601,920 472,399,776 570.16 533.79 6.38
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Figure 5.6: Simulated streamflow depth comparison using SWAT and HEC-HMS for the
calibration period (1981-1985).

The simulated runoff depth differences in SWAT and HEC-HMS range from 7-20%. For
example, the difference was 20% in 1983 and 7% in 1984. Overall, SWAT and HEC-HMS
models produced comparative results in runoff volume, depth, and peak discharge
aspects.

5.3.3 Water balance analysis - SWAT Model

Different water balance components of the Jhimruk Khola sub-basin were determined
from the calibration of the SWAT model. The most crucial water balance components in
the SWAT model are surface runoff (SURQ), lateral flow (LATQ), percolation (PERCO)
and evapotranspiration (ET) (Sandra & Sathian 2016).

Table 5.8: Water balance results in SWAT model

Sub- | Area Year PREC | SURQ | PERCO | LATQ ET | Error
Basin | (km?) (mm) (mm) (mm) (mm) (mm) | (%)

1981 1,750.20 395.21 495.25 420.3 438.60 0.01
1982 1,612.70 449.95 36199 337.64 456.48 0.07
885 1983 1,129.70 190.37 266.75 263.55 400.61 0.08
1984 1,435.00 376.64 31454 300.31 441.65 0.02
1985 1,076.90 154.60 290.00 272.40 359.88 0.00

Jhimruk
Khola,

Note: PREC - Precipitation, SURQ- Surface runoff, PERCO-Percolation, LATQ- Lateral flow, ET
— Evapotranspiration, Water Yield = SURQ + LATQ + GWQ - T Loss - Pond abstraction.
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The average monthly distribution of water balance components and average annual yield
are presented in Table 5.8. The average yearly rainfall of the basin ranges from 1750mm
to 1076mm between 1981 and 1985. Approximately 25-35% of rainfall goes to annual
evapotranspiration from the basin. Therefore, the value of evapotranspiration is
significantly high. The highest surface runoff from the basin was 450 mm in 1982 and
ranges about 15-30%, lateral sub-surface flow accounts 21-25 %, percolation is 22-28%
of total rainfall, and total annual water yield ranges from 1,293mm to 684mm, which is 74-
62% of the total precipitation.

5.3.4 Water balance analysis - HEC-HMS Model

Different water balance components were determined from the calibration of the HEC-
HMS model. The most critical water balance components are direct runoff (Q) and Loss
which includes ET (Evapotranspiration) and infiltration.

Table 5.9: Water balance results in HEC-HMS model

IN Out
Sub- | Area Year _ _ Error
Basin | (km?) Perception | Direct runoff Loss (%)
(mm) (mm) (mm)
1981 1,750.20 1,592.35 157.85 0.00
1982 1,612.70 1,447.16 162.12 0.21
Jhimruk
885 1983 1,129.70 970.28 159.42 0.00
Khola,
1984 1,435.00 1,273.67 161.33 0.00
1985 1,076.90 941.02 135.76 0.01

Table 5.9 shows the water balance outcomes of the HEC-HMS model. Annual
precipitation was highest (1,750mm) in 1981 and lowest (1,076.90mm) in 1985. The direct
runoff ranged from 85-90% of rainfall which looks very high. For example, the direct runoff
was 1,592.35mm in 1981 and 970.28mm in 1983. This may be due to the lack of detailed
land use data. Loss ranges from 135mm to 162mm, representing 9-14% of precipitation.
The percentage of error in inflows and outflows is negligible, which shows that the HEC-
HMS model satisfied the water balance equation.

Overall, both models produced comparative results in runoff volume and water balance
analysis aspects, making it difficult to choose the most reliable model for this study.
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5.3.5 Selection of Hydrologic model

The SWAT model overestimated the peak discharge, the most essential value for
estimating flooding events. Thus, obtaining comprehensive information on flood events is
critical to managing flooding events. The West Rapti River basin has a long history of
devastating flood events (Devkota et al. 2013). Therefore, obtaining information about the
flood event is essential for flood management that saves people’s lives and properties in
the watershed area.

The SWAT model also produced additional output data that can be applied to evaluate
the environmental effect on land use, land management practice, and watershed
management. All this output information is saved in the output.STD file inside the
TextinOut folder of SWAT, shown in Figure 5.7.

UNIT PERCO TILE WATER SED NO3 NO3 NO3 NO3 N P P
TIME PRIC SURQ LATQ G LATE Q S ET PET YIELD  YIELD SURQ LATQ PERC CROP  ORGANIC SOLUBLE ORGANIC TILENO
(mm) (mm) (mm) {mm) (mm) (mm) (mm) (mm) {mmn) (mm) (t/ha) (kg nutrient/ha) (kg/ha)
1 0.00 .00 0.03 e.e7 0.00 0.0 91.12 09.42 3.22 09.17 0.00 .00 0.00 @.e0 0.00 0.ee 0.00 0.00 @.20
2 a.ee 2.00 0.02 e.o7 0.00 9.0 90.69 0.44 3.44 0.17 a.00 2.00 a.00 @.00 0.00 Q.00 0.00 a.00 .00
3 a.ae 9.0 @8.62 a.a7 0.006 @.ae 99.23 a.45 3.65 9.15 a.ae 0.00 0.06 @.00 0.60 a.ee 0.00 9.06 @.00
a 8.15 .00 0.01 .26 0.00 @.6e 89.87 9.51 3.20 9.15 @.0e .00 0.00 @.20 9.00 .00 9.00 0.00 2.00
5 .83 0.00 9.01 .26 9.00 6.0 89.49 0.41 3.07 0.14 9.0 2.00 0.00 .00 0.00 0.ee 0.00 0.00 .00

Figure 5.7: SWAT Output.STD files and basin components.

Note: PREC - Precipitation, SURQ - Surface runoff, LATQ - Lateral discharge, GWQ -
Groundwater discharge, PERCO - Percolation, SW-Soil water, ET — Evapotranspiration,
LATQ - Lateral flow, ET - Evapotranspiration, Water Yield, SED YIELD - Sediment yield.

Overall, the SWAT model performed better in flood estimation and management. The

model also produced additional useful information about the study area. Eventually, the
SWAT model was selected for the runoff simulation in the study area in Nepal.

54 Runoff simulation

The rainfall trend was estimated using a simple linear regression method in statistical
analysis software. It produced the linear equation of Y=0.29+0.00655t, as shown in Figure
5.8. The graph illustrates an increasing rainfall trend in the West Rapti river basin.

Unfortunately, the obtained rainfall trend was unable to verify due to the lack of long-term
precipitation trends in Nepal. However, Shrestha et al. (2000) suggested that the
monsoon precipitation has increased by 5-15% due to increased global temperature.
According to Shrestha et al. (1999), Nepal's annual temperature in most mountainous
and Himalayan areas is rising at the rates between 0.06 to 0.12°C per year. In Siwalik
and plain Terai, it is less than 0.03°C per year. The rise in temperature will alter the
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hydrological cycle, which in return impacts water availability, rainfall and runoff patterns
of rivers (Sayari et al. 2011).

An increase in atmospheric GHG (GreenHouse Gas) is the primary cause of increased
precipitation in Nepal, especially in the west of the country. As a result, the runoff trends
in the West Rapti River basin showed a statistically significant upward trend and are
compatible with increased flooding events in the region. Therefore, the obtained rainfall
trend equation was considered acceptable for estimating rainfall for runoff simulation.

Trend Analysis Plot for Rainfall_1
Linear Trend Model

Yt = 0.290 + 0.00655xt

Variable
—e— Actual
— m - Fits
--¢-- Forecasts

Accuracy Measures
MAPE 997.776
MAD 0.321
MSD 0.168

Rainfall_1

Figure 5.8: Rainfall trend analysis results of the study area

Note: MAPE = Mean Absolute Percentage Error, MAD = Mean Absolute Deviation,
MSD = Mean Square Deviation

The linear equation (Y=0.29+0.00655t) was used to estimate rainfall for 2023-2026,
considering the rainfall of 2013 as a baseline. These rainfall data were further used to
simulate runoff for 2023-2026, and the results are shown in Figure 5.9.
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Rainfall - Runoff Graph (2013 & 2023-2026)
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Figure 5.9: Simulated runoff details of the study area (2013 & 2023-2026).

The runoff simulation showed that the runoff patterns (2023-2026) perfectly matched the

rainfall baseline (2013). Similarly, the simulated runoff trends also perfectly matched with

the runoff baseline in all years.

Table 5.10 illustrates that the peak discharge is increased by about 17% from 2013 to

2023 and approximately 3% from 2023 to 2026. It shows that the time to peak is similar
from 2023 to 2024, but it shifted one day earlier in 2025 and 2026, which may be due to
increased rainfall.

Table 5.10: Summary of peak discharge simulation (2023-2026)

Date Peak Discharge, m®/s Time of peak discharge
2013 718.00 18-Jun
2023 863.03 18-Jun
2024 884.49 18-Jun
2025 889.73 17-Jun
2026 890.71 17-Jun

The rainfall, simulated volume, and runoff depth, as shown in Table 5.11, illustrate that

the rainfall increased by about 0.3%. In comparison, the runoff depth increased

approximately 3% from 2023 to 2026.
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Table 5.11: Summary of simulated volume and flow depth (2023 - 2026)

Date PCP, mm Out-flow, m3/s Flow depth, mm
2013 1,975.40 14,702.94 1,435.41
2023 2,043.48 14,968.54 1,461.34
2024 2,047.33 15,309.27 1,494.60
2025 2,047.53 15,373.54 1,500.87
2026 2,049.18 14,414.85 1,504.91

Overall, the SWAT model produced satisfactory simulation results despite limited input
data. These findings can be used for flood estimation and management in the study area.
Thus, it is concluded that the SWAT is reliable for runoff estimation in ungauged
catchments in Nepal.

55 Conclusion

The SWAT model was set up for runoff simulation in the West Rapti River basin. The
SWAT model calibration and validation process were limited due to missing GRDC runoff
values. Therefore, the SWAT model results were compared with HEC-HMS results as a
way to calibrate the model. The purpose was for the SWAT model to be used confidently
in runoff simulation in poorly gauged basins in Nepal. Both models produced satisfactory
results in volume comparison and water balance analysis. However, the SWAT model
resulted in a conservative estimate in the peak discharge scenario, essential for flood
management. The model also produced additional hydrological information about the
study area. This supported selection of the SWAT model for runoff simulation.

Rainfall in the study area showed an increasing trend. The runoff simulation based on
rainfall of 2013 showed good results. The runoff pattern matched the rainfall trend for all
years. A minor shift of the time to peak was observed in 2025 and 2026. Overall, the
results of the SWAT model are found to be acceptable, arriving at the conclusion that the
model can be used confidently to simulate runoff in an ungauged basin in Nepal.
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Chapter 6: Conclusion and Recommendations

6.1 Conclusion and Recommendations

Nepal, a South Asian country, is extremely rich in water resources availability and is one
of the important natural resources of the country. The available water resources provide
hydropower generation and irrigation opportunities because of perennial river flow during
the dry season. However, the utilization of water resources depends on the availability
and use of hydrological data that many river basins lack due to sparse hydrological
gauging stations. Therefore, water resources in Nepal remain unexploited. It affects the
power and irrigation sectors.

Understanding the hydrological processes, including frequencies and magnitudes of
streamflow in data lacked basins (ungauged basins), is essential to manage water
resources for hydropower generation, land irrigation, and even control natural disasters
(e.g. flood and drought). However, predicting the system behaviour of these basins needs
hydrological data. This provides challenges in calibrating simulation models that are
reliable predictors. This study is an attempt to address this void by emphasizing on
selection and calibration (to the extent possible) of a hydrological model that can be
reliably used to simulate runoff in ungauged or poorly gauged catchments in Nepal.

A hydrological model is indispensable to understand a watershed's behaviour and
responses to any changes, which are crucial for water management and flood forecasting.
However, selecting a specific model is challenging at the best of times due to the absence
of a specific model selection methodology. SWAT (Soil & Water Assessment Tool), a
physically based distributed hydrological model selected for runoff simulation in the West
Rapti River basin, is based on research objectives and personal interest to advance
knowledge on hydrologic modelling.

The SWAT model is a public domain watershed scale model, which requires various input
data to run. The primary data consists of DEM, land use, soil data, and weather data
(precipitation, temperature, wind speed, solar radiation, and relative humidity). These
data were extracted from various freely available resources such as USGS (topography),
Global Weather Data for SWAT (weather database), GRDC (runoff database) and ISRIC
(Soil and Terrain database). In addition, the built-in stochastic weather generator model
(WXGEN) generates and fills climate data in the SWAT,; therefore, the model is useful for
simulating hydrology in ungauged or poorly gauged catchments.
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The SWAT model was successfully set up in the ArcSWAT/QSWAT interface with a
combination of input data (topographic, land use, soil, and weather data) and relevant
literature. ArcSWAT created the West Rapti river networks divided the watershed into 16
sub-watersheds and 35 small HRUs (hydrologic response units) based on provided DEM,
land and soil data. The study considered that the most physical attributes that influence
runoff production are similar within the watershed.

The SWAT model calibration process was limited due to the missing observed data
values from the GRDC. The data also restricted the verification and reliability of the SWAT
model for the simulated condition. Thus, the SWAT model performance was compared
with that of another popular hydrologic model, HEC-HMS (Hydrologic Engineering
Center-Hydrologic Modeling System). The basin model was created in HEC-HMS by
taking input values and data from the SWAT, such as SCS curve number (CN) and
topographic data (DEM). Other input values, such as the time of concentration (tc), was
manually calculated using the Bransby-Willams (1977) method. The values of initial
discharge and recession constant for surface runoff were taken as recommended by the
literature. The HEC-HMS basin model created river networks, including seven junctions
and divided the West Rapti River basin into 16 sub-basins.

The study compared and analyzed runoff volume, runoff depth and water balance results
from both models (SWAT and HEC-HMS) to determine a reliable hydrological model for
runoff simulation in the West Rapti River basins. Daily time-series rainfall data from 1981
to 1985 (5 years) were taken to simulate and analyze discharge in both models. Water
balance is an essential factor in predicting the water movement in a watershed. Thus, the
land phase of the hydrologic cycle, which controls the amount of water to the main
channel, was taken in SWAT model water balance analysis. The primary water balance
components included PREC (Precipitation), SURQ (Surface runoff), PERCO
(Percolation), LATQ (Lateral flow), and ET (Evapotranspiration). Water balance analysis
in the HEC-HMS model was performed by considering that the change in watershed
storage is equal to the net difference in inflow and outflow of water in the system. The
primary water balance parameters of the HEC-HMS model included Precipitation, Q
(Runoff) and Loss (Evapotranspiration + Infiltration).

Both models produced comparative results in volume (runoff volume and runoff depth)
and water balance analysis. However, the HEC-HMS overestimated runoff volume and
depth by about 7-20%. On the other hand, the SWAT overestimated peak discharge
about 30-50% more than HEC-HMS - this provided a conservative estimate, useful for
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flood analysis. Since the West Rapti River basin is one of the flood-affected areas in the
country, obtaining additional flood event information is crucial for flood risk management.
Likewise, the SWAT model produced additional data which can be used for the ecology,
agriculture, and water quality management in the watershed. Therefore, SWAT was
selected for runoff simulation in the Jhimruk Khola sub-basin. The sub-basin is one of the
major drainage systems of the West Rapti river basin that provides water for irrigation
and possible locations for small hydropower projects.

A companion program, SWAT-CUP (SWAT Calibration Uncertainty Procedure), supports
the SWAT model calibration and validation. The SWAT model must be accurate for a
successful calibration because the SWAT-CUP uses the SWAT output data as the input
data source in the model creation process. The observed runoff data from 1979 to 1982
from GRDC were used for model calibration in SWAT-CUP, considering two years (1979-
1980) as a model warm-up period. The warm-up period (equilibrium period) is necessary
for the calibration process to get a fully operational hydrological cycle for the simulation
period. Therefore, 2-3 years is recommended if the simulation period is five years or less.

The SUFI-2 (Sequential Uncertainty Fitting 2) approach with SWAT-CUP was used for
model calibration, validation, sensitivity, and uncertainty analysis. The global sensitivity
analysis method in SUFI-2 was chosen to capture the range of parameter values that
significantly affect the model performance in the calibration process. Several parameters
(surface runoff, groundwater, soil and HRUs) were investigated according to their
sensitivity to streamflow suggested by relevant literature. The t-test and the p-values were
used to determine the sensitivity and the significance of the parameters. The runoff
parameter (CN2) was found to be the most sensitive parameter, followed by the
groundwater parameters, the baseflow alpha-factor (APLHA_BF) and the groundwater
delay time (GW_DELAY) also found the sensitive parameters.

Three different objective functions, such as NSE, R? and PBIAS, were used to estimate
model performance according to the given GRDC observed data. The model evaluation
statistics showed unacceptable model performance as per given objective functions, NSE
and R? (NSE<0, R? # 0.5), but PBIAS showed acceptable (PBIASt 2.5). Similarly, the
fitted values between simulation result and observation expressed in p-factor and r-factor
showed the satisfactory simulation result. However, the 95PPU graph showed significant
variances in simulated (best estimation) and observed runoff trends and values. As a
result, it was concluded that the observed data from GRDC are unsuitable for model
calibration and validation in SWAT-CUP.
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The daily rainfall data for 31 years (1979-2009) was used to estimate the rainfall trend
using the linear regression method. The statistics showed an increasing rainfall trend in
the West Rapti River basin. However, the rainfall trend was unable to be compared due
to the unavailability of long-term rainfall records in Nepal. A previous study showed that
monsoon rainfall increased by 5-15% due to increased global temperature. After
completing a rainfall trend analysis, rainfall data for four years (2023-2026) was extracted
to simulate runoff in SWAT, considering rainfall of 2013 as a baseline. The simulation
results showed baseline rainfall trends perfectly matched with the simulated runoff in all
years. The runoff volume, depth, and peak discharge increased by approximately 3%
from 2023 to 2026. In addition, a minor shift (one day) to peak discharge was shown in
2025 and 2026.

This research implemented several theories related to the model setup, water balance
analysis, trend analysis, and calibration processes. These procedures provided a basis
for monitoring the reliability of data generated by the SWAT model and making a
necessary decision to achieve the aims and objectives of the research. In the technical
part, the percentage of error (%) and difference (%) were estimated to evaluate the
reliability of data and performance of selected models (SWAT and HEC-HMS).

The overall conclusion of this research is that the SWAT model is a reliable tool for runoff
simulation even though the model requires many input data. It is experienced that the
model simulation under the conditions of limited data availability was tremendously
difficult. However, the SWAT model produced satisfactory results by providing the
available technology on model calibration and the freely available data. Thus, the SWAT
model is a reliable tool for the runoff simulation in an ungauged basin in Nepal.

Based on overall findings and discussions, some recommendations for further research
related to hydrology modelling for runoff simulation are proposed as mentioned below:

i. More detailed rainfall trend analysis using an advanced and reliable method is
recommended to estimate more accurate runoff in the study area.

ii. The establishment of rain gauge stations for data collection is recommended
because these are not as expensive as flow gauging stations.

iii. Detailed land use management analysis of the study area due to anthropogenic
activities is recommended to estimate accurate surface runoff.

iv.  Applying a similar method in other catchments with different sizes and climatic
conditions is recommended to examine the reliability of the SWAT model.
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This study attempted to answer the research questions by overviewing some popular
hydrologic models and providing their advantages and disadvantages. Preferrable model
selection depends on the objective of research and personal interest. Therefore, the
SWAT model was selected to simulate runoff in the ungauged basin in Nepal.
Furthermore, the model was compared with another hydrologic model, HEC-HMS, to
select the reliable model in this study. The comparison results showed that the SWAT is
more reliable than HEC-HMS regarding flood estimation and water resource
management. Therefore, the SWAT model was successfully used for runoff simulation in
the West Rapti river basin, one of the flood-affected watersheds in the country.

6.2 Future Work

This study did not consider the effect of climate change on streamflow for runoff
simulation in the ungauged basin located in Nepal. Increasing greenhouse gas
concentration leads to global warming that affects temperature, rainfall patterns, river flow
regimes, and water resources (Arnell & Reynard 1996). Many developing countries like
Nepal are vulnerable to climate change impacts due to low adaptive capability. In addition,
agriculture which is highly dependent on climate change is the primary income source for
most populations in the country (Manandhar et al. 2011). As a result, the impact of climate
change on flood events and drought, including some measures to cope with climate
change, is necessary for future study.

One of the possible solutions to study climate change impacts on flood and drought
events is selecting and calibrating an appropriate rainfall-runoff model using historical
records of rainfall, temperature, and flow data. For example, researchers successfully
evaluated the impact of climate change on flood and drought events in different climatic
and geographic conditions through the SWAT (Soil and Water Assessment Tools) model.
Thus, the SWAT model could be the possible hydrologic model for this study. However,
along with the hydrological model, other norms and regulations recommended by
literature need to be considered to estimate climate change impacts and adopt reliable
prevention measures accurately.

In addition, understanding the GCMs (Global Climate Models) information is essential for
evaluating past and future changes in climate scenarios and climate change impacts for
hydrologic analysis (Oo et al. 2020). The GCM is the primary tool that provides global,
hemispheric, and continental-scale climate information, which can be applied to
comprehend current and future climate scenarios in the presence of increased
greenhouse gas concentrations (Nakicenovic et al. 2000). Above all, climate change is a
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pressing event that is dynamic and complex to predict; therefore, expert assistance and
guidance are inevitable for completing the study successfully.
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